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Abstract

Unlike traditional battery systems, vanadium redox flow batteries (VRFBs) have been
gaining attention in the past years due to their advantages of flexible, scalable design and
long-life cycle for energy storage applications. In these systems, porous electrodes such
as carbon paper and carbon felts are often used due to their desirable properties including
good acid resistance, high surface area, and reasonable cost. However, these materials
may have drawbacks of poor reversibility and kinetics, which can affect the system overall
performance. These limitations are related to interfacial phenomena at the electrode-
electrolyte interface, which can be mitigated by improving wettability and active surface
area. Among several approaches, thermal and chemical treatments are common in
literature since these treatments can improve wettability, increase electrochemical active
surface area, and can provide functional groups that are believed to facilitate vanadium
redox reactions. Although different activation methods can improve electrode
performance, there is a limited understanding and disparity between literature reports on
how to assess the relevant properties in order to elucidate improvement mechanisms.
Hence, this work aimed to systematically assess different modified electrodes so that
impediments can be further understood, and reliable engineering solutions can be
designed to mitigate such limitations. For that, a series of modified graphite felt electrodes
were fabricated using different activation methods (thermal treatment, chemical treatment,
and catalyst coating) and subjected to physical, chemical, and electrochemical
characterization methods. The results revealed that wettability and electrochemical active
surface area are the main physical and chemical properties that correlate to
electrochemical performance improvements. More efficient electrodes can be achieved
through thermal treatment by tuning process variables in order to enhance electrode
properties. Moreover, performance can be further increased by combining thermal
treatments and catalyst materials, though the main contribution in energy efficiency comes
from the thermal activation process, which improved electrode wettability and

consequently enhanced kinetics.

Keywords: Energy Storage; Vanadium Redox Flow Battery; Electrode; Activation;
Catalyst.
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Chapter 1.

Introduction

This chapter summarizes the technical and scientific issues and opportunities
related to Vanadium Redox Flow Battery (VRFB) systems, as well as the importance of
this thesis for the electrochemistry field and commercial applications. Understanding the
system limitations and how to assess them is essential to design better engineering
solutions to achieve higher performances, which is the focus of this work. Hence, this
chapter aims to provide an VRFB overview, discuss its challenges and present different
modification approaches to mitigate interfacial limitations related to the electrode

performance.

1.1. Problem Overview

Renewable energy resources, unlike fossil fuels, offer a near limitless supply of
energy. However, there are times when renewable sources are not available. For instance,
solar energy is unavailable during periods of cloud or darkness, and wind is not always
available. Conversely, there are periods where natural energy is overly abundant: energy
is wasted because, for instance, wind turbines cannot be turned off. To resolve these
issues, energy storage solutions, such as batteries, have been proposed to store excess
energy for use during periods when renewable energy sources may be otherwise

unavailable.

For large-scale applications, energy storage systems such as batteries must
present some desirable features. In terms of performance, they must be able to provide
durability for charge and discharge cycles without losing capacity. In addition, storage
systems must have high efficiencies and the ability to rapidly respond to changes in load
or input. In terms of economy, they must have a considerable life cycle and reasonable

cost [1]. Another desirable feature of a battery system is scalability, which is essential to



provide flexibility for demand uncertainties and be able to supply more energy to the
system when needed. One type of batteries that is often considered is lithium-ion,
however, they cannot withstand many cycling times without degradation [2]. Thus, among
all different battery technologies, one promising solution that can meet many of these
requirements would be the redox flow batteries (RFBs), which feature a flexible design
and has an independent relationship between power and capacity [3]. Although different
redox flow systems have been developed and implemented over the years, vanadium
redox flow batteries are one of the technologies that have been receiving more attention
because of their advantages such as fast-charging time, ability to deep discharge, and

large-scale applicability [4].

In VRFB systems, electrodes are vital components having a great impact on the
system’s overall performance. Both electrodes (positive and negative) are made of
carbon-based materials (e.g., carbon felts, carbon cloths, and carbon papers) [5], since
carbon materials have some advantages over other materials, such as reasonable cost,
porous structure, and wide operation range [4]. However, these materials have some
disadvantages like poor electrochemical activity and poor reversibility [2]. To address
these drawbacks, several modification approaches have been studied in literature [6-9],
including thermal and chemical treatments, which were firstly proposed by Maria Skyllas-
Kazacos [11,17], heteroatom doping [12], KOH treatment [13], and the adoption of
different electrocatalysts [14-16].

Thermal treatment is one of the most used methods for electrode activation, both
in research and industry since it is a simple and cost-effective method to improve electrode
performance. The main improvement mechanism provided by thermal activation is the
introduction of functional groups onto the electrode surface. Thermal treatment process
leads to the formation of different functional groups, such as phenolic (C-O), carboxylic or
carbonyl groups (C=0, C-O-C), which can improve electrode wettability, as proposed by
Skyllas-Kazacos [11]. Recent studies have reported that functional groups may increase
the electrochemical activity of vanadium ions on the electrode surface, which can improve
the charge transfer at the electrode-electrolyte interface [18,19]. Thus, in order to
introduce these functional groups on the electrode surface, different thermal activation
processes have been proposed, varying parameters such as temperature, time and
atmosphere. Although thermal activation is often used in literature, there is still a debate

whether improvements are due to functional groups or wettability improvements. Chapter



4 will evaluate the impact of different thermal treatment parameters, such as temperature

and time, as well as aging and re-treatment process.

Another modification approach often presented in literature is the introduction of
oxygen functional groups through chemical treatments. Chemical activation is also
believed to improve electrode performance by introducing oxygen functional groups that
can both improve wettability and reaction kinetics. However, little work has been done in
order to understand the combination of thermal and chemical treatments, which can
potentially have synergy and further improve electrode performance. Thus, Chapter 4 will
also focus on understanding the impact of post thermal activation process on physical and

chemical properties and how these changes correlate to electrochemical performance.

