
Nanoscale Phenomena in Ultrathin Catalyst Layers of 

PEM Fuel Cells: Insights from Molecular Dynamics 

by 

Amin Nouri Khorasani 

B.Sc., Sharif University of Technology, 2010 

Thesis Submitted in Partial Fulfillment of the 

Requirements for the Degree of  

Master of Science 

in the  

Department of Chemistry 

Faculty of Science 

 Amin Nouri Khorasani 2013 

SIMON FRASER UNIVERSITY  

Summer 2013 

 



 

ii 

Approval 

Name: Amin Nouri Khorasani 

Degree: Master of Science  

Title of Thesis: Nanoscale Phenomena in Ultrathin Catalyst Layer of 

PEM Fuel Cells: Insights from Molecular Dynamics 

Examining Committee: Chair: Krzystof Starosta 

Associate Professor 

Michael H. Eikerling 

Senior Supervisor 

Professor 

 

Kourosh Malek  

Co-supervisor 

Adjunct Professor 

 

Gary W. Leach  

Supervisor 

Associate Professor 

 

Byron D. Gates  

Supervisor 

Associate Professor 

 

Noham Weinberg 

Internal Examiner 

Adjunct Professor 

Department of Chemistry 

 

Date Defended: May 09, 2013 
 



 

iii 

Partial Copyright Licence 
 

  

 



 

iv 

Abstract 

Ionomer-free ultrathin catalyst layers have shown promise to enhance the 

performance and reduce the platinum loading of catalyst layers in polymer 

electrolyte fuel cell. The nanostructure of a catalyst layer affects the distribution 

and diffusion of reactants, and consequently its effectiveness factor. We 

employed classical molecular dynamics to simulate a catalyst layer pore as a 

water-filled channel with faceted walls, and investigated the effect of channel 

geometry and charging on hydronium ion and water distribution and diffusion 

in the channel. 

Equilibrium hydronium ion distribution profiles on the catalyst channel were 

obtained to calculate the effect of channel structure on the electrostatic 

effectiveness factor of the channel. Furthermore, we calculated the self-diffusion 

coefficient and interfacial water structure in the model channel. Results on 

proton concentration, diffusion and kinetics are discussed in view of catalyst 

layer performance. 

Keywords:  polymer electrolyte fuel cells; molecular modeling; electrostatic 

effects; local reaction conditions; catalyst layer effectiveness 
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1. Introduction 

1.1. The global energy infrastructure 

Since the mid-19th century, fossil fuels have been the primary energy 

source for human society, with applications ranging from fueling the steam 

engines, to automobiles and industries, generating electricity, as well as heating 

houses. In 2008, 87% of the world’s primary energy was supplied from non-

renewable sources [1]. Energy consumption of a society per capita is directly 

related to its welfare standards. An ever-increasing energy consumption rate has 

given human society unprecedented welfare and health standards in its history. 

However, the global energy infrastructure is undergoing a dramatic 

transition: The oil production cannot grow with the same pace as energy demand 

due to reduction of reservoirs pressure and ultimate depletion, leading to the oil 

peak phenomenon. Fossil fuels are finite resources and the lavish use of energy 

from their burning has adverse environmental effects. The main product of the 

combustion process, CO2, is a greenhouse gas and contributes significantly to the 

global warming phenomenon. The importance of the use of environmentally-

friendly energy sources is most notable in urban areas: The exhaust gas from 

cars’ internal combustion engines contains toxic species of CO and NOx, which 

represent human health hazards.  
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These concerns drive international initiatives to developing renewable 

energy technologies, relying both on primary energy sources (bioenergy, direct 

solar, hydropower, wind, and geothermal), as well as secondary sources (fuel 

cells, batteries, supercapacitors). 

The electrochemical reaction of hydrogen with oxygen produces water 

and generates electricity. Utilizing hydrogen as fuel for the propulsion of 

vehicles is a highly efficient and potentially sustainable option for the future of 

transportation, which could drastically reduce the health and environmental 

concerns. A hydrogen fuel cell is the device in which this reaction occurs. 

Prototypes of fuel cell powered vehicles were produced by major automobile 

companies such as Toyota, Nissan, Mercedes Benz, GMC, Chevrolet, and Honda; 

commercial models are planned to be produced by 2017.  

So far, fuel cell vehicles have met the required power density, durability, 

and stability levels for use in commercial vehicles, and the current challenge for 

their commercialization is their cost. Recent cost models of fuel cell vehicles [2], 

[3] show strong dependence of the cost on the loading of platinum which is used 

as the catalyst. High platinum price and its low utilization in current catalyst 

layer (CL) designs motivate extensive research toward increasing the Pt 

utilization and lowering the Pt loading in fuel cells. 

1.2. Overview of fuel cells technologies 

Fuel cells are electrochemical cells that convert the energy of a chemical 

reaction to electrical energy with high thermodynamic efficiency. The reaction 

happens between a fuel and an oxidant at anode and cathode electrodes, 
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respectively. Depending on the range of operating conditions and the intended 

application, different types of fuel cells are distinguished which use different 

fuels: solid oxide fuel cells (SOFC) and molten carbonate fuel cells (MCFC) 

operate at high temperature. They can be fed with a variety of chemicals as fuel, 

such as hydrogen, natural gas or carbon monoxide from gasified coal [4], and can 

as well operate on a mix of all those. The operating temperature for SOFC is 

generally between 500 °C to 1000 °C, and above 650 °C for MCFCs. Recent 

advances in fabrication techniques have enabled lowering the temperature range 

of SOFCs to 650-850 °C [5] without compromising cell efficiency. The high 

temperature is essential for the performance of electrolyte, which is usually a 

ceramic material conducting oxygen ions. The ionic conductivity of the 

electrolyte decreases at low temperatures, which leads to an increase in the 

Ohmic resistance of the cell. The main applications of SOFC and MCFC are 

distributed power and backup power generation, and combined heat and power 

generation [6]. Few efforts have explored application of SOFCs in mobile 

applications [7].  

Polymer electrolyte fuel cells (PEFC) operate at temperatures below 100 

°C. PEFC have mainly been developed for vehicular devices, most importantly 

fuel cell powered automobiles. PEFCs use hydrogen as the fuel in the anode, and 

oxygen from air in the cathode, producing only water as a chemical product and 

generating electricity. The reactions occurring in PEFC are hydrogen oxidation 

reaction (HOR) at the anode,   ( )     (  )      , with an equilibrium 

electrode potential of   
        , and the oxygen reduction reaction (ORR) at the 

cathode,   ( )     (  )          ( )   with   
        . The overall cell 
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reaction is    ( )    ( )      ( )   with an equilibrium cell potential of 

     
    

    
        . 

The simplified layout of a PEFC is shown in Figure 1.1, and Figure 1.2 

shows the typical design of a PEFC single cell essential components. 

 

Figure 1.1. Basic design of PEM fuel cell; hydrogen oxidation reaction occurs 

in the anode and oxygen reduction reaction in the cathode. Protons 

transport through the PEM, and electrons through the outer electric 

circuit. 
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Figure 1.2. Schematic cross section of a single fuel cell, adapted from Ref [2] 

(not to scale). Current conduction between the cells is through the 

bipolar plates; flow fields feed fuel/air to the cell, and GDL 

influences the transport of gases and liquid to/from the cell.  

1.3. Advances and challenges in design and operation of 

cathode catalyst layer 

Platinum is the most widely used monometallic catalyst for fuel cells to 

date, mainly due to its proper oxygen adsorption energy [8]. The Pt loading, 

defined as the mass of Pt per interfacial area of fuel cell electrode, is the most 
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significant parameter affecting the fuel cell cost, according to recent PEFC cost 

models [2], [3], [9]. Therefore, a drastic reduction of Pt loading is a central goal to 

meet the stringent cost targets for PEFC commercialization in automotive 

applications. The current cost target for automotive fuel cell systems is $30/kWh 

for the year 2015. The overall cost of a PEFC stack was reduced from $73/kWh in 

2008 [10] to $48/kWh in 2012, achieved with a Pt loading of 0.196 mg/cm2 [3]. 

The ORR at the cathode has sluggish kinetics and it incurs much higher 

irreversible potential losses than the HOR; hence it is currently the main barrier 

to cheaper and more efficient PEM fuel cells [11]. Major efforts in materials 

science and electrode design strive to reduce the voltage losses. Until the mid-

1980s, PEFC catalyst layer was composed of platinum nanoparticles dispersed on 

high surface area carbon support, known as Pt-black. An example of carbon 

support is Vulcan carbon with 200 m2/g specific surface area. Pt-black was used 

at the typical Pt loading rate of 4 mg/cm2 in the cathode. Pt-black showed great 

performance and durability features, though at a very high cost that made it 

unfeasible for most consumer applications. A milestone in the cathode catalyst 

layer (CCL) design was at 1989, when adding Nafion® to the CCL improved 

proton transport in the CCL, and enabled reducing Pt loading to below 0.5 

mg/cm2 [12] under laboratory setup with excessive gas supply. Wilson et al. [13] 

showed that using thermoplastic ionomers enables melt-processing of electrodes, 

which enhances the long term performance. Ralph et al. [14] developed a method 

to produce the CL at lower cost and high volume with Pt loading of 0.6 mg/cm2. 

It consists of mixing Pt nanoparticles with a size distribution in the range of 20-50 

Å, a thermoplastic ionomer and carbon support with given ratio to make an ink, 

and use a printing apparatus to coat the ink on a carbon fiber paper. This design 
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enabled removing polytetrafluoroethylene (PTFE) from the membrane electrode 

assembly (MEA) design. The design concept is being used to date to produce the 

CL. Due to the nature of the mixing process during MEA preparation, the local 

distribution of Pt, carbon and ionomer cannot be controlled. The typical 

thickness of the CL produced this way is 5-10 µm. Fuel cell systems using this 

type of catalyst have shown sufficient energy density for use in automotive 

applications. However, further cost reduction is required for fuel cell 

commercialization [15]. Figure 1.3 shows the typical Pt/C catalyst material 

morphology, and a rival PtCo/C CL exhibiting improved durability features [16]. 

 

Figure 1.3. TEM image of a)Pt/C catalyst, b)PtCo/C alloy catalyst [16], 

random dispersion of Pt particles on the substrate; Reprinted with 

permission from Elsevier 

Reducing the Pt loading has been pursued through three major strategies: 

- Reducing the voltage losses induced by mass transport by modifying the 

MEA structure [17], 
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- Enhancing the intrinsic activity of Pt catalyst by using Pt-alloys, which 

increases the exchange current density (j0) for the ORR [16], [18–22], or using 

non-precious group metals [17], [23] which allows catalyst cost reduction, 

- Development of the ultrathin catalyst layer (UTCL) design, relying on 

low-resistance mass transport of species through water-filled pores, and 

enhancing Pt utilization by increasing the Pt/water interface. We will explain this 

strategy in section 1.4. 

