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Abstract 

Gas-evolving electrodes are hindered by the behavior of “sticky” bubbles that collect on 

their surfaces. At high overpotentials, a frothy layer of surface adhered bubbles results in 

a reduced performance and increased resistances by blocking access to the electrolyte. 

The driving mechanisms behind gas bubble dynamics are challenging scientific questions 

to address. An improved understanding of the underlying processes could assist in the 

development of more efficient gas-evolving surfaces. Intentionally designed electrode 

architectures are sought to direct gas bubble dynamics for an improved efficiency of 

electrocatalytic water splitting. Recent literature has pointed toward electrode 

morphologies that can effectively release bubbles without the need for additional energy 

input (e.g., avoiding the need for high shear flows, ultrasonic frequencies, or external 

magnetic and gravitational fields). These lessons can be applied to a variety of gas-

evolving reactions but are of particular interest for the oxygen evolution reaction (OER). 

Nickel-based electrodes with unique nano-to-microscale features were prepared to 

investigate the structure-to-function relationship for improved performance of the OER. 

The motivation to study earth-abundant nickel (Ni) was driven by its conventional use in 

alkaline electrolysis systems. Prolonged, oxidative aging of the material was conducted to 

assess the underlying stability, resulting activity, and for a more accurate evaluation of the 

activated surfaces. Regular, well-defined features of Ni were fabricated using 

photolithography and template-assisted methods, while irregular textures with high 

surface areas were also prepared using high-throughput, scalable techniques. Correlation 

of the texture to the electrochemical performance of the OER was conducted in the context 

of gas-evolution dynamics and with consideration to the complex phase transformations 

of Ni species on the surfaces of these electrocatalysts. The following studies emphasize 

the importance of sufficiently activating earth-abundant electrocatalytic materials, as well 

as the importance of assessing the stability of these materials as a result of Ni-Fe 

(oxy)hydroxide (NiFeOxHy) phase transformations. The results from these studies also 

suggest that the presence of microscale features with specific dimensions can assist in an 

efficient removal of gas bubbles during the OER. 

Keywords:  clean hydrogen production, alkaline electrolysis, gas management, nickel, 

electrocatalysts, oxygen evolution reaction, electrode texture, 

electrochemical aging 
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Cdl Capacitance double layer 

Cg Supersaturation of gas at the electrode surface (mol/L) 

Ci Concentration of chemical species (mol/L) 

Co Standard state concentration (mol/L) 

Csat Saturation of gas at 1 atm pressure (mol/L) 
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Csurface Concentration of a particular species at the electrode surface (mol/L) 

de Interelectrode distance (m) 

Di Diffusion or mass diffusivity coefficient (m2/s) 

E Electrode potential (V) 

Eeq Equilibrium voltage (see open circuit voltage) (V) 

Ek Kinetic energy (J) 

Eo Standard reduction potential or theoretical cell potential 

Ep Electrostatic potential energy (J) 

Er Reversible half-cell potential (V) 

Ez Electric field (V/m or N/C) 

F Faraday constant (96485 J/molK) 

Fa Adhesive/tension force (N) 

Fb Buoyant force (N) 

G Gibbs free energy (J) 

H Henry’s constant (atm/mM) 

h Height of a spherical cap 

hi Enthalpy of chemical species (J/mol) 

hv Photon with a known energy (J) 

I Current (C/s or Amps) 

i Chemical species 

iR Voltage drop (V) 

J Joules 

j Current density (A/m2) 

ja Anodic current density (A/m2) 

jc Cathodic current density (A/m2) 

Ji Flux of species (mol/m2s) 

jo Exchange current density (A/m2) 

jss Steady-state current density (A/m2) 

ka
o Standard anodic rate constant 

kc
o Standard cathodic rate constant 

ka
* Anodic rate constant under equilibrium conditions 

kc
* Cathodic rate constant under equilibrium conditions 

k1 Forward rate constant  

k-1 Reverse rate constant 
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keq Equilibrium rate constant 

ko Standard rate constant 

M Molar concentration (mol/L) 

N Newtons  

n Number of electrons 

ni Moles of chemical species 

nr Average number of adhered bubbles 

P Pressure (kg/m s2) 

PAdimples Area as observed in a top-down field of view by SEM for the circular 
dimpled features 

PAtop Area as observed in a top-down field of view by SEM for the flat regions 
between the dimples 

Pb Total pressure in a bubble (kg/m s2) 

Pin Pressure inside bubble (kg/m s2) 

Pout Pressure outside bubble (kg/m s2) 

Ps Vapor partial pressure for the electrolyte (kg/m s2) 

Q Reaction quotient 

q Point charge (C) 

Qcat Quantity of charge passed (C) 

R Resistance (Ω) 

r Radius of a sphere 

R*
b Fritz radius of detachment 

R1, R’1 Electrical resistances (Ω) 

RAFM Roughness factor determined by AFM for flat regions between dimpled 
features 

Ranode Reaction resistance at the anode (Ω) 

Rb Bubble radius at detachment (m) 

Rcathode Reaction resistance at the cathode (Ω) 

Rcavity Radius of bubble curvature within a cavity (m) 

Rcritical Critical radius of bubble curvature (m) 

re Rate of electron production (e-/s) 

Rf Roughness factor  

RH2 bubble Hydrogen gas bubble resistance (Ω) 

Rion Ionic transfer resistance (Ω) 

Rm Ideal gas constant (8.314 J/molK) 
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RO2 bubble Oxygen gas bubble resistance (Ω) 

Rs Solution resistance (Ω) 

Rseparator Membrane resistance (Ω) 

Rtotal Total resistance (Ω) 

Ru Uncompensated resistance (Ω) 

s seconds 

SAtop Surface area of the flat regions (PAtop) after including the nano-scale 
roughness (RAFM) 

Scap Surface area of a spherical cap 

si Entropy of chemical species (J/mol K) 

T Temperature (K) 

t Time (s) 

Tb Thickness of bubble layer on the electrode (m) 

tr Residence time (s) 

ui Electric mobility (m2/Vs) 

V Voltage 

v Scan rate (V/s) 

Vb Volume fraction of gas in the electrolyte 

vd Drift velocity of a charged particle (m/s) 

Vg Volumetric flux of product gas (m3 s-1) 

vi Velocity (m/s) 

Vr Bubble volume prior to detachment (m3) 

x Time dependent coefficient for bubble growth 

z Arbitrary distance in the z-direction 

zi Charge number  

α Symmetry factor or transfer coefficient 

β Bubble growth coefficient 

γ Surface tension (force per unit area, or energy per area) 

γi Activity coefficient of chemical species 

γLG Surface tension between the liquid and gas interface 

γSG Surface tension between the solid and gas interface 

γSL Surface tension between the solid and liquid interface 

δ Diffusional length or diffusion layer (m) 

εo Permittivity of a medium (F/m)  

ζ Degree of supersaturation 
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η Overpotential (V) 

ηa Activation overpotential (V) 

ηconc Concentration overpotential (V) 

ηohm Ohmic or transport overpotential (V) 

Θ Fractional bubble coverage 

ΘCB Contact angle predicted by Cassie-Baxter equation (degrees) 

Θexp Experimental water contact angle of the Ni electrodes (degrees) 

ΘW Contact angle predicted by Wenzel equation (degrees) 

Θγ Contact angle of a material described by the Young’s equation (degrees) 

κ Conductivity of the electrolyte (A/Vm) 

λ Wavelength (m) 

μi Chemical potential of a species (J/mol) 

νe/νB Stoichiometric ratio of the number of electrons to the number of O2 
molecules produced 

νi Stoichiometric coefficient of a species 

σ Charge density (C/m2) 

υ Reaction rate (M/s) 

Φ Work function (J) 

φ Galvani potential (V) 

ΦB Faradaic efficiency 

φdry Fraction of surface area in contact with the liquid 

φff Filling fraction (e.g., the ratio of flat area in contact with the liquid 
normalized to the total surface area in contact with both trapped air and 
liquid 

ΦSAF Solid area fraction (e.g., of surface attributed to the flat surface area 
between the dimpled features); a flat surface would have a solid area 
fraction of 1 

φwet Fraction of surface area in contact with the trapped air 
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Glossary 

  

Electrochemical Reaction The transfer of charge between chemical species 
typically initiated by an applied potential 

Electrochemically active 
surface area 

The accessible surface area of an electrocatalyst that can 
participate in an electrochemical reaction. This area can 
be measured by multiple techniques and is often used to 
quantify performance metrics 

Electrodeposition Electrochemical technique used to deposit metallic 
structures on conductive substrates 

Electrolyzer Galvanic cell that uses an input of electrical energy to 
drive an electrochemical reaction. Oxidation occurs at the 
anodic electrode while a reduction occurs at the cathodic 
electrode to split water into gaseous products (i.e., O2 
and H2). 

Faradaic Process Charge-transfer electrochemical reaction that results in 
the generation of current at the electrode-to-electrolyte 
interface 

Nanoparticle Particle with a dimension between 1 and 100 nm 

Overpotential Potential difference between the thermodynamic 
electrode potential and the experimentally determined 
potential under operational or standard conditions 

Oxidation Electrochemical reaction characterized by the loss of 
electrons or an increase in the oxidation state of a specie 
(i.e., atom, ion, or molecule) 

Reduction Electrochemical reaction characterized by the gain of 
electrons or a decrease in the oxidation state for a specie 
(i.e., atom, ion, or molecule) 
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Chapter 1.  
 
Introduction 

1.1. Electrochemical Water Splitting: Production of 
Hydrogen Fuel and Integration into the Renewable 
Energy Sector 

Electrochemical water splitting has the potential to be a core building block of the 

renewable energy sector. Power, ideally generated by a renewable energy source (e.g., 

solar and/or wind), can be supplied to water electrolyzers for the purpose of clean 

hydrogen (H2) production. The intermittent nature of solar and wind sources are not 

aligned with the fluctuations of consumer demand.1 Energy storage systems are, 

therefore, a key requirement to accommodate a reliance on renewable energy sources. 

Excess electrical energy acquired during periods of over-generation can be used to 

produce clean H2 fuel using electrolysis technologies. Hydrogen is also a versatile “energy 

carrier” and a valuable chemical commodity that can be utilized across multiple energy 

sectors and by a diverse range of processes for chemical production. The production of 

H2 as a means of energy storage through the use of water electrolysis is ideal for a robust 

renewable energy infrastructure.  

Water electrolysis is already a well-established technology. The first repeatable 

water electrolysis experiment was conducted and interpreted by Troostwijk and Deiman 

in 1790 using an electrostatic discharge as a power source.2 The mixture of gases (i.e., 

H2 and O2) produced under these conditions caused a repeated ignition of the products 

due to the flammability of the H2 gas. Further development of electrolysis was sparked by 

Volta’s invention of a reliable DC power source (i.e., the voltaic pile) in 1800. Volta’s 

contributions allowed for both the anodic and cathodic products to be analyzed separately 

in addition to the added safety of the experiment. This invention stimulated many important 

fundamental discoveries in electrochemistry and enabled electrolysis to be understood on 

a quantitative basis. Michael Faraday summarized the interpretation of the results in 1839, 

which are known today as “Faraday’s Laws of Electrolysis”.3 In 1869, the invention of the 

Gramme machine (i.e., a DC motor) by Zenobe Gramme enabled a more economical 

method of H2 production. By the end of the 19th century, Dmitry Lachinov developed 
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commercial water electrolyzers for industrial syntheses.4 During the 20th century, 

advances in water electrolysis were primarily focused on improvements and development 

of the electrode materials. Although commercial electrolyzers are in use today, 

improvements to the device safety, durability, and efficiency are still underway. More 

specifically, further improvements to water electrolysis efficiencies are of the utmost 

importance for a wide-spread implementation of this technology.  

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐻𝐻𝑉 𝑜𝑓 𝐻2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑢𝑠𝑒𝑑 
  

Equation 1.1. Electrical efficiency calculation for water electrolysis based on 
the higher heating value (HHV) of H2 

Obstacles that decrease the efficiency of water splitting are sought to be 

understood through an understanding of the thermodynamic and kinetic characteristics, 

as well as the experimental challenges that can arise during non-equilibrium conditions 

(see Sections 1.2.1 and 1.2.4). Thermodynamic analyses of water splitting have enabled 

the prediction of cell voltages (V) and an identification of inefficiencies in energy 

transformations based on the properties of the system and its associated materials.5,6 

Kinetic advancements have focused on lowering the activation energies to water 

electrolysis through the development of novel electrocatalytic materials. Experimental 

progress has identified a series of unique resistances, which hamper the overall efficiency 

of water electrolysis (e.g., ohmic, mass transport, charge-transfer). Electrical efficiency 

calculations for water electrolysis systems are often conducted according to Equation 1.1. 

These calculations are performed by dividing the quantity of H2 produced on either a lower 

or higher heating value (HHV) by the amount of electricity which was required to produce 

the quantity of H2. These heating values are typically reported in British thermal units (Btu) 

or in standard cubic feet (scf) on a per mass basis and while electricity is reported in kW. 

Contemporary research and development efforts have focused on practical considerations 

toward improved water electrolysis technologies. On-going research and development 

efforts continue to focus on low-cost, high performance electrode materials, and additional 

efforts are shifting the focus towards also improving the mass transport efficiencies. 

Specifically, the control and management of gas bubble phenomena during 

electrochemical water splitting present significant challenges. Effective removal of the 

gaseous products from the working electrodes can reduce system resistances and 

enhance the overall reaction efficiencies and performance. Multiple approaches for the 
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management of the gas evolution processes and gas bubble transport are being 

considered and studied through on-going research efforts. These efforts have often 

focused on modifications to the electrode morphology with the objective of tuning the 

surface energy at the triple phase contact line (TPCL) where there is an interface between 

the solid, liquid, and gas. In this work, we focus specifically on modifications to the physical 

dimensions and chemical architecture of the texture of the electrodes to better understand 

and guide the development of improved gas management solutions.  

1.1.1. Motivation for Hydrogen and Water Splitting 

Hydrogen is a key element required to achieve a net-zero emission infrastructure 

due to its use in diverse applications across the industrial sector. Hydrogen is a valuable 

commodity that accounts for a global market of >$100 billion annually and a projected 

growth of $250 billion by the year 2025.7 The consumption of H2 is primarily used for oil 

refining and ammonia production (Figure 1.1.).8,9 Hydrogen is also used for the 

hydrogenation of food products and methanol production, as well as semiconductor and 

glass manufacturing. Only small amounts of H2 are used for clean energy applications, 

although H2 use in fuel cell applications are highly publicised in business and media. An 

important consideration for reducing greenhouse gas emissions is the source of H2 

production. 

 

Figure 1.1. Global consumption of hydrogen (H2) in megatonnes (Mt) from 1975 
to 2020 across sectors.8 The pandemic of 2020 influenced the decline 
in consumption of H2.

9 
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The primary source of H2 production has been from fossil fuels. A widely used 

process to produce hydrogen is the steam methane reforming (SMR) reaction (Equation 

1.2). The oxidation of methane occurs at high temperatures in the presence of a nickel-

based catalyst. The SMR reaction is usually combined with the water gas shift (WGS) 

reaction (Equation 1.3). Conversion of carbon monoxide (CO) to the less toxic carbon 

dioxide (CO2) derivative and additional H2 production is supported by the WGS reaction. 

A modern SMR plant produces the equivalent of 9.2 kg of CO2 per kg of H2.10 Integration 

of carbon capture storage (CCS) technologies with SMR could be another strategy to 

reduce greenhouse gas emissions. Clean H2 production by water electrolysis is, however, 

a more viable option that would mitigate needs for elaborate CCS technologies.  

CH4 + H2O → CO + 3H2 

Equation 1.2. Steam methane reforming (SMR) reaction 

CO + H2O → CO2 + H2   

Equation 1.3. Water gas shift (WGS) reaction 

Hydrogen serves as a major feedstock for the chemical production industry, as 

well as a fuel source. The energy density of H2 per unit mass is higher than that of fossil 

fuels, but the energy density per unit volume is less in comparison to fossil fuels due it 

being the lightest element of the periodic table.8 A summary of the H2 supply chain is 

illustrated in Figure 1.2. To reduce our dependence on fossil fuels, the integration of water 

electrolyzers could be implemented across a diverse range of industrial sectors. These 

span from oil refineries to chemical production plants to end use applications, such as 

heating. Water splitting has a high relevance toward commercialization across industrial 

sectors. Water electrolysis is the most ideal pathway to producing pure H2 as there are no 

undesired by-products in the resulting fuel. A purer H2 fuel could also accommodate 

reduced CO poisoning of fuel cell catalysts. In addition, water electrolysis as a power-to-

gas application would provide greater flexibility towards the grid power system since 

energy can be stored by containment of the electrochemical H2 product. 
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Figure 1.2. An overview of the H2 supply chain that includes a clean production 
of H2, conversion, and its end use across industrial sectors. 
Reproduced with permission from the International Renewable 
Energy Agency (IRENA© 2020).11 

1.1.2. Overview of Water Electrolyzers 

Electrical energy is required to promote the electrolysis reaction. The overall water 

splitting reaction is written in Equation 1.4. The flow of electrical current is supplied to the 

electrolytic cell by a DC power source to opposing electrodes (i.e., anode and cathode). 

An oxidative half-reaction reaction occurs at the surfaces of the anode while the reductive 

counterpart takes place at the surfaces of the cathode. The two electrodes are divided by 

electrolyte (either liquid or solid) and a separator. The electrolyte allows for the mobility 

and transfer of electric charge in the form of reactive ions (cations and anions) between 

the two electrodes. The separator is a membrane that provides separation of the product 

gases (hydrogen and oxygen), but is also semi-permeable to allow the transport of ions 

between the two electrodes. The first generation of industrialized water electrolyzers date 
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back to the 19th century. The technological breakthroughs over the year have primarily 

focused on challenges related to the power density, cost, durability, and efficiency.  

H2O → H2 + ½ O2 

Equation 1.4. The overall water splitting reaction 

The performance of the electrolyzer is related to its efficiency. The efficiency of the 

water electrolyzer can be understood through analogy to the design of a circuit. Various 

resistances (R) impede the flow of current. There are three general types of resistances: 

(i) electrical resistances from the cell components; (ii) resistances attributed to the 

electrochemical reaction based on the energies of activation and reaction kinetics; and (iii) 

transport-related resistances.6 Each of these resistances must be considered when 

seeking to improve the efficiency and overall performance of an electrolyzer. The 

illustration in Figure 1.3. shows each of the resistances for a typical water electrolysis 

system. The external electrical circuit resistances at the anodic and cathodic regions are 

defined as R1 and R’1, respectively. The resistances shown in blue are related to the 

electrochemical reactions at the anode (Ranode) and cathode (Rcathode), while the transport 

resistances shown in red for the bubbles (RO2 bubble, RH2 bubble), ions (Rions), and separator 

(Rseparator).  

 

Figure 1.3. A summary of the resistances within a water electrolysis system 
using an electical circuit illustration. The external electrical circuit 
resistances at the anodic and cathodic regions are defined as R1 and 
R’1, respectively. The resistances shown in blue are related to the 
electrochemical reactions at the anode (Ranode) and cathode (Rcathode), 
while the transport resistances shown in red are for the bubbles (RO2 

bubble, RH2 bubble), ions (Rions), and separator (Rseparator). Adapted with 
permission from the publisher.6 

The four main types of electrolyzers are categorized by their type of electrolyte and 

their design: (i) alkaline water electrolyzers (AWE); (ii) polymer electrolyte membrane 

(PEM); (iii) anion exchange membrane (AEM); and (iii) solid oxide electrolyzers (SOE) 
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(Figure 1.4.). The electrolyte and range of operational temperatures are the main traits 

that determine the compatibility of device components within each type of electrolyzer 

(Table 1.1).12 This table highlights the advantages and disadvantages of each of these 

types of water electrolyzer systems.  

 

Figure 1.4. An overview of the four main types of electrolysis technologies. 
Adapted with permission from the International Renewable Energy 
Agnecy (IRENA© 2020).13 
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Table 1.1. Comparison of the four main types of electrolyzers.11, 12, 13, 14, 15 

 

 
Alkaline Water Electrolyzers 

(AWE) 
Polymer Electrolyte 

Membrane (PEM) 
Anion Exchange 
Membrane (AEM) 

Solid Oxide Electrolyzers 
(SOE) 

Operating Temperature 40 – 90 oC 20 – 100 oC 40 – 60 oC 700 – 850 oC 

Operational Pressure 1 – 30 bar < 70 bar < 35 bar 1 bar 

Examples of typical 
electrolytes 

Potassium hydroxide (KOH) or 
sodium hydroxide (NaOH), 5 

to 7 M or 25 – 30 wt% 
aqueous solutions 

Perfluorosulfonic acid 
(PFSA) polymer  

Quaternary ammonia 
polysulfone or  

divinylbenzene (DVB) 
polymer with 1 M KOH or 1 

M NaHCO3  

Yttria-stabilized Zirconia 
(YSZ) 

Ion permeable separator  Stabilized zirconia (ZrO2) on 
polyphenylsulfone (PPS) mesh 

or asbestos 

Solid electrolyte (as above) Solid electrolyte (as above) Solid electrolyte (as above) 

Charge carrier OH- H+ OH- O2- 

Electrocatalyst/Electrode: 

For the oxygen evolution 
reaction (OER) 

Nickel coated stainless steel Iridium oxide High surface area nickel or 
NiFeCo alloys 

Perovskite-type 

Electrocatalyst/Electrode: 

For the hydrogen 
evolution reaction (HER) 

Nickel coated stainless steel Platinum nanoparticles 
(NPs) 

High surface area nickel or 
ceria 

Ni/YSZ 

Advantages Mature technology, non-noble 
catalysts, inexpensive, 

commercially available, stacks 
in megawatt range 

Commercially available, 
compact design, high 
current densities and 

voltage efficiency 

Non-noble catalysts, non-
corrosive electrolyte, 

inexpensive components, 
compact design 

High efficiencies, low-cost 
materials, non-noble 

catalysts, high pressure 
operation 

Disadvantages Efficiencies 60 – 80%, low 
current densities, corrosive 

liquid electrolyte 

Expensive catalysts with low 
durability, expensive device 
components, stacks below 

MW range  

Low current densities, in 
lab-phase, durability and 
membrane degradation 

 

Low durability, bulky system 
design, in lab-phase 
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The thermodynamically predicted cell potential (Eo) required for electrochemical 

water splitting is 1.23 V.6 This value is based on the Gibbs free energy change of the 

reaction (∆rGo) or the minimum amount of energy (+237.2 kJ/mol) required to split one 

molecule of water. The equation that relates the Gibbs free energy to the predicted cell 

potential is discussed in more detail in Section 1.2.1. The positive value for the Gibbs free 

energy of the reaction indicates that the reaction is unfavorable, hence the requirement 

for supplied electrical energy to the electrolytic cell. In fact, the applied potential (E) 

required to drive the reaction in reality is much greater than the Eo. This voltage difference 

is described by the concept of overpotential (η). Further details on concepts related to the 

η are discussed in Section 1.2.1. From a practical standpoint, the overpotential arises from 

the various R described in Figure 1.3. The magnitude of the overpotential is a helpful 

metric for comparing performance across different catalyst compositions or other aspects 

that can influence the overall resistance (Rtotal) (e.g., see Section 2.1.1 for further details).  

The two half-reactions that occur at the anode and the cathode are known as the 

oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER), respectively. 

A considerably more complicated reaction mechanism is required for the OER relative to 

the HER. Details regarding the mechanisms for these reactions can be found in Section 

1.2.5 and 1.2.6 for the OER and HER, respectively. The limiting reaction is the OER due 

to its relatively slower reaction kinetics. The chemical equations for the OER (Equation 

1.5) and the HER (Equation 1.6) are written under alkaline conditions, while the half-

reactions under other conditions can be found in Figure 1.4. 

         4OH- → O2 + 2H2O + 4e-     

Equation 1.5.  Anodic half-reaction for alkaline conditions (i.e., the OER) 

          4H2O + 4e- → 2H2 + 4OH-     

Equation 1.6.  Cathodic half-reaction for alkaline conditions (i.e., the HER) 

The alkaline electrolyzer is the most mature electrolyzer technology with the 

highest degree of commercialization when compared to those discussed in Table 1.1. 

Alkaline electrolyzers utilize earth abundant electrocatalysts in a simple stack and system 

design. Classic systems have been known to reach lifetimes of up to 30 years with 

electrode areas of up to 3 m2. Conventional electrodes are composed of nickel (Ni) coated 
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stainless-steel. Advanced system designs that aim to narrow the performance gap relative 

to PEM electrolyzers have included the use of thinner membranes with reduced 

interelectrode gaps for lower transport resistances.16 New catalyst concepts both in terms 

of their composition and morphology are also under development for state-of-the-art 

designs.  

 

1.2. Fundamentals of Electrochemistry 

Charge is a physical property that allows particles, such as an electron, to 

experience force from an applied electromagnetic field. These charges can be referred to 

as point charges (q) with units of Coulombs (C). The quantized value for an elementary 

particle, such as an electron, has an absolute value of 1.602x10-19 C. Charged species 

can have either a positive or negative charge. The transfer of charge between chemical 

species is the basis of an electrochemical reaction. More specifically, the transfer of 

electrons to and from chemical species results in the interchange of both chemical and 

electrical energy. The transfer of electrons from the reducing agent to the oxidizing agent 

involves a loss of electrons (i.e., oxidation event) and a gain of electrons (i.e., reduction 

event). An example of a redox half-reaction describes two different forms of Ni, where the 

Ni2+ is the oxidant, and the Ni is the reductant (Equation 1.7). The proportionality factor, 

which is either a positive or negative integer (zi) describes the amount of elementary 

charges on a species (i).17 For example, Ni with an oxidation state of 2+, where two 

electrons have been removed from the atom, would have zNi = +2. Species with a similar 

charge (positive or negative) will experience repulsive forces, while those with opposite 

charges will experience attractive forces. In general, attractive forces lower the energy of 

a system while opposing forces increase the energy of a system. These forces are referred 

to as electrostatic forces or Coulombic forces, and their magnitude is described by 

Coulomb’s Law. The movement and reaction of charged chemical species is the basis for 

electrochemical processes.  

 

Equation 1.7. A common redox half-reaction for Ni, which occurs at the 
standard reduction potential (Eo) of -0.23 V at 25 oC. 
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Positive and negative charges produce local electric fields (Ez). The electric 

potential [φ, or V in energy per unit charge J/C] is the amount of work required to move a 

point charge from one location to another in the presence of the Ez. The intensity of the Ez 

can be defined as the change in the φ with respect to the change in the distance (z) 

between two distinct charges. The resultant vector quantity of the Ez is, therefore, 

expressed in a partial derivative form (Equation 1.8). The movement of positive and 

negative charge carriers is influenced by the driving force (i.e., field strength) of the Ez. 

𝐸𝑧 =
𝜕𝜑

𝜕𝑧
 

Equation 1.8. Definition of electric field (Ez) vector 

Electric potential (φ) can also be expressed in terms of the potential difference, or 

voltage difference between two locations (∆φ or ∆V). Of interest to electrochemical 

systems is the potential difference between the working electrode and the electrolyte, but 

the potential in the electrolyte is not an easily quantifiable value. The voltage difference 

for the working electrode is, therefore, measured against the reference electrode (RE) 

(see Section 1.2.4). Moreover, if φ is known, we can determine the electric potential 

energy (Ep) by multiplication against q as shown in Equation 1.9. In electrochemistry, the 

movement of charged species is most relevant to the charge-transfer events, which take 

place at the electrode-electrolyte interface during an electrochemical reaction such as for 

the HER and the OER. 

𝐸𝑝 = 𝜑𝑞 

Equation 1.9. Definition of electric potential energy (Ep) 

1.2.1. Thermodynamics in the Context of Electrochemistry 

Charges can move or remain in a fixed location as a result of differences between 

the chemical environments (i.e., differences in the energies of atoms, orbitals, and bonds) 

of two systems. These two chemical environments (e.g., metal-to-metal or metal-to-

electrolyte) are joined at a common boundary. To further explain the transfer of charge 

across these interfaces, we will consider the chemical potential (μi) of a species (i). The 

amount of chemical potential describes the tendency for a species to absorb or release 

energy (e.g., to do work). This tendency to do “work” can result in a chemical reaction or 
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even result in a material undergoing a phase transition. This tendency to do work can be 

quantitatively described by the rate of change of the Gibbs free energy (G) per mole (ni) 

of a species of interest. Chemical potential is, therefore, μi = G/ni, with the units of J/mol 

(or can also be described on a per particle basis). When the basic principles of 

electrostatics (introduced at the start of Section 1.2.) are incorporated into the 

thermodynamic definition of μi , the resulting term is the electrochemical potential (𝜇�̅�), 

where 𝜇�̅�= �̅�/n (Equation 1.10). This modified Gibbs free energy term (�̅�) includes an 

electrical term in addition to enthalpic (hi) and entropic (si) components as outlined in 

Equation 1.8. The contribution of the electrical term, ziFφ, contains the Faraday constant 

(F). For a metal-to-metal interface, the electrons move until the 𝜇�̅� of the electrons are 

equivalent in both materials. Under this equilibrium condition (i.e., after the flow of current 

stops), there is a contact potential difference between the two metals (∆φm-m). Conversely, 

the μi of the electrons are still, however, not equivalent due to differences in the electronic 

states that are set forth by the atomic orbitals and atomic cores of these metals. 

𝜇�̅� = 𝜇𝑖 + 𝑧𝑖𝐹𝜑 = ℎ𝑖 − 𝑇𝑠𝑖 + 𝑧𝑖𝐹𝜑 

Equation 1.10. The electrochemical potential (𝝁𝒊̅̅̅) 

Under a similar context, the Nernst equation can be derived for charge-transfer 

reactions at a metal-electrolyte interface. This equation relates the reversible half-cell 

potential (Er) to both standard reduction potentials (Eo) and activities (αi) of the chemical 

species (i) involved in the reaction. Activities are used to account for non-standard state 

conditions. For non-ideal species, activity coefficients (γi) are used to approximate the 

resulting αi based on their concentrations (Equation 1.11). The actual concentration (Ci) is 

divided by the standard state concentration (Co). Activity coefficients are dependent on 

ionic strength (Is) of the solution due to forces between ionic species (e.g., attractive, or 

repulsive forces). At low concentrations of ionic species (e.g., <0.1 M) a linear relationship 

between Is and the γi is predicted based on the Debye-H�̈�ckel theory. Ideal gases and 

pure liquids such as the solvent in an electrolyte have αi approaching unity (i.e., a value 

of 1). Since the standard state concentration is equal to 1 M, the term γiC can be used as 

an expression in the Nernst equation for a more explicit representation of the activities. 
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𝛼𝑖 = 𝛾𝑖
𝐶𝑖

𝐶𝑜⁄  

Equation 1.11. Activity of chemical species (αi) 

An electron transfer event that occurs at a metal-electrolyte interface (i.e., a half-

cell reaction) can be described in the context of the 𝜇�̅� for each species. We can consider 

a simple electron transfer reaction between a reduced species (the metal surface, m) and 

an oxidized species (the electrolyte, e). The reaction can be expressed in terms of the 

expanded 𝜇�̅� (see Equation 1.10) for each species including the electron. A simplification 

of this expression results in a description of the potential difference between the reduced 

and oxidized species (∆φm-e), which is equivalent to the conventional standard reduction 

potential (i.e., Eo = Eo
reduction - Eo

oxidation). This potential difference can also be taken as the 

Eo under standard state conditions. This cell potential for a particular reaction can be 

determined from the relationship of the Gibbs free energy of the reaction (∆rGo) to the cell 

potential (Equation 1.12). The Gibbs free energy of reaction (∆rGo) can be calculated from 

the Gibbs free energy of formation (∆fGo). The latter can be derived or looked up in tables 

of the standard thermodynamic properties of chemical substances.  

∆rGo = -nFEo 

Equation 1.12. Gibbs free energy of the reaction (∆rGo) 

The relationship between the ∆rGo and the free energy change at any given moment (∆G) 

is described by Equation 1.13. This equation includes the ideal gas constant (Rm), 

temperature (T), and the reaction quotient (Q) for non-equilibrium conditions.  

∆G = ∆rGo + RmT ln Q 

Equation 1.13. Relationship between the ∆rGo and ∆G 

For equilibrium conditions, where ∆G = 0, the equation simplifies to the following 

expression where the equilibrium constant (Keq) replaces the reaction quotient (Q) for 

Equation 1.14. 

∆rGo = -RmT ln Keq 

Equation 1.14. The ∆rGo under equilibrium conditions 
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Given the fundamental expressions provided in Equation 1.11 through Equation 1.14, we 

can now relate the Er to the Eo and the αi of the chemical species (formerly described by 

the reaction quotient). The stoichiometric number (νi) of each reactant and product is also 

included in the Nernst equation (Equation 1.15). 

𝐸𝑟 = 𝐸𝑜 −
𝑅𝑚𝑇

𝑛𝐹
𝑙𝑛

∏ 𝑎𝑖
𝜈𝑖

𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

∏ 𝑎𝑖
𝜈𝑖𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

 

Equation 1.15. The Nernst equation 

The Nernst equation gives electrochemists a means of correcting the reversible E r 

based on the pH of the system at the electrode-electrolyte interface. In cases where the 

pH is neutral (i.e., ~7) the ions (i.e., OH- or H+) do not participate in the reaction. When the 

pH is either highly basic (i.e., 14) or very acidic (i.e., 0), the αi of the ions is considered 

constant and the standard potentials are considered to be fixed with respect to the pH. 

For other pH values, the Nernst equation provides a means of correcting the cell-potential 

(or free energies). Changes to the potential as a function of pH can be represented by 

Pourbaix diagrams. Pourbaix diagrams are used to predict which chemical species are 

thermodynamically stable under a particular range of cell potentials with respect to the pH. 

The relevant Pourbaix diagram for the water redox couples is illustrated in Figure 1.5. The 

electrode potentials are commonly referenced against the redox couple for the standard 

hydrogen electrode (SHE), which is conveniently taken as 0 V. The stability limits for the 

aqueous chemical species (i.e., H+, OH-, and H2O) are represented by the half-cell 

boundary lines as a function of the solution pH. The standard cell potential for water 

splitting (i.e., Eo = 1.23 V) shifts to a lower cell potential with an increase of the pH.17  
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Figure 1.5. The Pourbaix diagram of potential (V vs SHE) versus pH for the water 
redox couples in an aqueous medium at 25 oC. Each boundary line 
indicates the stability limit for water. Adapted with permission from 
the publisher.17 

Thus far, we have discussed the Nernst equation under equilibrium conditions in 

the absence of current flow. The reversible half-cell potential can be related to the 

thermodynamics of a reversible process. Electrochemical systems in a state of 

thermodynamic equilibrium, where each conducting volume is in equipotential, will have 

an overall equilibrium voltage (Eeq) that is the sum of all the potential differences between 

each interface. This potential is often measured under open circuit conditions or referred 

to as open circuit voltage (OCV). The Nernst equation describes this reactive interface, 

for example, between a metal and an electrolyte. Electrochemical systems that are in non-

equilibrium states are of primary importance for electrochemical energy devices, and 

these scenarios are more commonly studied in comparison to conditions at equilibrium. 

Current is a primary characteristic of electrochemical processes in non-equilibrium. 

Overpotential is the voltage difference away from Er or from equilibrium (Equation 1.16). 

The electrode potential (E) is defined as any condition away from the Er. In general, the 

operating potential is less than the Er in the case where the cell is used as a power source 

(e.g., a fuel cell application or a Galvanic cell). In the case of electrolytic cells (e.g., for 

chemical generation), the cell potential will be greater in comparison to the reversible 
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potentials. Overpotential is directly proportional to the current. The flow of current is limited 

due to a material and interfacial property known as resistance (R). The relationship 

between current, potential, and resistance can be understood by Ohm’s law (i.e., I = E/R, 

or E = IR). Fundamentally, η exists due to the resistive properties that come with current 

flow, which is why thermodynamic reduction potentials are theoretical and not identical to 

the actual reduction potentials observed under experimental conditions. The direction of 

current flow and, therefore, the direction of an electrochemical reaction depends on the 

potential of the electrode. A positive electrode favors oxidation products (i.e., the OER), 

while a negative potential favors reduction products (i.e., the HER). 

𝜂 = 𝐸 − 𝐸𝑟  

Equation 1.16.  The overpotential (η) 

1.2.2. Electrochemical Kinetics 

As the applied potential changes at the working electrode-to-electrolyte interface, 

the electrochemical free energy (�̅�) of the reactants and products will also change. For 

example, as the potential of a Ni electrode becomes more positive, an oxidative reaction 

is favored while the rate of the reductive reaction will decrease in magnitude. For example, 

the electrochemical reaction at the Ni electrode is written as a reduction [i.e., Ni(OH)2 + 

2e- ↔ Ni + 2OH-]. In this context, increasing the potential to a more positive value will 

lower the free energy of the reactants and the reduction will be less favored in the forward 

direction as written. A change in these rates of reaction will result from changes of the 

electrochemical free energy (�̅�) of both the reactants and products. 

The change in these rates is due to a change in the electrochemical Gibbs free 

energy of activation (∆�̅�‡), which is dependent on the change in electrode potential and 

the transfer coefficient (α). The transfer coefficient (or symmetry factor) is a dimensionless 

value between 0 and 1 that describes the fraction of change that will result from a specific 

shift in the free energy of the transition state. The standard free energy profiles versus the 

reaction coordinate for a single electron transfer event, NiOOH + H2O(l) + e- ↔ Ni(OH)2 + 

OH-
(aq), is depicted in Figure 1.6. In this case, the electrode potential is made more positive, 

which lowers the free energy of the reactants by an amount equal to F(E-Eo) and, thus, 

the activation barrier for oxidation, ∆�̅�‡
a(E), is less than ∆�̅�‡(Eo) by a fraction of the total 

energy change (1-α), which depends on the symmetry of the energy barrier. Specifically, 
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the geometry and resulting symmetry at the intersection of the energy barrier determines 

the value of α.18 

 

Figure 1.6. The effects of a potential change on the electrochemical Gibbs free 

energy of activation (∆�̅�‡). The reaction coordinate diagram shows the 
standard free energy profiles for the electrochemical reaction: NiOOH 
+ H2O(l) + e- ↔ Ni(OH)2 + OH-

(aq). The subscript “c” and “a” indicate the 
reaction is cathodic in the forward direction and anodic in the reverse 
direction, respectively. 

The equations for the ∆�̅�‡ for both the anodic (∆�̅�‡
a) and cathodic (∆�̅�‡

c) reactions 

are shown in Equation 1.17 and Equation 1.18, respectively. The transfer coefficient shifts 

by (1- α) for an anodic process, while the cathodic process shifts by α [in addition to the 

electrical component, F(E-Eo) for both processes]. 

Δ𝑎�̅�  ‡(𝐸) = Δ𝑎�̅�  ‡(𝐸𝑜) − (1 − 𝛼)𝐹(𝐸 − 𝐸𝑜) 

Equation 1.17. Gibbs free energy of activation for the anodic reaction (∆�̅�‡
a) 

Δ𝑐�̅�  ‡(𝐸) = Δ𝑐�̅�  ‡(𝐸𝑜) + 𝛼𝐹(𝐸 − 𝐸𝑜) 

Equation 1.18. Gibbs free energy of activation for the cathodic reaction (∆�̅�‡
c) 
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The standard rate constants for the anodic (ka
o) and cathodic (kc

o) reactions are 

influenced by the change in potential. The relationship between ∆�̅�‡ and the standard rate 

constants (ko) are described by transition state theory. Since the ∆�̅�‡
a  and the ∆�̅�‡

c change 

by an amount of (1-α)F(E-Eo) and αF(E-Eo), respectively, the rate constants (i.e., ka and 

kc) will differ by these amounts (Equation 1.19 and Equation 1.20). The electrode potential 

can be referenced against Er rather than the Eo, which can allow for the potential difference 

stated as E-Er. This use of the Er allows for substitution of the η term from Equation 1.16 

into both the ka and the kc expressions found in Equation 1.19 and Equation 1.20, 

respectively. The resulting anodic (ka
*) and cathodic rates (kc

*) under equilibrium 

conditions are expressed in Equation 1.21 and Equation 1.22, respectively. Equilibrium 

rate constants (keq) are appropriately substituted for the ko in both equations. In 

electrochemistry, the rate constants are dependent on the potential. 

𝑘𝑎 = 𝑘𝑎
𝑜𝑒𝑥𝑝 (+

(1 − 𝛼)𝐹(𝐸 − 𝐸𝑜)

𝑅𝑚𝑇
) 

Equation 1.19. Anodic rate constant (ka) 

𝑘𝑐 = 𝑘𝑐
𝑜𝑒𝑥𝑝 (−

(𝛼)𝐹(𝐸 − 𝐸𝑜)

𝑅𝑚𝑇
) 

Equation 1.20. Cathodic rate constant (kc) 

𝑘𝑎
∗ = 𝑘𝑎

𝑒𝑞𝑒𝑥𝑝 (+
(1 − 𝛼)𝐹(𝜂)

𝑅𝑚𝑇
) 

Equation 1.21. Equilibrium anodic rate constant 

𝑘𝑐
∗ = 𝑘𝑐

𝑒𝑞
𝑒𝑥𝑝 (−

(𝛼)𝐹(𝜂)

𝑅𝑚𝑇
) 

Equation 1.22. Equilibrium cathodic rate constant 

Consider a single electron-transfer reaction occurring at the interface between the 

electrode and the electrolyte (Equation 1.23). This chemical reaction is written as a 

reduction in the forward direction and, therefore, the net reaction rate (υ) for the single 

electron-transfer reaction can be described by the forward and reverse rate constants, 

where kc = k1 and ka = k-1 respectively (Equation 1.24). The net reaction rate (υ) is 
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equivalent to the rate of electron production (re) and, therefore, the current or more 

specifically the current density (j) as normalized to the electrode area (Amps/m2) (Equation 

1.25). In general, the sign convention for υ will be negative for the consumption of electrons 

(i.e., a reductive process) and positive for production of electrons (i.e., an oxidative 

process). This relationship can also be written in terms of the overall j for a particular 

reaction (Equation 1.26).  

𝐴(𝑎𝑞)
+ + 𝑒−  ↔ 𝐴(𝑎𝑞) 

Equation 1.23. Single electron transfer equation written as a reduction 

𝜐1 = 𝑘𝑐[𝐴(𝑎𝑞)
+  ] − 𝑘𝑎[𝐴(𝑎𝑞)] 

Equation 1.24. Net reaction rate (ν1) 

𝑗

𝐹
=  𝑟𝑒 = 𝜐1 

Equation 1.25. Relationship between current density (j), rate of electron 
production (re), and the term ν1 

𝑗 =  𝑗𝑐 − 𝑗𝑎  

Equation 1.26. The overall j for a particular electrochemical reaction 

The rate constant expressions from Equation 1.21 and Equation 1.22 for equilibrium 

conditions are substituted into the net rate expression in Equation 1.24 and written as a 

function of the steady-state current density (jss) in Equation 1.27. For example, a potential 

(or current) is applied to the system and the response is stable with time. A steady-state 

response or jss is obtained when the applied potential (or current) results in a response 

that is stable with time. The potential dependence of the jss comes directly from the rate 

constants. 

𝑗𝑠𝑠 = −𝐹𝑘𝑐
𝑒𝑞[𝐴+]𝑒𝑥𝑝 (−

(𝛼)𝐹(𝜂)

𝑅𝑚𝑇
) + 𝑘𝑎

𝑒𝑞[𝐴]𝑒𝑥𝑝 (+
(1 − 𝛼)𝐹(𝜂)

𝑅𝑚𝑇
) 

Equation 1.27. Rate expression as a function of the steady-state current 
density (jss) 
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At equilibrium, the system reaches the Er where there is no current flow and, 

therefore, both the jss = 0 and η = 0, and the equation further simplifies to Equation 1.28. 

The resulting components of 𝐹𝑘𝑐
𝑒𝑞[𝐴+] and 𝑘𝑎

𝑒𝑞[𝐴] represent the cathodic (jc) and anodic 

currents (ja), respectively. Since the term jss = 0, we can conclude that the quantities jc and 

ja must be equal and opposite to arrive at this value. The magnitude of these equal and 

opposite currents is related to the exchange current density (jo). The intrinsic rate of 

reaction at equilibrium at η = 0 (i.e., jss = 0 ) is described by jo in Equation 1.29. The 

exchange current density can, therefore, be substituted back into Equation 1.27 to derive 

a steady-state Butler-Volmer current potential relationship (Equation 1.30). An extended 

version of the Butler-Volmer equation considers the time dependent concentration of 

oxidized {[A+](0,t)} and reduced species {[A](0,t)} at a distance of zero from the electrode 

surface.18 The extended version is more applicable to mass transfer limited conditions and 

is provided in Equation 1.31. It should be noted that the number of electrons (n) has been 

included as a general expression of this equation. The current-potential dependence is 

described by an exponential relationship for both the anodic and cathodic terms. 

𝑗𝑠𝑠 = −𝐹𝑘𝑐
𝑒𝑞[𝐴+] + 𝑘𝑎

𝑒𝑞[𝐴] 

Equation 1.28. Simplified rate expression at equilibrium as a function of jss 

|𝑗𝑎| = |𝑗𝑐| = 𝑗𝑜, where 𝑗𝑠𝑠 = 0 

Equation 1.29. Relationship between intrinsic rate of reaction and the 
exchange current density (j0) under equilibrium conditions 

𝑗𝑠𝑠 = 𝑗𝑜 [𝑒𝑥𝑝 (−
𝑛(𝛼)𝐹(𝜂)

𝑅𝑚𝑇
) − 𝑒𝑥𝑝 (+

𝑛(1 − 𝛼)𝐹(𝜂)

 𝑅𝑚𝑇
)] 

Equation 1.30. The steady-state Butler-Volmer current potential relationship 

𝑗 = 𝑗𝑜 {[𝐴+](0, 𝑡)𝑒𝑥𝑝 (−
(𝑛)(𝛼)𝐹(𝜂)

𝑅𝑚𝑇
) − [𝐴](0, 𝑡)𝑒𝑥𝑝 (

(𝑛)(1 − 𝛼)𝐹(𝜂)

𝑅𝑚𝑇
)} 

Equation 1.31. The extended Butler-Volmer equation 
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1.2.3. Mass Transfer of Species  

The mass transfer of reactants and products in an electrolyte is relevant to non-

equilibrium conditions. The primary modes of transportation include diffusion, migration, 

and in some cases convection (e.g., an applied flow). The Nernst-Planck equation 

accounts for the overall flux (Ji) of charged chemical species in the electrolyte and the 

contributions from each mode of transport. The overall Ji is the rate at which particles or a 

particular species moves through a plane of a specific area per unit time with units of 

mol/m2s (Equation 1.32) 

𝑗

𝑛𝐹
= 𝐽𝑖 

Equation 1.32. Definition of the flux of a species (Ji) 

The Nernst-Planck expression relates the flux of a species within a three-

dimensional volume (Equation 1.33). The first term describes the diffusional movement of 

a species through a concentration gradient (∇𝐶𝑖) multiplied by its diffusion coefficient (Di). 

The second term is migration, which describes the movement of a charged species under 

an applied electric field gradient (∇𝜑). The charge coefficient (zi), concentration of the 

species (Ci), the Faraday constant (F), temperature (T), and the ideal gas constant (Rm) 

are used to define the migration term. Convection is defined as the last term in the 

expression. Convection can either be forced (e.g., induced by stirring of the electrolyte) or 

the result of natural phenomenon (e.g., a temperature gradient) and is dependent on the 

velocity (v), and the concentration (Ci), of the charged species. A further investigation into 

the laws of diffusion allow for an approximation of the Nernst layer over a finite diffusional 

layer (δ) near the electrode surface.18 At low current densities, the dissolved gas is 

dominated by diffusion and may remain relatively constant. Whereas at high current 

densities, bubble-driven convective processes can influence the mass diffusivity 

coefficient. 

𝐽𝑖 = −𝐷𝑖∇𝐶𝑖 −
𝐶𝑖𝑧𝑖𝐷𝑖𝐹

𝑅𝑚 𝑇
∇𝜑 + 𝐶𝑖𝑣 

Equation 1.33. The Nernst-Planck equation 
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𝐽𝑖 = −
𝐷(𝐶𝑏𝑢𝑙𝑘 − 𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒)

𝛿
 

Equation 1.34. The Nernst approximation for a concentration gradient over a 
diffusional length (δ) 

Diffusion is an entropic phenomenon where a net movement of species occurs 

from high (Cbulk) to low concentrations (Csurface). This concentration gradient can be 

assumed to be linear, so that the difference in concentration can be described by Cbulk - 

Csurface over a distance, z, (i.e., the finite diffusional length, δ) in Equation 1.34. Fick’s first 

law of diffusion quantifies the term Ji by its relationship to Di and the differential, 𝜕𝐶𝑖/𝜕𝑧 

(Equation 1.34). This law applies to steady-state conditions where the concentration of 

reactants and products are stable with time. Under steady-state conditions, where the 

Csurface = 0, an approximation of a length for the δ allows for the assumption that the 

concentration gradient is linear (Figure 1.7.).19 The Nernst approximation (Equation 1.34) 

can be a helpful way to determine diffusion coefficients especially when the δ is known 

such as that derived from rotating disk electrode (RDE) experiments.20 In addition to 

diffusional movement, movement can also be influenced by an electric field. In many other 

cases, the concentration is, however, changing with time, and a three-dimensional volume 

is better suited to characterize the term Ji. 

𝐽𝑖 = −𝐷𝑖

𝜕𝐶𝑖

𝜕𝑧
 

Equation 1.35. Fick’s first law 

𝜕𝐶𝑖

𝜕𝑡
= 𝐷

𝜕2𝐶𝑖

𝜕𝑧2
 

Equation 1.36. Fick’s second law 

 Rather than describing the flux through a two-dimensional plane, a three-

dimensional volume is used to approximate Ji. Fick’s second law implies that the diffusion 

coefficient is not a function of the distance (z). For example, a volume with cross-sectional 

area and thickness (𝜕z), would result in the difference between the inward and the outward 

Ji to be equivalent to the net rate of increase in the volume per unit time. Fick’s second 

law (Equation 1.36) is derived by taking the second derivative of Fick’s first law. Setting 

boundary conditions is a helpful method to solve the partial differential equations. These 
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laws apply under finite diffusion. For example, the use of an RDE can allow for a finite 

diffusional length that is controlled by the rotational speed and the viscosity of the 

electrolyte.  

 

Figure 1.7. Concentration profiles at an electrode surface under steady-state 
conditions for (a) an exponential change in the concentration toward 
the bulk electrolyte, and (b) a finite diffusional layer (δ) with a linear 
approximation of the concentration gradient The range of distances 
(z) in either case is on the order of μm to mm. 

The migration of a charged species due to the presence of the Ez is described by 

their electric mobility (ui). The resulting drift velocities (vd) of charged particles are 

proportional to the Ez. A simplified equation describing the ui of a charged species under 

an applied Ez is written in Equation 1.37 with the units of m2/Vs. The use of a conductive 

electrolyte reduces the effects of the electric field on the species except when the species 

are very close to the surfaces of the electrodes.  

𝑢𝑖 =
𝑣𝑑

𝐸𝑧
  

Equation 1.37. The migration of charged species due to Ez 

Efficient electrochemical water splitting is concerned with the transport of gas 

bubbles away from the electrode surfaces. Convective transport processes during water 

splitting can be bubble-driven or thermally-driven. Bubble-related convective dynamics are 

often driven by coalescence and release events and are discussed in more detail in 

Section 1.3.2. A variety of factors can influence the mass transfer mechanisms for the 
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HER and the OER such as the size and orientation of the electrode, temperature, the 

applied potential (or current), concentration and type of electrolyte.21, 22 Transport-related 

resistances hinder the mass transfer of products and reactants to and from the electrode. 

These resistances can arise due to fundamental issues related to the electrode-to-

electrolyte interface, as well as the existence and formation of bubbles at this interface 

(Section 1.3.1).  

1.2.4. Measurements in Electrochemistry  

To study electrode processes and especially for the quantitative evaluation of 

electrode kinetics, the electrochemical set-up must include three electrodes. The working 

electrode (WE) refers to the surface of interest for the study. The counter electrode (CE) 

is an auxiliary electrode that allows for the completion of the current path through the WE. 

To measure the WE potential, a third electrode with a stable Er, is employed as the RE 

(i.e., EWE – ERE). There are many types of REs. The type of electrolyte (e.g., aqueous 

versus non-aqueous, and acidic versus alkaline) should be considered upon selection of 

the most appropriate RE. Current does not flow through the RE since this electrode should 

have a stable Er and should be at an equilibrium condition. All three of these electrodes 

are connected to the potentiostat. The potentiostat applies a current flow to the WE and 

the CE to obtain the correct potential offset between the WE and the RE. The potentiostat 

attempts to make the WE follow the desired current or voltage changes. The potentiostat 

is used to perform a particular program or sequence of changes to the applied currents 

and potentials while recording the current and voltage response during electrochemical 

measurements such as during cyclic voltammetry (CV).  

Cyclic voltammetry consists of scanning the potential linearly between a lower (E2) 

and upper potential (E1). The potential window (i.e., E2 – E1) will often encompass an 

oxidative or reductive process of interest (Figure 1.8.). By convention, positive current 

designates anodic processes (i.e., oxidative reactions) while negative current indicates 

cathodic processes (i.e., reductive reactions). The voltammogram produced from a CV 

experiment contains current peaks plotted against the potential window. The “duck-

shaped” peaks arise due to changes in the local concentration of reactant species and 

their movement with respect to the electrode surfaces as the potential is scanned with 

time.23 Additionally, capacitive, or non-Faradaic regions can also be included in the range 

of potentials covered by a CV experiment. Electron transfer processes and the 
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corresponding kinetic behavior of the associated reactions are frequently studied using 

CV techniques. The Nernst equation (Section 1.2.3) can be utilized to predict the 

concentrations of chemical species at the electrode surfaces based on the applied 

potential. Contamination of the electrode surface can be a source of measurement error. 

Polishing of electrode surfaces and stringent cleaning of electrochemical glassware can 

be administered to avoid contamination. Moreover, purging of the electrolyte with inert gas 

such as argon (Ar) or nitrogen (N2) can be conducted to remove reactive or unwanted 

gases. The resulting current peaks obtained during CV experiments are most often 

conveyed in terms of j where the current values are normalized by some metric of the 

surface area. An overview of the voltammetry of Ni can be found in Section 2.1.1, while 

specific experimental details pertaining to the electrochemical set-ups for each study 

within this thesis can be found in Sections 3.4.3, 4.4.10, 5.3.4, 6.4.6, and 7.4.6. 

 

Figure 1.8. The cyclic voltammetry (CV) technique of the potential cycling 
between a lower (E2) and upper potential (E1) over time. The plot in (a) 
shows two consecutive CV cycles. During the potential sweep, the 
potentiostat measures (b) the current resulting from the redox 
reactions. The forward scan indicates an oxidative reaction with 
positive current while the reverse scan indicates a cathodic reaction 
and negative current. 
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Figure 1.9. Tafel plots for (a) the anodic and (b) the cathodic components of a 
current versus overpotential curve. 

Linear sweep voltammetry (i.e., a single scan from E2 to E1 or vice versa) can be 

used to perform a Tafel analysis to study the relationship between the applied potential 

and the resulting current response. Steady-state polarization experiments can also be 

conducted for Tafel analyses. To establish a steady-state polarization, the potential is held 

until a steady-state current is measured over a suitable η (or vice versa). The steady-state 

current has a potential dependence that can be related to the rate constants. The Tafel 

plot is typically plotted as the log j versus the η (Figure 1.9.). This relationship is often 

linear far from equilibrium, and the extrapolated j at η = 0 provides the value for j0. The 

slope of the plot can also allow for the extraction of the terms for either the anodic, (1-

α)F/(2.3RT), or cathodic components, (-α)F/(2.3RT), of the Butler-Volmer expression 

(Section 1.2.2) 

The electrochemically active surface area (Aecsa) of the catalysts must be 

determined to determine the electrochemical activity in terms of the specific activity of a 

material (i.e., j, = Aecsa/total volume or area). A variety of methods can be used to assess 

the Aecsa, and the type of WE should be carefully considered when selecting the 

appropriate method. For example, platinum (Pt) catalysts can adsorb and desorb 

hydrogen over a specific range of potentials. The total charge density (σ) associated with 

the adsorption of hydrogen on a specific Pt sample can be obtained by integrating the 

resulting peaks observed by potential cycling, which correlates with the total number of 

reactive sites for hydrogen adsorption on the Pt surfaces. The charge required to reduce 

a monolayer of protons on Pt (i.e., σ = 210 μC/cm2) can be used to determine the total 

surface area or Aecsa of Pt that participated in the adsorption of hydrogen.24 Additionally, if 
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the amount of catalyst loading is known, then an assessment of mass activity (Aecsa/mass 

of catalyst) can be reported as an activity descriptor. Other metrics for activity 

assessments can include fixed current density measurements, Tafel slopes and exchange 

current density analyses. Moreover, the rate of production of electrons (re) during an 

electrochemical reaction can also be measured and related to the reaction turnover 

frequency (TOF). Another common method for the determination of the Aecsa is the 

measurement of the capacitive charging current (i.e., non-Faradaic region), which results 

from charging of the electrical double layer (EDL). In practice, potential cycling is 

conducted around the OCV for each electrode at different scan rates, and the non-

Faradaic current increases linearly with an increase in scan rate. The slope of the current 

density plotted against the scan rates correlates with the double layer capacitance (Cdl). 

The resulting Cdl values are often compared between different electrodes prepared by 

similar methods and used to measure and to account for changes in the Aecsa of a sample. 

The specific charge density must be acquired from literature for a particular electrode 

material. The method of determining the Cdl to assess the Aecsa is one of the most common 

techniques used for characterizing electrodes that are composed of metal oxides.  

 

Figure 1.10. An overview of the electric double layer (EDL) structure at the 
interface between the electrode and the electrolyte. A potential profile 
is illustrated between the electrode (φm) and the solution (φs). 

The arrangement of charges that form at the interface between an electrode and 

the electrolyte (or gas) is known as the EDL. The structure of the EDL is akin to a parallel 

plate capacitor. For example, the two different conductors, an electron conductor (i.e., the 
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electrode) and an ion conductor (i.e., the electrolyte) are separated by a dielectric region. 

When an electric potential is applied across the capacitor (e.g., the EDL), the charges will 

segregate into regions of positive and negative charges as exhibited in the Figure 1.10. 

The EDL contains a compact layer near the electrode with a thickness between 3 and 10 

Å. Charge-transfer takes place in the compact layer of the EDL during a heterogenous 

electrochemical reaction. The layer within the electrolyte that is just beyond this compact 

layer is known as the diffuse layer. The distribution of potential across this interface from 

the electrode to the solution (φm-s) demonstrates a drop due to the separation of charge 

(Figure 1.10.). 

The flow of current across the interface of the WE with the electrolyte results in a 

potential drop (∆VIR) due to resistive effects. Furthermore, a solution-based resistance (Rs) 

between the tip of the RE and the WE can also obscure the true measured potential. 

Neither the ∆VIR across the WE interface with the electrolyte nor the Rs can be controlled 

and a correction must, therefore, be applied to the system. The resistance that arises 

between the WE and the RE is known as the uncompensated resistance (Ru). Minimization 

of these losses can be accomplished by making the supporting electrolyte highly 

conductive (e.g., to make the compact layer as thin as possible), moving the RE as close 

to the WE as possible, and/or by minimizing the area of the WE. In general, an electronic 

correction for the Ru is commonly conducted using an AC impedance method in a separate 

experiment. The resulting value obtained for the Ru can be used to correct the resulting 

potentials (i.e., V–iRu) through an off-line correction method. The potentials used during 

an electrochemical experiment can be either scanned at a particular rate (i.e., V/s) or held 

constant (potentiostatic-control) over time. Gas-evolving electrodes are highly susceptible 

to resistive effects imposed by the adhesion of gas bubbles on the WE surfaces. Gas has 

a high resistivity, which limits the electrical and ionic conductivity of the system and overall 

efficiency of electrochemical water splitting. The details associated with the influence of 

gas bubbles in the context of electrochemical water splitting is discussed in more detail in 

Section 1.3.1. In general, the limits of water splitting and the mechanisms therein are 

dependent on several factors. 

The mechanism by which a particular electrochemical reaction occurs is 

dependent on the stability and the type of dominant chemical species present in the 

electrolyte, which are dependent on the pH of the system (Section 1.2.1). The applied 

potential can also influence the resulting mechanism (Section 1.2.2). Additionally, the 
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electrocatalyst structure and its composition can also influence the selectivity of 

adsorbates and the pathway for the reaction. 

1.2.5. The Oxygen Evolution Reaction (OER) 

The overall water splitting reaction is limited by the kinetics of the OER. The 

reaction mechanism for the OER is different based on the dominant species in the 

electrolyte (e.g., acidic, or alkaline conditions). Precious metal oxides such as IrO2 and 

RuO2 with a rutile structure are often considered as benchmark electrocatalysts for acidic 

and alkaline coniditons.25, 26 Transition metals belonging to the perovskite family (ABO3, 

where A is a rare and/or alkaline earth metal, and B is a transition metal) are often sought 

due to their tunable oxidation states achieved through the doping of alkaline- and rare-

earth metals. The perovskite structure can accommodate a diversity of transition metal 

oxides, which provides an ability to tune the density of states, conductivities, and the 

resulting bond strengths between the adsorbate and the catalyst surfaces.27 The trend 

established (Ni > Co > Fe > Mn > Cr) for the bonding interaction of the OER catalysts was 

determined through the study of perovskite systems.28, 29 The strength between the 

transition metal and the OH bond in the perovskites significantly influenced the observed 

trends and was dictated by the d-band electron configuration of the metal and the resulting 

bond strength between the metal and the oxygen specie. Spinel (A’B’2O4, where A’ and B’ 

are first-row transition metals) structures have also been of interest for their good stability 

at high potentials under alkaline conditions. Cobalt and ferrite-based spinel compounds 

with Ni dopants have demonstrated good OER activity.30, 31 Structural transformation 

under oxidizing conditions convert the spinel structure to a layered double hydroxide 

(LDH) structure composed of metal hydroxides and/or metal oxyhydroxides [M(OH)2 and 

MOOH, where M is a transition metal, respectively]. The metal centers of M2+ and M3+ for 

the hydroxide and oxyhydroxide forms, respectively, exhibit strong ionic bonding between 

the O2- and the H+ ions.32 Since oxidizing potentials results in the formation of a layered 

type structure, a series of LDH structures composed of first-row transition metals of Ni, 

Co, Fe, and Mn have been pursued for addressing the kinetic activity of the OER.33 A 

common theme across the literature is the synergistic effects between transition metals, 

namely Ni and Fe, in both spinel and doped layered structures.34 The influence of Fe 

dopants in the NiOOH lattice (e.g., Ni1-xFexOOH) has been a popular subject of study as 

these materials have demonstrated relatively low overpotentials towards the OER.35, 36 
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The mechanisms and associated roles of the Ni, Fe, and O species has been an area of 

extensive research with recent progress made in understanding the complicated 

processes taking place within these materials.37 Metal oxides composed primarily of earth 

abundant first-row transition metals have been regarded as excellent materials for their 

activity toward the OER with a high stability and, thus, utility for use in alkaline electrolysis 

technologies; the reaction mechanism for these works is, therefore, discussed in the 

context of these systems.38  

The mechanism for the OER under alkaline conditions proceeds by four proton-

electron coupled transfer steps. The conventional OER mechanism is shown in Figure 

1.11. Conventionally, the reaction was considered to occur at the ionic metal centers within 

these materials, but it is now understood that lattice oxygen participates at dynamic 

surface active sites. The participation of lattice oxygen in the mechanism varies to different 

extents for distinct electrocatalysts, and the mechanism warrants further investigation on 

a case-by-case basis. 

 

Figure 1.11. The conventional OER mechanism in alkaline media. 

Lattice oxygen atoms participate in the reaction mechanism and facilitate the 

required redox chemistry by forming O-O bonds with the lattice oxygen in the metal 

oxide.39, 40 Isotope labeling of the metal oxide lattice with 18O enabled the tracking of the 

molecular oxygen (O2) product. The molecular oxygen product was measured by in situ 

mass spectroscopy where the detection of both 34O2 (i.e., 16O and 18O) and 36O2 (i.e., 18O 

and 18O) indicated that in some cases one or two of the oxygen atoms came from the metal 

oxide (Figure 1.12.). The production of molecular oxygen from the lattice derived oxygen 

atoms suggests that the mechanism proceeds through the oxidation of lattice oxygen 

atoms and the subsequent formation of lattice oxygen vacancies (i.e., oxygen defect 

sites). This theory supports the disruption and potentially the dissolution of the metal oxide 

during prolonged use in the OER. 
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Multiple intermediary steps are possible within the mechanism of the OER. An 

understanding of the rate determining step is difficult since it is dependent on both the 

applied potential and the type of electrocatalytic material under investigation. Density 

functional theory (DFT) methods have been used to investigate the intrinsic activity effects 

of doping the Ni1-xMxOOH lattice, where M = Fe3+ and other transition metals capable of 

forming a stable metal-oxo bond (M=O, an optimal intermediary of the mechanism).37, 41 

Experimental in situ spectroscopic studies have allowed for the detection of active sites 

with high valent metal centers.42, 43 The reaction mechanism for the OER is still a subject 

of debate.44 The development of theory and experiments are still on-going in the field. 

 

 

Figure 1.12. The mechanism of lattice oxygen participation by (a) a single oxygen 
vacancy, and (b) a dual oxygen vacancy. The [*] represents another 
site on the metal center and the red O atoms indicate those atoms that 
belong to the metal oxide lattice. 

1.2.6. The Hydrogen Evolution Reaction (HER) 

Platinum-based electrocatalysts for the HER can operate at relatively low 

overpotentials and can exhibit a high activity, but are limited due to the scarcity and high 

costs of platinum. Alternatively, a diversity of earth-abundant electrocatalytic materials are 
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relatively stable in alkaline media while effectively catalyzing the HER. The use of alkaline 

media can allow access to a greater diversity of electrocatalytic materials since their 

stability is more easily achieved by these conditions, which enables these materials to be 

more viable for use in commercial applications. Heterostructures composed of mixed 

earth-abundant metals and non-metals have demonstrated a good durability and a 

relatively high performance.45, 46 High intrinsic activities and large electrochemical surface 

areas are sought for the selection and development of the HER electrocatalysts.  

 

Figure 1.13. The pathways for the HER mechanism in alkaline media. 

Two-electron transfer steps are involved in the HER, which proceed by either the 

Volmer-Tafel or the Vomer-Heyrovsky mechanism. The Volmer step is the reduction of a 

water molecule on the catalytic surface that results in an adsorbed hydrogen atom and a 

hydroxide anion in alkaline media (Figure 1.13.). The adsorbed hydrogen atom can 

combine with an adjacent adsorbed hydrogen to evolve one molecule of hydrogen (H2), 

which is known as the Tafel step. Alternatively, a water molecule could attack the adsorbed 

hydrogen to generate a hydroxide anion and a hydrogen molecule (i.e., the Heyrovsky 

step).46 The two pathways (i.e., Volmer-Tafel and Volmer-Heyrovsky) can occur in both 

acidic and alkaline conditions, but the mechanisms do involve different reactants and 

products depending on the pH. For example, at a low pH the Volmer step proceeds by the 

dissociation of hydronium ions (i.e., 2H3O+ + 2e- + M → 2M-Hads + 2H2O) or more simply 

by the reduction of protons (H+) from a weak covalent bond. Whereas, in an alkaline 

medium a strong covalent bond must be broken during the dissociation of water to result 

in the adsorption of the hydrogen atom.47 The kinetics of the HER in alkaline media are, 

therefore, much slower in comparison to that in acidic media. These finding indicates that 

the activity of the HER is dependent on the adsorption energy of the hydrogen, as well as 

the electronic structure of the catalyst.48, 49 The kinetic activity with respect to the 

mechanism of the HER can be understood by the interpretation of the Tafel slopes using 

steady-state polarization techniques. The steady-state conditions allow for a potential 

dependence on the rate constants and the surface coverage of the chemisorbed species. 

For example, interpretation of the Tafel slope and it’s relationship to the Butler-Volmer 
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equation can indicate the reaction pathway as determined from a series of kinetic 

analyses.50 In contrast to the OER, the mechanism of the HER is more well understood. 

In addition to improvements of the kinetic activity (i.e., tuning of the composition), the 

electrode morphology can also play a role in the HER. 

 

1.3. Review of Electrode Morphologies that Promote 
Efficient Electrochemical Gas Evolution 

Gas-evolving electrodes are hindered by the behavior of bubbles that collect on 

their surfaces. At high overpotentials, a thick layer of surface adhered bubbles results in 

a reduced performance by blocking access to the electrolyte. The issue of gas 

management is relevant to a multitude of electrosynthetic applications (i.e. the chloro-

alkali, aluminum, and sodium chlorate electrosynthesis) and production of electrochemical 

fuels (i.e., CO2 dissociation, water splitting, and syngas production).51, 52 Emerging 

technologies in the clean energy sector could benefit from surface morphologies, which 

reduce the various bubble-related overpotentials (Section 1.3.1). Moreover, the 

development of fundamental investigations into electrode morphologies that promote 

more efficient electrochemical gas evolution could help to guide the design of industrial-

scale electrodes with improvements to the overall efficiency as a main objective. 