Besides thermal and chemical treatments, another activation method proposed in
literature is catalyst deposition, which can improve both active surface area and charge
transfer resistance. For that, catalyst selection is important, since, aside from increasing
active surface area and improving kinetics, catalyst materials must not promote side
reactions such as hydrogen evolution in the negative half-cell, as well as being stable in
acidic media. Different parameters must be taken into consideration during ink formulation
and coating process, such as catalyst particle size, electrical conductivity, stability,
corrosion resistance, and others. Moreover, the catalyst deposition method must be
selected in a way that catalyst particles are evenly distributed onto the electrode surface
throughout the porous structure so that the active surface area can be enhanced without
agglomeration and pores being blocked. Furthermore, catalyst cost and availability also
play important roles in the catalyst selection. Hence, Chapter 5 will investigate catalyst
selection and activity for the positive electrode and Chapter 6 will discuss catalyst
selection for the negative electrode, assessing physical and chemical modifications and

proposing improvement mechanisms for selected catalyst materials.

Pre-treatment cleaning is often proposed so that residual impurities from electrode
fabrication can be eliminated. However, more work needs to be done in order to
understand the importance of cleaning processes prior to thermal activation. Thus,
Chapter 7 will investigate the impact of different solvents on cleaning the electrode surface

and evaluate the impact of pre-treatment cleaning on different activation temperatures.



In literature, comparing results and understanding functional impediments may be
somehow complex, since different electrode properties and test parameters can influence
performance results. Hence, Chapter 8 will discuss different electrodes properties that can
have impact during in-situ VRFB cycling tests. Both activation properties and cycling test
parameters were taken into consideration and their correlations with performance results

are discussed.

1.2. Motivation and Objectives

Vanadium redox flow batteries are becoming very attractive for energy storage
applications because of their advantages such as flexible, scalable design and long-life
cycle. However, improvements still need to be done to make this technology more cost-
effective for large-scale applications. One way to improve the VRFB energy efficiency is
to enhance the electrode performance. Although different approaches have been
proposed in literature, there is still a debate on how these activation processes improve
system performance and what the main improvement mechanism is. Hence, assessing
electrode modifications is important to understand how activation methods impact different
properties (physical, chemical, and electrochemical), and then elucidate the main

mechanism for improving electrode performance in a complete VRFB cell.

The main objective of this thesis is to systematically assess electrode modifications
such that reliable engineering solutions for VRFB systems can be designed and

implemented. Other objectives are:

1. Investigate the correlations between physical, chemical, and electrochemical

properties and their impact on electrode performance.

2. Investigate the impact of thermal treatment variables on electrode wettability

and electrochemical performance.

3. Investigate and evaluate the impact of thermo-chemical combined treatments

on electrode performance.



4. Understand the importance of pre-cleaning treatments prior to thermal

activation.

5. Selection and deposition of electrocatalysts for both positive and negative

electrodes.

1.3. Thesis Outline

This thesis focuses on understanding vanadium redox flow battery system
limitations and proposing electrode modification methods to achieve robust systems with
high performance. Moreover, functional impediments are proposed, taking into
consideration different parameters so that electrode performance can be assessed. This

thesis is divided into the following chapters:

Chapter 1 provides a problem overview and outlines research objectives, scope,

and contributions.

Chapter 2 presents a literature review regarding VRFB systems and their

limitations, as well as research progress and improvement opportunities.

Chapter 3 provides a description of the experimental approach adopted for

electrode fabrication, characterization, and in-situ and ex-situ testing.

Chapter 4 presents the results and discussion related to thermal treatment,
evaluating the impact of different activation parameters, as well as the combination of

thermal and chemical methods and its influence.

Chapter 5 provides the results and discussion related to coated electrodes using

both noble and non-noble metal catalysts materials for the positive electrode.

Chapter 6 presents the results and discussion related to activated electrodes

using both metal and ceramic catalysts materials for the negative electrode.



Chapter 7 explains the importance of pre-treatment cleaning prior to thermal

activation and its impact on physicochemical properties and electrochemical performance.

Chapter 8 provides a functional impediments analysis for different activation

parameters that need to be taking into consideration for performance assessment.

Chapter 9 presents the conclusions and proposes future work for this study.

1.4. Findings and contributions

So far, the results from this thesis have been presented in two international

conferences organized by the Electrochemical Society (ECS), which are listed below:

(1) V. Neburchilov, K. Tsay, K. Fatih, R. Neagu, O. Kodra, C. Juvencio da Silva,
E. Kjeang, Efficient Catalysts for VO+2/VO2+ Redox Couples in Vanadium
Redox Flow Batteries. ECS Meeting Abstracts - PRIME (2021). MA2021-
02 101.

(2) V. Neburchilov, K. Tsay, K. Fatih, R. Neagu, O. Kodra, E. Kjeang and C.
Juvencio da Silva, Highly Energy-Efficient Vanadium Redox Flow Batteries
with Thermo-Chemically Activated Graphite Felt Electrodes. ECS Meeting
Abstracts — PRIME (2020). MA2020-02 208.

Other than conference papers, peer-reviewed journal papers are planned to be

prepared and submitted based on the results presented in this thesis.



Chapter 2.

Literature Review

This chapter provides a detailed literature review on different energy storage
systems and their advantages and disadvantages, mainly focusing on vanadium redox
flow batteries. It will cover VRFB history, applications, advantages and disadvantages,
components, and limitations. Moreover, it will present a review on different electrodes
modifications and approaches used in former studies to improve electrodes performance
and overcome interfacial phenomena limitations. Lastly, it will discuss proposed

improvement mechanisms and characterization tools used to assess these modifications.

2.1. Energy Storage Systems

Although electricity can easily be generated, transmitted, and transformed,
efficient ways to store energy is still needed, especially for intermittent renewable energy
systems such as solar and wind systems, which have been gaining much attention lately.
Although different battery technologies have been proposed using different cell chemistry,
they are often used for different applications, since each battery system has their own pros

and cons. The main battery technologies often seen in ESS are listed below:

1. Lead Acid Batteries

This is one of the most mature systems and it has been used mostly in applications
where a lot of power is needed, and weight is not necessarily a concern. Although lead
acid batteries are considerably cheap with a high-power output capacity, some
disadvantages like limited life cycle and low specific energy are the main limitation for this

technology.