A major shortcoming of the Pt/C catalyst is low utilization of Pt due to the 

random distribution of Pt inside CCL. Lee et al. [24] found that the effectiveness 

factor of Pt utilization, UPt, in conventional Pt/C CL is around 5%. UPt was defind 

as the ratio of the electrochemically active surface area to the total area of Pt in 

the CL, estimated from TEM images [25]. The value of 5% UPt, despite the 

imprecision, nurtures expectations that a tremendous Pt loading reduction 

should be achievable without compromising performance. Another motivation 

to develop more stable and durable CLs and catalyst support layers rises from 

pronounced electrochemically active surface area (ECSA) loss due to Pt 

degradation [26–29]. 

The CCL is a porous structure, and includes hydrophobic and hydrophilic 

pores. Hydrophobic pores allow major fraction of the oxygen transport through 

the CL, while hydrophilic pores allow transport of water. The balance between 

hydrophobic and hydrophilic pores helps transport of both water and oxygen. 

The CCL thickness relates directly with the transport resistance of oxygen 

through the CCL. The thickness relates inversely with the effectiveness of Pt in 

the catalyst layer [30]. Furthermore, Pt and ionomer distribution in the CL can 
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affect the performance of the cell via tuning current density generation across the 

CL. An analytical model was developed to predict and optimize the cell current 

density [31] by obtaining uniform reaction rates across the CL. 

1.4. Ionomer-free ultrathin catalyst layers 

In the conventional CCL, oxygen diffuses mainly through gas-filled pores, 

proton concentration is controlled by the ionomer loading, and the water product 

diffuses out of CCL through the hydrophilic pores, as well as through 

vaporization out of the cell. Therefore, the utilization of Pt depends strongly on 

the distribution of these phases in the catalyst layer channel. Since the 

distribution of Pt, C and ionomer in the CL is essentially random because of the 

fabrication method, relatively low amount of Pt would be effectively utilized 

[32]. Furthermore, due to the thickness of catalyst layer, there will be non-

homogeneous distribution of reactants [33] in the catalyst layer, resulting in the 

non-homogeneous reaction rate along the catalyst layer. 

One of the approaches to overcome the low utilization of Pt is using 

ionomer-free ultrathin catalyst layers [34], where oxygen and protons would 

diffuse through water to react on the Pt catalyst. Continuity of Pt film catalyst 

ensures electrical conductivity of catalyst to the current collector, thus removing 

the need for carbon substrate. Thinness of the catalyst layer reduces transport 

resistance for oxygen diffusion and proton migration; in fact, the reaction 

penetration depth [35] is typically longer than the UTCL thickness.  

Different methods for producing the UTCLs include magnetron 

sputtering of either several discrete patches or a continuous film of Pt or Pt alloy 
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nanoparticles on a support material [36–38], deposition on nafion membrane[39], 

or deposition on gas diffusion layer [40]. UTCLs are 20-30 times thinner than 

conventional CL [41], and have drastically lower Pt loading than conventional 

CL [42]. Table 1.1 summarizes the major characteristic differences of UTCL with 

conventional Pt/C CLs. Figure 1.4 shows a schematic view of a UTCL design, 

fabricated in 3M Company. 

Table 1.1. Characteristic differences of Pt/C and UTCL 

Property Pt/C CL  UTCL 

Thickness 5-10 μm 0.1-0.5 μm 

Main structural characteristic Ionomer-
impregnated 

Ionomer-free 

Proton concentration Fixed by ionomer Determined by electrostatic 
interaction with charged walls 

Pt loading in fuel cell 0.4 mg.cm-2 0.1 mg.cm-2 

 

Figure 1.4.  SEM images of: a)Pt/C electrode, b) UTCL with 3M NSTF design, 

c) Magnified view of NSTF [43], ionomer-free nature of the UTCL 

makes the performance depend on the local reaction conditions on 

the CL. Reproduced by the permission of the Electrochemical 

Society 
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Depositing Pt nanoparticles on nanoporous gold leaf is another method 

for UTCL fabrication. Figure 1.5 shows images of the substrate and Pt coating. 

Unlike the 3M design, there is no necessity for continuity of the Pt film, since the 

porous substrate is conductive. 

 

Figure 1.5. a) SEM image of NPG. b) High resolution TEM image of NPG. c) 

TEM of Pt-coated NPG UTCL at a loading of 0.05 mg.cm-2. d) High 

resolution TEM of Pt-coated NPG, image from Ref. [44], 

Reproduced by the permission of the Electrochemical Society 

Pt deposition on dealloyed nickel through a solvothermal reduction 

process is another option for UTCL fabrication. In this method, Ni(II) 

acetylaacetonate Ni(acac)2 and Pt(II) acetylaacetonate Pt(acac)2 are boiled 

together and then cooled down. Then the organic capping material is removed 

and the alloy will then nucleate and form nanoparticles [45]. Figure 1.6 shows an 

example of such UTCL. 
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Figure 1.6. SEM image of Ni75Pt25 nanoparticle for UTCL fabrication, Ni(II) 

acetylaacetonate concentration in fabrication process: A) 0.1, B)0.2, 

C)0.3, D)0.5 M, Reprinted with permission from [45], Copyright 

(2013) American Chemical Society  

Experimental studies on UTCLs have shown enhancements in 

performance, durability, and stability in these layers [36], [41–43]. However, the 

lack of fundamental knowledge in the principles of UTCL operation, as well as 

practical issues such as water management [43] and metal cation contaminations 

diffused to the catalyst pores from the membrane or GDL, originated from the 

fabrication process, leave challenge for research on UTCLs. 

The UTCL entails different challenges from Pt/C CL for modeling studies. 

Thinness of the catalyst layer (100-500 nm) reduces the resistance of oxygen 

transport in the catalyst layer to small values. Water, which can cause flooding in 

the conventional catalyst layer, is the carrier of both protons and oxygen to the 

reaction sites; therefore, the catalyst layer is utilized best under flooded 

condition. 
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An important example of industrially commercialized UTCL is the 

nanostructured thin film (NSTF) CLs fabricated by 3M Company. The design 

specification that differentiates 3M NSTF from other types of UTCL is the organic 

molecular solid substrate, which forms a crystalline whisker, and acts as support 

for Pt layer. Since 3M NSTF is the only commercially available type of UTCL to 

date, several studies have been carried out on characterizing these layers, and 

recent fuel cell models consider this type of CL as a benchmark for fuel cell mass-

production economic calculations [3].  

Figure 1.7 shows that NSTF electrode has 0.2-0.6 µm thickness, and the 

channel size (areas between substrate whiskers) exhibit distribution between 2 to 

200 nm. On the substrate whiskers of NSTF, Pt is deposited to form a continuous 

layer. Continuity of the Pt layer is important to assure electric connection of all Pt 

site to the electrode. The deposited Pt film forms a corrugated surface, as shown 

in Figure 1.8, that consist of so-called whiskerettes. Pt exhibits different surface 

facets, depending on the size of the formed whiskerettes [46].  
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Figure 1.7. SEM image of 3M NSTF electrode a) Catalyst coated membrane 

(CCM). b) Zoomed view of a microstructured catalyst transfer 

substrate (MCTS) peak. c)Zoomed view of catalyst electrodes. d) 

Lower catalyst loading, reprinted from Ref. [47] with permission 

from the Electrochemical Society 

 

Figure 1.8. SEM and STEM images of CL whiskerettes, nanostructuring of 

whiskerettes shown in e and f. Reprinted from Ref. [47], with 

permission from the Electrochemical Society 



 

15 

Unlike conventional Pt/C catalyst layers, all NSTF pores are hydrophilic, 

and produce significantly more water per unit volume than their conventional 

counterparts. Thus, the catalyst layer is flooded more easily due to the thinness 

of NSTFs. There are strategies to prevent flooding in catalyst layer, such as 

removing the water produced in cathode from anode side GDL [48]. 

NSTF CCLs have shown significant improvements of fuel cell 

performance. The tests under well controlled conditions that suppress the 

flooding of porous gas transport layers show that MEA with NSTF technology 

on the cathode side exhibits improved performance compared to the MEA with 

conventional CCL. The NSTF layers obliterate the need for ionomer 

impregnation, while still providing a large ECSA due to the improved water 

absorption in the hydrophilic pore network. Furthermore, experimental studies 

on UTCLs with NSTF technology have shown significant enhancements in 

catalyst durability and stability [36], [41], [49]. 

There have been efforts to develop analytical models of the 

electrochemical phenomena in UTCLs [32], [50–53]. In a recent pore-scale model 

by Chan and Eikerling [51], catalyst layer pores were modeled as water-filled 

cylindrical channels with smooth walls at given radius, length and metal 

potential. A schematic of the investigated model system is shown in Figure 1.9. 

In this model, the proton and potential distribution along the channel was 

calculated using Poisson-Nernst-Planck theory, and the oxygen distribution is 

governed by Fickian diffusion of oxygen in water. The channel property 

controlling the potential distribution is the surface charge density at the channel 

walls. The Stern double layer model was used to relate the surface charge density 
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with the Pt potential of zero charge (PZC). Solution of the model provided the 

distributions of reactants, electrolyte phase potential, reaction rates along the 

pore, as well as the overall pore effectiveness of Pt utilization. Channel 

performance was characterized via the effectiveness factor of Pt. The 

effectiveness factor was defined as the actual (predicted) current density 

normalized by the reference current density that would be obtained, if reactants 

and potential were distributed uniformly in the channel. 

Smooth Pt walls

Constant metal potential

PEM boundary 

conditions:

Constant proton 

concentration

No oxygen flux

GDL boundary 

conditions:

Constant oxygen 

concentration

No proton flux

Smooth cylindrical Pt channel

O2 diffusion H
+
 migration

r

L

Reaction plane (OHP)

Reaction plane (OHP)

 

Figure 1.9. Schematic illustration of Chan and Eikerling continuum-type pore-

scale model system [51] 

An important aspect in modeling cathode CL is sluggish ORR kinetics, 

which enables decoupling electrostatic and kinetic contributions to the 

effectiveness factor. This concept was employed in Ref. [51], and it is used in the 

current work as well, to assess the effect of electrostatic effectiveness of the 

catalyst without explicitly accounting for kinetic effects. 

The impedance model of such system revealed the effect of metal surface 

charge density on the resistive and capacitive elements of the equivalent circuit 

of a water-filled pore [52]. In the limiting cases of fast diffusion of either of the 

species, and the case of blocked electrode, exact analytical expressions were 
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derived. Schmuck and Berg [53] scaled up the results of a the single pore model, 

to obtain the macroscopic transport equations based on the microscopic pore 

level phenomena.  