This review of the literature focuses on morphologies relevant to electrochemical 

water splitting reactions. Multiple length scales (i.e., both nano and microscale) are 

investigated with attention to both irregular textures and/or uniform geometries. A number 

of techniques can be used to build-up catalytic material to produce surface textures and/or 

well-defined geometries. Electrodeposition, solution processing, hydrothermal or 

solvothermal, and coprecipitation directly onto conductive supports are examples of 

commonly used strategies to build textured surfaces and/or structured materials. These 

are highly versatile techniques, which are widely used in the preparation of metals and 

alloys.53, 54, 55 Template-assisted methods for the production of electrodes of a desired 

morphology can include the build-up of atoms and/or removal of atoms as strategies to 

produce regular features.  
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Features with well-controlled dimensions and pre-defined geometries are often 

prepared using templating strategies. For example, lithographic methods can be adapted 

to define surface patterns using light-sensitive materials. Lithographic and other template-

assisted techniques can be used in combination with electrodeposition methods to grow 

freestanding metallic structures. These template-assisted methods often rely on polymeric 

assemblies through the use of self-assembled spherical structures or through the use of 

immiscible polymeric domains (e.g., bigels, block copolymer templates).56 The structural 

and compositional diversity of electrocatalysts is vast with improvements often focused on 

enhancing the charge-transfer kinetics to reduce the overpotentials of the reaction. The 

influence of the electrocatalyst structure on the gas bubble behavior is also a worthwhile 

consideration that is not as easily recognized by conventional electrochemical 

characterization techniques such as Tafel analyses. The relationship between the 

interfaces of the gas bubble, electrode, and electrolyte must be investigated and 

understood fundamentally for effective gas management during electrochemical water 

splitting. 

1.3.1. Influence of Bubbles in the Context of Electrochemical Water 
Splitting 

An understanding of the fundamental processes related to bubble dynamics during 

gas evolution reactions (i.e., nucleation, growth, and detachment) and their impact toward 

electrochemical systems is briefly summarized to provide context towards the 

advancement of efficient gas-evolving electrode surface morphologies. The behavior of 

bubbles is linked to the performance of electrochemical gas-evolving reactions. The 

interface of two different materials (Section 1.2) can cause a ∆VIR as similarly described 

across an electrochemical cell (e.g., between the anode and cathode). Overpotential 

effects (Section 1.2.1) resulting from the various resistive processes due to the relative 

coverage of bubbles on the surfaces can influence the ∆VIR. This coverage is referred to 

as the fractional bubble coverage (Θ) and can be determined by measuring the area 

occupied by the bubbles (BA) directly prior to their departure from the electrode surface. 

The geometric surface area (Ageo) divided by the value acquired for BA determines the Θ 

(Equation 1.38). The periodic release of multiple bubbles from the electrodes, where 

multiple bubbles release simultaneously can assist in the measurement of BA (see, for 

example, Section 7.5.8). Whereas non-uniform release events (e.g., bubbles releasing at 
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different times) cause difficulty in the measurement of BA as these experimental data are 

typically collected from high speed camera frames.  

𝛩 =
𝐵𝐴

𝐴𝑔𝑒𝑜
 

Equation 1.38. Fractional bubble coverage (Θ) 

Gaseous bubbles impose resistive influences on the system, and the resultant 

overpotential effects can be described in the context of bubble-related phenomena.57 The 

influence of the bubbles on the ∆VIR can be described by the contribution of each of the 

theoretical overpotentials (i.e., the activation overpotential, ηa; ohmic overpotential, ηohm; 

and the concentration overpotential, ηconc) as summarized in Equation 1.39. 

∆𝑉𝐼𝑅 = ηa + ηohm + ηconc 

Equation 1.39. Influence of bubbles on the potential drop (∆VIR) 

The theoretical activation overpotential (ƞa) can be described in terms of the Θ for 

a gas-evolving electrode.58 It is well known that the adhesion of gas bubbles on the 

electrode surfaces will impose variations in the actual current density at the interface with 

the electrolyte. For example, the adhered bubbles will shield regions of the surface while 

adjacent regions may experience higher current densities due to the reactant 

concentration gradients. The ƞa term can be described by the following equation (Equation 

1.40) where Rm, T, and F represent the ideal gas constant, temperature, and Faraday’s 

constant, respectively. 

ηa =
RmT

F
ln(1 − Θ)  

Equation 1.40. Theoretical activation overpotential (ƞa) 

The theoretical ohmic overpotential (ƞohm) is associated with the mass transfer 

resistances that are affected by the bubbles on the electrode, as well as the freely moving 

bubbles in the interelectrode volume of the electrolyte.59, 60 The conductivity of the 

electrolyte (κ) is modified by the presence of bubbles in both this interelectrode space and 

by the coverage of bubbles on the electrode surfaces. This contribution is an incremental 

resistance that evolves as a function of both time and the applied current (I) in such 
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dynamic, gas-evolving systems. The following expression (Equation 1.41) can be used to 

estimate the ƞohm. The interelectrode distance (de) between the anode and cathode, the 

Ageo, the thickness of the bubble layer (Tb), and the volume fraction of gas in the electrolyte 

(Vb), as well as the Θ are included as terms in the expression. 

ηohm =
Ide

𝐴geoκ
[
Tb

de
(1 −

Θ

1.5
)

−1.5

+ (1 −
Tb

de
) (1 − Vb)−1.5] 

Equation 1.41. Theoretical ohmic overpotential (ƞohm)  

The theoretical concentration overpotential (ƞconc) accounts for the concentration 

gradients that are induced by the presence of bubbles on the electrode surfaces.61, 62 The 

interfacial supersaturation of dissolved gas (Cg) at the electrode surface causes a change 

to the Csurface. The expression for the estimation of concentration overpotential (ƞconc) is 

derived from the Nernst equation (Section 1.2.1) and relates the Cg to the saturation of 

gas in the electrolyte at 1 atm (Csat). The number of electrons, n, involved in the formation 

of a gas molecule, the T, the Rm, and F are included in the expression (Equation 1.42) for 

the ƞconc. The theoretical ƞconc addresses the concentration gradients that are induced by 

the presence of bubbles on the electrode surfaces.61, 62 The concentration profiles of (e.g., 

accumulation of gaseous products in the electrolyte) under high current densities can 

influence the thermodynamic equilibrium resulting in an increase to the ƞconc. The presence 

of a bubble on the surface of an electrode can also assist to remove product gas from the 

electrolyte thereby lowering the ƞconc to some degree.63 

ηconc =
RmT

nF
ln 

Cg

Csat
  

Equation 1.42. Theoretical concentration overpotential (ƞconc) 
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Figure 1.14. The theoretical overpotentials calculated for the contributions of the 
ƞa, ƞohm, and the ƞconc plotted as a function of the type of electrode 
studied in Chapter 7. These overpotentials contribute to an overall 
overpotential (ƞtotal). 

Bubble-related overpotentials have been applied to the analysis of textured 

electrodes (see, for example, Chapter 7). Experimental parameters are included where 

applicable for the calculation of each type of overpotential (i.e., ƞa, ƞohm, and ƞconc). In 

general, theoretical overpotentials such as those in Figure 1.14. are similar for electrodes 

with distinct textures, but the overall overpotentials are the lowest for the electrodes with 

the narrow feature spacings and, in contrast, were the highest for planar electrodes. The 

trends predicted by these theoretical overpotentials are, however, distinct from the trends 

observed in the measured results (see Section 7.5). The lower overpotentials predicted 

for the electrodes with a narrow feature spacing do not capture the influences of trapped 

gas bubbles and the presence of smaller bubbles present on the electrode features. A 

more regular and synchronous bubble release from the electrodes with a larger feature 

spacing likely had a significant improvement on the mixing of the electrolyte near the 

surfaces of these electrodes and an increase in their volumetric gas evolution. It is also 

likely that there are differences in concentration gradients between the different types of 

electrodes as a result of these factors. Understanding the variation in concentration 

gradients between samples and the associated quantification of these values presents a 

significant challenge in the interpretation of ƞconc. Interestingly, ƞconc presents the highest 

overpotential relative to the other sources of overpotential as depicted in Figure 1.14. 
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Another characteristic of interest for gas-evolving electrodes is the average 

residence time (tr) of the bubbles. This quantity can be empirically derived using models 

developed by Vogt et al.58, 64 The gas evolution efficiency (fg) can be calculated using the 

values for Θ, while the Faradaic efficiency (ΦB) used in this calculation can be obtained 

experimentally, or as in the case of the work discussed in Section 7.5.8. it can be obtained 

from the literature for a pure Ni electrode.65 The average bubble radius (Rb) directly prior 

to detachment, the I, the Ageo , the Rm, T, F, the bubble volume prior to detachment (Vr), 

the stoichiometric ratio of the number of electrons to the number of O2 molecules (νe/νB),  

the atmospheric pressure (P), and the vapor partial pressure for the electrolyte (Ps) were 

each included in Equation 1.43: 

tr =  
Θ Rb

π Rb
3 

2 Vr
fg ΦB  

I
𝐴geo

⁄  Rm T

νe
vB

⁄  F(P − Ps)

 

Equation 1.43. Theoretical residence time (tr) of the bubbles 

The average length of time that a bubble lingers on the electrode surface is a 

helpful metric that can be determined from the experimental data (e.g., high speed camera 

frames to obtain Θ and Rb) along with the use of the empirical equation (Equation 1.43). 

Short dwell times are desirable for creating efficient gas-evolving surfaces (see more 

details in Section 7.5.8). Moreover, these quantities can also be used to derive the 

volumetric flux (Vg) of the gaseous product.64 For example, the value for tr, the Vr, and the 

average number of adhered bubbles (nr) (as measured from experimental data) can be 

used to derive the Vg through the relationship outlined in Equation 1.44. 

Vg =
nrVr

tr
 

Equation 1.44. Volumetric flux (Vg) of gas 

1.3.2. Gas Bubble Evolution Dynamics 

The life cycle of a bubble can be described by the sequential process of nucleation, 

growth, and detachment (Figure 1.15.). Additionally, if more than one growing bubble 

exists on a surface then the occurrence of coalescence is likely. Classical and non-
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classical nucleation theories have been developed to explain the mechanisms of bubble 

nucleation. Bubble growth kinetics for three main regimes have also been developed in 

the literature through controlled experimentation. Each of these dynamic processes are 

dominated by fundamental surface forces (e.g., buoyant, gravity, drag, surface tension, 

contact forces) and pressure differences between the bubble-electrolyte interface. More 

recently, contributions from Marangoni (e.g., thermo-capillary) forces have been 

experimentally observed and could help to explain the seemingly stochastic nature of 

coalescence phenomenon as well as for the oscillatory nature of bubble-related events.66 

The fundamental stages of gas bubble evolution can be linked to the performance of 

electrochemical gas evolving reactions and will, therefore, be discussed in detail starting 

with gas bubble nucleation events. 

 

Figure 1.15. The fundamental stages of gas bubble evolution during the OER 
indicating the general processes of (i) nucleation, (ii) diffusive growth 
[including labels for the direction of the bouyant (Fb) and adhesive 
(Fa) forces], (iii) coalescence, and (iv) detachment. 

∆Gsurf = 4πγ𝑅critical
2  

Equation 1.45. Gibbs free energy of gas bubble surface formation (ΔGsurf) 

∆Gbulk = (
4π

3
) ∆Gl−gRcritical

3  

Equation 1.46. Gibbs free energy of forming a bulk gas phase (ΔGbulk) 

∆Gbubble = 4πγRcritical
2 + (

4π

3
) ∆Gl−gRcritical

3  

Equation 1.47. Total Gibbs free energy for gas bubble formation (ΔGbubble) 



40 

Bubbles favorably nucleate on walls or surfaces to achieve a lowered surface free 

energy (Gsurf). This free energy change associated with forming a gas bubble surface 

(ΔGsurf) in the electrolyte can be related to the surface tension (γ) and the critical radius of 

curvature (Rcritical) as described in Equation 1.45. The total free energy change associated 

with the formation of a gas bubble (ΔGbubble) also includes the energy change associated 

with forming a bulk gas phase (ΔGbulk). Equation 1.46 describes this energy change as 

being proportional to the volume of a sphere including the Rcritical, and the Gibbs free 

energy associated with the phase transition of a species from the liquid to the gas phase 

(ΔGl-g). The sum of both Equation 1.45 and Equation 1.46 describe the total free energy 

change associated with the formation of a gas bubble (ΔGbubble) as shown in Equation 

1.47. The process is of forming the gas-electrolyte interface is generally not energetically 

favorable, but the energy change associated with forming a bulk gas phase is a favorable 

process when the electrolyte is in a supersaturated state. 

To overcome the energetic barrier of nucleation, the required degree of 

supersaturation is typically quite high. Classical heterogeneous nucleation theory predicts 

the degree of supersaturation required for a nucleation event. The degree of 

supersaturation (ζ) is defined as the ratio between the Cg and the Csat as written in 

Equation 1.48.67 Gas cavities, such as surface defect sites, can provide a lowered 

nucleation barrier due to the presence of trapped gas at these locations.68 At these sites, 

lower levels of supersaturation than those predicted by classical nucleation theory have 

been found to permit sustained cyclic bubble production.69, 67 Moreover, the trapped gas 

inside the cavity will have some radius of curvature (Rcavity) and once the gas within the 

cavity exceeds the Rcritical a rapid and sustained cycle of bubble production will result where 

Rcavity > Rcritical (Figure 1.16.). 

ζ =
Cg

Csat
− 1 

Equation 1.48. Equation defining the degree of supersaturation (ζ) 
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Figure 1.16. An illustration of cyclic bubble production. The defect site on the left 
shows a residual gas pocket, while the defect on the right contains 
gas with a radius of curvature (Rcavity) that exceeds the critical radius 
for bubble nucleation (Rcritical) resulting in a rapid, cyclic production 
of bubbles from this site for Rcavity > Rcritical. 

Supersaturation can also be described from the perspective of the influences of 

gas pressure using Henry’s law. Henry’s law states that the solubility or Csat in solution is 

proportional to Henry’s solubility constant (H) and the ambient pressure (Pi) of a chemical 

species (i) at constant temperature (Equation 1.49). For a bubble that is spherical in shape, 

the Laplace pressure (Equation 1.50) is defined as the pressure difference (∆P) between 

the pressure inside of the bubble (Pin) and the pressure outside of the bubble (Pout). This 

difference of pressure (i.e., Laplace pressure) further describes the origin of surface 

tension (γ) at a liquid-gas interface for a Rcritical. The Young-Laplace equation describes 

the pressure inside a bubble which is significantly higher than the pressure in the liquid. A 

simple demonstration of this concept is the presence of a concave liquid meniscus in a 

capillary tube. Intermolecular forces in the liquid as well as the ∆P between the gas and 

liquid cause the liquid to rise-up the walls of the tube. A force balance analysis for the 

upward (γ2𝜋r2) and downward (P𝜋r2) forces arrives at the Young-Laplace equation (P = 

2γ/r). The high internal bubble pressure is because the total pressure of the bubble (Pb) 

includes both the pressure difference (∆P = 2γ/Rcritical) and the ambient pressure (Pi) as 

written in Equation 1.51. Bubbles of smaller radii will have higher pressures as indicated 

by the equation. The concentration of dissolved gas at the interface between the gas and 

the liquid (Cg) can, therefore, be related to the pressure difference (∆P) between the 

pressure inside of the bubble (Pin) and the pressure outside of the bubble (Pout) since 

concentration is dependent on these partial pressures (Equation 1.52). These 

relationships further describe why defect sites are so active for bubble nucleation. The gas 

pockets have an elevated Laplace pressure due to the trapped gas with a curvature of 
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Rcritical. These sites also provide added stability through enhanced pinning effects, which 

originate at the TPCL where there exists local chemical and geometrical heterogeneities 

or defects.70 The added stability provided by these sites under supersaturated conditions 

are optimal sites for bubble growth. 

Csat = PiH  

Equation 1.49. Henry’s law 

ΔP = Pin − Pout =
2γ

Rcritical
  

Equation 1.50. Definition of Laplace pressure (2γ/Rcritical) 

Pb = (
2γ

Rcritical
+ Pi)   

Equation 1.51. Total pressue in a bubble (Pb) 

Cg = H (
2γ

Rcritical

+ Pi) 

Equation 1.52. Theoretical concentration of dissolved gas in the liquid (Cg) at 
the bubble-to-electrolyte interface 

The growth of a bubble can be influenced by a variety of factors. For example, the 

degree of interfacial supersaturation, concentration of ionic and gaseous species in the 

vicinity, temperature, electrode area and geometry, and the local current density are of 

fundamental importance. Many other variables could also play a role, such as the 

presence of other bubbles (e.g., inter-bubble distances), the use of surfactants, applied 

fields, and shear flows. Prior studies have experimentally determined the conditions of Cg 

directly prior to bubble nucleation.61, 71 The magnitude of Cg can be 300 to 400 times larger 

in comparison to the Csat in the electrolyte at 1 atm pressure. Microelectrodes have 

enabled a time-dependent characterization of bubble growth cycles. These growth kinetics 

have been classified into three main growth modes. The time-dependent growth kinetics 

are described by an empirical exponential Equation 1.53, where Rb is the bubble radius at 

a particular time (t). This bubble radius is equal to the proportionality constant (β) 

(historically referred to as the growth coefficient), and time is scaled by the time-dependent 

growth coefficient (x) (sometimes referred to as the time coefficient in literature).72 The 
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proportionality constant is dependent on the current density since the Faradaic charge 

passed results in the production of gas. The value of x has been used as a metric to 

indicate the three types of growth modes. For example, the initial stage of growth, “inertia-

controlled growth” is observed when x = ~1, “diffusional growth” is observed at x = ~1/2, 

and “direct-injection growth” is observed at x = ~1/3.73 Diffusional growth is the most 

relevant for electrolysis and boiling at heated surfaces, and is the most studied growth 

mode in the literature. Fast growth rates will exhibit values of x > 0.5 even after the initial 

growth regime, which is considered to take place only within the first 10 ms. Although x is 

dependent on time, this coefficient is also dependent on the diameter of the electrode.  

𝑅𝑏(t)  =  β𝑡𝑥 

Equation 1.53. The general form of time-dependent bubble growth  

The diameter of the electrode can influence the forces and the resulting flow fields 

that act on a bubble. At microelectrodes, the stability of the bubble is enhanced due to 

sharp concentration and temperature gradients at the bubble-to-electrolyte interface in 

proximity to the electrode. These steep gradients can arise from the use of a spatially 

constrained microelectrode (e.g., typically <500 µm2 in area), which serves as a site for 

bubble nucleation. The attached bubble causes a high superficial current density at the 

outer wetted edge of the electrode, which results in strong ohmic heating.74 The 

temperature and concentration gradients are most extreme at this outer edge. Non-

homogenous gas concentrations at the interface between the bubble and the electrolyte 

result in a surface tension gradient. The surface tension gradient induces a specific type 

of flow pattern based on thermo- and solutal-capillary convection patterns. This particular 

type of flow is known as the Marangoni effect. The use of tracer particles in the electrolyte 

have assisted in the visualizing these Marangoni forces.66, 74 The flow pattern changes as 

a function of the electrode area and geometry. Cooling effects due to relatively large 

electrode areas result in upward Marangoni forces in comparison to the influence of these 

forces at microelectrodes.75 The presence of multiple bubbles on the same electrode can 

also increase the occurrence of temperature hot-spots. These hot-spots occur at the 

equatorial regions of the inter-bubble gaps and result in greater Marangoni forces. 

Microelectrodes assist in stabilizing the bubble growth due to the unique gradients at the 

TPCL and the resulting Marangoni forces. In contrast, large planar electrodes with multiple 

resident bubbles result in more variable thermo- and solutal-capillary flow patterns. 
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Marangoni forces may be a source of explanation for the unique convective processes 

such as bubble coalescence and the oscillatory motion of bubbles sometimes observed in 

solution.76, 77 

The process of bubble detachment, in addition to the gradients discussed above, 

is also concerned with the balance of forces acting on a bubble while it’s attached to an 

electrode. For example, the buoyant force (Fb) must exceed the interfacial tension (i.e., 

adhesion, or contact pressure force) and drag forces that keep the bubble pinned to the 

surface. Detachment occurs when the Fb becomes balanced with the adhesion force (Fa). 

The points of contact at the TPCL influence the magnitude of the Fa.78 For example, a 

rough electrode surface that retains electrolyte within the crevices will result in a 

discontinuous TPCL. Reduced points of contact at the TPCL can minimize the adhesion 

of the gas bubble on the surfaces of an electrode. Nanostructured surfaces with a high 

degree of roughness can provide smaller average bubble detachment diameters. 

Microstructured surfaces are sometimes sought to enhance the process of gas bubble 

evolution. For example, microscale features with a similar dimensions to the evolving gas 

bubbles can physically influence the processes of growth, coalescence, and detachment. 

Features can also be used to confine or manipulate the flow of electrolyte in the vicinity of 

a growing bubble. Nano-to-microscale defects can also provide residual pockets of gas 

for a cyclic production of bubbles or “hot-spots”. Electrode surface textures are discussed 

in the following sections with respect to the influence on the efficiency and performance 

of gas-evolving reactions with a focus on electrochemical water splitting.  

1.3.3. Surface Textures with Nano-to-Microscale Morphologies 

 The morphology of the catalytic layer can be tailored to optimize the processes 

related to nucleation, growth, and the detachment of bubbles. The introduction of defects 

or inhomogeneities with regular arrangements across the electrode surfaces have 

demonstrated improved performance with a more consistent behavior toward gas 

evolution in comparison to planar surfaces. Defect-free surfaces or those with little to no 

surface inhomogeneities often exhibit irregular gas evolution characteristics. The 

intentional design of evenly distributed microscale crevices or “cracks” have been found 

to be advantageous for reasons relating to the interaction between surface morphology, 

the electrolyte, and the gas evolution characteristics.79, 80, 81, 82 Electrochemical activation 

of the regions within a thick catalyst layer can require relatively high current densities. For 
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example, the flow of electrolyte into microchannels through an oscillatory evolution and 

detachment of bubbles can lead to the progressive electrolyte wetting and activation of 

the inner regions within the catalyst layer, such as those previously blocked by adherent 

bubbles. Regular cracked morphologies were prepared by varying the coefficients of 

thermal expansion for both the substrate and the composition of the coating during a sol-

gel synthesis. The reproducible control of the crack-width enabled a direct correlation of 

morphology to the electrochemical performance.80 The trend suggested that increasing 

the crack width (e.g., > 2 µm) resulted in a higher reaction TOF. In addition to the effects 

of the electrode geometry, variations to the distribution of surface conductivity for the 

“cracked” morphology was also apparent due to changes in the material crystallinity. The 

use of both scanning-electrochemical microscopy (SECM) and atomic force microscopy 

(AFM) found the most conductive regions to be primarily situated at the edges along the 

cracks.80, 81 On average more frequent bubble detachment events with smaller average 

bubble diameters were also found to release from the “cracked” electrodes in comparison 

to the “crack-free” surfaces. The explanation to such phenomenon is supported by an 

understanding of the fundamentals related to the gas bubble evolution dynamics, such as 

the environmental conditions that trigger favorable nucleation events (see Section 1.3.2). 

Preparing a more regular electrode geometry by creating cracks with a more uniform width 

enabled control over the frequency and detachment radius of the bubble. Regular surface 

defects can also be obtained by adjusting the parameters associated with a variety of 

materials deposition techniques. 

Deposition techniques such as electrodeposition or sputtering can be tuned to 

produce morphologies with regular defect sites and roughness.83 84 For example, 

sputtering material onto a substrate held at an oblique angle relative to the target has been 

conducted to prepare microstructured electrodes with a nano-columnar morphology.82 The 

porous, nano-columnar structure enabled a more sustained retention of electrolyte within 

the catalytic structure and, therefore, an improved ionic conductivity at the WE surface. 

The nano-columnar structure also demonstrated an increased surface area in comparison 

to the morphology prepared by a substrate held parallel to the axis of deposition by 

sputtering (Figure 1.17.). This porous electrode exhibited a lower charge-transfer 

resistance for the OER in comparison to the compact structure as indicated by equivalent 

circuit analyses. The presence of voids between the Ni grains can allow for better 

accessibility and diffusion of electrolyte to all of the surfaces and, therefore, a more uniform 
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and faster rate of activation by potential cycling. The wetting properties between the 

electrode surface and the electrolyte can be tailored to achieve hydrophilic properties, 

which are more desired for gas-evolving electrochemical reactions in comparison to 

hydrophobic qualities. The interfacial wetting properties of electrodes can be tuned as a 

function of the electrode morphology, as well as its chemical composition. 

 

Figure 1.17. The resulting surface morphology observed by scanning electron 
microscopy (SEM) for (a) the parallel axis deposition (Ni/540/n) and 
(b) the oblique axis deposition (Ni/540/o) of Ni. Electrochemical 
propertiers of these two types of structured electrodes are compared 
through (c) Tafel analyses and (d) CV after 25 cycles of the potential. 
The schematic in (e) indicates the process for oblique axis deposition 
to produce a nano-columnar morphology. Reproduced with 
permission from the publisher.82 

Balancing of the interfacial tension forces at the TPCL and the inherent chemical 

composition of a surface are the fundamental parameters used to describe surface 

wettability. The Young’s equation (see further details in Section 3.4.5) has been used to 

describe the inherent hydrophilicity or hydrophobicity (i.e., liquid contact angle wetting) of 

a surface under ideal conditions as a result of the interfacial tension forces where, γSL, γLG, 

and γSG, represent the  solid-liquid, liquid-gas, and solid-gas interfacial tensions forces, 

respectively.85 The Young’s equation can be used as an analogous model for gas-wetting 

on surfaces, and the Wenzel and Cassie-Baxter models can also be used to describe gas-

wetting on roughened surfaces.86, 87 Electrodes with a high roughness factor (Rf) 

demonstrate a high degree of wetting between the solid-liquid interface, or a lowered 

interfacial free energy of the γSL. These surfaces are considered to be superhydrophilic 
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and possess water contact angles (WCAs) <10o. These surfaces with a high-affinity 

toward liquid retention often exhibit an aversion toward gas-wetting and are, therefore, 

described as “superaerophobic” in character. These superaerophobic surfaces possess 

bubble contact angles (BCAs) that are typically >150o.78  

 

Figure 1.18. (a) Chronoamperometry (CA) during the OER for various surface 
morphologies prepared by electrodeposition techniques. (b) The 
solid-liquid surface tension (γSL) as a function of the water contact 
angles (WCAs) for each morphology corresponding to the features 
observed in the SEM images in (c). Reproduced with permission from 
the publisher.83 

Roughness of the electrode surface texture can be adjusted by varying the 

electrodeposition parameters.78 Electrodeposition is a highly prevalent technique with a 

high utility in commercial applications due to it being a scalable, quick, and cost-effective 

approach.46, 88 The composition of the plating bath (e.g., pH, type of surfactants, and their 

concentration), as well as the potential-controlled rate of deposition can influence the 

resulting morphology of the catalyst layer. While investigating the effects of gas-wetting 

through adjustments to the surface morphology and the resulting roughness, it is also 

imperative to control the chemical composition to minimize the influence of impurities on 

the electrochemical performance. Typically, these studies are conducted on electrodes 

with similar compositions. Four different surface morphologies were prepared by 

modulation of the potentials during the electrodeposition of the Ni catalysts.83 A decrease 

in the WCA and, therefore, a decrease in the γSL was observed for the “needle-like” 
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morphology with the highest surface roughness (Figure 1.18.). An empirical determination 

of the γSL was assessed through experimental WCA measurements. These findings also 

correlated to an improved sustained performance for the OER for the roughened surface 

textures. For example, faster rates of detachment with smaller bubble break-off diameters 

were correlated to the observed higher current densities. The bubble break-off diameters 

were empirically calculated based on the experimental WCA and the forces at the liquid-

to-gas interface. The surface wetting has a direct influence on the resulting forces that act 

on the bubble. 

Bubble detachment events are dependent on a balance of forces (Section 1.3.2). 

At the time of detachment, the upward force becomes equivalent to the downward force. 

A decrease in Fa has been demonstrated to result from the formation of hierarchical 

electrode surface textures with “superaerophobic” qualities. Decreased gas pinning 

effects arise due to the discontinuous TPCL on these surfaces. Contact points of the 

bubble to the surface are minimized, for example, by electrolyte filling within nanoscale 

crevices. This concept was demonstrated for arrays of MoS2 nanoplates, nanoarrays of 

Pt pine-shaped features, and LDH nanosheets.89, 90, 91, 92 Each study investigated a series 

of electrodes with similar chemical compositions to control for the influences of 

composition on electrolyte wetting and bubble formation. Adhesive forces can be 

measured directly using high-sensitivity micro-electromechanical balances. The critical 

force or maximum load measured between a static bubble and a textured surface is 

regarded to be equivalent to the value Fa. Since these surfaces posses relatively high 

BCAs, the contact angle for a static bubble residing on the electrode surface is a more 

common method of characterizing these surfaces as the measurement requires less 

sophisticated equipment. In general, hydrophilic, or gas-phobic surfaces are most desired 

for wetting properties to assist in the expedited removal of electrochemically generated 

gas bubbles.  

Layered double hydroxide structures have been regarded as possessing 

exceptionally high electrochemical activities for alkaline water splitting reactions (see 

Section 1.2.5). The LDH structure is often composed of first-row transition metals, namely 

Co, Fe, and Ni (Figure 1.19.). The vertical nanosheet texture provided by the LDH 

structure decreases gas bubble adhesion resulting in less gas bubble coverage and 

smaller diameter bubbles. In addition to the superwetting or the “superaerophobic” nature 

of these surfaces, the LDH structure provides a greater number of active sites per unit 
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area. Hydrothermal synthetic conditions can be used to grow the LDH structure on the 

surfaces of conductive supports for hierarchical morphologies (i.e., multiple architectures 

of particular length scales).93 Furthermore, the nanostructured surfaces have also 

demonstrated improved structural stability in comparison to planar films. For instance, the 

smaller resident bubble diameters and, thus, more gentle convective flows to and from the 

electrode can mitigate the structural damage imposed by bubble release events.94 In 

contrast, planar surfaces can experience macroscale bubble release events since they 

require a greater Fb to overcome the Fa. These macroscale bubble release events can 

result in surface degradation of the catalyst layer. In addition to the relatively random 

nanoscale textures in these series of samples (e.g., the nanoplate arrays, LDH structures, 

and electrodeposited surfaces), architectures that possess well-defined geometric 

dimensions are also suited for imparting control over dynamic bubble-related processes. 

 

Figure 1.19. Hierarchical layered double hydroxide (LDH) nanowire arrays (NWAs) 
prepared using a two-step hydrothermal process. (a) The SEM images 
of the Ni foam, (b) the nanowire arrays, and (c) the LDH nanoplates at 
progressively higher magnifications. (d) A schematic for the 
fabrication of a hierarchical electrode structure. (e) The CV data for 
NWAs including those with LDH structures of varying Fe content, and 
(f) the linear sweep voltammetry (LSV) for these samples within the 
region for the OER. Reproduced with permission from the publisher.92 
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1.3.4. Regular Electrode Morphologies 

Template-assisted methods can be used to reproducibly prepare regular electrode 

features. Templates are often composed of polymeric materials since they can be formed, 

molded, or self-assembled into a variety of well-defined shapes and geometries over a 

range of length scales with high spatial resolution. These templates can be prepared using 

a variety of lithographic methods, which includes the use of light-sensitive polymeric 

materials, conformal molding of elastomeric materials, or directed self-assembly of 

materials.95, 96, 97 The resulting templates can take on two- or three-dimensional patterns 

with repeating voids of nano-to-microscale dimensions. The resulting patterns can be 

produced over relatively large areas (e.g., ~cm2). The formation of a conductive network 

is imperative for electrode fabrication. For example, templates are often prepared over the 

surfaces of a conductive substrate followed by the deposition of a conductive material. 

Deposition (e.g., by sputtering or electrodeposition techniques) through the pattern and 

onto the underlying substrate facilitates the formation of the conductive network. Following 

the template infilling, a subsequent removal of the template material reveals the well-

defined, conductive electrode morphology. For example, a three-dimensional ordered 

porous network has been prepared using template-assisted methods to assess the effects 

of spatial confinement on gas evolution during the OER (Figure 1.20.).98 The chemical 

composition of the three-dimensional network consisted of electrodeposited Ni followed 

by electrodeposition of NiFe(OH)2 on the outermost surfaces to achieve optimal OER 

kinetics in alkaline media. The pores were nominally 250 nm in diameter and the as-

formed bubbles had diameters of ~58 µm (likely after coalescence events). In comparison, 

a commercial Ni foam with larger and more irregular pore dimensions produced ~250-µm 

diameter bubbles. Smaller bubbles during the OER with faster rates of detachment were 

demonstrated as a result of spatial confinement effects provided by the ordered, 

nanoporous electrode. The enhanced performance for the OER was also a result of an 

increase in Aecsa as measured by Cdl methods. The regular porosity of the three-

dimensional network produced more regular and smaller diameter bubble with an increase 

to the number of active sites per unit area. The regular network demonstrated an ability to 

spatially confine bubbles while still promoting and effective release from the surfaces. 
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Figure 1.20. (a) The top-down SEM image of the three-dimensional nanoporous 
network and (b) a side-view SEM image of the same material. (c) 
Schematic of the template-assisted electrode fabrication process. (d) 
Activity for the OER assessed by LSV techniques. (e) Tafel slope 
analyses and (f) a comparison of the overall impedance as a function 
of time during the OER for each electrode type. (g) An enlarged plot 
of the changes to the impedance correlated to the stages of gas 
bubble evolution. Reproduced with permission from the publisher.98 

Photolithography methods can be used to systematically prepare regular features 

across two-dimensional electrode surfaces. Photolithography techniques are highly 

versatile and can be incorporated into a variety of nano- and microfabrication techniques. 

In general, exposure of photoresist films to UV light through a photomask defines the 

lateral dimensions of the features. The subsequent dissolution of particular regions of the 

photoresist provide a working template (e.g., the exposed or unexposed regions of 

photoresist remain on the substrates depending on whether the photoresist is a positive 

or negative type, respectively). The resulting template can be subsequently used with 

reactive ion etching to form micropillar arrays and/or electrodeposition techniques for the 

growth of templated features.99, 100, 101 These methods allow for systematic investigations 

into the influence of feature dimensions with specific length scales on gas bubble 

dynamics. Specifically, the relationships between wettability, gas bubble dynamics, and 

the resulting effects on the electrochemical performance can be addressed by systematic 

studies. Electrodes of cylindrical microarrays prepared of platinized n-type silicon (Si) by 

photolithography and reactive ion etching techniques, were assessed for their influence 
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including their orientation with and against gravity toward the HER in acidic media.102 

Three distinct  microarray dimensions were compared against a planar electrode of a 

similar composition (Figure 1.21.). High speed imaging of gas bubble dynamics indicated 

that the microarrays reduced the overall Θ. Uniform bubbles with smaller average 

diameters were found on the microarrays in comparison to the planar electrode. 

Differences in Θ between the microarrays were a result of changes to the nr rather than 

changes to the relative bubble size. The lower number and smaller diameter of bubbles 

was hypothesized to be a result of stronger capillary forces within the microarrays due to 

electrolyte filling between the pillars. These strong capillary forces and reduced adhesive 

forces of the gas bubbles resulted in a faster release of bubbles, as well as a higher 

stability of the overpotentials due to a more compact gas layer on the surfaces. 

Interestingly, the overpotentials for the microarrays, when oriented against gravity (i.e., 

downward facing), had little correlation to the fraction of gas coverage. The microarrays 

with the highest nr and the highest Θ resulted in the lowest overpotentials, which was 

hypothesized to be due to enhanced mass transport. The microarrays demonstrated a 

lower resistance through beneficial mixing of electrolyte as a result of convective events 

such as bubble coalescence and growth via a large number of small, uniform bubbles. 

Convective forces near the surfaces of the gas-evolving electrodes can also be driven by 

gradients.  

 

Figure 1.21. (a, c) SEM images by top-down and (b, d) tilted views of arrays of 
microscale “wires” with diameters of 6 µm, heights of 30 µm, and 
separations of 28 and 14 µm, respectively. (e-h) Comparisons of both 
the fractional bubble coverage (Θ) and the overpotential for the HER 
for each type of electode in a downward facing orientation. (i-l) The 
corresponding frames from the high-speed camera analyses. 
Reproduced with permission from the publisher.102 
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Gradients in γ can result from variations in the temperature, reagent concentration, 

and electric potential at the gas-to-electrolyte interface. These effects are most 

pronounced at microelectrodes and result in delayed bubble detachment due to enhanced 

stability (Section 1.3.2). Successive nucleation, growth, and detachment of bubbles were 

studied at individual micropillars of p-type Si.103 A preferential nucleation site within the 

micropillar was prepared by deposition of a hydrophobic fluorocarbon layer (Figure 1.22.). 

Hydrophobic islands on electrode surfaces can serve as collection sites for dissolved gas. 

These sites can be strategically designed to create bubble-free regions on the surfaces of 

electrodes, or to prevent cross-over or separation of particular species.104 Two forms of 

bubble generation were studied at these artificial nucleation sites. Electrolysis-driven H2 

and pressure-controlled CO2 gas bubble formation were both assessed in an acidic pH 3 

buffer to minimize the influence of electrostatic forces at the bubble-to-electrolyte 

interface. The average detachment diameter of the bubble was dependent on the 

geometry of the cylindrical recess and the defect. The experimentally measured Rb was 

normalized to the theoretical predicted Fritz radius of detachment (R*
b) for both types of 

bubbles (i.e., CO2 and H2) on micropillars of similar dimensions. The mean value of 0.6 

for Rb/R*
b indicated that the detachment diameter was smaller than theoretically predicted 

and dependent on the pit geometry and the resulting gas-to-electrolyte contact line. The 

large spread in the data suggests that the diameters could be influenced by defects within 

or on the outer regions of the hydrophobic pits resulting in changes to the location of the 

gas-to-electrolyte contact line. In general, the growing bubble radius is considered to be 

proportional to the time after nucleation raised to the power of the time coefficient (i.e., ~ 

0.5). The micropillar electrode geometry enabled stable bubble growth and the 

characterization of the diffusive growth kinetics where the equation takes on the general 

form, Rb(t) = βtx (see Section 1.3.2). In general, the magnitude of the growth coefficient, 

β, for pressure-controlled bubble formation became progressively smaller due to depletion 

of gas in the vicinity of the bubble. As a result, the detachment diameter for CO2 bubbles 

became smaller over time. In contrast, electrolytically-driven bubble formation 

experienced variable stages of growth. The relative concentration of dissolved gas 

produced from the electrochemical reaction influenced changes to the β value, and the 

resulting detachment diameter of the H2 bubbles followed an irregular trend. The 

enhanced stability of bubbles on microelectrodes results in slower rates of detachment. 

Single well-defined features on microelectrodes can help to eliminate the influences from 
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the multiple, stochastic bubble-related events. The microelectrode provides a more well-

controlled environment to study the structure-to-function relationship.   

 

Figure 1.22. (a) The SEM image of a single micropillar electrode viewed at a 45o tilt 
and a schematic of a bubble formed at this feature. (b) The SEM image 
of a corresponding cross-section of the micropillar. (c) Histograms of 
the distribution of detachment radii of CO2 (top) and H2 (bottom) 
bubbles normalized against the theoretical Fritz detachment radius 
(Rb/R*

b). Reproduced with permission from the publisher.103 

1.3.5. Applications of Morphologies for use in Electrolyzers 

The underlying mechanisms that assist in expedited gas-evolution can be used to 

guide the development of electrode structure within electrolyzers. Polymer electrolyte 

membrane electrolyzers have a complicated MEA with a porous structure that consists of 

a catalyst layer in contact with a liquid gas diffusion layer (LGDL). Similar to PEM fuel 

cells, the boundaries where the electrolyte, gaseous species (e.g., products/reactants), 

and the conductive catalytic material interface are the dominate sites of the 

electrochemical reaction.105 Direct visualization of the catalyst layer within the MEA of an 

operating PEM electrolyzer confirmed that the electrochemical reaction was highly active 

at the interface between the LGDL and the catalyst layer.106 Well-defined openings within 

the LGDL allowed for direct observations at the MEA during the electrochemical reaction. 

The shape (circular and triangular recesses) and diameter (50 to 500 µm) of openings 

within the microstructured LGDL were controlled using photolithographic techniques. The 

production of gas bubbles was primarily observed at the sites were the LGDL contacted 

the catalyst layer. Although the titanium LGDL provided the required electrical conductivity 

for electron transport during the reaction, the interfacial contact between the catalyst layer 



55 

and the LGDL created a microchannel capable of trapping residual gas. This microchannel 

enabled a mechanism for rapid, cyclic bubble production along these zones. The authors 

also tested a non-conductive wire contacted with the catalyst layer to assess the influence 

of the conductive LGDL. The results indicated that bubble production was limited at the 

non-conductive wire, and suggest that the high activity at the microchannel was likely a 

result of both the conductivity and a lowered barrier of gas bubble nucleation due to the 

channel geometry. These in situ observations guided an optimized strategy for catalyst 

loading (Figure 1.23.). For example, reduced catalyst loading with high reaction rates was 

achieved by sputter deposition of catalyst onto the backside of the LGDL rather than the 

entire MEA. The strategic loading of catalyst to specific active interfacial zones greatly 

enhanced the mass activity of the sputter-coated catalyst layer. The intentional location of 

a gas-philic material can also be used to direct gas bubble dynamics. 

 

Figure 1.23. (a) An optical image of the microstructured liquid gas diffusion layer 
(LGDL) within the MEA of a PEM electrolyzer. (b) An illustration of the 
MEA and the optimized strategy for catalyst loading by sputtering 
techniques. (c) A comparison of the mass activities of the 
conventionally prepared catalyst coated membrane (CCM) and the 
sputter-coated catalysts on the LGDL. Reproduced with permission 
from the publisher.106 

The removal of gas bubbles as well as dissolved gas species away from catalytic 

surfaces can be assisted by the strategically placement of hydrophobic gas collection 

sites. A poly(tetrafluoroethylene) (PTFE) membrane with an average pore diameter of 0.2 

µm was used as the gas diffusion layer (GDL) near the electrodes in an alkaline water 

electrolyzer to facilitate this process.107 Catalyst layers were coated onto the hydrophobic 

GDL and sandwiched between the hydrophobic GDL and a non-conductive hydrophilic 
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layer (Figure 1.24.) The hydrophobic GDL induced a capillary-action on the dissolved 

gaseous species thereby driving bubble nucleation at the PTFE layer. The hydrophilic 

layer also induced an advantageous capillary pressure on the aqueous solution. For 

example, a nucleating bubble would have to overcome a higher Laplace pressure due to 

the increased capillary forces in the liquid. Lowered onset potentials close to the Er of 

electrochemical water splitting were demonstrated for the “bubble-free” water electrolyzer 

design. The onset potentials were highly dependent on the operating temperatures. The 

authors suggest that the high sensitivity to temperature effects could indicate a different 

catalytic mechanism as a result of the electrode contact with the PTFE membrane. 

Although the detrimental effects of bubbles were greatly reduced near the onset potentials, 

current densities beyond 10 mA/cm2 were not possible due to contact effects between the 

hydrophobic GDL and the catalytic surfaces. A fine balance is required between the 

hydrophilic and hydrophobic qualities, as well as their positions with respect to the catalytic 

sites and GDL to optimize the conditions for mitigating persistence gas bubble 

accumulation in alkaline water electrolyzers. 

 

Figure 1.24. (a) Cross-sectional illustration of a catalyst layer and GDL in a alkaline 
water electrolyzer. (b) Optical images of a captive bubble gradually 
penetrating the hydrophobic membrane. (c) Cross-sectional 
schematic of each layer in the alkaline water electrolyzer and SEM 
image of the membrane. (d) Polarization curves for alkaline water 
electrolyzer at different temperatures after 1 h of conditioning at 10 
mA/cm2 in 6 M KOH. Reproduced with permission from the 
publisher.107 

Mitigation of gas bubble trapping within three-dimensional catalyst layers has been 

strategically approached using a porous network of regular dimensions. In contrast, the 
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commercial Ni foam utilized as the electrode material in alkaline water electrolyzers is 

composed of a random pore structure.108 In general, conductive Ni foams are ideal 

nanocatalyst supports.109 Although commercial Ni foam contain microscale channels, the 

bubbles can experience undesired lateral movement, which can result in trapping of the 

bubbles within the structure. For example, as the bubble travels upward (or out of the 

structure), the irregular porous structure can impose a drag force on the bubbles thereby 

preventing the bubble from rapid escape.110 In contrast, ordered, porous channels can 

assist in expediting the bubble removal process. Regular, flow channels in a three-

dimensionally printed Ni network have demonstrated improved transport of bubbles 

(Figure 1.25.).111, 112 Lateral movement of bubbles within the commercial Ni foam delayed 

bubble escape, while the network with a regular open-structures assisted the through-

plane movements. Gas bubbles tend to experience in-plane movement when the lateral 

pore radius is large enough to accommodate the entrance pressure (i.e., pressure 

difference between the gas and the liquid). Diffusion of the bubble through the porous 

electrode was computationally modeled to assess the migration of a bubble as a function 

of both the bubble size and the pore structure dimensions. The transport time required for 

bubbles of various diameters to move through the central plane of the porous network was 

determined by this model. The bubble transport time through the random network was 

hindered in comparison to the regular, porous structure. The critical bubble diameter for a 

successful transport through the random network was 20 µm while the porous, periodic 

foam allowed for a larger critical bubble diameter of 29 µm. In addition to an understanding 

of the critical bubble transport diameter, the model also indicated a deformation of the 

bubble geometry due to confinement within the random network. Longer transport times 

for the random network resulted due to a greater distortion of the bubble and more frequent 

collisions. As expected, a higher number of coalescence events for the random network 

were also observed by high speed imaging. Several pores with uniform dimensions were 

compared for their performance (e.g., openings with diameters of 150, 450, and 750 µm). 

In general, the bubble release efficiency was higher for the larger pore sizes. The trade-

off for a larger pore structure was a decrease in the Aecsa. The spatial distribution and pore 

size within the three-dimensional networks were found to be most influential toward 

efficient bubble transport. In all cases the electrochemical activity was improved for both 

the HER and the OER activity due to the regular and more open out-of-plane porous 

network. This work highlights the importance of a regular pore structure for three-

dimensional electrode assemblies for use in alkaline water electrolyzers. 



58 

 

Figure 1.25. (a) The gas bubble behavior for the OER on a Ni foam (NF) compared 
to (b) a three-dimensional porous Ni network (3DPNi). Both electrodes 
were coated with carbon-doped Ni oxide (C-Ni1-xO). Corresponding 
three-dimensional models depict the structure of the (c) NF and (d) 
3DPNi. (e) Transport modeling data for relative bubble migration time 
for the NF and 3DPNi as a function of the bubble diameter. The 
performance of both types of electrodes for (f) the HER, and (g) the 
OER. Reproduced with permission from the publisher.111 

1.3.6. Perspective in Gas Bubble Dynamics at Working Electrode 
Surfaces 

In summary, the main objectives sought by efficient gas-evolving surface textures 

aim to demonstrate control over several quantifiable bubble characteristics: (i) radius of 

bubbles at detachment; (ii) their residence time on electrodes; (iii) gas-wetting 

characterized by BCA or Fa; (iv) fraction of total gas coverage on the surfaces; (v) average 

number of adhered bubbles; (vi) bubble growth rates; and (vii) bubble shape uniformity; 

and (viii) their directional movement. Control over these aspects could be used to establish 

electrodes with improved mass-transfer processes and higher rates of reaction turnover 

due to an increased availability of electrode surface area. 

The rates of gas bubble mass transfer can be significantly influenced by 

microscale, convective processes that include bubble coalescence and detachment.113, 114  

For example, a vertically oriented electrode experiences buoyant bubbles rising along its 

surfaces, which can induce a convective flow of the electrolyte.115, 116, 117 These buoyant 

bubbles can trigger the physical displacement of other bubbles growing along the 

surfaces. The release of gas bubbles from electrocatalytic surfaces can also induce 

convective flows where the electrolyte quickly replaces the volume previously occupied by 
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the gas bubble.113 Coalescence of two or more bubbles can also cause substantial mass 

transfer due to the resulting convection in contrast to single bubble release events.118 

Textures on the electrodes with dimensions that are proportional to the scale of a bubble-

related process (e.g., growth, coalescence, and detachment) may promote gas bubble 

management and improve the efficiency of the OER (see, for example, Chapter 7).81, 99 

For instance, the diameter of the bubble prior to detachment from an electrode during the 

OER can grow to diameters from 10 µm to >150 µm.64 In Chapter 7, it is hypothesized that 

appropriately spaced electrode features can promote a higher Vg of the gaseous product 

with a shortened tr if these features promote adequate mass transfer conditions such as 

beneficial coalescence events and a faster detachment of the bubbles. These electrodes 

would ideally possess arrays of microscale features that cover large electrode areas 

geared toward their incorporation into commercial systems. The creation of features with 

regular, well-defined spacings could identify specific geometries and/or length scales that 

enhance mass transfer and, as a result, improve the overall electrocatalytic performance. 

Microscale features in natural systems have been observed to influence water droplet 

repulsion, which has led to the formation of bioinspired materials.119 For example, 

materials with superhydrophobic properties have been prepared from a range of 

microscale features.120 The gaps between these structures need to sufficiently trap air to 

assist in repelling the water droplets. In a similar manner the electrode surface 

architectures could assist in removal of gas bubbles by wetting with electrolyte to improve 

the performance of gas evolving electrodes. The identification of specific geometries that 

can promote gas bubble coalescence and release could lead to electrodes with a self-

cleaning functionality.  

Systematic investigations of features with a defined geometry, as well as the 

exploration of strategically positioned surface wetting characteristics could further 

demonstrate control over the forces that drive gas bubble dynamics. Single entities could 

also be highly valuable to assist in the elucidation of the driving forces that govern bubble 

growth kinetics. Challenges pertain to the stochastic nature of gas bubbles over large 

surfaces making it challenging to draw conclusive connections between the influential 

variables. Concepts from multiple designs will need to come together to provide the most 

optimal scenario of directing gas bubble dynamics for improved electrocatalytic gas 

evolving reactions. The interaction between electrode morphology and the bubble, and its 

influence on the transport of gases can be modulated by adjustments to the electrode. 
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These adjustments can include a tuned composition with respect to wetting, and altered 

dimensions of the features and, therefore, the related forces. All of these considerations 

can be related back to the core fundamentals of electrocatalysis, such as mass activity 

and the Aecsa, as well as to the kinetic behavior of the electrocatalysts. 

 

1.4. Thesis Objectives 

The intent of this research was to develop insights toward the use of Ni-based 

electrocatalytic materials with unique surface morphologies that assist in expedited gas 

evolution for improved performance of electrochemical water splitting. It was of interest to 

assess a broad range of electrode morphologies. The specific morphologies in these 

studies spanned from nano-to-microscale dimensions of both regular, periodic features 

and irregular, roughened textures. A primary objective of this work was to deliver 

correlations between the electrode morphology and the resulting influence on the 

electrocatalytic gas evolution during the OER. Connections between the electrode surface 

morphology and the resulting electrochemical performance were conducted with careful 

consideration of the Aecsa. To address this objective, regular electrode features were 

implemented and assessed for their performance towards the OER. For example, the use 

of regular, well-defined Ni features enabled the distinction between contributions from the 

Aecsa and the influences of the morphology on the resulting performance. Another related 

objective was the identification of the specific dimensions of features that could contribute 

to optimal gas evolution dynamics. To address this objective, specific feature dimensions 

were identified through a systematic adjustment of the dimensions of features on a series 

of electrodes and through multiple, distinct studies. In addition to the objectives related to 

the electrode morphology, additional studies included assessing the importance of the 

surface active phase and the electrochemical evolution of the catalytic materials. 

Oxidative aging of the structured electrodes was conducted to examine the 

underlying stability and resulting activity of the aged materials. Similar to considerations 

of the Aecsa, the degree of activation and/or electrochemical aging can influence the 

resulting OER performance. The extent of the electrochemical pre-treatments was, 

therefore, carefully controlled for each study to assess the true impact of electrode 

morphology. Moreover, a deliberate control over the purity of the Ni was also required to 
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achieve meaningful results. The studies herein provide insights toward the challenges of 

investigating the seemingly stochastic behavior of gas bubbles using electrode 

architectures prepared over relatively large areas (e.g., cm2). In summary, this thesis 

delivers an overview of electrode fabrication techniques and an associated demonstration 

of their ability to improve gas-evolution performance. 

Chapter 2 provides an overview of the fundamentals of key characterization 

techniques used in the studies in Chapter 3 through Chapter 7. Characterization 

techniques were focused on the use of electrochemical and spectroscopic methods. 

Detailed accounts of the specific experimental methods used in these studies can be 

found in the manuscripts located in Chapter 3 through Chapter 7. 

The first manuscript presented in Chapter 3 investigates a regular, dimpled Ni 

surface morphology for its influence on gas evolution processes and its resulting 

performance towards the OER. A series of four distinct electrodes were prepared using 

electrodeposition against spherical templates. A planar electrode was also included as a 

control. The dimpled structures each had a specific depth and degree of concavity. The 

composition of the electrodes was carefully controlled to specifically study the influence of 

the structures on the electrochemical gas evolution performance towards the OER. This 

control over composition was critical since environmental impurities and the extent of 

electrochemical aging can influence their performance as a result of changes to the 

reaction kinetics. 

Chapter 4 and Chapter 5 use the template-assisted method to selectively position 

NiFe2O4 NPs as surface inclusions within the dimpled Ni surfaces. The investigations were 

focused on the transformations of the dimples and the NPs at the interface of an active Ni 

support after successive stages of electrochemical aging by potential cycling. The phase 

of the NPs was assessed as a result of this aging process. In addition, the migration of Fe 

and Ni species were studied and correlated to the resulting performance of these materials 

towards the OER. The utility of the regular electrode structure enabled morphological 

correlations with the resulting stability of the electrocatalysts.  

Chapter 6 provided an investigation into the influences of irregular textures that 

were prepared using scalable bead-blasting techniques. The texture of these materials 

along with the use of two types of electrochemical treatments were correlated to their 
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performance towards the OER. Specifically, a limited activation process and a steady-

state aging technique were administered to the structured electrodes.  

Chapter 7 demonstrated the use of regular, microscale linear ridges and the 

influence on gas evolution dynamics for the OER. An investigation into the characteristics 

of the evolving gas bubbles were conducted using high speed camera imaging techniques. 

Direct observations of the bubble evolution during the OER enabled the use of empirical 

techniques to derive specific bubble characteristics. 
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Chapter 2.  
 
Characterization Techniques 

2.1. Electrochemical Techniques 

2.1.1. Voltammetry of Nickel 

Cyclic voltammetry was used to activate, electrochemically age, and assess the 

relative quantities of charge (Qcat) passed from the anodic and/or cathodic peaks. A 

representative CV for a Ni electrode can be found in Figure 2.1. The β-Ni(OH)2/β-NiOOH 

layers grow in thickness with each consecutive CV scan as water, protons, electrons, and 

hydroxide ions are transported to and from the bulk electrolyte throughout this redox 

process.121, 122 The suggested redox process starts with the removal of protons from the 

β-Ni(OH)2 prior to oxidation and formation of the β-NiOOH species.121 These protons 

combine with hydroxide ions to form water at the interface between the electrode surfaces 

and the electrolyte. Upon reduction, the dissociation of water molecules produces protons 

that diffuse back into the structure, while hydroxide ions are driven out of the surfaces with 

the change in structure to the LDH phase. The redox processes are kinetically limited, but 

is facilitated by the applied potential and diffusion of the electrolye.123  The type and relative 

amount of oxide phase formed is influential to the electrochemical activity of the OER (see 

further details in Chapter 6). For electrocatalysts of a Ni composition, the optimal OER 

activity is conducted by the NiOOH phase due to the presence of proton-deficient species 

in the NiOOH phase (i.e., NiO- and NiOO-).124 The decomposition of these negatively 

charged species and the presence of oxygen vacancies in the LDH structure improves the 

adsorption of reactants, conductivity, and the formation of O2 products (Section 1.2.5).125, 

126 The type and relative amount of oxide phase formed is influential to the electrochemical 

activity of the OER (see Chapter 6). For electrocatalysts of a Ni composition, optimal OER 

activity is conducted by the NiOOH phase due to the presence of proton-deficient species 

in the NiOOH phase (i.e., NiO- and NiOO-).124 The decomposition of these negatively 

charged species and the presence of oxygen vacancies in the LDH structure improves the 

adsorption of reactants, conductivity, and the formation of O2 products (Section 1.2.5).125, 

126 Due to the influence of the surface oxide composition on the relative performance of 
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the OER, similar pre-treatments by potential cycling were conducted prior to assessment 

of the OER activity. 

 

Figure 2.1. A cyclic voltammogram illustrating the oxidative and reductive 
processes occurring at the surfaces of Ni electrodes in alkaline 
media. The data was acquired at a scan rate of 1 mV/s in 1 M KOH at 
25 oC.   

2.1.2. Measurements of the Electrochemically Active Nickel Surface 
Area 

Integration of the cathodic peaks from the CV profiles obtained at a scan rate of 1 

mV/s were used to determine the Qcat for each representative electrode. The quantities of 

charged passed were converted to a theoretical Aecsa based on the assumption that 257 

µC/cm2 is required to form a monolayer of β-NiOOH. Previous experimental work has 

determined that the charge density (σ) associated with the formation of one monolayer of 

the α-Ni(OH)2 phase is 514 µC/cm2.127, 128 This value, however, assumes that the electrode 

is in a Ni(0) state prior to it’s oxidation and that the process involves two electrons.129 Since 

the cathodic peaks represent a one electron process [i.e., the transformation of β-NiOOH 

to β-Ni(OH)2] the value of 514 µC/cm2 was divided in half as demonstrated in the prior art 

to derive the charged passed while either creating or reducing a monolayer of β-NiOOH.130 

The values obtained for Aecsa by the σ method are based on several assumptions: (i) that 

only one monolayer of β-NiOOH is formed during the oxidative processes; (ii) that the 

thermodynamics associated with the formation of both the α-Ni(OH)2 and the β-NiOOH 

structures are similar; and (iii) that only β-NiOOH is reduced during the reductive process. 
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Obtaining accurate measurements of the Aecsa for nickel surfaces is a challenge due to the 

irreversible formation of Ni oxide species (i.e., the phases are not fully reduced even upon 

electrochemical cycling to reductive potentials). There are many different approaches to 

obtaining the Aecsa values for Ni that have been reported in the literature but, unfortunately, 

all methods have a range of potential errors based on the assumptions made by each 

approach. The well-defined features for the studies in Chapter 3, Chapter 4, Chapter 5, 

and Chapter 7 had regular geometries, which enabled the use of physical measurements 

obtained by stylus profilometry, spherical models, and microscopy techniques to estimate 

the total three dimensional electrochemically active surface area (Atheoretical). Comparisons 

of the Aecsa for both methods (i.e., σ and the Atheoretical determined by geometrical and 

physical methods) can be found in Table 4.1, Table 6.3, and Table 7.3. It is possible that 

more accurate Aecsa measurements may be assisted by the use of complementary 

techniques such as the double layer capacitance method described in Section 1.2.4. 

 

2.2. Spectroscopic Characterization of Surfaces 

2.2.1. X-ray Photoelectron Spectroscopy 

Surface sensitive spectroscopic methods such as X-ray photoelectron 

spectroscopy (XPS) can provide both qualitative and quantitative information about the 

chemical composition, structure, and the oxidation state of the surface compounds.131 This 

technique is classified as an electron-based form of spectroscopy and is also referred to 

as electron spectroscopy for chemical analysis (ESCA). The primary beam is 

monochromatic X-ray photons of a known energy (hv). The penetration depth of a 1 keV 

photon beam is approximately 1000 nm with a focused sample spot area.132 

Contamination of the sample surface is a point of major concern for the success of this 

technique. A high vacuum environment (10-8 Pa) is required to remove surface adsorbed 

gas molecules, as well as to minimize the beam attenuation. Other techniques such as 

high temperature baking under vacuum or sputtering the surface with a beam of inert gas 

ions is commonly conducted to clean the sample surfaces.  

Irradiation of the surface with X-rays causes the displacement of inner-shell K and 

L electrons from the atoms. For example, a photon of known energy (hv) displaces an 
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inner shell electron and the resulting kinetic energy (Ek) of the emitted photoelectrons (i.e., 

the secondary beam) are measured by an electron energy analyzer. The detected 

photoelectrons have a mean escape depth of ~10 nm.132 The analyzer uses a series of 

lenses to separate these electrons based on their Ek. The quantity of detected electrons 

is plotted as a function of their energy. The measured value for Ek is used to calculate the 

binding energy (BE) based on the work function (Φ) correction and the incident hv 

(Equation 2.1).133 Spectra are typically plotted against the BE since this characteristic can 

be attributed to the atoms and their orbitals within the samples. 

BE = hν − Ek − Φ  

Equation 2.1. Binding energy (BE) calculation 

Qualitative analyses by XPS were conducted to assess the composition of the 

surfaces of the Ni electrodes. A survey scan assessment was used to qualitatively assess 

the presence of major peaks. All elements with a sufficient number of core electrons can 

be detected by this survey scan (e.g., H is not detected, however, Li can be detected by 

XPS). The energy range for the survey scan corresponds to binding energies between 0 

to 1200 eV. Peak overlap can be problematic and remedied by a variety of different 

approaches. For example, alternative approaches can include performing high-resolution 

scanning of another spectral region or changing of the acquisition parameters (e.g., 

modifying the data resolution, scan window, or energy source). Auger lines can also be 

present in the spectra (see Section 2.2.2) and identified by changing the X-ray source as 

their Ek will remain unchanged. Other characteristics such as oxidation state of elements 

in the sample are better assessed using high-resolution conditions.  

The oxidation state of a particular chemical species is indicated by the position 

(i.e., binding energy) of the peak. For example, as the oxidation state increases, the 

energy required to remove a core electron also increases and a shift to higher binding 

energy will result. A detailed assessment of the Ni oxide character using both AES and 

XPS techniques can be found in Section 3.5.6 and Section 6.5.2. Structural information 

can also be inferred based on the relative peak positions, but was beyond the scope of 

this work. For example, functional groups that withdraw electron density from a particular 

element under study can also result in peaks with different positions based on changes in 

the chemical environment.134 The relative amounts of each type of species can also be 
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inferred by comparing the peak areas. Both qualitative and quantitative information of the 

elemental surface composition can be provided by the use of XPS techniques.  

2.2.2. Auger Electron Spectroscopy 

The excitation beam used for Auger electron spectroscopy (AES) is typically a 

focused beam of electrons, although X-ray photons can also be used as a source. The 

secondary beam is composed of electrons often called Auger electrons since they have 

participated in the two-step Auger effect. The first step is similar to that of XPS, where the 

incident energy causes the displacement of a core electron. This core hole is filled by an 

electron from a higher energy level. This relaxation process causes a simultaneous 

emission of another electron due to this transfer of energy. The second ejected electron 

is referred to as the Auger electron. The kinetic energy of this Auger electron is equivalent 

to the energy difference between the energy released in the relaxation transition and the 

energy required to remove the second electron from the orbital.132 The Auger emissions 

are, therefore, named according to the transitions between the orbital shells. For example, 

the KLL transition means there was a removal of a core K-shell electron followed by a 

transition from the L-shell to the K-shell and a simultaneous ejection of a L-shell electron. 

Similar to XPS, AES can provide both qualitative and quantitative elemental surface 

information.  

Derivatives of the spectra are used to enhance the signal from the relatively small 

peaks observed against the background. Given the relatively low probability of the two-

step Auger process, a high amount of scattered electrons make-up the spectral 

background. Integration of the derivatized peaks is a common method for quantitative AES 

analyses.135 Advantages of AES include good peak separation, greater Auger electron 

yield for elements with smaller atomic numbers, a high spatial resolution (i.e., scanning 

Auger microscopy), and a high surface sensitivity (i.e., a smaller probe volume of only the 

first few atomic layers, 3 to 20 Å) in comparison to XPS techniques. 

2.2.3. Atomic Force Microscopy 

Atomic force microscopy can be used to image the surface topology, as well as to 

assess interactive forces between a scanned probe and these surfaces. A flexible 

cantilever stylus tip is scanned in a raster pattern across the surfaces of a sample. Force 
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interactions between the tip and surface cause the flexible tip to bend as it moves across 

the surface. A laser beam is reflected off the flexible cantilever to a segmented photodiode 

that detects the movement of the stylus tip.132 The photodiode acts as a transducer to 

convert this energy to an output. The output is a current that is used to control the resulting 

force that is applied to the tip. The x, y, and z movement of the tip is controlled by a 

piezoelectric device. The signal from the deflected laser beam is used to guide the 

movements of the piezoelectric induced movements of the tip relative to the sample to 

achieve a constant force interaction between the tip and the sample. This technique can 

achieve near atomic-scale resolution, but the outcome of these measurements is 

dependent on the quality and the geometry of the tip and cantilever. 

There are three common modes used in AFM analyses. Contact and tapping 

modes are the most common, while the noncontact mode is the least common. These 

techniques are conducted in ambient pressure conditions and in some cases within a 

liquid environment. Surface damage can result from use of the contact mode since the tip 

is in constant contact with the surfaces of the sample. Sample distortion is challenging to 

overcome in contact mode. Imposed changes to the sample surface and the collection of 

debris on the stylus tip can present a challenge during the use of this mode. Tapping 

mode, sometimes referred to as AC mode, can be used to minimize these effects. During 

tapping mode, the tip oscillates at several hundred kilohertz, which is driven by the 

piezoelectric in contact with the cantilever. The amplitude of these oscillations are 

continuously monitored throughout the measurement. The tip meets the surface at the 

bottom of each oscillation cycle. Tapping mode can minimize sample damage and is most 

suitable for soft samples, as well as for its ease of imaging surfaces. Examples of tapping 

mode analyses by AFM can be found in Figure 3.4. and Figure 3.20. Non-contact mode 

reconstructions the force interactions between the tip and the sample to produce an 

image.136 A variety of other techniques (e.g., infrared spectroscopy or electrochemical 

sensing) can also be used in conjunction with AFM measurements.137, 138 A wide range of 

modes and accessories are available for modern AFM systems to address a diversity of 

characterization needs. 
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2.3. Electron Microscopy and Related Techniques 

2.3.1. Transmission and Scanning Electron Microscopy Techniques 

Scanning and/or transmission electron microscopy (S/TEM) can be used to 

examine a diversity of materials. The electron-based microscope offers high-resolution 

imaging since a high-energy beam of electrons is used as the incident source of radiation. 

The wavelength of the electrons is relatively small and, therefore, a lower diffraction limit 

is achieved in comparison to the radiation sources used in optical techniques. According 

to the famous equation of Louis de Broglie, we can relate the energy of the electron to the 

wavelength. For example, the beam energy commonly used for the studies herein were 

of 200 keV, which relates to a wavelength (λ) of ~2.73 pm (0.00273 nm).139 This relatively 

short wavelength can resolve single atom structures provided that the sample is not too 

thick. Thin specimens, ideally <100 nm, must be used for S/TEM analyses to allow for 

electrons to pass through the sample.139 The thickness and atomic composition of the 

sample will dictate the interactions of the electrons with the sample and consequently the 

resulting final image. 

A diversity of scattering events can occur from the bombardment of the sample 

with high-energy electrons. For simplicity, they can be grouped into two classifications, 

elastic or inelastic scattering, which describe whether or not an energy loss occurred for 

the scattered electrons. High-resolution transmission electron microscopy (HR-TEM) 

relies on the detection of the electrons, which have been transmitted through the sample. 

Achieving atomic-scale resolution is best suited by this technique since the transmitted 

electrons have been diffracted by the atomic structure of the sample. The diffraction 

pattern can provide crystallographic information about the specimen. Diffraction analysis 

by electron probe techniques offers advantages over traditional X-ray diffraction (XRD) 

techniques. The electron probe can be precisely directed to investigate imperfections or 

features of interest. In comparison to X-rays, electrons are scattered more intensely due 

to the forces experienced between the atomic nucleus and the scattered electrons. 

Moreover, the smaller λ of the electron provides a better suitability toward nanoscale, 

specimen features. The resulting images contain lattice fringes, which result from the 

interference of the unscattered and scattered electrons from the specimen. The lattice 

fringes give information about the periodicity of the atomic planes in the sample and can 

be used to calculate the inter-atomic spacing (i.e, d-spacing) therein. The direct, probe 



70 

beam in a diffraction mode has a high intensity and can damage the viewing screen and, 

therefore, an aperture positioned above the specimen is used to reduce the diffraction 

area. This selected area electron diffraction (SAED) technique provides improved spatial 

resolution since specific regions of the specimen can be selected for diffraction analyses. 

Damage to the sample can also be minimized by selecting the regions of interest using 

SAED techniques. The use of a transmission mode can also indicate differences in the 

material density across the sample.  

Scanning transmission electron microscopy is another common mode similar to 

that of SEM. In this mode a scanning probe of electrons moves across the surface in a 

raster pattern. The detectors for STEM mode include the annular dark-field (ADF), the 

bright-field, and the high-angle annular dark-field (HAADF) detectors. This mode is helpful 

to minimize electron beam damage. Moreover, analytical techniques such as energy 

dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS) are 

often used in conjunction with the STEM mode. Elemental information about the specimen 

can be simultaneously gathered by detecting the emitted X-rays by using an EDS detector. 

Spectral plots of the resulting X-ray counts can be used to identify particular chemical 

species in a manner that is similar to the theory involved in XPS and AES analyses. In the 

case of EDS analysis, a process of ionization involves the ejection of an inner-shell 

electron (e.g., K-shell) by the high-energy electron probe. The displaced electron causes 

a higher-shell (e.g., L-shell) electron to take its place. This transition results in an X-ray 

emission of a particular energy. The X-ray emission is referred to as the name of the 

electron shell (e.g., Kα ) from Rutherford-Bohr theory of the atomic structure. Chemical 

information with high spatial resolution can be obtained through STEM-EDS techniques. 