2. Lithium-ion Batteries

Lithium-ion batteries usage has been increased significantly over the past years.
The popularity comes from their advantages such as high energy density, low cost, low-
self discharge and cycling efficiency. While lead acid batteries have been used for
automobile applications, lithium-ion batteries are the main candidates for electric cars
application. However, some challenges still need to be overcome, such as safety concerns
(over-heat and explosions), raw material resources (lithium availability), cost, scalability

and high emissions associated with production and recycling.

3. Redox Flow Batteries

Redox flow batteries, also known as flow batteries, are not as mature as the other
systems, but have been gaining a lot of attention lately due to their advantages over
conventional energy storage systems. While conventional technologies offer limited power
and energy, RFBs have decouple energy and power, which makes them attractive to
stationary applications, since a flexible design and scalability are key features for these
applications. For these systems, some disadvantages such as low energy density and

safety concerns are the main concerns.

As abovementioned, these systems have different advantages and disadvantages
regarding different systems specifications, such as life span, energy density and cost. A

summary is presented below in Table 1 comparing different properties for these systems.



Table 1. Energy storage systems comparison [67]

Lead acid Lithium-ion VRFB
Life span 2 years 3 -5 years 15 - 20 years
Power gnd Linked Linked Decoupled
capacity
Depth of 50% 80% 100%
discharge
Energy density 60 Wh.I! 300 - 400 Wh.["! 18 — 45 Wh.I"
Cost 000~ 1090% 120300 £ kwh* 200 - 400 £ kWh"
. Hydrogen
Operational risks Safe Overhee_ltmg evolution
(explosion) -
(explosion)

As shown in Table 1, VRFB systems offer some advantages over lithium and lead

acid batteries such as life span and power capacity. However, VRFBs still need to

overcome some limitations such as energy density and cost. Improving electrode

performance is essential for those systems to operate at higher current density and reduce

operational cost. Also, selecting proper catalyst materials that can hinder hydrogen

evolution is important to reduce operation risks such as explosion, which can also impact

system performance.

2.2. Redox Flow Batteries

Redox Flow Batteries are a promising system in the stationary energy storage field
[4,5]. They were first studied by NASA in the 1970s for photovoltaic applications [6,7]. A

few years later, in 1984, an all-vanadium redox flow battery was invented and developed



by researchers at the University of New South Wales in Australia (UNSW) [8,9,10].
Although there are several other types of redox flow batteries, vanadium batteries were

the first commercialized systems for storage applications.

RFBs are electrochemical energy conversion devices (Figure 1) where the redox
processes take place in the electrode-electrolyte interface using two different electrolytes.
Both electrolytes are stored in external tanks and pumped into the batteries, which can be
used to scale up the system if needed. Moreover, power and energy are decoupled. If the
energy capacity needs to be increased, electrolyte tanks can be increased so more
electrolytes can be stored. If power capacity needs to be increased, more cells can be
added into the cell stack, since power and energy capacity are independent. Thus, the
ability to increase the power capacity in this type of system makes applications in large-

scale energy storage systems desirable [20].

Different RFBs have been proposed in literature, using different redox couples and

mechanisms (see Figure 1). The main RFBs technologies are listed below.

¢ All Vanadium Redox System
¢ Vanadium-Bromine Redox System
o Iron-Chromium Redox System

e Zinc-Cerium Redox System
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Figure 1.
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Different Redox Flow Battery technologies and their potential. a) All
vanadium, b) vanadium/bromine, c¢) iron/chromium, d) zinc/cerium
[21]

2.3. Vanadium Redox Flow Batteries

Whereas different redox flow systems have been proposed, vanadium redox flow

batteries are receiving more attention because they have some advantages over the other

flow batteries, especially since they use the same element for both electrolytes, which

eliminates the crossover degradation and maintenance costs for electrolyte recovery.

Although more efforts need to be done to make the system more efficient, VRFB systems

have shown commercial progress and they have been used in several applications. Two

different vanadium redox flow batteries were proposed in literature: all-vanadium and

vanadium-bromide batteries. These systems are described below:

11



a) All Vanadium

In other systems, such as Iron/Chromium and Bromide/Polysulfide, the cross-over
of the species and mixing of electrolytes is still a concern. The crossover of the elements
affects not only the performance of the charge/discharge cycle and consequently the
efficiency, but also the degradation of the system itself, which will lead to higher expenses

with electrolyte separation and reactor recovery [22].

To solve this problem, a system where the same element is used (in different
oxidation states) in both electrolyte composition was developed. As a result of that,
crossover represents only a loss in system efficiency, but can be easily fixed by recharging

the electrolyte, not requiring its removal or recovery.

In this type of system, vanadium is used in four different oxidation states: V(II),
V(II), V(IV) and V(V). Where the pairs V(Il) and V(lIl) are used in the negative electrolyte,
and V(IV) and V(V) in the positive electrolyte, which generally exist in the form of VO?*
and VOy*. Electrochemical reactions for negative and positive electrolyte are captured

below, respectively:

V3t pem 2 V2 E9=-0.496Vvs SCE (1)

VOF +2H* + e~ 2 VO?** + H,0 E® =+0.750 V vs SCE (2)

Both electrolytes have intrinsic colors that can be used to identify the oxidation
state (Figure 2). Changing the oxidation state of vanadium causes the charge to be stored
and released, and when these processes happen, there is a change in the pH of the
system, also causing the electrolyte colors to change. Initially, V() has a purple color, and
when it is oxidized to V(lll), it becomes green, while V(IV) has an initial blue color, turning

into yellow when it gets oxidized.

12



Negative Electrolyte || Positive Electrolyte

Figure 2. Vanadium Electrolyte and its different oxidation states.

b) Vanadium / Bromide

Since vanadium ions have limited solubility in the electrolyte, researchers have
found that the solubility can be increased in the presence of halide ions [21]. In these
systems, Br and Brs” couple are used in the positive electrolyte, and polyhalide ions Br?Cl-
are formed in positive half-cell after oxidation. Due to the high solubility of vanadium
bromine, the energy density of this system also increases significantly (35 - 70 Wh/L),
when it is compared to the energy density of an all-vanadium system (25 - 35 Wh/L) [21].
Despite this improvement in energy density, other concerns may arise from the additive
used, such as the emission of toxic bromine vapors. Therefore, to eliminate this issue,
complexing bromine agents can be used to minimize or even eliminate emissions of

bromine vapors [23].