1.5. Local reaction conditions in catalyst layer 

The ionomer-free nature of UTCL entails different local reaction 

conditions than conventional Pt/C CLs. Distributions of protons and electrolyte 

phase potential in UTCL are not determined by the distribution of ionomer but 

by electrostatic effects in water-filled pores, as rationalized in [51]. 

Unlike the random porous structure of conventional Pt/C catalyst layers, 

the geometry of UTCL is controlled during the fabrication process. Therefore, the 

reactant concentrations can be predicted using established physical theories: 

metal surface charge distribution at any given point inside catalyst could be 

predicted by an electric double layer model, proton distribution by Poisson-

Nernst-Planck theory, oxygen concentration by Fickian diffusion, and water 

transport by Navier-Stokes transport equations [51], [54]. Therefore, local current 

generation and reactivity could be predicted, and the local effectiveness could be 

determined. This insight introduces an advantage for modeling: we could 

perform pore scale or sub-pore scale modeling, and obtain useful insight into 

electrocatalytic phenomena in the CL. 
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1.6. Water in nanoconfinement 

During the past few decades, tremendous progress has been made in 

synthesis of carbon nanotubes, artificial zeolites, porous electrodes and 

miniaturization of channels with diameter in the order of a few water molecules. 

These developments led to remarkable advances in many fields of application, 

including but not limited to electrocatalysis, separation, filtering, 

microelectromechanical systems (MEMS), textile engineering and biophysics. 

Carbon nanotube has shown diverse applications, ranging from support 

material for fuel cell catalyst [21], to nanopipettes [55] and molecular detection 

[56]. The ability to transport fluids with precise rate is central to many of the 

applications. Zeolite has been applied in separation of either gas [57] or liquid 

[58] from gas mixtures. Its separation depends on the pore size distribution in the 

zeolite, and affects the adsorption isotherm of the adsorbant. Both carbon 

nanotube and zeolites are examples of nanostructured porous media, in which 

knowledge of the transport of fluids has led to technological advancements. 

The developments in design and application of the nanostructured porous 

media have aroused the interest of researchers in the fundamental theories 

governing the behavior of fluids under confinement at the nanometer scale. One 

of the most important liquids considered is water. Water is the most abundant 

and important liquid in nature, however it is by no means a simple fluid: Polarity 

and hydrogen bond network of water have caused anomaly in both its bulk and 

confined properties. 
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Navier-Stokes equations are the general approach to describe the 

transport phenomena of fluids; they form the basis of computational fluid 

dynamic (CFD) methods. However, these equations are based on the continuity 

of fluids, and break down when the critical dimension of flow becomes 

comparable to the size of molecules. The critical size of pores at which continuity 

equations break down is a topic of controversy in the scientific community [59], 

[60]. 

Molecular modeling offers an alternative for continuum modeling of 

confined water, by explicitly considering the effects of molecular size of water, 

bond configurations, charge distributions, and dipole effects. Theories for 

describing water potential date back to 1933, when the work of Bernal and 

Fowler [61] presented consistent properties of water with those observed in X-

ray spectroscopy. Within the realm of classical molecular simulation, the work of 

Rahman and Stillinger [62] was one of the first. Later models improved the 

description of water in computer simulations. TIP3P [63] and SPC [64] models 

could predict structural properties of water close to experimentally observed 

values from neutron diffraction experiment [65]; however, self-diffusion 

coefficients are significantly higher than the experimentally observed value [66]. 

Modifying the SPC model resulted in development of SPC/E model [67], 

which improved the prediction of self-diffusion coefficient. SPC/E remains the 

most popular 3-site water model to date. 

In TIP4P [68] and TIP5P models [69], fictitious particles were added, 

which represent the lone electron pair of oxygen. This modification increases the 
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accuracy of dipole moment prediction. However, these models are more 

computationally expensive to implement in an MD simulation. 

Describing the independent H+ species is not practical in classical MD 

simulation; however, the forcefield could be parameterized to account for proton 

in the form of hydronium ion (H3O+). In this case, bonded interaction is assumed 

between oxygen with three indistinguishable hydrogen atoms. However, it 

cannot account for the exchange of protons between two neighboring water 

molecules. A more realistic view of proton transport in water was presented in 

the empirical valence bond (EVB) model [70], which links ab-initio calculations to 

classical MD. The model accounts for exchange of protons by considering a 

superposition of two states such as (H3O+…H2O) or (H2O…H3O+) [71]. Using 

coupling between different states, it could be used to predict formation of Eigen 

and Zundel forms of proton [72]. Expansions of the two-state to multistate EVB 

model has been used by the group of Schmickler to describe proton transport on 

Pt catalyst [73].  

1.7. Scope of the thesis 

Chapter 2 of the thesis explains the model of catalyst layer nanochannel 

with controlled corrugation, along with its limitations and assumptions. Chapter 

3 explains the methodology used in this work: It couples a combination of 

continuum-type modeling and classical molecular dynamics to predict the 

proton and potential distributions in a catalyst layer nanochannel of Pt with 

corrugated walls. Chapter 4 presents and discusses the findings of this work, 

how nanostructuring affected proton and water distribution in the catalyst layer 
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channels, and how it is related to the effectiveness factor of CL. We conclude and 

highlight the major findings of this work in chapter 5, and make suggestions for 

future work. 
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2. Model Description 

2.1. UTCL structural parameters 

The main microscopic characteristics of a generic UTCL are the ionomer-

free nature, nano-porosity with high surface area, thinness (compared to 

conventional CLs), and excess electric charge on the metal surface. Therefore, a 

model of UTCL performance must accommodate these aspects.  

The nano-porous structure of the catalyst corresponds to high ECSA, 

which is a major advantage for fuel cell catalysts. Typical pore sizes in UTCL are 

in range of 5-50 nm. Pt deposited on the nanoporous gold leaf has an ECSA of 60 

m2/g for a Pt loading of 0.03 mg/cm2 [44]. NiPt nanoparticles have an ECSA of 48 

m2/g for 8 nm-diameter NiPt nanoparticle supported on glassy carbon [45], and 

3M NSTF shows an ECSA of 10-25 m2/g [47]. The effectiveness of Pt utilization 

has reverse dependence on the pore size, as shown for the model of a smooth 

cylindrical pore [51]. Figure 2.1 shows an inverse relation of Γ with pore radius, 

and an inverse relationship of Γ with       , due to an increase in the negative 

excess charge accumulated on the pore walls upon a decrease in potential. The 

inset plot shows the charge-potential relation, derived from the Stern electric 

double layer model. 



 

23 

 

Figure 2.1. Electrostatic effectiveness vs potential for different pore radii. 

Inset: corresponding surface charge density vs potential, image 

from Ref. [51], reproduced by the permission of the Electrochemical 

Society. 

The thickness of UTCLs is in the range of 0.2-0.6 μm, which is 20-30 times 

smaller than conventional Pt/C CL. Comparing this thickness with the typical 

oxygen penetration depth inside the pore [74] (20 μm for ηc=-0.5 V [52]) shows 

small oxygen diffusion resistance in the channel; therefore the concentration of 

oxygen can be assumed as uniform along the channel.  

The relation between metal surface charge density and metal potential is 

not clearly known; however classical double layer models and an estimation of 

the potential of zero charge could be used to establish such a relation. This 

approach will be discussed in section 2.5. 

2.2. Model system 

In this study, we consider a nanostructured water-filled Pt channel that 

represents the interior part of cathode catalyst layer. We consider saw-tooth-
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shaped modulations on two Pt surfaces, which are mirror images of each other. 

The structure is determined by three independent geometrical parameters: 

structuring angle θ, channel opening dc and groove width dpp. A schematic 

illustration of the channel geometry is shown in Figure 2.2. The values of these 

parameters that were considered in this work are shown in Table 2.1. In each 

simulation set, combinations of θ and one other structural parameter was 

investigated. The present model can be considered an extension to the model of 

Chan and Eikerling [51], with the effect of geometrical surface roughness at the 

atomistic level being added. 

In addition to the geometric effect, saw-tooth-shaped structuring of the 

metal walls gives rise to an inhomogeneous charge distribution on the metal 

surface. The surface charge density distributes in a way that makes an 

equipotential surface with the potential of φM. Distribution of charge on the CL 

surface will be explained in the next chapter.  

 

Figure 2.2. Model system schematics, three geometric parameters (θ,dc, dpp) 

and metal potential(φM) determine the system 
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The channel walls are made of Pt, and the channel is filled with water and 

hydronium ions, H3O+. Periodic boundary conditions (PBC) are applied to the 

model system in all directions. The simulated system consists of two identical 

grooves. The reason for this choice is to minimize the effect of periodic boundary 

conditions on the proton distribution maps.  

Table 2.1 Range of parameters for investigation of channel structuring 

effects 

Parameter Value Unit 

Structuring angle (θ) 0, 15, 30, 45, 60, 75 Degrees 

Channel opening (dc) 10, 20, 30, 40, 50, 60, 80, 100 Å 

Roughness Opening (dpp) 20, 30, 40, 50, 60, 70, 80  Å 

Metal Potential (φM) -10 -50 -70 -100 -110 mV 

2.3. Effectiveness of the catalyst layer channel 

In electrocatalysis, the effectiveness factor quantifies the comparison of 

different catalysts: It is defined as the ratio of actual reaction rate to an reference 

rate that would be obtained if the whole catalyst surface was exposed to equal 

concentrations of reactants and equal potentials. Using the cathodic branch of 

Butler-Volmer (BV) equation, the local current density, j, generated at the catalyst 

surface is calculated by 
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where j0 is the exchange current density,    
 the oxygen concentration on the 

Helmholtz plane,     the proton concentration on the Helmholtz plane,    
 the 

oxygen reaction order of ORR,     the proton reaction order of ORR, and αc the 

cathodic transfer coefficient. The superscript “0” indicates the reference 

condition, under which the exchange current density j0 was calculated. We 

defined Helmholtz plane to be a plane parallel to the channel walls, at 4 Å 

distance from the channel walls. 

Local and total effectiveness can be calculated from equations 2.3 and 2.4, 

comparing the actual current generation with the reference case (i), where the 

proton and water distributions are equal to the well-defined values at the 

boundary, 
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         ∫    
 

 2.3 

The integration in equation 2.3 is done on the surface of Helmholtz plane, 

and ds represents a surface element of the Helmholtz plane. Thinness of UTCL 

implies small resistance of oxygen transport in the channel, and sluggish kinetics 

of ORR allows for assumption of separation of electrostatic and kinetic 

contribution to effectiveness, and assuming electrochemical equilibrium inside 

the channel, the electrostatic effectiveness depends solely on the proton and 

potential distribution, and it is defined as in equation 2.4. 
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Assumption of electrochemical equilibrium allows relating the potential 

and concentration of protons inside the channel, thus expressing the 

effectiveness relation only in terms of proton concentration, 
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where  ̃ is the species’ electrochemical potential, and    is the chemical potential. 