The energy distribution of the electrons that pass through the specimen is also an area of 

interest. Electron energy loss spectroscopy deals with the analyses of the distribution in 

energy of the transmitted electrons. The amount of energy lost by the incident electrons 

can provide meaningful information about chemical information, electronic structure, and 

thickness of the sample. All of the aforementioned characterization techniques share 

similar challenges. For example, minimization of electron beam damage, sample 

contamination, and nonconductive sample charging are sought in both the preparation 

and analyses of sample specimens for inspection by S/TEM and related techniques. 
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2.4. Physical Characterization of Bubbles 

2.4.1. High Speed Camera Imaging 

High speed camera imaging is helpful for the inspection of fast moving objects 

such as for assessing gas bubble dynamics. High speed cameras can aid in the 

characterization of moving objects in either two or three-dimensions. Frame rates are 

typically on the order of ≥ 250 frames per s. In this work, a high speed camera was used 

for direct observational studies of bubble evolution processes. The camera was 

compatible with machine vision technology. The field of machine vision includes both the 

technology and methods that assist in the extraction of information from images using 

automated inspection and sorting techniques. Modern digital high speed cameras allow 

for the recording of sub-sets of digital frames. Frame-by-frame analyses can then be 

assisted through image segmentation provided the regions of interest are of adequate 

contrast. Moreover, the recording of a high number of frames can allow for the preparation 

of slow motion movie clips where the human eye can then more accurately perceive an 

object’s movements. These high speed cameras can be interfaced with an objective lens 

to achieve higher magnifications. Since gas bubble movements occur within a relatively 

large depth of field, long working distance objectives were required to study their behavior. 

Specific experimental details of the high speed camera set-up can be found in Section 

7.5.8. The ease of making fine adjustments to the location of the focal plane can be 

facilitated by an x-y-z traverser mounted on an optical table. Image analyses were 

performed using ImageJ software as described in Section 7.5.8.  

2.4.2. Bubble Contact Angle Measurements 

Bubble contact angle measurements were acquired using a custom-built set-up 

described in Section 7.5.8. A photograph of the BCA set-up is provided in Figure 2.2. A 

captive bubble was introduced from underneath the sample surface. Gas bubbles were 

introduced into the liquid using a gas-tight syringe. Multiple bubbles were delivered to 

obtain gas bubbles of similar proportions for data analysis. Manual adjustments regarding 

the lighting, as well as the distance between the camera and the captive bubble were 

conducted to optimize the resulting images. The images were anayzed using ImageJ 

software (Section 7.5.8) 
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Figure 2.2. A photograph of the bubble contact angle (BCA) set-up. The electrode 
is shown threaded onto a rod and placed downward into the liquid. 
The air bubbles were captured on the surfaces of the electrode after 
release from the J-type needle attached to a gas-tight syringe used 
for the gas injections. The inset image in the upper left-hand corner 
is a representative (inverted) image of a bubble captured on the 
surfaces of a textured Ni electrode (Section 7.5.8). 
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Chapter 3.  
 
Regular Dimpled Nickel Surfaces for Improved 
Efficiency of the Oxygen Evolution Reaction  

3.1. Notice of Permissions 

This chapter is adapted from work previously published by Audrey K. Taylor, Irene 

Andreu, and Byron D. Gates “Regular Dimpled Nickel Surfaces for Improved Efficiency of 

the Oxygen Evolution Reaction”, ACS Applied Energy Materials, 2018, 1 (4), 1771 – 1782. 

Permission to use the following material has been granted by the publisher and all co-

authors. The work presented in this paper, including experiments, data acquisition, 

interpretation, and writing was performed by myself under the guidance of my supervisor 
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3.2. Abstract 

Persistent bubble accumulation during the OER can effectively block catalytically 

active surface sites and reduce overall system performance. The OER is an essential half 

reaction with relevance to metal-air batteries, fuel cells, and water electrolysis for power 

to gas applications. The renewable energy sector could benefit from the identification of 

surface morphologies that can effectively reduce the accumulation of bubbles on 

electrocatalytic surfaces. In this work, regular dimpled Ni features were prepared to 

investigate how electrode morphology and, therefore, its roughness and wetting properties 

may affect the efficiency of the OER. The dimpled Ni features were prepared using 

spherical poly(styrene) (PS) templates with a diameter of 1 µm. The electrodeposition 

against regular, self-assembled arrays of PS templates was tuned to produce four types 

of dimpled features each with a different depth. Enhancements to the OER efficiency were 

observed for some types of dimpled Ni features when compared to a planar 

electrodeposited Ni electrode, while the dimpled features that were the most recessed 

demonstrated reduced efficiencies for the OER. The findings from this study emphasize 

the influences of electrode surface morphology on processes involving electrocatalytic gas 

evolution. 
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3.3. Introduction 

The accumulation of bubbles on the surface of electrodes during the OER presents 

a problematic physical resistance that can become even more persistent with highly active 

electrodes. The identification and development of surface morphologies to assist in the 

evolution and removal of oxygen bubbles from electrode surfaces could enhance the 

efficiency of the OER. In this work, regular arrays of dimpled Ni features were prepared to 

investigate how electrode morphology may affect the efficiency of the OER. The OER is 

a fundamental electrochemical process utilized in several clean energy technologies, such 

as in metal-air batteries,140 water electrolyzers,141 and fuel cells.142 Improving the efficiency 

of the OER could increase its utility in the renewable energy sector through a reduction in 

the operational costs per kW. For instance, in large-scale applications of water 

electrolysis, the applied potential needed to drive the reaction is much higher than what is 

theoretically predicted (e.g., >1.23 V at 25 oC).143 The overall efficiency of commercially 

available electrolysis devices remains between 59 and 70%.6 Slow reaction kinetics and 

inherent resistances, specifically at the anodic working electrode where the OER takes 

place, are known to cause these less than ideal efficiencies. 

Recent work to improve the OER performance has focused on identifying catalyst 

compositions that are more active based on mixtures of first-row transition metals (e.g., 

Ni, Fe, Co, Mn).34 These earth abundant metals are relatively stable in harsh, alkaline 

conditions and have demonstrated lower overpotentials than industrial research standards 

(IrO2 and RuO2)144, 145 making these catalysts attractive for use in commercial devices. 

Relatively low overpotentials have been demonstrated for NiFe thin film catalysts.145–147 In 

recent work by Zhao et al., mesoporous NiFe nanosheets were electroplated onto a 

macroporous Ni foam.147 The authors concluded that the observed enhancements in the 

OER activity were a result of the hierarchical structure. The rippled NiFe nanosheets, with 

a thickness of 10 nm, formed a mesoporous structure (~50 to 100 nm in length, with a 

separation of ~50 nm between the nanosheets), which was hypothesized to improve the 

wetting properties of the Ni foam as oxygen bubbles were not seen to accumulate on the 

electrode surfaces. Large oxygen bubbles were efficiently removed from this catalyst 

through the macroporous channels throughout the foam. Although the work of Zhao et al. 

highlighted the utility of accessing a morphology that contains more than one size-domain, 

it remains unclear if there are optimal geometric dimensions that may promote removal of 
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oxygen bubbles from electrode surfaces. It is, however, known that roughness and 

wettability both influence the behavior of bubbles on electrode surfaces. For example, 

increasing the hydrophilicity of electrode surfaces can enhance bubble removal through 

more favorable interactions with the electrolyte that decrease the solid-liquid surface 

tension.83, 148 

The wettability of a material can be controlled through modifications of its surface 

roughness. Experimental studies have shown that highly roughened or textured surfaces 

can demonstrate a high degree of wetting, as described by the Wenzel model.86, 149 In the 

work of Ahn et al., surface roughness of Ni was tuned by varying the electrodeposition 

potential.83 Four types of roughened electrode surfaces were produced on Ni electrodes 

each with a different root mean squared (RMS) roughness. The RMS roughness was 

tuned ranging from ~12 nm to ~52 nm. Improved OER activity was correlated to a 

decrease in the solid-liquid surface tension with increasing surface roughness. The 

roughest surface exhibited a needle-like morphology, which was observed to release 

bubbles with a smaller diameter than the other types of electrodes as determined from 

photographs acquired during CA measurements. Although the authors reported a smaller 

bubble break-off diameter and inferred a smaller bubble overpotential for those needle-

like electrodes, the investigation did not account for the differences in active surface area 

for each type of electrode when assessing their performance for the OER. In work by Zeng 

et al., modifications to Ni electrodes were made by mechanical polishing with three 

different types of sandpaper, each with a distinct grain size or grit.150 Roughness of the 

electrode surfaces was used to evaluate their efficiency for the HER. The lowest 

overpotentials were exhibited by Ni surfaces polished with the coarsest sandpaper (~35 

µm-diameter grains), which had the highest Rf as estimated by impedance spectroscopy 

measurements. The improved performance of these electrodes for the HER was attributed 

to their larger active surface area. It was suggested that if the Aecsa of the Ni could be 

accurately determined the electrodes would each have similar activities. The effects of 

surface morphology can be difficult to discern without accounting for the true surface area. 

Many electrodes with a roughened surface morphology have exhibited an improved 

electrocatalytic activity, but very few studies have simultaneously demonstrated control 

over geometric surface features.99, 151 In the absence of controlling the surface geometry, 

it is difficult to determine with absolute certainty what the specific contributions are from 

each factor that influences the observed enhancement in activity. For example, the 
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morphological effects will be difficult to distinguish from the Aecsa enhancements without 

accurately accounting for the surface geometry of the features. Our aim here is to precisely 

control surface morphology of Ni electrodes by preparing features with regular dimensions 

that enable an assessment of the correlation between the OER activity, the surface area, 

and the structure of the surfaces of these electrodes.  

In this work, we prepared Ni electrodes that contained regular arrays of dimpled 

features on their surfaces. The surface morphology of these electrodes was tuned, 

creating a series of electrodes with well-defined changes in surface area and geometry. 

The electrochemical efficiency of each of these structured electrodes was evaluated 

against a planar Ni electrode also prepared by electrodeposition. Micrometer-scale 

dimpled features were selected to evaluate their impact on oxygen bubble growth and 

coalescence, as well as to evaluate how a dimpled morphology may influence the 

performance of the OER. A series of Ni electrodes each with arrays of dimpled features 

were created by combining the self-assembly of spherical PS templates onto planar Ni 

electrodes and the electrodeposition of Ni around these spherical templates. The PS 

templates were selectively removed from the textured Ni surfaces by dissolution in an 

organic solvent. The geometric dimensions and roughness of these dimpled Ni structures 

were characterized before and after the electrochemical measurements by SEM, AFM, 

and WCA measurements. Elemental compositions of the dimpled Ni surfaces were 

analyzed by XPS and AES. Electrochemical properties, including efficiency towards the 

OER, were assessed by CV, LSV and CA measurements.  

 

3.4. Experimental 

3.4.1. Preparation of Regular Textured Ni Electrodes from Spherical 
Poly(styrene) Templates 

Conductive substrates provided supports for the preparation and testing of the 

regular, textured Ni electrodes. The conductive films were prepared by thermal 

evaporation of a planar Ni base layer on <100> polished Si wafers (75-mm diameter and 

0.5-mm thick). The polished Si wafers were used directly as received from the distributor. 

An NRC 3115 physical vapor deposition (PVD) system was used to deposit an adhesion 
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layer of 10-nm thick Cr (Kurt J. Lesker, 99.95% pure) at a rate of 0.3 Å/s, followed by the 

deposition of 200-nm thick Ni (Kurt J. Lesker, 99.98% pure) at 1.0 Å/s. The supports were 

cut into approximately 1 cm x 2 cm sections using a diamond tip scribe (Mini Tools, Part 

No. PV-081-7). The Ni coated wafer provided a conductive planar platform to support self-

assembled arrays of the PS spheres. These uniform films of Ni also provided adequate 

conductivity for the subsequent electrodeposition of Ni between the PS templates.  

A suspension of 1.0-μm diameter PS spheres (Polysciences, Inc; Lot No. 650460) 

containing 2% w/v PS was sonicated in a Branson 1510 sonicator at room temperature 

with 26 mM polyvinylpyrrolidone (or PVP) (Sigma-Aldrich; 55k MW; Lot No. MKBH7415V) 

for a minimum of 30 min in ethanol (anhydrous, Commercial Alcohols) prior to purification. 

The purification process was repeated three times following a process of centrifugation at 

13k rpm, decanting of the supernatant, and resuspension of the PS spheres into 

anhydrous ethanol to sufficiently remove excess PVP. An additional purification step 

followed the same process, but used high purity water (18 MΩ•cm, produced using a 

Barnstead NANOpure DIamond water filtration system) as the rinse solvent. After removal 

of the aqueous supernatant, the purified PS spheres were dispersed into 1-butanol 

(Caledon Chemicals, ACS Reagent Grade) while sonicating the sample for 30 min. The 

PS spheres were prepared at a final concentration of 1.5% wt/wt in 1-butanol.  

Suspensions of the purified PS spheres were self-assembled into continuous films 

at a warm air-water interface using a protocol modified from a procedure reported by Moon 

et al.152 High purity water with a bulk temperature of 55 oC was used as the supporting 

medium. A suspension of PS spheres in 1-butanol was added drop-wise to the air-water 

interface. The butanol suspension of PS spheres dispersed across the warm air-water 

interface until forming a close packed monolayer. The pieces of Ni coated Si wafer were 

first rinsed with anhydrous ethanol and subsequently used to lift-out a portion of the self-

assembled arrays of PS templates from the air-water interface. This lift-out process was 

initiated only after the water had cooled to ~24 oC. The planar Ni supports covered with 

close packed arrays of PS spheres were vacuum dried overnight at 90 oC to remove 

residual solvents.  

The arrays of close packed PS spheres provided a template to form Ni electrodes 

with regular textured surface morphologies. Nickel was electrodeposited onto the exposed 

regions of the support within the assembled PS templates. The Ni plating solution was a 
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commercial Watts bath (Transene Company, Inc.; Lot No. 010817). Electrodeposition of 

Ni was performed using a three-electrode potentiostatic technique while stirring at 300 

rpm. A Pt wire (Alfa Aesar, 99.9%) served as the counter electrode. A SCE was used as 

the RE, and conductive Ni coated wafers supporting the assembled PS templates were 

employed as the working electrode. The electrodeposition process was kept at -1.0 V 

versus SCE and was carried out for 50, 130, 200, and 280 s to create the 1/4, 1/3, 1/2, 

and 3/4 structures, respectively. The description of each of these structures corresponds 

to the heights of the electrodeposited features relative to the heights of the 1.0-μm 

diameter PS spheres. The spherical PS templates were subsequently removed from the 

Ni electrodes by immersion in toluene (Fisher Scientific; ACS reagent grade) at 90 oC for 

12 h. The solvent extracted electrodes were rinsed with isopropanol to remove residual 

organic material from the Ni surfaces. The samples referred to as “planar Ni” electrodes 

throughout the manuscript were prepared by electrodeposition of Ni onto the Ni coated 

wafers at -1.0 V versus SCE for a duration of 10 min using the same Watts bath.  

3.4.2. Characterization of the Textured Ni Electrodes 

The regular, textured Ni electrodes were imaged by SEM using an FEI Nova 

NanoSEM 430. The system was operated with an accelerating potential of 10 kV in an 

immersion mode with a secondary electron detector and a chamber pressure of < 2x10-6 

Torr. The Ni electrodes were secured using Cu clips on Al SEM mounts to prevent 

movement of the samples. Atomic force microscopy images were obtained using an MFP 

3D AFM (Asylum Research, Santa Barbara, USA) operated in tapping mode using Si 

nitride probes (Budget Sensors, resonant frequency 10 kHz, force constant 0.06 N/m). 

The area scanned in each image was 10 μm x 10 μm with a resolution of 512 x 512 and 

a scan speed of 0.3 Hz. Analysis of the AFM data was performed using Igor Pro 6.22. The 

SEM analyses were used to visualize and interpret the apparent surface morphologies of 

the textured Ni electrodes both before and after the electrochemical testing. Surface 

roughness data was obtained from the AFM analyses, which enabled the determination 

of a Atheoretical of each electrode in conjunction with the SEM data (Section 3.4.4). The 

average heights of the dimpled features, approximated as spherical caps, were calculated 

using the average cross-sectional radii determined from SEM images and the average 

diameter of the templated PS spheres. The flat regions, or solid area fractions, of each 

type of electrode were experimentally determined by subtracting the circular area 
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occupied by the dimpled features from the overall area observed in the SEM images (~190 

μm2). The nanoscale roughness in the planar regions between the dimpled features was 

accounted for by using the mean surface Rf, which was calculated from the AFM data. 

The Atheoretical was determined by combining the surface area of the dimpled features with 

that for the planar regions between the concave features.  

The elemental composition of the electrodeposited Ni films was determined by 

XPS and AES using a Kratos Analytical Axis Ultra system. The XPS was equipped with a 

DLD detector and a monochromatic Al Kα source. The system was operated at 150 W 

with a take-off angle 90o and a dwell time of 100 ms for the XPS measurements. The XPS 

survey scans were acquired from 0 to 1200 eV with a resolution of 1 eV and a pass energy 

of 160 eV. The AES measurements were acquired using a field emission electron gun 

operated at 10 kV in a crossover mode with a filament current of 2.38 A and an extractor 

current of 40 μAmps. The AES survey scans were acquired from 100 to 1000 eV with a 

resolution of 1 eV and a dwell time of 100 ms.  

The wetting behavior of the electrode surfaces was assessed by WCA 

measurements using 1 μL droplets of high purity water on a Rame Hart model 50-00 

contact angle goniometer system. Three separate measurements were recorded from 

different regions of each electrode. The mean and one standard deviation were reported 

for each type of electrode. 

3.4.3. Electrochemical Measurements of Textured Ni Electrodes 

Electrochemical characterization of the Ni electrodes were obtained using a Bio-

Logic Science Instruments SP-150 potentiostat. These electrochemical measurements 

were acquired at 25 oC, which was maintained using a Precision 280 series temperature-

controlled water bath. The textured Ni electrodes were used as the working electrode in a 

stationary three electrode set-up, which consisted of a Hg/HgO RE (filling solution 0.1 M 

KOH; Sigma Aldrich; Semiconductor Grade 99.99%) and a Ni mesh counter electrode 

(Alfa Aesar; 100 mesh from 0.1-mm diameter wire). The Hg/HgO RE was calibrated with 

respect to a RHE in N2 (g) (Praxair; 99.998%) purged 0.1 M KOH at a scan rate of 100 

mV/s using a Pt wire counter electrode (Alfa Aesar; 99.95%; 0.5-mm diameter) and with 

the RHE as the working electrode. The potential at which the current became zero was 

used as the thermodynamic standard reduction potential for the RHE and was measured 
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to be 0.923 V. The electrolyte was a high purity 0.1 M KOH, which was vigorously purged 

with N2 (g) for 30 min prior to the start of all electrochemical measurements. The 

headspace was maintained with a constant flow of N2 (g) throughout the duration of each 

measurement. Stirring of the electrolyte or electrode rotation were not applied during these 

measurements, as an externally applied flow of the electrolyte might mask the effects of 

surface morphology on the electrocatalytic efficiency. 

Steady-state conditions were achieved for the textured and planar Ni electrodes 

using potential cycling techniques. The potential was scanned between -0.4 to 1.2 V 

(versus Hg/HgO) prior to all OER measurements. Five CV scans were recorded at 50 

mV/s after every consecutive 100 CV scans, which were obtained at 100 mV/s. The 

recorded CV scans enabled a visualization of the evolution of the anodic and cathodic 

peaks with progressive cycling of the potential. Linear sweep voltammetry was conducted 

from -0.3 to 1.5 V at 1 mV/s to allow sufficient time for mass transport of the electrolyte to 

and from all of the surfaces of the textured electrodes. In between each LSV scan, five 

consecutive CV scans were performed on each of the electrodes. A total of five 

independent LSV scans were recorded for each electrode. The average current density 

was plotted for each type of electrode. The working electrode was kept in the purged 

electrolyte during the five independent LSV scans. Directly after the LSV experiments, the 

potential was held at 1.2 V for 1 h to analyze the electrodes by CA. This voltage was 

chosen because it was in between the regions of low and high current density in the LSV 

profiles. A duration of 1 h was chosen to minimize the possibility of film delamination from 

the substrate. Delamination of the Ni film was observed after performing the CA 

measurements for durations much greater than 1 h, which is likely due to the thin film 

structure of these electrodes. A sampling rate of 1 ms was used to assess the changes in 

the current over this extended period of time. The Ageo of the working electrode was 

measured immediately after removal of the textured Ni electrodes from the electrolyte. A 

photograph of each sample, which included a ruler as a reference for the scale, was used 

to quantify the Ageo of the electrodes through the use of ImageJ analysis software (Figure 

3.1.). 
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Figure 3.1. Photographs of representative electrodes (a) after electrochemical 
aging, and removal from the electrolyte at a potential of 1.2 V. The 
same electrode (b) after electrochemical aging and removal from the 
electrolyte at a potential of -0.4 V. The darkened regions indicate 
where the electrode was immersed and electrochemically aged in the 
electrolyte. The opaline region directly above this section of the 
electrode retained the original appearance of the textured Ni 
electrodes. 

3.4.4. A Geometrical Determination of the Total Exposed Surface Area 
for the Dimpled Nickel Electrodes 

Example 3.4.4.a.: The total three-dimensional surface area (i.e., Atheoretical) can be used to 

estimate  the Aecsa. This quantity can be determined geometrically by adding the smooth 

area inside the dimpled features and the rough top area of electrodeposited nickel 

between the dimpled features.  

The heights of the electrochemically formed Ni textures were calculated using the 

spherical cap model (Equation 3.1).153 In this equation, a is the radius of the dimpled 

features measured from the SEM data, and, r, is the radius of the spherical template, and 

h is the height of the dimpled features at a radius of a.  

𝑎 = √ℎ(2𝑟 − ℎ) 

Equation 3.1. Radius of a spherical cap (a) 
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Figure 3.2. Depiction of a spherical cap (in yellow) with a radius of the 
sphere, r, the height of the cap, h, and a radius of the spherical 
cap, a. 

For example, a = 0.440 μm (mean radius of the 3/4 dimpled structures as acquired from 

the analysis of the SEM data). 

The height, h, for the spherical cap was solved using the quadratic formula in Equation 

3.2. 

ℎ =
2𝑅 + √(−2𝑅)2 − 4(𝑎2)

2
=

1 + √1 − 4((0.440 𝜇𝑚)2)

2
= 0.737 μm 

Equation 3.2. Height of a spherical cap (h) 

 

The surface area of the spherical cap, Scap, was solved using Equation 3.3. 

𝑆𝑐𝑎𝑝 = 2𝜋𝑟ℎ =  2𝜋(0.5 𝜇𝑚)(0.737 𝜇𝑚) 

Equation 3.3. Surface area of a spherical cap (Scap) 

Scap = 2.32 μm2 / dimpled feature for the 3/4 dimpled structures 

The areas as observed in a top-down field of view by SEM were analyzed for the 

contributions from both the openings to the dimples, PAdimples, and the flat regions between 

the dimples, PAtop. A typical SEM image over an area of 190 μm2 contained 161 dimpled 

features for the 3/4 structures. 
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Figure 3.3. Schematic depiction of the analysis of a typical SEM image (obtained 
by a top-down view) of the dimpled features. The white region 
represents the top area (regions of rough electrodeposited nickel), 
and the black regions represent the openings to the dimpled features. 
The total SEM field of view is equal to PAtop + PAdimples. 

Portion of surface area within the SEM field of view attributed to the openings into the 

dimpled features for the 3/4 structures: 

𝑃𝐴𝑑𝑖𝑚𝑝𝑙𝑒𝑠 = (#𝑑𝑖𝑚𝑝𝑙𝑒𝑠)(𝜋)(𝑎2) = 161𝜋(0.44 𝜇𝑚)2 = 97.9 𝜇𝑚2 

Equation 3.4. Contribution to the surface area from the regions observed by 
SEM analysis that were attributed to the circular openings to 
the dimpled features (PAdimples) 

Portion of surface area within the SEM field of view attributed to the top regions in between 

the dimples: 

𝑃𝐴𝑡𝑜𝑝 = 𝑆𝐸𝑀 𝑓𝑖𝑒𝑙𝑑 𝑜𝑓 𝑣𝑖𝑒𝑤 − 𝑃𝐴𝑑𝑖𝑚𝑝𝑙𝑒𝑠 = 190 μ𝑚2 − 97.9 μ𝑚2 = 92.9 𝜇𝑚2 

Equation 3.5. Contribution to the surface area from the regions observed by 
SEM analysis that were attributed to the top regions between 
the dimples (PAtop) 

The nano-scale roughness (i.e. RAFM = 1.45) of the electrodeposited Ni flat regions was 

determined from the AFM data (see Example 3.4.4.b. below), while the surface area inside 

the dimpled features was assumed to be smooth, based on the fabrication process and 

the SEM analyses. The exact roughness inside the dimples could not be verified by AFM 

due to the geometric limitations of the probe within the recessed features. 

𝑆𝐴𝑡𝑜𝑝 = 𝑃𝐴𝑡𝑜𝑝 × 𝑅𝐴𝐹𝑀 = 92.9 𝜇𝑚2 × 1.45 = 135 𝜇𝑚2  

Equation 3.6. Surface area of the rough flat surfaces (SAtop) 
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Estimate of the total exposed surface area of the electrode within the 190 μm2 region 

observed in the SEM images as determined from the combined surface area of the rough 

flat surfaces and the surface area of the spherical caps. 

𝐴𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 𝑆𝐴𝑡𝑜𝑝 + (𝑆𝑐𝑎𝑝 × #𝑑𝑖𝑚𝑝𝑙𝑒𝑠) = 135 𝜇𝑚2 + (2.32 𝜇𝑚2 ×  161) = 508 𝜇𝑚2 

Equation 3.7. Theoretical surface area (Atheoertical) 

Determination of the total Rf. 

𝑅𝑓 =
𝐴𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

𝑆𝐸𝑀 𝑓𝑖𝑒𝑙𝑑 𝑜𝑓 𝑣𝑖𝑒𝑤
=

508 𝜇𝑚2

190 𝜇𝑚2
= 2.52 

Equation 3.8. Roughness factor (Rf) 

The calculated solid area fraction of the flat regions of the dimpled electrodes, Φ, will be 

used in Example 3.4.5.b in Section 3.4.5 for calculations related to the Cassie-Baxter 

model for assessing the wetting state of the electrode materials.  

 

Figure 3.4. Representative AFM image for the electrodeposited Ni 3/4 structures 
acquired in a tapping mode. The red box defines a two-dimensional 
region used for the roughness measurements. A box with an area of 
0.923 µm2 was used for each of the electrode surfaces. 
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Example 3.4.4.b.: Determining the Rf of the flat regions of the electrodeposited Ni by AFM 

measurements, RAFM, for the 3/4 structures. 

The true surface area, after accounting for the surface roughness, within the red box was 

1.5 µm2 for the example in Figure 3.4. This value was calculated for each type of electrode 

using the AFM measurements and the Igor Pro 6.22A software.  

The Rf, RAFM, was calculated as follows: 

𝑅𝐴𝐹𝑀 =
𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑏𝑦 𝐴𝐹𝑀

𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑜𝑥 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡
=  

1.5 𝜇𝑚2

0.923 𝜇𝑚2
= 1.6 

Equation 3.9. Nanoroughness of the top region (RAFM) obtained by AFM 

For each type of electrode, measurements were obtained from five different boxes (e.g., 

one box shown in Figure 3.4. with a geometric area of 0.923 µm2, while fixing the area of 

the overall AFM image to 100 µm2 AFM image to determine an average RAFM.  

The average RAFM values for each type of electrode in the series, including the planar 

electrode, were used to calculate an overall mean RAFM for all of the electrodes.  

Mean value from all of the electrodes (25 measurements in total with a standard deviation 

of 0.165 from the mean) RAFM = 1.45. 

3.4.5. Evaluation of Wetting States Using Wenzel and Cassie Baxter 
Models 

We sought to evaluate the wetting states of the dimpled and planar 

electrodeposited Ni surfaces using both the Wenzel and Cassie Baxter models. The 

Atheoretical and Rf were first determined (Section 3.4.4) before assessing the fit of the data 

to either of these models. Sample calculations are presented below for the 3/4 structures. 

Example 3.4.5.a. Assessment of the wetting of the structured Ni electrodes using the 

Wenzel model. 
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Figure 3.5. Illustration of the Wenzel state, which is a fully wetted state where the 
surface roughness dictates the apparent contact angle of the 
material. 

The Wenzel contact angles (θW) for various surface Rf were calculated using the Wenzel 

equation (Equation 3.10).86 The experimental contact angle (θexp) for a Ni film prepared by 

PVD was used as the Young’s contact angle, θY = 85o. In some cases the Young’s contact 

angle (Equation 3.11), can be derived from a theoretical assessment.85 The derived values 

are plotted in Figure 3.6. 

cos 𝜃𝑤 = 𝑅𝑓 × cos 𝜃𝑌 = 𝑅𝑓 × cos(85𝑜) 

Equation 3.10. Wenzel’s contact angle (θw) equation  

cos 𝜃𝑌 =
𝛾𝑆𝐺 − 𝛾𝑆𝐿

𝛾𝐿𝐺
 

Equation 3.11. Young’s contact angle (θY) equation 

Table 3.1. Experimental WCAs (θexp), the calculated Rf, and the θw for each type 
of electrode.  

electrode type θexp (degrees) Rf θw (degrees) 

3/4 structures 97 ± 2 2.52 77 

1/2 structures 99 ± 1 1.83 81 

1/3 structures 97 ± 2 1.48 83 

1/4 structures 96 ± 3 1.40 83 

planar Ni 87 ± 2 1.45 83 



87 

 

 

Figure 3.6. Plot showing the theoretical Wenzel state for Ni surfaces in relation 
to the experimental WCA data for the dimpled and planar Ni surfaces. 

Conclusions for the Wenzel model:  

1) The result that θexp > θW indicates a non-fully wetted state. 

2) The closer that the value for θexp is to θW, the water is anticipated to in a more fully 

wetted state on the Ni surfaces. 

3) A larger amount of the planar electrodeposited Ni surfaces are in contact with the water 

droplet than for the surfaces of any of the dimpled Ni structures.  

4) The conclusion that the electrodeposited Ni is more completely wetted than the dimpled 

surfaces is due to the differences in their experimental WCAs. Note that each of these 

surfaces has a similar Rf for the tops of the electrodeposited features.  

5) In summary, the Wenzel model alone is not appropriate for describing the wetting states 

of the structured Ni surfaces.  

Example 3.4.5.b. Assessment of the wetting of the structured Ni electrodes using the 

Cassie-Baxter model. 
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Figure 3.7. Illustration depicting the Cassie-Baxter state where only the top 
surfaces of the features are fully wetted. 

The filling fraction (φff) (Equation 3.12) is equivalent to the solid area fraction (SAF) 

(Equation 3.13) if a true Cassie-Baxter state is achieved for water in contact with these 

electrodes. 

𝜑𝑓𝑓 =
𝜑𝑤𝑒𝑡

𝜑𝑤𝑒𝑡 + 𝜑𝑑𝑟𝑦
 

Equation 3.12. Water filling fraction (φff) 

Φ =
𝑃𝐴𝑡𝑜𝑝

𝑆𝐸𝑀 𝑓𝑖𝑒𝑙𝑑 𝑜𝑓 𝑣𝑖𝑒𝑤
 

Equation 3.13. Solid area fraction (SAF) of flat regions of the dimpled 
electrodes 

The theoretical Cassie-Baxter contact angles (θCB) for various φff were calculated using 

the Cassie-Baxter equation (Equation 3.14).87 The experimental WCA obtained for a Ni 

film prepared by PVD was used as the Young’s contact angle, θY = 85o. The derived values 

are plotted in Figure 3.8. 

cos 𝜃𝐶𝐵 = 𝜑𝑓𝑓(1 + cos 𝜃𝑌) − 1 =  𝜑𝑓𝑓(1 + cos 85) − 1 

Equation 3.14. Cassie-Baxter contact angle equation (θCB) 

Solid area fractions were calculated for each of the electrodes using the procedure 

demonstrated in Example 3.4.4.a. 
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Table 3.2. Experimental WCAs, θexp, the sample ΦSAF, and the theoretically 
derived θCB for each type of electrode. 

electrode type θexp (degrees) Rf θCB (degrees) 

3/4 structures 97 ± 2 0.487 118 

1/2 structures 99 ± 1 0.317 131 

1/3 structures 97 ± 2 0.370 127 

1/4 structures 96 ± 3 0.679 105 

planar Ni 87 ± 2 1 85 

*Solid area fractions for the dimpled electrodes do not include the nano-scale roughness. The planar electrodeposited 

Ni would have a solid fraction > 1 if nano-scale roughness was included in this calculation. 

 

 

Figure 3.8. Plot depicting the predicted Cassie-Baxter states for Ni surfaces in 
relation to the experimental WCA data for the dimpled and planar Ni 
surfaces. 

Conclusions from the Cassie-Baxter model:  

1) The closer the match between θexp and θCB for any of the surfaces, the closer it is to a 

Cassie-Baxter state. 

2) If  θexp =  θCB, the surfaces should be in a Cassie-Baxter state. 

3) Because θexp ≠ θCB for the planar electrodeposited Ni surfaces, they are not in a true 

Cassie-Baxter state.  
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4) The electrodes with the 1/4, 1/3, 1/2, and 3/4 structures have SAF that are less than 

what is predicted by the Cassie-Baxter model. It is, therefore, possible that the electrodes 

are less wetted than the Cassie-Baxter state. 

5) The planar electrodeposited Ni is close to the wetting that is predicted by a Cassie-

Baxter state, although a solid area fraction of 1.0 does not fit with the Cassie-Baxter state, 

since the surface is theoretically flat. 

6) The textured surface can be described as existing in a wetting state between that 

described by the Wenzel and Cassie-Baxter models. 

 

3.5. Results and Discussion 

3.5.1. Motivations for an Investigation of a Regular Dimpled Electrode 
Morphology 

The formation of intentionally designed microstructures that can more effectively 

nucleate and evolve oxygen gas bubbles is important for electrolytic processes.154 In 

general, it is recognized that gas bubbles tend to nucleate in micro and nano-cavities on 

electrode surfaces,69 but less is known about whether there is an optimal geometry and 

dimension of these cavities. Previous work in catalytic-based micro-motors have also 

shown that bubbles preferentially nucleate on concave features rather than on convex 

features.155 It is understood that bubble nucleation requires supersaturation of O2, as well 

as an elevated Laplace pressure to overcome the surface tension of the electrolyte 

medium (see Section 1.3.2).69 Concave cavities that contain pre-existing or trapped 

bubbles could, therefore, serve as the initial sites for bubble generation.156, 157 It is also 

possible that cavities with a confined geometry may experience a faster increase in the 

local concentration of O2 during the early stages of electrocatalytically driven oxygen 

evolution, achieving supersaturation and bubble coalescence faster than flat surfaces.158 

Concave structures may act to provide sites of increased bubble production, but these 

sites could become problematic if the bubble cannot easily vacate from the surfaces. The 

forces that dictate bubble detachment would have to be carefully tuned to appropriately 

use concave geometries as bubble production sites.69 The series of regular dimpled 
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features presented in this work were used to investigate how concave geometries with 

varying degrees of confinement influence the electrocatalytic evolution of oxygen gas.  

A series of dimpled Ni surface features were prepared and evaluated for their 

impact on the efficiency of the OER.  In this study, regular dimpled surface features were 

compared as a function of changes in their morphology since, as discussed above, 

previous work has suggested a preferential nucleation of bubbles in concave features.155, 

158 Although we are not able to discern bubble nucleation, the dimpled features enable an 

investigation into how these cavities influence the dynamics of bubble growth and 

detachment through electrochemical analyses. A series of four distinct concave features, 

each with a different degree of confinement as determined by their height and the nominal 

diameter of the opening into each dimpled feature, were produced from the same PS 

template (Figure 3.9.). For example, the dimples with the tallest features exhibited the 

highest degree of confinement. These four types of dimpled features were compared to 

planar Ni electrodes. The dimpled features were prepared by the electrodeposition of Ni 

against 1.0-µm diameter spherical PS templates. The PS templates were subsequently 

removed, revealing dimpled Ni features on the surfaces of the electrodes. Micrometer-

scale PS templates were selected to test the lower end of the microscale, specifically 

targeting features greater than the nanoscale and less than macroscale foams previously 

studied in the literature.109, 159 The PS spheres were specifically chosen as the template 

due to their relatively uniform size distribution, spherical morphology, and ease of use in 

self-assembly processes to prepare well-ordered arrays of these templates. The PS 

templates provided a platform to systematically produce regular arrays of dimpled textures 

on the Ni electrodes with fine-tuned feature heights to change the degree of confinement. 

Modifications to the surface morphology with electrochemical processing and aging of the 

Ni electrodes were also easily discerned due to the regularity of these surface features. 
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Figure 3.9. Representative SEM images of textured Ni electrodes prepared using 
spherical poly(styrene) (PS) templates. These images correspond to 
the (a) 1/4 structures, (b) 1/3 structures, (c) 1/2 structures, and (d) 3/4 
structures prior to electrochemical testing. All samples were imaged 
at a 35o tilt. The inset schematics depict the heights of the Ni features 
relative to the 1.0-μm diameter PS templates. 

3.5.2. Formation of Regular Dimpled Features in Ni Surfaces 

The regular dimpled features were prepared by electrodeposition of Ni around a 

two-dimensional self-assembled array of spherical 1.0-µm diameter PS templates. The 

experimental methods for the formation of regular dimpled features can be found in 

Section 3.4.1. The protocol for the self-assembly of the PS spheres was adapted from 

Moon et al.152, 160 Spherical PS templates can readily form close-packed monolayers at an 

air-water interface, which can be transferred to an electrode using a lift-out method. 

Assembly of PS spheres at an air-water interface was selected as the method to prepare 

the arrays of templates for several reasons: (i) a uniform close-packed assembly quickly 

forms at the air-water interface; (ii) the assembled PS template is easily transferred to a 

solid support by a lift-out process; (iii) the self-assembly procedure favors the formation of 

a monolayer; and (iv) several substrates can be coated with the PS templates obtained 

from a single assembly at the air-water interface. Using this method, close-packed arrays 

of the PS spheres were quickly and reproducibly prepared on the Ni substrates (Figure 

3.10.). The fraction of the Ni substrates covered by the spherical templates was calculated 

to be 67 ± 2%. Electrodeposition of Ni around these spheres was used to prepare a series 

of textured, regular Ni surface morphologies. 
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Figure 3.10. Typical assembly of 1.0-μm diameter PS spheres on a conductive Ni 
coated wafer. This image was acquired by SEM using an acceleration 
voltage of 2.0 kV. For imaging purposes only, the sample was coated 
with 10 nm of Iridium (Ir) to improve its conductivity and image 
quality. 

Four distinct surface morphologies were prepared by electrodeposition of Ni in the 

regions between the spherical PS templates (Figure 3.9.). A planar electrode prepared by 

electrodeposition of Ni onto the Ni electrodes without the use of a PS template was used 

as a control sample. The morphology of the dimpled Ni features are described by the 

height of the electrodeposited Ni relative to the diameter of the PS spheres, and are thus 

referred to as 1/4, 1/3, 1/2, and 3/4 structures. Varying the height of these features resulted 

in a change in the degree of confinement within the dimple, as well as the diameter of the 

opening between the recesses of the dimples and the bulk electrolyte solution. The feature 

height was controlled by adjusting the duration of the electrodeposition process under 

potentiostatic conditions at -1.0 V versus a saturated calomel electrode (SCE). The 

evolution of the current as a function of time during electrodeposition, also referred to as 

a growth curve, is shown in Figure 3.11. Changes to the Ni morphology were correlated 

to the potentiostatic growth curve by stopping the electrodeposition process at particular 

time points and analyzing the structured electrodes through SEM measurements. The 

area of each electrode immersed in the plating solution during the electrodeposition 

process was kept constant. The magnitude of the current is proportional to the surface 

area in contact with the plating electrolyte and the rate of Ni electrodeposition.161 

Reproducing the shape and locations of the peak in the growth curves largely depends on 

the uniformity of the assembled polymer templates and variations in the resistance of the 

exposed surfaces, such as from variable coverage with surfactants (e.g., PVP). The 
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observed current response in Figure 3.11. is representative of the general shape of other 

growth curves and reflects the variable path of mass-transport that occurs during 

electrodeposition around the PS templates. The current decreases until reaching 130 s, 

upon forming the 1/3 structures due to a decrease in the electrode surface area exposed 

to the electrolyte between the adjacent PS spheres. Diffusion of electrolyte to the electrode 

is restricted for the 1/3 structures because of the decreased volume of electrolyte in 

proximity to the electrode, and the restricted diffusion of electrolyte through the narrow 

channels between the close-packed spheres. It is estimated that the current density within 

these narrow channels upon reaching point b in Figure 3.11. (at 130 s) was -4.7 mA/cm2, 

which accounts for the openings between the self-assembled spheres. The flux of 

electrolyte increased for the subsequent structures as the channels widened with 

increasing thickness of the Ni relative to the PS templates (e.g., 1/2 structures), which 

resulted in an increase in the current. The time points determined from the potentiostatic 

growth curve, as verified by SEM, were used as a guide to reproducibly prepare each of 

the four types of electrodes with the desired features. The final features were also verified 

by SEM for each of the tested electrodes. 

 

Figure 3.11. Representative potentiostatic growth curve for the textured Ni 
electrodes during electrodeposition of Ni at -1.0 V versus SCE. The 
dashed lines indicate the time points at which the (a) 1/4 structures 
(50 s), (b) 1/3 structures (130 s), (c) 1/2 structures (200 s), and (d) 3/4 
structures (280 s) were prepared during the electrodeposition 
process. 
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3.5.3. Morphology of Regular Dimpled Features Before 
Electrochemical Testing 

The morphology of the dimpled Ni surface features were evaluated by SEM after 

removal of the PS templates. Distinct morphological features are observed by SEM 

(Figure 3.9.). The average height of the dimpled features was determined by measuring 

the average radius, a, of the dimpled features with a 0o tilt (Table 3.3) and applying a 

spherical cap model (Section 3.4.4). The mean radii of the opening into the confined 

features varied between 430 and 500 nm giving heights between 245 and 737 nm (Table 

3.3). The dimples in the 1/4 and 1/3 structures were the most similar to a typical concave 

morphology, see Figure 3.9.a. and Figure 3.9.b. As expected, the flat regions between the 

dimpled features in the 1/4 structures had a large contribution to the electrodeposited 

surface area. The contribution from flat surface area between the dimples was the smallest 

for the 1/2 structures when compared to the other three structured electrodes (Figure 

3.12.). Electrodeposition of Ni to half the height of the templates is indicated by the 

interconnected channels that are partially formed at the ridges between the 1/2 structures 

in Figure 3.9.c. Further electrodeposition of Ni to prepare the 3/4 structures show the well-

defined interconnected pores between the dimpled structures as a result of the close-

packing of the PS templates. The interconnected pores observed in the structures taller 

than the 1/3 structures were formed at sites where electrodeposition was inhibited by the 

contact between adjacent PS spheres. The 3/4 structures were the most confined concave 

structures evaluated in this study, with the opening into each dimple having an average 

diameter of 440 nm and each dimpled feature an average depth of 737 nm. 

Table 3.3. Dimensions of dimpled features as determined by SEM and AFM 
measurements. 

 planar Ni 1/4 structures 1/3 structures 1/2 structures 3/4 structures 

average radius of 
dimpled opening 

(a) 
N/A 430 nm 475 nm 500 nm 440 nm 

average height of 
spherical cap (h) 

N/A 245 nm 344 nm 500 nm 737 nm 

RAFM 1.4 ± 0.5 1.3 ± 0.0 1.5 ± 0.4 1.2 ± 0.1 1.6 ± 0.1 

Rf 1.42 1.39 1.49 1.82 2.52 
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Figure 3.12. Representative low magnification SEM images for the (a) 1/4 
structures, (b) 1/3 structures, (c) 1/2 structures, and (d) 3/4 structures 
prepared by Ni electrodeposition. 

3.5.4. Electrochemical Aging of the Ni by Potential Cycling 

The regular dimpled Ni electrodes were aged by potential cycling until achieving a 

consistent electrochemical behavior prior to performing a series of electrochemical tests. 

The electrodes were assumed to be in a steady-state condition once the current of the 

anodic peak varied at most by 10 µA over ~50 consecutive scans. This method of 

electrochemical aging by potential cycling was performed to ensure that the Ni phases 

present at the dimpled surfaces had a minimum variability between the samples.99 The 

potential applied to the electrodes while immersed in high purity 0.1 M KOH was scanned 

between -0.4 and 1.2 V versus a mercury/mercury oxide electrode (or Hg/HgO) by 

potential cycling techniques (Figure 3.13.). At -0.4 V versus Hg/HgO the surfaces contain 

a Ni phase composed of β-Ni(OH)2.130, 162 The first peak in the forward scan, which was 

located at 0.45 V, is attributed to the reversible oxidation of β-Ni(OH)2 to β-NiOOH. The 

cathodic peak at 0.28 V in the reverse scan is the reduction of β-NiOOH and formation of 

the β-Ni(OH)2
 phase. The growth of the β-Ni(OH)2/β-NiOOH phases on the surfaces of the 

electrodes, or the formation of the LDH phase, is reflected by a shift in the anodic and 

cathodic peak potentials to higher and lower potentials, respectively, and an increase in 

the current density.123, 162 Additional CV plots for the planar Ni, 1/3 structures, 1/2 

structures, and 3/4 structures can be found in Figure 3.14. Achieving a steady-state 
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condition for Ni-based electrodes indicates that the relative amount of reduced β-NiOOH 

and oxidized β-Ni(OH)2 are no longer changing with each consecutive CV scan. Since the 

β-NiOOH is considered to be the active phase responsible for the OER activity of Ni,163 an 

electrode that has been aged to form a uniform and stable β-NiOOH phase was desired 

to assess the electrochemical efficiency of each type of dimpled electrode. 

 

Figure 3.13. Electrochemical aging of the 1/4 structures by potential cycling 
techniques. The data was acquired in high purity 0.1 M KOH at a scan 
rate of 50 mV/s. Every 100th CV profile is shown. 

Diffusion effects can play a role in the characteristics of the CV scans, especially 

if convective mass transfer of electrolyte is not imposed by another means, such as the 

stirring of electrolyte.164 Diffusion limited effects of the electrolyte are more pronounced at 

high CV scan rates, which can cause a distortion in the features observed in the CV 

plots.165 Anodic and cathodic peaks observed in the CV plots can be more prone to 

distortion when several proton-coupled electron transfer steps are needed to complete a 

reaction, such as in the OER.166 The use of fast CV scan rates typically require the use of 

a microelectrode to minimize changes in the resistivity of the system due to contributions 

that otherwise result from localized transport limitations, and specialized potentiostats are 

used to minimize peak distortion.167 These specialized potentiostats are typically equipped 

with large bandwidth capabilities, high-speed amplifiers, and the capacitance from the 

system is reduced by elimination of excess switches. In this work, scan rates of 50 mV/s 

(e.g., Figure 3.14.) were used to acquire a series of CV scans to better visualize the 

evolution of the anodic and cathodic peaks. The electrochemical aging process used a 

higher scan rate of 100 mV/s. After every set of 100 scans recorded at 100 mV/s, 10 scans 
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were recorded at the slower scan rate of 50 mV/s. The CV plots obtained at 50 mV/s 

enabled a comparison of the effects of the electrode surface morphologies on the near 

surface diffusion of the electrolyte. For example, the CV profiles for the planar Ni electrode 

exhibit sharper anodic and cathodic peaks than those for the electrodes with the 3/4 

structures. Hindered diffusion is likely a major cause of the progressive broadening 

observed for the peaks in the CV scans from the 1/4 to the 3/4 structures.  

 

Figure 3.14. Plots depicting the electrochemical aging of the Ni electrodes as a 
result of performing a series of CV scans in 0.1 M KOH for the (a) 
planar Ni, (b) 1/3 Ni structures, (c) 1/2 Ni structures, and (d) 3/4 Ni 
structures. Current density is normalized against the theoretical 
electrochemically active surface area for each sample. The arrow in 
(a) indicates the direction of peak growth with consecutive scan 
number. The last scans overlap in each series of CV plots, depicting 
a stabilization of each sample. 

Shifts in the anodic and cathodic CV peak potentials are typical during 

electrochemical aging of Ni(OH)2 surfaces in alkaline media.168 Upon cycling of the planar 

Ni and 1/4, 1/3, and 1/2 structured electrodes, the anodic and cathodic peaks grow in their 

intensity and shift to higher potentials (from 0.45 to 0.60 V) and lower potentials (0.28 to 

0.15 V), respectively. The 3/4 structures had the greatest shift between the first and last 

CV scan for the position of the anodic (0.49 to 0.90 V) and cathodic (0.22 to -0.11 V) 

peaks. The broadening of the peaks for the 3/4 structures is likely due to a slower rate of 

electrolyte diffusion to all of the electrode surfaces because this structure has the greatest 

Atheoretical and the deepest dimpled features. Because the conversion from β-Ni(OH)2 to β-

NiOOH is limited by electrolyte diffusion to all of the surfaces of the electrodes, the 
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resistance effectively increases with progressive formation and growth of the LDH phase. 

An increase in the resistance across the interface of the electrodes shifts the oxidation 

and reduction peaks in the CV profiles as the passivating β-Ni(OH)2/β-NiOOH phases 

increase in thickness over the surfaces of the electrode.123 The larger shift in peak 

potentials observed in the CV scans for the 3/4 structures is attributed in part to the 

relatively high scan rates. The 3/4 structures are more susceptible to deviation from the 

anticipated CV peak character with formation and growth of the LDH phase since the 

majority of the Atheoretical is confined within the recessed dimples. It is also possible that an 

uneven wetting of the surfaces within the 3/4 dimpled features could cause broadening of 

the peaks due to local variations of pH at the surfaces.169 Furthermore, growth of the LDH 

phase with prolonged electrochemical aging induced a change in the surface morphology 

of the electrodes.  

3.5.5. Surface Morphology After Electrochemical Aging 

The surface morphology of the Ni electrodes changed after electrochemical aging 

with formation of the LDH phase of β-Ni(OH)2/β-NiOOH. After electrochemical aging, the 

arrays of dimpled features transformed into highly textured surfaces with a “flakey” 

appearance (Figure 3.15. and Figure 3.16.). The features within these new textures 

correlated well with the dimpled structures. The 1/4 and 1/3 structures were covered with 

relatively small flakes (142 ± 41 nm and 134 ± 34 nm wide ridges, respectively), while the 

1/2 structures were coated with the largest flakes around 315 ± 94 nm wide and the 3/4 

structures were coated with medium flakes having a width of 222 ± 52 nm. The surface 

morphology of the planar Ni also exhibited a textured surface morphology with 

electrochemical aging (Figure 3.17.). The structural transformation to the LDH phase and 

the corresponding increase in roughness and texture may also provide better accessibility 

of electrolyte to active sites on the electrode surfaces.170 The LDH β-Ni(OH)2/β-NiOOH 

phase often resembles a roughened nanoscale texture on both planar electrodes and Ni 

hydroxide NPs when examined by electron microscopy.171–172 The textures observed in 

these previous studies are similar to those found on the dimpled Ni electrodes after 

electrochemical aging. Hydrous oxides are typically amorphous and can take on many 

different morphologies. Several factors can impact the morphology of these hydrous 

oxides, such as electrolyte concentration, pH, temperature, and in some cases the 

presence of other metal species or solvent molecules within the LDH phase.  34, 173  
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Figure 3.15. Representative SEM images of the textured Ni electrodes after 
electrochemical aging as depicted for the (a) 1/4 structures, (b) 1/3 
structures, (c) 1/2 structures, and (d) 3/4 structures. All samples were 
imaged at a 35o tilt. 

 

Figure 3.16. Representative low magnification SEM images of the textured Ni 
electrodes after electrochemical aging. The images correspond to the 
(a) 1/4 structures, (b) 1/3 structures, (c) 1/2 structures, and (d) 3/4 
structures. 
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Figure 3.17. Representative SEM images of (a) the planar electrode prepared by 
electrodeposition of Ni in the absence of a template, and (b) the same 
electrode after electrochemical aging in an alkaline solution. 

3.5.6. Composition Before and After Electrochemical Aging 

The OER activity of transition metals can be influenced by many factors including 

their composition. The composition of the electrodes was analyzed by XPS both before 

and after electrochemical cycling (Figure 3.18.). This analysis enabled an evaluation of 

the presence of trace elements at the surfaces of the electrodes. All chemical components 

found in the XPS survey scans are summarized in Table 3.4. The electrochemically aged 

Ni electrode shows an increase in the intensity of the O 1s species relative to the as-

prepared planar Ni due to the presence of β-Ni(OH)2 and β-NiOOH on the electrode 

surfaces after electrochemical cycling. After electrochemical aging, the Ni peaks and the 

Ni Auger transitions are also more pronounced in the XPS analysis. This increase is likely 

due to the higher Ni surface area of the flakes on the aged electrodes, as well as the 

removal of trace amounts of organic surfactants that remained from the templating 

process. The removal of trace organics after electrochemical aging is also demonstrated 

by a decrease in the intensity of the C 1s peak after the aging process. These surfactants 

are removed during electrochemical processing in the alkaline conditions of the 

electrolyte. Strong Ni LMM transitions occur at BE of 773, 709, and 638 eV, and overlap 

with the Co 2p, Fe 2p, and Mn 2p signals, respectively. Analysis and assignment of the 

chemical state for the first-row transition metals by XPS can be challenging due to the 

metal 2p spectra. Plasmon loss structure, multiplet splitting, and shake-up structure can 

lead to complex curve-fittings required for interpretation of these spectra.174 The XPS 

analysis was unable to adequately discern the presence or absence of these transition 
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metals, which could dramatically influence the wetting and catalytic activity of the 

electrodes.145, 175, 176 Auger electron spectroscopy was, therefore, used as a 

complementary technique to further investigate the possible presence of transition metal 

impurities that may alter the electrochemical properties of the Ni electrodes.  

Table 3.4. Location of chemical species in the XPS survey data in Figure 3.18. 

chemical component binding energy (eV) reference 

Ni 2s 1008.8 177 

O KLL  975.8 178 

Ni 2p1/2 (NiO) 879.0 179 

Ni 2p1/2 [Ni(OH)2] 873.0 180 

Ni 2p3/2 (NiO) 861.1 181 

Ni 2p3/2 (Ni(OH)2) 855.1 182 

Fe L3M4,5M4,5 784.7 (Kinetic energy 715.0) 183 

Ni L3M2,3M2,3 773.0 (Kinetic energy 719.0) 183 

Co 2p1/2 796.4 184 

Co 2p3/2 779.9 185 

Co L3M4,5M4,5 714.0 (Kinetic energy 775.0) 183 

Ni L3M2,3M4,5 709.0 (Kinetic energy 777.0) 183 

Fe 2p1/2 724.0 186  

Fe 2p3/2 713.7 187 

Ni L3M4,5M4,5 638.00 (Kinetic energy 849.0) 183 

Mn 2p1/2 652.0 188 

Mn 2p3/2 642.1 188  

O 1s 530.1 189 

K 2s 377.0 190 

K 2p 293.3 191 

C 1s 284.3 192 

Zn 3s 142.3 193 

Ni 3s 113.0 181  

Ni 3p 68.3 185 
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Figure 3.18. Survey XPS scans for (a) the as-prepared planar Ni electrode, and (b) 
the planar Ni electrode after electrochemical aging. 

 

First-row transition metals have a higher probability of Auger electron emission in 

comparison to X-ray induced photoelectron emission.194 Auger electron spectroscopy 

was, therefore, used for analyzing the surface composition of the electrochemically aged 

electrodes. The AES scan identified three prominent Ni LMM transitions at Ek of 849, 777, 

and 719 eV (Figure 3.19.). Although a single Fe LMM transition overlaps with the Ni LMM 

transition at 719 eV, the two other prominent Fe LMM transitions are typically observed at 

594 and 654 eV are not present in the spectrum.195, 196 The lack of distinct Fe Auger 

transitions that do not overlap with the Ni LMM peaks suggests that Fe impurities are either 

not present in the surfaces of the Ni after the aging process, or are below the detection 

limits of this surface spectroscopy technique. The results were similar for the L3M2,3M2,3, 

L3M2,3M4,5, and L3M4,5M4,5 Co transitions, which occur at 656, 716, and 775 eV, 

respectively.197 Two of the Co transitions overlap with Ni L3M2,3M2,3 and L3M2,3M4,5 

transitions at 719 and 777 eV, but the characteristic Co transition at 656 eV is absent from 

the AES survey scan. A summary of the Auger transitions and their respective energies 

can be found in Table 3.5. The absence of distinct Fe and Co peaks is a strong indication 

that these impurities in the aged Ni electrodes are not detectable by AES. It can, therefore, 

be concluded that the differences in the electrochemical properties observed between the 

different types of structured electrodes were not due to variations in their compositions 

(e.g., Fe content), but instead due to changes in their surface morphology.  
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Figure 3.19. Survey scan from AES of the planar Ni after electrochemical aging 
with relevant Auger transitions identified. 

Table 3.5. Location of chemical species in the AES survey data in Figure 3.19. 

chemical component kinetic energy (eV) reference 

Ni L3M4,5M4,5 849.0 195 

Ni L3M2,3M4,5 777.0 183 

Co L3M4,5M4,5 775.0 197 

Ni L3M2,3M2,3 719.0 183 

Co L3M2,3M4,5 716.0 197 

Fe L3M4,5M4,5 715.0 183 

O KLL 511.8 198 

C KLL 255.0 199 

K L2M2,3M2,3 250.1 200 

3.5.7. Determination of the Theoretical Surface Area for Regular 
Dimpled Ni Features 

The Atheoretical was calculated for the regular dimpled surface features from a 

morphological analysis. Parameters for this determination were obtained from the 

electrodes before electrochemical aging using a combination of SEM and AFM 

measurements. The RAFM for the flat regions between the dimpled features was quantified 

by AFM for each of the structured electrodes before electrochemical aging (Table 3.3). 

The mean RAFM for each electrode was calculated by averaging five separate RAFM 

measurements each over an area of ~0.92 μm2. The RAFM was greatest for the 3/4 

structures (i.e. 1.6), while the lowest value was calculated for the 1/2 structures (i.e. 1.3). 

The surfaces inside of the dimpled features appeared to be smooth when assessed by 
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SEM in accordance with the smooth spherical PS templates used to prepare these 

features. In addition, the roughness measurements inside of the dimpled features could 

not be obtained due to the geometric limitations of analyzing these regions using the AFM 

probe (Figure 3.20. and Figure 3.21.). Since the dimpled features resemble the geometry 

of spherical-shaped cavities, a spherical cap model was used to estimate the surface 

areas within the dimpled features (Section 3.4.4). The openings into these spherical 

cavities were measured by SEM, and these values were used to calculate the depth and 

surface area of these features. Large area SEM images for each type of electrode were 

used to quantify and compare the average number of dimpled features. These images 

were obtained over pre-defined areas of ~190 μm2. The combination of the surface area 

within the dimpled features, average number of dimpled features per unit area, total area 

not occupied by the dimpled features, and the average RAFM for the flat regions between 

the dimples were used to calculate the electrochemical Rf for each electrode. The Rf were 

calculated by dividing the real surface area by the Ageo. The Rf values were 1.45, 1.40, 

1.48, 1.83, 2.52 for the planar Ni, and the 1/4, 1/3, 1/2, and 3/4 structures, respectively. 

The Rf values obtained from these measurements were used to estimate the Atheoretical for 

each of the structured electrodes, as well as the planar Ni electrode. These Atheoretical were 

subsequently used to derive the current densities that are reported for the electrochemical 

data. The calculated Atheoretical is likely to be an underestimation of the actual value due to 

the impossibility of measuring the roughness inside the dimpled features. Evaluation of 

the Atheoretical would have been impossible if the electrodes had not been fabricated with 

regular dimpled features. The increased roughness and texture after electrochemical 

aging presents a challenge for using the same approach to estimate the Atheoretical. It is 

expected that the trends observed for the Atheoretical for the as-prepared samples are 

maintained, but that the absolute values will be greater after electrochemical aging due to 

the increased roughness. 
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Figure 3.20. Representative AFM height profiles of the surface features for the (a) 
planar Ni, (b) 1/4 structures, (c) 1/3 structures, and (d) 1/2 structures. 

 

 

Figure 3.21. Images by AFM of the electrodeposited (a) 1/4 structures, (b) 1/3 
structures, (c) 1/2 structures, and (d) 3/4 structures. 
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3.5.8. Wetting Behavior of Regular Dimpled Ni Electrodes by Contact 
Angle Measurements 

The wettability of the dimpled Ni electrodes was characterized by equilibrium 

contact angle (θexp) measurements obtained both before and after electrochemical aging. 

The dynamics of gas bubble release from the electrode surfaces can be adjusted by tuning 

its wettability.143 It has been previously demonstrated that microstructures with features 

on the order of 20 µm and surfaces with hierarchical structures (e.g., nano- and 

microscale) may sufficiently modify the wetting properties and, indirectly, bubble release 

properties from Ni electrodes.99, 147Surfaces exhibiting a low surface tension (hydrophilic, 

θ < 90o) at the interface between the solid electrode and electrolyte solution can improve 

the OER current density in comparison to more hydrophobic surfaces.6, 83 The as-

prepared, dimpled surfaces were each similarly hydrophobic with WCAs around 96, while 

the planar Ni had a WCA of 87o (Figure 3.22.). The regular dimpled texture increased the 

hydrophobicity of the Ni surfaces before electrochemical aging. After the electrochemical 

aging processes, the electrodes demonstrated a high degree of wettability (Table 3.6), 

becoming more hydrophilic. Hydrophilic surfaces with WCA close to 20 were measured 

for all of the dimpled and planar electrodes after electrochemical aging. The presence of 

the β-Ni(OH)2/β-NiOOH phases covering their surfaces, as well as the increase in their 

nanoscale roughness, likely facilitated the increased wettability of the Ni surfaces.201, 202   
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Figure 3.22. Water contact angle measurements of the textured Ni electrodes 
before and after electrochemical aging. The reported values are an 
average of three separate measurements obtained using 1 μL 
droplets of high purity water. The error bars indicate one standard 
deviation from the mean WCA values. Note that some error bars are 
less than or equal to the size of the symbols. 

Table 3.6. Values for the WCA and 0.1 M KOH contact angle measurements. 

 planar Ni 1/4 structures 1/3 structures 1/2 structures 3/4 structures 

WCA prior to 
electrochemical 

aging 
87o ± 2o 96o ± 3o 97o ± 2o 99o ± 1o  97o ± 2o 

WCA after 
electrochemical 

aging 
17o ± 4o 23o ± 2o 23o ± 4o 20o ± 8o  19o ± 2o 

0.1 M KOH contact 
angles prior to 

electrochemical 
aging 

77o ± 4o 82o ± 1o 90o ± 9o 94o ± 1o 94o ± 3o 

0.1 M KOH contact 
angles after 

electrochemical 
aging 

7o ± 2o 5o ± 2o 8o ± 3o 6o ± 1o 7o ± 2o 

 

Contact angle measurements obtained using the electrolyte, 0.1 M high purity 

KOH, were similar to the WCA values, but exhibited even lower values for all of the 

samples both before and after electrochemical aging (Figure 3.23.). Stronger attractive 

forces between the surfaces of the electrodes and the electrolyte are responsible for the 

increased wettability when the solution of KOH is used for the contact angle 
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measurements. The oxides and oxy-hydroxides on the electrode surfaces interact more 

favorably with the ionic basic electrolyte (pH 13) than with the slightly acidic (pH 6) 

deionized water used in the CA measurements. The electrode surfaces are hydrophilic 

after electrochemical aging, indicating that the supply of electrolyte to all surfaces of the 

electrodes was potentially sufficient during the OER. 

 

Figure 3.23. Potassium hydroxide (0.1 M KOH) contact angle measurements 
before and after electrochemical aging. The reported values are an 
average of three separate measurements obtained using 1 μL 
droplets of KOH solution. The error bars indicate one standard 
deviation from the mean contact angle values. Note that some error 
bars are less than or equal to the size of the symbols.   

Theoretical wetting models were compared to the experimental WCAs for the 

electrodes obtained prior to the electrochemical measurements. A highly wetting state for 

a solution can be described by a Wenzel model.86 This model can describe the complete 

contact between rough surfaces and a sessile droplet of liquid during the contact angle 

measurement. In contrast to the Wenzel state, air might be trapped underneath the liquid 

droplet where only the topmost features of structured surfaces are wetted with the solution. 

This scenario is often described as a Cassie-Baxter state.87 The Cassie-Baxter model can 

be used to describe a roughened surface with chemical heterogeneity, while the Wenzel 

model can describe a rough surface that is chemically homogeneous.203 An analysis using 

experimentally derived Rf indicates that either model alone is insufficient to describe the 

wetting behavior observed for the textured Ni surfaces (Section 3.4.5). The planar Ni 

electrode prior to electrochemical aging had a wettability close to that predicted by the 

Wenzel model, but the structured Ni surfaces deviated from the trend predicted by the 
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Wenzel model. This deviation indicated a partial wetting of the electrode surfaces. When 

comparing the contact angle data obtained before the aging process to the trend predicted 

by the Cassie-Baxter model, the planar Ni electrodes and the 1/4 structure were the 

closest fit to this model. For the other structures, the model predicted contact angle values 

that were higher than the experimental values, again indicating partial wetting of the 

electrode surfaces. This deviation from both the pure Wenzel and Cassie-Baxter models 

indicates that the structured electrodes are in a mixed state (e.g., a non-ideal Cassie-

Baxter state) in which air bubbles are partially filling some of the dimples. The planar 

electrode exhibited properties that were the closest to a fully wetted state, but some air 

bubbles might also be trapped in the recesses of these relative rough surfaces of 

electrodeposited Ni.  

A comparison of the WCA measurements obtained after electrochemical aging of 

the samples to the values predicted by the models is complex due to the enhanced surface 

roughness of the surfaces with growth of the LDH phase. Differences in the wettability of 

each of the electrodes after electrochemical aging were difficult to discern due to variations 

in the roughened surface textures. It was not possible to perform a reproducible 

characterization of the resulting surface morphologies, which were needed to obtain 

geometrical parameters for each of the models. A comparison of the experimental results 

for the aged electrodes to the values predicted by strictly a Wenzel model or a Cassie-

Baxter model alone was, therefore, not feasible. Films of β-NiOOH with similar structures 

to the surfaces of the aged Ni electrodes showed similar hydrophilic contact angles.  201, 202, 

204 Based on the known hydrophilicity of the β-Ni(OH)2/β-NiOOH phases, it is expected 

that a smaller amount of air would be trapped in the dimples or on the surfaces of the aged 

electrodes than on the as-prepared electrodes. For example, the aged electrodes are 

likely of a superaerophobic character (see details in Section 1.3.3) due to both the 

chemical composition and the high degree of roughness due to the LDH structure. 



111 

3.5.9. Assessing the Efficiency of the Oxygen Evolution Reaction for 
Regular Dimpled Ni Electrodes 

 

Figure 3.24. Assessment of the OER activity in 0.1 M KOH by LSV for a series of 
textured Ni surfaces prepared from 1.0-μm diameter PS templates. 
The LSV response of planar Ni is included for comparison. The 
current is normalized for each sample to its Atheoretical. All transients 
are plotted as an average of five independent experiments, and the 
current was recorded at a scan rate of 1 mV/s. 

The efficiency of the OER was investigated by LSV for the planar Ni and the 

dimpled Ni electrodes. The Atheoretical values determined before electrochemical aging were 

used for normalization of the current. This normalization enabled a more exact correlation 

of the differences in the surface morphology to their electrochemical performance for the 

OER. Normalizing the observed current against the Atheoretical, instead of using the Ageo of 

the electrode, considers the additional catalytic surface area from the dimpled textures 

and provides a more accurate comparison of the observed activities toward the OER. Five 

separate LSV measurements were recorded for each electrode and the mean current 

densities for each type of electrode are plotted in Figure 3.24. Directly following each LSV 

measurement, five CV scans were recorded to reestablish a stable electrochemical state. 

A scan rate of 1 mV/s was chosen for the LSV profiles to allow for adjustments to the mass 

transport in the electrolyte with changes in the applied potentials, and to minimize shifts in 

the peak potential.60 The current begins to rise as the voltage is scanned past 0.7 V versus 

Hg/HgO for all of the electrodes. As the potential increases beyond 0.7 V versus Hg/HgO, 

differences in OER performance between each of the dimpled structures become more 

evident. The mass transport effects also become more significant at higher potentials. The 
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influence of surface morphology on bubble formation and release will, therefore, be 

reflected in the current density generated at these higher applied potentials.  

Table 3.7. Observed onset potentials acquired from the LSV in Figure 3.24.  

 planar Ni 1/4 structures 1/3 structures 1/2 structures 3/4 structures 

onset potential (V 
versus Hg/HgO) 

0.59 0.59 0.60 0.59 0.62 

 

The dimpled features permit an examination of how the confinement within a 1.0-

µm diameter cavity may influence the overall efficiency of the OER. Because the 

electrodes had identical compositions and were aged by a series of identical methods to 

achieve an assumed steady-state, the differences in performance observed at the higher 

applied potentials are anticipated to reflect the effects of changes to their surface 

morphology on the oxygen bubble behavior and mass transport. In a prior study on 

structure-function correlations of the OER, cylindrical recesses (~1-µm depth and 20-µm 

diameter) were found to have a higher activity towards the OER when compared to planar 

nickel electrodes.99 The cylindrical recesses were also capable of reducing bubble 

adhesion under a lateral shear flow as predicted by Weber number calculations. In the 

case of a motionless electrolyte, confined geometries are likely to be more significantly 

impacted by changes in fluid dynamics from bubble-induced microconvection.104 For 

example, as a bubble grows, the electrolyte is pushed outwards in a radial direction and 

once a bubble detachment event occurs, the electrolyte will move in to fill the volume 

previously occupied by the departed bubble.113 The morphology of the electrode will, 

therefore, play a key role in the overall efficiency of the reaction. Oxygen bubbles may 

adhere to or be confined within the more deeply recessed dimpled features (e.g., 3/4 

structures) leading to a decrease in the overall current density at higher potentials. Bubble 

nucleation within more confined surface features (e.g., within the recesses of the 3/4 and 

1/2 structures) could also occur at a faster rate due to the possibility of pre-existing gas in 

the cavities, higher levels of supersaturation, and greater proximity to Aecsa.61, 104 These 

bubbles could become pinned within the recesses due to this confinement and insufficient 

fluid dynamics to release the bubbles.  