13



2.3.1. History

VRFBs were firstly studied in early 1984, when Maria Skyllas-Kazacos and her co-
workers from UNSW in Australia developed the system. Later in 1998, patent rights were
bought by Australian Pinnacle Vanadium Redox Batteries Company and then Sumitomo
Electric Industries (SEI) were the first ones to design cell stacks and make integrated
systems under Pinnacle license. VRFBs were the first RFBs systems being
commercialized for energy storage applications in 1996. Over the past years, VRFB
system have made huge progress and applications have grown, where systems from kW
to MW scales can be seen worldwide. Some of the systems and applications are listed

below:

- Renewable Energy Dynamics Technology Ltd was responsible for installing a 5
kW system with a 5 hours storage capacity (60 kWh). This system is located at the
University of Evora campus, and it is integrated with a photovoltaic system. The
main goal for this system is to maximize the efficiency of photovoltaic generation

and reduce energy costs [24].

- Pinnacle VRB company, with the support of the Australian Greenhouse Office
grant, installed a 200 kW capacity storage system in Tasmania. The aim of this
system was to reduce Hydro Tasmania's diesel expenses, which used this

technology to gain insight into commercial VRB design and operation [25].

- Winafrique Technologies Ltd has installed two 5 kW systems. The systems were
installed at two telecommunication stations in Kenya, with Safaricom Limited
support. Traditionally, power was supplied from lead acid batteries and by diesel
generators. However, due to the increased cost of fuel and equipment
maintenance, and the concern about environment impacts caused by pollution, the
company aroused interest in the use of renewable sources for power generation.
Thus, connected to a solar or wind energy system, the VRFB system guarantees

the power supply for up to 14 hours [26].

14



As it was shown above, VRFBs have potential to be used in large-scale energy
storage applications. However, there are still some technical limitations that need to be
overcome, especially performance improvements to reduce up-front capital cost for VRFB

systems and make them more cost-effective.

2.3.2. Operation

In a typical VRFB system, vanadium compounds are dissolved in a sulfuric acid
solution as electrolyte for chemical energy storage. In these systems, vanadium is used

in four different states, as shown in Figure 2.

Before starting the cycling tests, both electrolyte tanks are filled with vanadium
electrolyte (usually made of vanadium sulphate) with an average 3.5 oxidation state. The
initial commercial electrolyte in the positive tank is oxidized to V(IV), while the other portion
gets reduced to V(llIl) in the anolyte tank. Vanadium concentration is usually around 1.6M,
while sulfuric acid concentration is around 2M for safety and handling concerns. The
system operates in low temperatures (10 to 40°C) to avoid vanadium precipitation in the

electrolyte [134]. Figure 3 below illustrates a typical VRFB system.
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Power Source / Load

Membrane

Positive
Electrode

Negative
Electrode

—_— -
Pump Pump
Figure 3. Vanadium Redox flow battery system and its components

In a typical operation, during charge V(lll) electrolyte will be reduced to V(Il), while
V(IV) is oxidized to V(V). Conversely, in a discharge process, V(Il) is oxidized to V(Ill) in
the anolyte, while V(V) is reduced to V(IV) in the catholyte tank. To avoid electrolyte
oxidation in the anolyte tank, an inert gas is purged to avoid air oxidation, while catholyte
tank does not need to be purged, since only V(Il) is impacted by air oxidation. Crossover
and electrolyte imbalance may happen during long operations, which can be severe

depending on the membrane material and tests parameters.

2.3.3. Components

In a VRFB system, different components such as membrane, electrodes and
electrolyte are essential for system operation and those are the main research areas often

seen in literature. The main components are listed below.
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Membrane

Membrane is the component that separates the two half-cells, avoiding electrolytes
mixing. Besides avoiding crossover contamination, it must allow the passage of ions to
promote the current flow [27]. Membranes can be classified as ion exchange membranes
or cation exchange membranes, according to the type of ionic group used. Moreover,
membranes can be classified as perfluorinated ionomers, partially fluorinated polymers,
non-fluorinated hydrocarbons, and others [28], based on the chemistry composition. The
main research focus for membranes is designing membrane materials that can reduce
ionic conductivity, avoid crossover and electrolyte imbalance, and ensure chemical
stability [140]

Electrolyte

Electrolyte is defined as a solution that conducts current through ionization [29]. In
a vanadium redox flow battery system, two different electrolyte composition are used for
each half-cell. While they used different vanadium oxidation pairs for each electrolyte,
sulfuric acid is used as supporting electrolyte for both half-cells, which supports double
redox reactions (reduction and oxidation), helping to balance the ionic charges. In addition,
supporting electrolytes provide extra ions to increase solution conductivity and improving
current flow [29]. The main research focus for electrolyte is the impact of different additives

to enhance performance and stability [75].

Electrodes

In VRFBs, the electrodes are one of the most important components, and their
properties have a great impact on system performance since the reactions take place at
the electrode-electrolyte interface. Electrodes must present some properties such as high
electrical conductivity, high surface area, good wettability, chemical stability, low cost, high

porosity, and others [30].

Both positive and negative electrodes are usually made from carbon-based

materials (Figure 4), such as carbon felts, carbon cloths, carbon papers, and others [17],

17



since carbon materials have some advantages over other materials, like reasonable cost,

porous structure, and wide operation range [31].

Figure 4. Common commercial materials used as electrodes for VRFB
systems: a) carbon cloth, b) carbon paper, and c) carbon felt.

Although carbon-based electrodes are commonly used for VRFB applications,

these materials have some disadvantages including poor electrochemical activity and poor
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reversibility [2]. Interface phenomena challenges pose limitations to both performance and
battery life cycle, which can also have an impact on operational cost. Understanding these
limitations and proposing better solutions are the main goal for different electrodes

research as well as for this work.