We chose the reference potential at a point in solution, where proton 

density is 1.25 M, corresponding to a typical effective proton density in the PEM. 

However, PEM proton concentration is the maximum for the CL channel, 

occurring on the PEM/CL boundary; typical proton density value in the CL 

would be significantly smaller. However, choosing a high value of proton 

concentration corresponds to large cathode overpotential values, assuring that at 

the given potential, the Pt is not oxidized. Furthermore, having larger number of 

protons in the channel offers a better statistical ensemble for protons. The system 

consisted of 10-100 protons, 8000-20000 water molecules, and 6000-9000 Pt atoms 

in the channel structure. 
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2.4. Limitations for using continuum modeling 

In our model, each facet of the structured Pt channel is only a few 

nanometers wide. At this scale, surface roughness at molecular scale is 

significant, and has notable impact on the surface structure. Therefore, the 

approximation of a “smooth” surface fails. Classical MD accounts for all Pt atoms 

explicitly, and assigns mass, charge and Lennard-Jones interaction parameters to 

each atom. 

At the continuum level, Poisson-Boltzmann model describes the relation 

between proton concentration and potential. It neglects the finite size of protons, 

and proton-proton interactions. The role of solvent is treated in continuum 

approximation. A full atomistic MD simulation, on the other hand, accounts for 

molecular correlation and interactions, leading to a more accurate description of 

the proton interactions at the interface. 

The structure of water is not accounted for in continuum modeling. 

Physical properties of water at interfaces are different from those in the bulk. 

Hydrophobic or hydrophilic nature of the surface and its electric charge affect 

the structure of adjacent water. In classical double layer models, the role of 

interfacial water has either been neglected, or water is considered as a medium 

with known dielectric constant [75]. In the case of nanochannels, important 

phenomena occur at the interface, where effects of interfacial charging and the 

structure of interfacial water layers must be accounted for. 



 

29 

2.5. Metal surface charge distribution 

In a classical MD simulation, we can control the metal surface charge 

distribution. However, translating the surface charge distribution to an 

equivalent metal potential value requires a few assumptions and simplification. 

Gauss’ law and classical double layer models relate the surface charge 

distribution to the total potential drop in the solution phase across the double 

layer for a smooth electrode [76]: 

       (         )
 
      (

    

   
) 2.6 

For a dilute solution of protons at  room temperature, evaluation of 

constants in the above equation reveals the monotonic relationship of potential 

drop at the interface with the electrode state of charge. The famous Gouy-

Chapman model gives          
 

      (      ), where C is the bulk proton 

concentration (mol/L), and σ the surface charge density (μC/cm2). The 

fundamental assumption of the Gouy-Chapman model for electric double layer 

is formation of a diffuse layer of point-like ions in electrochemical equilibrium. 

The assumption of point-like ions causes inaccuracy to the prediction of Gouy-

Chapman model at high surface charge densities. 

In order to find an approximate relation between surface charge density 

and metal potential, we followed the procedure proposed in Ref. [51] to integrate 

the double layer capacitance from PZC to metal potential ɸM. The double layer 
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capacitance in the Stern model [76] is given by 
 

   
 

 

  
 

 

     
, where CH is the 

Helmholtz layer capacitance, and Cdiff the diffuse layer capacitance, given by 
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where HP indicates the position of Helmholtz plane. A typical value for CH is 

~0.2 F.m-1, and a typical value for Cdiff is ~3 F.m-1 [76]. 

Since CH is usually significantly smaller than Cdiff, the capacitance can be 

assumed dominated by CH; furthermore we assume CH to be constant. Therefore 

we can integrate CH to obtain surface charge density: 

   ∫   ( )  
   (      )

    

 2.8 

For   ( )     constant it gives      ( 
             ), and thus 

   
  

  
 (      )      . 

Therefore, in order to calculate ɸM, we need to estimate CH and have prior 

knowledge of ɸPZC. Measuring ɸPZC is straightforward for liquid electrodes such 

as dropping mercury electrode (DME), where varying the potential affects the 

surface tension of mercury, and enables measuring the differential capacitance of 

mercury. Consequently, the minimal capacitance is measured at ɸPZC. However, 

studying solid electrodes is experimentally difficult. There exist experimental 

difficulties for studying solid electrodes such as Pt, including reproducibility of 

electrode surfaces, solution contamination, specific adsorption of anions, oxidie 
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formation on the surface, as well as maintaining a clean surface during the 

experiment. Moreover, the value of ɸPZC is not unique for a polycrystalline 

surface. Mimicking the double layer phenomena has been attempted by 

ultrahigh vacuum systems [77] as well as DFT calculations on well-defined 

surfaces [78], [79]. The values of ɸPZC for Pt(111) range from 0.1 to 1.0 V in the 

literature. However, for an estimate of metal potential, we assume ɸPZC=1.0 V, 

and CH=0.24 F.m-1, a typical value measured from differential capacitance 

measurement experiments. Table 2.2 shows typical corresponding values of 

metal potential, potential drop across the double layer and metal surface charge 

density. 

Table 2.2. Typical values of surface charge density and metal potential, 

system with θ=45°, dc=60 Å, dpp=30 Å, direct relation between metal 

potential and surface charge density 

ɸHP-ɸ0(mV) 
 

    
 (M) 

σ(μC.cm-2) ɸM(V) 

-1 0.20 -5.0 0.78 

-10 0.25 -6.1 0.69 

-50 0.57 -13.9 0.35 

-70 0.84 -20.4 0.05 
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3. Simulation Methodology 

3.1. Overview 

In this chapter, we explain how model systems are generated, MD 

simulations are run, and the trajectory results are analyzed. The general 

procedure is explained, and the detailed discussions follow in the subsequent 

sections. 

As mentioned in the previous chapter, each model system is identified 

with four parameters (θ, dc, dpp, φM). With these parameters we construct specific 

Pt channel geometries (section 3.2) and calculate partial charges on Pt surface 

atoms (section 3.3). Then we calculate the total charges on the Pt surface, and add 

an equal number of protons to the channel interior to counterbalance the 

negative charge on the walls. The concentration of water in the channel is 

maintained at a value close to 55 mol/L.  

In the next step, we performed energy minimization on the system. 

Thereafter, the system was thermally annealed between 800 K and 300 K. 

Production runs were performed for 4 ns on the system (section 3.4).  

Production runs were analyzed to explore equilibrium properties of the 

system (section 3.5). Our data analysis focused on three major aspects: (i) density 

maps of hydronium ion distributions were analyzed to determine potential 

distribution and the channel electrostatic effectiveness factor (section 3.5.1), (ii) 
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temporal water displacement data was analyzed to calculate water self-diffusion 

coefficient in the channel (section 3.5.2), (iii) water distribution maps were 

analyzed to identify interfacial water layers (section 3.5.3). Figure 3.1 shows the 

overall scheme of calculations. In the following sections, we will explain the 

detailed approaches. 



 

34 

Pt channel 

structure 

generation

θ, dc, dpp, φ
M

Pt charge 

distribution 

prediction

Adding 

protons and 

water 

System 

energy 

minimization

Thermal 

annealing

4 ns MD 

production 

run

EquilibriumN

MD 

parameters

Water 

distribution

Y

Proton 

distribution

Water 

displacement

Water self-

diffusion 

coefficient

Interfacial 

water 

structure

Channel 

electrostatic 

effectiveness

END

START

Defining and generating 

structural model and 

boundary conditions

Molecular dynamics simulation:

energy minimization, 

thermalization,

production run

Data analysis:

Structural and dynamical 

properties

Debug

 

Figure 3.1. Overall scheme of the calculations 



 

35 

3.2. Pt structure construction 

Platinum is a metal with face centred cubic (FCC) crystalline structure, 

with lattice constant of a=3.92 Å. The unit cell of the Pt crystal lattice is shown in 

Figure 3.2. 

 

Figure 3.2.  Primitive cell of Pt crystal with FCC structure 

In order to construct a Pt nanochannel, we first created a cube of Pt by 

replicating the unit cell in x,y,z directions. Then, the structural parameters were 

used to calculate the plane equations of the channel walls, and the Pt atoms 

located between two walls were removed. Figure 3.3 shows an incomplete Pt 

channel, for the purpose of better illustration. The depth of the channel was fixed 

for all cases, w=5.88 nm, corresponding to 15 times the Pt lattice constant. A 7 Å-

thick Pt layer was considered to both sides of the channel as a clearance layer, in 

order to minimize the image charge effects on H3O+ distribution. 
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Figure 3.3. Full atomistic Pt channel structure, incompletely constructed to 

better illustrate build-up procedure (left), schematic representation 

(right). Water and hydronium ions would be added to the space in 

the middle of the structured channel. 

 

Figure 3.4. 2-d Schematic picture of the model system with physical boundary 

conditions 

The plane equations indicating channel walls are as follows: 
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The value θ determines the surface Miller indices. The Miller indices will 

be multiples of (1, tan(θ), 0). Therefore, in each case we simulate a stepped Pt 

surfaces. 

For each case, step fraction is defined as 1/n, where n is the number of 

atoms on the terrace of each step. 
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    ( )          3.9 

 

 
    ( )            3.10 

The two cases of θ=0° and θ=45° generate known smooth surfaces of 

Pt(100) and Pt(110), respectively. Cases with 0< θ<45° have terraces parallel to the 

xz plane, and cases with 45°< θ<90° have terraces parallel to the yz plane. This 

change in the plane direction is the same reason for having two definitions for 

step fraction. 

3.3. Prediction of charge distribution on Pt nanochannel 

surface 

According to Gauss’s law, the surface of a conductor is equipotential, and 

all free charge on the metal is accumulated on the surface. For a smooth surface, 

the metal surface charge density is homogeneous. However, for a “rough” 

surface, the charge distribution is inhomogeneous. In this section, we explain 

how we assigned partial electric charge to each Pt surface atom in the 

nanochannel. 

Potential distribution inside the channel was predicted using the 

numerical solution of Poisson-Boltzmann (PB) equation, 

      
 ( )

 
   

   

 
    ( 

  ( )
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where  ( ) is the number density of protons,   dielectric constant of water,    

the reference proton concentration, kB Boltzmann constant, and T the absolute 

temperature, set to 300 K. 

We assumed dielectric constant of       , where    is the vacuum 

permittivity, and        
   

 
, as the reference concentration. Boundary 

condition for this problem is constant metal potential on the walls (    ) for 

boundaries 1-4 and 7-10 in Figure 3.4, and symmetry (
  

  
  ) on boundaries 

number 5 and 6. 