The lowest current densities for the OER were observed for the 3/4 structures in 

comparison to the other types of electrodes including the planar Ni electrode (Figure 

3.24.). The reduced efficiencies of the 3/4 structures may be due to the entrapment of 
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oxygen bubbles within these recessed features. Limited diffusion of electrolyte into the 3/4 

structures may also play a role in their decreased performance for the OER. The 1/4 

structures demonstrated the highest efficiency for the OER when compared to the 1/3, 

1/2, and 3/4 structures. The planar Ni electrode had a similar performance to the 1/4 

structures, which may be due to the similar surface morphologies of these two types of 

electrodes after electrochemical aging. Prior to the electrochemical measurements, the 

planar Ni and 1/4 structures demonstrated the highest degree of wetting with both water 

and electrolyte. The wettability of the planar and 1/4 structures, relative to the other 

dimpled structures, may be linked to their improved efficiency for the OER. Stabilization 

of oxygen bubbles could be more challenging on the surfaces of the electrodes that have 

a more planar geometry. The arrays of dimples with deeper recesses may more easily 

trap bubbles within their cavities, which could hinder mass transport and prevent bubbles 

from efficiently being released from their surfaces.  

Dimpled electrodes with the 1/3 and 1/2 structures closely follow the same trends 

as the 1/4 structures and exhibit higher current densities than the 3/4 structures. The 

difference in height of the features within the 1/3 and 1/2 structures did not result in any 

measurable differences in the OER efficiency as observed by the LSV experiments. The 

mass transport of electrolyte and the oxygen bubble release kinetics from the electrode 

surfaces are likely to be similar for these two types of dimpled structures based on the 

potential sweeps during the OER as examined by the LSV measurements. Although the 

LSV experiments are useful for assessing the performance of electrodes for the OER over 

a wide range of applied potentials, additional experiments are necessary to probe their 

properties under prolonged operation. Chronoamperometry experiments were used to 

investigate the performance of the various types of electrodes over longer periods of time 

while operating at high potentials for the OER.   

3.5.10. Chronoamperometry of Regular Dimpled Ni Surfaces 

Steady-state performance of the Ni electrodes towards the OER was probed by 

constant potential CA experiments. An applied potential held constant for a sufficient 

duration of time can allow for stabilization of the reaction kinetics, adsorption processes, 

and mass transport. The electrodes were held at a potential of 1.2 V (vs. Hg/HgO) for 1 h 

to enable equilibration of these processes during the OER and to assess their long-term 

efficiencies (Figure 3.25.). A potential of 1.2 V was chosen because it is the midpoint 
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between the low and high ends of the OER region in the LSV profiles. Mass transport 

occurred by diffusion to and from the dimpled structures with the electrode held in a vertical 

orientation within a stagnant electrolyte. The CA profiles in Figure 3.26. were each 

considered to reach a steady-state condition as the current densities stabilized over time. 

More pronounced differences were observed in the steady-state CA profiles than for the 

LSV experiments. These differences were attributed to the equilibration of mass transport 

processes related to both the electrolyte diffusion and gas evolution. The relative 

performance of each type of electrode largely followed the same trend observed in the 

LSV experiments. The CA experiments further confirmed that the OER performance of the 

1/4 structures is superior to the planar Ni electrodes. The 1/4 structures demonstrated the 

highest overall current density and the highest amplitude of the oscillations in their current 

density. More frequent oscillations in the amplitude of the current density have been linked 

to a faster bubble release, while the amplitude of these oscillations are proportional to the 

size of the bubble or to the amount of bubbles simultaneously released from the surfaces 

of the electrode.99, 205 The planar Ni had a similar performance to the 1/4 structures. 

Although the planar and 1/4 structures have the most similar morphologies, the better 

performance of the 1/4 structures may be attributed to its array of ~245-nm deep concave 

recesses. The processes of bubble formation and release may be stabilized by the 

curvature, regularity, and spacing of the concave recesses of the 1/4 structures resulting 

in its larger current and the periodic changes in its amplitude as observed in the CA 

measurements. In fact, the planar electrodeposited regions between the recesses may 

improve the effects of convective mass transfer, since both the electrolyte and dissolved 

gas can move freely across the planar surfaces to the dimpled sites.113, 206 The dimples in 

the 1/4 structures were more exposed to the lateral or free motion of electrolyte and 

dissolved gas than for the other dimpled electrodes, which could cause a larger number 

of bubbles or a larger diameter bubble to be released in accordance with the observed 

oscillations in current amplitude. Based on these results and the previous literature,69, 157, 

207 it is hypothesized that there may be an ideal length of time for a bubble to reside on 

the surfaces of the electrodes for balancing the processes associated with transport of the 

dissolved gas species for bubble nucleation and growth with the processes for release of 

bubbles from these surfaces. The curvature, diameter, depth, and spacing of the dimpled 

features are each likely to facilitate the processes related to the observed improvement in 

the OER for the 1/4 structures.  
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Figure 3.25. Chronoamperometry of the textured and planar Ni electrodes 
measured at 1.2 V versus Hg/HgO over a period of 1 h. 

 

Figure 3.26. Chronoamperometry of the textured and planar Ni electrodes 
measured at 1.2 V versus Hg/HgO over a period of 500 s. 

Dimples with deeper recesses may stabilize the oxygen bubbles for longer 

durations than are ideal causing a drop in the overall current density. Subtle modifications 

to the depth of the dimpled features can hinder gas evolution from their surfaces. The 

oscillations in the amplitude of the CA measurements for the 1/3, 1/2, and 3/4 structures 

are less distinct, but seem to occur at a similar frequency. The 1/3 and 1/2 structures, 

which are more confined than the 1/4 structures, show a reduced performance towards 

the OER. The decrease in overall performance for the 1/3 and 1/2 structures indicates that 

a dimple depth of ~344 nm is sufficient to pin bubbles to the electrodes and effectively 

reduce the Aecsa. The observed difference in current density (e.g., ~1 mA/cm2) between 

these two structures could be negligible. The slightly higher current density in the CA 
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profiles of the 1/2 structures may also suggest that the change in the morphology could 

contribute to an improvement in bubble release. The features in the 1/2 structures are in 

closer proximity, which may enable the bubbles to more easily coalesce and subsequently 

release from the electrode surfaces. The 3/4 structures exhibited the poorest efficiency for 

the OER as observed in their CA profiles. These electrodes had the most confined 

geometry within their concave recesses, such that fresh electrolyte had limited access to 

all of the surfaces within these dimples. Excessive pinning of bubbles to the surfaces within 

the recesses of the 3/4 structures may also impede release of gas bubbles.  

 

Figure 3.27. Steady-state CV plots for the Ni electrodes acquired at 1 mV/s in 0.1 
M KOH after completing the electrochemical aging of each electrode. 

The results from this study suggest that dimpled or recessed features on the order 

of 1.0 µm in diameter and with depths of at least ~344 nm have a higher propensity to trap 

bubbles causing high overpotentials and inefficiencies associated with mass transport 

processes during the OER. Concave surface features with depths greater than ~245 nm 

exhibited a greater adhesion to the evolved bubbles in the absence of a shear flow as 

inferred from the electrochemical measurements. It is concluded that a partial wetting 

state, where air bubbles partially fill some of the recessed surface features, is likely to 

occur for each of the electrodes evaluated in this study. The WCA measurements for the 

planar Ni and 1/4 structures were only slightly lower than for the other types of dimpled 

electrodes. The improved performance of the 1/4 structures also indicates that relatively 

shallow dimples surrounded by planar regions of electrodeposited Ni could enhance the 

OER by balancing the processes of bubble growth and mass transfer induced by the 

lateral flow of electrolyte with bubble release. Differences in electrochemical performance 
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observed within this series of tuned morphologies indicates that subtle variations in 

surface structure of the Ni electrodes can affect performance of the OER. Surface 

morphology should be considered when designing electrodes with an improved efficiency 

for the OER. Additional investigations will, however, be necessary to further evaluate the 

utilization of both nano- and microscale features and to create a more complete 

understanding of how the structure of Ni electrodes influences their electrochemical 

properties. 

3.6. Conclusions 

Uniformly dimpled textures on the surfaces of Ni electrodes prepared with well-

defined feature heights enabled a direct correlation between the structure and 

performance of these electrodes for the OER. Both composition and electrochemical aging 

of a series of structured and planar Ni electrodes were carefully controlled to evaluate the 

effects of the changes in electrode morphologies on their efficiency for the OER. The 

regular concave morphologies of the dimpled textures enabled a determination of the 

theoretical surface areas using measurements obtained from a combination of AFM and 

SEM data. These surface areas were used to more accurately calculate current densities, 

which was necessary to assess the structure-function relationships of these electrodes. 

The 1/4 dimpled structures and planar Ni electrodes both outperformed the 1/3, 1/2, and 

3/4 dimpled features during the LSV measurements. The deeper recesses of the 1/3, 1/2, 

and 3/4 structures likely caused a decrease in their OER efficiencies due to trapped 

oxygen bubbles blocking active sites within the dimples, and reduced flow of electrolyte 

within these dimpled features. The 1/4 dimpled structure had the highest efficiencies for 

the OER under steady-state conditions as measured by CA over an extended period of 

time. Larger oscillations in the amplitude of the current were also observed for the 1/4 

structures during the CA measurements. These oscillations likely indicate the release of 

larger oxygen bubbles or a more frequent release of oxygen bubbles from the surfaces of 

this type of electrode. Further studies are warranted to investigate regular morphologies 

with larger features that are more equivalent to the theoretical break-off diameter of the 

bubbles.208 The findings in this study encourage further investigations into additional 

electrode textures, as well as further development of techniques to correlate 

electrochemical performance with fluid dynamics at the electrode interface.  
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Chapter 4.  
 
Electrochemically Aged Nickel Electrodes 
Supporting NiFe2O4 Nanoparticles for the Oxygen 
Evolution Reaction 

4.1. Notice of Permissions 

This chapter is adapted from work previously published by Audrey K. Taylor, Irene 

Andreu, Mikayla Louie, and Byron D. Gates “Electrochemically Aged Nickel Electrodes 

Supporting NiFe2O4 Nanoparticles for the Oxygen Evolution Reaction”, ACS Applied 

Energy Materials, 2020, 3 (1), 387 – 400. Permission to use the following material has 

been granted by the publisher and all co-authors. The work presented in this paper, 

including experiments, data acquisition, interpretation, and writing was performed by 

myself under the guidance of my supervisor Prof. Byron D. Gates. Irene Andreu assisted 

in the acquisition of the S/TEM data and the synthesis of the NiFe2O4 NPs. Mikayla Louie 

conducted the focused ion beam lift-out procedure for the characterization of the samples 

and assisted in the preparation of electrode samples.  

4.2. Abstract 

The preparation and screening of NP electrocatalysts for improved electrocatalytic 

OER will require a better understanding and optimization of the interactions between NPs 

and their support. First-row transition metals are used extensively as electrocatalysts in 

electrochemical energy storage and conversion systems. These electrocatalysts undergo 

transformations in their phase and surface morphology, which are induced by oxidizing 

potentials in the alkaline medium. A template-assisted approach to prepare electrodes 

with regular surface morphologies was used to monitor interactions between the NPs and 

their support both before and after prolonged electrochemical aging. A template-assisted 

method was used to prepare uniform surface inclusions of nickel ferrite (NiFe2O4) NPs on 

conductive Ni supports for evaluation towards the OER. Electron microscopy-based 

methods were used to assess the resulting transformations of the embedded NPs within 

the Ni support matrix. Electrochemical aging of these textured electrodes was conducted 

by potential cycling techniques, which resulted in the growth of a 200-nm thick Ni 
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oxy(hydroxide) film on the surfaces of the Ni supports. The growth of the active surface 

layer led to the encapsulation of the NiFe2O4 NPs as determined by correlative EDS 

techniques. The NP-modified electrodes exhibited reduced overpotentials and higher 

sustained current densities for the OER when compared to pure Ni supports. The well-

defined morphologies and NP surface inclusions prepared by the template-assisted 

approach could serve as a platform for investigating additional NP-support interactions for 

electrocatalytic systems.  

4.3. Introduction 

Excess electrical energy from intermittent renewable sources (e.g., photovoltaic 

cells, wind turbines, or thermal) could be integrated with water electrolysis systems to 

produce hydrogen gas.209, 210 Industrial-scale use of water electrolyzers could enable a 

sustainable energy storage infrastructure. A key barrier to energy efficient, industrial-scale 

electrolysis is the OER. This half-reaction has a higher kinetic overpotential relative to its 

counterpart, the HER. Superoxide bond formation and four proton-coupled electron 

transfer steps contribute to the slower reaction kinetics associated with the OER.211, 212, 213 

Investigative attention towards alkaline-based OER has focused on the screening of metal 

oxides with binary and ternary compositions (see details in Section 1.2.5) 54, 214, 215 

Numerous studies have concluded that the kinetics of the OER can be improved by the 

incorporation of Fe into Ni electrodes.163, 216  The addition of Fe species into Ni-based 

electrodes has been studied with the goal of further reducing the overpotential for the 

OER. 

The highest enhancement of activity for the OER has been demonstrated by Ni-

Fe (oxy)hydroxide (Ni1-xFexOOH) thin films with an Fe content of ~20 at.%.217, 218 Phase 

segregation and the presence of Fe-rich regions (i.e., FeOOH and Fe2O3) have been 

spectroscopically observed when the Fe content exceeded ~20 at.%.216, 217, 219 The 

observed phase segregation was concurrent with a decrease in the OER activity, which 

further indicated the synergistic effects between Ni and Fe in an OER active phase. 

Experimental results have indicated that Fe is the active surface site responsible for the 

improved OER activity.217 Adsorption of Fe species directly from solution onto Ni surface 

defect sites have also been correlated to enhanced OER performance.220 These results 

suggest that the bulk electrode composition does not influence the OER reaction kinetics 

and that surface Fe species are the preferred active sites for electrocatalysis. 
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Highly oxidized Fe species generated by electrochemical methods have been 

observed using in situ spectroscopic measurements of Ni-Fe electrocatalysts.42, 43 

Previous studies have detected the presence of Fe(IV) species and have indicated that 

these high-valent Fe species are electronically stabilized by the enhanced electron 

donating ability of the NiOOH lattice.42 This electronic stabilization was attributed to the 

higher number of electrons in the d-orbitals of Ni(III) with π-symmetry that are bound to 

the bridging oxygen atoms relative to the Fe(III) ions in a FeOOH lattice. Chen et al. also 

concluded an analogous explanation for the increased potentials of the Ni (II)/(III) redox 

processes observed for Ni1-xFexOOH electrodes. The presence of the Fe(III) cations 

reduce the electron donating ability in the Ni1-xFexOOH lattice, which decreases the overall 

stability of the Ni(III) species and results in a higher potential for the oxidation of the Ni(II) 

species. Recent literature has identified even higher-valent Fe species present in Ni-Fe 

electrocatalysts. A nonaqueous electrolyte was used to slow down the rate of the OER by 

minimizing the concentrations of water molecules and hydroxide ions in the electrolyte.43 

In situ spectroscopic measurements using this nonaqueous electrolyte enabled the 

detection of a cis-dioxo-Fe(VI) intermediate in a Ni-Fe LDH electrocatalyst. Hunter et al. 

also concluded that Fe is the active site for the OER in these Ni-Fe electrocatalysts based 

on the observed stability of the metal-oxo complex. Metal-oxo ligands are formed after the 

deprotonation of water or hydroxide ligands during the OER. The resulting terminal metal-

oxo bonds are more easily formed on the high-valent Fe species at edge or corner sites 

rather than on the Ni species. The stability of metal-oxo complexes decreases for metal 

centers of higher atomic mass due to the presence of more d electrons in the π orbitals.221, 

222 The results from these studies suggest that Fe with high oxidation states [i.e., Fe(IV), 

Fe(V), and Fe(VI)], formed at edge and corner sites in the LDH lattice, are the active sites 

in Ni-Fe electrocatalysts for the OER. 

Electrocatalysts composed of Ni-Fe are often prepared by in situ growth (e.g., 

hydrothermal, solvothermal, or electrodeposition techniques) on the surfaces of 

conductive supports.91, 223  These in situ growth methods are often used due to the 

challenges surrounding the effective utilization of Ni-Fe NP based electrocatalysts on the 

surfaces of conductive supports. Commonly used support materials (e.g., carbon black) 

are susceptible to particle aggregation and also exhibit poor chemical stability at the high 

potentials required for the OER.224 The formation of aggregates in particle-based inks can 

result in a reduction of the Aecsa, as well as a loss of electron transfer pathways. Previous 
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work has established the use of template-assisted methods to more effectively position 

and utilize NPs on the surfaces of conductive supports.56 These template-assisted 

approaches can be used to uniformly position NP-based electrocatalysts on conductive, 

structured support matrices. Immobilization and partial embedding of the NP 

electrocatalysts at the surfaces of conductive supports reduces the potential for NP 

aggregation. A high degree of tunability within the synthetic methods to prepare NPs (e.g., 

tuning their composition and size), as well as to immobilize the NPs (e.g., tuning their 

surface coverage and interparticle spacing) has enabled a diverse range of customizable 

electrocatalytic materials. 

A template-based approach was previously utilized to prepare regular, dimpled Ni 

electrodes for the OER. The templates were self-assembled arrays of microspheres (~1-

µm in diameter).225 The depth and concavity of the dimpled Ni features were systematically 

tuned to produce a series of electrode morphologies. These well-defined features 

permitted a correlation of the electrode surface morphology to their gas evolution 

efficiency for the OER. Furthermore, the regularity of these surface features also enabled 

an assessment of any changes to the electrode morphology after the electrochemical 

testing. For example, a trackable morphology could be important since electrochemical 

aging of metal-oxide electrocatalysts can induce changes to electrode surfaces. 

Electrochemical aging of Ni-based electrodes has demonstrated improved kinetics 

towards the OER due to the formation of an active oxy(hydroxide) surface layer.226, 227 The 

use of regular electrode surface features could be used to enable more precise 

correlations between electrochemical measurements and their resulting influence on the 

catalyst-support interactions. 

Electrochemical aging for Ni-based electrodes is typically conducted by repetitive 

potential scanning across the Ni(II)/(III) redox species using CV techniques (see Chapter 

6).226, 228 During this electrochemical aging process, changes to the surface morphology 

are imparted by the formation of the β-Ni(OH)2/β-NiOOH LDH phases. This OER active, 

LDH layer can form a roughened surface texture as observed by SEM (Section 3.5.5).225 

For electrochemical aging of polycrystalline Fe electrodes, the dominate peak that 

experiences growth with repeated scanning of the potential has been attributed to the Fe 

(II)/(III) redox transformation.229 This transformation has been attributed to the conversion 

of Fe(OH)2 to a FeOOH phase during the forward, oxidative scan. For Ni and Fe 

electrodes, consecutive CV scans increase the current density of both the anodic and 
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cathodic peaks. This increase in peak intensity indicates a growth of the newly formed 

phases. These and other structural changes, which are induced by electrochemical aging, 

can be challenging to assess for materials with an irregular surface texture (e.g., 

electrodeposited and otherwise polycrystalline surfaces). Uniform arrays of regular 

features on an electrode’s surfaces can enable an improved ability to monitor the 

interactions between NPs and their conductive support. For example, uniform coatings of 

NPs on the surfaces of regular features prepared by a template-assisted method could be 

used as a platform to assess changes to the NP-based electrocatalysts that are induced 

by electrochemical aging. These changes could include structural and morphological 

alterations to the electrode’s features, as well as movement, dissolution, or other changes 

to the electrocatalytic NPs.  

Nanoscale electrocatalysts composed of NiFe2O4 have been reported to contribute 

to enhanced OER activity.230, 231 Landon et al. found that improved OER activity was 

concurrent with the formation of a NiFe2O4 phase when the Fe concentration was <25 

at.% in Ni oxide electrodes.232 In situ spectroscopic measurements under OER conditions 

elucidated the movement of Fe(III) species from tetrahedral positions to octahedral sites 

in the NiFe2O4 phase. These observations further implicated the involvement of active Fe 

sites during the oxygen evolution processes. In this work, we investigate the effects of 

electrochemical aging for the OER on changes to surface inclusions of discrete NiFe2O4 

NPs, as well as to their Ni support with regular, dimpled features. Composition and 

morphology of these NP modified electrodes were assessed both before and after 

electrochemical aging. Electrochemical aging was conducted by potential cycling 

techniques until a steady-state condition was achieved by consecutive scanning between 

the Ni (II)/(III) redox species. Stabilization of the anodic and cathodic peaks measured in 

the CV profiles indicated when the system had reached a steady-state condition. A stable 

and uniform oxy(hydroxide) phase was desired for assessing the activity of the electrodes, 

since variability in the uniformity of the active phase could influence the OER performance. 

Nickel electrodes with regular arrays of dimpled features were used to monitor the 

changes that occurred at the NP-support interface. These custom, Ni electrodes with 

surface inclusions of NiFe2O4 NPs were prepared using a template-assisted approach as 

follows: (i) preparation of a planar conductive Ni support by PVD; (ii) electrodeposition of 

a high purity Ni layer onto the PVD Ni; (iii) assembly and lift-out of a monolayer of PS 

spheres formerly coated with NiFe2O4 NPs; (iv) electrodeposition of high purity Ni around 
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this assembly of PS templates; and (v) removal of the PS templates by selective 

dissolution in an organic solvent (Figure 4.1.). The Ni electrodes supporting NiFe2O4 NPs 

exhibited enhanced electrocatalytic activity towards the OER after electrochemical aging. 

Characterization of the electrodes was conducted at different time points during their 

electrochemical evaluation by SEM, helium ion microscopy (HIM), EDS, focused ion beam 

(FIB) milling, and S/TEM. These electrodes were also assessed by electrochemical 

measurements using CV, LSV, and CA techniques. 

 

Figure 4.1. Schematic depiction of the general steps involved in the preparation 
of dimpled Ni electrodes supporting NiFe2O4 NPs: (i) PVD of a 200-nm 
thick conductive, Ni layer onto a polished Si wafer; (ii) 
electrodeposition of a high purity Ni layer onto the conductive PVD Ni 
layer; (iii) lift-out of an assembly of PS spheres previously coated with 
NiFe2O4 NPs; (iv) electrodeposition of Ni around the spherical PS 
templates; and (v) removal of the PS templates by Soxhlet extraction 
with toluene at 90 oC leaving behind the NiFe2O4 NPs embedded in the 
surfaces of the dimpled Ni features. 
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4.4. Experimental 

4.4.1. Materials and Reagents 

The synthesis of NiFe2O4 NPs included both ferrous sulfate heptahydrate 

(FeSO4•7H2O, Fluka; ≥98%, CAS No. 7782-63-0) and nickel chloride hexahydrate 

(NiCl2•6H2O, B&A, CAS No. 7791-20-0) precursors. Ethylene glycol (J.T. Baker, CAS No. 

107-21-1) and sodium citrate (Sigma Aldrich, CAS No. 6132-04-3) were employed as 

surfactants during the synthesis. Hydrazine hydrate (Sigma Aldrich, CAS No. 10217-52-

4) served as the required reducing agent. All aqueous solutions were prepared using high 

purity (DI) water prepared using an in-house filtration system (18 MΩ•cm, Barnstead 

Nanopure DIamond). 

A series of custom Ni-based electrodes were prepared on polished <100> Si 

wafers (4-inch diameter, 0.5-mm thick) purchased from 4D LABS at Simon Fraser 

University. Chromium (Cr, Kurt J. Lesker; 99.95% pure; CAS No. 7440-47-3) and Ni (Kurt 

J. Lesker; 99.98% pure; CAS No. 7440-02-0) pellets were used for the PVD process. 

Electrodeposition of Ni was performed directly onto the conductive Ni layers deposited on 

the Si wafers. The electrodeposition bath contained sodium dodecyl sulfate (SDS, Sigma 

Aldrich, ≥98.5%, Lot No. 098K0160, CAS No. 151-21-3), nickel sulfate hexahydrate 

(NiSO4•6H2O, Sigma Aldrich; 99.999%, CAS No. 10101-97-0), and boric acid (H3BO3, 

Sigma Aldrich; 99.999%, CAS No. 10043-35-3). The electrochemical measurements were 

recorded using a Bio-Logic SP-150 potentiostat from Science Instruments. A stringent 

cleaning of the glassware used for the electrochemical measurements included reagents 

such as sulfuric acid (Caledon Chemicals, CAS No. 7664-93-9), hydrochloric acid [HCl, 

ACP Chemicals; 37% (v/v) in water, CAS No. 7647-01-0], nitric acid [HNO3, Anachemia; 

70% (v/v) in water, CAS No. 7697-37-2], and hydrogen peroxide [H2O2, Fisher Scientific; 

30% (v/v) in water, CAS No. 7722-84-1]. The electrolyte was prepared from potassium 

hydroxide pellets (KOH, Sigma Aldrich, Semiconductor Grade; 99.99%, CAS No. 1310-

58-3) and further purified using nickel nitrate hexahydrate [Ni(NO3)2•6H2O, Sigma Aldrich; 

99.999%, CAS No. 13478-00-7] as per previously established methods.14 

Sulfate functionalized PS spheres with a hydrodynamic diameter of 500 nm 

(Polysciences, Inc., Lot No. 656986) were purified according to previously established 

methods.27 Anhydrous ethyl alcohol (EtOH, Commercial Alcohols, CAS No. 64-17-5), 



125 

acetone (Fisher Scientific, reagent grade, CAS No. 67-64-1), 1-butanol (Caledon 

Chemicals, ACS Reagent Grade), isopropyl alcohol (IPA, CAS No. 67-63-0), and 

poly(vinylpyrrolidone) (PVP, Sigma Aldrich, 55k MW, Lot No. MKBH7415V, CAS No. 

9003-39-8) were used without further purification.  

4.4.2. Electrode Preparation 

Planar substrates supporting Ni films were prepared by methods described in 

Section 3.4.1. Adaptions included the use of a high purity Ni plating solution during the 

electrodeposition. Electrodeposition was performed to prepare a base-layer over the 

surfaces of the PVD Ni substrates. The plating solution contained 1.8 M NiSO4, 0.8 M 

H3BO3, and 0.35 M SDS. The Ni-coated wafer was held at a constant potential of -1.0 V 

(vs SCE) for 10 min. The plating solution was stirred at 870 rpm, which aided in the 

removal of hydrogen bubbles during the electrodeposition process. The electrodeposited 

Ni electrodes were removed from the plating solution and rinsed with DI water before being 

dried under a stream of filtered N2 gas (Praxair, 99.9%). The electrodes were stored in 

poly(carbonate) petri-dishes within a Microzone Fan Filter Clean Hood (Model VLF-2-4; 

ULPA filtered laminar flow) until further use. 

4.4.3. Synthesis of NiFe2O4 Nanoparticles 

Bimetallic NPs of NiFe2O4 were synthesized using a hydrothermal method 

modified from Liu et al.233 High purity DI water was used to prepare a solution of 14 mM 

FeSO4•7H2O and 17 mM NiCl2•6H2O. The solution was stirred at 155 rpm until the metal 

salts were no longer visible. Ethylene glycol and sodium citrate were both added as 

surfactants at concentrations of 95 mM and 30 mM, respectively. Hydrazine served as the 

reducing agent, which was added drop-wise to the mixture until achieving a final 

concentration of 560 mM. An immediate color change followed the addition of hydrazine, 

which indicated a change in the oxidation state of the solvated ions. This solution had a 

final volume of 12 mL, which was transferred to a 20 mL Teflon vessel and placed in a 

steel autoclave (Parr Instruments Co., Part No. 4749). The sealed autoclave was kept in 

an oven at 120 oC for 20 h. 

The NiFe2O4 NPs were purified after the suspension had cooled to room 

temperature. The particles were purified using tangential flow filtration (TFF).38 Aliquots of 



126 

the as-synthesized sample (5 mL/aliquot) were each reconstituted to a final volume of 20 

mL with DI water. A peristaltic pump equipped with 3/16-inch diameter Tygon tubing was 

used to flow the as-prepared suspensions of NPs through a 10 kDa, modified polyether 

sulfone hollow fiber membrane (Spectrum Labs MicroKros, Cat. No. C02-E010-05-N). The 

flow rate was set to 18 mL/min. A backpressure was applied to the system using a tubing 

clamp until achieving a flow of the remaining portion (i.e., the retentate) that was about 3 

times greater in volume than that of the permeated portion (i.e., the filtrate). The filtrate 

had a transparent appearance, which indicated that NPs had been removed from the 

solution. The retentate was fed through the filter in a continuous loop until the volume of 

the retentate was ~5 mL, matching the original volume of the aliquot. The final retentate 

was reconstituted to a final volume of 20 mL with DI water. The aforementioned purification 

steps were repeated a total of 3 times for each aliquot. In the final step of TFF purification, 

the retentate was concentrated by continuous recirculation until achieving a final volume 

of 1 mL. Each aliquot of TFF-purified NiFe2O4 NPs were combined to achieve a final 

volume of 3 mL, which was stored in a sealed glass vial until further use. Purification by 

TFF was advantageous for these NPs since they had a tendency to aggregate, due to 

their interparticle magnetic interactions. By visual inspection, the NPs remained colloidal 

after this purification process. The hydrodynamic diameter of the NPs was measured using 

a Nano ZS Malvern dynamic light scattering (DLS) system. Disposable PS cuvettes with 

a light path length of 10 mm were used for the DLS measurements. The final concentration 

of NiFe2O4 NPs in solution was determined gravimetrically to be 1 mg/mL. 

4.4.4. Functionalization of NiFe2O4 Nanoparticles with 
Poly(vinylpyrrolidone) 

The NiFe2O4 NPs were functionalized with PVP directly after the TFF purification 

process. Poly(vinylpyrrolidone) was chosen as a surfactant to maintain the colloidal 

stability of the NPs in an aqueous solvent, as well as to facilitate interactions between the 

NPs and the PS templates. Dynamic light scattering measurements confirmed that the 

colloidal properties of the NPs improved after functionalization with PVP. A solution of 46 

mM PVP (55k MW) in 3 mL anhydrous EtOH was added to the suspension of NiFe2O4 

NPs in equal parts by volume to achieve a final concentration of 23 mM PVP. This mixture 

was agitated for a minimum of 12 h to coat the NPs with PVP. Purification of the PVP-

stabilized NPs to remove excess PVP was performed by centrifuging (Thermo Microlite) 

the samples at 13.5k rpm for 30 min. The supernatant was removed using a Pasteur pipet, 
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the pellet was re-dispersed in DI water, and the suspension transferred to a glass 

scintillation vial. This purification process was repeated twice. The final volume was 

decreased by half to maintain the original concentration of ~1 mg/mL of NiFe2O4 NPs. A 

centrifuge-based purification process was chosen since the pore sizes for the TFF filters 

could not accommodate the removal of high molecular weight polymers such as PVP. 

4.4.5. Purification of Poly(styrene) Spheres 

Poly(styrene) spheres (0.15% w/v) with a hydrodynamic diameter of 500 nm were 

mixed with 10 mL of 26 mM PVP in EtOH and sonicated for a minimum of 40 min at room 

temperature. A subsequent purification process removed excess surfactant and stabilizers 

from the stock solutions, and assisted with enhancing the interaction between the surfaces 

of the PS spheres and the adsorbed PVP. The purification process required two steps of 

centrifugation at 13k rpm for 5 min followed by decanting of the supernatant, and re-

suspension of the isolated solids in DI water. The same purification process was repeated 

two more times using anhydrous EtOH as the wash solvent. The solids were isolated by 

a similar centrifugation process at 13k rpm for 5 min. After the final purification step using 

EtOH, the PS spheres were left as a pellet and dried under vacuum overnight to remove 

trace amounts of solvent. The dried PS particles were re-suspended in DI water to achieve 

a final PS concentration of 2.5% w/v. These PVP-stabilized PS spheres were coated with 

the NiFe2O4 NPs through a subsequent solution-phase process. 

4.4.6. Coating Poly(styrene) Spheres with NiFe2O4 Nanoparticles 

The attachment of the NiFe2O4 NPs to the surfaces of the PS spheres was 

achieved by acidifying the solution to a pH of 3 by mixing of 900 μL of the purified NiFe2O4 

NPs into 2.4 mM HCl. A 300 μL portion of the PVP-stabilized PS spheres was added to 

the acidic solution prior to addition of the NiFe2O4 NPs. The mixture of PS spheres and 

NiFe2O4 NPs was agitated overnight using an orbital shaker (VWR Scientific, Cat. No. 

57018). The PS spheres, now coated with NiFe2O4 NPs, were isolated and purified by 

centrifugation (10k rpm, 5 min), which included decanting the supernatant and re-

suspending the pellet in DI water. This purification process was repeated three times. After 

decanting the final supernatant, the isolated solids (i.e., PS spheres coated with NiFe2O4 

NPs) were dried in a vacuum desiccator overnight to remove any residual water. Once 

dried, the NiFe2O4 NP-coated PS spheres were re-suspended in 1-butanol with the 
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assistance of sonication (Branson 1510, 80 W) for at least 30 min. The concentration of 

these colloidal particles was maintained at 2.5% w/v upon resuspension in the 1-butanol. 

4.4.7. Templates Prepared from Self-Assembled Arrays of 
Nanoparticle-Coated Poly(styrene) Spheres 

The NP-coated PS spheres were used as templates to selectively position the 

NiFe2O4 NPs at the surfaces of the Ni electrodes. These templates also provided a means 

to prepare a regular morphology for tracking changes that could result from prolonged 

electrochemical aging. A monolayer of the NiFe2O4-coated PS spheres was self-

assembled at an air-water interface by adapting previously reported procedures.56 In brief, 

these spherical particles, suspended in 1-butanol, were drop-cast onto an air-liquid 

interface. The liquid consisted of DI water, which was heated to ~60 oC to slowly evaporate 

the 1-butanol during the drop-cast procedure. A complete monolayer was achieved when 

additional droplets of the colloidal suspension no longer spread-out when added to the 

warm water interface. The water was allowed to cool to room temperature before the 

assembled monolayers were transferred to sections of the Ni-coated Si wafers by a lift-

out method. Prior to lift-out of the monolayers, the conductive planar Ni supports were 

rinsed with EtOH. After lift-out, the Ni coated wafer supports bearing monolayers of PS 

spheres were placed into a vacuum oven. These substrates were heated to 70 oC while 

under vacuum overnight to remove residual solvent, as well as to adhere the PS templates 

to the conductive supports. 

4.4.8. Electrodeposition of Ni Around the Poly(styrene) Templates 

Electrodeposition of Ni around the NP-coated PS templates was achieved by 

applying a constant potential of -1.0 V (vs SCE) to the conductive supports in a three-

electrode set-up using a Pt wire as a counter electrode. The Ni plating solution contained 

high purity reagents prepared with the same composition as previously used for the 

electrodeposition of the Ni base layers. The potential was maintained for a duration of 140 

s to prepare each of the electrodes with a similar electrodeposited morphology. The PS 

templates were subsequently removed by ~15 h of Soxhlet extraction using toluene and 

rinsed sequentially with IPA and DI water. The electrodes were dried with a filtered stream 

of N2 gas (Praxair; 99.9%) and stored in a clean hood until further use. 
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4.4.9. Characterization by Microscopy Techniques 

Scanning electron microscopy was used to characterize the electrode morphology, 

and to track growth of the electrodeposited Ni around the spherical PS templates. An FEI 

Nova NanoSEM was operated at an accelerating voltage of 10 kV in an immersion mode. 

The height of the electrodeposited Ni relative to the PS templates was determined from 

characterization of the surface morphology. For example, an electrodeposition growth 

curve was prepared to assess the length of time required to reproducibly prepare dimpled 

Ni features with a height equivalent to ~1/2 the diameter of the PS templates (i.e., ~250-

nm in height). The assembled templates of NP-coated PS were also imaged using a Zeiss 

ORION NanoFab HIM system set-up to handle non-conductive samples. This system 

enabled relatively high resolution imaging of the NP-coated PS templates assembled on 

the Ni supports. The helium ion beam current was set to 1.3 pA. ImageJ (version 1.51k) 

software was used to evaluate the diameter and surface density of the dimpled Ni features, 

as well as to assess the Ageo of the electrodes used in the electrochemical measurements. 

An FEI Helios NanoLab 650 system was used for the EDS analyses, and for milling of the 

samples using a gallium (Ga) FIB. 

Cross-sections of the samples were prepared using a focused Ga+ ion beam 

(TomahawkTM ion column). Layers of platinum (~300-nm thick Pt created by electron beam 

assisted deposition, followed by a ~1-µm thick Pt formed by ion beam assisted deposition) 

were coated onto sections of the samples as a protective coating prior to milling by the ion 

beam. Sections measuring 4-µm in length by 1-µm in depth and ~100-nm in width were 

milled, lifted from the substrates, and transferred onto PELCO® FIB Lift-Out TEM grids 

(Ted Pella Inc., United States). Once the ~100-nm thick samples were fixed onto the lift-

out grid by further ion beam assisted deposition of Pt, each section was further thinned to 

~50 nm for analysis by S/TEM techniques. 

All of the S/TEM related analyses were performed using an FEI Osiris X-FEG 

system operated at an accelerating voltage of 200 kV with a camera length of 220 mm. 

During the S/TEM measurements, EDS analyses were also performed using a Super-X 

EDS detection system. Elemental maps (768 pixels x 768 pixels) were collected at a 

magnification of 40k and a dwell time of 1 ms per pixel. Analysis of the EDS spectra were 

performed using the Bruker Esprit Quantax (version 1.9) software by deconvolution of the 
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spectra after background subtraction. Cliff-Lorimer sensitivity factors from the Quantax 

EDS software were used in the analysis of the EDS spectra.40   

4.4.10. Electrochemical Measurements 

The contents of the electrochemical cells were maintained at 25 oC using a Thermo 

Fisher Scientific Precision 280 water bath. Each of the electrochemical cells consisted of 

custom made 250 mL glass, five-neck round bottom flasks. The cells were pre-cleaned 

using a 20 min soak in acidic solutions to remove the presence of contaminants: (i) first in 

piranha [i.e., H2SO4 and 30% (v/v) H2O2 combined in a 3:1 (v/v) ratio]; and (ii) subsequently 

in aqua regia [i.e., HCl and HNO3 combined in a 3:1 (v/v) ratio]. CAUTION: Piranha and 

aqua regia are highly corrosive. The necessary safety protocols must be followed when 

working with these reagents. After the soak in either acid, the glassware was rinsed 

extensively with DI water. One of the electrochemical cells was dedicated for use with the 

pure Ni electrodes (i.e., dimpled Ni electrodes and planar Ni electrodes). This cell was 

filled with DI water and stored in a clean hood directly after the cleaning procedure to 

reduce the possibility of airborne impurities influencing the electrochemical 

measurements. The other electrochemical cell was dedicated for use with the Ni 

electrodes supporting the NiFe2O4 NPs. This cell was also filled with DI water after the 

acid cleaning procedure and stored separately. 

The custom working electrodes were held in a vertical orientation while facing a Pt 

counter electrode (Alfa Aesar, Pt 100 mesh; 99.99%) at a constant distance (i.e., ~3 cm). 

The Hg/HgO RE (SnowHouse Solutions; Model R-XR400) was filled with purified 1 M KOH 

to match the electrolyte contained within the electrochemical cell. The Hg/HgO RE was 

calibrated against the RHE in 1 M KOH. The RHE was designated as the working 

electrode, and a Pt wire was used as the counter electrode. The experimentally measured 

offset value for the Hg/HgO against the RHE was found to be 0.923 V. All electrodes were 

kept stationary and the experiments were performed without stirring of the electrolyte. 

Electrochemical measurements for the pure Ni electrodes (i.e., dimpled Ni electrodes and 

planar Ni electrodes) were performed in a dedicated clean hood. In addition to the 

separately dedicated electrochemical cell, a dedicated counter electrode, and RE were 

also stored separately and used exclusively with the dimpled Ni electrodes supporting the 

NiFe2O4 NPs to minimize the potential for cross-contamination. The electrolytes were 

purged with N2 gas (Praxair; 99.9998%) for at least 30 min prior to the start of the 
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electrochemical aging sequence. During all of the electrochemical measurements, the 

headspace of the electrochemical cells were maintained under a constant flow of N2 gas. 

Electrochemical aging was conducted by potential cycling at a scan rate of 50 mV/s 

over a potential range of 0 to 0.7 V (vs Hg/HgO). The aging sequence was continued until 

the consecutive CV scans exhibited good anodic and cathodic peak stability. For example, 

when the peak no longer grew in current density and did not shift in peak potential (i.e., a 

variation of no more than ±10 μA and ±1 mV for 10 consecutive CV scans) the electrode 

was assumed to have reached a steady-state condition. This steady-state condition was 

used to infer that an OER active oxy(hydroxide) phase had been uniformly achieved over 

all of the surfaces of the electrode. Immediately after achieving this assumed steady-state 

condition, five LSV measurements from 0 to 1.5 V (vs Hg/HgO) were obtained at 1 mV/s 

to assess the OER performance. After each LSV, 5 CV scans were acquired at 50 mV/s 

to reform the oxy(hydroxide) phase on the surfaces of the electrodes. Following the LSV 

measurements, CA was conducted at 1.2 V (vs Hg/HgO) for a duration of 3 h to evaluate 

the performance of each electrode under the conditions of a constant OER. After the 

electrochemical measurements, the electrodes were removed from the electrolyte, 

thoroughly rinsed with DI water, and carefully dried under a stream of filtered N2 gas. All 

current values were normalized to the Atheoretical of each electrode. To calculate these 

estimated Atheoretical values, a spherical cap model and SEM measurements were used to 

calculate the additional surface area gained from the presence of the dimpled features.28 

 

4.5. Results and Discussion 

4.5.1. Motivation to Study Electrochemically Aged Ni Electrodes 
Supporting NiFe2O4 Nanoparticles 

Studies that focus on the interactions between an electrocatalyst and its support, 

and the influence of these effects towards their performance for the OER are important for 

the creation of advanced water electrolysis materials. Nanoparticle-based electrocatalysts 

are widely used in clean energy applications (e.g., metal-air batteries, fuel cells, and 

electrolyzers) since they have a high catalytic activity with a high surface area to volume 

ratio. These electrocatalysts are typically supported on conductive materials that do not 
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participate in the electrochemical reaction of interest. Commonly used supports, such as 

carbon black or carbon nanotubes, can undergo corrosion during the OER leading to loss 

of electron transfer pathways.234, 235 Furthermore, the preparation of catalyst inks (e.g., a 

mixture of electrocatalysts, carbon particles, and ionomer) can result in aggregation of the 

electrocatalysts, rendering them inactive due to blocked transport of the reactants and 

products to and from the active sites. Understanding the interactions between support 

materials and electrocatalysts are still in the relatively early stages with regards to the 

development of the OER anode. Structural transformations of both the electrocatalyst and 

support material during the OER can either reduce or improve their performance and 

stability.236 Dissolution or leaching of metal cations during the OER can contribute to 

aggregation and loss of the shape, phase, crystallinity, and composition of the NPs 

resulting in their deactivation.46 For example, Ostwald ripening can cause smaller NPs to 

coalesce into larger NPs. This process is driven by lowering the surface energy of the NPs 

through a decrease in their surface area to volume ratio. Conversely, improved OER 

performance can be achieved by the structural transformations that result from 

electrochemical aging and the concurrent formation to the active, oxy(hydroxide) phase. 

In this work, we assessed how the immobilization of NiFe2O4 NPs as surface inclusions 

on a conductive Ni electrode contribute to the OER activity after prolonged electrochemical 

aging. The interactions between the NP electrocatalysts and the Ni supports were 

monitored as a function of electrochemical aging. These custom electrodes were prepared 

by a template-assisted approach that served two primary functions: (i) creating regular, 

dimpled surface features that enabled tracking of changes to the electrode morphology; 

and (ii) partial embedding of NiFe2O4 NPs at the surfaces of the conductive Ni support. 

Assessing the interactions between the NP-based electrocatalysts and their support 

materials, as well as changes to the NPs morphology are of relevant interest to a wide-

range of clean energy applications. 
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4.5.2. Characterization of the NiFe2O4 Nanoparticles 

 

Figure 4.2. (a) A bright-field TEM image of NiFe2O4 NPs after purification by 
tangential flow filtration (TFF). The inset shows the electron 
diffraction pattern corresponding to these crystalline NPs. (b) The PS 
spheres coated with NiFe2O4 NPs as observed by STEM in a HAADF 
mode. (c, d) Representative SEM images at high and low 
magnifications, respectively, of a dimpled Ni electrode supporting 
NiFe2O4 NPs. 

The as-synthesized NPs were purified using a TFF method to remove excess 

surfactants and reagents, as well as to minimize particle aggregation. The NiFe2O4 NPs 

were synthesized in the presence of ethylene glycol and sodium citrate, but the magnetic 

properties of the particles resulted in a higher susceptibility to aggregation. More traditional 

methods of purification such as centrifugation techniques can result in aggregation of the 

magnetic NPs. An improved method for purification of the as-synthesized NiFe2O4 NPs 

was established through the use of a TFF technique. A representative TEM image of the 

TFF purified NPs is shown in Figure 4.2.a. The mean diameter of the NiFe2O4 NPs were 

calculated from the measurements of at least 100 individual particles. The general 

morphology of the NiFe2O4 NPs exhibited clusters of smaller particles (i.e., individual 

diameters of 5 to 10 nm) with an overall average diameter of 17 ± 3 nm (Figure 4.3.). The 

relatively small standard deviation indicates a rather uniform size distribution that is set 

forth by the synthetic parameters. The clusters of smaller NPs within each particle make 

up a mesoporous structure.47, 48 It was anticipated that this mesoporosity would increase 

the rate at which the diffusion of hydroxide ions would permeate the NP, leading to a faster 
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rate of electrochemical activation. The hydrodynamic diameter of the as-synthesized NPs 

was also characterized using DLS techniques. These measurements yielded a mean 

value of 28 nm for the as-synthesized NPs (Figure 4.4.). A broad peak with a 

hydrodynamic diameter >200 nm indicated the presence of aggregates in the suspension. 

Selected area electron diffraction (SAED) analyses were performed to assess the 

crystallinity of the as-synthesized NPs (inset Figure 4.2.a.). The d-spacings were 

determined from analyses of the ring patterns, which were analyzed in further detail in 

Figure 4.5. The assigned lattice spacings match the face centered cubic (fcc) structure of 

NiFe2O4 (JCPDS Card No. 10-0325). Elemental maps of the NPs were acquired using a 

HAADF detector while operating in STEM mode. The resulting data indicated that both the 

Fe Kα and Ni Kα signals were evenly dispersed throughout the clusters of NPs (Figure 

4.6.). The overlaid Kα signals show the co-location of both Fe and Ni in the particles, which 

further corroborate an apparent Ni doping of the Fe oxide NPs.  

 

 

Figure 4.3. The histogram showing the size distribution of the NiFe2O4 NPs as 
determined from bright field TEM images. The average particle 
diameter was determined to be 17 ± 3 nm. The error is reported as one 
standard deviation from the calculated mean diameter. 
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Figure 4.4. Characterization of the hydrodynamic diameter by dynamic light 
scattering (DLS) showing the population distribution for the as-
synthesized NiFe2O4 NPs. 

 

 

Figure 4.5. A selected area electron diffraction (SAED) pattern of the NiFe2O4 
NPs. The diffraction pattern corresponds to NiFe2O4 with d-spacings 
of 2.98, 2.55, 2.12, 1.64, and 1.50 Å for the [220], [311], [400], [422], and 
[511] reflections, respectively. This analysis is in agreement with a 
NiFe2O4 reference material with the cubic spinel structure (JCPDS 
Card No. 10-0325). 
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Figure 4.6. (a) A representative HAADF TEM image of NiFe2O4 NPs after 
purification by TFF, and (b, c) the corresponding elemental maps for 
the Ni Kα and Fe Kα signals, respectively. (d) Overlaid elemental maps 
for the Ni Kα and Fe Kα signals, and (e) a corresponding spectrum 
from the EDS analysis. 

4.5.3. Solution-Phase Assembly of NiFe2O4 Nanoparticles onto 
Spherical Poly(styrene) Templates 

The spherical PS templates were coated with NiFe2O4 NPs for the purpose of their 

subsequent transfer to the surfaces of dimpled Ni electrodes. To achieve uniform coatings, 

both the PS spheres and the NiFe2O4 NPs were pre-coated with a 55k MW PVP. A coating 

of PVP on both the NPs and the PS templates stabilized each of these particles in solution 

and permitted favorable interactions between them. The presence of a single peak in the 

DLS measurements for the PVP-coated NPs indicated that the addition of the PVP 

stabilizer improved the quality of the colloidal suspension (Figure 4.7.). These results 

further suggest the necessity of the PVP coating to assist in the solution-phase assembly 

of these NPs onto the surfaces of the PS spheres. 
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Figure 4.7. The hydrodynamic diameter obtained from DLS measurements of the 
NiFe2O4 NPs after stabilizing these particles with PVP. 

The attachment of the NPs to the surfaces of the PS spheres was performed in an 

acidic media. The experimentally measured pKa value for PVP is ~7.4, which suggests the 

pyrrolidine moieties are protonated in a low pH environment.237 These solution-phase 

assemblies were unsuccessful if the solution was not acidified during this process. For 

example, the NiFe2O4 NPs did not attach to the surfaces of the PS when the HCl 

concentration was <2 mM. Furthermore, if the concentration of HCl was >2 mM, 

flocculation of the colloidal solutions resulted in the formation of less uniform coatings with 

large aggregates of NiFe2O4 NPs on the PS surfaces. These observations suggest that 

low pH (~pH 3) conditions are required to enable favorable interactions (i.e., electrostatics, 

hydrogen-bonding, and dipole-dipole forces) between the PVP-coated particles (i.e., NPs 

and PS spheres). Under these acidic conditions, the terminal sulfate groups on the PS 

spheres can coordinate to the cationic charges on the pyrrolidinium groups through 

electrostatic interactions. The presence of dissolved Cl- anions may also act as 

coordinated bridging ligands between the pyrrolidinium groups and the positively charged 

surfaces sites on the NiFe2O4 NPs. In both of these scenarios, the PVP becomes more 

tightly bound to either type of particle (i.e., the NPs and PS spheres), which results in a 

more stable solution-phase assembly. 

A high loading of NPs per PS sphere was desired so that a regular coating of 

NiFe2O4 NPs could be transferred to the surfaces of the dimpled Ni electrodes. The TEM 

image in Figure 4.2.b. is representative of the PS spheres coated with the NiFe2O4 NPs. 

The surface coverage of NPs on the PS spheres was estimated to be equivalent to 30% 

of the spherical surface area. Additional TEM images of the NP-coated spheres can be 
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found in Figure 4.8. The 500-nm diameter PS spheres were selected to be sufficiently 

small for visualization of the NP coatings using TEM techniques, while also being large 

enough to load a high number of NPs within the dimpled features. Although PS spheres 

with diameters ≥1 μm can achieve higher loadings of NPs, the size of these spheres were 

too large for the field of view in the TEM analyses. Smaller diameter PS spheres (e.g., 100 

or 200 nm) can be visualized easily by TEM, but the use of these spheres could not 

accommodate a relatively high number of NPs to be transferred to the surfaces of the 

dimpled features. In addition, smaller dimpled features (i.e., <500-nm in diameter) may 

reduce the efficiency of mass transfer processes to and from the surfaces of the electrodes 

(see Chapter 3). The latter may also be important for the time required to achieve a steady-

state electrochemical response, which is dependent on the accessibility of the electrolyte 

to all of the electrode surfaces.  

 

Figure 4.8. Representative HAADF-TEM images of PS spheres coated with the 
NiFe2O4 NPs. The image in (a) shows a cluster of PS spheres coated 
with these NPs, while the image in (b) shows a higher magnification 
image of a single PS sphere coated with NiFe2O4 NPs. 

4.5.4. Morphology of Ni Electrodes Supporting NiFe2O4 Nanoparticles 

The self-assembled films served as regular arrays of NP-coated, spherical 

templates for the electrodeposition process. Representative HIM images of the 

assembled, NP-coated PS templates after electrodeposition can be found in Figure 4.9. 

Since the performance of the OER, especially at high potentials, is dependent on the 

electrode morphology, the depth of the dimpled features was kept consistent for each of 
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the structured electrodes. To achieve a uniform depth of the dimples, the duration of time 

allowed for electrodeposition was held constant. The average depth of the dimpled 

features on the electrodes were calculated to be 246 ± 8 nm as estimated from a series 

of high magnification SEM images. Previous work in Chapter 3 has demonstrated that 

relatively shallow dimples prepared from PS templates can improve the efficiency of the 

OER performance. Electrochemical measurements comparing a series of electrodes with 

dimples of an increasing depth indicated that the relatively deep features could become 

passivated with O2 gas bubbles, which results in a reduced OER efficiency. It is likely that 

if a dimpled feature height >250 nm were targeted in the present studies, narrowing of the 

openings to these dimpled features would hinder the transport of gas bubbles out of the 

recesses. The depth of the dimpled features for this study were, therefore, selected to be 

half the height of the PS spheres (i.e., ~250 nm) to load a higher number of NPs per 

dimple.  

 

Figure 4.9. Representative helium ion microscopy (HIM) images of the 
assembled PS templates coated with NiFe2O4 NPs after 
electrodeposition of Ni to ~1/2 the height relative to the PS templates. 
The image in (a) of the assembled monolayer was obtained at a low 
magnification, while the image in (b) was acquired at a higher 
magnification, which more clearly shows the electrodeposited Ni 
around the PS spheres. 
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Figure 4.10. Representative low magnification SEM images of the (a) as-prepared 
dimpled Ni electrode supporting NiFe2O4 NPs, and the (b) as-prepared 
dimpled Ni electrode without any NiFe2O4 NPs. 

Each of the as-prepared dimpled electrodes were screened by SEM prior to 

electrochemical treatment to ensure that the density of dimpled features and the depth of 

the dimpled features were identical to the other samples in this study. The average surface 

coverage of dimpled features relative to the Ageo was 19 ± 5.5% for all of the as-prepared 

electrodes (i.e., dimpled electrodes with NPs and without NPs). All electrodes evaluated 

for the OER were selected based on a similar coverage of dimpled features since the 

morphology of the dimpled electrodes can influence their performance towards the OER. 

The PS templates coated with magnetic NPs formed randomly arranged close packed 

regions within the assembled templates (Figure 4.2.d.). Additional representative low 

magnification images show large regions of planar electrodeposited Ni between the areas 

of close packed dimpled features (Figure 4.10.). It was hypothesized that regions of 

planar, electrodeposited Ni between the dimpled features would be advantageous for 

mass transfer processes. For instance, the planar regions of electrodeposited Ni may 

allow for the electrolyte to travel more freely across the surfaces. The enhanced mobility 

of electrolyte across the planar regions could enable additional modes of convection such 

as during processes of bubble release. In addition to the electrode morphology, the 

relative amount of surface area gained by the presence of the dimpled features can also 

influence their performance towards the OER. The regularity of the dimpled features 

enabled an estimation of the Atheoretical for each of the as-prepared electrodes. These 

estimations were calculated from the SEM analyses. The additional surface area created 

by the dimpled features was calculated as 37 ± 13% for all of the structured electrodes 

relative to the planar, electrodeposited electrodes. Clusters of NiFe2O4 NPs within the 

recesses of the dimpled features can be observed in high magnification SEM images (e.g., 

Figure 4.2.c.). For comparison, the dimpled Ni electrode without the presence of NiFe2O4 
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NPs exhibited smoother dimpled surfaces (e.g., Figure 4.11.). This roughened surface 

texture imparted by the presence of the NPs may contribute to additional Atheoretical, which 

was unaccounted for in the aforementioned calculations.  

 

 

Figure 4.11. A representative high magnification SEM image of the dimpled Ni 
electrode. 

4.5.5. Electrochemical Aging by Cyclic Voltammetry 

Since electrochemical aging can induce structural changes and improved OER 

performance for Ni electrodes, it was of interest to assess how partially embedded NiFe2O4
 

NPs at the surfaces of a Ni support would respond to this aging treatment. The use of 

conductive supports in direct electrical contact with NP electrocatalysts have 

demonstrated improved OER activity by an order of magnitude when compared to similar 

electrocatalysts prepared as catalyst inks.232 Nickel supports have demonstrated excellent 

intrinsic conductivity, as well as synergistic advantages between the Ni support and other 

first-row transition metal electrocatalysts.238 It was hypothesized that electrochemical 

aging of the NP-modified electrodes would decrease the charge-transfer resistance at the 

NP-support interface due to the transformation of β-Ni(OH)2 into the more conductive β-

NiOOH host lattice.239 Furthermore, it was of interest to investigate whether the growth of 

the β-Ni(OH)2/β-NiOOH phases would result in passivation of the Fe-containing NP 

surface inclusions rendering them inactive.  
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Electrochemical aging of the dimpled Ni electrodes were conducted by repetitive 

CV scanning across the potential region that includes the Ni (II)/(III) redox peaks. This 

method of electrochemical aging by potential cycling techniques aims to convert the Ni 

surfaces to the active β-NiOOH phase.240 The anodic peak in the forward scan is 

associated with the oxidative conversion from the β-Ni(OH)2 phase to the β-NiOOH phase 

at ~0.45 V (vs Hg/HgO) (Figure 4.12.a. and Figure 4.12.c.). Reduction of the β-NiOOH 

phase back to the β-Ni(OH)2 occurs during the reverse scan. This process is represented 

by the cathodic peak at ~0.37 V (vs Hg/HgO). A shift in the anodic and cathodic peaks to 

higher and lower potentials, respectively, is also evident in the CV plots. These shifts in 

peak potential likely indicate slower rates of mass transfer due to the growth of a thicker 

oxy(hydroxide) layer. A second oxidation feature at ~0.6 V (vs Hg/HgO) appears in the CV 

plots after applying more than 100 scans. This peak has been attributed to overcharging 

of the β-NiOOH phase, which may allow for a small amount of Ni(IV) to exist in a γ-NiOOH 

phase.36, 241 Increasing the potential beyond the value required to form β-NiOOH in highly 

alkaline media can lead to overcharging.242, 243 Previous studies on electrodeposited 

Ni(OH)2 thin films have demonstrated the suppression of overcharging states (i.e., 

transformation from β-NiOOH to γ-NiOOH) when the electrode was aged with Fe-

containing electrolyte, as well as when the Fe content exceeded 25 at.%.217 The presence 

of this oxidative overcharging feature in the CV plots for the NP-modified electrodes 

suggests that the Fe species remain localized in the clusters of NPs (Figure 4.12.a.). 

Additionally, the potential of the main oxidation feature at ~0.45 V (vs Hg/HgO) is similar 

for both types of electrodes. A similar oxidation potential for both the NP-modified 

electrodes and pristine Ni electrodes further suggests that the Fe species are not migrating 

into the surfaces of the bulk Ni supports during the processes of electrochemical aging. 

This aging treatment was conducted until stabilizing the peak current (±10 µA) and peak 

potential (± 1 mV) of the anodic peak for ≥10 consecutive CV scans. This metric for the 

anodic peak was used to assess the relative uniformity and stability of the β-NiOOH 

phase.31 The electrodes were assumed to be in a “steady-state” with a relatively uniform 

surface coverage of β-Ni(OH)2/β-NiOOH phases after achieving this electrochemical 

response.  
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Figure 4.12. Electrochemical aging by CV in 1 M KOH of the dimpled Ni electrodes 
with and without NiFe2O4 NPs. (a) The CV results for a dimpled Ni 
electrode coated with NiFe2O4 NPs, and (b) a representative result 
corresponding to the SEM analyses of these dimpled features 
containing NiFe2O4 NPs after electrochemical aging. (c) The CV 
results for a dimpled Ni electrode, and (d) a representative image from 
its corresponding SEM analyses performed after electrochemical 
aging. Every 100th profile is shown in the CV plots, which were 
acquired at 50 mV/s until each of the electrodes reached a steady-
state. Achieving a steady-state response required a total of 1700 and 
1200 CV scans for (a) and (c), respectively. 

The electrodes with NiFe2O4 NPs partially embedded in their surfaces required a 

higher number of CV scans to reach a steady-state response. For example, ~1700 CV 

scans were required for the dimpled Ni electrodes with NiFe2O4 NPs to exhibit a stable 

anodic peak, while the dimpled Ni electrodes required only ~1200 CV scans (Figure 

4.12.a. and Figure 4.12.c.). The consistently higher number of CV scans required for the 

structured electrodes containing NiFe2O4 NPs may be due to the increased Atheoretical 

and/or the buried Atheoretical due to the presence of NP clusters at the surfaces of the dimpled 

features. In addition to estimating the Atheoretical values, a theoretical Aecsa was also 

calculated by determining the Qcat from the cathodic peaks in the CV profiles. These 

quantities of charged passed were converted to a theoretical Aecsa based on the 

assumption that 257 µC/cm2 is required to form one monolayer of β-NiOOH (see details 

in Section 2.1.1).58, 59 The estimated Atheoretical values are comparable to the values 

calculated for a theoretical Aecsa obtained after the 10th CV scan, as well as to the total 

two-dimensional Ageo for a representative set of electrodes. These results are summarized 
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in Table 4.1. Previous results in Chapter 3 have indicated that the amount of Atheoretical 

available will determine the number of CV scans required for Ni electrodes to reach a 

steady-state. The planar, electrodeposited Ni electrode required ~1300 CV scans before 

achieving a similar steady-state response (Figure 4.14.). As expected, the electrochemical 

aging treatment resulted in an increase in the roughness of the surface morphology of the 

structured samples (Figure 4.12.b. and Figure 4.12.d.). This roughened surface texture 

has been previously observed by SEM analyses in Chapter 3 for electrochemically 

prepared β-Ni(OH)2 and β-NiOOH materials. The morphology of the dimpled features were 

retained, which enabled tracking of the NiFe2O4 NP surface inclusions using electron 

microscopy-based techniques.  

 

Figure 4.13. Representative SEM images of (a) a dimpled Ni electrode, and (b) a 
dimpled Ni electrode supporting NiFe2O4 NPs after their 
electrochemical aging. 
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Figure 4.14. Electrochemical aging by potential cycling techniques in purified 1 M 
KOH of a planar Ni electrode, which was initially prepared by 
electrodeposition of Ni. The current data were normalized to the 
Atheoretical. Every 100th CV profile is shown of the 1300 CV scans 
required for electrochemical aging until reaching a steady-state 
response. The data were acquired at a scan rate of 50 mV/s at 25 oC. 

Table 4.1. A comparison of electrode surface areas for the Ageo, the Atheoretical, 
and the Aecsa as estimated by the σ method for the cathodic reduction 
peaks of the 10th CV scan and the last CV scan acquired from a steady-
state aging process. 

electrode type Ageo (cm2) ⸹ Atheoretical (cm2) § 
10th CV, Aecsa 

(cm2) † 
steady-state aging, 

Aecsa (cm2) ‡ 

dimpled Ni electrode 
with NiFe2O4 NPs 

0.88 1.24 1.21 30.66 

dimpled Ni electrode 0.93 1.27 2.18 27.49  

planar Ni electrode 1.14 1.53 2.98 27.18 

⸹ The Ageo is the two-dimensional area of the electrode that was in contact with the electrolyte during the electrochemical 
measurements. § The Atheoretical is obtained using a spherical cap model in combination with SEM measurements to 
determine the amount of surface area gained by the dimpled features, as well as the electrodeposited texture on the 
electrode. † Integration of cathodic peaks to determine the quantities of charge passed (Qcat) from the 10th CV scan for 
each representative electrode. ‡ Integration of cathodic peaks to determine the Qcat from the last CV scan acquired during 
steady-state aging and directly prior to the OER measurements.  
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Figure 4.15. The iR-corrected CV plots from the steady-state electrochemical 
aging treatment in purified 1 M KOH for (a) the dimpled Ni electrode 
coated with NiFe2O4 NPs, (b) the dimpled Ni electrode, and (c) the 
planar Ni electrode. The currents were normalized to the theoretical 
Atheoretical for each sample. Every 100th CV profile is shown from the 
process for electrochemical aging. The data were acquired at a scan 
rate of 50 mV/s at 25 oC. 

4.5.6. Cross-Sections of Electrochemically Aged Electrodes Studied 
by S/TEM-EDS 

Sample cross-sections were prepared by FIB milling and lift-out techniques for 

analysis by TEM of the dimpled Ni electrodes supporting the NiFe2O4 NPs. These cross-
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sections were prepared from samples both before and after the electrochemical 

measurements (i.e., aging, LSV, and CA). Of particular interest were the cross-sections 

of the dimpled morphology and specifically the thickness of the electrochemically formed 

β-NiOOH phase with respect to the dimpled Ni supports. Since the β-NiOOH phase is 

formed in an alkaline electrolyte under highly oxidizing potentials, it is expected that the 

surface layer relaxes to the β-Ni(OH)2 phase upon exposure to ambient conditions. The 

bright-field TEM image in Figure 4.16.a. is representative of the as-prepared dimpled Ni 

electrodes supporting the NiFe2O4 NPs. The corresponding STEM-EDS map in Figure 

4.16.c. shows the presence of the NiFe2O4 NPs located on the surfaces of a dimpled 

feature. The EDS spectrum obtained in Figure 4.16.e. (i.e., black trace) correspond to the 

selected area containing the NiFe2O4 NPs in the as-prepared electrode. In this EDS 

spectrum, the Fe Kα signal at 6.4 keV was above the limit of detection of the S/TEM 

system. For the electrochemically aged sample, the NiFe2O4 NPs were not found in either 

the bright-field TEM image or the STEM-EDS map (Figure 4.16.b. and Figure 4.16.d.). 

Although the EDS spectrum in Figure 4.16.e. (i.e., red trace) shows the presence of a 

small peak at 6.4 keV, this Fe Kα signal can be attributed to trace amounts of Fe from the 

steel pole piece in the TEM. Thus, the Fe Kα signal from the aged sample was not above 

the limit of detection for high-resolution EDS mapping by STEM techniques. After the 

electrochemical measurements, the roughened surface texture obscured the ability to 

clearly identify NP surface inclusions by SEM techniques. Since the FIB lift-out process is 

reliant on identifying the region of interest by SEM, it is possible that the selected cross-

section did not contain NiFe2O4 NPs or contained a relatively small quantity of NPs such 

that the Fe Kα signal was not above limit of detection.  
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Figure 4.16. The bright-field TEM image of cross-sections of the dimpled Ni 
electrodes supporting NiFe2O4 NPs: (a) as-prepared; and (b) after 
electrochemical measurements. (c, d) Elemental maps from the EDS 
analyses of the as-prepared sample and the sample after the 
electrochemical treatment, respectively. (e) The EDS spectra obtained 
from the regions highlighted by the black boxes in (c) and (d) for the 
“as-prepared” and “aged” samples, respectively. The 
electrochemical treatment included 1700 CV scans. The Pt Lα signal 
is from the protective layer deposited during the FIB lift-out process, 
and the Cu Kα and Kβ signals are from the TEM grids. 

It is also likely that the NiFe2O4 NPs became buried within the thick oxide layer 

prepared by electrochemical aging. This oxide layer likely made it difficult to visualize 

these NPs and to detect the Fe Kα signal above the background intensity. The 

electrochemically aged sample exhibited a relatively thick (~200 nm) layer of oxides on 

their surfaces as observed in the STEM-EDS elemental map (Figure 4.16.d.). The oxide 

containing layer for the dimpled Ni electrodes without the NiFe2O4 NPs had a nominal 
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thickness of ~100 nm (Figure 4.17.). It is possible that the higher number of CV scans 

required by the NP-modified electrodes to reach a steady-state response resulted in the 

thicker oxide layer on their surfaces.244 The difference in oxide thickness for the two 

electrodes may, however, be a result of variations in the surface morphology as observed 

across each sample in the SEM data. Since these cross-sections were prepared after the 

aging process and the electrochemical measurements, it is unclear when the NiFe2O4 NPs 

became hidden within the layers of oxide. A correlative SEM-EDS analysis was, therefore, 

performed to further assess how both the distribution of the NiFe2O4 NPs and the Ni 

support changed with electrochemical aging.  