2.4. Test Parameters

For VRFB cycling tests, a single cell is charged and discharged at a specified
current density using a potentiostat that can apply a load to the system. For in-situ
measurements, performance is usually assessed by calculating several parameters such
as energy efficiency, voltage efficiency and coulombic efficiency, which are the main
criteria to quantify performance and for samples comparison. These parameters are

defined below:

Energy Efficiency (EE) is defined as the ratio between the energy provided by
the system when the cell is discharged, and the energy supplied to the system when the

cell is charged. That is:

_ [ Paischarge-(t)dt
e = chharge-(t)dt (3)

Where Puischarge is the power delivered by the system during discharge, while Pcharge
is the power supplied to the system during charge, and t is the time. Energy efficiency is

often used to understand the stability of the system.

Coulombic Efficiency (CE) is defined as the ratio between the current extracted

during discharge process and the current provided during charging process.
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_ Qdischarge _ fidischarge-(t)dt 4
Nce = = d (4)
Qcharge flcharge-(t) t

Where Quischarge is the charge extracted from the single cell, Qcharge is the charge
supplied to the system during charge, idgischarge is the current during discharge and icharge is
the current during charge. Coulombic efficiency is often used to evaluate the performance

of the membrane or the effect of side reactions.

Voltage Efficiency (VE) is defined as the ratio of the cell voltage during discharge
and voltage during charge. It can be interpreted as a polarization measurement since it

integrates ohmic and polarization losses during cycling. In other words:

_ J Vaischarge-(£)dt
ve = fVcharge-(t)dt (5)

Where Vischarge IS the voltage of the system during discharge, Vcnarge is the voltage

of the cell during charge.

In literature, voltage efficiency is often calculated as the ratio between the energy
and coulombic efficiency. However, this is a simplified approach since pump losses are

neglected. For this approach, we have:

Myp = 22 (6)

Nce

While coulombic efficiency is often used to evaluate membrane performance,

voltage efficiency is used to understand and evaluate electrode performance.
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2.5. Electrochemistry of VRFB

2.5.1. Cell reaction

Standard potential for a VRFB system is described below:

Negative: V3t +e~ 2 V2+ E®=-0.496 V vs SCE
Positive: VOF + 2H* + e~ 2 V0O?* + H,0 E®=+0.750 V vs SCE
Overall: V3* + VO?** + H,0 2 V** + VO + 2H* E®=+1.246 V vs SCE

2.5.2. Nernst Equation
The Nernst equation is used for the calculation of the cell’s non-standard potential.

The redox reaction, indicating the anodic and cathodic reactions, is shown in Equation 7.

g0 _mr Vvors
E = Ecey nr’ n[V+2]S.[VO;']S-[1‘1+]S2 (7)

Where E°, R, T, n, F and stands for standard cell potential, gas constant, cell

temperature, number of electrodes involved in the reaction, Faraday constant respectively.

The corresponding Nernst equation is used to calculate the VRFB’s open circuit
cell voltage. The subscript S denotes surface quantities. A calculation using typical
concentrations is shown in [32]. Although it may seem tempting to increase the cell
voltage, the stability window of water must be considered. Recall, the use of aqueous

solutions is a key benefit of VRFBs. For discharging, the standard cell voltage of 1.26 V is
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near the extent of the stability window of water (1.23 V) [33], which permits the use of

aqueous electrolytes.

2.5.3. State of Charge (SoC)

SoC can be described as the relative amount of accessible charge stored in the
electrolyte. It can range from 0% to 100%, where 0% being the bottom of charge and
100% represents the top of charge. Thus, at the bottom of charge, we have 100% V(lIl)
concentration and 0% V(ll) for the anolyte, and 100% V(IV) and 0% V(V) for the catholyte,
and the opposite at 100% SoC (top of charge). SoC can also be used to determine species
crossover, since SoC is related to cell voltage. In a determined cell voltage, reading a
different SoC can be an indication of crossover and unbalanced electrolyte. The state of

charge can be calculated from the species concentration, and it can be seen below.

C,2+
SoC =—r 8
Anolyte Cpzi+ Cyat ( )

C
voy (9)

SoC¢, =—>"
atholyte
y CV0'2"+ CVO2+

2.5.4. Electrode Kinetics

Besides Nernst equation, Tafel and Butler-Volmer equations are often used in
literature to study electrode kinetics. The first equation is Butler-Volmer, which can be

derived from the overpotential relationship:

J=], [%e(_g?) _%e(%)] (10)

CR
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Where C, is the concentration for the oxidized species, Cris the concentration for
the reduced species, b stands for bulk and s for surface, « is the transfer coefficient and

n is overpotential.

When studying kinetics parameters, it is preferable to avoid concentration
gradients, and then ensure that both surface and bulk concentrations are kept the same.
One way to achieve that is to mix solution (e.g., rotating disk electrodes), so mass transfer

limitations are negligible and hence the equation can be simplified to:
J=J. [e(%) - e(%)] (11)
At small overpotential, the equation above can be further simplified to:
J = Jo ot (12)

Another equation used for kinetics studies is Tafel equation, which is a
simplification of Butler-Volmer, and it can be used when overpotentials are considerably
high (greater than 100 mV). At higher overpotentials, one of the terms in Equation 11

becomes negligible, and it can be simplified to:

logj = logJ, — 21 for 1<-0.1V (13)

2.3RT

(1-a)Fn
2.3RT

logj = logJ, + for n>0.1V (14)
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2.6.

Interfacial Phenomena Limitations

Interfacial phenomena are critical not only for the system performance, but also for

its life span and operational cost. A summary of the relevant phenomena at the VRFB

electrode-electrolyte interface is shown in Table 2

Table 2. Impediments to performance at the electrode-electrolyte interfaces
and their implications.