The PB equation has an analytical solution only for simple geometries. For 

geometries like the present case, the PDE could only be solved numerically. We 

used triangular meshing and finite element method in COMSOL Multiphysics ® 

package to obtain the numerical solution to this partial differential equation. 

We calculated the surface charge density by evaluating the potential 

gradient at the metal boundary and using    
  

  
. The “surface Pt atoms” are 

located within a distance of 3Å away from ideal wall positions. The total surface 

area is        
     

   ( )
, and the interfacial area per surface atom is       

      

     
, 

where nsurf is the number of surface Pt atoms. 

Therefore, the partial charge of each atom, q’, is calculated as: 

            
  

  

 

  

     

   ( )
   3.12 
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where              

        
  is the elementary charge. The total charge on the 

surface is calculated by adding up all charges on surface atoms    ∑   
 

 . 

The ensemble is made electroneutral by adding a corresponding correct 

number of hydronium ions to the system. Thus, the total charge on the surface 

must be a correct number. Since Q’ is not essentially an integer, we cut it to the 

closest integer value, and normalized all q’ values:   [  ] ⇒      
  

 

  , where 

   is the partial charge assigned to each surface Pt atom. Q is the total charge on 

the surface, and |Q| equals the number of hydronium ions that must be added to 

the system to counterbalance the wall charges. 

3.4. Classical molecular dynamics 

We have used classical MD to find equilibrium distribution of protons and 

water in the nanochannel. In this chapter, we first introduce the basic concept of 

MD, and explain the procedures and parameters we used to simulate the system. 

The theory is discussed in detail in Ref. [80]. The calculations were carried out 

using the GROMACS [81] open source package.  

3.4.1. Description of the forcefields used 

Classical MD calculation is based on integrating Newton’s equation of 

motion for each species in the system,
    

   
 

  

  
. The force exerted on each atom is 

calculated as in equation 3.13. (Bold-faced variables indicate vectors.) 

                                    3.13 
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where FB is the bonded (intramolecular) interactions of an atom, described 

by harmonic oscillator approximation as stated in equations 3.14 and 3.15. 

    (    )  
 

 
    
 (         )

 
 3.14 

    (    )     
 (       )

   

|   |
 3.15 

FB was calculated only on hydronium ions and water molecules, since Pt channel 

atoms were assumed frozen at their positions. 

Forces due to non-bonded interactions, FNB, include Van der Waals 

interactions, described by Lennard Jones interactions (FLJ), and charge-charge 

interactions described by Coulomb’s law (FCoulomb), 
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Having calculated the force, new position and velocity of each atom can 

be calculated by discretizing the equation of motion using leapfrog finite 

differencing scheme [82] for velocity calculation,  (  
 

 
  )   (  

 

 
  )  

  

 
 ( ) , and position calculation,  (    )   ( )   (  

 

 
  )   . The time step 

chosen was 2 fs, commonly used in the literature. It was tested, though, that the 
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simulation systems would crash with time steps larger than 2.4 fs, due to 

interaction of species beyond the cut-off range, leading to blowing up of the 

molecules within the system. 

The overall scheme of force calculation parameters is shown in Figure 3.5.  

 

Figure 3.5. Force calculation scheme 

In our model, Pt atoms were fixed to their position throughout the 

simulation. Calculation of partial charges of Pt atoms was explained in the 

previous section. The interaction of Pt with other atoms was calculated by fitting 

an n-body Sutton-Chen potential [83] to Lennard Jones form, the same procedure 

as followed in Ref. [84]. Forcefield parameters of H3O+ were taken from Ref. [85].  

We chose the SPC/E water model [67] for this study. If used with the 

GROMOS43 forcefield, this water model gives the self-diffusion coefficient of 

        (         )         

 
 [86], which is close to the experimental 
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reported value of                

 
  [66]. It closely predicts the water oxygen 

pair distribution function (goo) [86], as shown in Figure 3.6. 

 

Figure 3.6. Radial distribution functions: a)SPC/E, b) SPC (modified), c) 

TIP3P (modified)solid line, and the experimental data dotted. 

Curves are shifted 2 units for clarity [86]. Reprinted with 

permission from the American Chemical Society. 

The LJ potential parameters are summarized in Table 3.1. Mixing rules 

were employed to calculate the pair interaction parameters for heterogeneous 

pairs, given by      (       )
   

 for both C6 and C12 parameters [81].  

  



 

44 

Table 3.1. Van der Waals interaction parameters for the system species 

Pair C6(kJ.nm6) C12(kJ.nm12) q (e) 

Pt-Pt 0.015 2.98*10-6 See text 

O-O (water) 0.003 2.63*10-6 -0.848 

O-O (hydronium ion) 0.003 2.63*10-6 -0.248 

H-H (water) 0.00 0.00 0.424 

H-H (hydronium ion) 0.00 0.00 0.416 

3.4.2. Computational details 

We simulated an infinite nanochannel, using periodic boundary condition. 

Therefore, we had to make sure that the finite cell size did not introduce 

significant artifacts on the proton distribution diagrams of the system, which 

could stem from insufficient number of exchange of species through the periodic 

boundaries. The effect of finite simulation cell size is noticeable especially when 

the system consists of ions with long range electrostatic interactions, such as the 

system of this study. The artifacts caused due to long range electrostatic 

treatment are due to artificial stabilization of the system, which inhibit 

conformational fluctuations. Such artifacts have been reported in references [46], 

[87], [88]. The Particle Mesh Ewald (PME) is a method [89] employed for systems 

with long range electrostatic interactions. In order to capture effects of dipole 

(O(1/r3)) and Coulomb (O(1/r)) potentials efficiently, the PME method calculates 

the short range forces directly, and calculates the long range forces in Fourier 

space[88]. With this method, the computational time scales with the size of the 

system,N, as N.log(N); compared to the scaling as N2 in the Ewald summation 

method [88]. 



 

45 

Van der Waals forces have short effective range. Therefore, the forces on 

each atom could be estimated with the sum of forces exerted from atoms closer 

than a specific “neighboring radius” (chosen 0.9 nm in this work). This choice 

drastically increases the force calculation speed. After each 10 MD steps (20 fs) 

the list of neighboring atoms must be updated. However, the neighbor searching 

algorithm mandates using a small time step of 2 fs. The small time step is 

essential for inhibiting dissociation of molecules. 

We used the canonical ensemble for this model. Therefore, the system was 

coupled to a Berendsen thermostat [90] with a time constant of 1 ps, to keep the 

ensemble temperature at 300 K. 

All the calculations were done on the scientific computation clusters of 

NRC-Institute for Energy, Mining and Environment of Canada in Vancouver, 

BC. We used MATLAB v2006a and COMSOL 3.5a for pre-processing and 

analysing the simulation results. Gromacs v4.0.3 [81] was used to run MD 

calculations. The simulation was run on one node with eight processors. The 

typical simulation run time was ~2 ns/day. VMD [91] and RASMOL [92] software 

were used for visualization of the results. 

3.5. Simulation data analysis 

The last 2 ns of the MD trajectory (from a total of 4 ns) represent 

equilibrated configurations. After the initial 2 ns of the trajectory, the potential 

and kinetic energy of the system do not deviate from the average value by more 

than 2%. Proton and water distribution maps are generated by averaging over 
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statistically independent configurations, and water self-diffusion coefficients 

were calculated from analyzing water molecule displacements over time. 

The analyses lead to the calculation of the electrostatic effectiveness factor 

of the channel, water structure and water self-diffusion coefficient. 

3.5.1. Hydronium ion density map and electrostatic effectiveness 

In order for the electrochemical reaction to occur, hydronium ions need to 

approach the surface. We considered the hydronium ions within a distance of 4 

Å from the ideal location of walls as “surface protons”. This definition enabled 

attributing a single value of proton concentration to each point on the Helmholtz 

plane, and mapping the 2-dimensional proton distribution map onto a 1-

dimensional distribution profile. Therefore, calculation of channel effectiveness 

reduces to a 1-d integration problem. This task was achieved using MATLAB 

image processing toolbox.  

The density profile was used to back-calculate the potential profile 

adjacent to the surface, assuming a Boltzmann distribution of proton 

concentration,       
   

 
  (

 

  
). Electrostatic effectiveness factor was 

calculated as explained in equation 2.4. 

3.5.2. Surface and bulk water diffusion 

The self-diffusion coefficient of water can be calculated from    

 

  
        |   ( )    ( ) |

 
  . We analyzed Dw by distinguishing surface water 

and bulk-like water. The water molecules within a distance of 4 Å from channel 

ideal wall position in the final trajectory frame were considered surface water, 
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and the rest were considered bulk-like water. Dw for these two groups was 

calculated over a period of 200 ps. The trajectory length is chosen short enough, 

so that the exchange between the two phases of water is not significant. 

3.5.3. Interfacial water structure 

In order to investigate the effect of nanoconfinement on water structure, 

we calculated the pair correlation function g(r) defined as 

   ( )  
 

         

 

  
∑ ∑

 (     )

          . In statistical mechanics, gi,j(r) shows the 

probability of finding species i at radial distance r from species j. g(r) is an 

indication of the structure and density of a certain phase. We calculated goo(r) for 

both surface water and bulk-like water, and compared the distributions. 
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4. Results and Discussion 

4.1. Overview 

In this chapter, the results of surface charge, proton and water distribution 

in the nanochannel are presented and discussed. Section 4.2 presents the results 

of surface inhomogeneity on the electric charge distribution on the metal surface. 

Section 4.3 presents a qualitative analysis of the proton distribution in the 

nanochannel. In order to quantify the impact of varying degrees of surface 

structuring on electrocatalytic properties of the nanochannel, we calculated the 

channel electrostatic effectiveness factor. The results are presented in section 4.4. 

In section 4.5, we present the impact of channel nanostructure on water diffusion 

and structure, and section 4.6 explains the sensitivity of obtained results to the 

parameters employed for simulation. 

4.2. Surface charge distribution in the nanostructured channel 

On a smooth surface, all the metal atoms have equal surface charge 

density. In a structured channel, we noticed that peak positions have the highest 

surface charge, and deep positions have the lowest surface charge. Typical 

potential, surface charge distribution and proton concentration maps are shown 

in Figure 4.1. 
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Figure 4.1. Typical distribution maps in the nanochannel predicted by PB 

theory: a) potential distribution, b) proton concentration, c) 

Electric field contour lines, d) metal surface charge density 

Within the investigated range of 1 nm< dc< 10 nm, we observed that dc did 

not affect the prediction of surface charge density distribution. Therefore, the 
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surface charge distributions on the two walls do not interfere with one another 

according to this model. Figure 4.2 shows typical partial charge values for 

different metal potential values, and Figure 4.3 shows the effect of θ on the 

charge distribution, showing that the larger θ corresponds to sharper peaks at the 

channel peak position.  