 

Figure 4.17. Cross-section of a dimpled Ni electrode after electrochemical aging 
as shown in the representative (a) HAADF image, and (b) 
corresponding STEM-EDS map. (c) An EDS spectrum corresponding 
to the region in (b) as indicated by the black box. A spectrum 
corresponding to an electrochemically aged sample that contained 
NiFe2O4 NPs was also included for comparison (black trace). The Pt 
Lα signal is from the protective layer deposited during the focused ion 
beam (FIB) lift-out process, and the Cu Kα and Kβ signals are from the 
TEM grids. 
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4.5.7. Tracking the NiFe2O4 Nanoparticles during Electrochemical 
Aging 

To further assess how these NP-modified surfaces evolve with electrochemical 

aging, SEM-EDS analyses were performed on a single cluster of NiFe2O4 NPs. The signal 

from the Fe Kα peak, as well as the electrode morphology, were tracked at intervals of 50 

CV scans using an EDS spot analysis of an identical location. The regularity of the dimpled 

features enabled this series of analyses to be performed on the same cluster of NiFe2O4 

NPs. Representative SEM images and the corresponding EDS spectra from these 

analyses are shown after the 100th, 250th, and 400th CV scans in Figure 4.18. The pole 

piece in the Helios SEM system was equipped with an Al protective cap, which permitted 

improved sensitivity to the Fe Kα signal. For further confirmation, an EDS spectrum was 

acquired from the Ni only region (Figure 4.19.). This and other EDS analyses of Ni only 

regions did not show the presence of the Fe Kα signal, indicating that any detectable Fe 

signal is absent in the SEM system. With a progressive number of CV scans, changes to 

the surface morphology were observed in the SEM images. After the 400th CV scan, the 

cluster of NPs supported on the dimpled features became visibly passivated by a growing 

layer of Ni oxide. The Ni grains in the planar region of the electrodeposited Ni also 

exhibited changes to their definition and texture. The electrochemically formed β-NiOOH 

phase has a larger interlayer distance in comparison to the other Ni oxide and hydroxide 

phases [e.g., α-Ni(OH)2 and β-Ni(OH)2]. The β-NiOOH phase can accommodate 

intercalated water molecules, as well as ions from the electrolyte.245, 246 The formation of 

this β-NiOOH phase during electrochemical aging results in a visible morphological 

change to the electrode’s surfaces. The growth of the β-NiOOH at around 400 CV scans 

results in a decrease of the Fe Kα signal intensity detected by the top-down SEM-EDS 

spot analysis. Although the Fe K α signal is diminished by the growth of the oxide layer, 

the morphology of the NiFe2O4 NP cluster is still intact as observed in the SEM image after 

the 400th CV scan (Figure 4.18.c.). These results indicate that the NiFe2O4 NPs remain 

embedded within the oxy(hydroxide) phase, and that dissolution of the NPs from the 

surfaces of the dimples does not occur with electrochemical aging. A cross-sectional 

analysis was performed to further confirm this analysis. Since the SEM system 

demonstrated an improved sensitivity for the detection of the Fe Kα signal, a cross-section 

was prepared using FIB milling and analyzed using the EDS detector within the SEM 

system.  
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Figure 4.18. Correlative analysis by SEM for a single cluster of NiFe2O4 NPs 
electrochemically aged by potential cycling techniques for (a) 100 
scans, (b) 250 scans, and (c) 400 scans. (d) Elemental analyses were 
performed using an EDS technique on the selected area highlighted 
by the red circle in (a) after 100, 250, and 400 CV scans. The EDS plots 
were each normalized to the Ni Kα transition, corresponding to the 
major component in the support layers.  
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Figure 4.19. Analyses by EDS of the dimpled Ni electrodes supporting NiFe2O4 
NPs after 250 CV scans were performed on the selected area 
highlighted by the red circle in the SEM image in (a). (b) The 
corresponding EDS spectrum normalized to the Ni Kα transition, 
which corresponds to the major component of the support material. 

A cross-section of the electrochemically aged sample was analyzed using SEM-

EDS techniques. The same electrode used in the identical location analyses was milled 

by a FIB technique. A Pt overlayer was deposited to protect the materials from the 

bombardment with the Ga+ ion beam. An EDS spot analysis was performed on the thick 

porous oxide layer coating the surfaces of the dimpled features (Figure 4.20.). The Fe Kα 

signal was found to be present in this porous layer, but the morphology of the NPs could 

not be distinguished from the other oxides in the SEM image. These results further suggest 

that the NiFe2O4 NPs remain buried within this oxide layer, which prevents their 

morphology from being discerned using electron microscopy techniques. It is 

hypothesized that the Fe species remain within this oxide layer (i.e., the 200-nm thick 

catalytically active layer) of the dimpled Ni electrodes. Electrochemical results from 

assessing the performance of these electrodes towards the OER (i.e., LSV and CA 

measurements) suggests that the NiFe2O4 NPs do contribute to an improved activity even 

when embedded within this active, oxy(hydroxide) layer. 
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Figure 4.20. Analyses by EDS of a cross-section of the dimpled Ni electrodes 
supporting NiFe2O4 NPs after 400 CV scans. The EDS analyses were 
performed on the selected areas highlighted by the red circles in the 
SEM image in (a). (b) The EDS plots were normalized to the Ni Kα 
transition, which corresponds to the major component within the 
support materials. 

4.5.8. Assessing the Performance of the Oxygen Evolution Reaction 

Linear sweep voltammetry was performed to examine the OER activity of each 

electrode using a relatively slow scan rate of 1 mV/s. This scan rate was chosen to allow 

more time for the mass transport of products and reactants during the electrochemical 

processes. Representative LSV plots of each type of sample are shown in Figure 4.21. 

and Figure 4.22. As expected, the dimpled Ni electrodes supporting the NiFe2O4 NPs 

exhibited a lower onset potential and higher current density when compared to both the 

dimpled Ni and planar Ni electrodes (Table 4.2). The onset potentials for the dimpled Ni 

electrode with NiFe2O4 NPs were 80 mV lower than the onset potentials of the purely Ni 

electrodes. The onset potential for both types of Ni electrodes (i.e., planar and dimpled) 

were ~0.66 V (vs Hg/HgO). This similar onset potential indicated that these two types of 

Ni electrodes had a similar elemental composition. The dimpled Ni and planar Ni 

electrodes were both prepared from the same high purity electroplating solution and 

evaluated in a dedicated, high-purity electrochemical set-up. Differences in the OER 
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performance that arise at potentials beyond the onset of the reaction for the purely Ni 

containing electrodes can be attributed to the influences of the electrode surface 

morphology.  

 

Figure 4.21. Representative electrochemical assessments of the OER activity by 
LSV. The LSV traces were each recorded at a scan rate of 1 mV/s in 
purified 1 M KOH. The reported currents have been normalized to the 
Atheoretical for each type of electrode. The plots in (a) portray the onset 
potentials for the OER, while the plots in (b) depict the region of 
higher potentials from 0.6 to 1.5 V. 
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Figure 4.22. The iR-corrected plots for the electrochemical assessments of the 
OER activity by LSV. The LSV traces were each recorded at a scan 
rate of 1 mV/s in purified 1 M KOH. The currents were normalized to 
the Atheoretical for each type of electrode. The plots in (a) portray the 
onset potentials for the OER, while the plots in (b) depict the region 
of higher potentials from 0.6 to 1.5 V (vs Hg/HgO). 
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Table 4.2. Observed onset potentials and representative current densities from 
the LSV measurements in Figure 4.21. for each type of electrode 
after electrochemical aging. 

electrode type 
onset potential 

(V vs Hg/HgO) 

current density (mA/cm2) 

at 1.5 V vs Hg/HgO 

dimpled Ni electrode 
with NiFe2O4 NPs 

0.58 100 

dimpled Ni electrode 0.66 87 

planar Ni electrode 0.66 52 

 

The relatively fast rates of gas evolution at potentials beyond the onset of the OER 

can result in the undesired formation of large bubbles attached to the surfaces of the 

electrocatalysts. This form of surface passivation can be especially problematic for planar 

materials. Relatively large bubbles can remain adhered to the electrodes for longer than 

ideal periods of time (e.g., on a ms time-scale), which results in blocked active surface 

area and a decrease in the OER performance.76 The presence of nanoscale to microscale 

features on the surfaces of electrodes have been demonstrated to improve their 

performance in gas evolving reactions (see, for example, details in Section 1.3). The 

current densities of the Ni electrodes (i.e., dimpled Ni and planar) deviate from one another 

beyond 0.7 V (vs Hg/HgO). Beyond this potential, the planar Ni electrodes exhibited a 

lower overall performance toward the OER. It is likely that the better OER performance 

demonstrated by the dimpled Ni electrodes in contrast to the planar Ni electrodes is the 

result of a more efficient gas evolution and release due to morphology-induced effects. 
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Figure 4.23. Representative CA measured at 1.2 V (vs Hg/HgO) for a duration of 3 
h. These analyses were performed for the dimpled Ni coated with 
NiFe2O4 NPs, dimpled Ni, and planar Ni. Each transient is an average 
of three replicates. The plots in (a) depict the onset of the CA, while 
the plots in (b) portray the final, steady-state response for the 
electrochemically aged electrodes. 

The electrochemical performance for the series of Ni-containing electrodes toward 

the OER were also assessed using CA measurements. The applied potential was held at 

1.2 V (vs Hg/HgO) for a duration of 3 h for each of the electrochemically aged electrodes 

(Figure 4.23.). A potential of 1.2 V (vs Hg/HgO) was chosen for these measurements as 

it represents approximately the half-way point between the onset potentials and upper 

potentials measured in the LSV plots. The duration of these measurements was chosen 

to allow for sufficient stabilization of the electrochemical processes associated with the 

OER (e.g., diffusion and adsorption of reactants, and the release and diffusion of 

products). Three replicate electrodes were prepared and tested for each type of sample 

(i.e., NP-modified dimpled Ni, dimpled Ni, and the planar Ni electrodes). Conducting 

electrochemical measurements in a stagnant electrolyte can typically require longer 
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periods of equilibration (e.g., ~30 min) in comparison to RDE experiments. This period of 

equilibration is typically signified by a relatively pronounced decrease in the current density 

at the beginning of CA measurements. The dimpled Ni electrodes supporting NiFe2O4 NPs 

retained 91% of their current density after the equilibration period (i.e., after 30 min). The 

dimpled Ni and planar Ni electrodes maintained an average of ~92% and ~89% of their 

original current densities, respectively. The full CA plots are shown in Figure 4.24. The 

retention of current density is related to stability of the electrode material during the OER. 

The thickness of Ni in each electrode and their extent of electrochemical aging were 

relatively similar for each of these custom-prepared electrodes. Given these similarities, it 

is reasonable that each of the aged electrodes exhibited a similar retention of their original 

current densities over the duration of the CA measurements. The current densities for 

these CA measurements were also reported as an average and their standard deviations 

are shown in Figure 4.25. The results of these CA measurements also demonstrated that 

the dimpled Ni electrodes that were prepared with NiFe2O4 NPs partially embedded in 

their surfaces exhibited the highest activity towards the OER, even after growth of the 

active layer. 

The results from this study indicate that the OER active layer can extend well 

beneath the outermost surfaces when electrochemical aging is performed prior to 

assessing the electrocatalytic activity. The cross-sections prepared from electrochemically 

aged samples suggest that the permeation of reactants and products into and out of the 

oxide layers can occur up to depths of ~200 nm. The improved electrochemical 

performance exhibited by the NiFe2O4 NP-modified electrodes relative to the purely Ni 

containing electrodes indicate that the Fe species within the oxy(hydroxide) layer are 

accessible to the diffusion of ions and are also active for the OER. The improved 

electrochemical activity of the electrochemically aged, NP-modified electrodes suggests 

that the Fe species from the NPs are electrochemically active. These Fe species could be 

created from dissolution of the NPs, and these Fe species may be present at 

concentrations below the detection limits of the techniques used herein. It could also 

suggest that the species on the surfaces of the NPs are electrochemically active. Since 

the identical location analyses indicated that the NPs appear to retain their initial form, it 

may suggest that the latter could be the dominant method of activation. The formation of 

the oxy(hydroxide) phase during the electrochemical aging also results in the formation of 

higher valent Fe species. The onset potential for the NP-modified electrodes were 80 mV 
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lower than the onset potentials of the purely Ni electrodes (i.e., dimpled and planar Ni 

electrodes). At the more oxidizing potentials, the NP-modified dimpled electrodes reached 

current densities of ~100 mA/cm2 at 1.5 V (vs Hg/HgO), while the dimpled and planar Ni 

electrodes reached current densities of ~87 and ~52 mA/cm2, respectively, at the same 

applied potential. Both types of dimpled electrodes exhibited higher current densities 

relative to the planar Ni electrodes. These results suggest that the ~250 nm concave 

recesses of the dimpled features likely induce an improved convection of electrolyte, 

and/or an enhanced release of bubbles from the surfaces of these electrodes. Electrodes 

with well-defined surface features are ideal for identifying morphological changes as a 

result of electrochemical aging, as well as to improve mass-transfer processes associated 

with the electrode-electrolyte-gas interfaces. Additional well-defined electrode 

morphologies could be pursued to further evaluate the effects of surface geometry on the 

efficiency of gas-evolving reactions. The dimpled features can, however, be further utilized 

to assess the influences of electrochemical aging of other NP-support systems. This 

platform offers a method for tracking the evolution of both the NPs and the support 

materials as a function of aging conditions or the duration of electrochemical aging. 

 

 

Figure 4.24. Representative CA measurements obtained at 1.2 V (vs Hg/HgO) over 
a period of 3 h after the electrochemical aging treatment. 
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Figure 4.25. The CA plots acquired at 1.2 V (vs Hg/HgO) for a duration of 3 h after 
electrochemical aging. Each plot is an average of three replicates 
where the shaded region indicates one standard deviation from the 
mean for the (a) dimpled Ni electrodes with NiFe2O4 NPs, (b) dimpled 
Ni electrodes, and (c) planar Ni electrodes prepared by 
electrodeposition. 
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4.6. Conclusions 

A template-assisted method was used to prepare dimpled Ni electrodes with 

partially embedded surface inclusions of NiFe2O4 NPs. The regular dimpled surface 

morphology enabled a method for monitoring changes to the NPs, to the Ni support, and 

to the interactions between the NPs and the Ni support. These systems were monitored 

for changes both during and after electrochemical aging. Electrochemical aging was 

conducted using a “steady-state” technique by successive CV scanning across the Ni 

(II)/(III) redox species. This aging process resulted in the formation of a ~200-nm thick 

catalytically active oxide surface layer as indicated in the cross-sections of these materials 

prepared by FIB milling and analyzed by S/TEM-EDS techniques. Identical location 

analyses were used to assess the position of the NPs relative to the regular, dimpled 

features and the Ni oxide layers forming on these surfaces as a function of electrochemical 

aging. The NiFe2O4 NPs remained on the surfaces of the textured electrodes and became 

embedded within the β-Ni(OH)2/β-NiOOH phases that formed during the electrochemical 

aging process. Similarities in the CV profiles for the NP-modified and the dimpled Ni 

electrodes, such as the anodic peak position and second oxidation feature at 0.6 V (vs 

Hg/HgO), indicated that dissolution of the NiFe2O4 NPs is limited and that the Fe species 

remain localized within the active oxy(hydroxide) phase. The NP-modified electrodes were 

assessed for their performance toward the OER, which was further compared to the 

performance of both dimpled Ni electrodes (without NPs) and planar Ni electrodes. The 

total surface area of each electrode were estimated using SEM measurements, and the 

resulting Atheoretical values were used to derive current densities for the electrochemical 

measurements associated with each type of sample. The influences of the surface 

textures and the inclusion of the NPs were each evaluated for their contributions to the 

OER. As expected, the dimpled Ni electrodes exhibited higher current densities relative to 

the planar Ni electrodes in the LSV measurements. In addition, the NiFe2O4 NP-modified 

electrodes demonstrated the highest current densities and the lowest onset potentials. 

These results indicated that the recessed features of the dimples with depths of ~250 nm 

may facilitate improved convective processes for gas evolving electrocatalysis. 

Furthermore, the NiFe2O4 NPs, even though they are buried within layers of β-Ni(OH)2/β-

NiOOH contribute to enhancements to the OER. Likely active surface sites on the NiFe2O4 

NPs are contributing to the enhancement of the OER. Durability of these electrodes were 

also assessed using CA measurements, which further confirmed a higher activity of the 
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NP-modified electrodes. These studies provided insights into the influences of 

electrochemical aging on the stability of the NiFe2O4 NPs and their position relative to a 

Ni support, as well as the durability of these interactions towards the OER. This approach 

to preparing textured supports with partially embedded electrocatalysts as NPs could be 

extended to other systems to provide insights into the mechanisms of additional support-

catalyst interactions and, importantly, their response to electrochemical aging.  
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Chapter 5.  
 
Electrocatalytic Transformations of NiFe2O4 
Nanoparticles Anchored on Structured Nickel 
Supports for the Oxygen Evolution Reaction 

5.1. Notice of Permissions 

The work presented in this chapter is currently in preparation toward publication. 

Permission to use the material has been granted by all co-authors. This manuscript was 

conducted in collaboration with McMaster University. The Canadian Centre for Electron 

Microscopy performed standard FIB techniques. Dr. Sagar Prabhudev performed the 

acquisition of the S/TEM-EELS data, and Prof. Gianluigi A. Botton provided guidance for 

the microscopy data acquisition and discussions in regards to data interpretation. 

Preparation of materials, experiments, data analyses, and writing of the manuscript were 

performed by myself under the guidance of my supervisor Prof. Byron D. Gates.  

5.2. Introduction 

Nanoparticles composed of Ni-based compositions are technologically important 

for a variety of electrocatalytic reactions. The advancement of nanomaterials with earth 

abundant compositions has led to the implementation of NPs in MEAs for water splitting 

reactions and fuel cell applications.46, 47 247, 248, 249 It is well known that NP-based 

electrocatalysts offer enhanced catalytic activity due to the presence of more reactive 

surface sites (e.g., edges, vacancies, corners), which arise from a high surface area to 

volume ratio. Although NPs provide enhanced material utilization and performance, these 

electrocatalysts are also more susceptible to degradation processes, especially when 

exposed to harsh environments (e.g., acidic or alkaline) under the applied operational 

potentials. Several degradation mechanisms have been recognized: (i) material 

dissolution from and redeposition onto NPs (i.e., Ostwald ripening); (ii) NP migration 

and/or detachment within catalyst layers; (iii) corrosion of the support material; (iv) NP 

agglomeration; and (v) de-alloying or preferential leaching of atoms or ions from the 

NPs.250, 251, 252 Strategies for minimizing degradation processes have included the use of 

functionalized NPs with tripodal ligands to facilitate both size control and self-repair 
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mechanisms on the surfaces of the catalysts layers.253, 254 Partial embedment and 

encapsulation of NPs directly within conductive supports by in situ growth methods have 

also demonstrated the ability to decrease NP detachment and agglomeration.255, 256 Other 

techniques for stabilizing NPs have utilized metal-oxide supports to tune the electronic 

structure and the resulting oxidation state of the electrocatalyst.257, 258 To address the 

degradation of NP-based electrocatalysts a variety of solutions are likely to be needed. 

Selecting the most ideal solution(s) requires a detailed understanding of the failure 

mechanisms. To better understand the fate of the active NP species (i.e., movement and 

migration of key ions), post-mortem investigations of the active material are needed to 

deliver new insights into the long-term stability of NP electrocatalysts in the context of 

electrochemical water splitting.  

Since the OER is the kinetically limiting reaction involved in water splitting, the 

ability to influence the chemisorption of intermediates involved during this multi-step 

reaction, such as through metal-support interactions, is an attractive strategy for improving 

the reaction kinetics.259, 260 Electronic charge flow between a metal NP and a metal oxide 

support during electrocatalysis can provide a more optimal reaction pathway.261, 262, 263 

The use of metal-oxide-based supports with a good corrosion resistance can also enhance 

the durability of NP electrocatalysts by minimizing the loss of active surface area.264, 265 

For example, carbon is a prevalent support material utilized in MEAs, but these supports 

can undergo oxidative dissolution to form CO2 and other by-products that also result in a 

dissolution or agglomeration of the NPs.266, 267 Studies that focus on the interactions 

between the metal support and NP electrocatalysts often require sophisticated 

experimental methods and imaging techniques to track the evolution of these interfaces 

during operational conditions. For example, in situ electrochemical TEM techniques have 

been used to assess the structural changes of NP electrocatalysts, but challenges can 

arise with the use of the liquid cell.268 Undesired side-reactions can result between the 

liquid and the electron beam. Furthermore, EDS and core-loss EELS measurements can 

be impractical due to the thickness and geometry of the liquid cell.269 Post-mortem 

analyses of carbon supported-NPs deposited onto RDEs or on TEM grids have also been 

utilized as a platform to evaluate catalytic activities and/or to assess material degradation. 

These approaches provide predictions as to the behavior of the NPs at these interfaces, 

but lacks the ability to mimic the operational conditions within the MEA and can result in 

inconsistent experimental data.270  
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The development of new analytical platforms that can better mimic the 

electrochemical conditions could be valuable toward understanding the transformations of 

these interfaces. Degradation mechanisms are less well-explored for earth abundant 

nanocatalysts that are anchored on non-carbonaceous supports. Understanding the 

transformations of NiFeOxHy electrocatalysts is a primary interest for alkaline water 

splitting reactions since these are some of the most promising materials for widespread 

implementation in commercial systems.147, 271, 272  It is well known that Ni undergoes 

complex phase transformations [i.e., β-Ni(OH)2 to β-NiOOH]. It is, however, still unclear 

where the Fe dopants lie within the Ni structure and what role they play during the material 

evolution at oxidizing potentials within alkaline media. The Ni oxide phase transformations 

result in a substantial restructuring of the surfaces of the electrocatalysts and can often 

result in the loss of nanoscale features.273 Oxidative transformations of the electrocatalytic 

materials can result in morphological changes that are concurrent with material 

degradation and loss of activity. Insight towards strategies that aim to improve the 

electrocatalytic stability will require a detailed understanding of the mechanisms 

associated with material degradation and loss of activity such as the resulting 

transformations that take place within these materials at the interface with the electrolyte. 

These processes can be complicated by the fact that dissolution of particular species 

could be concurrent with phase transformations therein. Of particular interest is also the 

evolution of the interface between nanocatalysts (e.g., Fe-containing NPs) and their 

support matrix (e.g., a conductive, OER active species).  

Electrocatalytic degradation studies are often conducted using accelerated 

protocols to evaluate the material durability. These tests are typically performed using a 

rapid change in potential from highly oxidative to highly reductive conditions while 

immersing the electrocatalysts in a strongly alkaline media at elevated temperatures.274, 

275 Such studies aim to simulate the extreme conditions that could be experienced under 

continuous operation (e.g., 1000 to 6000 h), but within a much shorter time frame. These 

tests are designed to induce material failure and are not intended for probing the 

mechanisms of material degradation. To discern the transformations that take place within 

electrocatalysts, a key contribution is the evolution of the OER active phases with aging, 

and the transformations that take place at the interface between these phases and other 

electrode materials. For example, the evolution of OER active phases could lead to distinct 

changes at the interface between NPs and a supporting matrix. Transformations of this 
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interface can be obtained by scanning the applied potential across relevant redox states 

(e.g., the formation and reduction of β-NiOOH).226, 228 It is imperative to understand the 

evolution of the interface between a nanocatalyst and its support. The degradation 

pathways present within an MEA are extensive. The purposeful study of transformations 

to earth abundant nanocatalysts and their interactions with a non-carbonaceous support 

could guide the development of improved methods of utilizing NPs and the design of the 

support matrix for a range of electrocatalytic applications.  

In this work, we investigate changes to the composition, phase, morphology, and 

relative position of NiFeOxHy electrocatalysts supported on a Ni matrix. This study uses 

NiFe2O4 NPs anchored on the surfaces of a Ni support containing a regular, dimpled 

texture. The regular features of the support enabled the ability to discern the locations of 

the NPs and to monitor the relative position of the NPs relative to these features as a 

function of electrochemical aging. Cross-sections of the structured electrodes were 

examined using HR-TEM techniques both before and after the electrochemical aging 

process. Of particular interest was the potential for the loss of Ni and/or Fe species from 

the NPs as a function of successive stages of oxidative and reductive processes. The 

focus for this study was on the influences associated with the transformations of Ni2+ ↔ 

Ni3+/4+ [i.e., Ni(OH)2/NiOOH] as a function of redox processes and their impact on both the 

species in the NPs and within the support matrix. Changes to the atomic composition and 

phase of the NPs, for example, were assessed by high-resolution electron energy loss 

spectroscopy (HR-EELS). Crystallinity and morphology of the NPs were also assessed 

using S/TEM techniques. These ex situ characterizations were performed by removing 

cross-sections of the aged electrodes using FIB milling techniques. The use of the 

structured Ni supports enabled the ability to monitor changes to both the support and the 

inclusions of NiFe2O4 NPs within their surfaces. Because the morphology of these 

electrodes contained a well-defined “dimpled” texture (akin to the dimpled texture of a golf 

ball) it enabled tracking of both these features and separately the NPs supported therein 

(e.g., migration of the NPs away from the dimples). This study demonstrates techniques 

that can be used to assess the evolution of the NP-support interface when using non-

carbon based supports. It also provides insights into the nanoscale transformations that 

result from the activation of materials for the OER, and the ability to correlate these results 

with changes in the OER activity of these materials.  
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5.3. Experimental 

5.3.1. Materials and Reagents 

Similar materials and reagents were used in the preparation of the dimpled 

supports, as well as for the synthesis of the NiFe2O4 NPs as discussed in Section 4.4.1.  

5.3.2. Preparation of the Dimpled Ni Electrodes Supporting NiFe2O4 
Nanoparticles 

The dimpled Ni supports with surface inclusions of NiFe2O4 NPs were prepared 

using a template-assisted method as described in Chapter 4, Section 4.4.2. through 4.4.8. 

5.3.3. Characterization by Electron Microscopy Techniques 

Scanning electron microscopy was conducted using a NanoSEM by FEI operated 

in an immersion mode at an acceleration voltage of 10 kV. The samples were secured 

onto holders from Ted Pella (SEMClip, Product No. 16148-20). The NanoSEM was used 

to inspect the general morphology of the dimpled features after removal of the PS 

templates. Excessive sample charging during an initial SEM analyses indicated that 

organics (e.g., template material and/or surfactants in the system) had not been 

adequately removed from the dimpled features. When excessive sample charging was 

encountered, Soxhlet extraction was repeated using a fresh solution of toluene followed 

by plasma etching (Technics, PEiII-A) with a glow discharge of 300 W at 300 mTorr for 10 

min to further remove the adhered remnants of any organic materials. 

Cross-sections of the electrochemically aged electrodes were prepared for S/TEM 

analysis using FIB techniques. These techniques were performed in part by the Canadian 

Centre for Electron Microscopy using standard FIB techniques. A Helios G4 UXe 

DualBeam Plasma-FIB by Thermo Scientific was used for the electron beam deposition 

of a thin carbon layer to protect the surfaces from ion beam damage, while also having a 

distinct electron density from the materials of interest and to improve the dissipation of 

electrons from the metal oxide samples during the subsequent S/TEM imaging. This initial 

step of creating a protective layer was followed by the ion beam assisted deposition of 

tungsten (W) to a thickness of ~3 μm. Further thinning of sections of the sample were 

subsequently conducted using a focused beam of Ga+ ions from a zeta column with an 
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acceleration voltage of 30 kV at 40 pA on a Zeiss NVision 40 FIB. A glancing angle (7o) 

polishing step was performed initially at 10 kV and then at 5 kV to reduce the effects from 

amorphization and to remove damage from ion implantation. The cross-sections were 

mounted onto Omniprobe 460-213-S copper FIB grids (Ted Pella).  

Detailed structural and compositional characterization by S/TEM techniques were 

performed using a FEI-Titan 80 300 cubed TEM, operated at 300 kV in STEM mode. The 

microscope was equipped with a high-brightness Schottky electron source, aberration 

correctors for both the probe-forming and image-forming lenses, a monochromator, and a 

high resolution Gatan-K2 direct electron detector for elemental mapping capabilities. 

Specifically, to obtain a suitable contrast for the bright-field images to specifically assess 

the crystalline NPs embedded in the amorphous Ni (oxy)hydroxide layer, the TEM probe 

was aligned to a semi convergence angle of ~1 mrad and the microscope camera length 

adjusted to ~91 mm. All of the images were suitably recorded on the post-column dark 

field detectors. In addition to imaging, EELS was also performed to map the spatial 

distribution of the individual elements. A Gatan K2-camera was used to record the EELS 

spectra with a probe semi convergence angle of ~20 mrad and a collection semi-angle of 

~40 mrad. The individual Fe, Ni, and O chemical maps were generated by analyzing the 

L2,3 edges of Fe and Ni, and the K edge of O. Quantification of these elemental signals 

involved the use of suitable cross-sections for Fe, Ni, and O species based on the Hartree-

Slater model implemented within the Gatan Digital Micrograph software. 

5.3.4. Electrochemical Measurements 

The methods, equipment, and glassware used in the electrochemical set-up are 

similar to those found in Section 4.4.1. A minor adaption included the use of a high purity 

graphite rod (Alfa Aesar; 99.9995%, 6.1-mm diameter) as a counter electrode. The 

working electrodes were cleaned by sequential Soxhlet extraction (i.e., repeated 3 times 

for each sample) using fresh solvent over a reflux period of ~12 h prior to the 

electrochemical aging treatment. A thorough cleaning was imperative to expose the 

surfaces of the NiFe2O4 NPs and to leave them free of organic residues during the aging 

process. A more thorough removal of the PS residue was required for these samples since 

the dimpled supports used in this study appeared to have a higher loading of NPs in 

comparison to those prepared and used in Chapter 4. The higher loading of NPs 

correlated with a higher loading of surfactant (e.g., from the NPs) on the surfaces of the 
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PS and over the surfaces of the dimpled support after removal of the PS. After each period 

of solvent reflux, a plasma etch was conducted for 10 min to remove additional organic 

residue from the surfaces of the electrodes. Cyclic voltammetry methods were used to 

electrochemically age the electrodes. The electrochemical aging treatment was conducted 

by cycling the potential from 0 V to 0.6 V (vs Hg/HgO) at a scan rate of 50 mV/s. The 

working electrodes were subjected to 0, 800, 1600, or 2400 sequential scans of the 

applied potential. These samples are referred to as the pristine (i.e., as-prepared), 800-

CV, 1600-CV, and 2400-CV electrodes, respectively. These electrodes were each 

removed from the electrolyte after the electrochemical treatment and rinsed three times 

with ~10 mL of DI water. The rinsed substrates were subsequently dried under a filtered 

stream of N2 gas. The electrodes were placed in clean sample holders, sealed from 

exposure to dust until further analysis by electron microscopy techniques (see Section 

5.3.3). All of the analyses by electron microscopy were performed after the 

electrochemical aging (with exception to the as-prepared sample) and prior to the 

assessment of the OER activity as described below. 

Electrochemical measurements were conducted to assess the activity of the 

samples towards the OER. Measurements pertaining to the OER activity were conducted 

after the electrochemical aging as well as after the subsequent microscopical analyses. 

The sequence started with a potential cycling pretreatment to clean and activate the 

electrodes prior assessing their electrochemical performance. This pretreatment was 

especially important for the as-prepared electrode since the sample had not been 

previously aged or exposed to the electrolyte prior to its microscopical analyses. This 

pretreatment process included potential cycling for a series of 10 sequential CV scans 

using the same conditions as those for the electrochemical aging process. Directly after 

the electrochemical activation, potentiostatic EIS analyses were conducted at 0.5 V (vs 

Hg/HgO). The frequencies were scanned between 100 kHz and 1 Hz with an amplitude of 

10 mV. The EIS measurements were performed to determine the Ru of the system. 

Following the EIS analyses, LSV measurements were performed at a scan rate of 1 mV/s 

from 0 to 1.5 V (vs Hg/HgO) to assess the OER activity of each sample at a relatively slow 

scan rate. Following the LSV analyses, three sequential CV scans were conducted by 

scanning the potential from 0 V to 0.6 V (vs Hg/HgO) at a scan rate of 50 mV/s. This 

process was used to reform the (oxy)hydroxide phase prior to the CA measurements. Both 

the LSV and CV data were corrected for the Ru where the phase angle approached zero.276 
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The CA measurements were acquired at a potential of 1.2 V (vs Hg/HgO) for a duration 

of 1 h at a sampling rate of 0.1 s to investigate the OER activity of the electrodes after 

various degrees of electrochemical aging. 

 

5.4. Results and Discussion 

5.4.1. Motivation to Investigate the Stability of NiFe2O4 Nanoparticles 
Anchored onto Ni Supports After Successive Stages of 
Electrochemical Aging 

Advanced characterization methods in combination with the appropriate 

experimental tools provide the means necessary to understand the properties and stability 

of nanostructured materials. Efforts to develop state-of-the-art electrocatalysts has aimed 

considerable attention on identifying materials that are both highly active and selective.38 

In recent years, research efforts have shifted the focus toward assessing the operational 

stability of electrocatalysts.277 Earth abundant electrocatalyst with a sufficiently high 

performance and a prolonged stability are of paramount importance for identifying 

additional electrocatalysts for use in commercial systems.47 Investigations into the 

evolution of electrocatalytic NPs supported by a conductive matrix have often required the 

use of sophisticated characterization methodologies such as through in situ or operando 

techniques.252 For example, X-ray tomography techniques are often used to provide 

sufficient spatial resolution to follow the evolution of individual NPs. Other techniques rely 

upon a sufficiently large separation between the NPs to discern their properties such as 

for analysis by scanning electrochemical techniques or microscopy based spectroscopic 

techniques (e.g., Raman). Furthermore, the direct characterization of metal-supported 

NPs under the working conditions of alkaline water electrolysis is often difficult due to the 

corrosive conditions and the electron dense nature of the support. Under these working 

conditions, phase transformations and degradation mechanisms (e.g., migration of active 

metal ions and dissolution) can take place at the NP-to-electrolyte interface, as well as at 

the metal support-to-electrolyte interface. The interface between the NP and the metal 

support is also of particular interest to assess the mechanism of degradation and to 

correlate the transformations therein with the apparent changes in system resistance and 

with aging. Changes to the activity of these materials is largely the result of processes that 
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require a high spatial resolution to appropriately discern. In this work, we investigated the 

evolution of NP electrocatalysts composed of NiFe2O4 following electrochemical oxidation 

by potential cycling under alkaline conditions relevant to the OER. These NPs were used 

to introduce Fe species into the Ni support for their enhanced electrocatalytic activity over 

that of pure Ni in alkaline based conditions, and due to our familiarity with the preparation 

and characterization of these materials.225, 278 The techniques demonstrated herein could 

be extended to a range of other types of nanocatalysts. The techniques used to prepare 

the textured support and for the inclusion of the NPs within this support matrix could also 

be further tuned to adjust the loading of the NPs and their distribution over the surfaces of 

the support.56, 279 The studies outlined herein include a spatially resolved analysis of the 

Ni-Fe OER active species and information on the evolution of the composition and phase 

of both the NP and its support. The evolution of these materials and their interface were 

examined using advanced electron microscopy techniques that enabled an ex situ 

analysis. These findings were also correlated to the electrochemical performance towards 

the OER for the electrochemically aged materials. Elucidating the transformations of 

nanocatalysts composed of earth abundant NiFeOxHy OER active species and their 

support matrix can provide insights into the mechanism by which these materials evolve 

and degrade.  

5.4.2. Transformations at an Electrochemically Aged Nanoparticle-to-
Support Interface 

The regular surface features of the dimpled Ni supports enabled the ability to 

separately track the evolution of the NPs and their metal support at desired time intervals 

between progressive steps of electrochemical aging. The phase transformation under 

potential cycling for the Ni support is depicted in the representative CV scan in Figure 2.1. 

(refer to Section 2.1.1). Recently, Fe species included as dopants within the NiOOH lattice 

have been identified as highly active sites for the OER relative to pure Ni sites due to the 

ability of the Fe inclusions to form highly oxidized metal-oxo ligands.222 The spatial 

distribution and movement of Fe species within the NiOOH matrix is, however, not yet fully 

understood. It is, therefore, of interest to understand the evolution and migration of the Fe-

containing species during progressive oxidative aging (e.g., as a result of evolution of Ni 

phases relevant to the OER) with regards to its position within the support matrix and its 

association with the electrocatalytic NPs.  
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The conditions for potential cycling of the dimple supported NPs were selected to 

include both oxidative and reductive potentials while minimizing gas evolution. The 

presence of gas on the surfaces from water splitting could lead to non-uniform aging (e.g., 

blocking of active sites) and/or mechanical disruptions to the NP-support interactions as 

a result of hot-spot formation. For example, during gas evolution the departure of gas 

bubbles from the surfaces of the catalysts can induce local strain.280 The repetitive 

detachment of relatively large gas bubbles could lead to additional degradation of the 

outermost surfaces of the electrode.98 These processes could lead to the loss of nanoscale 

features within the support matrix, as well as a loss of NiFe2O4 NPs from the surfaces of 

the dimpled electrode. Although the processes taking place during gas evolution are also 

relevant studies to pursue for the aging of electrocatalysts towards the OER, the 

demonstration herein sought a more uniform aging mechanism for the purposes of more 

easily discerning correlations between changes to the sample composition and 

morphology and its measured electrocatalytic performance. The potential range was 

maintained between 0.0 and 0.6 V (vs Hg/HgO), which was selected to exclude high 

current densities associated with the OER. Through this process of potential cycling over 

this range of potentials, OH- ions would diffuse into the electrocatalysts during their phase 

transformation with activation of the OER active species at the interface where the charge-

transfer takes place. The evolution of the dimpled support and the Fe containing NPs 

herein were monitored before and after three successive stages of electrochemical aging 

(Figure 5.1). Thickness of the active layers upon the support matrix can be up to a few 

hundred nanometers. For example, previous work on similar materials after their 

electrochemically aging by potential cycling resulted in the formation of an OER active Ni 

phase with a thickness of ~200 nm within alkaline media (see, for example, further details 

in Chapter 4). It was of interest to assess the evolution and stability of the supported 

NiFe2O4 NPs such as to determine if they are easily removed from the support during 

aging or if they are progressively encapsulated within a layer of Ni (oxy)hydroxide species 

that forms over the surfaces of the support.  
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Figure 5.1. Representative SEM images for the dimpled Ni electrodes supporting 
NiFe2O4 NPs after their electrochemical aging by potential cycling for 
(a) 2400 cycles (2400-CV), (b) 1600 cycles (1600-CV), and (c) 800 
cycles (800-CV). As well as (d) the pristine sample (i.e., as-prepared). 

5.4.3. Characterization of the Nanoparticle-to-Support Interface at 
Successive Stages of Electrochemical Aging 

The as-prepared samples contained NiFe2O4 NPs within the dimpled features of 

the Ni supports. The NiFe2O4 NPs were highly susceptible to aggregation. This was in part 

due to their magnetic properties and their tendency to minimize their surface energy as a 

result of purifying these materials of excess surfactants. These NPs formed clusters 

anchored to the walls of the dimpled features of the as-prepared sample as observed in 

the high magnification SEM images (e.g., Figure 5.2 and Figure 5.3.a.). Cross-sectional 

analyses were required to inspect the interface between the NPs and their support. These 

analyses were performed as a function of oxidative aging of these textured 

electrocatalysts. 
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Figure 5.2. Representative SEM image of the as-prepared dimpled Ni electrodes 
supporting NiFe2O4 NPs. 

After 800 complete CV scans, the surfaces of the sample begin to resemble a 

roughened surface texture (Figure 5.3.b. and Figure 5.4.). The NiFe2O4 NPs were no 

longer distinguishable in the top-down SEM analyses. The roughened surface texture is 

due to the growth of a Ni (oxy)hydroxide surface layer. The growth of this phase is induced 

from the repetitive oxidative and reductive phase transformations that occur on the 

outermost Ni surfaces that are in contact with the electrolyte. Relaxation of the Ni 

(oxy)hydroxide phase to a Ni hydroxide phase commences after removal of the electrode 

from the applied potential and alkaline environment involved during aging. Cross-sectional 

samples were prepared from the 800-CV sample to inspect the morphology of the 

encapsulated NPs. Bright-field diffraction images provided a sufficient contrast to 

distinguish between the NPs, the surface oxide layer, and the polycrystalline Ni beneath 

(Figure 5.3.c-d.). The diameter of single NPs within the oxide layer were ~30 nm, which is 

in close agreement to the mean hydrodynamic diameter.278 These measurements 

suggests that the structure of the NP has been preserved with respect to the as-prepared 

morphology. The surface oxide layer was ~20 nm in thickness as indicated by the 

diffraction-contrast images. After the 800 CV scans, the NPs are either partially or in some 

cases fully encapsulated within the surface oxide layer. Full encapsulation by the 

overgrowth layer suggests that it was more favorable for the oxide layer to grow over top 

of the NPs rather than beneath indicating good adhesion of the NPs to the surfaces of the 

Ni electrode. An image from the same region was also acquired using a S/TEM-HAADF 

mode, which better highlighted the oxide layer.  
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Figure 5.3. Representative SEM images for the (a) pristine dimpled Ni electrodes 
supporting NiFe2O4 NPs after initial electrochemical activation, and 
(b) after electrochemical aging by potential cycling for 800 complete 
cycles (referred to as 800-CV). A series of bright field (BF) based TEM 
images were obtained from cross-sections prepared by FIB 
techniques, such as for the 800-CV sample at (c) a low and (d) a higher 
magnification. These images indicate the presence of the NPs within 
the oxide layers covering the surfaces of these samples. 

 

 

Figure 5.4. Representative SEM image of the dimpled Ni electrodes supporting 
NiFe2O4 NPs after potential cycling for 800 complete cycles (800-CV). 
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Figure 5.5. Scanning TEM images of a FIB prepared cross-section of the 800-CV 
electrode obtained by (a) HAADF imaging and (b) BF imaging, which 
highlighted the oxide layers and the NPs, respectively. (c) High 
magnification TEM image of an individual NP with an inset showing 
the electron diffraction pattern obtained from the NP that is 
highlighted by the red box. (d) Elemental map of the corresponding 
region in (c) for the Ni L2,3, Fe L2,3, and O K edges as obtained by 
electron energy loss spectroscopy (EELS). 

High magnification images of the 800-CV sample were acquired by S/TEM using 

both HAADF and bright field (BF) imaging modes. A side-by-side comparison of these 

high magnification images highlights the different features that are more easily observed 

in either microscopy technique (Figure 5.5.a-b.). The oxide layer displays an improved 

contrast in the S/TEM-HAADF image, but the NPs were not as clearly distinguished within 

the oxide layer. This difference in contrast was due to changes in the sensitivity of each 

of these materials to the type of imaging mode. The BF-TEM image provided an adequate 

contrast to visualize the crystalline NPs and the dense, crystalline layers of the Ni support. 

Differences in material density and crystallinity are apparent in this transmission mode. 

The less dense layers of the OER active phases of Ni that coat the Ni support and that 

partially coat the NPs are also apparent in the BF images. Imaging the samples by 

diffraction using STEM-HAADF techniques highlights the Ni-rich phases of the support 

and the OER active layers, but were not tuned to the analysis of diffraction spots from the 

NPs. Electron diffraction was separately conducted on the NPs at high magnification. For 

example, a NP on the support was analyzed by single particle diffraction as depicted in 
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Figure 5.5.c.. This diffraction pattern corresponded to crystalline planes with a d-spacing 

of 1.7 Å, which most closely matched the spacing of the [422] planes of NiFe2O4 

(corresponding to reference material ICSD Card No. 94872). The intensity maps of the 

relative atomic species in the sample were analyzed by HR-EELS, which indicated that 

the Fe species were associated with the NPs (e.g., Figure 5.5.d.). Additional elemental 

maps by HR-EELS and a spatially resolved line-scan of the relative intensities of the 

atomic species present in a cross-section of a NP are provided in Figure 5.6. The core-

loss edges of Ni L2,3, Fe L2,3, and O K were located at 855, 710, and 535 eV, respectively. 

The line scan indicates that the Fe species located in the NP are in proximal contact with 

the metallic Ni support. Intensities of the O K edge correspond to a Ni oxide film covering 

the support (region prior to the Fe within the NP) and also to the oxygen in the NPs 

(correlating with the presence of the Fe species). This data suggests that there is an oxide 

film with a thickness of ~10 nm between the metallic Ni support and the supported NPs. 

The intensity of the Ni detected over the region of the NP corresponds to both the Ni in 

the NP and the oxidized layer of Ni covering the NP; there is a higher relative intensity of 

Ni than is expected for the NiFe2O4 NPs. The relative intensity of the oxide region is the 

highest in proximity to the interface between the Ni support and the NP, corresponding to 

the region of activated Ni covering the support and at least partially encapsulating the NP. 

It is possible that the oxide layer has partially restructured during the preparation of the 

samples (e.g., capillary effects during sample drying or the effect of coating the sample 

with C and W for the FIB processing). The cross-section analysis of the NPs by the 

elemental maps and line-scan EELS measurements suggest there is a close contact 

between the support matrix and the NPs, such that these NPs are in good electrical 

contact with the support and also reside within the OER active phases of the 

electrochemically aged Ni. It was of interest to study the effects of further electrochemical 

aging on the NPs, the support, and the oxide layers. Of particular interest were the 

evolution of the interface between each of these materials and the composition and 

crystalline structure of each component. The HR-TEM based analyses enabled a further 

analysis of changes to these materials, including the phase of the NiFe2O4 NPs. 
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Figure 5.6. The EELS maps of atomic species within a single NP from the 800-CV 
sample. The RGB composite maps are depicted for the (a) Ni L2,3 edge, 
(b) Fe L2,3 edge, and (c) O K edge. Overlap of the (d) Ni L2,3 and Fe L2,3 
edges, (e) Fe L2,3 and O K edges, and (f) Ni L2,3 and O K edges (also as 
RGB maps) depict the relative spatial distribution of each element. (g) 
Line-profile of compositions in a cross-section of the NP (see inset 
for the direction of the scan). There is a clear distinction between the 
electrodeposited Ni, the Ni oxide layer, and the Fe-Ni based NP as 
depicted by the relative intensities of the corresponding edges. 

Electrochemical aging of the electrode was continued by potential cycling to 1600 

complete CV scans. Interestingly, after this additional aging the analysis of the supported 

NPs became more distinguishable comparison to the 800-CV sample. A side-by-side 

comparison of top-down SEM images of the morphologies of each of these samples 

demonstrates the differences in their contrast (Figure 5.7). The surface texture of the 

planar and dimpled regions of the 800-CV electrode (Figure 5.7.a. and Figure 5.7.c.) 

resemble the morphology observed in the as-prepared samples. These samples 

contained a layer of material covering the supported NPs and the surfaces of the support 
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exhibited a nanocrystalline texture. In contrast, surfaces of the 1600-CV electrode (Figure 

5.7.b. and Figure 5.7.d.) exhibited dimpled features with a smoother texture and a sharper 

contrast between the dimples and the surrounding matrix. In addition, the NPs supported 

on the 1600-CV electrode were also prominently exposed; the NPs appeared to be 

exposed on the surfaces of the Ni support of the 1600-CV sample in comparison to their 

embedded morphology in the 800-CV electrode. These differences suggested a 

progressive dissolution of the polycrystalline surfaces of the Ni support with prolonged 

exposure to the alkaline electrolyte under potential cycling conditions. The dimpled 

structure and the supported NPs provide identifiable features for studying transformations 

within these electrocatalysts. Assessment of both types of samples (i.e., the 800-CV and 

1600-CV electrodes) suggest that the NiFe2O4 NPs exhibit a greater stability toward 

dissolution than the polycrystalline Ni support.  

 

Figure 5.7. High magnification SEM images of the dimpled electrodes supporting 
NiFe2O4 NPs after their electrochemical aging: (a) 800-CV electrode; 
and (b) 1600-CV electrode. Corresponding low magnification SEM 
images are shown in (c) and (d) for the 800-CV and 1600-CV 
electrodes, respectively. 

Cross-sections of the 1600-CV sample were also analyzed by electron microscopy 

techniques in search of further evidence to assess the leaching of Ni species from the 

electrocatalysts during electrochemical aging. Figure 5.8.a. shows the cross-section of 

this sample as imaged by STEM-HAADF techniques. It depicts a collection of NPs 

supported on the dimpled Ni features. Figure 5.8.b-d. depicts the elemental maps from 

EELS analyses of this region of the sample. Diffusion of Fe species from the NPs was not 

observed in this sample and the Fe species were highly localized to the NPs (Figure 5.8.b). 

As expected, the oxide content of these materials increased in thickness and the Ni 
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support has oxidized to a greater depth within the dimpled features. Leaching of the Ni 

species from the NPs is also exhibited by the lack of Ni species associated within these 

particles. The elemental analyses by EELS at higher magnifications are also provided in 

Figure 5.9. Interestingly, channels also appear to have formed between the grain 

boundaries of the polycrystalline Ni as indicated in the HAADF image and observed in the 

maps of Ni intensity (Figure 5.8.a. and Figure 5.8.d., respectively). The presence of these 

channels between the grain boundaries of the support could enable an increased diffusion 

and transport of electrolyte during electrochemical aging. Etching at the sites of the Ni 

grain boundaries is likely one mechanism for accelerated degradation for these supports. 

It is also likely that further agglomeration of the NPs has occurred at this stage of the aging 

process. Extensive clustering of the NPs was observed in both the top-down SEM and the 

cross-sectional analyses. The initial NiFe2O4 NPs were aggregated to a degree within the 

pristine, as-prepared electrodes, which was likely due to their magnetic properties. The 

degree of aggregation was somewhat similar in the sample aged by 800 and 1600-CVs. 

The high-resolution analyses of the cross-sections by EELS further supported the 

hypothesis that dissolution of Ni species takes place both within the support matrix and 

within the NPs, and that the Fe species remain associated with the NPs. Changes to the 

phase of the NPs as a result of the oxidative aging conditions and the migration of the Ni 

species from the NPs were investigated by high-resolution electron diffraction analyses. 
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Figure 5.8. (a) A TEM image obtained by HAADF of a cross-section of the 1600-
CV electrode. Corresponding EELS maps are included for (b) Fe, (c) 
O, and (d) Ni. The red box in (a) indicates the region selected for this 
elemental analysis. 

 

 

Figure 5.9. (a) HR-S/TEM image obtained using HAADF imaging of a cross-
section of the 1600-CV electrode. Corresponding EELS maps are 
included for (b) Fe, (c) O, and (d) Ni. The red box in (a) indicates the 
region selected for this elemental analysis. 
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High-resolution diffraction analyses were conducted to assess the phase and 

crystallinity of the individual NPs located on the 1600-CV electrode. A cross-section of this 

sample is depicted in the HAADF image (Figure 5.10.a). Diffraction patterns were obtained 

using SAED on individual NPs within this sample (Figure 5.10.b-e.). The diffraction 

patterns were representative of a Fe2O3 phase (ICSD Card No. 7797). The spot patterns 

in Figure 5.10.b. and Figure 5.10.c. correspond to a lattice with d-spacings of 2.7 and 3.6 

Å for the directions of [104] and [102], respectively. The phase of the individual NPs 

corresponding to the spot patterns found in Figure 5.10.d-e. were inconclusive, but the 

results indicate that the material is crystalline and not amorphous. Transformations of the 

NPs from a NiFe2O4 phase to a Fe2O3 phase resulted from the progressive dissolution of 

Ni species from the core of the NPs. These transformations took place over the potential 

cycling between the 800th and 1600th successive CV scans. The movement of Ni species 

from the NPs under these oxidative conditions resulted in a phase transformation of the 

NPs. It is likely that the electrolyte contains dissolved Ni species from the NPs, as well as 

from the polycrystalline Ni support. Although it is challenging to precisely measure the 

diameter of the NPs, the cross-sectional analyses indicated that the nominal diameter of 

the NPs was similar to the diameter to the particles supported on the as-prepared and 

800-CV samples. Diffraction analyses by SAED further suggests a preferential leaching 

of Ni2+ species from the NiFe2O4 NPs, which was attributed to a higher bond strength 

between the Fe3+ and the O2- species. The formation of oxygen vacancies during the redox 

processes can also result in dissolution of Ni species in both the NP and the support (see 

details in Section 1.2.5). Further changes to the stability of the support and the NPs, and 

in particular the evolution of the Fe2O3 phase within these samples was, therefore, 

assessed following further electrochemical aging processes. 



183 

 

Figure 5.10. (a) A scanning TEM image obtained using HAADF mode for a cross-
section of the 1600-CV sample prepared by FIB milling techniques. 
Each numbered position in (a) corresponds to single NPs studied by 
the SAED in the data presented within (b) to (e), respectively. 

The presence of NPs on the surfaces of the 2400-CV electrode could not be 

distinguished in the top-down SEM analyses (Figure 5.11.). The 2400-CV electrodes 

resembled a morphology similar to the aged electrodes found in Chapter 4. High-

resolution EELS analyses of the 2400-CV electrode cross-sections also indicated a loss 

of the spherical NP morphology (Figure 5.12.). The Fe content was, however, localized to 

regions near the outermost surfaces of the dimpled features. The spatial distribution of the 
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Fe in the elemental maps suggest a coalescence of NPs on the outermost layers of the Ni 

phases created by potential cycling under alkaline conditions. The degree of crystallinity 

of the materials within the 2400-CV sample are still underway using HR-SAED techniques.  

   

Figure 5.11. Representative SEM images for the 2400-CV electrode at (a) high 
magnification and (b) low magnification. 

 

 

Figure 5.12. (a) A TEM image of a cross-section of the 2400-CV electrode. 
Corresponding EELS maps are included for (b) Fe, (c) O, and (d) Ni. 
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5.4.4. Electrochemical Performance towards the Oxygen Evolution 
Reaction 

 

Figure 5.13. The LSV profiles for (a) the Ni electrodes supporting NiFe2O4 NPs 
acquired after their electrochemical pre-treatment (i.e., pristine 
sample), and after electrochemical aging by potential cycling for 800, 
1600, and 2400 sequential cycles. (b) The onset region of the OER for 
the traces in (a). The potential window was swept from 0 to 1.5 V (vs 
Hg/HgO) at a scan rate of 1 mV s-1. The potential values have been 
corrected for the Ru. The data are also normalized to the Atheoretical of 
each electrode. 

Trends observed in the performance of each sample towards the OER can be 

correlated to the phase evolution of the material during electrochemical aging. The 

performance of the dimpled Ni electrodes supporting NiFe2O4 NPs were assessed as a 

function of the extent of this aging process. Each LSV profile in Figure 5.13. corresponds 

to a different extent of aging of the samples. Additional CVs obtained at scan rates of 1 

mV/s are provided in Figure 5.14. Similar onset potentials of 0.56 V (vs Hg/HgO) were 

observed for the pristine sample (i.e., as-prepared after electrochemical activation), and 

after 800 complete potential cycles (800-CV), and 1600 cycles (1600-CV). The sample 

aged by 2400 cycles (2400-CV) had a slightly higher onset potential of 0.59 V (vs 

Hg/HgO). The pristine sample and the sample aged by 800 sequential CV scans each 
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retained NPs composed of a NiFe2O4 phase. It is, therefore, not surprising that the 

characteristics of their LSV profiles were similar. The phase of the NPs evolved with 

potential cycling to form a Ni deficient material (i.e., Fe2O3). This new phase is, however, 

less active towards the OER. This phase was observed on the 1600-CV electrode. As 

expected with this change in phase of the nanocatalyst, the activity of the 1600-CV 

electrode diminished relative to the pristine and 800-CV samples. In addition, it is likely 

that a loss of material by dissolution during the oxidative aging steps also resulted in a 

diminished activity towards the OER. Further evolution of the samples with 

electrochemical processing (e.g., the 2400-CV sample) results in a severe corrosion of 

the electrode materials and likely results in further removal of both Ni and Fe species from 

the sample. As a result, the performance suffered for the OER. The 2400-CV electrode 

exhibited the lowest current density and the highest overpotential of all the samples. The 

OER activity over a prolonged period of time was also assessed for each sample using 

CA. The CA plots over a period of 1 h are provided in Figure 5.15. The trends observed 

within the CA plots largely follow those found in the LSV profiles. The 800-CV sample is, 

notably, more active than the other samples at 1.2 V (vs Hg/HgO). This enhanced activity 

is likely the result of achieving a steady-state condition for electrochemical activation of 

these samples (for further details see Chapter 6). It suggests that the initial activation 

process used to both electrochemically clean the surfaces of the samples and to create a 

layer of the OER active phases of Ni were sufficient for activation, but that additional Aecsa 

could be obtained with further electrochemical activation. This implies a thicker layer of 

the active phases grown within the 800-CV samples. The results also suggest that this 

active layer thins upon successive aging (i.e., the 1600-CV sample), further corroborating 

the suggestion of a loss of material from these samples. The electrocatalytic activity of the 

2400-CV sample demonstrates that these materials exhibit the least amount of OER 

activity, which also agrees with the results from the high resolution microscopy analyses. 

The Fe-containing nanocatalysts progressively age with a loss of Ni species as well as an 

apparent migration of the resulting iron oxide NPs and Fe-species to the outermost 

surfaces of the electrocatalyst. It is possible that these species no longer participate in the 

phase transformations or the OER as they are no longer contained within the layers of 

material involved in the charge transfer processes of water splitting. This aging of the 

nanocatalyst and their interaction with the support matrix as a function of aging highlights 

the importance of both material activation processes, as well as degradation pathways 

induced by the phase transformation of Ni-containing species under alkaline conditions. 
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The combination of high resolution microscopy and the assessment of changes in 

electrocatalytic response of a material enable the creation of a detailed understanding of 

their mechanisms of aging. Understanding these aging processes will lead to 

improvements to the design of both nanocatalysts and their support materials to survive 

the oxidative conditions of material activation and the OER, which are essential to 

preparing durable nanocatalysts for use in MEAs. 

 

Figure 5.14. The CV profiles for the Ni electrodes supporting NiFe2O4 NPs after 
their electrochemical activation (i.e., pristine), and after 
electrochemical aging by potential cycling for 800, 1600, and 2400 
complete cycles. (b) Narrower potential range showing the onset of 
the OER region in (a). Currents were normalized to Atheoretical for each 
sample. Data were acquired at a scan rate of 1 mV s-1. 
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Figure 5.15. The CA profiles for the Ni electrodes supporting NiFe2O4 NPs after 
their electrochemical activation (i.e., pristine sample) and after 
electrochemical aging by potential cycling techniques for 2400, 1600, 
800 sequential scans. Currents were normalized to the Atheoretical of 
each sample. Measurements were acquired at 1.2 V (vs Hg/HgO) 
without stirring of the electrolyte.  

 

5.5. Conclusions 

The electrocatalytic transformations of NiFeOxHy electrocatalysts supported on a 

OER active Ni matrix were tracked after successive stages of electrochemical aging. 

Potential cycling was conducted to initiate oxidative phase transformations associated with 

the formation of the OER active Ni phase [i.e., β-Ni(OH)2 to β-NiOOH]. Nanoparticles of 

NiFe2O4 were anchored onto regular, dimpled Ni surfaces. The regular electrode texture 

permitted an ability to discern changes to both the relative locations of the NPs and the 

morphology of the support matrix as a function of the electrochemically induced phase 

transformations. The movement and spatial distribution of Fe species within the outermost 

regions of the Ni matrix were monitored by HR-EELS and SAED using ex situ techniques. 

Cross-sections of the aged electrodes were prepared to obtain information on nanoscale 

features with a high spatial resolution. Specifically, the migration of Fe and Ni species 

associated with both the NPs and the support, as well as the relevant phase 

transformations therein were evaluated after 800, 1600, and 2400 CV scans. After 800 CV 

scans, the aged electrodes demonstrated an optimal OER activity and a retention of the 

NiFe2O4 phase as assessed by electrochemical methods and the ex situ characterization. 

These results suggest that the Aecsa of the electrodes had been sufficiently activated, and 
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that degradation mechanisms were relatively minor as these materials demonstrated the 

lowest overpotentials and the highest sustained current densities for the OER of the series 

of samples. Between 800 and 1600 CV scans, the ex situ analyses indicated a preferential 

leaching of Ni2+ species from the sites containing NiFe2O4 NPs, which resulted in the 

formation of a less OER active Fe2O3 phase. The electrocatalysts after 2400 CV scans 

demonstrated a diminished OER activity, which was further supported by the electron 

microscopy based analyses. Loss of the spherical morphology of the NPs at 2400 CV 

scans and the migration of the Fe species to the outermost regions of the electrode 

indicated that that the species may no longer participate in the OER. These insights could 

guide the further development of electrocatalytic materials with strategies that aim to 

improve their electrochemical stability. This study highlights the importance of 

understanding the mechanisms of degradation induced during oxidative processes that 

impact the resulting OER performance of electrocatalysts for alkaline water electrolysis. 
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Chapter 6.  
 
Influence of Electrochemical Aging on Bead-Blasted 
Nickel Electrodes for the Oxygen Evolution Reaction 

6.1. Notice of Permissions 

This chapter is adapted from work previously published by Audrey K. Taylor, Alexi 

Pauls, Michael T.Y. Paul, and Byron D. Gates “Influence of Electrochemical Aging on 

Bead-Blasted Nickel Electrodes for the Oxygen Evolution Reaction”, ACS Applied Energy 

Materials, 2019, 2 (5), 3166 – 3178. Permission to use the following material has been 

granted by the publisher and all co-authors. The work presented in this paper, including 

experiments, data acquisition, interpretation, and writing was performed by myself under 

the guidance of my supervisor Prof. Byron D. Gates. Alexi Pauls assisted in the acquisition 

of electrochemical data and the preparation of samples. Michael T.Y. Paul conducted the 

focused ion beam milling and the electron microscopy for surface area measurements. 

6.2. Abstract 

The OER is of importance to both electrochemical energy conversion and energy 

storage. Low-cost, non-precious metal electrocatalysts that can withstand high operational 

current densities will likely be the best candidates for meeting the commercial needs for a 

range of OER applications. In addition to electrode composition, the surface morphology 

of gas evolving electrodes can affect their efficiency and performance. In this work, we 

demonstrate the influence of electrochemical aging on the performance of micro- and 

nanoscale textures for the OER. A series of textured Ni electrodes were prepared by rapid, 

scalable techniques, which included the use of bead-blasting. Two distinct approaches to 

induce the formation of the active Ni (oxy)hydroxide phase were conducted by 

electrochemical aging using CV methods. The influence of the aging technique was 

assessed and correlated to the performance of these surface textures. Differences in the 

morphology of these textures and their resulting surface areas were estimated using three-

dimensional reconstructions obtained from electron microscopy analyses. Focused ion 

beam (FIB) milling was also performed on the bead-blasted electrodes to visualize buried 

cracks and voids. The potential required for the OER at an applied current density of 500 
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mA/cm2 exhibited a reduction of 0.7 V for the electrodes aged by the steady-state 

treatment. The OER performance of the textured electrodes were found to correlate to 

both the electrode surface morphology and the type of electrochemical aging applied to 

the electrodes. 

6.3. Introduction 

Activated Ni electrodes with a stable β-NiOOH phase have shown improved 

efficiency for several electrochemical processes, such as the OER, the HER, and the 

hydrogen oxidation reaction (HOR).281, 282 The kinetics of the HOR and the HER have been 

studied experimentally using Ni hydroxide species.282  The presence of oxide species on 

the surfaces of the Ni electrodes during the HOR and the HER were found to decrease 

adsorption energies of the hydrogen atoms, which resulted in reduced activation energies 

and faster reaction kinetics.281, 282 Other reports have demonstrated the preparation of 

activated Ni-based electrocatalysts by the inclusion of alkali-metal cations (e.g., K, Cs).283 

In this prior example, the authors reported the preparation of a relatively thick layer 

containing a NiOOH phase, which formed a three-dimensional network with nanoscale 

features and intercalated cations through cycling the applied potential under conditions of 

a mild pH and a high temperature. Improvements to the kinetics of the OER were 

demonstrated by these activated, high surface area, Ni-based electrodes. In general, the 

relative amount of the β-NiOOH phase per a given area of the electrode will dictate its 

performance for electrocatalytic, gas evolving processes such as the HER and the OER. 

There are numerous methods to synthesize Ni hydroxide electrocatalysts, but 

achieving both the desired chemical and physical properties in scalable quantities can be 

difficult. Non-synthetic routes, such as “electrochemical aging”, can induce the formation 

of the active β-NiOOH phase over relatively large electrode areas.283 An aged electrode 

can exhibit a reduction to the overpotential by 60 mV and a 10 fold increase in the rate of 

the OER.226 As expected, highly textured electrodes require prolonged electrochemical 

aging relative to planar electrodes surfaces with less Aecsa. It is essential to assess the 

OER performance of textured electrodes only after sufficient electrochemical aging when 

evaluating these materials for industrial applications. 

Methods of rapidly producing electrodes with a high Aecsa in a scalable fashion are 

desired by many industries. The commercial application of water electrolysis requires 
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scalable techniques that are capable of preparing large (>10 cm2) working electrodes with 

a high Aecsa (e.g., a roughened texture).284, 285  Microscale textures are often more easily 

prepared over large areas and at faster rates than nanoscale textures.286 Although the 

influence of microscale textures are less well-studied (Section 1.3.4), these textures have 

demonstrated enhanced gas evolution dynamics (e.g., bubble nucleation, coalescence, 

and release events). In addition, there are only a few reported examples that evaluate the 

efficiency of gas evolution reactions for microstructures prepared over large areas.150, 287 

Electrodeposition is a widely used technique that can produce microscale textures over 

large areas (Section 1.3.3). For example, Ni-based electrodes were prepared by 

electrodeposition techniques to produce cauliflower-like microspheres (10-µm in diameter 

and 20-µm in thickness) for the HER.288, 289 These electrodeposited textures exhibited 

good durability and remained active towards the HER in 30 wt % KOH over a period of 3 

months.288 Microscale textures on the surfaces of electrodes, if not accomplished by 

electrodeposition techniques, are typically achieved by post-processing methods. For 

example, mechanical roughening by abrasion of electrode surfaces has been widely used 

in the water electrolysis industry.290 Another simple and scalable approach to prepare 

microscale textures on electrodes is bead-blasting. Bead-blasting is an industrial process 

capable of quickly treating large substrates. This process could be used to create textures 

on electrodes composed of earth-abundant materials, such as the first row transition 

metals (e.g., Ni, Fe, Mn, and Co). Microscale textures on these electrodes, prepared by 

these scalable processes, could be useful for a range of gas evolution reactions including 

the OER. 

In this work, two distinct approaches to electrochemical aging were compared for 

their influence on the OER activity for a series of textured Ni electrodes. Microscale 

textures were prepared on Ni electrodes by a bead-blasting technique. This technique was 

chosen as a simple, scalable approach to achieve a microscale roughness. Electrodes 

with nanoscale textures were prepared by the electrodeposition of Ni onto planar, polished 

Ni surfaces. Planar Ni electrodes, without any surface texture, were prepared by polishing 

polycrystalline Ni rods. The effects of electrochemical aging under alkaline conditions were 

correlated to the performance of these distinct surface textures towards gas evolution 

during the OER. Electrochemical aging of each type of Ni electrode was conducted by CV 

methods using either a “limited aging” or a “steady-state” aging technique. The limited 

aging technique applied a pre-determined number of CV scans, while the steady-state 
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aging technique applied a sufficient number of CV scans to achieve stabilization of the β-

NiOOH phase. Stabilization of the electrochemically formed β-NiOOH phase was 

indicated by the character of the electrochemical transformations between Ni(II) and Ni(III) 

in the CV profiles. The surface area values (i.e., Atheoretical) of the textured surfaces were 

estimated from three-dimensional surface reconstructions obtained by stereo-view 

imaging using SEM techniques. Focused ion beam milling was also performed on the 

bead-blasted electrodes to visualize voids beneath their surfaces that formed during the 

texturing process. The elemental composition of the bead-blasted surfaces were further 

analyzed by AES. Following the electrochemical aging of the Ni electrodes, their 

electrochemical performance towards the OER was assessed by techniques that included 

LSV, CP, and CA measurements.  

 

6.4. Experimental 

6.4.1. Materials and Reagents 

High purity Ni rods (99.9998%) with a diameter of 6.35 mm were purchased from 

Sigma Aldrich and cut into sections 8 mm in length for use as the working electrodes. 

Nickel nitrate hexahydrate [Ni(NO3)2•6H2O, Sigma Aldrich, 99.999%, CAS no. 13478-00-

7], sodium dodecyl sulfate (SDS, Sigma Aldrich; ≥98.5%, Lot no. 098K0160), nickel sulfate 

hexahydrate (NiSO4•6H2O Sigma Aldrich, 99.999%, CAS no. 10101-97-0), hydrogen 

peroxide (H2O2, Fisher Scientific, 30% v/v in water, CAS no. 7722-84-1), sulfuric acid 

(H2SO4, Caledon Chemicals, CAS no. 7664-93-9), boric acid (H3BO3, Sigma Aldrich; 

99.999% CAS no. 10043-35-3), acetone (Fisher Scientific, reagent grade, CAS no. 67-64-

1), isopropyl alcohol (IPA, Fisher Chemical, CAS no. 67-63-0), nitric acid (HNO3, 

Anachemia, 70% v/v in water, CAS no. 7697-37-2), and hydrochloric acid (HCl, ACP 

Chemicals, 37% v/v in water, CAS no. 7647-01-0) were all used as received from the 

distributors. Potassium hydroxide pellets (KOH, Semiconductor Grade; 99.99%, CAS no. 

1310-58-3) were used to prepare the electrolyte, which was treated by a purification 

process (see the Electrochemical Measurements section below for details). All aqueous 

solutions were prepared using high purity water obtained with an in-house filtration system 

(DI water, 18 M•cm, Barnstead Nanopure DIamond). Polishing of the Ni electrodes was 

achieved using a Buehler EcoMet 250 equipped with an AutoMet power head. Polishing 
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materials consisted of 30-μm diameter particles on a polishing disc (Buehler; Diamond 

Disc, Item no. 415408), and a series of cloth discs (Buehler; UltraPad, Item no. 40718) 

each dedicated for use with different types of the diamond pastes (Buehler; MetaDi 

Supreme Polycrystalline Diamond Suspensions). The diamond pastes were mixed with a 

lubricant (Buehler; MetaDi Fluid, Item no. 406032) to prepare a series of suspensions 

containing the 9, 6, 3, 1, or 0.3-μm diameter particles. The polishing steps were performed 

in order of a descending particle size with ample rinsing (~10 mL) of the sample holder 

when changing from one polishing medium to another. The final polishing paste was an 

alumina slurry (Al2O3, Allied High Tech; Micropolish 0.05-μm diameter particle suspension) 

used with a ChemoMet polishing pad (Buehler; Item no. 424008). Cleaning of the polished 

and bead-blasted materials was conducted by sonicating each substrate in a series of 

wash solutions. These wash solutions were acetone, IPA, and DI water, which were each 

agitated for 20 min using a Branson 1510 sonicator operating at 130 W.  