Component Impediment Type Implications
Electrode Surface area Physical Low current density
Electrode Wettability Physical Low current density
Electrode Charge transfer Electrochemical Slow kinetics
Electrode Stability Electrochemical Lifetime
Electrode Reversibility Electrochemical Slow kinetics
Electrode Side reactions Electrochemical Low coulombic efficiency

For this thesis, the main limitations and impediments studied will be surface area,

and wettability, while charge transfer and side reactions (hydrogen evolution) will also be
discussed. For that, different approaches will be studied to tackle different limitations.
While thermal treatment mainly improves wettability and active electrochemical surface
area, catalyst materials can further improve charge transfer resistance and surface area

while suppressing side reactions
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2.6.1. Wettability

One of the main limitations of commercial graphite felt electrodes is their
hydrophobicity. Commercial graphite felts are hydrophobic (Figure 5), and they have low
active surface area. Wettability plays an important role in the electrode performance since
pores need to be hydrophilic so electrolyte can penetrate as many pores as possible to
increase the active electrochemical surface area and consequently improve electrode
kinetics. Thus, different treatments have been proposed in literature to improve electrode’s
wettability [3,11,17]. The main two treatments are thermal and chemical treatments that
can introduce desirable functional groups and make the electrodes hydrophobic.
However, one main concern is stability, since these functional groups may degrade over

time. Thus, providing a long-term solution for this problem is essential.

Figure 5. Commercial pristine graphite felt electrode hydrophobicity

2.6.2. Active Surface Area

Another drawback of carbon electrodes, such as graphite felt electrodes, is the low
active surface area. Commercial graphite felt used in this work has a surface area of 0.4
m?/g, which is lower compared to other electrodes. Increasing active surface area can
improve kinetics, since more active sites will be available for the reactions to take place.

Different modifications such as etching process have been proposed in order to increase
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surface area and enhance electrode performance [17,107,114]. However, chemical
treatments proposed in this work only introduced oxygen functional groups rather than
etching and increasing surface area. Catalyst materials with high specific surface area
(SSA), such as carbon supports are often used in literature since it uses the same material
as the electrode (carbon) [157]. Thus, to enhance electrode active surface area, carbon

supports will be used to achieve higher SSA so that kinetics is improved.

2.6.3. Side Reactions

During charging, as the standard reduction potential of the negative electrode (-
0.26 V) is below that of the standard hydrogen electrode (0.00 V), this thermodynamically
allows for the simultaneous parasitic evolution of H, [34]. Not only does hydrogen
evolution consume charge, but it also covers active area and clogs pores. The Laplace
pressure of the H, bubbles can be very high [80]. This coupled with large breakthrough
pressures for small pores, makes pushing electrolyte through to unclog the hydrogen-
clogged pores infeasible. When covered in these bubbles, electrodes have significantly
lower coulombic and energy efficiencies and higher electrical resistances. Hydrogen
evolution presents serious design concerns as it is both explosive and can lead to severe
degradation of the load bearing capability of surrounding metallic components (hydrogen
embrittlement). In order to mitigate H, evolution, catalyst materials such as Ti [137] and Bi
[138] are proven to reduce hydrogen evolution rates (HER). Hence, selecting catalyst

materials that can both be active and mitigate hydrogen evolution is crucial.

2.7. Research Progress

Different treatments, the majority of which are thermal and chemical, have been
proposed in the literature to improve wettability and active surface area of VRFB
electrodes. Thermal and chemical treatments introduce desirable functional groups
(mainly oxygen and nitrogen) and significantly enhance wettability [17, 32, 34, 35]. For

such treatments, stability is a major concern since these functional groups are part of the
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redox reactions and degrade over time. Other solutions have also been proposed, such
as acid treatment [36], thermal activation in air [37], heteroatom doping [38], KOH
treatment [39], and the adoption of different electrocatalysts [40-42]. Recently, more
attention has gone towards the structural design of the pore-network, offering an additional
avenue for exploration [32, 43]. An abridged review of modifications that have been

investigated is shown in Figure 6.

Surface .
treatment Coatings
. Carbon
Thermal Chemical Catalyst supports
Functional Functional ] Metal Carbon
groups groups Etching Metals e Others rGO CNTs black
Noble r,;loobr;;; Borides Carbides Nitrides
Figure 6. Different activation solutions proposed in literature.

Different modification approaches used in literature are listed below in Table 3,

discussing their implications, improvement mechanisms and major drawbacks.
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Table 3.

Activation methods and their pros and cons.

Solutions Type Improvement Drawbacks
Oxygen functional Surface Wettability and kinetics Stability
groups Chemistry
Nitrogen functional Surface Wettability and kinetics Stability
groups Chemistry
Plasma treatment Surface Wettability Stability
Chemistry
Metal catalysts Coating Wettability and kinetics Cost
Metal oxide catalyst Coating Wettability and kinetics EIectnc_:gI
conductivity
Carbon materials Coating Wettability, aCt'.V © s_urface area Agglomeration
and kinetics
. Surface :
Etching Morphology Surface area Strong acids

Micro-waved

Electrochemical
pulse

Active Method

Active Method

Wettability and surface area

Wettability

Stability

Stability
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2.7.1. Functional Groups

The impact of functional groups was first studied by Maria Skyllas-Kazacos in
1992, where a sample treated at 400°C for 30 hours showed a performance improvement
due to oxygen-containing functional groups introduced via thermal treatment [11]. In
addition to thermal activation, the impact of acid treatments on electrode surface chemistry
and performance was also evaluated, where oxygen functional groups were reported to
be the main improvement mechanism for the enhanced performance [17]. Besides
oxygen-containing functional groups, different functional groups such as nitrogen
[44,45,46,47,48,49,50,51,52,53,54], boron [55] and sulfur [56] were also studied, which
are also believed to improve electrodes performance. These functional groups can be
introduced to electrode surface through different methods such as thermal treatments,
acid treatments, plasma jet and electrochemical treatments, where each treatment has a
different impact on electrode performance due to changes in the physical and chemical
properties of the electrode surface.