 

Figure 4.2. Effect of ɸM on the surface charge distribution 

 

Figure 4.3. Effect of θ on surface charge distribution, constant dc=20 Å, dpp=30 Å 

and ɸM=-50 mV for all cases 
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Figure 4.3 shows that the surface charge density distribution for θ=15° is 

almost homogeneous. This observation is expected from such channel geometry, 

since the structure is similar to a Pt (100) smooth surface with weak roughening, 

as shown in Figure 4.4. The observation of almost homogeneous σ distribution 

holds for all θ<15° values. 

 

Figure 4.4. Pt structured channel with θ=15°, predicted charge distribution 

close to homogeneity 

4.3. Hydronium ion distribution in catalyst layer channels 

4.3.1. Hydronium ion density distribution in smooth Pt channels 

Equilibrium distribution of hydronium ions on a smooth catalyst surface 

is uniform along the surface. Variation of ion density perpendicular to the 

surface is determined according to the electrochemical equilibrium in the 

channel. Continuum-type models have been able to predict distribution 

prediction for simple geometries of the channel. Engstroem and Wennerstroem 

have analytically solved the Poisson-Boltzmann (PB) equation for geometry of 

two parallel slabs [93], with the boundary condition of constant surface charge 

density on two parallel charged slabs. Andelman has solved the PB equation for 
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other cases with simple geometry [94]. In the absence of counter-ions in the 

solution, potential and hydronium ion distribution were calculated as below. 

 

Figure 4.5. Schematic of analytically solved electrostatic model system 

 ( )  
   

 
   (    (  )), with    

    

    
  , 4.1 

 ( )     
 

  ( )

   , 

4.2 

where nm denotes the hydronium ion density at the center of the channel (z=0), 

and 1/K is the characteristic length scale of the system. 

In order to confirm the consistency of molecular dynamics calculations 

with this theory, we performed 10 cases of MD simulations of hydronium ions 

and water distribution on slab-like channels with smooth walls of Pt(111) at 

various openings and surface charge densities. We investigated the hydronium 

ion density distribution perpendicular to the Pt walls. The results indicated 

overall agreement between the two approaches in the channel interior, although 

the effect of finite size of atoms is not captured in the PB model prediction. A 
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simple schematic of this difference is shown in Figure 4.6. Due to these 

differences between the two models, the maximum proton concentration was 

observed 1 Å further from the surface in an MD calculation. We also observed a 

typical layering behavior, which is not predicted in the PB theory. The 

discrepancy between the two models was reflected more clearly in systems with 

high surface charge density and with smaller groove width. The two predictions 

could be deemed matching for systems with channel spacing over 7 nm and 

surface charge density smaller than    
  

   . Sample results from the calculations 

are shown in Figure 4.7. 

 

Figure 4.6. Wall position definition for PB theory, the wall position is not 

defined precisely in an MD simulation; however the positions of all 

atoms nuclei are known. 
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a 

 

b 

 

c 

Figure 4.7. Hydronium ion number density at σ=-16.8 μC.cm-2  and channel 

openings of a)2 nm, b) 3 nm, c) 4 nm, better agreement between PB 

and MD results at larger channel opening 

4.3.2. Hydronium ion distribution in nanostructured channels 

We investigated hydronium ion density distributions on CL channels, to 

observe how metal nanostructuring causes deviation from uniform distribution 
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along the Helmholtz plane. Figure 4.8 shows a sample nanochannel structure 

and the corresponding equilibrium hydronium ion density distribution map  

 

Figure 4.8. Hydronium density map (left) and nanostructured channel (right). 

The structure is rotated to better represent the stepped surface, 

θ=60°, dc=20 Å, dpp=40 Å, and φM=-50 mV. 

The hydronium ion distribution maps are analyzed to obtain the density 

profiles along the Helmholtz plane surface. Two typical results are shown in 

Figure 4.9 and Figure 4.10. The common feature of both diagrams in the 

minimum H3O+ density at the peak position of the zig-zag channel structure, and 

the fluctuations in the density distribution map being proportional to the step 

fraction of the structure. 

There are three reasons that influence the non-uniformity of hydronium 

ion distribution: step-like roughness of the each facet surface, zig-zag like 

patterning of the channel and inhomogeneous charge distribution along the 

channel. To discuss the effect of structuring on proton distribution, we present 
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sample cases of structuring and their corresponding distribution of hydronium 

ions on the surface. The reference  case is considered as all hydronium ions 

distributed uniformly along the Helmholtz plane, the corresponding potential is 

defined zero as the reference, and the corresponding local effectiveness factor 

will be 1. 

 

Figure 4.9. (a) Distribution map of hydronium ions in the nanochannel, (b) 

surface hydronium ion density profile, (c) surface potential, (d) 

local effectiveness. Dashed lines on the top left figure indicate the 

region considered as surface. Channel with θ=45°, dc=20 Å, dpp=40 

Å, φM=-50 mV 
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Figure 4.10. (a) Distribution map of hydronium ions in the nanochannel, (b) 

surface hydronium ion density profile, (c) surface potential, (d) 

local effectiveness. Dashed lines on the top left figure indicate the 

region considered as surface. Channel with θ=75°, dc=20 Å, dpp=30 Å, 

and φM=-50 mV 

Although the two chambers in the simulation cell are identical, the proton 

density profile along the surface does not show complete symmetry in all cases. 

The observation suggests that either the equilibrium condition has not been 

obtained, or the sampling has been insufficient. We changed the Van der Waals 

and electrostatic force calculation cut-off values; however, no significant change 

was observed neither in proton distribution maps nor water mean square 

displacement plots. Some results are shown in sections 4.6.2, 4.6.3, and 4.6.6. 

Appearance of a local minimum hydronium ion density at the peaks of 

the zig-zag pattern was unexpected, since these points carry the highest negative 
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surface charge density. A possible reason for this behavior is the walls maximum 

repulsion at the peaks.  

The electrostatic repulsion between two nanochannel walls reaches 

maximum at the peak position. The peak positions have the shortest distance 

from each other, and carry the highest amount of similar charge. We suggested 

that these effects lead to depletion of H3O+ in the peak region. In order to test this 

hypothesis, we compared H3O+ density at the peak position for different channel 

openings. Increasing channel opening decreases overlapping, and is expected to 

increase H3O+ density at the peak. For this comparison, we set θ=45° and dpp=30 

Å and      
  

    constant, and varied dc between 10 Å and 100 Å. We observed 

that H3O+ density at the peak increased with increase of the channel opening, but 

the minimum at the peak position remains. Reducing double layer overlap by 

increasing dc does not remove the unexpected minimum at the peak. The results 

are shown in Figure 4.11. 

 

Figure 4.11. Relative H3O+ density at channel peak region vs. dc, effect of walls 

electrostatic repulsion on H3O+ depletion from peak region, with 

constant θ=45°, dpp=30 Å, and φM=-50 mV 
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4.4. Electrostatic effectiveness factor as a function of channel 

structure 

We showed how the channel structure affects proton distribution in the 

catalyst layer channel. However, so far we did not comment on whether this 

structuring led to enhancement or deterioration of channel performance. To 

address this question, electrostatic effectiveness factor was introduced in chapter 

2. Since the activity is normalized to the total Helmholtz plane area, the 

electrostatic effectiveness factor shows the effect of structuring on channel 

performance beyond changing the active surface area. 

4.4.1. Effect of channel opening and structuring angle 

In order to investigate the effect of channel opening on electrostatic 

effectiveness, we varied the structural parameters as per table below. 

Table 4.1. Range of parameters for investigation of channel opening effect 

Parameter Value Unit 

Structuring angle (θ) 0, 15, 30, 45, 60, 75 Degrees 

Channel opening (dc) 10, 20, 30, 40, 50, 60, 80, 100 Å 

Groove width (dpp) 30 Å 

Metal potential (φM) and 

average surface charge 
density (σ) 

-10 (-5), -50 (-14) mV (
  

   ) 
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Figure 4.12. Effect of dc on electrostatic effectiveness, Γ; constant dpp=30 Å 

Figure 4.12 shows that that the electrostatic effectiveness decreases with 

increasing dc. This observation is expected, and it is in agreement with the results 

of analytical modeling [51].     
  decreases with increase of dc, which leads to a 

decrease in its surface density     
   . 

We showed in Figure 4.3 that the surface charge distribution for θ=15° is 

almost homogeneous, therefore, comparing the series with θ=0° and θ=15° can 

roughly exhibit the sole effect of surface structuring on the effectiveness factor.  

As can be seen in Figure 4.12, for dc>60 Å, Γ does not vary significantly 

with changing dc, and tend to converge. The observation is in agreement with 

prediction of Ref. [51]. Dependence of Γ on dc is strongly affected by θ. At θ=0°, 

increasing dc from 10 Å to 80 Å reduced Γ by 31%. At θ=75°, the reduction of Γ 
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was only 8%. This sensitivity is attributed to the change of channel volume at 

different θ, as given by 

   (           
    ( ))  ⇒ 

  

  
 

     

   ( ) 
 4.3 

Therefore, at large θ, the volume change is weakly affected by dc. Consequently Γ 

is weakly related to dc. Γ is a monotonic function of surface proton ratio, as 

expected from equation 2.4. We investigated the correlation between Γ and the 

overall     
  in the channel. Figure 4.13 shows this relationship.  

 

Figure 4.13. Direct effect of overall H3O+ concentration on channel effectiveness, 

dispersion of data in the low concentration region is the channel 

structure-specific effects. 
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Figure 4.13 confirms direct dependence of Γ on     
 ; though dispersion 

of Γ values at small     
  shows the strong impact of channel geometry on the 

effectiveness factor. The same set of data was used to evaluate the effect of θ on 

Γ.  

 

Figure 4.14. Effect of θ on channel effectiveness, Γ, enhanced effectiveness at 

smooth surfaces, constant dpp=30 Å, φM=-50 mV.  

Figure 4.14 shows the impact of θ on Γ. We could observe that the cases 

with smooth surface facets give higher Γ; θ=0° represents Pt(100) facets, and 

θ=45° represents Pt(110) facets. For all other cases Γ is smaller. The observation 

suggests that Γ could depend on the step fraction of the surface. All cases 

presented here consist of stepped Pt(100) surfaces. The case of Pt(110) occurring 

with θ=45° is a special case where the width of the step terrace equals the lattice 

constant of Platinum (3.92 Å). However, it must be noted that the steps will lead 

to the local variation of charge density distribution and electronic structure. 
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These effects, which have not been considered in our PB model to determine the 

surface charge density distribution, could overshadow the bare geometry effect. 