6.4.2. Preparation of the Ni Working Electrodes 

The sequence of steps for the preparation of the bead-blasted Ni electrodes 

involved: (i) polishing to achieve consistently smooth surfaces; (ii) cleaning by sonicating 

the polished electrodes; (iii) electrodeposition of a high purity Ni base layer onto the 

polished surfaces; (iv) texturing both the polished and electrodeposited Ni surfaces 

through a bead-blasting process using pressurized glass beads; and (v) a final cleaning 

of the bead-blasted electrodes using a sonication technique. 

6.4.3. Polishing of the Ni Working Electrodes 

The surfaces of the Ni working electrodes were polished to attain a mirror-like finish 

through a series of steps. Each polishing step had a dedicated cloth and paste. The force 

applied to the polishing head was 2 lb, and the rotational speed of the base and head were 

30 and 230 rpm, respectively. The same force and rotational speeds were used for each 

of the steps. These pastes had nominal colloidal diameters of 9, 6, 3, 1, 0.3, and 0.05 μm, 

which were used in order of descending size. Between each of the polishing steps the 

samples were rinsed with DI water to prevent cross-contamination of the pastes.  After the 

final polishing step, the Ni electrodes were removed from the custom holder and rinsed 

with ~20 mL of DI water. These rinsed electrodes were immersed in a separate solution 

of DI water for 10 min to assist in removing additional residue that may have remained 
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from the polishing process. Each of the samples were successively sonicated for 20 min 

in acetone, IPA, and DI water (each at a volume of ~100 mL) to further remove polishing 

residue. After removal of the residual polishing media, the polished Ni stubs were used as 

working electrodes in the electrochemical experiments outlined below. Several of the 

polished Ni working electrodes were also processed to achieve a unique surface 

roughness through the electrodeposition of Ni and/or the bead-blasting of these surfaces.  

6.4.4. Electrodeposition of Ni onto the Polished Ni Electrodes 

Pre-cleaning of the glassware was conducted according to the methods described 

in Section 4.4.10. High purity baths of Ni salts were electroplated onto the polished 

surfaces of the Ni stubs. The Ni plating bath was prepared in a pre-cleaned 250 mL 

volumetric flask using methods described in Section 4.4.2. The plating bath was stirred at 

250 rpm for at least one week prior to carrying out the electroplating process to attain a 

complete dissolution of the reagents. The electrodeposition of high purity Ni was 

conducted by similar methods found in Section 4.4.2. The Ni working electrode was 

positioned in a face-down configuration and jacketed within a Teflon® shroud to prevent 

electrodeposition on the sides of the electrode. Several of these samples were further 

processed by bead-blasting to create a textured surface finish.  

6.4.5. Bead-Blasting of the Ni Electrodes 

Bead-blasting was performed on both the electrodeposited Ni and the as-polished 

Ni samples to assess the possible impact of the base material (i.e., electrodeposited or 

polished Ni) on their electrochemical aging and performance. Dry, abrasive bead-blasting 

was performed using both a Kelco pressurized syphon blasting machine (Model CS-36C) 

and crushed glass (Enviro-Grit; Stock no. 71106, grit 12/50). Each Ni electrode was 

treated by bead-blasting for 5 s at a direction normal to the Ni surfaces until achieving a 

frosty, lustrous appearance. The bead-blasted surfaces were cleaned under a stream of 

compressed N2 gas (Praxair; 99.998%) followed by sonication in IPA for 20 min. These 

electrodes were subsequently sonicated in DI water for another 20 min to remove residual 

bead-blasting materials from their surfaces. After this cleaning process, the bead-blasted 

electrodes were stored in covered petri-dishes, which were placed within a clean hood 

until performing the electrochemical measurements.  
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6.4.6. Electrochemical Measurements of the Ni Electrodes under an 
Applied Shear Flow 

Rotating disk electrode measurements were acquired using a Biologic Science 

Instruments SP-150 potentiostat and a Modulated Speed Rotator from Pine Research 

Instrumentation. EC-Lab software was used to record the electrochemical data from the 

RDE measurements. A custom-built, five-neck glass electrochemical cell was setup with 

a Hg/HgO RE (SnowHouse Solutions; Model R-XR400) filled with purified 1 M KOH, a 

graphite counter electrode (Alfa Aesar; 99.9995%, 6.1-mm diameter), and a Ni working 

electrode. All electrochemical measurements were acquired at 25 ± 0.2 oC, maintained 

using a temperature-controlled water bath (Thermo Scientific; Precision 280 Series). The 

high purity 1 M KOH electrolyte was purified according to a protocol reported by Klaus et 

al. and stored in N2 gas (Praxair; 99.999%) purged plastic bottles until use.168 The 

electrolyte was also purged for at least 30 min prior to the start of any electrochemical 

measurements, and a headspace of N2 gas was maintained throughout the duration of 

these electrochemical measurements.  

Two types of processes were used for the electrochemical aging of the Ni 

electrodes. These processes were performed by potential cycling techniques prior to 

assessing each electrode for the OER. The first type of electrochemical aging process is 

referred to herein as “steady-state aging”, which was administered until the anodic peaks 

overlapped with a variability of at most 10 μA between 10 consecutive CV scans. Stable 

anodic peaks in the CV scans indicated that the Ni (oxy)hydroxide phase was no longer 

changing with respect to further changes in the applied potential. The performance of 

these Ni electrodes for the OER were only evaluated after the phases of Ni present on 

their surfaces had become stable as assessed by the described anodic peak metric. To 

achieve a stable and consistent β-Ni(OH)2/β-NiOOH phase, many more CV scans (i.e., 

~7200 scans) were required by the electrodes with a larger Atheoretical (i.e., the bead-blasted 

Ni electrodes). The electrodeposited and polished Ni electrodes required ~70 and ~80 CV 

scans, respectively, to achieve the same anodic peak stability. Since this response to the 

steady-state aging process was dramatically different for electrodes with a relatively high 

Atheoretical in contrast to those with a significantly lower Atheoretical, the effects of 

electrochemical aging were also evaluated using a fixed number of CV scans. This second 

type of electrochemical aging is referred to herein as the “limited aging” process. This 

process was carried out by applying exactly 100 CV scans to each electrode regardless 
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of the anodic peak stability prior to obtaining the OER measurements. The 100th CV scan 

for the limited aging process is provided in Figure 6.1. These two types of aging processes 

were each performed at a scan rate of 100 mV/s, and the applied potential was scanned 

between 0.0 and 0.6 V (vs Hg/HgO).  

 

Figure 6.1. The 100th CV scan resulting from the limited aging process for each 
type of electrode. The data were normalized against (a) the Atheoretical, 
and (b) the Ageo. All CV profiles were acquired at 100 mV/s in purified 
1 M KOH at 25 oC with an electrode rotational speed of 5500 rpm. 

A series of LSV experiments were performed immediately after the electrochemical 

aging. During these LSV experiments each electrode was rotated at a series of set speeds 

(i.e., 0, 500, 1000, 2000, 3000, and 7000 rpm). The LSV data was obtained by scanning 

the potential between 0 and 1.2 V (vs Hg/HgO) at a scan rate of 1 mV/s. After conducting 

each LSV experiment at a specific rotational speed, the working electrode was rotated at 
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8000 rpm for a period of 5 s to remove O2 bubbles adhered to its surfaces. Prior to the 

start of each subsequent LSV experiment, five consecutive CV scans were performed at 

a scan rate of 100 mV/s between the potentials of 0.0 and 0.6 V (vs Hg/HgO). These five 

CVs were conducted to reform the β-Ni(OH)2 and β-NiOOH phases.  

Following the series of LSV measurements, CP was performed for each electrode 

at a current density of 500 mA/cm2. A low and high rotational speed of 500 and 3000 rpm, 

respectively, were sequentially applied during the CP experiments. Relatively high current 

densities for CP were applied to the samples to mimic industrially relevant conditions, and 

to evaluate the effects of bubble dynamics as a function of surface texture and 

electrochemical aging on their overall activity towards the OER. Chronoamperometry (CA) 

was also performed on each electrode. The electrodes were held at 1.0 V for 7 min during 

the CA measurements while being rotated at 500, 1000, 2000, 3000, or 7000 rpm. The 

CA plots for the steady-state and limited aging processes are found in Figure 6.2. and 

Figure 6.3., respectively. The CA plots normalized for the Ageo of the electrodes for the 

steady-state and limited aging techniques are also provided in Figure 6.4. and Figure 6.5. 

Directly after each CP and CA experiment (e.g., measurements obtained at one rotational 

speed), the working electrode was rotated at 8000 rpm for 5 s to dislodge O2 bubbles from 

their surfaces. A duration of 7 min was chosen for both the CP and CA experiments since 

the electrochemical response of the samples stabilized within this timeframe. The 

sampling frequency for the CP and CA experiments was set to 0.1 s, and a 50 Hz low 

pass filter was applied to remove external noise from the data.  
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Figure 6.2. Representative CA data acquired at 1.0 V versus Hg/HgO for each type 
of textured Ni electrode after a steady-state aging process in purified 
1 M KOH at 25 oC. Each plot was acquired at different rotational 
speeds: (a) 500 rpm; (b) 1000 rpm; (c) 2000; (d) 3000; and (e) 7000 rpm. 
The currents were normalized to the Atheoretical for each sample. 
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Figure 6.3. Chronoamperometry measurements obtained at 1.0 V (vs Hg/HgO) for 
Ni electrodes treated with the limited aging process in purified 1 M 
KOH at 25 oC. Each set of plots were acquired at different rotational 
speeds: (a) 500 rpm; (b) 1000 rpm; (c) 2000 rpm; (d) 3000 rpm; and (e) 
7000 rpm. Each transient is an average of three individual replicates, 
and currents were normalized to the Atheoretical. 
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Figure 6.4. Representative CA data acquired at 1.0 V versus Hg/HgO for each type 
of textured Ni electrode after a steady-state aging process in purified 
1 M KOH at 25 oC. Each plot was acquired at different rotational 
speeds: (a) 500 rpm; (b) 1000 rpm; (c) 2000; (d) 3000; and (e) 7000 rpm. 
The currents were normalized to the Ageo of the electrodes. 
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Figure 6.5. Chronoamperometry measurements obtained at 1.0 V (vs Hg/HgO) for 
Ni electrodes treated with the limited aging process in purified 1 M 
KOH at 25 oC. Each set of plots were acquired at different rotational 
speeds: (a) 500 rpm; (b) 1000 rpm; (c) 2000 rpm; (d) 3000 rpm; and (e) 
7000 rpm. Each transient is an average of three individual replicates, 
and currents were normalized to the Ageo of the electrodes. 

6.4.7. Stationary Electrochemical Measurements of the Ni Electrodes 

The stationary measurements (e.g., without rotation of the working electrode) were 

performed in a custom-built, acrylic electrochemical cell using a purified 1 M KOH 

electrolyte. The electrolyte was purged with N2 gas (Praxair; 99.999%) for 30 min prior to 

the start of the measurements, and a headspace of the same gas was maintained 

throughout the duration of the stationary measurements. The reference and counter 

electrodes (e.g., Hg/HgO and high purity graphite rod, respectively) were consistent with 

those used for the measurements under the applied shear flow (i.e., while rotated). The 
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working Ni electrode was shrouded by a Teflon® holder and held in a face-up orientation. 

Steady-state aging was performed using the same methods described above for the RDE 

study. A slightly lower value for the maximum applied potential was chosen to avoid an 

overlap with the OER region during the aging process for the stationary measurements. 

This aging was performed by potential cycling techniques while scanning the potential 

from 0 to 0.55 V (vs Hg/HgO). The reason for this adjustment to the upper potential was 

to avoid the possible accumulation of bubbles at the onset of the OER. A steady-state 

electrochemical aging method was chosen to convert all of the additional surface area 

gained by bead-blasting process into the active, β-NiOOH phase. After this aging process, 

the stabilization of the anodic peak within the CV profile indicated that the β-NiOOH phase 

was no longer changing with further electrochemical treatment. Consequently, it was 

inferred that each of the aged electrodes had the same proportion of active layer per the 

accessible Atheoretical regardless of the electrode morphology.  

Directly after the steady-state electrochemical aging process, a single LSV 

experiment was performed at a scan rate of 1 mV/s from 0 to 2.0 V (vs Hg/HgO) to probe 

the dynamics of the OER (Figure 6.6. and Figure 6.7.). The CP (Figure 6.8.) and CA 

(Figure 6.9. and Figure 6.10.) experiments were each subsequently performed for a 

duration of 15 min while holding the working electrode at either 500 mA/cm2 or 1.5 V (vs 

Hg/HgO), respectively. A higher potential was used for the CA measurement than in the 

previous RDE measurements to probe higher current densities and, therefore, to induce 

a higher reaction rate for the OER. The relatively high current densities and high 

overpotentials for the OER were probed for their relevance to the commercial 

requirements for this reaction.21  
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Figure 6.6. The LSV plots obtained for each of the Ni electrodes while oriented in 
a face-up configuration without any rotation. The data were recorded 
at a scan rate of 1 mV/s in high purity 1 M KOH at 25 oC after 
performing the steady-state aging process for each type of electrode. 
The potential was scanned in (a) from 0 to 2.0 V (vs Hg/HgO). The plot 
in (b) shows the current density as a function of scanning the 
potential from 0 to 1.2 V (vs Hg/HgO). The observed currents were 
normalized to the theoretical Atheoretical for each electrode. 
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Figure 6.7. The LSV plots obtained for each of the Ni electrodes while oriented in 
a face-up configuration without any rotation. The data were recorded 
at a scan rate of 1 mV/s in high purity 1 M KOH at 25 oC after 
performing the steady-state aging process for each type of electrode. 
The potential was scanned in (a) from 0 to 2.0 V (vs Hg/HgO). The plot 
in (b) shows the current density as a function of scanning the 
potential from 0 to 1.2 V (vs Hg/HgO). The observed currents were 
normalized to the Ageo of the electrodes. 
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Figure 6.8. (a) Representative CP data obtained at 500 mA/cm2 for electrodes in 
a face-up configuration without electrode rotation in 1 M KOH after 
completing the steady-state aging process. The data in (b) is shown 
for a shorter time-scale corresponding to the trends observed in (a).   

 

 

 

Figure 6.9. Representative CA transients acquired at 1.5 V (versus Hg/HgO) for 
Ni electrodes treated with the steady-state aging process. The 
electrodes were held in a face-up configuration without rotation. The 
measured currents were normalized against the Atheoretical for each 
electrode. 
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Figure 6.10. Representative CA transients acquired at 1.5 V (versus Hg/HgO) for 
Ni electrodes treated with the steady-state aging process. The 
electrodes were held in a face-up configuration without rotation. The 
measured currents were normalized against Ageo of the electrodes. 

6.4.8. Characterization of the Surface Features on the Ni Electrodes 

A series of SEM analyses were performed on the samples using an FEI Helios 

NanoLab 650 SEM/FIB dual beam system. The acceleration voltage was held at 2 kV in 

a secondary electron detection mode for the characterization of the polished Ni samples, 

and at 10 kV for the characterization of all the other Ni samples. The Ni samples were 

threaded onto custom Al mounts to prevent movement while imaging the samples. The 

surface morphologies were analyzed by obtaining images at a 0° and a 15° tilt of each 

sample. These images were used to reconstruct a 3D representation of the surfaces using 

MountainsMap® Premium software by Digital Surf (version: 7.4.8270). A smoothing filter 

of 5 pixels was used during reconstruction of the stereo-pair images. The total area of the 

reconstructed three-dimensional surfaces was normalized against a 2D projection of the 

region of interest (i.e., the Ageo) to obtain a local surface Rf.  

A focused Ga ion beam (FIB; TomahawkTM ion column) on the Helios SEM 

system was used for milling the samples to reveal cross-sectional features of the bead-

blasted electrodes. An acceleration voltage of 30 kV was used to perform the FIB milling 

processes. These cross-sections enabled a visualization of buried voids beneath the 

electrode surfaces, which were generated while bead-blasting the Ni electrodes using 

glass beads.  
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Auger electron spectroscopy was performed on the cleaned, bead-blasted 

surfaces to assess whether impurities had been incorporated into the Ni surfaces during 

the bead-blasting process. A Kratos Analytical Axis Ultra system was operated in a 

crossover mode using a field emission electron gun. Five separate locations on each 

bead-blasted Ni electrode were randomly selected for analysis at an acceleration voltage 

of 10 kV and a spot size of 6.4 x 103 µm2. This spot size was chosen to survey a relatively 

large area of the electrode surfaces. Survey scans of the samples were acquired from 480 

to 900 eV with a resolution of 0.2 eV and a dwell time of 300 ms.  

X-ray photoelectron spectroscopy was conducted on pristine electrodeposited and 

polished Ni surfaces. A bead-blasted surface was also analyzed directly after the steady-

state electrochemical aging treatment. This bead-blasted electrode was removed from the 

electrochemical cell and immediately rinsed with DI water (~20 mL) followed by drying 

under a N2 gas stream. The aged sample was quickly placed under high vacuum in the 

XPS system. These analyses were performed using a Kratos Axis Ultra system. The 

system contained a monochromatic Al Kα source and DLD detector. High reso lution scans 

were performed on the Ni 2p regions for each sample. All measurements were acquired 

from 850 to 884 eV with a step size of 0.1 eV, a dwell time of 500 ms, and a pass energy 

of 20 eV. Any peak shifts were corrected to the adventitious C 1s peak at 284.8 eV. 

 

6.5. Results and Discussion 

6.5.1. Characterization of the Ni Electrode Morphology by Scanning 
Electron Microscopy 

A series of Ni electrodes with micro- and nanoscale textures were prepared using 

scalable methods to correlate both surface textures and electrochemical aging techniques 

to their resulting performance towards the OER. To create the microscale textures, two 

different types of electrode surfaces were subjected to bead-blasting. These two types of 

bead-blasted electrodes are referred to as BB-edep and BB-pol, which indicates the 

presence of either an electrodeposited Ni layer or polished bulk Ni surface, respectively, 

prior to the bead-blasting process. In addition to these two types of roughened, bead-

blasted Ni surfaces, pristine samples of the electrodeposited Ni and polished Ni were also 
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examined for their performance towards the OER. These four types of textured electrodes 

were characterized by SEM to confirm the general surface morphology of each type of 

electrode (Figure 6.11.). The impact of the ~800-µm diameter glass particles during the 

bead-blasting process reshaped and increased both the surface area and roughness for 

the BB-edep and BB-pol surfaces. High magnification SEM images of the BB-edep and 

the BB-pol are provided in Figure 6.12. and Figure 6.13. The high magnification images 

by SEM for the polished and electrodeposited Ni electrodes are provided in Figure 6.14. 

The bead-blasting process created irregular surfaces with a significant portion of these 

features exhibiting sharp peaks and valleys (Figure 6.11.a. and Figure 6.11.b.). The 

electrodeposited and polished Ni substrates contained either textured surfaces with a 

nanoscale roughness or relatively smooth surfaces, respectively. The electrodeposited Ni 

coatings had a RMS roughness of 52 ± 8 nm (Figure 6.11.c.). The uniformity of the 

electrodeposited texture was largely dependent on the flux of Ni2+ reactants to the 

electrode surfaces, as well as the surfactants in solution. Stirring of the bath at 250 rpm 

helped to improve the uniformity of the Ni layer through a consistent flux of Ni2+, as well 

as the removal of hydrogen bubbles produced during the electrodeposition process.37 The 

average grain size of the electrodeposited Ni was ~150 nm. This smaller average grain 

size resulted in a relatively higher density of grains per unit area. In contrast, the polished 

cross-sections contained microscale crystalline grains (Figure 6.11.d.). The average 

diameter of the polished grains were ~8 µm. These differences in the grain size of the Ni 

within each type of electrode, as well as the methods used to prepare the electrodes (i.e., 

bead-blasting, electrodeposition, and polishing) created a series of samples each with a 

distinct surface roughness and Atheoretical. 
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Figure 6.11. Representative SEM images for: (a) electrodeposited Ni after bead-
blasting (BB-edep); (b) polished Ni after bead-blasting (BB-pol); (c) 
planar electrodeposited Ni; and (d) planar polished Ni. 

 

  

Figure 6.12. High magnification SEM images of the (a) electrodeposited Ni 
electrode after treatment by bead-blasting (BB-edep), and the (b) 
polished Ni electrode after treatment by the bead-blasting (BB-pol) 
process. 
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Figure 6.13. Representative high magnification SEM images of the (a) BB-edep, 
and the (b) BB-pol electrodes. 
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Figure 6.14. Representative SEM images of (a) the electrodeposited Ni electrode, 
and (b) the polished Ni electrode at high magnifications. 

The morphology and surface areas of each type of textured electrode was further 

quantified using a 3D reconstruction of their surfaces based on a series of SEM analyses. 

Eucentric tilts of the samples were used to acquire SEM images at angles of 0  o and 15o. 

MountainsMap® software was used to process these stereoscopic images, resulting in the 

creation of 3D models. An example of a 3D reconstructed view of these electrodes is 

provided in Figure 6.15. From these 3D models, the relative Rf were calculated for each 

type of Ni electrode. The Rf values were calculated by dividing the 3D surface area (i.e., 

Atheoertical) by the Ageo. Three independent replicates were prepared and separately 
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evaluated for each type of Ni electrode. In addition, three measurements of the Rf were 

obtained from random locations on each of the replicate electrodes to achieve an average 

of nine measurements for each type of electrode. The average values for the Rf are 

reported in Table 6.1. For example, a Rf of 1.3 ± 0.2 was calculated for both the BB-edep 

and BB-pol, which corresponds to a ~30% increase in Rf when compared to the values for 

the polished Ni electrode. These measurements also indicated that each of the bead-

blasted electrodes had similar values in terms of both the average Rf and the spread in 

the measured values. Higher errors from the mean Rf values were expected for the bead-

blasted surfaces since these morphologies have a greater surface roughness relative to 

both the planar electrodeposited and polished surfaces. The average Rf for the bead-

blasted electrodes are also likely to be an underestimation of the actual increase in surface 

area due to limitations in the electron microscopy measurements. These limitations can 

result from sample charging, the effects of shadowing, and the influences of inherent 

magnetic fields within the sample. Further limitations to assessing the Rf include the use 

of a 5-point moving average, which was used when creating the 3D models of these 

roughened surfaces. A key factor that contributes to an underestimation of the Rf is the 

inability of the primary electron beam to visualize the buried or otherwise hidden surface 

areas on the bead-blasted Ni electrodes.  

Table 6.1. Characteristics of the Textured Ni Electrodes. 

electrode 
type* 

mean †Rf 

steady-state 
aging, avg j 

(mA/cm2) ‡ 

limited aging, avg j 

(mA/cm2) ‡ 

BB-edep  1.3 ± 0.2 89.8 28.6 

BB-pol  1.3 ± 0.2 82.3 32.8 

edep  1.08 ± 0.02 68.1 33.4 

pol  1.0 ± 0.01 60.7 53.2 

* Abbreviations: BB = bead-blasted Ni; edep = electrodeposited Ni; pol = polished Ni. † Local surface Rf represents the 
reconstructed 3D surface area (i.e., Atheoretical) divided by the Ageo as determined through 3D reconstruction of SEM 
analyses using MountainsMap® software. The reported errors represent one standard deviation from the calculated 
mean values. ‡ Average current densities, j, as obtained from the LSV plots at 1.1 V (vs Hg/HgO) under rotation at 
7000 rpm.  
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Figure 6.15. The BB-pol electrode as analysed by SEM to assess the increase in 
surface area following the bead-blasting process. The image in (a) 
shows a top-down view of a region analysed using the 
MountainsMap® software. (b) A three-dimensional reconstruction of 
the surfaces from the same region in (a). (c) A representative trace 
profile resulting from the pixel-reconstruction. 

The buried surface features within the bead-blasted electrodes were assessed by 

preparing cross-sections using FIB milling techniques. Analyses of these cross-sections 

by SEM confirmed the presence of cracks and buried voids within the outer most layers 

to a depth of ~5 μm for both types of bead-blasted samples. In general, surfaces with a 

smaller average grain size often have a greater material strength when compared to those 
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with larger average grain sizes according to the Hall-Petch theory.291, 292 Materials with a 

smaller grain size should also result in less deformation of their surfaces as a result of the 

bead-blasting process since there are a higher number of grain boundaries per unit area. 

For example, the dislocation of smaller grains during the bead-blasting process may be 

more inhibited since the direction of motion must change more frequently with a higher 

density of grain boundaries.292, 293 Thus, less plasticity during bead-blasting was 

anticipated for the electrodeposited sample due to its smaller grain sizes when compared 

to the polished Ni. This phenomenon was, however, not observed in the cross-sections 

prepared by FIB milling. There were slightly more cracks and buried voids observed in the 

cross-sections of the BB-edep samples than in the BB-pol samples. A representative 

cross-section obtained by FIB milling for the BB-edep sample is shown in Figure 6.16. 

Additional images of cross-sections prepared by FIB techniques can be found in Figure 

6.17. and Figure 6.18. The higher degree of deformations in the BB-edep samples may 

have resulted from differences in the plasticity between the electrodeposited Ni grains and 

the underlying polished Ni substrate. The presence of cracks and buried voids in both the 

BB-edep and BB-pol samples indicates that there is an additional Atheoretical that is not 

accounted for in these samples relative to the pristine electrodeposited and polished Ni. 

Consequently, the calculated Rf underestimate the Atheoretical for the bead-blasted 

electrodes. 

 

Figure 6.16. Representative SEM image of a cross-section prepared by FIB milling 
of the electrodeposited Ni electrode that was treated by bead-
blasting. Secondary electrons were detected at a 52o tilt using an 
Everhart-Thornley detector. 
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Figure 6.17. Representative cross-sections prepared by FIB milling of the BB-
edep Ni electrode as imaged by SEM. Secondary electrons were 
detected at an accelerating voltage of 10 kV. The image in (a) shows 
the region of interest for the milling, and (b) shows this cross-section 
at a higher magnification. Cracks and buried voids within the 
electrodeposited layer can be clearly observed in (b). 
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Figure 6.18. Representative cross-sections prepared by FIB milling of the BB-pol 
Ni electrode as imaged by SEM. Secondary electrons were detected 
at an accelerating voltage of 10 kV. The image in (a) shows the region 
of interest for the milling, and (b) shows the cross-section at a higher 
magnification. Cracks and buried voids can be clearly observed in (b). 

6.5.2. Elemental Analysis of the Ni Electrodes by Auger Electron 
Spectroscopy 

The elemental composition of the BB-edep and BB-pol was investigated by AES 

to determine whether trace impurities were incorporated into the electrodes as a result of 

the bead-blasting process. The silica particles used in the bead-blasting could be a source 

of contamination. Furthermore, any silica particles embedded in the surfaces of the Ni 

electrodes could block active surface area. Surface composition was analyzed by AES 

since it has a lower detection limit (~0.1 atomic %) for first row transition metals relative to 

XPS techniques.294 The energy range chosen for the AES analyses (i.e., 480 to 900 eV) 

was established to include the LMM regions of Ni and several other first row transition 
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metals, such as Fe, Mn, and Co (Figure 6.19. and Figure 6.20.).295 Each of the nine Ni 

LMM transitions were identified in the region from 650 to 900 eV for the BB-edep and BB-

pol electrodes. Five separate locations from each sample were analyzed by high 

resolution AES. No other first row transition metals were detected in the samples. Our 

analyses did not identify the presence of trace impurities within the detection limits of AES. 

These results suggest that impurities are not present in the surfaces, or that potential 

impurities are present below the detection limits of this surface sensitive technique. The 

results of our electrochemical measurements were attributed to the differences observed 

in the surface textures of the electrodes, as well as the inherent electrocatalytic activity of 

high purity Ni under the tested conditions, and the extent of the electrochemical aging.  
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Figure 6.19. Auger electron spectroscopy results for the BB-edep electrode after 
solvent rinsing. The kinetic energy range from 480 to 900 eV contains 
transitions for many of the first row transition metals. Their energy 
range was selected to assess the presence of possible surface 
contamination resulting from the bead-blasting process. The plot in 
(a) shows a representative AES plot with the labelled transitions for 
Ni. The data in (b) correspond to the results from five separate regions 
of the BB-edep electrode. 
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Figure 6.20. Auger electron spectroscopy results for as-prepared BB-pol 
electrode after solvent rinsing. The kinetic energy range from 480 to 
900 eV was selected for inspection of the presence of possible 
surface contamination resulting from the bead-blasting process. The 
plot in (a) shows a representative spectrum with the labelled 
transitions for Ni. (b) The results from the analysis of five separate 
regions on the BB-pol electrode. 

Characterization of the Ni surface oxides and hydroxides was conducted using 

high resolution XPS analyses. Pristine samples of the electrodeposited and polished Ni 

exhibited a main emission peak at 852.6 eV, which indicates the presence of Ni0 for the 

Ni 2p3/2 region (Figure 6.21.).296 The polished Ni surface resembles more Ni oxide 

character when compared to the electrodeposited surface. The spectrum for the 

electrodeposited surface has a character that is more similar to that of Ni metal, which 



221 

was expected since these deposits were formed under reducing potentials. In contrast, 

the Ni rod was prepared by cold extrusion methods. Satellite peaks that result from 

multiplet splitting, shake-up, and plasmon loss structures can cause difficulty in the 

interpretation of the Ni 2p region. Previous work on the quantitative assignment of Ni oxide, 

hydroxide, and (oxy)hydroxide peaks have used the Gupta and Sen multiplet fitting 

envelopes (Table 6.2).296 These fitting envelopes account for variations in the binding 

energies associated with these satellite peaks. Since the β-NiOOH phase is formed under 

an applied potential during electrochemical aging, we expected that the electrode surface 

would relax from the β-NiOOH phase to the β-Ni(OH)2 phase after removal from the 

electrochemical set-up. As an indirect assessment of the β-NiOOH phase, the uniformity 

of the β-Ni(OH)2 phase was inspected directly after steady-state electrochemical aging for 

the BB-pol sample. The XPS data for the aged BB-pol sample exhibits a main emission 

peak at 854.6 eV. This binding energy is assigned to a Ni2+ oxidation state.296 The absence 

of a Ni 2p3/2 peak at the lower binding energies indicates that the hydroxide surface phase 

is uniform over the analyzed area (700 µm x 400 µm) and to the mean escape depth of 

the detected photoelectrons (~10 nm).  

 

Table 6.2. Assignment of chemical species in the HR-XPS for the Ni 2p3/2 in 
Figure 6.21.a-c.  

chemical component binding energy (eV) reference 

Ni metal 852.6 296 

NiO 853.7 296 

Ni(OH)2 854.6 297 
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Figure 6.21. High resolution XPS of the Ni 2p region for the (a) electrodeposited 
Ni, (b) polished Ni, and the (c) BB-pol after the steady-state 
electrochemical aging treatment. Assignment of the Ni 2p3/2 region 
was conducted using the Gupta and Sen multiplet fitting envelopes 
(see Table 5.2).  

6.5.3. Electrochemical Aging by Cyclic Voltammetry Techniques 

The potential range of 0 to 0.6 V (vs Hg/HgO) was selected to exclude Faradaic 

current from the OER during the processes associated with the electrochemical aging. 
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More pronounced structural deformations on the surfaces of Ni-based electrodes can 

occur when the electrochemical aging process includes more oxidizing potentials.283 

Minimal structural changes were observed for the electrochemically aged electrodes as 

indicated by the SEM measurements (Figure 6.22.). A relatively fast scan rate (i.e., 100 

mV/s) was selected for the electrochemical aging since the high repetition of the potential 

scanning by CV was essential to attain the improved OER performance. The use of a 

slower CV scan rate was found to be ineffective at obtaining a steady-state response 

within a reasonable period (e.g., less than 48 h) during the electrochemical aging. Two 

types of electrochemical aging, a steady-state and a limited aging process, were evaluated 

for their influence on the OER as a function of the distinct micro- and nanoscale textures 

of the Ni electrodes.  

 

Figure 6.22. Representative SEM images of the samples after the steady-state 
electrochemical aging treatment: (a) BB-edep; (b) BB-pol; (c) planar 
electrodeposited Ni; and (d) planar polished Ni. 

6.5.4. Steady-State Electrochemical Aging 

To achieve a high electrocatalytic activity for the OER, it is desired that the β-

NiOOH phase form a continuous layer over the surfaces of the Ni electrodes. This process 

of achieving a stable, electrochemically derived active state for each sample was referred 

to as the “steady-state aging” process. The samples were determined to have achieved 

the desired behavior when the anodic peaks at ~0.42 and ~0.48 V (vs Hg/HgO) exhibited 

minimal changes between at least ten consecutive CV scans for the planar and bead-
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blasted electrodes, respectively. Specifically, when this peak stabilized within ± 10 µA and 

did not exhibit further shifts in the peak potential (e.g., ± 1 mV) with successive CV scans, 

it was assumed that the electrode was in a pseudo-stable steady-state. These conditions 

implied that the amount of β-NiOOH present on the surfaces of the electrodes was no 

longer changing with further electrochemical treatment. The voltammograms from the 

steady-state aging process for the bead-blasted electrodes exhibited sharp anodic peaks 

with higher peak current densities (Figure 6.23.a. and Figure 6.23.c.) relative to the 

electrodeposited or polished Ni electrodes (Figure 6.23.e. and Figure 6.23.g.). Additional 

steady-state aging CV plots where the current was normalized for the Ageo are provided in 

Figure 6.24. From these results, it can be inferred that after this aging process there is a 

larger amount of β-NiOOH per Ageo on the bead-blasted samples relative to the planar Ni 

electrodes. For comparison, the charge values obtained for the cathodic reduction of β-

NiOOH are provided in Table 6.3. This assessment is consistent with the increase in 

electrode surface area that resulted from the bead-blasting process. The planar electrodes 

of electrodeposited and polished Ni each required ~70 and ~80 CV scans, respectively, 

to achieve a steady-state electrochemical response. In contrast, the bead-blasted 

electrodes required ~100 times more CV scans to achieve the same response. Diffusion 

of electrolyte to all of the surfaces on the bead-blasted electrodes was likely hindered by 

their buried nature, which slowed down the electrochemical transformation. This large 

difference in the number of CV scans required to reach a stable response was likely due 

to the limited mass transfer of fresh electrolyte into the recesses of the highly textured 

bead-blasted surfaces. It is hypothesized that the number of CV scans required for each 

of the Ni electrodes to reach a steady-state was largely dependent on the accessibility of 

electrolyte to all of the Atheoretical. The electrolyte must adequately reach all of the surfaces 

for transformation to the electrochemically active β-NiOOH phase.  
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Figure 6.23. Representative trends for the electrochemical aging of the textured Ni 
electrodes by CV. The arrow in (a) indicates the trend of the 
progressive CV profiles. The data in the left column is from the 
steady-state aging sequence, showing every 500th CV scan in (a, c) 
and every 10th CV scan in (e, g). The right column contains data from 
the limited aging sequence, showing every 10th CV scan in (b, d, f, and 
h). The last CV scan for each sequence is indicated by the profiles 
highlighted in red. The sequences correspond to (a, b) the BB-edep 
electrode, (c, d) the BB-pol electrode, (e, f) the planar Ni electrode with 
an electrodeposited finish, and (g, h) the planar Ni electrode with a 
polished finish. All data was normalized to the Atheoretical. The CV scans 
were acquired at a scan rate of 100 mV/s in purified 1 M KOH. Each 
electrode was rotated at 5500 rpm for the duration of each sequence 
of measurements. 
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Figure 6.24. Electrochemical aging by potential cycling techniques using the 
steady-state aging process. The steady-state aging sequence 
required 7200 CV scans for the BB-edep and BB-pol electrodes, while 
less than 100 CV scans were required for the planar electrodeposited 
and polished Ni electrodes. Every 500th CV scan is shown for the (a) 
BB-edep and (b) the BB-pol samples. Every 10th CV scan is shown for 
the (c) electrodeposited and (d) polished Ni samples. The scan rate 
was held at 100 mV/s while the working Ni electrodes were immersed 
in purified 1 M KOH at 25 oC. The data were normalized to the Ageo of 
each electrodes. 

Table 6.3. Charge values obtained from the cathodic reduction peaks in the CV 
profiles. 

electrode type* steady-state aging, Qcat (mC) † limited aging, avg Qcat (mC) ‡ 

BB-edep  1.98 0.49 ±0.16 

BB-pol 1.09 0.61 ±0.07  

edep 0.81 0.62 ±0.06  

pol  0.48 0.53 ±0.01 

* Abbreviations: BB = bead-blasted Ni; edep = electrodeposited Ni; pol = polished Ni. † Cathodic peaks were integrated 
to determine the Qcat from the last scan in the CV plots acquired during the steady-state aging treatment. ‡ Average Qcat 
were determined from the last CV scan for each replicate electrode. The error represents one standard deviation from 
the calculated mean values.  
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Shifts in the anodic peak potentials were observed in the CV profiles obtained 

during the steady-state electrochemical aging for the BB-edep and BB-pol electrodes. 

Anodic peak potentials for the bead-blasted electrodes were initially centered at 0.45 V 

(vs Hg/HgO). After steady-state electrochemical aging, the anodic peak potentials shifted 

to 0.48 V (vs Hg/HgO) (Figure 6.23.a. and Figure 6.23.c.). A greater impedance 

associated with this electrochemical transformation will result if the newly formed 

(oxy)hydroxide phases extend beneath the outermost surface layers. These impedance 

effects are likely the cause of the observed peak shift (i.e., 0.03 V) for the bead-blasted 

electrodes. The anodic peak potentials for the planar samples of electrodeposited and 

polished Ni remained at ~0.42 V (vs Hg/HgO) as exhibited in Figure 6.23.e. and Figure 

6.23.g. The absence of an anodic peak shift for these samples was likely due to the 

relatively few CV scans required to reach a steady-state condition. The prolonged 

electrochemical treatment required by the bead-blasted surfaces was, as mentioned 

above, likely due to the increased and buried Atheoretical of these electrodes. The flux of 

electrolyte to and from these surfaces was aided by rotating the electrodes during the 

aging process. This increased flux improved the rate at which the electrode surfaces 

became electrochemically “aged” since this process requires a reaction with the dissolved 

species in the electrolyte solution. Although a relatively high speed of rotation (i.e., 5500 

rpm) was utilized in these experiments, it is likely that not all of the buried surfaces within 

the roughened, bead-blasted textures received fresh electrolyte or a consistent flux during 

consecutive scanning by CV.  

6.5.5. Limited Electrochemical Aging 

The textured electrodes were also evaluated using a second type of 

electrochemical aging technique. This type of treatment was referred to as the “limited 

aging” process. In this process, each electrode was aged with a set number of CV scans 

prior to assessing its performance towards the OER. The limited aging process conducted 

100 sequential CV scans regardless of whether or not each electrode had reached a 

steady-state electrochemical response. As anticipated, a steady-state response was not 

achieved for the bead-blasted electrodes (Figure 6.23.b. and Figure 6.23.d.). Conversely, 

the planar electrodes of electrodeposited or polished Ni were able to reach a steady-state 

condition during the limited aging process (Figure 6.23.f. and Figure Figure 6.23.h.), but 

continued CV scanning was performed beyond this response. For example, the 
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electrodeposited Ni achieved a stable intensity in their CV profile after the 42nd CV scan 

as observed by its consistent anodic peak. A similar behavior was observed for the 

polished Ni electrode, which reached a stable electrochemical behavior at the 40 th CV 

scan. After 10 to 15 CV scans beyond the stable state, the anodic peak broadened, which 

likely indicated a further conversion of β-Ni(OH)2 to β-NiOOH beneath the outermost 

surfaces of these electrodes. Subtle shifts in peak position and distortions to the peak 

shape can also result from variations in the pH at the electrode surfaces.50 The underlying 

principles of Nernstian thermodynamics describe the relationship between the 

concentrations of Faradaic species, rates of the reaction, and the observed potentials for 

electrochemical reactions (see details in Section 1.2.1). Increasing the pH of an electrolyte 

can increase the magnitude of the redox wave for the transformation of Ni(II) to Ni(III). 

Since the electrolyte composition and concentration were consistent for all of our 

experiments, large variations in pH should not play a dominant role in the observed 

differences of the redox properties for the textured surfaces. The limited aging process 

was applied to each type of electrode to assess whether a less uniform coverage of β-

NiOOH on the bead-blasted electrodes would influence their relative performance towards 

the OER. Additional limited aging CV plots where the current is normalized to the Ageo are 

provided in Figure 6.25. In general, the current densities calculated for the anodic and 

cathodic peaks following the limited aging process (~2 to 3 mA/cm2) were relatively similar 

for all four types of Ni electrodes. Since the anodic and cathodic peaks were similar in 

their current densities, it can be inferred that comparable amounts of β-NiOOH were 

present on the surfaces of the electrodes but with varying degrees of coverage.  
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Figure 6.25. Representative CV measurements obtained during electrochemical 
aging of the Ni electrodes showing every 10th scan, which are 
normalized to the Ageo of the electrodes. Data are plotted for: (a) BB 
electrodeposited Ni; (b) BB polished Ni; (c) electrodeposited Ni; and 
(d) polished Ni. The CVs were acquired while immersing the 
electrodes in high purity 1 M KOH and using a scan rate of 100 mV/s 
at 25 oC. The arrow shown in (a) indicates the direction of the change 
to the anodic peak with progressive scans. These working electrodes 
were each rotated at 5500 rpm throughout the CV experiments. A total 
of 100 CV scans were acquired as per the limited aging process. 

6.5.6. Assessment of Performance towards the Oxygen Evolution 
Reaction 

Directly after performing either the steady-state or the limited aging treatment, the 

electrodes were assessed for their OER activity. This assessment was conducted through 

LSV measurements acquired at relatively slow scan rates (i.e., 1 mV/s). All current 

densities shown in the LSV plots were normalized against the Atheoretical for each type of 

electrode as determined from the 3D models of their textured surfaces. Figure 6.26. 

contains the LSV responses for each type of electrode, which were obtained at both a 

slow and fast rotational speed (i.e., 1000 and 7000 rpm). The current density response as 

a function of applied potential exhibited a consistent trend between the different types of 

electrodes regardless of the rotational speed. Additional LSV responses for the 

electrochemically aged electrodes after applying the steady-state aging process for other 
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rotational speeds are provided in Figure 6.27. and Figure 6.28. for currents normalized for 

the Atheoretical and the Ageo, respectively. Additional LSV responses for the textured 

electrodes after applying the limited aging technique at additional rotational speeds are 

provided in Figure 6.29. and Figure 6.30. for currents normalized for the Atheoretical and the 

Ageo, respectively. These analyses enable a direct comparison of the effects of both 

electrochemical aging and the texture of the electrodes.  

 

Figure 6.26. Representative LSV plots acquired at 1 mV/s in 1 M KOH. All data has 
been normalized to the Atheoretical. Prior to acquiring these LSV plots 
the electrodes were treated by either (a, c) the steady-state aging 
process or (b, d) the limited aging process. The plots in (a) and (b) 
were acquired while rotating the Ni working electrodes at 1000 rpm, 
while the plots in (c) and (d) were acquired at a rotational speed of 
7000 rpm.  
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Figure 6.27. Representative LSV plots for each of the Ni electrodes obtained at 
different rotational speeds: (a) 0 rpm; (b) 500 rpm; (c) 2000 rpm; and 
(d) 3000 rpm. The LSVs were recorded at a scan rate of 1 mV/s in high 
purity 1 M KOH at 25 oC after applying the steady-state aging process 
to each type of electrode. All data were normalized to the theoretical 
Atheoretical. 

 

Figure 6.28. Representative LSV plots for each of the Ni electrodes obtained at 
different rotational speeds: (a) 0 rpm; (b) 500 rpm; (c) 2000 rpm; and 
(d) 3000 rpm. The LSVs were recorded at a scan rate of 1 mV/s in high 
purity 1 M KOH at 25 oC after applying the steady-state aging process 
to each type of electrode. The currents were normalized to the Ageo of 
the electrodes. 



232 

 

Figure 6.29. Representative LSV plots for the polished, electrodeposited, BB-pol, 
and BB-edep Ni electrodes after completing the limited aging 
process. These LSVs were obtained at several rotational speeds: (a) 
0 rpm; (b) 500 rpm; (c) 2000 rpm; and (d) 3000 rpm. The LSVs were 
recorded at a scan rate of 1 mV/s in high purity 1 M KOH at 25 oC. The 
currents were normalized to the Atheoretical. 

 

Figure 6.30. Representative LSV plots for the polished, electrodeposited, BB-pol, 
and BB-edep Ni electrodes after completing the limited aging 
process. These LSVs were obtained at several rotational speeds: (a) 
0 rpm; (b) 500 rpm; (c) 2000 rpm; and (d) 3000 rpm. The LSVs were 
recorded at a scan rate of 1 mV/s in high purity 1 M KOH at 25 oC. The 
currents were normalized to the Ageo of the electrodes. 
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The steady-state aging process created electrodes that exhibited lower onset 

potentials for the OER relative to the samples processed by the limited aging treatment. 

Similar onset potentials to the OER were observed for all electrodes treated by the same 

type of aging technique. The steady-state aging treatment decreased the overpotentials 

by ~55 mV (Figure 6.26.a. and Figure 6.26.c.). A similar reduction in overpotentials has 

been observed for other electrochemically aged Ni electrodes. Previous work has 

calculated turnover frequencies for electrochemically aged Ni to be 23 times higher than 

for non-aged Ni. Godwin et al. concluded that the electrochemically aged Ni electrodes 

were more active due to the transformation of the Ni surfaces into the more active β-

phase.226 Differences in the performance of the electrodes are, in general, inherent to their 

surface morphology and Atheoretical, as well as to the type of aging process used to condition 

the electrodes. 

The bead-blasted electrodes exhibited a better electrochemical performance after 

the steady-state aging process than the planar samples of polished or electrodeposited Ni 

as observed in the LSV measurements. The trends in the LSV measurements of the 

electrodes treated by steady-state aging can be correlated to the relative amount of the 

active β-NiOOH phase present on the surfaces of each type of electrode. The Atheoretical 

gained from the bead-blasting process is observed in the relatively high current densities 

achieved by these samples. The BB-edep electrode achieved the highest current densities 

of all the samples at potentials beyond 0.9 V (vs Hg/HgO) in the LSV plots (Figure 6.16.a. 

and Figure 6.16.c.). After the steady-state aging process, the CV scan of the BB-edep 

electrode also showed the highest anodic peak area. The nanoscale grains at the surfaces 

of the BB-edep electrodes may enable an increased diffusion of electrolyte into the buried 

voids near the outermost surfaces of these electrodes (Figure 6.26.). The smaller grains 

of the BB-edep samples relative to the larger grains of the BB-pol samples could also 

impact the accessible Atheoretical following the steady-state aging process. It is possible that 

hydrophilic channels form within the cracks around the Ni grains after their surfaces are 

covered with β-NiOOH as a result of the steady-state aging process. The higher number 

of grain boundaries in the electrodeposited Ni may have enabled the diffusion of more 

electrolyte into the buried voids of these bead-blasted materials during the steady-state 

aging process. In summary, it is likely that an increase in Atheoretical was associated with the 

improved performance observed for the electrodeposited bead-blasted samples towards 

the OER as shown in Figure 6.26.  
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The limited aging process resulted in the polished Ni electrodes exhibiting the 

highest current densities at potentials beyond 1.0 V (vs Hg/HgO). The smooth, planar 

surfaces of the polished Ni electrodes prevented oxygen bubbles from being trapped on 

their surfaces, especially when subjected to a high shear flow. The flow of the electrolyte 

may not uniformly access all of the Atheoretical for the other, more textured samples. The flux 

of electrolyte near the electrode was the same for all of the samples, but the efficiency of 

mass transfer processes to and from all of the Ni surfaces was likely different for each 

type of electrode. The polished Ni electrode experienced the highest mass transfer 

efficiency and, thus, demonstrated much higher current densities for the OER at high 

overpotentials (Figure 6.26.b. and Figure 6.26.d.). The enhanced performance towards 

the OER for the polished Ni was likely not due to a larger amount of β-NiOOH on their 

surfaces since the CVs from the limited aging treatment did not show substantially greater 

anodic and cathodic peak areas relative to the other samples. Their enhanced OER 

performance was more likely due to the lack of roughness on the surfaces of these 

electrodes. Interestingly, the planar electrodes of electrodeposited Ni had a lower overall 

performance in comparison to the polished Ni although these electrodes had a similar Rf.  

The lower efficiency of the electrodeposited Ni relative to the polished Ni after 

treatment by the limited aging process may likely be a consequence of the nanoscale 

roughness. This nanoscale variation in surface roughness may disrupt the shear flow of 

electrolyte across their surfaces. It is possible that nanoscale bubbles may become pinned 

to multiple grains on the surfaces of the electrodeposited Ni, which would block its Atheoretical 

and contribute to a reduction in its OER performance. The planar electrodeposited Ni 

performed only slightly better than the bead-blasted textures (i.e., BB-edep or BB-pol) at 

applied potentials greater than 1.0 V (vs Hg/HgO) (Figure 6.26.b. and Figure 6.26.d.). 

Furthermore, since the limited aging technique allowed CV scanning to continue beyond 

the steady-state (i.e., beyond the 42nd CV scan), it may be possible that there are 

disparities in the type or thickness of active Ni phases present on the electrode surfaces 

that could otherwise impact their electrochemical performance. For example, performing 

CV scanning beyond the steady-state response typically resulted in broadening and a shift 

to a higher anodic peak potential. This peak broadening and shift in peak potential may 

indicate a more resistive condition caused by slower rates of mass transfer that result from 

a thicker and possibly more disordered β-NiOOH phase. Non-uniform aging of the 

nanoscale grains in the electrodeposited Ni may also contribute to their lower current 
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densities than observed for the polished Ni. The bead-blasted electrodes also experienced 

a non-uniform, inadequate aging by the limited treatment.  

The irregular textures of the bead-blasted electrodes prevented electrolyte from 

efficiently reaching all of the surfaces. The limited aging treatment likely resulted in a non-

uniform surface coverage of the β-NiOOH phase. At potentials greater than 1.0 V (vs 

Hg/HgO), both the BB-edep and BB-pol electrodes exhibited a lower relative performance 

when treated by this process. This reduced performance could be a result of oxygen 

bubbles adhering to the recessed surfaces of the bead-blasted electrodes, resulting in an 

ineffective mass transfer. The Atheoretical gained from the bead-blasting process is 

underutilized for samples treated by the limited aging process. The LSV measurements 

acquired after steady-state aging indicated a better utilization of the increased Atheoretical 

gained from the bead-blasting process.  

 

Figure 6.31. Representative CP plots acquired at 500 mA/cm2 in 1 M KOH while 
rotating each electrode at 500 rpm. Prior to the CP measurements, the 
electrodes in (a, c) were aged by the steady-state aging process, while 
the electrodes in (b, d) were treated by a limited aging process. The 
plots in (c, d) show shorter time-scales corresponding to the data 
plotted in (a, b). 

The electrochemical performance of each of the textured Ni electrodes towards 

the OER was further evaluated by CP measurements obtained at 500 mA/cm2 over a 

period of 7 min. The duration of this experiment was sufficient stabilization of the current 

response of each type of electrode (Figure 6.31.). Commercial water electrolyzers require 

electrocatalysts that can sustain current densities at or above 500 mA/cm2.21, 54 Hence, an 



236 

industrially relevant current density of 500 mA/cm2 with respect to the Ageo was chosen to 

probe the OER activity in these CP measurements. In general, differences in the current 

densities between the samples were most apparent when rotated at lower rotational 

speeds. Additional CP measurements acquired at higher rotational speeds are provided 

in Figure 6.32. and Figure 6.33. for both the steady-state aging and the limited aging 

processes, respectively. At the lower rotational speeds, the samples were more hindered 

by mass transfer, and the influence of electrode morphology was more apparent. Periodic 

oscillations in the data indicate the release of oxygen bubbles from the electrodes (see 

more details in Section 7.5.5). The electrodes treated by steady-state aging exhibited 

lower potentials in the CP measurements and a smaller amplitude in the oscillations of 

these potentials over time. 

 

Figure 6.32. Representative CP data acquired at 500 mA/cm2 after completing a 
steady-state aging process for each type of Ni electrode in purified 1 
M KOH at 25 oC. The plot in (a) was acquired at 3000 rpm. The plot in 
(b) shows the CP data over a shorter time-scale than in (a).  
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Figure 6.33. Chronopotentiometry for Ni electrodes treated with the limited aging 
process. The data was acquired at 500 mA/cm2 in purified 1 M KOH at 
25 oC. Each transient is plotted as an average of three replicates. The 
plots in (a) were acquired at 3000 rpm. The plots in (b) show the 
results over a shorter time-scale, corresponding to the data plotted in 
(a). 

During the OER, a higher efficiency for the generation and release of bubbles was 

observed for the electrodes treated by the steady-state aging process. In the CP 

experiments, these samples exhibited lower potentials on average at 500 mA/cm2, as well 

as a higher frequency and smaller amplitude in the oscillations of these potentials (Figure 

6.31.a. and Figure 6.31.c.). These results indicated that the steady-state aged samples 

demonstrated higher rates for both the production and release of bubbles. All of the 

electrodes aged by the steady-state process exhibited a similar character in terms of the 

amplitude of their oscillations during the CP measurements. This similarity in the data 

indicates that these samples had a comparable behavior towards bubble release 

regardless of their nanoscale and/or microscale textured surfaces. The BB-edep and BB-

pol samples did, however, achieve a lower average potential at 500 mA/cm2 relative to the 

planar electrodes. These trends in performance remained consistent even at higher 

rotational speeds. In addition, the applied current density of 500 mA/cm2 was calculated 

for each sample based on their Ageo, which resulted in a lower current density in practice 

for the BB-edep and BB-pol samples relative to the planar electrodes after accounting for 

their estimated Atheoretical. For the tested conditions, the bead-blasted electrodes exhibited 

a slightly better performance, operating at ~0.2 V lower than the planar electrodes. It is 

anticipated that a further improvement in performance would have been observed for the 

bead-blasted electrodes if the additional Atheoretical had been accounted for in the CP 

measurements. The samples aged by steady-state techniques also approached the 
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commercially relevant potential of ~1.6 V (vs Hg/HgO) at 500 mA/cm2.21 It has been 

proposed that these targeted operating conditions are necessary to meet the requirements 

of commercial electrolyzers.285 From the results of the CP measurements, it can be 

concluded that steady-state aging is the more favorable method for conditioning 

electrodes with a relatively high Atheoretical, such as the microscale textures of the bead-

blasted electrodes.  

For the electrodes treated by the limited aging technique, the polished Ni 

electrodes exhibited the most stable electrochemical response and the lowest potentials 

in their CP plots. The results in Figure 6.26.b. and Figure 6.26.d. indicated that the 

polished electrodes had less surface passivation with oxygen bubbles while operated at 

500 mA/cm2. The electrochemical response of the polished Ni electrode also stabilized at 

the lowest potential at ~1.8 V (vs Hg/HgO), while the other samples stabilized at ~2.4 V 

(vs Hg/HgO). For these limited aging conditions, as stated above, the polished Ni 

electrodes were able to remove oxygen bubbles most efficiently at all of the rotational 

speeds due to their relatively smooth morphology. 

In addition to electrochemical aging of electrodes, the orientation of the electrode 

is also a factor that can influence the accumulation of gas bubbles and, thus, an 

electrode’s activity for the OER. To evaluate the performance of the textured electrodes 

in alternative orientations, the Ni electrodes were held without rotation in a face-up 

configuration. The samples were each treated by the steady-state aging technique. This 

experimental configuration (Figure 6.8.) decreased the flux of electrolyte to the electrode 

surfaces. Each of these samples stabilized at higher potentials in the CP measurements 

than under conditions of an induced shear flow. This change was attributed to the reduced 

rates of electrolyte flux and other components of mass transfer. Under these conditions, 

both types of bead-blasted Ni electrodes exhibited an improved performance towards the 

OER in comparison to the planar samples of polished Ni or electrodeposited Ni. For 

example, the bead-blasted electrodes had a higher number of bubble release events per 

unit time. The microscale texture and the high Atheoretical of the bead-blasted electrodes 

were beneficial for the growth and release of gas bubbles. Microscale recessed features 

have been previously observed to exhibit enhanced efficiencies for the OER at high 

potentials.99 This enhancement has been attributed to their ability to promote the 

generation of relatively small bubbles and to exhibit a higher frequency of bubble release 

events as indicated by the electrochemical measurements. Furthermore, the presence of 
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nanoscale textures on the surfaces of microscale features may add an additional 

enhancement to the mass transfer abilities of a textured electrode. 

The results from this study highlight the importance of electrochemical aging of Ni 

electrodes for assessing their OER activity, especially for electrodes with textured 

surfaces. The electrochemical aging of Ni electrodes may also better mimic their 

performance under industrial conditions since a more thermodynamically stable state is 

achieved under these conditions. When electrodes are sufficiently aged, their 

characteristics for electrolyte wetting and gas bubble formation likely improve due to a 

more uniform coating of the β-NiOOH phase on their surfaces. Bead-blasting of Ni 

electrodes produced a microscale texture that, when aged to a steady-state condition, had 

a higher activity towards the OER than electrodes with a relatively smooth texture. These 

sufficiently aged electrodes exhibited higher current densities (i.e., a gain of 50 mA/cm2 at 

1.1 V vs Hg/HgO) when compared to electrodes treated by a limited aging method. The 

CP data indicated a reduction of 0.7 V in the potential required for the OER at an applied 

current density of 500 mA/cm2 for the electrodes aged by steady-state conditions. In 

addition, the bead-blasted electrodes demonstrated a slightly lower potential response (a 

decrease of ~0.2 V) at 500 mA/cm2 relative to the planar electrodes of electrodeposited 

Ni or polished Ni after aging each electrode by the steady-state method. These 

improvements may be a result of the microscale texture, which may favor the production 

of smaller diameter bubbles and a more frequent release of bubbles from their surfaces. 

Furthermore, the presence of nanoscale grains on the surfaces of the BB-edep electrodes 

may enable an improved mass transfer (e.g., diffusion and migration) of reactants and 

products due to a higher number of hydrophilic channels formed at grain boundaries within 

the electrodeposited layer. Additional Atheoretical, which was not detected during the SEM-

based analyses, may also contribute to the observed improvements in performance for 

the bead-blasted samples. Bead-blasting increased the Atheoretical by ≥30% at a relatively 

fast rate (~6 cm2/min) and could be applied to large electrodes used in electrocatalytic 

systems. New electrode surface textures could be prepared by further refinement of the 

bead-blasting parameters (e.g., tuning the composition of the particles, acceleration of 

these particles, and average particle diameter). 
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6.6. Conclusions 

Microscale surface textures on Ni electrodes were prepared by a simple, scalable 

bead-blasting method. These roughened surface morphologies were assessed for their 

performance towards the OER after performing two distinct types of electrochemical 

aging. One type of electrochemical aging utilized consecutive CV scanning until achieving 

a “steady-state” for the conversion of the Ni surfaces to a β-NiOOH phase. The other type 

of electrochemical aging was a “limited aging” process where only 100 consecutive CV 

scans were performed regardless of the anodic peak stability. In addition to performing 

either type of electrochemical aging, the composition and texture of each electrode were 

carefully controlled to establish links between their performance for the OER and their 

surface morphology. Three-dimensional models of the textured surfaces based on SEM 

analyses were used to estimate the Rf values and resulting Atheoretical for each type of 

textured electrode. These estimations of the Atheoretical were used to calculate the apparent 

current densities for the electrochemical LSV measurements. The estimated Atheoretical for 

each type of texture aided in correlating their OER performance to their surface 

morphology. The bead-blasted Ni electrodes outperformed the planar Ni electrodes with 

either a polished finish or a nanoscale texture when each of these electrodes were 

sufficiently aged through a steady-state aging process. For example, in the CP 

measurements the bead-blasted electrodes stabilized at 0.2 V below the other types of 

electrodes at an applied current density of 500 mA/cm2. In contrast, when a limited aging 

method was used the relatively smooth and featureless morphologies (i.e., polished Ni) 

had the highest performance for the OER as observed in both the CP and LSV 

measurements. These results emphasize the importance of assessing the performance 

of textured electrodes towards the OER after sufficiently aging the samples. Highly 

textured surfaces will likely require prolonged aging and can also be hindered by the 

presence of trapped bubbles in their recessed features. Further studies are warranted to 

further tune the bead-blasting techniques for creating textured electrodes. For example, 

this process could use smaller diameter particles to enable a scalable approach to 

preparing nanoscale textures.  
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Chapter 7.  
 
Arrays of Microscale Linear Ridges with Self-
Cleaning Functionality for the Oxygen Evolution 
Reaction 

7.1. Notice of Permissions 

This chapter is adapted from work previously published by Audrey K. Taylor, 

Tiffany Mou, Ana Sonea, Jiayue Chen, Brenden B. Yee, and Byron D. Gates “Arrays of 

Microscale Linear Ridges with Self-Cleaning Functionality for the Oxygen Evolution 

Reaction”, ACS Applied Materials & Interfaces, 2021, 13 (2), 2399 – 2413. Permission to 

use the following material has been granted by the publisher and all co-authors. The work 

presented in this paper, including experiments, data acquisition, interpretation, and writing 

was performed by myself under the guidance of my supervisor Prof. Byron D. Gates. 

Tiffany Mou assisted in the acquisition of the electrochemical data. Ana Sonea and 

Brenden B. Yee assisted in the preparation of the samples. Jiayue Chen performed the 

bubble contact angle measurements.  

7.2. Abstract 

Gas management during electrocatalytic water splitting is vital for improving the 

efficiency of clean hydrogen production. The accumulation of gas bubbles on electrode 

surfaces prevents electrolyte access and passivates the electrochemically active surface 

area. Electrode morphologies are sought to assist in the removal of gas from surfaces to 

achieve higher reaction rates at operational voltages. Herein, regular arrays of linear 

ridges with specific microscale separations were systematically studied and correlated to 

the performance of the OER. The dimensions of the linear ridges were proportional to the 

size of the oxygen bubbles, and the mass transfer processes associated with gas 

evolution at these ridges were monitored using a high speed camera. Characterization of 

the adhered bubbles prior to detachment enabled the use of empirical methods to 

determine the volumetric flux of product gas and the bubble residence times. The linear 

ridges promoted a self-cleaning effect as one bubble would induce neighboring bubbles 

to simultaneously release from the electrode surfaces. The linear ridges also provided 
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preferential bubble growth sites, which expedited the detachment of bubbles with similar 

diameters and shorter residence times. The linear ridges enhanced the OER in 

comparison to planar electrodes prepared by electrodeposition from the same high purity 

Ni. Linear ridges with a separation distance of 200 µm achieved nearly a two-fold increase 

in current density relative to the planar electrode at an operating voltage of 1.8 V (vs 

Hg/HgO). The electrodes with linear ridges having a separation distance of 200 µm also 

had the highest sustained current densities over a range of operating conditions for the 

OER. Self-cleaning surface morphologies could benefit a variety of electrocatalytic gas 

evolving reactions by improving the efficiency of these processes. 

7.3. Introduction 

Electrocatalytic water splitting could benefit from further improvements to the OER. 

This half-reaction contributes a large overpotential to the processes of water splitting due 

to a complex reaction mechanism with a high free energy barrier.213 Considerable 

research endeavors have focused on improving the slow reaction kinetics of the OER by 

tuning the electronic structure of transition metal oxides.298, 299 Gas management at the 

surfaces of electrocatalysts for water splitting is, however, still a problematic factor and 

has been the subject of extensive studies.52, 62  The accumulation of bubbles on OER-

based electrodes can result in blocked active sites and restricted diffusion of electrolyte. 

Decreased reaction efficiencies and increased resistances are observed at high 

overpotentials required during water electrolysis.58 Similar issues related to water 

management can also arise in PEM fuel cells and electrolyzers. At high overpotentials, 

system efficiencies can become limited by mass transport resistances. Flooding and 

dehydration of channels within the MEAs can obstruct gas diffusion and ionic conductivity, 

respectively.300, 301 Water management strategies must span multiple length scales to 

address these issues. Nanoscale features have been sought to retain water necessary for 

ionic conduction to the catalytic sites, while microscale features within the catalyst layers 

of MEAs have been sought to improve the transport and distribution of both gas and 

water.302, 303 Similar strategies to adjust features over multiple length scales on the 

surfaces of gas evolving electrodes may improve their efficiency by mitigating the effects 

of gas bubble passivation. These features must address inefficiencies related to the 

processes involved in growth, coalescence, and release of the evolved gas bubbles.  
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Enhanced performance of gas evolving electrodes toward the OER is sought 

through a rational design of the surface architecture (see details in Section 1.3). Turnover 

of the electrocatalytic reaction can be significantly affected by surface features on the gas 

evolving electrodes, especially at the high rates of gas evolution that are achieved at high 

current densities. Textured surface features with distinct and regular dimensions (e.g., 

lithographically defined features) can enable an accurate determination of the Atheoretical 

based on measurements of the surface roughness and the regular geometry of these 

features (see, for example, the methods used in Chapter 3). The nanoscale texture of gas 

evolving electrodes, as well as their microscale features can influence the gas bubble 

dynamics (e.g., growth, coalescence, and release).  

Herein, we prepared a series of Ni electrodes for the OER that contained arrays of 

parallel, linear ridges each with a well-defined microscale spacing. The spacing and 

feature size of these regular arrays were prepared by lithographic techniques. These linear 

ridges were selected to evaluate their ability to promote self-cleaning effects through their 

influences on gas bubble growth, coalescence, and detachment. A systematic study was 

pursued by tuning the spacing between the arrays of linear ridges. This spacing was tuned 

from 10 µm to 200 µm since these dimensions are proportional to bubble evolution 

processes.64, 113 The influences of these well-defined arrays of linear features were 

evaluated for their relative performance toward the OER and compared to planar, 

electrodeposited Ni surfaces. The series of electrodes with regular arrays of parallel, 

microscale ridges were prepared according to the methods outlined in Figure 7.1.: (i) 

electrodeposition of a high purity Ni base-layer to achieve a uniform composition; (ii) spin-

coating and soft baking of a positive photoresist; (iii) selective exposure of the photoresist 

through a photomask using ultraviolet (UV) light; (iv) dissolution of the exposed regions of 

photoresist using a developer solution; (v) electrodeposition of high purity Ni on the 

exposed regions; and (vi) removal of the remaining photoresist to reveal the arrays of 

linear ridges. The resulting morphology of the linear ridges were verified using microscopy 

and profilometry techniques. The electrochemical performance was measured at high 

operating potentials relevant to industrial conditions by both CA and CP techniques. A 

high speed camera was used to conduct direct observations of the electrode surfaces 

during the OER, which confirmed that the dimensions of the gas bubbles were proportional 

to the spacing of the linear features. These measurements confirmed that the arrays of 

linear ridges had a direct influence on the gas bubble dynamics at the surfaces of the 
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electrodes. For example, features with spacings on the order of 100’s of micrometers 

exhibited a self-cleaning property, which improved their performance toward the OER 

relative to planar surfaces or features of a narrower spacing. These investigations provide 

guidance towards the improved design of structured electrodes for the OER and other gas 

evolving electrocatalytic reactions.  

 

Figure 7.1. A general outline of the steps involved for the preparation of the 
micro-structured linear features: (i) Electrodeposit a high purity Ni 
base layer onto a polished Ni surface; (ii) spin-coat AZ photoresist at 
4000 rpm; (iii) selectively expose the photoresist film to UV light at 
365 nm; (iv) dissolve portions of the photoresist film exposed to UV 
to reveal the bare Ni sub-layer; (v) electrodeposit high purity Ni 
through the photoresist template; and (vi) remove the photoresist 
template from the arrays of microscale, linear ridges of Ni. 
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7.4. Experimental 

7.4.1. Materials and Reagents 

The electrolyte was prepared from potassium hydroxide pellets (KOH, 

Semiconductor Grade, 99.99%, CAS no. 1310-58-3) and further purified using nickel 

nitrate hexahydrate [Ni(NO3)2•6H2O, Sigma Aldrich, 99.999%, CAS no. 10101-97-0] using 

previously established methods.168 The electrolyte was purged with high purity N2 gas 

(99.9998%, Praxair) and a headspace of the same gas was maintained during all of the 

electrochemical measurements. All aqueous solutions were prepared using an in-house 

water filtration system (DI water, 18 M•cm, Barnstead Nanopure DIamond). The working 

electrodes were prepared from high purity Ni rods (99.9998%, Sigma Aldrich, 6.35-mm 

diameter) cut into sections, 8 mm in length. The Ageo was 0.32 cm2 for each of the 

electrodes used in this study. The Ni plating bath was prepared from nickel sulfate 

hexahydrate (NiSO4•6H2O, Sigma Aldrich, 99.999%, CAS no. 10101-97-0), boric acid 

(H3BO3, Sigma Aldrich, 99.999%, CAS no. 10043-35-3), and sodium dodecyl sulfate 

(SDS, Sigma Aldrich, ≥98.5%, Lot no. 098K0160). The photolithography process included 

the use of an AZ 1518 photoresist and a MF-319 developer (MicroChemicals, GmbH). 

Photomasks prepared on transparencies were purchased from CAD ART Services, Inc. 

Polishing materials included a disc with 30-µm diameter particles (Buehler; Diamond Disc, 

Item no. 415408), and a series of cloth discs (Buehler; UltraPad, Item no. 40718) 

dedicated for use with distinct colloidal pastes with nominal diameters of 9, 6, 3, 1, and 

0.3 µm (Buehler; MetaDi Supreme Polycrystalline Diamond Suspensions) used in 

combination with a lubricant (Buehler; MetaDi Fluid, Item no. 406032). The final polishing 

step included an alumina paste (Al2O3, Allied High Tech; Micropolish, 0.05-μm diameter 

particle suspension) with a dedicated pad (ChemoMet, Buehler; Item no. 424008). 