Although these treatments can enhance electrode performance, there is still a
debate on whether oxygen-containing functional groups are beneficial for VO?*/VO,",
V2*/\/** or both couples (see Table 4). As Skyllas-Kazacos discussed [11], C-O groups are
believed to be associated with phenolic groups, while C=0 groups are believed to be
associated with both carboxylic and carbonyl groups. C-O groups were discussed to
behave as active sites and have catalytic effects for VO?*/VO,*. Kazacos also argued that
improvements in hydrophobicity may be due to the increase of C-O groups. On the other
hand, Dixon [51] stated that the enhanced performance of the electrodes was linked to
the improved kinetics of the V2*/\/** mechanism. Due to the conflicting results and open
debate, it is important to determine and understand how different functional groups (type

and quantity) can impact the electrode performance.

Table 4. Impact of oxygen functional groups on electrode kinetics [34].
Impact on Electrodes Reference
V2Z+[\/3+ + VOZ*/VO2* + 11,57, 58, 59
V/2+[\/3+ + VOz*/VO2* - 60, 61, 62
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Impact on Electrodes Reference

\VZ+[\/3+ Not mentioned VO2+/VO2* + 63, 64, 65

Different treatments can impact electrode surface nature in different ways,
introducing different types and amount of functional groups. Kim et al. [66] studied different
surface treatments and their impact on surface nature and electrode performance. They
reported that mild oxidation and plasma treatment can introduce more C-O and C=0
functional groups to the electrode surface. Also, it was found that gamma-ray irradiation
is the best approach to transform C=0 into C-O (which is believed to be more beneficial
to electrode kinetics). However, samples treated using gamma-ray irradiation method
showed the lowest surface area compared to other treatments. Thus, it is also important
to consider the balance between functional groups and surface area. Once there should
be abundant active sites for the reactions to take place and also electrode surface nature
must present favorable groups that can enhance electrode kinetics.

Also, studies have shown that the type of material is also important when making
any conclusion about whether functional groups are benificial or not. Di Blasi et al [69]
reported that carbon felt and carbon nanofiber showed a decrease in performance due to
the increase of oxygen functional groups introduced by acid treatment. On the other hand,
carbon paper and graphite rod has shown a enhanced performance due to the fact that
the chemical treated cleaned the electrode surface and vanished oxygen species of the
surface. Di Blasi also concluded that oxygen containing functional groups can be indeed
benifical if they are introduced in a limited quantity, which he believes to be around 5%. In
short, electrodes that contain too much oxygen will have a negative impact on its
performance due to increased ohmic and charge transfer resistance.

A literature review was done to evaluate findings about the effect of functional
groups. It was noticed that there is a lack of agreement on what funcional group is the

most beneficial for performance improvement (see Table 5).
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Table 5. Desirable oxygen species on electrode surface.
Reference Treatment Material Electrode D?swable
functional group
1 Thermal Graphite felt Posmve_ and C-OH and C=0
negative
17 Chemical Graphite felt Posmve_ and C-O-H and C=0
negative
31 Chemical Graphite felt Posmve_ and C-OH
negative
Thermal
37 and Graphite felt Positive C-0
chemical
51 Thermal ~ Carbonfelt ~ositiveand C-OH
negative
Thermal Positive and
57 and Graphite felt . 0-C=0
. negative
chemical
70 Thermo- Graphite felt Positive C-OH
chemical
: . Positive and C=0, COOH and
7 Chemical  Graphite felt negative C-OH
Thermal Glass
72 and y Positive No correlation
: carbon
chemical
73 Thermal Carbon felt Negative No correlation
74 Chemical  Graphite felt Positive C=0
76 Chemical Carbon felt Positive C=0
77 Thermal Graphite felt Positive C-OH
78 Chemical Graphite felt Positive C-OH
79 Chemical Graphite felt Positive C-OH
80 Chemical Graphite felt Positive C-OH
83 Thermal  Graphite felt T ositive and C-OH
negative
Thermal
86 and Carbon felt Positive C-0
chemical
87 Chemical Graphite felt Positive -COOH
88 Chemical Carbon Posmve_ and C-OH
cloth negative

It is important to mention that it is hard to determine and compare the impact of
each treatment proposed and evaluate the impact of functional groups since different

parameters were used, such as electrolyte compositions, electrode materials, membranes
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type, current density and others. Moreover, there is a limited understanding on how to
assess electrode properties that are impacted by different activation methods. Thus,
conducting a proper assessment taking into consideration different physical and chemical
properties and correlating them to electrochemical performance is essential to avoid

misleading conclusions.

2.7.2. Thermal Treatments

Thermal treatment is a well-established approach for electrode activation, since it
is a simple and low cost procedure to introduce as many oxygen funcional groups as other
treatments. Thermal treatment for graphite felt materials was first proposed in 1992 by
Maria Skyllas-Kazacos. Skyllas-Kazacos argued that thermal activation could introduce
oxygen function groups that can behave as active sites for vanadium reactions and
improve wettability. Also, it has been discussed in literature that, in addition to introducing
desirable function groups, thermal treatment can clean graphite felt fibers that may contain

chemicals left from the synthesis process.

Although Skyllas-Kazacos has proposed that the best combination of temperature
and time would be 400°C for 30 hours, it is common to see in literature different
parameters combinations that is said to yield the best performance for different electrodes,
since materials properties differ and they play an importante role to oxidation efficiency.
Ghimire et al. [73] studied the optimization for thermal activation for negative electrodes
and the impact of temperature and time for electrode properties such as charge transfer
resistance, active surface area, oxygen amount and cell efficiencies. According to
Ghimire’s results, there is a limit in temperature and time where different properties
reaches the optimical performance, which was also observed in Kasacos paper. Also, he
noticed that a long thermal treatment forms C=0O groups, while higher temperatures
(750°C) form C-O groups. Thus, he discusses that it is hard to conclude if both or only
one functional group type are responsible for performance enhancement. Although he
couldn’t see any correlation between oxygen functional groups and performance, he was
able to verify a clear correlation between double layer capacitance and cell performance.
Therefore, other parameters should be taken into consideration when analyzing cell

performance enhancement, treatments not only impact surface nature in terms of
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functional groups, but also of physical properties like wettability. A summary is presented

in Table 6 for different parameters, such as temperature, atmosphere, and time of the

treatments.
Table 6. Thermal treatment modifications in literature and process variables.
Reference Temperature [°C] Atmosphere Time [h]