To broaden the conclusion about the effect of structuring angle on 

electrocatalysis, the coupling between electrostatic and kinetic effects of stepped 

surfaces must be considered. Increasing the step fraction is known to lower the 

potential of zero charge of the metal [78], [95]. The work function of Pt is lower 

on the step sites due to the change in spatial distribution of electrons on the step 

sites [96–98]. Thus, although the stepped geometry was found to have a negative 

impacts on Γ, steps have a positive impact on the kinetics of ORR on the surface, 

which are not accounted for in this work. This consideration inhibits drawing a 

definitive conclusion about the overall effect of θ on electrocatalytic phenomena 

in nanochannels with corrugated walls. 

4.4.2. Effect of groove width 

We investigated the effect of dpp for the set of parameters specified in 

Table 4.2. The main observed trend was a decrease of Γ with increasing dpp, as 

illustrated in Figure 4.15. 

Table 4.2. Range of parameters for investigating the effect of groove width 

Parameter Value Unit 

Structuring angle (θ) 0, 15, 30, 45, 60, 75 Degrees 

Channel opening (dc) 20 Å 

Groove width (dpp) 20, 30, 40, 50, 60, 70, 80 Å 

Metal potential (ɸM) and 

average surface charge 
density (σ) 

-50 (-14) mV(
  

   ) 
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Figure 4.15. Inverse effect of groove width on electrostatic effectiveness of 

nanochannel, constant dc=20 Å 

Increasing dpp while keeping dc and σ fixed reduces     
  in the 

nanochannel. Lower     
  causes decrease of the ratio of hydronium ions on the 

surface. The relation between Γ and     
  is shown in Figure 4.16. 
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Figure 4.16. Direct effect of overall H3O+ density on Γ, constant dc=20 Å 

We used the data from this set of simulations to evaluate the effect of θ. 

The results attest to our former hypothesis of the effect of step fraction on 

channel effectiveness. Step fraction does not vary with changing dc, nor with dpp. 

Therefore, similar behavior is expected in the case of varying dpp. However, some 

discrepancy is observed, which arises from the variation of     
  inside the 

channel. Increasing dpp reduces the overall     
  inside the channel, consequently 

reducing     
   . Reduction of overall hydronium ion concentration on the 

surface implies smaller Γ in the nanochannel.  
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Figure 4.17. Effect of θ on Γ, constant dc, inverse relation with surface step 

fraction 

4.4.3. Effect of metal surface charge density 

A higher value of |σM| increases the Coulomb attraction between protons 

and the negatively charged channel walls, and it increases     in the channel. 

The values chosen for this study are reported in Table 4.3. The results are 

presented in Figure 4.18.  

Table 4.3. Range of parameters for investigating the effect of surface charge 

Parameter Value Unit 

Structuring angle (θ) 0, 15, 30, 45, 60, 75 Degrees 

Channel opening (dc) 20 Å 

Groove width (dpp) 30 Å 

Metal potential (ɸM) and 

average surface charge 
density (σM) 

-5, -10, -50, -70, -100, -110 (-5 .. -50) mV(
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Figure 4.18. Direct effect of σM on effectiveness, Γ, due to stronger Coulomb 

interaction of H3O+ with walls 

As shown in Figure 4.18,     for       
  

   . This observation 

indicates that the major fraction of hydronium ions reside in the surface water 

layers if the surface charge density is sufficiently negative. This observation is in 

agreement with the prediction of Ref. [51]. 

4.5. Structure and dynamics of water in the nanochannel 

We investigated how channel structuring changes the structure and 

dynamics of water in the nanochannel. The most important property observed is 

the self-diffusion coefficient of water, obtained from the mean square 

displacement of water inside the channel at equilibrium. The self-diffusion 

coefficient of water was calculated from the simulated MD trajectory, as 

explained in section 3.5.2. 
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For all cases, we evaluated whether a plot of log(MSD) vs log(t) is linear. 

We employed this relation as a test whether equilibrium of water had been 

obtained. We also investigated the structuring of water at the surface by 

analyzing the auto-correlation function of water molecules, as explained in 

section 3.5.3. In a refined analysis, we evaluated the structure and dynamics of 

surface and bulk-like water. Several experimental and theoretical works have 

confirmed the existence of the two distinct phases of water. In this work, we 

considered water molecules in a slab of 4 Å distance from the metal wall position 

as surface water, and the rest as bulk-like water. We assumed the subsets did not 

exchange water molecules for 200 ps. The error bars on the self-diffusion 

coefficient diagrams indicate the statistical RMS deviation of MSD vs. t from a 

straight line. 

The value of 4 Å is estimated to be the maximum distance up to which a 

charge transfer reaction could occur. Increasing this value to higher numbers 

diminishes the existing distinctions between different nanochannels to a great 

extent. 

4.5.1. Two phase water structure in the channel 

Density maps of water, like the one shown in Figure 4.19, reveal that a 

highly structured layer of water exists at the metal interface.  Figure 4.19 shows 

formation of two phases of water in the nanochannel, due to the confinement 

effect. We refer to the phase adjacent to the channel wall “surface water” and the 

phase with homogeneous density distribution “bulk-like water”. 
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Figure 4.19. Typical water density map, high contrast of colors indicate a 

highly structured phase 

4.5.2. Effect of the channel opening and structuring angle on water self-

diffusion coefficient 

The self-diffusion coefficient of water, Dw, increases with dc. The value 

approaches a plateau at the limit of dc>10 nm. Within the range of our 

investigation, the maximum Dw value is 10% below the Dw predicted by the bulk 

SPC/E water model [86]. 

The structuring angle θ has a weak yet discernible effect on Dw. The 

variation of Dw with θ is due to the direct dependence of channel volume on θ. 

Therefore, the effect of θ on Dw is more pronounced at small dc values. 

Figure 4.20 shows that at dc=10 Å, the difference in Dw between θ=0° and θ=75° 
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cases is          

 
, but the difference drops to            

 
  when dc=80 Å. The 

competing effect of dc and θ is on volume change, due to the following relation, 

        (          ( ))  (  )   
       [ (  )      

  

     
] 4.4 

It shows that the effect of dc on volume is more pronounced at small θ values. 

The result can be expressed in terms of the ratio of the number of bulk-like water 

molecules to the number of surface water molecules.  

 

Figure 4.20. Effect of dc on water self-diffusion coefficient, Dw 
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Figure 4.21. Analyzing the effect of channel opening on Dw in terms of ratio of 

bulk-like (nb) to surface (ns) water ratio 

Figure 4.21 shows that the effect of dc and θ on Dw can be attributed to 

tuning the ratio of number of bulk-like to number of surface water molecules. It 

could equally be analyzed as the volume to area ratio of the channel, too. Self-

diffusion coefficient of each phase of water (bulk-like/surface) shows weak 

dependence to dc. Figure 4.20 shows the existence of two distinct phases of water 

with their specific Dw. However, the dependence of Dw,b to the bulk to surface 

water ratio indicates the high exchange rate during the analysis time (200 ps) 

between bulk-like and surface water at small bulk to surface ratios. 
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Figure 4.22. Dependence of Dw to channel structure, a) surface water, b) bulk-

like water  

4.5.3. Effect of groove width on water self-diffusion coefficient 

The effect of dpp is similar to dc. Increasing dpp increases the channel 

volume to wall area ratio, as shown below, 
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Consequently, the 
  

  
 ratio increases, which leads to the increase of Dw with dpp. 

The results are shown in Figure 4.23. 
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Figure 4.23. Effect of groove width on water self-diffusion coefficient, Dw, dc=20 

Å constant. 

4.5.4. Effect of metal charging on water self-diffusion coefficient 

 The interaction of water with the metal surface is a charge-dipole 

interaction. Variation of σM influences the water dynamics in the channel. Over 

the investigated range of parameters, we could observe a slight decrease of Dw 

with |σM|. The reason is stronger immobilization and preferential ordering of 

water at the interface due to increasing strength of interaction with the 

negatively charged walls. The results are shown in Figure 4.24. 
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Figure 4.24. Effect of Pt surface charge density on water self-diffusion 

coefficient, constant dc=20 Å dpp=30 Å 

This effect can be evaluated separately for surface and bulk-like water. As 

we would expect, the effect of σM on Dw is more pronounced on surface water 

through charge-dipole interactions. The results are shown in Figure 4.25. 
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Figure 4.25. Dependence of Dw on Pt surface charge, a) bulk-like water, b) 

surface water 

4.6. Sensitivity analysis to MD run parameters 

It is essential to make sure that the obtained results are not highly affected 

by the choice of computational parameters. In chapter 2 we mentioned how the 

range of structural parameters was chosen for this study. In chapter 3, 

parameters used in the MD run were introduced, and the reasons for choosing 

them were explained. In this section, we show how the results for different 

channel geometries would vary with changing computational parameters, MD 

run time, forcefield and long-range electrostatic treatment method, as well as the 

nature of catalyst metal. 
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4.6.1. Total simulation run time 

All simulations were run for a total of 4 ns. The final 2 ns were sampled as 

equilibrium configurations. The configuration ensemble was sampled each 10 ps, 

resulting in 200 frames for analysis. For a nanochannel with θ=45°, dc=20 Å, 

dpp=30 Å and average surface charge density of      
  

   
 we extended the 

simulation to 10 ns, and extracted the coordinates every 10 ps. The results 

showed negligible fluctuation of Γ values. This assured us that the chosen 4 ns 

run time has been sufficient.  

 

Figure 4.26. Sensitivity of calculated effectiveness factor to analyzed trajectory 

length 

4.6.2. Choice of forcefield and intermolecular interactions 

Hydronium ion distribution in the nanochannel is determined by the 

charge-charge interaction with surface Pt atoms. It does not change significantly 

with variations to Lennard-Jones parameters of water and Pt. Though, a few 

models were proposed for partial charges of a hydronium ion. In the current 
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work we used the values reported by Goddard et. al. [85] consistently, and no 

further investigations was done in this regard. 

Water is described by SPC/E model, and the model is calibrated to be used 

with the GROMOS43a forcefield. Test simulations were run with SPC and TIP3P 

water models, too, and the results were compared to those of the SPC/E model. 

We obtained similar Γ values. The predicted Dw was 10% smaller with TIP3P 

model and 7% smaller for TIP3P model. This observation was expected, because 

it follows the same trend as predictions of the bulk self-diffusion coefficient of 

water, Dw. 

4.6.3. Long range electrostatic interaction treatment 

We used Particle Mesh Ewald (PME) method. This method is an 

approximation to Ewald method, improving the scaling of calculation time with 

system size, N, from N2 to N.log(N). The method is essential to implement, 

because electrostatic forces are of long range nature, and the interaction of 

species with those in neighboring cells must be accounted for.  