Isopropyl alcohol (IPA, CAS no. 67-63-0), acetone (Fisher Scientific, Reagent Grade, CAS 

no. 67-64-1), sulfuric acid (H2SO4, Caledon Chemicals, CAS no. 7664-93-9), hydrogen 

peroxide [H2O2, Fisher Scientific, 30% (v/v) in water, 7722-84-1], hydrochloric acid [HCl, 

ACP Chemicals, 37% (v/v) in water, CAS no. 7647-01-0], and nitric acid [HNO3, 

Anachemia, 70% (v/v) in water, CAS no. 7697-37-2] were used as received from the 

suppliers.  
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7.4.2. Polishing of the Ni Working Electrodes 

The working electrodes consisted of cylindrical sections cut from a Ni rod and 

prepared according to Section 6.4.2. The polishing was conducted according to methods 

discussed in Section 6.4.3. The surfaces of the polished Ni electrodes were further 

cleaned using a CO2 (Praxair, 99.999%) snow cleaning system (Applied Surface 

Technologies; Part no. K4-10-F3-PG) and placed into covered petri-dishes. The petri-

dishes containing the samples were stored in an ultra-low particulate air (ULPA) filtered 

clean hood (Microzone Fan Filter Clean Hood, Model VLF-2-4) until further use.  

7.4.3. Electrodeposition of a High Purity Ni Layer 

Electrodeposition of high purity Ni onto the clean, polished Ni surfaces were 

performed using methods discussed in Section 6.4.4. 

7.4.4. Preparation of the Parallel Arrays of Linear Ni Ridges 

Arrays of parallel, microscale ridges were prepared using photolithography 

techniques. These techniques were adapted for a bench-top photolithography process 

using standard laboratory equipment. Sophisticated photolithography tools (e.g., clean 

room, wafer mask aligner) and metal evaporation equipment (e.g., physical and atomic 

vapor deposition) were not required in the preparation of the linear ridge arrays. A positive-

type photoresist was spin-cast onto the electrodeposited Ni samples at a speed of 4000 

rpm for a duration of 180 s. After spin-casting, the samples were immediately placed onto 

a hot plate at 110 oC for 60 s to harden the photoresist film. The desired photomask was 

placed directly onto the photoresist film. This photoresist film was exposed to a UV light 

source (UVP Blak-Ray B-100SP; 365 nm) through a photomask supported on a 

transparency for a period of 20 s. The regions of photoresist that had been exposed to the 

UV light were dissolved in a developing solution under gentle agitation for a duration of 3 

min. The samples were removed from the developer, rinsed with ~5 mL of DI water, and 

dried under a filtered N2 gas stream. An optical microscope was used to inspect the 

photoresist template to ensure it was developed sufficiently before proceeding with Ni 

electrodeposition to create the elevated, linear ridges of Ni.  
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High purity Ni was electrodeposited onto the exposed Ni regions on the surfaces 

of each sample to produce arrays of uniform, linear ridges. These high purity Ni deposits 

were all obtained from the same Ni plating solution to maintain a consistent composition 

between the samples. The electrodeposition was conducted according to Section 6.4.4. 

for durations of 115, 150, 170, 240, or 255 s for the 200, 100, 50, 25, and 10 µm feature 

spacing, respectively. The duration of time allowed for the electrodeposition was 

determined by measuring the difference in height between the photoresist and the 

electrodeposited Ni using a Bruker Dektak XT profilometer operated in a Class 100 clean 

room. Once the electrodeposition process was completed, the photoresist was removed 

by soaking the Ni electrodes in acetone for 2 min. Upon removal from the acetone, the 

samples were rinsed with ~5 mL IPA followed by ~5 mL of DI water, and dried with a filter 

N2 gas stream. The resulting electrodes bearing arrays of linear Ni ridges were stored in 

a clean hood until future use. 

7.4.5. Characterization of the Arrays of Linear, Microscale Ni Ridges 

Imaging was performed using SEM analyses to observe the resulting morphology 

of the linear Ni ridges. The SEM images were acquired on an FEI Nova NanoSEM 430 

operated with an accelerating potential of 10 kV. The Ni samples were secured onto 

custom-made aluminum mounts using the 6/32 threading. Dimensions of the 

electrodeposited features obtained from the profilometry and optical microscopy analyses 

were used to calculate the total Atheoretical. Optical profilometry measurements were 

performed using a Bruker Contour GT-K system on each set of parallel arrays of 

microscale ridges to determine their average heights. Four separate locations were 

measured on each replicate sample. A sampling area of 0.3 mm2 was used for each of 

the optical profilometry measurements. A Bruker Dektak XT stylus profilometry system 

was also used to determine the nominal separation distance between the ridges. The 

nominal separations were determined by measuring the distances from the middle of each 

vertically protruding ridge. An optical microscope (Zeiss Axio M1m) operating in a bright-

field reflection mode was used to acquire a series of stitched images covering the surfaces 

of each electrode. ImageJ 1.46r software was used to calculate the total surface area 

occupied by the ridges from the stitched optical microscopy images. The ridge height, 

separation distance, and the total two-dimensional surface area occupied by the ridges 

were all used to calculate the Atheoretical values.  
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Bubble contact angle measurements were acquired using a custom-built set-up 

(see details in Section 2.4.2). The light source consisted of a 150 W optical fiber illuminator 

from AmScope. An opaque piece of poly(methyl methacrylate) (PMMA) was placed in front 

of the light source to diffuse the light more evenly. A clear, rectangular cell of PMMA was 

used to hold 100 mL of DI water. Individual electrodes were threaded onto a metal shaft 

embedded within a PTFE rod (Pine Research, Item no. AFE3F). The shaft was held in 

place by clamping it to a horizontal support bar with the sample facing downward into the 

liquid. The support bar was clamped between two vertical posts (Thorlabs, Item no. RA90). 

A wide field 10x microscope lens (VWR, Item no. 82026-479) was placed between the 

camera and the PMMA cell to magnify the immersed surfaces of each sample. Images 

were recorded using the camera from a Huawei P20 lite smartphone. The viewing angle 

was 90o between the camera and the bubble captured on the surfaces of the electrodes.  

Air bubbles were selectively introduced onto the exposed surfaces of each 

electrode using a 1 mL gas-tight syringe with a PTFE Luer Lock fitting (Hamilton, Item no. 

91029). The syringe tip was a 2” long, 29-gauge Luer Lock beveled tip. The syringe tip 

was bent to a curved shape to dispense the air bubbles from below the electrodes. Gas 

bubbles were dispensed at a nominal volume of ~1.5 µL. The syringe was carefully 

lowered into the liquid and positioned below the immersed electrode. The air bubbles were 

slowly injected into the liquid. The bubbles ascended in the liquid, but were retained on 

the surfaces of the immersed electrodes. Dimensions of the observed bubbles were 

calibrated by acquiring photographs of a ruler using the same set-up. The resulting BCA 

measurements were calculated using the DropSnake plugin with the ImageJ software. A 

series of six individual images were acquired for each electrode, and the combined results 

were used to calculate the mean BCA values for each type of electrode (Figure 7.2.). 

These measurements (Table 7.1) indicated that the microscale ridges had little influence 

on macroscale gas bubbles that were significantly larger than the dimensions of the 

features. 

Similar results for the BCA values were obtained for both the patterned electrodes 

and the planar Ni electrodes. The average BCA for ~1-mm diameter gas bubbles was 165 

± 2o. The BCA values found in Figure 7.2. indicate that all of the electrodes in this study 

exhibited a superaerophobic character, which can be attributed to their nanoscale, 

electrodeposited textures.304 These findings suggest that the textured Ni surfaces have a 

low adhesion to gas and are considered to be hydrophilic. These macroscale BCA 
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measurements were, however, not able to distinguish differences in the gas wetting 

properties of the different microscale morphologies. These results suggest that the 

microscale features had little influence on macroscale gas bubbles in contrast to their 

electrodeposited textures. These results further suggest that the enhanced activity for the 

OER observed for the Ni electrodes with patterned arrays of microscale, linear features is 

a result of the preferential growth sites and the synchronous bubble detachment events, 

which were observed in the high speed video analyses. 

Table 7.1. Gas BCA Measurements for the Microscale, Linear Ridges 

electrode type * mean BCA ǂ 

10-200 165o ± 1o 

10-100 165o ± 2o 

10-50 164o ± 2o 

10-25 164o ± 3o 

10-10 168o ± 2o 

planar 163o ± 4o 

* The description of the electrode type indicates the target width of the linear features and the spacing between each of 
these features, respectively. ǂ The calculated mean values were obtained from six individual measurements for each 

representative electrode. The errors represent one standard deviation from the calculated mean values.  

 

Figure 7.2. The mean gas BCAs calculated using six separate measurements for 
each type of electrode. The error bars represent one standard 
deviation from the calculated mean values. The measurements were 
acquired after electrochemical testing. 
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Direct observational studies of the processes during the OER associated with gas 

evolution (e.g., bubble growth, coalescence, and release) were monitored using a high 

speed camera (FLIR systems, 1.6 MP Blackfly S USB 3.0 Camera, Item no. BFS-U3-

16S2M-CS). The camera required a C-mount adapter (FLIR systems, Item no. ACC-01-

5004) to satisfy a compatible threading attachment to an extension tube (Edmund Optics, 

Item no. 56992). The extension tube was threaded onto a tube lens (Edmund Optics, MT-

4 tube lens, Item no. 54428), which was threaded onto a long working distance objective 

lens (Edmund Optics, EO M Plan 10x, Item no. 59877). The camera mounted on this tube 

lens system was attached to a lateral X-Y traverser with a ring C-mount (Edmund Optics, 

Item no. 52930). The traverser was secured to an isolation table, which enabled a fine 

adjustment to the lateral position and working distances of the camera and lens assembly. 

The video files were collected using SpinView software (version 1.0.0.82). The footage 

was collected at a rate of 38.57 frames per s with an image size of 1440 x 1080 square 

pixels.  

During acquisition of the video data, the OER was initiated and controlled using a 

Bio-logic SP-150 potentiostat from BioLogic Science Instruments. A PMMA cell was filled 

with purified 1 M KOH electrolyte that was used in the other electrochemical 

measurements. The samples, which served as the working electrodes, were positioned in 

a vertical orientation with the same PTFE holder used for the electrochemical 

measurements. The counter electrode was a graphite rod (Alfa Aesar, 99.9995%, 6.1-mm 

diameter) the reference was a mercury/mercury oxide (Hg/HgO) electrode. The 

electrochemical set-up for acquiring the video footage was similar to the set-up used to 

obtain the electrochemical OER measurements (see the following section for further 

details). A potential of 1.8 V (vs Hg/HgO) was applied to the working electrodes for 10 s 

followed by 0 V (vs Hg/HgO) for 5 s. After which, a potential of 1.4 V (vs Hg/HgO) was 

also applied for 10 s followed by 0 V (vs Hg/HgO) for 5 s. An applied potential of 1.0 V (vs 

Hg/HgO) did not exhibit appreciable gas bubble evolution and was, therefore, omitted from 

the series of data collected using the high speed camera.  

7.4.6. Electrochemical Measurements of the Patterned and Planar Ni 
Electrodes 

A series of electrochemical experiments were conducted using a similar set-up 

found in Section 6.4.6. The Hg/HgO RE was calibrated against RHE according to Section 
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4.4.10. The working electrode was held in a vertical orientation. A PTFE holder protected 

the sides of the working electrode such that only the micro-structured surfaces were 

exposed to the electrolyte.  

The electrochemical experiments began with electrochemical activation of the Ni 

by CV techniques. The potential applied to each sample was cycled between 0 and 0.6 V 

(vs Hg/HgO) for 50 consecutive scans. The electrochemical activation was conducted at 

a scan rate of 100 mV/s. Directly following the 50 CV scans, potentiostatic EIS 

measurements were conducted at 0.55 V (vs Hg/HgO). An alternating current signal with 

an amplitude of 10 mV was applied to the sample while scanning the frequencies from 

0.03 to 3000 Hz. The EIS measurements were performed to determine and monitor the 

Ru of the system. The potentials were corrected for Ru acquired at a frequency of 3000 Hz 

where the phase angle approached zero degrees.276 The values for current density were 

obtained by normalizing the measured currents to the calculated values of Atheoretical.  

A series of time-based measurements were performed to assess the sustained 

OER performance for each sample. Prior to either the CP or CA measurements, an open 

circuit potential was applied for a duration of 5 s to establish a common starting condition. 

The sampling frequencies for both the CP and CA measurements were set to 0.01 s per 

data point. A current density of 500 mA/cm2 was applied to each sample for a period of 30 

min for the CP measurements. The applied current was adjusted to account for the 

variations in surface areas (i.e., maintaining a constant current density between samples) 

by using the previously calculated values for Atheoretical. After the CP measurements, three 

separate CA experiments were each conducted over a period of 30 min while holding the 

sample at 1.0, 1.4, and 1.8 V (vs Hg/HgO), respectively. It was of interest to measure the 

OER performance over a range of potentials since the nominal gas bubble diameter and 

coverage of gas bubbles are mainly influenced by this variable.117 Following the CP 

measurement and the series of CA measurements, a single LSV measurement was 

conducted at a scan rate of 1 mV/s over the potential range from 0 to 1.2 V (vs Hg/HgO). 

In between each CP, CA, and LSV measurement, 20 CV scans were applied to each 

sample. The potential was cycled from 0 to 0.6 V (vs Hg/HgO) during these CVs to ensure 

that each electrode had a similar pretreatment prior to the CP, CA, and LSV 

measurements. The final electrochemical measurement consisted of three successive CV 

scans, each performed at 1 mV/s while also scanning the potential from 0 to 0.6 V (vs 

Hg/HgO). These CV scans were acquired at this relatively slow scan rate to better resolve 
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the oxidative and reductive transformations of the electrochemically active species on the 

surfaces of the Ni electrodes following the OER measurements. 

 

7.5. Results and Discussion 

7.5.1. Motivation for the Investigation of the Influence of Linear, 
Microscale Ridges on the OER 

This study sought to provide further insight into methods to overcome bubble 

persistence on electrode surfaces through the purposeful utilization and tuning of regular, 

microscale features that influence bubble growth, coalescence, and release. At 

industrially-relevant current densities (i.e., ≥500 mA/cm2), the fraction of electrode surface 

area covered with bubbles can approach unity.58 The adhesion of bubbles to the surfaces 

of the electrodes can be reduced by increasing the temperature of the electrolyte (e.g., 65 

to 80 oC), inducing a flow of the electrolyte, or inducing cavitation by ultrasonic 

techniques.206, 305, 306 Furthermore, the use of external fields (e.g., magnetic and 

gravitational) and their orientation with respect to the electrode have demonstrated 

improved rates of mass transfer.307, 308, 309 These examples of possible solutions can add 

additional operational expenses, which may not be suitable or desirable for industrial 

applications. Reduced bubble adhesion without the additional expenditure of energy may 

be achieved using rationally designed surface morphologies for gas evolution reactions. 

Previous work demonstrated that microscale features can improve the activity of the OER, 

such as through the use of arrays of cylindrical pillars or recesses.99 These cylindrical 

features had relatively low aspect ratios (i.e., heights of ~1 µm) and only studied features 

that were 20-µm in diameter. The results from these studies suggested a lower stability of 

the oxygen bubbles formed within the cylindrically recessed features in comparison to the 

bubbles formed between the cylindrical pillars or on relatively planar electrodes. These 

results from arrays of well-defined microscale features indicated that both specific 

geometries and length scales can have an improved efficiency toward the OER. Gas 

bubble diameters can span from 10 µm to >200 µm during growth and detachment.64 It is, 

therefore, of interest to systematically study the effects of feature spacing over these 

distances for a series of well-defined linear ridges of similar width and height.  
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Surface features with dimensions proportional to the diameter of the gas bubbles 

may have the ability to physically influence bubble growth, coalescence, and release from 

the electrode surfaces. Furthermore, the microscale features protruding from the 

electrodes may alter the bubble adhesion such that it improves the processes involved in 

bubble detachment. Previous work on electrodes modified with whisker-like features has 

demonstrated the ability to release smaller, more uniform oxygen bubbles relative to 

planar surfaces.310 These microscale, whisker-like structures were hypothesized to reduce 

the adhesion of bubbles on these electrodes, which allowed for a more rapid removal of 

oxygen bubbles. The arrays of linear ridges will similarly alter the contact between the 

electrode and the gas bubbles, but in a more regular manner than for the whisker-like 

features. These modifications to the interactions between the gas bubbles and the 

electrodes could result in a larger relative contribution from the drag forces acting on the 

bubbles.77 Drag force, surface tension, buoyant force, Laplace pressure, and inertial 

forces influence the adhesion and detachment of bubbles from nucleation sites (Section 

1.3.2.).68, 206, 208  Drag forces are influenced by the proximity of wall-like features that alter 

the contact area of the bubble with an electrode.311 Furthermore, flow of the electrolyte 

was not used in our experiments to mechanically induce the removal of bubbles from the 

electrodes. For a stagnant electrolyte, the Laplace pressure and buoyant forces must be 

greater than the surface tension and the adhesive drag forces to result in the release of a 

bubble from the surfaces of the electrodes. It is hypothesized that the linear ridge arrays 

with a feature spacing smaller than the bubble diameter will have a significantly higher 

drag force due to the wetting of the base of the bubble between the neighboring ridge-like 

features. In contrast, when the bubble diameter is proportional to or smaller than the 

spacing of the ridge-like features, the relative influence of the neighboring ridges on the 

drag force were hypothesized to be higher than on the planar surfaces, but lower than 

observed for electrodes with feature spacings smaller than the bubble diameter. A series 

of patterned electrodes were prepared herein to systematically investigate the influence 

of arrays of linear ridges with a distinct feature spacing on the dynamics of bubble 

evolution for improving gas management processes during the OER. 

7.5.2. Characterization of the Linear, Microscale Ridges 

A series of electrodes that contained well-defined arrays of linear ridges with a 

systematically tuned feature spacing were prepared and evaluated for their performance 



254 

toward the OER. Separations between the linear ridges were tuned from ~10 µm to ~200 

µm for these arrays. Five distinct distances between the linear ridges were selected for 

this investigation. The targeted separations between the ridges were either 10, 25, 50, 

100, or 200 µm. Each type of electrode was prepared in triplicate. The width of the linear 

features and the spacing between these features were defined by the corresponding 

features on a photomask. The width of the ridges was 10 µm for all of the structured 

electrodes. The arrays of linear ridges are, hereafter, abbreviated according to the width 

and spacing of these features labeled as 10-200, 10-100, 10-50, 10-25, and 10-10 for a 

spacing of 200, 100, 50, 25, and 10 µm, respectively. Previous work has indicated that 

low aspect ratio microscale features can reduce the adhesion of bubbles.99 The ridge 

height was, therefore, targeted to be ~1.5 µm for all of the structured electrodes. A 

representative, high magnification SEM image of a single linear ridge is provided in Figure 

7.3. The uniformity of these features and the separation between the ridges were 

confirmed by SEM analyses (Figure 7.4.a–e.). The electrodeposited Ni surface exhibits 

grains of both nanoscale and microscale dimensions. Planar Ni electrodes also prepared 

by electrodeposition were included in the study as control samples. A representative SEM 

image of a planar Ni electrode is included in Figure 7.4.f. Additional high magnification 

images of planar Ni electrodes can also be found in Figure 7.5. The surface roughness of 

the planar Ni electrodes was similar to the regions between the linear ridges as both types 

of substrates were prepared by the same electrodeposition techniques. The consistent 

surface roughness of the substrates and the uniform geometry of the linear ridges enabled 

correlations of the changes in surface morphology to their performance toward the OER. 

 

Figure 7.3. Representative high magnification SEM image of a linear ridge of 
electrodeposited Ni. This SEM image was acquired at a 35o tilt. 
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Figure 7.4. Representative SEM images of the linear, Ni ridges prepared by 
photolithographic techniques. The arrays of linear ridges are 
described by the feature width (i.e., 10 µm) and the feature spacing 
between the linear ridges (i.e., 200, 100, 50, 25, and 10 µm). The 
measurements depicted on the image in (a) are an example of this 
notation. The images correspond to the (a) 10-200, (b) 10-100, (c) 10-
50, (d) 10-25, and (e) 10-10 linear ridges as observed by SEM prior to 
the electrochemical testing. The image in (f) is representative of the 
planar, electrodeposited Ni electrode. 
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Figure 7.5. Representative SEM images of the planar electrodeposited Ni 
surfaces at (a) low and (b) high magnifications. These images were 
acquired prior to the electrochemical measurements. 

 

 

Figure 7.6. Representative stitched optical microscopy image of the patterned 
interface on the working electrode with an array of 10-200 linear 
ridges.   

The surface area increase due to the linear ridges was quantified using optical 

microscopy and profilometry techniques to estimate the Atheoretical for each electrode. Both 

an optical profilometer and a stylus profilometer were used to determine the average 
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heights and separations between the linear ridges. The height of the linear ridges 

depended in part on the thickness of the photoresist after spin-coating. Deposition of Ni 

beyond the thickness of the photoresist would lead to an inadvertent widening of the tops 

of the linear features. The thickness of the photoresist was held constant for these studies. 

The amount of Ni deposited during the electrodeposition process also contributed to 

variations in the heights of the linear ridges. Deviations in the height and separation of the 

linear ridges from the targeted values resulted in part from differences to the amount of Ni 

substrate exposed following the photolithographic processes. The amount of charge 

passed, and the duration of the electrodeposition process were kept consistent for each 

type of structured electrode. The rate of electrodeposition did, therefore, vary slightly 

between the different types of electrodes due to changes in the area of Ni substrate 

exposed to the electrodeposition solution (i.e., not covered with photoresist). For example, 

the density of the linear features in the photoresist decreased with increasing line spacing, 

and the widths of the linear features in the photoresist can vary from the targeted values. 

Features widths can deviate from the targeted values due to the reflectivity of the Ni 

substrates. Optical microscopy techniques were used to determine the total surface area 

covered by the arrays of linear ridges, as well as the planar area of each electrode outside 

of the region of patterned features. A representative image of a patterned electrode can 

be found in Figure 7.6. The photoresist was thicker at the edges of the electrodes after 

the spin-coating process. These thicker regions of photoresist did not receive a sufficient 

dose of UV radiation to create the linear features when developing the photoresist. The 

average ridge height, separation between ridges, and the total area covered by the ridges 

were collectively used to calculate the values for Atheoretical. These physical characteristics 

are summarized in Table 7.2 for each type of electrode. The relative increase in surface 

area for each type of structured electrode is plotted in Figure 7.7. The calculated values 

for Atheoretical were used to determine the relative current densities measured during the 

electrochemical analyses for each of the structured electrodes.  
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Table 7.2.  Physical Characteristics of the Arrays of Microscale, Linear Ridges. 

electrode type * 
mean ridge height 

(μm) ǂ 

mean ridge 

separation (μm) ǂ 
Atheoretical (cm2) § 

10-200 1.4 ± 0.4 198 ± 2 0.317 ± 0.001 

10-100 1.7 ± 0.1 96.0 ± 0.5 0.324 ± 0.001 

10-50  1.7 ± 0.1 48 ± 1 0.330 ± 0.001 

10-25  1.8 ± 0.1 22.3 ± 0.6 0.335 ± 0.007 

10-10 1.6 ± 0.1 6.2 ± 0.5 0.354 ± 0.004 

* The description of the electrode type refers to the target width of the ridges and the distance between each ridge, 
respectively.ǂ The calculated mean values obtained for each set of three replicate samples. Four individual 

measurements were acquired per electrode type for a total of twelve measurements. The error represents one standard 
deviation from the calculated mean values. § The mean A 

theoretical derived from the optical and profilometry measurements. The error represents one standard deviation from the 
calculated mean values. 

 

 

Figure 7.7. The measured surface area increases relative to a planar electrode 
due to the presence of the arrays of linear microscale ridges prepared 
by photolithography and Ni electrodeposition on the electrode 
surfaces. The error bars represent one standard deviation from the 
calculated mean values. Each of the calculated mean values were 
obtained from a sample set of three individual electrodes. Four 
separate sets of measurements of the ridge heights were acquired for 
each electrode. Three individual electrodes were analyzed for each 
type of patterned electrode. A minimum of twelve measurements were 
used to derive each mean value. 
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7.5.3. Electrochemical Activation of the Ni Electrodes by Cyclic 
Voltammetry 

 

 

Figure 7.8. Representative electrochemical activation of the Ni electrodes using 
a CV technique as depicted here for an array of 10-100 linear ridges. 
The data is plotted for every 5 scans between the 5th and 45th CV 
profile. A total of 50 scans were performed in purified 1 M KOH at a 
scan rate of 100 mV/s for electrochemically activating each of the 
electrodes. 

All of the Ni electrodes were electrochemically activated using a CV procedure 

before performing the OER measurements. The surfaces of each electrode were activated 

by consecutive scanning of the potential to obtain a thin coating of the Ni(II)/(III) species. 

The anodic peak observed in the forward scan of the CV plots indicated oxidation of the 

surfaces of the Ni electrodes from a β-Ni(OH)2 phase to the β-NiOOH phase (Figure 7.8.). 

The cathodic peak observed in the reverse scan corresponded to the reduction of the β-

NiOOH species to β-Ni(OH)2. With each consecutive CV scan, these peaks each increase 

in their relative intensity. Peak areas indicate the relative amount of species created during 

these electrochemically driven phase transformations. The OER activity is dependent on 

the amount of β-NiOOH present on the Ni surfaces (as discussed in Chapter 6). Surface 

oxy(hydroxides) can exhibit reduced overpotentials due to the presence of vacancy 

defects,312 and a decreased Gibbs free energy associated with deprotonation steps of the 

oxygen evolution.125 The oxidation of Ni species to the OER active, β-NiOOH phase can 

extend well beneath the outermost surface layer during electrochemical activation (as 

discussed in Chapter 4). An accurate determination of the true Aecsa for Ni electrodes is 
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experimentally challenging due in part to the irreversible formation of the oxide phases.129, 

130 For these and similar considerations, each electrode was activated with the same 

number of CV scans [i.e., 50 scans between 0 and 0.6 V (vs Hg/HgO)]. Directly after this 

activation process, the electrochemical performance was assessed toward the OER.  

7.5.4. Electrochemical Performance of Microscale, Linear Ridges 
toward the Oxygen Evolution Reaction 

Performance toward the OER for the arrays of microscale linear ridges was 

assessed through a series of electrochemical measurements. Since it was of interest to 

assess the influence of these linear features on the efficiency of the OER, all of these 

measurements were conducted in an unstirred electrolyte. A motionless electrolyte was 

sought to allow any convective processes (e.g., interactions between the arrays of linear 

ridges and the bubbles) to occur without external influences such as a shear flow. The 

working electrodes were mounted in an orientation with the bubbles rising over the 

surfaces of the electrodes to assess the influences of the arrays of linear ridges without 

stirring of the electrolyte.313 The linear features were aligned in a horizontal orientation 

(e.g., normal to the upward trajectory of the bubbles upon release). The OER performance 

of these arrays were assessed at relatively high potentials and high current densities to 

induce bubble-driven, convective processes of relevance to industrial processes. 

Experimental observations have demonstrated that the bubble break-off diameter 

decreases from ~1 mm to ~20 μm when the applied current density is increased from 0.6 

mA/cm2 to 400 mA/cm2.64, 314 It was hypothesized that the high current densities or high 

potentials for the OER would produce bubbles with detachment diameters proportional to 

the microscale dimensions of the linear ridges. As the bubble break-off diameter 

decreases, the overall population density of bubbles on the electrode surfaces increases 

under these operating conditions.58, 314, 315 The arrays of microscale features were sought 

to evaluate their collective influence on the dynamics of bubbles growth, coalescence, and 

detachment at relatively high potentials and current densities. 

 



261 

7.5.5. Assessment of Electrochemical Performance by 
Chronopotentiometry 

 

Figure 7.9. Representative iR-corrected CP plots for the electrodes patterned 
with arrays of linear ridges and a planar Ni electrode. These plots 
were obtained at a current density of 500 mA/cm2 over a period of 
1800 s. The plots in (a) portray only the last 1200 s of the experiment, 
enabling an initial equilibration time for each test. The corresponding 
histograms in (b) depict the distributions in potentials measured 
during the CP experiments for the last 1200 s. Dashed lines are drawn 
to help guide the eye to the predominant potential observed for each 
type of electrode. 

Performance toward the OER of the patterned Ni electrodes was assessed using 

CP measurements obtained directly after the electrochemical activation. A current density 

of 500 mA/cm2 with respect to the Atheoretical was applied to the electrodes for these 

experiments. This current density was selected because it was both anticipated to produce 

bubbles with microscale diameters prior to detachment from the electrodes, and 

considered to be industrially relevant in the literature.285, 316, 317 Representative iR-

corrected overpotentials measured during the CP experiments are plotted in Figure 7.9.a. 

Histograms depicting the distributions of these overpotentials measured for each type of 

electrode are included in Figure 7.9.b. The use of a post-processing Ru correction is likely 

inaccurate when performing measurements at high current densities. This correction may 

not be representative of the double layer on the working electrode under conditions where 
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gas generation is most prevalent.18, 318 Furthermore, high current density measurements 

over a prolonged period of time can deplete the concentration of reactants in proximity to 

the working electrode, which results in additional changes to the solution resistance and 

double layer capacitance.319 Representative iR-uncorrected histograms are, therefore, 

also provided in Figure 7.10. The trends observed within these two plots (i.e., iR-corrected 

or iR-uncorrected) were the same and, as expected, differences in performance were 

more pronounced for the iR-uncorrected CP data. The performance toward the OER 

improves with an increase in the separation between the linear ridges. Histograms for the 

CP measurements obtained from all replicate electrodes are provided in Figure 7.11. The 

10-200 electrodes had the lowest measured overpotentials for the OER at 500 mA/cm2, 

while the highest measured overpotentials were observed for the planar electrodes.  

 

 

Figure 7.10. Representative histograms of the iR-uncorrected CP results for each 
type of Ni electrode acquired at 500 mA/cm2 in purified 1 M KOH. 
These histograms depict the distribution of the potentials recorded 
for the last 1200 s of each set of measurements. 
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Figure 7.11. Histograms of the iR-corrected voltage responses for each type of 
electrode (i.e., with microscale Ni patterns or planar Ni) recorded 
during the CP experiments with a current density of 500 mA/cm2. The 
responses for three replicate samples are shown for each type of 
electrode: (a) 10-200; (b) 10-100; (c) 10-50; (d) 10-25; (e) 10-10; and (f) 
planar electrodes.  
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Figure 7.12. Representative CP plots acquired at 500 mA/cm2 in purified 1 M KOH. 
The type of electrode used in each measurement is labeled above the 
corresponding plot. These plots show a relatively short time-scale of 
200 s. 

The dynamics associated with bubble nucleation, growth, coalescence, and 

detachment that take place on the surfaces of the Ni electrodes during the OER can be 

attributed to the oscillations observed in the measured CP profiles.90, 319 Representative 

CP profiles plotted over a shorter time-scale are included in Figure 7.12. to better visualize 

the characteristics of these oscillations. The fluctuations in the measured potential are due 

to variations in the resistance of the system, such as passivation of the electrode surfaces 

with gas bubbles and changes to the resistance of the electrolyte. Relatively similar 

characteristics were observed in the amplitude and frequency of these oscillations for 

features with a larger spacing (i.e., 10-200, 10-100, and 10-50 features). The features with 

a narrower spacing (i.e., 10-25 and 10-10 features) also exhibited similar characteristics, 

such as a smaller amplitude in the fluctuations observed in the measured potentials. 

These results for the 10-25 and 10-10 features could indicate the formation of smaller 

bubbles or fewer bubbles being released from these electrodes. Electrodes with the 10-

10 features exhibited oscillating potentials with the smallest amplitudes and the highest 

measured overpotentials of all the patterned electrodes. Mass transfer is likely more 
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restricted for these and the 10-25 ridges, which resulted in higher measured 

overpotentials. The electrodes with the highest measured overpotentials were, however, 

the planar electrodes. These results indicated that the presence of the microscale linear 

ridges were advantageous for improving the OER performance. The corners or other 

edges of the ridges may provide optimal sites for bubble nucleation and growth since these 

features can more effectively trap residual gas.68, 238 In addition, the planar electrodes may 

have more of their active surface area blocked by the formation of larger bubbles and/or 

more persistent bubbles. Interestingly, the electrodes with the lowest surface coverage of 

linear features also exhibited the lowest measured overpotentials. These electrodes with 

a larger spacing between their linear ridges (i.e., 10-200 and 10-100) exhibited the most 

optimal mass transfer conditions (e.g., promoting the release of more uniform bubbles, 

and/or a more frequent process of bubble detachment) under these operating conditions 

for the OER.  

7.5.6. Assessment of Electrochemical Performance by 
Chronoamperometry 

Chronoamperometry measurements were performed while holding each type of 

electrode at a series of increasing applied potentials. The applied voltages were chosen 

to evaluate the electrocatalytic performance of these electrodes at relatively low, medium, 

and high potentials toward the OER. Specifically, the electrodes were held at applied 

potentials of 1.0, 1.4, and 1.8 V (vs Hg/HgO) for a minimum of 30 min during the CA 

measurements. The lowest applied potential [i.e., 1.0 V (vs Hg/HgO)] was selected 

because it is just after the onset of the OER. The applied potential of 1.4 V (vs Hg/HgO) 

was chosen as a mid-point between the low and high potentials applied in this series of 

measurements. The highest applied potential [1.8 V (vs Hg/HgO)] was selected to induce 

current densities that approached 500 mA/cm2. Results from the CA measurements for all 

the replicate electrodes are provided in Figure 7.13. through Figure 7.18. The mean and 

standard deviation values for the current densities measured for each type of electrode 

during these CA experiments are plotted in Figure 7.19. The deviation in these results 

relative to their mean values was the highest for all of the patterned electrodes when 

measured at 1.0 V (vs Hg/HgO) in contrast to the relative values measured at higher 

potentials [i.e., 1.4 and 1.8 V (vs Hg/HgO)]. The weighted percent average deviations for 

all of the mean current densities were 14%, 4%, and 5% for the CA data acquired at 1.0, 

1.4, and 1.8 V (vs Hg/HgO), respectively. This trend suggests that the electrodes did not 
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reach a steady-state response for the CA measurements obtained at 1.0 V (vs Hg/HgO), 

and that non-uniform bubble dynamics occurred at the surfaces of the electrodes under 

these conditions. These results also suggest that higher current densities and higher 

applied potentials are required to probe the structure-function relationship of microscale 

features and their influence toward bubble dynamics at electrode surfaces.  
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Figure 7.13. Chronoamperometry measurements acquired at (a) 1.0, (b) 1.4, and 
(c) 1.8 V vs Hg/HgO for replicate samples each patterned with an array 
of 10-200 linear ridges. These plots depict the response of each 
sample from 600 to 1800 s, following an initial period of equilibration 
for each experiment. 
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Figure 7.14. Chronoamperometry measurements acquired at (a) 1.0, (b) 1.4, and 
(c) 1.8 V vs Hg/HgO for replicate samples each patterned with an array 
of 10-100 linear ridges. These plots depict the response of each 
sample from 600 to 1800 s, following an initial period of equilibration 
for each experiment.  
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Figure 7.15. Plots of the CA measurements acquired at (a) 1.0, (b) 1.4, and (c) 1.8 
V vs Hg/HgO for replicate samples each patterned with an array of 10-
50 linear ridges. These plots depict the response of each sample from 
600 to 1800 s, following an initial period of equilibration for each 
experiment.  
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Figure 7.16. Plots of the CA measurements acquired at (a) 1.0, (b) 1.4, and (c) 1.8 
V vs Hg/HgO for replicate samples each patterned with an array of 10-
25 linear ridges. These plots depict the response of each sample from 
600 to 1800 s, following an initial period of equilibration for each 
experiment.  
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Figure 7.17. Plots of the CA measurements acquired at (a) 1.0, (b) 1.4, and (c) 1.8 
V vs Hg/HgO for replicate samples each patterned with an array of 10-
10 linear ridges. These plots depict the response of each sample from 
600 to 1800 s, following an initial period of equilibration for each 
experiment.  
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Figure 7.18. Plots of the CA measurements acquired at (a) 1.0, (b) 1.4, and (c) 1.8 
V vs Hg/HgO for the replicate samples with planar electrodeposited 
Ni surfaces. These plots depict the response of each sample from 600 
to 1800 s, following an initial period of equilibration for each 
experiment.  
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Figure 7.19. The mean current densities for the CA measurements acquired at (a) 
1.0, (b) 1.4, and (c) 1.8 V (vs Hg/HgO) for all the replicate samples. The 
error bars are one standard deviation from the calculated mean 
values.  
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Figure 7.20.  Representative CA measurements acquired at (a) 1.0, (b) 1.4, and (c) 
1.8 V (vs Hg/HgO). These plots depict the response of each sample 
from 600 to 1800 s, following an initial period of equilibration for each 
experiment. 
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It was anticipated that relatively large bubbles and a relatively large size 

distribution of the bubbles attached to the electrodes would be produced during the OER 

at the lowest applied potential [i.e., 1.0 V (vs Hg/HgO)].58, 318 Representative CA profiles 

at this potential exhibited a decay in the measured current densities over the duration of 

these experiments (Figure 7.20.a.). This non-steady state behavior of the CA plots at 1.0 

V (vs Hg/HgO) is likely due to irregular bubble release events and a non-uniform coverage 

of gas bubbles over the surfaces of the electrodes. The observed decrease in current 

densities may also indicate an increase to the amount of gas trapped on the electrodes 

with an increase in reaction time. The 10-200 type electrodes achieved the highest current 

densities, but also the highest distribution in the measured values. The 10-25 and 10-10 

type electrodes also retained relatively high current densities at this applied potential. The 

10-25 and 10-10 electrodes had the highest Atheoretical values due to their more closely 

spaced features. At this low applied potential, the denser features on the 10-25 and 10-10 

electrodes may result in more bubble nucleation sites and, therefore, an overall higher 

activity. Narrow recesses within the surfaces of electrodes can induce bubble nucleation 

due to their larger relative surface area and closer proximity of their features, as well as 

residual gas that remains trapped in the recesses of these features. These properties 

would enable bubbles to form on these denser features at relatively lower levels of 

supersaturation.77, 318, 317 At higher applied potentials for the OER, these electrodes could 

be hindered by the trapping of gas within these narrowly spaced features.  

Larger feature spacings are favored for the OER when operating at higher applied 

potentials. An improvement toward the OER was correlated to an increase in the spacing 

between the linear ridges for the CA measurements acquired at 1.4 and 1.8 V (vs 

Hg/HgO). The 10-200 type electrodes exhibited the highest current densities relative to all 

of the other patterned electrodes (Figure 7.20.b–c.). The 10-100 features also 

demonstrated an improved performance, which surpassed both the 10-25 and 10-10 

features. The amplitude in the fluctuations in the measured current densities at these 

higher potentials were the most pronounced for the features with the largest spacing. 

These results indicate a greater synchrony in the bubble release events on the 10-200 

and 10-100 patterned electrodes. It is likely that these more pronounced bubble release 

events cause an enhanced convection, which induces a self-cleaning effect on the 

surfaces. The more closely spaced ridges exhibited lower amplitudes in the fluctuations 

of their measured current densities as observed in the CA profiles (Figure 7.20.b–c.). 
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These results suggest that the gas bubble dynamics are more inhibited on the more 

closely spaced ridges, which could indicate that there are smaller bubbles being released 

from their surfaces and/or a lower quantity of bubbles detaching from these surfaces over 

the same period of time. It is likely that the more closely spaced features trap gas bubbles 

between the arrays of parallel ridges. A narrow spacing likely restricts the dimensions of 

the bubbles that form on the patterned surfaces. Although the aspect ratio of these 

features is rather low (e.g., feature heights of ~1.5 µm) the edges of the growing bubbles 

grow until they interact with neighboring ridges. After spanning the dimensions of the gap 

between the ridges, a bubble could either remain pinned between these ridges or grow to 

a critical size and release from the surfaces. The impact of the ridges on the release may 

be, in part, from inducing coalescence of neighboring bubbles due to the small separation 

of the ridges. The more closely spaced features could also restrict diffusion of electrolyte 

to the planar recesses between the ridges. Significantly lower current densities were 

achieved for the planar surfaces during the OER at 1.4 and 1.8 V (vs Hg/HgO). Although 

the narrowly spaced ridges did not perform well at these potentials, they did demonstrate 

enhanced performance toward the OER in comparison to the planar surfaces. The 

presence of the linear ridges may promote nucleation, growth, and coalescence of gas 

bubbles on a regular frequency. The planar electrodes have a lower oscillation in the 

amplitude of their measured current densities within their CA profiles. Representative 

histograms of the current densities measured in the CA experiments are plotted in Figure 

7.21. The lower average current densities for the non-patterned surfaces suggests a 

higher degree of surface passivation with gas bubbles. The histograms in Figure 7.21. 

provide a quick comparison between the performances for each of the patterned arrays of 

linear ridges toward the OER. The ridges with the largest microscale spacing performed 

the best at the higher applied potentials of 1.4 and 1.8 V (vs Hg/HgO). 
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Figure 7.21. Histograms prepared from the CA measurements acquired at (a) 1.0, 
(b) 1.4, and (c) 1.8 V (vs Hg/HgO) for the planar electrodeposited Ni 
surfaces and each type of sample patterned with arrays of linear 
ridges as noted in the legends.  
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7.5.7. Electrochemical Characterization of Microscale, Linear Ridges 

Linear sweep voltammetry measurements were acquired to evaluate the onset 

potentials of the OER for the series of planar and patterned electrodes for their consistency 

and for the potential influence of impurities. These electrodes were composed of high 

purity Ni prepared by electrodeposition techniques. Elemental composition of the 

electrodes was carefully controlled to eliminate the influence of impurities toward the 

electrochemical performance. The influences of the surface morphology on the OER are 

sought at much higher potentials than the onset potential. It was, however, desired to 

assess the influences of the arrays of microscale features on the performance of the OER 

without contributions from impurities. The LSV measurements were obtained at a relatively 

slow scan rate (i.e., 1 mV/s) to assess the OER activities of these series of Ni electrodes 

over a range of lower applied potentials (e.g., from 0 to ~1 V vs Hg/HgO). The potentials 

were corrected by Ru measurements (Figure 7.22.), and plots of the LSV data without 

applying this iR-correction are also provided in Figure 7.23. As previously mentioned the 

Ru correction may not be accurate at high current densities or high potentials because of 

the influences of charging and the formation of gases that alter the resistance of the double 

layer (for further details see the relevant discussion in Section 1.3.1). Variations in the 

scan rate could also cause inconsistencies in the double layer.318 It was anticipated that 

the onset potentials would be similar for this series of electrodes whether or not the iR-

correction was applied to these potentials. The onset potentials are obtained at relatively 

low currents (e.g., <1 mA/cm2) and relatively low rates of oxygen production. The onset 

potentials toward the OER for the series of patterned and planar Ni electrodes were 

consistent, which indicated a similar composition for all of these electrodes. The trends 

seen when comparing each of the Ni electrodes for their performance, as assessed by the 

LSV measurements past the onset potential of the OER (Figure 7.22.) closely match the 

trends observed at the lowest potentials in the CA measurements (At these lower 

potentials, the electrodes containing arrays of the more narrowly spaced features (e.g., 

10-10, 10-25 type electrodes) exhibited an improved performance relative to some of the 

electrodes with larger spacing between the ridges (e.g., 10-50, 10-100 type electrodes). 

Gas bubble coverage is, however, significantly lower at the potentials evaluated in the 

LSV experiments. As a result, the influences from oxygen gas bubbles trapped between 

the narrow features and related factors that impede mass transport are less problematic 

at these lower applied potentials.  
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Figure 7.22. Performance of the patterned Ni electrodes toward the OER as 
assessed by LSV. The response curve for a planar Ni electrode is 
included for comparison. Measurements were acquired in purified 1 
M KOH at a scan rate of 1 mV/s. The current is normalized for each 
sample to its Atheoretical. The plot in (a) depicts the onset potentials for 
the OER, whereas the plot in (b) reveals the region of higher potentials 
after correction for the Ru. 
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Figure 7.23. The performance of the electrodes patterned with arrays of parallel 
microscale features towards the OER assessed by LSV. The response 
curve for a planar electrode of Ni is included for comparison. 
Measurements were acquired in purified 1 M KOH at a scan rate of 1 
mV/s. The current is normalized for each sample to the Atheoretical 
according to the values reported in Table 7.2. 

Additional electrochemical characterization of the microscale linear ridges was 

conducted by CV techniques. These measurements were sought to assess the 

differences, if any, for the oxidative and reductive transformations of the Ni(II)/(III) species 

between the various electrodes. Cyclic voltammetry measurements were performed at a 

slow scan rate (i.e., 1 mV/s) to better resolve the peaks in the profiles obtained from these 

experiments (Figure 7.24.).18 Slower scan rates create experimental conditions that more 

closely mimic an equilibrium of mass transfer processes relative to data collected at faster 

scan rates. The cathodic peak associated with the reduction of β-NiOOH to β-Ni(OH)2 was 

similar for all of the patterned electrodes, as well as for the planar electrode. This 

transformation was centered at 0.36 V (vs Hg/HgO). The anodic peak associated with the 

oxidation of β-Ni(OH)2 to β-NiOOH exhibited a single peak centered at 0.46 V (vs Hg/HgO) 

for the 10-200, 10-100, 10-50, 10-25, and 10-10 electrodes. Interestingly, two anodic 

peaks (centered at 0.43 and 0.46 V vs Hg/HgO) were observed for the 10-200 and planar 

electrodes. The characteristics in the CV profiles were similar for the 10-200 and planar 

electrodes. These two types of electrodes had similar Atheoretical values and contained the 

lowest relative surface coverage of the OER active Ni species as indicated by their anodic 

and cathodic peak areas. The amount of OER active Ni species present on an electrode 

can be estimated by the Qcat produced during either the oxidative or reductive 

transformations.127 The Aecsa were calculated from the total charge associated with the 
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cathodic peaks of the CV plots. The results of these calculations follow the same trends 

as those obtained from the Atheoretical for the series of patterned electrodes. The calculated 

Aecsa values are summarized in Table 7.3. The origin of the two anodic peaks in the CV 

plots observed for the Ni(II)/(III) transformation is speculated upon in the literature. Two 

anodic peaks have been previously observed during electrochemical aging.320, 321 The 

adsorption of OH ions and the subsequent electrochemical oxidation of Ni can occur at 

different potentials as seen when comparing the results for single crystalline electrodes 

with distinct facets exposed to the electrolyte [i.e., (210), (100), (110), (111)].127, 322 

Specifically, the structure of Ni single crystals have exhibited differences in the peak 

potentials of the anodic peaks associated with the formation of α-Ni(OH)2 by voltammetric 

measurements. In contrast, the formation and reduction of the β-NiOOH phase has been 

observed to be stable when comparing different Ni single crystals.127 The two anodic 

peaks were observed for the 10-200 and planar electrodes during the oxidation of the β-

Ni(OH)2 to β-NiOOH. It is likely that these results were not because of differences in the 

orientations of the crystalline facets present on the surfaces of the polycrystalline Ni 

electrodes. It is possible that these electrodes experienced changes relative to the other 

patterned electrodes during their electrochemical activation prior to the electrochemical 

measurements. The planar and 10-200 electrodes had similar Atheoretical values (i.e., lower 

than the other electrodes), which may have resulted in differences toward the accessibility 

of the electrolyte to their surfaces during the electrochemical activation. Previous studies 

reporting similar voltammetry profiles with two anodic peaks associated with Ni oxidation 

speculated that these two peaks may arise from Ni oxide layers that either did or did not 

contain Ni(IV) species.320, 321 Possible differences to the oxide structure had no apparent 

effect on the performance of these electrodes toward the OER. The 10-200 electrodes 

exhibited the highest performance, and the planar electrodes had the lowest performance 

toward the OER over the series of electrochemical tests performed in our studies. The CV 

profiles also confirmed the trends calculated for the Atheoretical values. The 10-10 and 10-25 

electrodes had the largest Aecsa values, which was attributed to their closely spaced ridges. 

The characterization by CV techniques provided further evidence that the improved OER 

performance demonstrated by the electrodes with microscale, linear ridges was due to the 

physical presence of the patterned features. The features could enable a self-cleaning 

functionality, but verifying this hypothesis required further investigations.  
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Figure 7.24. Cyclic voltammetry scans acquired directly after electrochemical 
testing for each type of Ni electrode: (a) 10-200; (b) 10-100; (c) 10-50; 
(d) 10-25; (e) 10-10; and (f) planar electrodes. The CV measurements 
were acquired at a scan rate of 1 mV/s in a purified solution of 1 M 
KOH. The measured currents were normalized to Atheoretical. 
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Table 7.3. A comparison of the Aecsa values calculated for each type of electrode. 

electrode type * Aecsa (cm2) φ 

10-200 14 ± 2 

10-100 13 ± 3 

10-50  18 ± 7 

10-25  20 ± 3 

10-10 26 ± 2 

planar 15 ± 1 

* The description of the electrode type refers to the target width of the ridges and the distance between each ridge, 
respectively. φ The Aecsa were derived using the σ method to analyze the cathodic reduction peaks in the CV scans (see 
Section 2.1.2). The mean Aecsa were obtained by integrating the cathodic peaks to determine the Qcat from the CV plots 
acquired at 1 mV/s. The error represents one standard deviation from the calculated mean values. 

 

7.5.8. Visualizing Bubble Evolution during the Oxygen Evolution 
Reaction 

 

Figure 7.25. Representative frames from the video footage acquired at 1.8 V (vs 
Hg/HgO). The frames for the (a) 10-200, (b) 10-100, (c) 10-50, (d) 10-25, 
(e) 10-10, and (f) planar electrodes were acquired directly prior to 
bubble detachment from the surfaces of the electrodes. 

Videos were acquired from a magnified view of the electrodes during the OER to 

more directly observe the differences in the processes for the bubble evolution on the 

patterned electrodes. The bubble dynamics were monitored at applied potentials of 1.8 
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and 1.4 V (vs Hg/HgO). Original movies obtained from these analyses are provided as 

additional supporting files. In agreement with our hypotheses as discussed above, 

differences in the gas evolution activity were more pronounced at 1.8 V (vs Hg/HgO). 

Representative frames from these movies are provided in Figure 7.25., and additional 

frames are also provided in Figure 7.26. through Figure 7.31. These images are still 

frames acquired from the movies directly prior to the release of bubbles from the surfaces 

of the electrodes. For the patterned electrodes, a synchronous release of multiple bubbles 

occurred with a periodic and repetitive character. These observations indicated that the 

arrays of linear ridges were the primary sites of growth, coalescence, and release of 

microscale bubbles. We also infer that the ridges promoted diffusion-driven sites of 

nucleation, which enabled periodic release events when the surrounding electrolyte was 

sufficiently supersaturated with dissolved oxygen.323 For example, the junctions between 

the ridges and the planar surfaces (e.g., corners of these features) revealed gaps at their 

intersection when observed at a 35o tilt by high magnification SEM. These junctions can 

trap residual gas and act as pre-existing cavities for favorable sites of bubble formation. 

Conversely, the planar electrodes lacked regularity in the timing of bubble release events 

(Figure 7.31.). The more erratic bubble release events on the planar electrodes resulted 

in more of the electrode surface area being covered with bubbles over a given time 

interval. These observations were likely a result of irregular surface defects that served as 

the primary sites for bubble nucleation on the planar electrodes. The fractional bubble 

coverage, Θ, was experimentally determined (as per the methods discussed in Section 

1.3.1) from still frames with bubbles adhered to the surfaces of the electrodes as measured 

just prior to bubble release (Figure 7.32.). As expected, the planar electrodes had the 

highest fractional bubble coverage (i.e., two orders of magnitude greater than the 10-200 

electrodes), and the largest standard deviation in these results. The release of relatively 

large bubbles with a regular, microscale diameter (i.e., ~100 µm) and at a regular 

frequency were observed to promote a self-cleaning effect during the OER. This regular, 

synchronized bubble detachment could improve the mixing of the electrolyte near the 

surfaces of the electrodes. This process would also improve the efficiency of the OER by 

replenishing the electrolyte near the surfaces after each release event. This enhancement 

of the OER performance at 1.8 V (vs Hg/HgO) was most noticeable for the arrays of ridges 

with the larger feature spacings (i.e., 10-200, 10-100). It is likely that the patterned 

surfaces, and especially the electrodes with larger feature spacings, experienced an 
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enhanced convection and diffusion of electrolyte and, therefore, an improved mass 

transfer to and from the electrode surfaces. 

 

Figure 7.26. Representative frames from the video footage acquired for the 10-200 
type electrode. Each frame in (a-c) was acquired prior to the onset of 
bubble release from the electrode.  
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Figure 7.27. Representative frames from the video footage acquired for the 10-100 
electrode. Each frame in (a-c) was acquired prior to the onset of 
bubble release from the electrode. 
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Figure 7.28. Representative frames from the video footage acquired for the 10-50 
electrode. Each frame in (a-c) was acquired prior to the onset of 
bubble release from the electrode. 

  



288 

 

 

 

 

Figure 7.29. Representative frames from the video footage acquired for the 10-25 
electrode. Each frame in (a-c) was acquired prior to the onset of 
bubble release from the electrode. 
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Figure 7.30. Representative frames from the video footage acquired for the 10-10 
electrode. Each frame in (a-c) was acquired prior to the onset of 
bubble release from the electrode. 
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Figure 7.31. Representative frames from the video footage acquired for the planar 
electrode. Each frame in (a-c) was acquired prior to the onset of 
bubble release from the electrode. 
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Figure 7.32. The fractional bubble coverage of each type of electrode as 
determined using still frames from the movies of bubble evolution 
that were acquired at 1.8 V (vs Hg/HgO). The error bars represent one 
standard deviation from the mean values calculated using Equation 
1.38 that can be found in Section 1.3.1. The error bars for the 10-50 
and 10-10 electrode are proportional to the symbol used in the plot. 

 

 

Figure 7.33. The mean departure diameters of bubbles were measured from still 
frames acquired directly prior to release events from the electrode 
surfaces. The mean values depicted by the white circles were 
calculated from at least 100 individual bubble measurements for each 
type of electrode. The violin plot shows the probability distribution of 
the bubble diameters for each data set. The rectangular errors bars 
represent one standard deviation from the calculated mean values. 
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Electrodes with a narrower feature spacing are more prone to pinning of gas 

bubbles between the ridges. For example, the 10-10 electrodes have a separation of ~6 

µm, which is much smaller than the predicted (and observed) diameters of the bubbles at 

the high potentials and high current densities applied for assessing performance toward 

the OER. Detrimental trapping of the gas bubbles was also observed for the 10-25 

electrodes, which had an average separation between the linear features of ~22 µm. For 

both the 10-10 and 10-25 electrodes, it is likely that trapping of gas bubbles and 

passivation of the electrodes occurred within the recesses between the electrodeposited 

Ni ridges. Trapped gas bubbles can be observed in the recorded videos and captured still 

frames for the 10-25 and 10-10 electrodes (Figure 7.29. and Figure 7.30.).  Measurements 

of the mean diameter of the bubble upon its departure from the electrodes indicated that 

the 10-10 and 10-25 electrodes produced bubbles with a much smaller volume relative to 

all the other electrodes (Figure 7.33.). These results indicated that the distance of 

separation between the ridges (e.g., structure influencing the bubble nucleation and 

growth events) had a direct influence on the average diameter of the bubble upon its 

detachment.58 The 10-10 and 10-25 electrodes produced bubbles with the smallest mean 

departure diameters of 45 ± 10 μm and 42 ± 13 μm, respectively. The 10-200 electrodes 

demonstrated the growth of bubbles with the largest diameter and in a uniform 

arrangement just before their departure from the surfaces of the electrodes. These 

bubbles had a nominal departure diameter of 108 ± 22 µm. Unique to the 10-200 

electrodes, the separation distance between the ridges was greater than the average 

diameter of the gas bubbles upon their detachment from the surfaces. The separation of 

200 µm between the linear ridges likely provided the greatest mobility of both the bubbles 

and the electrolyte during the OER. This separation distance between the ridges enabled 

better transport, such as convective mass transfer and primary mass transfer.324, 325 The 

smaller mean diameter of bubbles produced on the electrodes with a narrower feature 

spacing also had a longer mean bubble residence time, tr (Figure 7.34.). The values for 

the bubble residence time are mainly affected by the conditions of mass transfer (e.g., 

velocity of bubble growth), but could also be influenced by the shape of the bubble and 

the amount of dissolved gas produced in the vicinity of a nucleated bubble (Section 

1.3.1).64, 315 The current density at 1.8 V (vs Hg/HgO), the solution temperature, the 

electrode composition, and the ambient pressure were kept consistent for each of these 

measurements. Therefore, the main factor affecting the velocity of the bubble growth, and 

consequently the bubble residence time, were the mass transfer conditions, which were 
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influenced by the separation of the linear ridges in each of the arrays. The arrays of linear 

ridges with a narrower spacing could have also distorted the bubble shape and altered the 

wetting conditions of these surfaces. A distortion of the bubble shape may alter the bubble 

break-off diameter and volume of the departing bubble, which could also result in longer 

bubble residence times. The electrodes with a narrower feature spacing also exhibited a 

relative decrease in the volumetric flux, Vg, of the gaseous product in comparison to 

electrodes with larger feature spacings (Figure 7.35.). Although the electrodes with a 

narrower feature spacing exhibited less bubble coverage and the release of smaller 

bubbles, these narrower features exhibited a hindered transport of the electrolyte 

(inferred) and the bubbles (as observed).  

 

Figure 7.34. Mean tr on each type of electrode as calculated using Equation 1.43 
in Section 1.3.1. The error bars represent one standard deviation from 
the mean values. The error bars for the 10-10 electrode are 
proportional to the symbol used in the plot. 
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Figure 7.35. The Vg of the gaseous product was calculated from analysis of the 
high speed camera data acquired at 1.8 V (vs Hg/HgO) for each type 
of electrode using Equation 1.44. in Section 1.3.1. The error bars 
represent one standard deviation from the mean values. The error 
bars for the 10-10 and 10-25 electrodes are proportional to the symbol 
used in the plot. 

In contrast to the electrodes with relatively smaller feature spacings between the 

linear ridges, those with a larger feature spacing were more active towards the OER. The 

events of gas bubble growth, coalescence, and release for electrodes with larger spacings 

between the ridges (i.e., 10-200 and 10-100 electrodes) resulted in the highest values for 

the volumetric flux (Figure 7.35.). These electrodes with a larger feature spacing appeared 

to exhibit a higher activity toward the release of larger bubbles and at faster rates. The 

rates of bubble coalescence and release were also observed to increase on the ridge-like 

features in contrast to the same events as observed on the planar electrodes. The ridges 

reduced the relative amount of planar surface area in contact with the bubbles, lowering 

the surface tension force, and expediting the coalescence and release of bubbles along 

the ridges. These effects were the most pronounced for the 10-200 and 10-100 electrodes. 

Furthermore, it is also likely that the bubbles on the 10-200 electrodes have a relatively 

smaller contribution from adhesive drag forces in contrast to the other types of textured 

electrodes with smaller feature spacings. It is the balance of an improved coalescence of 

bubbles, a shorter bubble residence time, and a decreased influence of the attractive drag 

forces relative to the other types of patterned electrodes that enhanced the volumetric flux 

for the 10-200 type electrodes. The 10-200 electrodes exhibited the largest amount of 

electrode surface area that was free of bubbles during the OER, as observed in the 

recorded still frames and videos, in comparison to the other types of patterned electrodes 

and the planar electrodes. The exposed surface area for the 10-200 electrodes altered 
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the mass transfer mechanisms and enabled an improved overall performance towards the 

OER. In summary, the dynamics of bubble growth and coalescence were the most optimal 

for the 10-200 electrodes relative to the other patterned or planar electrodes as indicated 

by the direct observations and calculations derived from the high speed camera 

measurements.  

This work demonstrates that well-defined, regular electrode surface morphologies 

can be tuned to improve the performance of Ni electrodes during gas evolution processes, 

such as during the OER. The use of regular, microscale ridges on gas evolving electrodes 

enabled a systematic investigation of the influences of feature spacing on the mass 

transfer processes surrounding bubble growth, coalescence, and release. The distance of 

separation between the parallel ridges were correlated to their performance toward the 

OER. The OER performance improved as a result of the influences of the linear ridge 

arrays on the gas bubble dynamics (i.e., bubble departure diameter, fractional bubble 

coverage, bubble residence time, and volumetric flux). Electrochemical measurements 

indicated that the presence of linear ridges on the surfaces of Ni electrodes can enable 

the electrodes to sustain higher current densities and lower overpotentials relative to 

planar Ni electrodes. Electrodes exhibiting the highest performance toward the OER (i.e., 

200-µm separation between the linear ridges) had nearly a two-fold increase in current 

density at 1.8 V (vs Hg/HgO) relative to planar electrodes. The 10-200 electrodes also 

demonstrated the highest reduction in the measured overpotential in comparison to the 

planar electrodes (i.e., a decrease of 500 mV relative to the planar electrode before iR-

correction at 500 mA/cm2). Relatively high operational current densities and potentials 

were selected to evaluate the performance of these features under conditions where the 

diameters of the resulting gas bubbles would be proportional to the microscale dimensions 

of the patterned features. Operation of Ni electrodes at high current densities can lead to 

roughening of their surfaces and loss of nanoscale features,273, 326 but the predominant 

textures sought in this study were of microscale dimensions. The patterned textures with 

arrays of microscale, linear ridges were relatively unchanged after the electrochemical 

testing as indicated by representative SEM analyses (Figure 7.36.). The gas evolution 

processes taking place on the microscale for these arrays of patterned ridges during the 

OER were directly observed using a magnified view of the electrodes coupled with a high 

speed camera. The results from the high speed videos indicated that these arrays of 

microscale linear ridges can control the average diameter of the bubbles attached to the 
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electrodes prior to bubble detachment, and can also result in a more efficient release of 

gas bubbles. These results also indicated that the ridges provided optimal sites for gas 

bubble growth, coalescence, and release. Although the bubble nucleation could not be 

observed, it is hypothesized from the microscale observations of bubble dynamics that the 

nanoscale gap at the interface between the linear ridges and the planar support, as 

observed by SEM analyses, could provide sites for the rapid nucleation of bubbles. The 

systematic investigation reported herein for tuning of the spacing of the microscale linear 

ridges also demonstrated the importance of achieving adequate mass transfer at high 

current densities and high potentials during the OER. Microscale features with a lateral 

spacing <48 µm exhibited an overall reduced performance to the OER due to pinning of 

gas bubbles between the features, as well as from a restricted flow of electrolyte. 

Electrodes with arrays of linear ridges or similar features with well-defined dimensions 

(e.g., on the order of ~200 µm) that exhibit improved performance to the OER could be 

prepared by photolithographic and electrodeposition techniques. These features could be 

prepared to cover relatively large areas (e.g., ≥10 cm2) using scalable processes for 

implementation in industrial water electrolysis systems.  

 

Figure 7.36. Representative SEM images of the 10-100 electrode acquired after the 
electrochemical measurements. The image in (a) was captured at a 
low magnification while the image for (b) was acquired at a 45o tilt and 
at a higher magnification. 
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7.6. Conclusions 

A series of arrays of parallel, linear ridges of Ni with tuned separation between 

these features were investigated to evaluate their ability to promote self-cleaning effects 

during the OER. These patterned features were evaluated for their influence on the 

dynamics of bubble growth, coalescence, and bubble detachment. The geometric 

dimensions of the microscale, linear ridges were lithographically defined and the 

separation between the ridges was systematically tuned between 10 and 200 µm. These 

separations were targeted since they are proportional to the diameters of gas bubbles 

prior to their departure from the surfaces and can physically influence the bubble related 

processes (i.e., bubble growth, coalescence, and release). The microscale linear ridges 

were prepared by a combination of photolithography and electrodeposition techniques. All 

of the electrodes were composed of high purity Ni prepared by electrodeposition. The 

composition of the electrodes was carefully controlled to eliminate variation between the 

samples that may otherwise influence the OER activity. The well-defined geometric 

dimensions of the linear ridges enabled a determination of the Atheoretical. Scanning electron 

microscopy and profilometry measurements were combined to determine the Atheoretical. 

These values were used to derive the resulting current densities achieved from the 

electrochemical measurements. The presence of these microscale, linear ridges was 

observed to induce the simultaneous release of collections of bubbles and thereby 

improve the volumetric flux of gaseous product during the OER. These events triggered 

additional convection during the OER, which resulted in improved current densities and 

lower measured overpotentials for the electrodes with arrays of linear ridges relative to 

planar electrodes. The highest performing electrodes were those containing 10-µm wide 

ridges separated by distances of 200 µm. This feature spacing maintained the highest 

relative surface area that was unimpeded by the presence of gas bubbles during the OER, 

while also exhibiting the most regular rate of bubble detachment and uniform surface 

arrangement as observed in a series of high speed videos. The 200 µm spacing between 

the ridges likely allowed a higher mobility of both the bubbles and the electrolyte, which 

resulted in an improvement of the mass transfer processes and the promotion of more 

bubble release events relative to a narrower feature spacing (i.e., ridges separated by 25 

or 10 µm). The results from this study suggest that the presence of microscale features 

with dimensions around 200 µm (i.e., proportional to the dimensions of the gas bubbles at 
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high current densities or high operating potentials) can assist in the efficient removal of 

bubbles from the surfaces of electrodes during the OER. 
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Chapter 8.  
 
Summary and Outlook 

The research outlined in this thesis demonstrates the intentional control of 

electrode surface architectures to investigate the impact on the gas evolution dynamics 

toward improved performance of the OER. The studies herein also highlight the 

importance of achieving a sufficient electrochemical activation of the electrocatalytic 

materials prior to their assessment of the electrochemical performance. Many studies 

within the field of electrocatalysis are focused on the design of materials with the tuned 

composition of nanoscale features for improved activity. These studies, however, often 

lack an adequate electrochemical activation prior to their characterization of the 

electrochemical performance and could benefit from a more accurate assessment. 

Achieving a sufficient electrochemical activation could benefit the associated design and 

understanding of electrocatalytic materials.  

The regular dimpled Ni features described in Chapter 3 permitted an examination 

of how confinement within an electrode surface cavity influenced the behavior of gas 

evolution and, therefore, the resulting performance of the OER. A series of dimpled Ni 

electrodes were tuned in regard to their depth, width, and degree of confinement (see 

Table 3.3 for details on the specific dimensions evaluated in this study). Relatively shallow 

dimples with a depth of ~250 nm exhibited enhanced efficiencies towards the OER relative 

to the planar electrodes prepared by electrodeposition of Ni of the same composition and 

purity. The study indicates that dimples with depths >250 nm may increase the adhesion 

of gas bubbles, thereby decreasing the overall efficiency. Detailed physical and theoretical 

measurements of the electrode surface features were used to determine the Atheoretical, as 

well as an evaluation of the wetting states against both the Wenzel and Cassie-Baxter 

models. Influences from the electrode morphology toward the performance of the OER 

were distinguished as a result of the Atheoretical characterizations. Oxidative Ni 

transformations during electrochemical aging and the resulting restructuring of the surface 

morphology were also discernable due to the regularity of the features. The composition 

and wetting behavior before and after electrochemical aging were assessed and 

presented in connection to the electrochemical measurements and the dimpled 

morphology. An optimal geometry of dimpled textures was identified in the context of gas 
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bubble dynamics. This study highlights the impact of electrode morphology and its 

possible use to direct improved gas bubble dynamics. Future studies in this area may 

include the pursuit of additional dimpled morphologies on the surfaces of Ni rods using 

template diameters of 200 nm, 500 nm, 1 µm, and 10 µm, each with a nominal of Ni set 

to 1/4 of the height relative to the diameter of the respective spherical templates (e.g., a 1 

µm in diameter template would have dimples with a depth of 250 nm). The effects of 

feature density and spacing are also of interest for future studies. The work demonstrated 

in Chapter 3 provided a foundation for subsequent studies on the influences of tuned Ni 

electrode morphologies. 

The template-assisted method used to prepare the regular, dimpled Ni surfaces 

was adapted to selectively position Fe-based NPs at the surfaces of the Ni support in 

Chapter 4 and Chapter 5. Potential cycling was conducted to evaluate the stability of these 

electrocatalysts with respect to the mechanisms of degradation concurrent with complex 

phase transformations. The migration of Fe dopants and Ni species at the interfaces of 

the NPs and the Ni support matrix were assessed as a function of successive stages of 

electrochemical aging (i.e., after 5, 10, and 16 h). Cross-sectional characterization of the 

catalyst layers enabled an examination of the spatial distribution of Ni, Fe, and O species 

within the samples using HR-S/TEM and EELS techniques. These studies examine of how 

electrocatalytic materials can evolve with oxidative aging and where the Fe dopants are 

spatially located within an active Ni matrix as a result of this aging process. The 

electrochemical performance of these electrocatalysts towards the OER was also 

correlated to the resulting transformations observed in the materials. After 5 h of potential 

cycling, the NiFe2O4 phase was partially encapsulated as a NP within the active Ni 

(oxy)hydroxide phase and demonstrated the highest performance of these samples due 

to an optimal activation of the Aecsa. Between 5 and 10 h of progressive oxidative aging, 

preferential leaching of the Ni(II) species from the NPs resulted in the formation of a Fe2O3 

phase encapsulated within the Ni oxide matrix. After 16 h of potential cycling, the OER 

activity had dramatically diminished due to degradative mechanisms of both the NPs and 

the Ni support. These studies highlight the importance of assessing the stability of NPs on 

the surfaces of conductive OER active supports. The ability to monitor the evolution of the 

NP and its support, and the interaction between them (e.g., their stability and chemical 

transformations) is crucial toward the development of electrocatalytic materials. The 

template-assisted approach for preparation of the customizable electrodes demonstrates 
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a platform for investigating the interactions between NPs and their support. The 

demonstrated methodologies and techniques could be extended to heterostructure based 

electrodes, additional types of supported nanocatalysts such as FeOOH, and OER active 

perovskite materials.  