The minimum recommended short range cut-off for calculation to be used 

in the PME method is 0.9 nm [81]. For a sample case we increased the short range 

cut-off up to 1.9 nm. The variation of Γ was small, and Dw was not affected at all. 

Therefore, we did the calculation with the recommended 0.9 nm. It must be 

noted that increasing the PME short range cut-off is accompanied with drastic 

decrease in the simulation speed. This dependence was the motivation for 

choosing the minimum acceptable PME short range cut-off. 
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Figure 4.27  Sensitivity of simulation result and calculation speed to PME 

short range force calculation 

4.6.4. Temperature 

In this study we considered the constant temperature of 300 K. We 

performed sensitivity analysis on temperature, and the effect on Γ was found to 

be negligible. This observation is in line with the dominance of electrostatic over 

thermal effects in the system. The results are shown in Figure 4.28.  

Furthermore, we investigated the effect of changing the employed 

thermostat algorithm from Berendsen to Nose-Hoover. For the same test system, 

no significant deviation from the original Γ value was observed. 
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Figure 4.28. Temperature dependence of channel effectiveness for a channel with 

θ=45°, dc=20 Å, dpp=30 Å, σ=-14 μC/cm2 

4.6.5. Nanochannel material 

In the classical MD method, the metal is identified by four parameters: 

crystalline structure, lattice constant and the two Lennard-Jones fitting 

parameters. We simulated sample channels made of copper and gold, which 

have FCC structure. The Lennard-Jones interaction parameters are taken from 

Ref. [99], and are reported in Table 4.4. The form of Lennard-Jones potential used 

is introduced in equation 3.14. 

Table 4.4. Physical properties of Pt, Cu, and Au for MD set-up 

Pair Lattice const. (Å) C6 (kJ.nm6.mol-1) C12 (kJ.nm12.mol-1) 

Pt-Pt 3.92 1.51*10-2 2.98*10-6 

Cu-Cu 3.61 2.23*10-2 3.11*10-6 

Au-Au 4.08 5.07*10-2 1.46*10-5 
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Sample calculations were done on channels with θ=45°, dpp=30 Å and ɸM=-

50 mV, and varying dc={20,50, 100} Å. The results are presented in Figure 4.29. 

 

Figure 4.29  Sensitivity of Γ results to nanochannel material 

The results presented in Figure 4.29 could be presented in terms of the 

metal lattice constant, suggesting direct relation between the effectiveness factor 

and the packing of metal atoms, as illustrated in Figure 4.30. 

 

Figure 4.30. Inverse relation of channel effectiveness with the metal lattice 

constant 
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Figure 4.29 and Figure 4.30 suggest that there is a slight dependence of Γ 

on the nanochannel material. The observation indicates dominance of Coulomb 

interaction over the Lennard-Jones interactions. 

4.6.6. Pt-Pt Lennard-Jones interaction parameters  

In this work, the Lennard-Jones interaction parameters for Pt-Pt pair were 

adapted from a similar system [84]. However, to test the sensitivity of results to 

the choice of Pt-Pt parameters, we hypothetically changed the parameters by an 

order of magnitude and calculated the effectiveness factor. For this purpose, 

sample calculations were done for a channel with θ=45°, dc=20 Å, dpp=30 Å and 

ɸM=-50 mV with the Lennard-Jones parameters listed in Table 4.5. 

Table 4.5. Pt-Pt Lennard-Jones parameters for sensitivity analysis 

Pair C6 (kJ.nm6.mol-1) C12 (kJ.nm12.mol-1) Effectiveness 

Pt-Pt (original) 1.51*10-2 2.98*10-6 0.813 

Test 1 1.51*10-3 2.98*10-6 0.698 

Test 2 1.51*10-1 2.98*10-6 0.890 

Test 3 1.51*10-2 2.98*10-7 0.976 

Test 4 1.51*10-2 2.98*10-5 0.624 

The result confirms the direct relationship of Γ with the attractive branch 

(c6) and inverse relationship with the repulsive branch (c12) of the Lennard-Jones 

potential. Figure 4.31 shows that the effect of the repulsive branch is more 

pronounced (~30% change) than the attractive branch (~20% change). 
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Figure 4.31. Sensitivity of nanochannel effectiveness to Pt-Pt interaction 

parameters 

The sensitivity of Dw to the Pt-Pt interaction parameters was also 

investigated. We observed an inverse relation of Dw with the attractive coefficient 

c6, implying that more hydrophilic confinement reduces water mobility. The 

effect of the c12 repulsive parameter was not significant, due to its short range 

nature. 

 

Figure 4.32.  Sensitivity of water self-diffusion coefficient to Pt-Pt interaction 

parameters 
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4.7. Insight to the effect of nanostructuring on ORR kinetics 

The present research investigated the effect of metal nanostructure on the 

local reaction conditions in a CL nanochannel. The implicit assumption for this 

research is that the catalyst nanostructure did not affect the intrinsic 

electrocatalytic activity of the catalyst. This assumption enabled comparison of 

nanochannels based on the electrostatic effectiveness factor. The intrinsic reaction 

rate is represented as the exchange current density j0 in the Butler-Volmer 

equation. However, there is evidence showing that the metal basal plane 

structure affects the intrinsic reaction rate. Therefore, it is essential to review the 

impact of surface structure on the kinetics of ORR, to predict the effect of 

nanostructuring on the overall catalyst effectiveness. 

Smoluchowsky [100] showed that the local work function of metals is not 

homogeneous on a rough metal surface. The local smoothing of electron density 

gives rise to lowering of the work function at the step sites of the metal surface, 

which enhances the electrocatalytic activity. The work function was later 

correlated with the potential of zero (total) charge of the metal [101]: it was 

shown that increasing the step density of a metal has an inverse effect on the 

metal PZC for different surfaces as well as nanoparticles [87], [95], [102–105]. The 

UTCL pore model of Chan and Eikerling [51] predicted a direct relation between 

the value of Pt PZC and catalyst effectiveness factor at a given potential. 
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5. Conclusions 

5.1. Results Summary 

In this work, we simulated ionomer-free catalyst layer channels with zig-

zag patterning of platinum walls. We investigated the effects of channel 

nanostructuring on the equilibrium hydronium ion and water distribution, and 

the electrostatic effectiveness factor of Pt utilization in the nanochannel. The 

major findings are as follows. 

Different structuring angles change the step fraction on the 

nanostructured channel. We observed that protons concentrate away from the 

steps on each facet. Therefore, the electrostatic effectiveness factor is inversely 

related to the step fraction on each facet. In terms of structuring angle, we 

observed that smooth facets simulated with θ=0°, representing Pt(100) surface, 

and θ=45°, representing Pt(110) surface, exhibited higher values of the 

effectiveness factor. 

The electrostatic effectiveness is inversely related to the channel opening. 

The observation is linked to the reduction of the overall hydronium ion density 

in the channel. At constant surface charge density, increasing the channel 

opening causes dilution of hydronium ions in water, and consequently lowers 

their concentration at the Helmholtz plane. 
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Increasing the groove width does not change the step fraction of facets, 

but reduces overall proton concentration in the channel. Therefore, we obtained 

an inverse relationship between groove width and effectiveness factor. 

Compared to the channel opening effect, the effect of groove width is less 

pronounced. 

The effectiveness factor of the channel is directly related with the metal 

surface charge density. Changing the surface charge density to more negative 

values strengthens the attraction between hydronium ions and negatively 

charged walls, hence increasing the effectiveness factor. We presented our results 

based on surface charge density rather than metal potential, because finding the 

exact relation between metal surface charge density and potential requires a 

consistent model of metal-solution interface, including the effect of surface oxide 

formation; at this time, the understanding of this relation is still sketchy. 

However, the investigated potential should be smaller than the platinum 

potential of zero charge. 

We investigated the effect of nanochannel structuring on the structure and 

self-diffusion coefficient of water inside the channel. The correlation was 

described best by distinguishing the volume of water on the surface and in the 

bulk-like phase. The nanochannel walls hinder the water dynamics strongly at 

their surface, and have weaker effect on the bulk-like water phase. Surface water 

has self-diffusion coefficient almost three times smaller than bulk-like water. 

Water motion is hindered at the interface due to charge-dipole type interaction of 

the charged channel walls with water. The bulk-like water phase exhibits a self-
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diffusion coefficient smaller than that of bulk water, due to the confinement 

effect. 

The self-diffusion coefficient of water affects oxygen diffusivity in the 

channel; however, the effect on the overall electrocatalysis in the cathode is 

estimated to be less important than the electrostatic effect: oxygen diffusion 

resistance is not the controlling step of ORR in ultrathin ionomer-free catalyst 

layers [51]. 

5.2. Suggestions for future work 

It is known that a variation in the step fraction on the catalyst surface 

shifts the potential of zero charge [104]. Therefore, stepped surfaces would have 

different charging behaviour than smooth surfaces at equal metal potential 

values. This effect could be integrated to the prediction of metal surface charge 

distribution (described in section 3.3). Considering this effect would lead to a 

better understanding of the effect of structuring on the CCL performance. 

In the current approach, metal surface charge distribution is fixed. It does 

not change during the course of a simulation. However, in reality the 

arrangement of hydronium ions leads to a redistribution of electric charges at the 

interface. Since accounting for mobile surface charges is not already 

implemented in the MD code, addressing this problem would be an 

improvement of the classical MD code. This would mean considering fictitious 

particles to represent electric charges on the metal surface, and allow those 

particles to move on the metal surface. 
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We investigated a monoatomic catalyst, and the sensitivity analysis on the 

metal material showed that the effect of material manifests itself by its lattice 

constant. However, our model does not yet predict the interfacial hydronium ion 

distribution for a metallic catalyst deposited on a conductive substrate. Such 

systems are the prevailing fuel cell catalysts [38]. For such systems, we must 

know the spatial distribution of the potential of zero charge at catalyst, to be able 

to predict the surface charge distribution. The design space of the problem can be 

then changed to a smooth substrate with different controlled configurations of 

catalyst nanoparticles deposited on the surface. This model could be considered 

as a piece of the multiscale modeling roadmap of fuel cell catalyst modeling, for 

which DFT simulations at the nanoparticle level are conducted in separate works 

in our group [22]. 

The other improvement to the model can come from a more accurate 

description of proton and water at the interface. Especially, the two or multi-state 

EVB model [70], [106] can be used to provide a more accurate insight on the 

proton and water structure at the interface. It must be noted, however, that EVB 

is a computationally expensive method, therefore the choice of simulated 

systems must be carefully refined.  

On the experimental side, the results of this work indicated that smaller 

channel opening results in enhanced effectiveness factor of Pt utilization. In a 

benchmark design such as 3M NSTF catalysts, this means recommending small 

feature sizes of support whiskers.  
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