The electrochemical performance of a series of micro and nanoscale Ni textures 

were assessed in Chapter 6. The textures were prepared using rapid and scalable 

techniques (i.e., bead-blasting, electrodeposition, and polishing of electrode surfaces). 

The bead-blasting methods provided a 30% increase in electrode surface area at a 

processing rate of ~6 cm2/min. The influence of electrochemical aging on each type of 

textured electrode was assessed using two distinct approaches (i.e., limited and steady-

state aging). The performance towards the OER of the textured electrodes was found to 

correlate to both the electrode morphology and the aging conditions. Improvement toward 

the OER was observed as a decrease of 0.7 V (vs. Hg/HgO) at 500 mA/cm2 after 

electrochemical aging. This study emphasized the importance of both accounting for the 

surface textures and performing adequate electrochemical pre-treatments of 

electrocatalysts before assessing their relative electrochemical performance. For 

example, many studies in the field use a limited activation procedure that does not reach 

a steady-state condition and the results of such studies are, therefore, not directly 

comparable between separate studies. Furthermore, an assessment of the 

electrochemical activity after limited activation procedures may contribute to an incomplete 

understanding of the true impact of the experimental results. 

The work in Chapter 7 demonstrated a systematic investigation of arrays of linear 

ridges with a tuned separation of features between 10 and 200 µm. The regularity of the 

features enabled a geometrical estimation of the surface area (i.e., Atheoretical) contribution 

from these features. The observed trends in electrochemical performance corresponded 

with an increases to the dimensional separation of these regular features. Empirical 

methods and experimental measurements were used to derive quantitative bubble 

characteristics (i.e., Vg, tr, Rb, and the associated bubble-related overpotentials) under 

industrially relevant current densities (i.e., 500 mA/cm2). The results from this study 

suggested that the presence of relatively large microscale features of specific dimensions 

(i.e., 200 µm versus smaller features including 10 µm and nanotextured surfaces) can 

assist in an efficient removal of gas bubbles during the OER. In contrast, non-activated 

irregular textures (described in Chapter 6) and highly recessed features (presented in 
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Chapter 3) exhibited a reduced performance due to the presence of trapped gas that 

obstructed gas bubble movements. The intentional design of electrodes with regular 

defect sites and additional features with regular dimensions and spacings (e.g., features 

with tuned aspect ratios) that can sustain the cyclic production of bubbles are of interest 

for future work. Future work on microscale features will investigate gas bubble dynamics 

on simple geometric features such as the corners, edges, and channels within raised 

features on an otherwise planar Ni electrode. The use of a three-dimensional grid structure 

on the surfaces of an otherwise planar electrode can be used as a model for such a study 

(e.g., Figure 8.1.). Frame-by-frame analyses of high speed camera data would also be 

utilized to measure the relative number of coalescence events, as well as the bubble 

growth rates at the specific sites of interest therein. The identification of specific “hot spots” 

on simple, three-dimensional structures and the underlying conditions that lead to the 

sustained formation of a highly active site are of interest to developing electrocatalysts 

with an improved activity towards the OER. The lessons therein are likely to extend to 

other gas evolving electrodes such as for the HER. To improve the performance of gas-

evolving electrodes, efforts are needed to bridge the gap between single features and the 

influences of arrays of features over large areas. The lessons learned herein could be 

used to guide three-dimensional electrode architectures for a variety of gas-evolving 

electrocatalytic applications. Complementary techniques such as EIS and the double layer 

capacitive assessments of the Aecsa could also be beneficial for advancing the field of gas-

evolving electrocatalysis for metal oxide electrodes. 
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Figure 8.1. Optical microscopy image of a top-down view of a Ni electrode with 
features that contain a microstructured grid. These features were 
patterned on the surfaces of a polished Ni electrode using 
photolithography and electrodeposition techniques. This electrode 
has a diameter of 6.35 mm. 

 

Electrochemical impedance spectroscopy techniques could assist in isolating and 

measuring the relevant mass transfer related resistances as well as the electrocatalytic 

kinetics during electrochemical gas-evolving reactions. For example, resistive influences 

from surface adhered gaseous bubbles can impose ohmic resistances resulting in higher 

overpotentials. Impedance spectra obtained during the OER can be used to assess the 

resulting solution and charge-transfer resistances as well as the resistance from the metal 

oxide layer. Simulation of the acquired spectra against electrical equivalent circuits can 

provide relevant constant phase elements. These constant phase elements can be used 

to calculate the double layer capacitance at high overpotentials. It is often useful to 

conduct these assessments over a range of overpotentials and operating temperatures 

for a comprehensive comparison of changes to the resulting kinetics and mass transfer 

related resistances. Future studies that continue to investigate both the physical dynamics 

of the gas bubble in correlation to electrocatalytic performance measurements could assist 

in guiding the development of novel self-cleaning electrode architectures.   

 



304 

References 

(1)  Yan, Z.; Hitt, J. L.; Turner, J. A.; Mallouk, T. E. Renewable Electricity Storage 
Using Electrolysis. Proc. Natl. Acad. Sci. U. S. A. 2020, 117 (23), 12558–12563. 

(2)  van Troostwijk, P.; Adrian, J. R. D. Über Die Zerlegung Des Wassers in 
Brennbare Und Lebensluft Durch Den Elektrischen Funken. J. Phys. 1790, 2, 
130–141. 

(3)  Faraday, M. On Electrical Decomposition. Philos. Trans. R. Soc. 1834, 124, 77–

122. 

(4)  Santos, S. M.; Sequeira, C. A. C.; Figueiredo. J. L. Hydrogen Production by 
Alkaline Water Electrolysis. Quim. Nova  2013, 36 (8), 1176–1193. 

(5)  LeRoy, R. L.; Bowen, C. T.; LeRoy, D. J. The Thermodynamics of Aqueous Water 
Electrolysis. J. Electrochem. Soc. 1980, 127 (9), 1954–1962. 

(6)  Zeng, K.; Zhang, D. Recent Progress in Alkaline Water Electrolysis for Hydrogen 
Production and Applications. Prog. Energy Combust. Sci. 2010, 36 (3), 307–326. 

(7)  Nuttall, W. J.; Bakenne, A. T. Fossil Fuel Hydrogen: Technical, Economic, and 

Environmental Potential, Springer Nature, Switzerland, 2020; pp 1–11. 

(8)  IEA. The Future of Hydrogen; 2019. 

(9)  IEA. Energy Technology Perspectives 2020; 2020. 

(10)  Muradov, N. Low to Near-Zero CO2 Production of Hydrogen from Fossil Fuels: 

Status and Perspectives. Int. J. Hydrogen Energy 2017, 42 (20), 14058–14088. 

(11)  IRENA. Green Hydrogen: A Guide to Policy Making; 2020. 

(12)  Ebbesen, S. D.; Jensen, S. H.; Hauch, A.; Mogensen, M. B. High Temperature 
Electrolysis in Alkaline Cells, Solid Proton Conducting Cells, and Solid Oxide 
Cells. Chem. Rev. 2014, 114 (21), 10697–10734. 

(13)  IRENA. Green Hydrogen Cost Reduction: Scaling up Electrolysers to Meet the 
1.50C Climate Goal; 2020. 

(14)  Vincent, I.; Bessarabov, D. Low Cost Hydrogen Production by Anion Exchange 
Membrane Electrolysis: A Review. Renew. Sustain. Energy Rev. 2018, 81, 1690–
1704. 

(15)  Carmo, M.; Fritz, D. L.; Mergel, J.; Stolten, D. A Comprehensive Review on PEM 
Water Electrolysis. Int. J. Hydrogen Energy 2013, 38 (12), 4901–4934. 



305 

(16)  Phillips, R.; Dunnill, C. W. Zero Gap Alkaline Electrolysis Cell Design for 
Renewable Energy Storage as Hydrogen Gas. RSC Adv. 2016, 6 (102), 100643–
100651. 

(17)  Lefrou,  C.; Fabry, P.;  Poignet, J. C. Electrochemistry, Springer, Berlin 
Heidelberg, 2009; pp 17–39. 

(18)  Bard, A. J.; Faulkner, L. R. Electrochemical Methods: Fundamentals and 
Applications, 2nd Ed.; John Wiley & Sons, Inc.: New York, NY, 2015; Vol. 8, pp 
88–130. 

(19)  Tobias, C. W.; Eisenberg, M.; Wilke, C. R. Diffusion and Convection in 
Electrolysis—A Theoretical Review. J. Electrochem. Soc. 1952, 99 (12), 359C–
365C. 

(20)  Compton, R. G.; Banks C. E. Understanding Voltammetry, 3rd ed.; World 
Scientific Publishing Co.: London, UK, 2018, pp 83–112. 

(21)  Babu, R.; Das, M. K. Experimental Studies of Natural Convective Mass Transfer 
in a Water-Splitting System. Int. J. Hydrogen Energy 2019, 44 (29), 14467–14480. 

(22)  Zhu, J.; Zhang, X.; Lv, P.; Wang, Y.; Wang, J. An Experimental Investigation of 
Convective Mass Transfer Characterization in Two Configurations of 
Electrolysers. Int. J. Hydrogen Energy 2018, 43 (18), 8632–8643. 

(23)  Elgrishi, N.; Rountree, K. J.; McCarthy, B. D.; Rountree, E. S.; Eisenhart, T. T.; 
Dempsey, J. L. A Practical Beginner’s Guide to Cyclic Voltammetry. J. Chem. 
Educ. 2018, 95 (2), 197–206. 

(24)  Kinoshita, K.; Stonehart, P. Preparation and Characterization of Highly Dispersed 
Electrocatalytic Materials in Modern Aspects of Electrochemistry; Plenum 
Publishers: New York, NY, 1977. 

(25)  Lee, Y.; Suntivich, J.; May, K. J.; Perry, E. E.; Shao-Horn, Y. Synthesis and 
Activities of Rutile IrO2 and RuO2 Nanoparticles for Oxygen Evolution in Acid and 
Alkaline Solutions. J. Phys. Chem. Lett. 2012, 3 (3), 399–404. 

(26)  Cherevko, S.; Geiger, S.; Kasian, O.; Kulyk, N.; Grote, J. P.; Savan, A.; Shrestha, 
B. R.; Merzlikin, S.; Breitbach, B.; Ludwig, A.; Mayrhofer, K. J. Oxygen and 
Hydrogen Evolution Reactions on Ru, RuO2, Ir, and IrO2 Thin Film Electrodes in 
Acidic and Alkaline Electrolytes: A Comparative Study on Activity and Stability. 
Catal. Today 2016, 262, 170–180. 

(27)  Medford, A. J.; Vojvodic, A.; Hummelshøj, J. S.; Voss, J.; Abild-Pedersen, F.; 
Studt, F.; Bligaard, T.; Nilsson, A.; Nørskov, J. K. From the Sabatier Principle to a 
Predictive Theory of Transition-Metal Heterogeneous Catalysis. J. Catal. 2015, 
328, 36–42. 



306 

(28)  Otagawat, T. Oxygen Evolution on Perovskites. Electrochemistry 1983, 79 (32), 
2960–2971. 

(29)  Bockris, J. O.; Otagawa, T. The Electrocatalysis of Oxygen Evolution on 
Perovskites. J. Electrochem. Soc. 1984, 131 (2), 290–302. 

(30)  Li, M.; Xiong, Y.; Liu, X.; Bo, X.; Zhang, Y.; Han, C.; Guo, L. Facile Synthesis of 
Electrospun MFe2O4 (M = Co, Ni, Cu, Mn) Spinel Nanofibers with Excellent 
Electrocatalytic Properties for Oxygen Evolution and Hydrogen Peroxide 
Reduction. Nanoscale 2015, 7 (19), 8920–8930. 

(31)  Yue, Q.; Liu, C.; Wan, Y.; Wu, X.; Zhang, X.; Du, P. Defect Engineering of 
Mesoporous Nickel Ferrite and Its Application for Highly Enhanced Water 
Oxidation Catalysis. J. Catal. 2018, 358, 1–7. 

(32)  Hall, D. S.; Lockwood, D. J.; Bock, C.; MacDougall, B. R. Nickel Hydroxides and 
Related Materials: A Review of Their Structures, Synthesis and Properties. Proc. 
R. Soc. A Math. Phys. Eng. Sci. 2015, 471 (2174) 1–65. 

(33)  Subbaraman, R.; Tripkovic, D.; Chang, K. C.; Strmcnik, D.; Paulikas, A. P.; 
Hirunsit, P.; Chan, M.; Greeley, J.; Stamenkovic, V.; Markovic, N. M. Trends in 
Activity for the Water Electrolyser Reactions on 3d M (Ni, Co, Fe, Mn) 
Hydr(Oxy)Oxide Catalysts. Nat. Mater. 2012, 11 (6), 550–557. 

(34)  Trotochaud, L.; Ranney, J. K.; Williams, K. N.; Boettcher, S. W. Solution-Cast 
Metal Oxide Thin Film Electrocatalysts for Oxygen Evolution. J. Am. Chem. Soc. 
2012, 134 (41), 17253–17261. 

(35)  Corrigan, D. A. The Catalysis of the Oxygen Evolution Reaction by Iron Impurities 
in Thin Film Nickel Oxide Electrodes. J. Electrochem. Soc. 1987, 134 (2), 377. 

(36)  Trotochaud, L.; Young, S. L.; Ranney, J. K.; Boettcher, S. W. Nickel-Iron 
Oxyhydroxide Oxygen-Evolution Electrocatalysts: The Role of Intentional and 
Incidental Iron Incorporation. J. Am. Chem. Soc. 2014, 136 (18), 6744–6753. 

(37)  Martirez, J. M. P.; Carter, E. A. Noninnocent Influence of Host β-NiOOH Redox 
Activity on Transition-Metal Dopants’ Efficacy as Active Sites in Electrocatalytic 
Water Oxidation. ACS Catal. 2020, 10 (4), 2720–2734. 

(38)  Suen, N. T.; Hung, S. F.; Quan, Q.; Zhang, N.; Xu, Y. J.; Chen, H. M. 
Electrocatalysis for the Oxygen Evolution Reaction: Recent Development and 
Future Perspectives. Chem. Soc. Rev. 2017, 46 (2), 337–365. 

(39)  Yoo, J. S.; Rong, X.; Liu, Y.; Kolpak, A. M. Role of Lattice Oxygen Participation in 
Understanding Trends in the Oxygen Evolution Reaction on Perovskites. ACS 
Catal. 2018, 8 (5), 4628–4636. 

(40)  Grimaud, A.; Diaz-Morales, O.; Han, B.; Hong, W. T.; Lee, Y. L.; Giordano, L.; 



307 

Stoerzinger, K. A.; Koper, M. T. M.; Shao-Horn, Y. Activating Lattice Oxygen 
Redox Reactions in Metal Oxides to Catalyse Oxygen Evolution. Nat. Chem. 
2017, 9 (5), 457–465. 

(41)  Martirez, J. M. P.; Carter, E. A. Secondary Transition-Metal Dopants for Enhanced 
Electrochemical O2 Formation and Desorption on Fe-Doped β-NiOOH. ACS 
Energy Lett. 2020, 5 (3), 962–967. 

(42)  Chen, J. Y. C.; Dang, L.; Liang, H.; Bi, W.; Gerken, J. B.; Jin, S.; Alp, E. E.; Stahl, 
S. S. Operando Analysis of NiFe and Fe Oxyhydroxide Electrocatalysts for Water 
Oxidation: Detection of Fe4+ by Mössbauer Spectroscopy. J. Am. Chem. Soc. 
2015, 137 (48), 15090–15093. 

(43)  Hunter, B. M.; Thompson, N. B.; Müller, A. M.; Rossman, G. R.; Hill, M. G.; 
Winkler, J. R.; Gray, H. B. Trapping an Iron(VI) Water-Splitting Intermediate in 
Nonaqueous Media. Joule 2018, 2 (4), 747–763. 

(44)  Fabbri, E.; Schmidt, T. J. Oxygen Evolution Reaction - The Enigma in Water 
Electrolysis. ACS Catal. 2018, 8 (10), 9765–9774. 

(45)  Wei, J.; Zhou, M.; Long, A.; Xue, Y.; Liao, H.; Wei, C.; Xu, Z. J. Heterostructured 
Electrocatalysts for Hydrogen Evolution Reaction Under Alkaline Conditions. 
Nano-Micro Lett. 2018, 10 (4), 1–15. 

(46)  Gong, M.; Wang, D. Y.; Chen, C. C.; Hwang, B. J.; Dai, H. A Mini Review on 
Nickel-Based Electrocatalysts for Alkaline Hydrogen Evolution Reaction. Nano 
Res. 2016, 9 (1), 28–46. 

(47)  Hu, C.; Zhang, L.; Gong, J. Recent Progress Made in the Mechanism 
Comprehension and Design of Electrocatalysts for Alkaline Water Splitting. 
Energy Environ. Sci. 2019, 12 (9), 2620–2645. 

(48)  Nørskov, J. K.; Bligaard, T.; Logadottir, A.; Kitchin, J. R.; Chen, J. G.; Pandelov, 
S.; Stimming, U. Trends in the Exchange Current for Hydrogen Evolution. J. 
Electrochem. Soc. 2005, 152 (3), J23–J26. 

(49)  Mahmood, N.; Yao, Y.; Zhang, J. W.; Pan, L.; Zhang, X.; Zou, J. J. 
Electrocatalysts for Hydrogen Evolution in Alkaline Electrolytes: Mechanisms, 
Challenges, and Prospective Solutions. Adv. Sci. 2018, 5 (2) 1700464. 

(50)  Lasia, A. Mechanism and Kinetics of the Hydrogen Evolution Reaction. Int. J. 
Hydrogen Energy 2019, 44 (36), 19484–19518. 

(51)  Karlsson, R. K. B.; Cornell, A. Selectivity between Oxygen and Chlorine Evolution 
in the Chlor-Alkali and Chlorate Processes. Chem. Rev. 2016, 116 (5), 2982–
3028. 

(52)  Angulo, A.; van der Linde, P.; Gardeniers, H.; Modestino, M.; Rivas, D. F. 



308 

Influence of Bubbles on the Energy Conversion Efficiency of Electrochemical 
Reactors. Joule 2020, 4 (3), 555–579. 

(53)  Bicelli, L. P.; Bozzini, B.; Mele, C.; D’Urzo, L. A Review of Nanostructural Aspects 
of Metal Electrodeposition. Int. J. Electrochem. Sci. 2008, 3 (4), 356–408. 

(54)  Song, F.; Bai, L.; Moysiadou, A.; Lee, S.; Hu, C.; Liardet, L.; Hu, X. Transition 
Metal Oxides as Electrocatalysts for the Oxygen Evolution Reaction in Alkaline 
Solutions: An Application-Inspired Renaissance. J. Am. Chem. Soc. 2018, 140 
(25), 7748–7759. 

(55)  Jamesh, M. I.; Sun, X. Recent Progress on Earth Abundant Electrocatalysts for 
Oxygen Evolution Reaction (OER) in Alkaline Medium to Achieve Efficient Water 
Splitting – A Review. J. Power Sources 2018, 400, 31–68. 

(56)  Paul, M. T. Y.; Yee, B. B.; Zhang, X.; Alford, E. H.; Pilapil, B. K.; Gates, B. D. 
Template Assisted Preparation of High Surface Area Macroporous Supports with 
Uniform and Tunable Nanocrystal Loadings. Nanoscale 2019, 11 (4), 1937–1948. 

(57)  Gabrielli, C.; Huet, F.; Keddam, M.; Macias, A.; Sahar, A. Potential Drops Due to 
an Attached Bubble on a Gas-Evolving Electrode. J. Appl. Electrochem. 1989, 19 
(5), 617–629. 

(58)  Vogt, H.; Balzer, R. J. The Bubble Coverage of Gas-Evolving Electrodes in 
Stagnant Electrolytes. Electrochim. Acta 2005, 50 (10), 2073–2079. 

(59)  Vogt, H. The Incremental Ohmic Resistance Caused by Bubbles Adhering to an 
Electrode. J. Appl. Electrochem. 1983, 13 (1), 87–88. 

(60)  Vogt, H.; Thonstad, J. The Diversity and Causes of Current-Potential Behaviour at 
Gas-Evolving Electrodes. Electrochim. Acta 2017, 250, 393–398. 

(61)  Chen, Q.; Luo, L.; White, H. S. Electrochemical Generation of a Hydrogen Bubble 
at a Recessed Platinum Nanopore Electrode. Langmuir 2015, 31 (15), 4573–
4581. 

(62)  Zhao, X.; Ren, H.; Luo, L. Gas Bubbles in Electrochemical Gas Evolution 
Reactions. Langmuir 2019, 35 (16), 5392–5408. 

(63)  Dukovic, J.; Tobias, C. W. Influence of Attached Bubbles on Potential Drop and 
Current Distribution At Gas-Evolving Electrodes. J. Electrochem. Soc. 1987, 134 
(2), 331–343. 

(64)  Vogt, H. The Quantities Affecting the Bubble Coverage of Gas-Evolving 
Electrodes. Electrochim. Acta 2017, 235, 495–499. 

(65)  Go, M.; Chernev, P.; Ferreira, J.; Arau, D.; Reier, T.; Dresp, S.; Paul, B.; Kra, R.; 
Dau, H.; Strasser, P. Oxygen Evolution Reaction Dynamics, Faradaic Charge 



309 

Efficiency, and the Active Metal Redox States of Ni−Fe Oxide Water Splitting 
Electrocatalysts. 2016, 138 (17), 5603–5614. 

(66)  Yang, X.; Baczyzmalski, D.; Cierpka, C.; Mutschke, G.; Eckert, K. Marangoni 
Convection at Electrogenerated Hydrogen Bubbles. Phys. Chem. Chem. Phys. 
2018, 20 (17), 11542–11548. 

(67)  Groß, T. F.; Bauer, J.; Ludwig, G.; Fernandez Rivas, D.; Pelz, P. F. Bubble 
Nucleation from Micro-Crevices in a Shear Flow: Experimental Determination of 
Nucleation Rates and Surface Nuclei Growth. Exp. Fluids 2018, 59 (1), 1–10. 

(68)  Jones, S. F.; Evans, G. M.; Galvin, K. P. Bubble Nucleation from Gas Cavities - A 
Review. Adv. Colloid Interface Sci. 1999, 80 (1), 27–50. 

(69)  Jones, S. Bubble Nucleation from Gas Cavities — a Review. Adv. Colloid 
Interface Sci. 1999, 80 (1), 27–50. 

(70)  Lohse, D.; Zhang, X. Surface Nanobubbles and Nanodroplets. Rev. Mod. Phys. 

2015, 87 (3), 981–1035. 

(71)  Luo, L.; White, H. S. Electrogeneration of Single Nanobubbles at Sub-50-nm-
Radius Platinum Nanodisk Electrodes. Langmuir 2013, 29 (35), 11169–11175. 

(72)  Brandon, N. P.; Kelsall, G. H. Growth Kinetics of Bubbles Electrogenerated at 
Microelectrodes. J. Appl. Electrochem. 1985, 15 (4), 475–484. 

(73)  Wang, Y.; Hu, X.; Cao, Z.; Guo, L. Investigations on Bubble Growth Mechanism 
during Photoelectrochemical and Electrochemical Conversions. Colloids Surf. A 
Physicochem. Eng. Asp. 2016, 505, 86–92. 

(74)  Massing, J.; Mutschke, G.; Baczyzmalski, D.; Hossain, S. S.; Yang, X.; Eckert, K.; 
Cierpka, C. Thermocapillary Convection during Hydrogen Evolution at 
Microelectrodes. Electrochim. Acta 2019, 297, 929–940. 

(75)  Hossain, S. S.; Mutschke, G.; Bashkatov, A.; Eckert, K. The Thermocapillary 
Effect on Gas Bubbles Growing on Electrodes of Different Sizes. Electrochim. 
Acta 2020, 353, 1–10. 

(76)  Lubetkin, S. The Motion of Electrolytic Gas Bubbles near Electrodes. Electrochim. 
Acta 2002, 48 (4), 357–375. 

(77)  Taqieddin, A.; Nazari, R.; Rajic, L.; Alshawabkeh, A. Review—Physicochemical 
Hydrodynamics of Gas Bubbles in Two Phase Electrochemical Systems. J. 
Electrochem. Soc. 2017, 164 (13), E448–E459. 

(78)  Xu, W.; Lu, Z.; Sun, X.; Jiang, L.; Duan, X. Superwetting Electrodes for Gas-
Involving Electrocatalysis. Acc. Chem. Res. 2018, 51 (7), 1590–1598. 



310 

(79)  Zeradjanin, A. R.; Ventosa, E.; Bondarenko, A. S.; Schuhmann, W. Evaluation of 
the Catalytic Performance of Gas-Evolving Electrodes Using Local 
Electrochemical Noise Measurements. ChemSusChem 2012, 5 (10), 1905–1911. 

(80)  Zeradjanin, A. R.; La Mantia, F.; Masa, J.; Schuhmann, W. Utilization of the 
Catalyst Layer of Dimensionally Stable Anodes - Interplay of Morphology and 
Active Surface Area. Electrochim. Acta 2012, 82, 408–414. 

(81)  Zeradjanin, A. R.; Topalov, A. A.; Van Overmeere, Q.; Cherevko, S.; Chen, X.; 
Ventosa, E.; Schuhmann, W.; Mayrhofer, K. J. J. Rational Design of the Electrode 
Morphology for Oxygen Evolution – Enhancing the Performance for Catalytic 
Water Oxidation. RSC Adv. 2014, 4 (19), 9579–9587. 

(82)  López-Fernández, E.; Gil-Rostra, J.; Espinós, J. P.; González-Elipe, A. R.; De 
Lucas Consuegra, A.; Yubero, F. Chemistry and Electrocatalytic Activity of 
Nanostructured Nickel Electrodes for Water Electrolysis. ACS Catal. 2020, 10 
(11), 6159–6170. 

(83)  Ahn, S. H.; Choi, I.; Park, H. Y.; Hwang, S. J.; Yoo, S. J.; Cho, E.; Kim, H. J.; 
Henkensmeier, D.; Nam, S. W.; Kim, S. K.; Jang, J. H. Effect of Morphology of 
Electrodeposited Ni Catalysts on the Behavior of Bubbles Generated during the 
Oxygen Evolution Reaction in Alkaline Water Electrolysis. Chem. Commun. 2013, 
49 (81), 9323–9325. 

(84)  Pei, Y.; Yang, Y.; Zhang, F.; Dong, P.; Baines, R.; Ge, Y.; Chu, H.; Ajayan, P. M.; 
Shen, J.; Ye, M. Controlled Electrodeposition Synthesis of Co-Ni-P Film as a 
Flexible and Inexpensive Electrode for Efficient Overall Water Splitting. ACS Appl. 
Mater. Interfaces 2017, 9 (37), 31887–31896. 

(85)  Young, T. An Essay on the Cohesion of Fluids. Philos. Trans. R. Soc. 1805, 95, 
65–87. 

(86)  Wenzel, R. N. Resistance of Solid Surfaces to Wetting by Water. Ind. Eng. Chem. 
1936, 28 (8), 988–994. 

(87)  Cassie, B D; Baxter, S. Wettability of Porous Surfaces. J. Chem. Soc, Farraday 
Trans. 1944, 5, 546–551. 

(88)  Di Bari, G. A. Electrodeposition of Nickel. Mod. Electroplat. 5th Ed. 2011, 79–114. 

(89)  Lu, Z.; Zhu, W.; Yu, X.; Zhang, H.; Li, Y.; Sun, X.; Wang, X.; Wang, H.; Wang, J.; 
Luo, J.; et al. Ultrahigh Hydrogen Evolution Performance of Under-Water 
“Superaerophobic” MoS2 Nanostructured Electrodes. Adv. Mater. 2014, 26 (17), 
2683–2687. 

(90)  Li, Y.; Zhang, H.; Xu, T.; Lu, Z.; Wu, X.; Wan, P.; Sun, X.; Jiang, L. Under-Water 
Superaerophobic Pine-Shaped Pt Nanoarray Electrode for Ultrahigh-Performance 
Hydrogen Evolution. Adv. Funct. Mater. 2015, 25 (11), 1737–1744. 



311 

(91)  Yu, L.; Yang, J. F.; Guan, B. Y.; Lu, Y.; Lou, X. W. D. Hierarchical Hollow 
Nanoprisms Based on Ultrathin Ni-Fe Layered Double Hydroxide Nanosheets with 
Enhanced Electrocatalytic Activity towards Oxygen Evolution. Angew. Chemie - 
Int. Ed. 2018, 57 (1), 172–176. 

(92)  Yang, Q.; Li, T.; Lu, Z.; Sun, X.; Liu, J. Hierarchical Construction of an Ultrathin 
Layered Double Hydroxide Nanoarray for Highly-Efficient Oxygen Evolution 
Reaction. Nanoscale 2014, 6 (20), 11789–11794. 

(93)  Xu, W.; Lu, Z.; Wan, P.; Kuang, Y.; Sun, X. High-Performance Water Electrolysis 
System with Double Nanostructured Superaerophobic Electrodes. Small 2016, 12 
(18), 2492–2498. 

(94)  Faber, M. S.; Dziedzic, R.; Lukowski, M. A.; Kaiser, N. S.; Ding, Q.; Jin, S. High-
Performance Electrocatalysis Using Metallic Cobalt Pyrite (CoS2) Micro- and 
Nanostructures. J. Am. Chem. Soc. 2014, 136 (28), 10053–10061. 

(95)  Xia, Y.; Whitesides, G. M. Soft Lithography. Angew. Chemie - Int. Ed. 1998, 37 
(5), 550–575. 

(96)  Nie, Z.; Kumacheva, E. Patterning Surfaces with Functional Polymers. Nat. Mater. 
2008, 7, 277–290. 

(97)  Jeong, S. J.; Kim, J. Y.; Kim, B. H.; Moon, H. S.; Kim, S. O. Directed Self-
Assembly of Block Copolymers for next Generation Nanolithography. Mater. 
Today 2013, 16 (12), 468–476. 

(98)  Kim, S.; Ahn, C.; Cho, Y.; Hyun, G.; Jeon, S.; Park, J. H. Suppressing Buoyant 
Force: New Avenue for Long-Term Durability of Oxygen Evolution Catalysts. 
Nano Energy 2018, 54, 184–191. 

(99)  Paul, M. T. Y.; Yee, B. B.; Bruce, D. R.; Gates, B. D. Hexagonal Arrays of 
Cylindrical Nickel Microstructures for Improved Oxygen Evolution Reaction. ACS 
Appl. Mater. Interfaces 2017, 9 (8), 7036–7043. 

(100)  Yoon, S.; Lim, J. H.; Yoo, B. Electrochemical Synthesis of Cuprous Oxide on 
Highly Conducting Metal Micro-Pillar Arrays for Water Splitting. J. Alloys Compd. 
2016, 677, 66–71. 

(101)  Fujimura, T.; Hikima, W.; Fukunaka, Y.; Homma, T. Analysis of the Effect of 
Surface Wettability on Hydrogen Evolution Reaction in Water Electrolysis Using 
Micro-Patterned Electrodes. Electrochem. Commun. 2019, 101, 43–46. 

(102)  Kempler, P. A.; Coridan, R. H.; Lewis, N. S.; Lewis, N. S. Effects of Bubbles on 
the Electrochemical Behavior of Hydrogen-Evolving Si Microwire Arrays Oriented 
against Gravity. Energy Environ. Sci. 2020, 13 (6), 1808–1817. 

(103)  van Der Linde, P.; Peñas-López, P.; Moreno Soto, Á.; Van Der Meer, D.; Lohse, 



312 

D.; Gardeniers, H.; Fernández Rivas, D. Gas Bubble Evolution on Microstructured 
Silicon Substrates. Energy Environ. Sci. 2018, 11 (12), 3452–3462. 

(104)  Kadyk, T.; Bruce, D.; Eikerling, M. How to Enhance Gas Removal from Porous 
Electrodes? Sci. Rep. 2016, 6 (1), 1–14. 

(105)  O’Hayre, R.; Prinz, F. B. The Air/Platinum/Nafion Triple-Phase Boundary: 
Characteristics, Scaling, and Implications for Fuel Cells. J. Electrochem. Soc. 
2004, 151 (5), A756–A762. 

(106)  Mo, J.; Kang, Z.; Retterer, S. T.; Cullen, D. A.; Toops, T. J.; Green, J. B.; Mench, 
M. M.; Zhang, F. Y. Discovery of True Electrochemical Reactions for Ultrahigh 
Catalyst Mass Activity in Water Splitting. Sci. Adv. 2016, 2 (11) 1–7. 

(107)  Tiwari, P.; Tsekouras, G.; Wagner, K.; Swiegers, G. F.; Wallace, G. G. A New 
Class of Bubble-Free Water Electrolyzer That Is Intrinsically Highly Efficient. Int. J. 
Hydrogen Energy 2019, 44 (42), 23568–23579. 

(108)  Luo, J.; Im, J. H.; Mayer, M. T.; Schreier, M.; Nazeeruddin, M. K.; Park, N. G.; 
Tilley, S. D.; Fan, H. J.; Grätzel, M. Water Photolysis at 12.3% Efficiency via 
Perovskite Photovoltaics and Earth-Abundant Catalysts. Science 2014, 345 
(6204), 1593–1596. 

(109)  van Drunen, J.; Kinkead, B.; Wang, M. C. P.; Sourty, E.; Gates, B. D.; Jerkiewicz, 
G. Comprehensive Structural, Surface-Chemical and Electrochemical 
Characterization of Nickel-Based Metallic Foams. ACS Appl. Mater. Interfaces 
2013, 5 (14), 6712–6722. 

(110)  Wang, L.; Huang, X.; Jiang, S.; Li, M.; Zhang, K.; Yan, Y.; Zhang, H.; Xue, J. M. 
Increasing Gas Bubble Escape Rate for Water Splitting with Nonwoven Stainless 
Steel Fabrics. ACS Appl. Mater. Interfaces 2017, 9 (46), 40281–40289. 

(111)  Kou, T.; Wang, S.; Shi, R.; Zhang, T.; Chiovoloni, S.; Lu, J. Q.; Chen, W.; 
Worsley, M. A.; Wood, B. C.; Baker, S. E.; Duoss, E. B.; Wu, R.; Zhu, C.; Li, Y. 
Periodic Porous 3D Electrodes Mitigate Gas Bubble Traffic during Alkaline Water 
Electrolysis at High Current Densities. Adv. Energy Mater. 2020, 10 (46), 1–11. 

(112)  Kim, Y. J.; Lim, A.; Kim, J. M.; Lim, D.; Chae, K. H.; Cho, E. N.; Han, H. J.; Jeon, 
K. U.; Kim, M.; Lee, G. H.; Lee, G. R.; Ahn, H. S.; Park, H. S.; Kim, H.; Kim, J. Y.; 
Jung, Y. S. Highly Efficient Oxygen Evolution Reaction via Facile Bubble 
Transport Realized by Three-Dimensionally Stack-Printed Catalysts. Nat. 
Commun. 2020, 11 (1), 1–11. 

(113)  Vogt, H.; Stephan, K. Local Microprocesses at Gas-Evolving Electrodes and Their 
Influence on Mass Transfer. Electrochim. Acta 2015, 155, 348–356. 

(114)  Stephan, K.; Vogt, H. A Model for Correlating Mass Transfer Data at Gas Evolving 
Electrodes. Electrochim. Acta 1979, 24, 11–18. 



313 

(115)  Janssen, L. J. J.; Barendrecht, E. The Effect of Electrolytic Gas Evolution on Mass 
Transfer at Electrodes. Electrochim. Acta 1979, 24 (6), 693–699. 

(116)  Giron, F.; Valentin, G.; Lebouche, M.; Storck, A. Mass and Momentum Transfer 
Enhancement Due to Electrogenerated Gas Bubbles. J. Appl. Electrochem. 1985, 
15 (4), 557–566. 

(117)  Whitney, G. M.; Tobias, C. W. Mass‐transfer Effects of Bubble Streams Rising 
near Vertical Electrodes. AIChE Journal. 1988, 42 (12), 1981–1995. 

(118)  Dees, D. W.; Tobias, C. W. Mass Transfer at Gas Evolving Surfaces A 
Microscopic Study. 1987, 134 (7) 1702–1713. 

(119)  Darmanin, T.; Guittard, F. Superhydrophobic and Superoleophobic Properties in 
Nature. Mater. Today 2015, 18 (5), 273–285. 

(120)  Watson, G. S.; Green, D. W.; Schwarzkopf, L.; Li, X.; Cribb, B. W.; Myhra, S.; 
Watson, J. A. A Gecko Skin Micro/Nano Structure - A Low Adhesion, 
Superhydrophobic, Anti-Wetting, Self-Cleaning, Biocompatible, Antibacterial 
Surface. Acta Biomater. 2015, 21, 109–122. 

(121)  Lyons, M. E. G.; Russell, L.; O’Brien, M.; Doyle, R. L.; Godwin, I.; Brandon, M. P. 
Redox Switching and Oxygen Evolution at Hydrous Oxyhydroxide Modified Nickel 
Electrodes in Aqueous Alkaline Solution: Effect of Hydrous Oxide Thickness and 
Base Concentration. Int. J. Electrochem. Sci. 2012, 7 (4), 2710–2763. 

(122)  Gonsalves, M.; Robert Hillman, A. Effect of Time Scale on Redox-Driven Ion and 
Solvent Transfers at Nickel Hydroxide Films in Aqueous Lithium Hydroxide 
Solutions. J. Electroanal. Chem. 1998, 454 (1–2), 183–202. 

(123)  Hall, D. S.; Bock, C.; MacDougall, B. R. An Oxalate Method for Measuring the 
Surface Area of Nickel Electrodes. J. Electrochem. Soc. 2014, 161 (12), H787–
H795. 

(124)  Diaz-Morales, O.; Ferrus-Suspedra, D.; Koper, M. T. M. The Importance of Nickel 
Oxyhydroxide Deprotonation on Its Activity towards Electrochemical Water 
Oxidation. Chem. Sci. 2016, 7 (4), 2639–2645. 

(125)  Fidelsky, V.; Toroker, M. C. Enhanced Water Oxidation Catalysis of Nickel 
Oxyhydroxide through the Addition of Vacancies. J. Phys. Chem. C 2016, 120 
(44), 25405–25410. 

(126)  Li, J.; Lian, R.; Wang, J.; He, S.; Jiang, S. P.; Rui, Z. Oxygen Vacancy Defects 
Modulated Electrocatalytic Activity of Iron-Nickel Layered Double Hydroxide on Ni 
Foam as Highly Active Electrodes for Oxygen Evolution Reaction. Electrochim. 
Acta 2020, 331, 135395. 

(127)  Beden, B.; Florner, D.; Leger, J. M.; Lamy, C. A Voltammetric Study of the 



314 

Formation of Hydroxides and Oxyhydroxides on Nickel Single Crystal Electrodes 
in Contact with an Alkaline Solution. Surf. Sci. 1985, 162 (1–3), 822–829. 

(128)  Machado, S. A. S.; Avaca, L. A. The Hydrogen Evolution Reaction on Nickel 
Surfaces Stabilized by H-Adsorption. Electrochim. Acta 1994, 39 (10), 1385–
1391. 

(129)  Grdeń, M.; Alsabet, M.; Jerkiewicz, G. Surface Science and Electrochemical 
Analysis of Nickel Foams. ACS Appl. Mater. Interfaces 2012, 4 (6), 3012–3021. 

(130)  van Drunen, J.; Barbosa, A. F. B.; Tremiliosi-Filho, G. The Formation of Surface 
Oxides on Nickel in Oxalate-Containing Alkaline Media. Electrocatalysis 2015, 6 
(5), 481–491. 

(131)  Fadley, C. S. X-Ray Photoelectron Spectroscopy: Progress and Perspectives. J. 
Electron Spectros. Relat. Phenomena 2010, 178, 2–32. 

(132)  Skoog, Douglas A.; Holler, James A.; Mason, S. R. Principles of Instrumental 

Analysis; 7th Ed. Cengage Learning, 2016, pp 537–570. 

(133)  Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. D. Handbook of X-Ray 
Photoelectron Spectroscopy; Physical Electronics: Eden Prairie, MN, USA, 1992. 

(134)  Lee, A. W. H.; Gates, B. D. Covalent Surface Modification of Silicon Oxides with 
Alcohols in Polar Aprotic Solvents. Langmuir 2017, 33 (35), 8707–8715. 

(135)  Madden, H. H. Chemical Information From Auger Electron Spectroscopy. J. Vac. 
Sci. Technol. 1980, 18 (3), 677–689. 

(136)  Lauritsen, J. V.; Reichling, M. Atomic Resolution Non-Contact Atomic Force 
Microscopy of Clean Metal Oxide Surfaces. J. Phys. Condens. Matter 2010, 22 
(26), 1–23. 

(137)  Kranz, C.; Friedbacher, G.; Mizaikofft, B.; Lugstein, A.; Smoliner, J.; Bertagnolli, 
E. Integrating an Ultramicroelectrode in an AFM Cantilever: Combined 
Technology for Enhanced Information. Anal. Chem. 2001, 73 (11), 2491–2500. 

(138)  Dazzi, A.; Prater, C. B.; Hu, Q.; Chase, D. B.; Rabolt, J. F.; Marcott, C. AFM-IR: 
Combining Atomic Force Microscopy and Infrared Spectroscopy for Nanoscale 
Chemical Characterization. Appl. Spectrosc. 2012, 66 (12), 1365–1384. 

(139)  Carter, D. B. W. and C. B. Transmission Electron Microscopy; Springer: New 
York, NY, 2009; Vol. 1914, pp 3–11; pp 195–208. 

(140)  Xu, M.; Ivey, D. G.; Xie, Z.; Qu, W. Rechargeable Zn-Air Batteries: Progress in 
Electrolyte Development and Cell Configuration Advancement. J. Power Sources 
2015, 283, 358–371. 



315 

(141)  Rashid, M. M.; Mesfer, M. K. Al; Naseem, H.; Danish, M. Hydrogen Production by 
Water Electrolysis: A Review of Alkaline Water Electrolysis, PEM Water 
Electrolysis and High Temperature Water Electrolysis. Int. J. Eng. Adv. Technol. 
2015, 4 (3), 2249–8958. 

(142)  Carrasco, J. M.; Franquelo, L. G.; Bialasiewicz, J. T.; Galván, E., PortilloGuisado, 
R. C.; Prats, M. M.; León, J. I.; Moreno-Alfonso, N. Power-Electronic Systems for 
the Grid Integration of Renewable Energy Sources: A Survey. IEEE Trans. Ind. 
Electron. 2006, 53 (4), 1002–1016. 

(143)  Wang, M.; Wang, Z.; Gong, X.; Guo, Z. The Intensification Technologies to Water 
Electrolysis for Hydrogen Production - A Review. Renew. Sustain. Energy Rev. 
2014, 29 (4), 573–588. 

(144)  Cook, T. R.; Dogutan, D. K.; Reece, S. Y.; Surendranath, Y.; Teets, T. S.; Nocera, 
D. G. Solar Energy Supply and Storage for the Legacy and Non Legacy Worlds. 
Chem. Rev. 2010, 110 (11), 6474–6502. 

(145)  Louie, M. W.; Bell, A. T. An Investigation of Thin-Film Ni-Fe Oxide Catalysts for 
the Electrochemical Evolution of Oxygen. J. Am. Chem. Soc. 2013, 135 (33), 
12329–12337. 

(146)  Pérez-Alonso, F. J.; Adán, C.; Rojas, S.; Peña, M. A.; Fierro, J. L. G. Ni/Fe 
Electrodes Prepared by Electrodeposition Method over Different Substrates for 
Oxygen Evolution Reaction in Alkaline Medium. Int. J. Hydrogen Energy 2014, 39 
(10), 5204–5212. 

(147)  Lu, X.; Zhao, C. Electrodeposition of Hierarchically Structured Three-Dimensional 
Nickel–Iron Electrodes for Efficient Oxygen Evolution at High Current Densities. 
Nat. Commun. 2015, 6, 1–7. 

(148)  Baum, T.; Satherley, J.; Schiffrin, D. Contact Angle, Gas Bubble Detachment, and 
Surface Roughness in the Anisotropic Dissolution of Si(100) in Aqueous KOH. 
Langmuir 1998, 14 (10), 2925–2928. 

(149)  Hitchcock, S. J.; Carroll, N. T.; Nicholas, M. G. Some Effects of Substrate 
Roughness on Wettability. J. Mater. Sci. 1981, 16 (3), 714–732. 

(150)  Zeng, K.; Zhang, D. Evaluating the Effect of Surface Modifications on Ni Based 
Electrodes for Alkaline Water Electrolysis. Fuel 2014, 116, 692–698. 

(151)  Bocca, C.; Barbucci, A.; Cerisola, G. The Influence of Surface Finishing on the 
Electrocatalytic Properties of Nickel for the Oxygen Evolution Reaction (OER) in 
Alkaline Solution. Int. J. Hydrogen Energy 1998, 23 (4), 247–252. 

(152)  Moon, G. D.; Lee, T. Il; Kim, B.; Chae, G.; Kim, J.; Kim, S.; Myoung, J. M.; Jeong, 
U. Assembled Monolayers of Hydrophilic Particles on Water Surfaces. ACS Nano 
2011, 5 (11), 8600–8612. 



316 

(153)  Harris, J. W.; Stocker, H. Handbook of Mathematics and Computational Science; 
Springer Science & Business Media: New York, NY, 1998, pp 107. 

(154)  Volanschi, A.; Oudejans, D.; Olthuis, W.; Bergveld, P. Gas Phase Nucleation Core 
Electrodes for the Electrolytical Method of Measuring the Dynamic Surface 
Tension in Aqueous Solutions. Sensors Actuators B Chem. 1996, 35 (1–3), 73–
79. 

(155)  Mou, F.; Pan, D.; Chen, C.; Gao, Y.; Xu, L.; Guan, J. Magnetically Modulated Pot-
Like MnFe2O4 Micromotors: Nanoparticle Assembly Fabrication and Their 
Capability for Direct Oil Removal. Adv. Funct. Mater. 2015, 25 (39), 6173–6181. 

(156)  Dean, R. B. The Formation of Bubbles The Formation of Bubbles. J. Appl. Phys. 
1944, 15 (24), 42105–42353. 

(157)  Jones, S. The Cycle of Bubble Production from a Gas Cavity in a Supersaturated 
Solution. Adv. Colloid Interface Sci. 1999, 80 (1), 51–84. 

(158)  Huang, W.; Manjare, M.; Zhao, Y. Catalytic Nanoshell Micromotors. J. Phys. 
Chem. C 2013, 117 (41), 21590–21596. 

(159)  Zhou, W.; Wu, X.-J.; Cao, X.; Huang, X.; Tan, C.; Tian, J.; Liu, H.; Wang, J.; 
Zhang, H. Ni3S2 Nanorods/Ni Foam Composite Electrode with Low Overpotential 
for Electrocatalytic Oxygen Evolution. Energy Environ. Sci. 2013, 6 (10), 2921. 

(160)  Kinkead, B.; van Drunen, J.; Paul, M. T. Y.; Dowling, K.; Jerkiewicz, G.; Gates, B. 
D. Platinum Ordered Porous Electrodes: Developing a Platform for Fundamental 
Electrochemical Characterization. Electrocatalysis 2013, 4 (3), 179–186. 

(161)  Zach, M. P.; Penner, R. M. Nanocrystalline Nickel Nanoparticles. Adv. Mater. 
2000, 12 (12), 878–883. 

(162)  Alsabet, M.; Grden, M.; Jerkiewicz, G. Electrochemical Growth of Surface Oxides 
on Nickel. Part 3: Formation of β-NiOOH in Relation to the Polarization Potential, 
Polarization Time, and Temperature. Electrocatalysis 2015, 6 (1), 60–71. 

(163)  Gong, M.; Dai, H. A Mini Review of NiFe-Based Materials as Highly Active 
Oxygen Evolution Reaction Electrocatalysts. Nano Res. 2014, 8 (1), 23–39. 

(164)  Martin, E. T.; McGuire, C. M.; Mubarak, M. S.; Peters, D. G. Electroreductive 
Remediation of Halogenated Environmental Pollutants. Chem. Rev. 2016, 116 
(24), 15198–15234. 

(165)  Hauch, A.; Georg, A. Diffusion in the Electrolyte and Charge-Transfer Reaction at 
the Platinum Electrode in Dye-Sensitized Solar Cells. Electrochim. Acta 2001, 46 
(22), 3457–3466. 

(166)  Nicholson, R. S. Theory and Application of Cyclic Voltammetry for Measurement 



317 

of Electrode Reaction Kinetics. Anal. Chem. 1965, 37 (11), 1351–1355. 

(167)  Wipf, D. O.; Kristensen, E. W.; Deakin, M. R.; Wightman, R. M. Fast-Scan Cyclic 
Voltammetry as a Method to Measure Rapid Heterogeneous Electron-Transfer 
Kinetics. Anal. Chem. 1988, 60 (4), 306–310. 

(168)  Klaus, S.; Cai, Y.; Louie, M. W.; Trotochaud, L.; Bell, A. T. Effects of Fe 
Electrolyte Impurities on Ni(OH)2/NiOOH Structure and Oxygen Evolution Activity. 
J. Phys. Chem. C 2015, 119 (13), 7243–7254. 

(169)  Boubatra, M.; Azizi, A.; Schmerber, G.; Dinia, A. The Influence of PH Electrolyte 
on the Electrochemical Deposition and Properties of Nickel Thin Films. Ionics 
(Kiel). 2012, 18 (4), 425–432. 

(170)  Williams, V. O.; Demarco, E. J.; Katz, M. J.; Libera, J. A.; Riha, S. C.; Kim, D. W.; 
Avila, J. R.; Martinson, A. B. F.; Elam, J. W.; Pellin, M. J.; Farha, O. K.; Hupp, J. 
T. Fabrication of Transparent-Conducting-Oxide-Coated Inverse Opals as 
Mesostructured Architectures for Electrocatalysis Applications: A Case Study with 
NiO. ACS Appl. Mater. Interfaces 2014, 6 (15), 12290–12294. 

(171)  Gupta, V.; Gupta, S.; Miura, N. Potentiostatically Deposited Nanostructured 
CoxNi1-x Layered Double Hydroxides as Electrode Materials for Redox-
Supercapacitors. J. Power Sources 2008, 175 (1), 680–685. 

(172)  Delahaye-Vidal, A.; Figlarz, M. Textural and Structural Studies on Nickel 
Hydroxide Electrodes. II. Turbostratic Nickel (II) Hydroxide Submitted to 
Electrochemical Redox Cycling. J. Appl. Electrochem. 1987, 17 (3), 589–599. 

(173)  Lyons, M. E. G.; Doyle, R. L.; Fernandez, D.; Godwin, I. J.; Browne, M. P.; 
Rovetta, A. The Mechanism and Kinetics of Electrochemical Water Oxidation at 
Oxidized Metal and Metal Oxide Electrodes. Part 1. General Considerations: A 
Mini Review. Electrochem. commun. 2014, 45, 60–62. 

(174)  Biesinger, M. C.; Payne, B. P.; Hart, B. R.; Grosvenor, A. P.; McIntryre, N. S.; 
Lau, L. W.; Smart, R. S. Quantitative Chemical State XPS Analysis of First Row 
Transition Metals, Oxides and Hydroxides. J. Phys. Conf. Ser. 2008, 100 (1), 
012025. 

(175)  Burke, M. S.; Enman, L. J.; Batchellor, A. S.; Zou, S.; Boettcher, S. W. Oxygen 
Evolution Reaction Electrocatalysis on Transition Metal Oxides and (Oxy) 
Hydroxides : Activity Trends and Design Principles. Chem. Mater. 2015, 27 (22), 
7549–7558. 

(176)  Enman, L. J.; Burke, M. S.; Batchellor, A. S.; Boettcher, S. W. Effects of 
Intentionally Incorporated Metal Cations on the Oxygen Evolution Electrocatalytic 
Activity of Nickel (Oxy) Hydroxide in Alkaline Media. ACS Catal. 2016, 6 (4), 
2416–2423. 

(177)  Lebugle, A.; Axelsson, U.; Nyholm, R.; Mårtensson, N. Experimental L and M 



318 

Core Level Binding Energies for the Metals 22Ti to 30Zn. Phys. Scr. 1981, 23 (5A), 
825–827. 

(178)  Crist, B. V. Handbook of Monochromatic XPS Spectra: The Elements and Native 
Oxides; Vol. 1; XPS International, Inc.: Mountain View, CA, USA, 1999, pp 45–48. 

(179)  Mansour, A. N. Characterization of NiO by XPS. Surf. Sci. Spectra 1994, 3 (3), 
231–238. 

(180)  Mansour, A. N. Characterization of Electrochemically Prepared γ-NiOOH by XPS. 
Surface Science Spectra. 1994, 3 (3), 271–278. 

(181)  Lian, K. K.; Kirk, D. W.; Thorpe, S. J. Investigation of a “Two‐State” Tafel 
Phenomenon for the Oxygen Evolution Reaction on an Amorphous Ni‐Co Alloy. J. 
Electrochem. Soc. 1995, 142 (11), 3704–3712. 

(182)  Shalvoy, R. B.; Recroft, P. J.; Davis, B. H. Characterization of Coprecipitated 
Nickel on Silica Methanation Catalysts by X-Ray Photoelectron Spectroscopy. J. 
Catal. 1979, 56 (3), 336–348. 

(183)  Aksela, S.; Markus P.; Karras, M. High Resolution LMM Auger Spectra of Low 

Energy from Solid Surfaces. Z. Phys. A. Hadron. Nucl. 1970, 237 (5), 381–387. 

(184)  Jit, T.; Beng, K.; Kenneth, J.; Sherwood, P. M. A. XPS Studies of Solvated Metal 
Atom Dispersed (SMAD) Catalysts: Evidence for Layered Cobalt-Manganese 
Particles on Alumina and Silica. J. Am. Chem. Soc. 1991, 47 (13), 2208–2213. 

(185)  McIntyre, N. S.; Cook, M. G. X-Ray Photoelectron Studies on Some Oxides and 
Hydroxides of Cobalt, Nickel, and Copper. Anal. Chem. 1975, 47 (13), 2208–
2213. 

(186)  Tan, B. J.; Klabunde, K. J.; Sherwood, P. M. X-Ray Photoelectron Spectroscopy 
Studies of Solvated Metal Atom Dispersed Catalysts. Monometallic Iron and 
Bimetallic Iron-Cobalt Particles on Alumina. Chem. Mater. 1990, 2 (2), 186–191. 

(187)  Konno, H.; Nagayama, M. X-Ray Photoelectron Spectra of Hexavalent Iron. J. 
Electron Spectrosc. Relat. Phenom. 1980, 18 (3), 341–343. 

(188)  Meng, M.; Wu, S.; Ren, X.; Zhou, L. Z.; Wang, W. Q.; Wang, Y. J.; Wang, G. L.; 
Li, S. W. Enlarged Mn 3s Splitting and Room-Temperature Ferromagnetism in 
Epitaxially Grown Oxygen Doped Mn2N0.86 Films. J. Appl. Phys. 2014, 116 (117), 
173911–173914. 

(189)  Peter, M. A. Valence and Core Photoemission of the Films Formed 
Electrochemically on Nickel in Sulfuric Acid. Soc. Faraday Trans. 1994, 90 (9), 
1271–1278. 

(190)  Barone, P.; Barberio, M.; Pingitore, V.; Bonanno, A. Transport Properties of Alkali-



319 

Doped Multi Walled Carbon Nanotubes. J. Nanosci. Nanotechnol. 2012, 12 (12), 
9295–9298. 

(191)  Bertolini, J. C.; Duvault, J. L.; Jugnet, Y.; Ruiz, P.; Tardy, B. Potassium on Ni 
(111): Quantitative Determination and Electronic Structure. J. Chem. Phys. 1988, 
88 (1), 394–398. 

(192)  Witek, G.; Noeske, M.; Mestl, G.; Shaikhutdinov, S.; Behm, R. J. Interaction of 
Platinum Colloids with Single Crystalline Oxide and Graphite Substrates: A 
Combined AFM, STM and XPS Study. J. Catal. 1996, 37 (1), 35–39. 

(193)  Strohmeier, B. R.; Hercules, D. M. Surface Spectroscopic Characterization of the 
Interaction between Zinc Ions and γ-Alumina. J. Catal.1 984, 86 (2), 266–279. 

(194)  Haasch, R. T. X-Ray Photoelectron Spectroscopy (XPS) and Auger Electron 
Spectroscopy (AES); Springer: New York, 2014; pp 93–132. 

(195)  Kim, K. J.; Unger, W. E. S.; Kim, J. W.; Moon, D. W.; Gross, T.; Hodoroaba, V. D.; 
Schmidt, D.; Wirth, T.; Jordaan, W.; Van Staden, M.; Prins, S.; Zhang, L.; 
Fujimoto, T.; Song, X. P.; Wang, H. Inter-Laboratory Comparison: Quantitative 
Surface Analysis of Thin Fe-Ni Alloy Films. Surf. Interface Anal. 2012, 44 (2), 
192–199. 

(196)  Kim, K. J.; Moon, D. W.; Park, C. J.; Simons, D.; Gillen, G.; Jin, H.; Kang, H. J. 
Quantitative Surface Analysis of Fe-Ni Alloy Films by XPS, AES, and SIMS. Surf. 
Interface Anal. 2007, 39 (8), 665–673. 

(197)  Nydegger, M. W.; Couderc, G.; Langell, M. A. Surface Composition of CoxNi1-XO 
Solid Solutions by X-Ray Photoelectron and Auger Spectroscopies. Appl. Surf. 
Sci. 1999, 147 (1), 58–66. 

(198)  Wagner, C. D.; Zatko, D. A.; Raymond, R. H. Use of the Oxygen KLL Auger Lines 
in Identification of Surface Chemical States by Electron Spectroscopy for 
Chemical Analysis. Anal. Chem. 1980, 52 (9), 1445–1451. 

(199)  Tyndall, G. W. . N. P. H. Laser-Assisted Chemical Vapor Deposition of Graphite. 
Chem. Mater. 1994, 6 (11), 1982–1985. 

(200)  Briggs, D. Handbook of X-Ray and Ultraviolet Photoelectron Spectroscopy; 
Heyden & Son: London, UK, 1977, Ch 7. 

(201)  Chang, Y.; Feng, S. Stepwise Anodic Electrodeposition of Nanoporous 
NiOOH/Ni(OH)2 with Controllable Wettability and Its Applications. HKIE Trans. 
2015, 22 (4), 202–211. 

(202)  Chen, L.; Du, Y.; Huang, Y.; Ng, P. F.; Fei, B. Facile Fabrication of Hierarchically 
Structured PBO-Ni(OH)2/NiOOH Fibers for Enhancing Interfacial Strength in PBO 
Fiber/Epoxy Resin Composites. Compos. Sci. Technol. 2016, 129, 86–92. 



320 

(203)  Erbil, H. Y.; Cansoy, C. E. Range of Applicability of the Wenzel and Cassie-Baxter 
Equations for Superhydrophobic Surfaces. Langmuir 2009, 25 (24), 14135–
14145. 

(204)  Li, J.; Cheng, H. M.; Chan, C. Y.; Ng, P. F.; Chen, L.; Fei, B.; Xin, J. H. 
Superhydrophilic and Underwater Superoleophobic Mesh Coating for Efficient 
Oil–Water Separation. RSC Adv. 2015, 5 (64), 51537–51541. 

(204)  Li, J.; Cheng, H. M.; Chan, C. Y.; Ng, P. F.; Chen, L.; Fei, B.; Xin, J. H. 
Superhydrophilic and Underwater Superoleophobic Mesh Coating for Efficient 
Oil–Water Separation. RSC Adv. 2015, 5 (64), 51537–51541. 

(205)  Li, F. B.; Lubetkin, S. D.; Roberts, D. J.; Hillman, A. R. Electrogravimetric and 
Chronoamperometric Monitoring of Individual Events of Growth and Detachment 
of Electrolytic Chlorine Gas Bubbles. ChemComm.. 1994, 180 (2), 159–160. 

(206)  Balzer, R. J.; Vogt, H. Effect of Electrolyte Flow on the Bubble Coverage of 
Vertical Gas-Evolving Electrodes. J. Electrochem. Soc. 2003, 150 (1), E11–E16. 

(207)  Choi, C.; David, M.; Gao, Z.; Chang, A.; Allen, M.; Wang, H. Large-Scale 
Generation of Patterned Bubble Arrays on Printed Bi-Functional Boiling Surfaces. 
Sci. Rep. 2016, 6, 1–10. 

(208)  Zhang, D.; Zeng, K. Evaluating the Behavior of Electrolytic Gas Bubbles and Their 
Effect on the Cell Voltage in Alkaline Water Electrolysis. Ind. Eng. Chem. Res. 
2012, 51 (42), 13825–13832. 

(209)  Xiang, C.; Papadantonakis, K. M.; Lewis, N. S. Principles and Implementations of 

Electrolysis Systems for Water Splitting. Mater. Horizons 2016, 3 (3), 169–173. 

(210)  Esposito, D. V. Membraneless Electrolyzers for Low-Cost Hydrogen Production in 
a Renewable Energy Future. Joule 2017, 1 (4), 651–658. 

(211)  Koper, M. T. M. Thermodynamic Theory of Multi-Electron Transfer Reactions: 
Implications for Electrocatalysis. J. Electroanal. Chem. 2011, 660 (2), 254–260. 

(212)  Rossmeisl, J.; Qu, Z. W.; Zhu, H.; Kroes, G. J.; Nørskov, J. K. Electrolysis of 
Water on Oxide Surfaces. J. Electroanal. Chem. 2007, 607 (1–2), 83–89. 

(213)  Rong, X.; Parolin, J.; Kolpak, A. M. A Fundamental Relationship between 
Reaction Mechanism and Stability in Metal Oxide Catalysts for Oxygen Evolution. 
ACS Catal. 2016, 6 (2), 1153–1158. 

(214)  Burke, M. S.; Zou, S.; Enman, L. J.; Kellon, J. E.; Gabor, C. A.; Pledger, E.; 
Boettcher, S. W. Revised Oxygen Evolution Reaction Activity Trends for First-Row 
Transition-Metal (Oxy)Hydroxides in Alkaline Media. J. Phys. Chem. Lett. 2015, 6 
(18), 3737–3742. 



321 

(215)  Lu, X.; Zhao, C. Electrodeposition of Hierarchically Structured Three-Dimensional 
Nickel-Iron Electrodes for Efficient Oxygen Evolution at High Current Densities. 
Nat. Commun. 2015, 6, 1–7. 

(216)  Swierk, J. R.; Klaus, S.; Trotochaud, L.; Bell, A. T.; Tilley, T. D. Electrochemical 
Study of the Energetics of the Oxygen Evolution Reaction at Nickel Iron 
(Oxy)Hydroxide Catalysts. J. Phys. Chem. C 2015, 119 (33), 19022–19029. 

(217)  Friebel, D.; Louie, M. W.; Bajdich, M.; Sanwald, K. E.; Cai, Y.; Wise, A. M.; 
Cheng, M. J.; Sokaras, D.; Weng, T. C.; Alonso-Mori, R.; Davis, R. C.; Bargar, J. 
R.; Nørskov, J. K.; Nilsson, A.; Bell, A. T. Identification of Highly Active Fe Sites in 
(Ni,Fe)OOH for Electrocatalytic Water Splitting. J. Am. Chem. Soc. 2015, 137 (3), 
1305–1313. 

(218)  Klaus, S.; Louie, M. W.; Trotochaud, L.; Bell, A. T. Role of Catalyst Preparation on 
the Electrocatalytic Activity of Ni 1– x Fe x OOH for the Oxygen Evolution 
Reaction. J. Phys. Chem. C 2015, 119 (32), 18303–18316. 

(219)  Ahn, H. S.; Bard, A. J. Surface Interrogation Scanning Electrochemical 
Microscopy of Ni1-xFexOOH (0 < x < 0.27) Oxygen Evolving Catalyst: Kinetics of 
the “Fast” Iron Sites. J. Am. Chem. Soc. 2016, 138 (1), 313–318. 

(220)  Stevens, M. B.; Trang, C. D. M.; Enman, L. J.; Deng, J.; Boettcher, S. W. Reactive 
Fe-Sites in Ni/Fe (Oxy)Hydroxide Are Responsible for Exceptional Oxygen 
Electrocatalysis Activity. J. Am. Chem. Soc. 2017, 139 (33), 11361–11364. 

(221)  Gray, J. R. W. and H. B. Electronic Structures of Oxo-Metal Ions; Springer, 2012, 
pp 25. 

(222)  Hunter, B. M.; Winkler, J. R.; Gray, H. B. Iron Is the Active Site in Nickel/Iron 
Water Oxidation Electrocatalysts. Molecules 2018, 23 (4), 903. 

(223)  Sun, F.; Wang, G.; Ding, Y.; Wang, C.; Yuan, B.; Lin, Y. NiFe-Based Metal–
Organic Framework Nanosheets Directly Supported on Nickel Foam Acting as 
Robust Electrodes for Electrochemical Oxygen Evolution Reaction. Adv. Energy 
Mater. 2018, 8 (21), 1–11. 

(224)  Maass, S.; Finsterwalder, F.; Frank, G.; Hartmann, R.; Merten, C. Carbon Support 

Oxidation in PEM Fuel Cell Cathodes. J. Power Sources 2008, 176 (2), 444–451. 

(225)  Taylor, A. K.; Andreu, I.; Gates, B. D. Regular Dimpled Nickel Surfaces for 
Improved Efficiency of the Oxygen Evolution Reaction. ACS Appl. Energy Mater. 
2018, 1 (4), 1771–1782. 

(226)  Godwin, I. J.; Lyons, M. E. G. Enhanced Oxygen Evolution at Hydrous Nickel 
Oxide Electrodes via Electrochemical Ageing in Alkaline Solution. Electrochem. 
commun. 2013, 32, 39–42. 



322 

(227)  Lyons, M. E. G.; Brandon, M. P. The Oxygen Evolution Reaction on Passive 
Oxide Covered Transition Metal Electrodes in Aqueous Alkaline Solution. Part 1-
Nickel. Int. J. Electrochem. Sci. 2008, 3 (12), 1386–1424. 

(228)  Taylor, A. K.; Pauls, A.; Paul, M. T. Y.; Gates, B. D. The Influence of 
Electrochemical Aging on Bead-Blasted Nickel Electrodes for the Oxygen 
Evolution Reaction. ACS Appl. Energy Mater. 2019, 2 (5), 3166–3178. 

(229)  Lyons, M. E. G.; Brandon, M. P. Redox Switching and Oxygen Evolution 
Electrocatalysis in Polymeric Iron Oxyhydroxide Films. Phys. Chem. Chem. Phys. 
2009, 11 (13), 2203–2217. 

(230)  Liu, G.; Wang, K.; Gao, X.; He, D.; Li, J. Fabrication of Mesoporous NiFe2O4 
Nanorods as Efficient Oxygen Evolution Catalyst for Water Splitting. Electrochim. 
Acta 2016, 211, 871–878. 

(231)  Yang, H.; Liu, Y.; Luo, S.; Zhao, Z.; Wang, X.; Luo, Y.; Wang, Z.; Jin, J.; Ma, J. 
Lateral-Size-Mediated Efficient Oxygen Evolution Reaction: Insights into the 
Atomically Thin Quantum Dot Structure of NiFe2O4. ACS Catal. 2017, 7 (8), 5557–
5567. 

(232)  Landon, J.; Demeter, E.; Inoǧlu, N.; Keturakis, C.; Wachs, I. E.; Vasić, R.; Frenkel, 
A. I.; Kitchin, J. R. Spectroscopic Characterization of Mixed Fe-Ni Oxide 
Electrocatalysts for the Oxygen Evolution Reaction in Alkaline Electrolytes. ACS 
Catal. 2012, 2 (8), 1793–1801. 

(233)  Liu, Y.; Chi, Y.; Shan, S.; Yin, J.; Luo, J.; Zhong, C. J. Characterization of 
Magnetic NiFe Nanoparticles with Controlled Bimetallic Composition. J. Alloys 
Compd. 2014, 587, 260–266. 

(234)  Reier, T.; Oezaslan, M.; Strasser, P. Electrocatalytic Oxygen Evolution Reaction 
(OER) on Ru, Ir, and Pt Catalysts: A Comparative Study of Nanoparticles and 
Bulk Materials. ACS Catal. 2012, 2 (8), 1765–1772. 

(235)  Staud, N. and Ross, P. N. The Corrosion of Carbon Black Anodes in Alkaline 
Electrolyte. J. Electrochem. Soc. 1986, 133 (6), 1079–1084. 

(236)  Hall, D. S.; Bock, C.; MacDougall, B. R. The Electrochemistry of Metallic Nickel: 
Oxides, Hydroxides, Hydrides and Alkaline Hydrogen Evolution. J. Electrochem. 
Soc. 2013, 160 (3), F235–F243. 

(237)  Demirci, S.; Alaslan, A.; Caykara, T. Preparation, Characterization and Surface 
PKa Values of Poly(N-Vinyl-2-Pyrrolidone)/Chitosan Blend Films. Appl. Surf. Sci. 
2009, 255 (11), 5979–5983. 

(238)  Bates, M. K.; Jia, Q.; Doan, H.; Liang, W.; Mukerjee, S. Charge-Transfer Effects in 
Ni−Fe and Ni−Fe−Co Mixed-Metal Oxides. ACS Catal. 2015, 6 (1), 155–161. 



323 

(239)  Bunker, B. C.; William, C. H. The Aqueous Chemistry of Oxides; 2016, 9 (2), 540–
549. 

(240)  Diaz-Morales, O.; Ferrus-Suspedra, D.; Koper, M. T. M. The Importance of Nickel 
Oxyhydroxide Deprotonation on Its Activity towards Electrochemical Water 
Oxidation. Chem. Sci. 2016, 7 (4), 2639–2645. 

(241)  Bode, H.; Dehmelt, K.; Witte, J. Zur Kenntnis Der Nickelhydroxidelektrode - I.Ü 
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