31 400 Air 4
37 450 Air 3
57 400 Air 6
75 400, 500, 610 NH3/O2 6, 12, 24 ,36
77 400 Air 10&‘;:1’"15%”’
78 , 600, 700, 800, 900 N2 2
80 400 Air 30
81 500 Air 5
82 400 Air 30
83 500 Air 5
84 400 Air 30
85 100, 200, 300, 400 - 10, 20, 30
89 400 Air 25
91 340, 390, 415, 440 Air, N2 2,6,12,24
92 400, 450, 500, 550, 600 Air 9
93 400, 500 Air 3,48
94 400 N2, Air, 42% Oz 15, 30, 45
95 400, 450, 500, 550, 600 Air -
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As shown in Table 6, there is a divergence on what the best combination of
parameters is to yield the best thermal treatment. Therefore, it is important to evaluate
different thermal treatment parameters for the electrode material used, since the best
combination for one electrode may not be the optimal for each electrode. For this work,
different temperatures and times will be studied to understand those parameters impacts

on different physical and chemical properties of graphite felt electrode.

2.7.3. Chemical Treatments

Skyllas-Kazacos also proposed chemical treatments as an alternative approach to
improve electrodes performance by using different acids. It has been shown that, when
treated with acids, electrodes could show an increase in functional groups content, which
can improve wettability and reaction kinetics. In her paper, Skyllas-Kazacos used H>SO.
and HNOs as oxidizing agents, but other chemicals have been proposed in literature, such
as H.O,, KOH, and others (Table 7). It is important to note that chemical treatments have
been proposed with two main goals: introducing oxygen-containing functional groups

and/or etching electrode surface.

Table 7. Chemical treatment modifications proposed in literature.
Reference Modification / Reagent Goal

17 H2S04/ HNO3 Functional groups
31 KMnOg4 Functional groups
39 KOH Etching

59 H202 Functional groups
69 HNOs Functional groups
74 HF / H20» Etching;rgcljjgznctional
80 Hummers method Functional groups
96 Kz2Cr207 Functional groups
97 Fenton reagent Functional groups
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Reference Modification / Reagent Goal

98 KMnOg4 Functional groups
99 KOH Functional groups
100 K2Cr207 Etching
101 Cobalt acetate Etching
102 H2S0q4 Functional groups
103 Fenton reagent Functional groups

One advantage of chemical treatments, compared to thermal treatment, is the fact
that reagents can be used to introduce oxygen functions groups, but also is often used to
modify electrode roughness and improve surface area. Since there is a debate whether
functional groups or surface area has the greatest impact on efficiency improvement,
combining both thermal and chemical treatments could have a synergetic effect for
electrode modification because it can both improve surface area and introduce desirable

functional groups on electrode surface.

2.7.4. Catalyst Materials

Metals

Metals (noble and transition) have been used in VFRB applications due to their
good electrical conductivity and stability in acidic media [3]. However, some of these
metals are not pratical as electrodes materials because of their high cost. Hence, metals
have been combined with carbon materials as supports in order to improve electrode
reversibility and charge transfer resistance. Some of the catalyst materials used in this
work were already evaluated in other papers, so a literature review can be seen below
showing the advantages and disadvantages of each material, as well as improvements

achivements.
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Iridium

Iridium is a highly conductive metal and and it is suitable for acidic media, being a
good fit for VRFB application [3]. It was first studied by Kasacos [104], and it showed
potential as a positive catalyst material. However, Wang and Wang [105] reported a
decrease in efficiency due to increased cell resistance, which is believed to be caused by

pores obstruction and oxygen evolution.

Tsai et al. [106] studied the effect of Ir on graphene, which has a higher conductivity
than graphite. However, only ex-situ electrochemical tests were performed to determine
the impact of Ir on graphene, which showed a smaller peak separation for Ir modified
electrodes. Hence, more in-situ single cell tests are needed to evaluate Ir performance

and suitability for VRFB systems.

Indium

Indium is often used in electrochemical applications due to its capability of reducing
HER rate [3]. Indium was studied as catalyst material as cathode materials, while no
reports were done in the negative electrode [107]. For cathode applications, it was found
that a smaller catalyst loading is needed to be deposit on the electrode to achieve similar

performances to Ir samples. Moreover, no degradation was seen after stability tests [107].

Bismuth

Although it is a heavy metal, bismuth is classified as a non-toxic metal and it is
also less expensive compared to the other metal catalyst materials [3]. According to
Gonzales et al. [108], modified Bi electrodes showed a good stability, where no
degradation was observed after 100 cycles. Also, Bi was studied as an electrolyte additive
and it showed performance improvements when added in anolyte, while it had no effect
on the positive electrolyte [109]. Another stability test was performed by Suarez et al. [110],
and even after 1,500 cycles, Bi modified electrodes showed no changes in ex-situ tests,

while thermal treated electrodes degreaded after few cycles.

36



Liu et al. [111] studied the effect of Bi in both positive and negative electrolyte and
it concluded that bismuth has no catalytic effect on the positive side. Liu also studied the
impact of temperature on bismuth catalytic properties. He reported that even for low and
high temperature, bismuth modified electrodes still has a better performance compared to

pristine ones.

Antimony

Antimony has desirable properties such as corrosion resistance, low cost and also
large overpotential for gas evolution [3]. It was also studied as electrolyte additive for the
anolyte. However, it was shown that antimony was not completed removed from electrode
surface after discharge, which can cause agglomeration and pores obstruction [112].

Compared to bismuth, antiomony modified electrodes has shown a lower performance.

Tin

Tin is relativily inexpensive and non-toxic metal and it was reported to improve
electrode’s wettability [3]. It was also studied as electrolyte additives, for both positive and
negative electrolytes. However, improvements were more significant on the negative side
compared to the positive side [113]. When compared to other additives, modified
electrodes using tin as catalyst material showed a higher efficiency as bismuth modified

electrodes.

Different metal catalyst have been proposed in literature for both anode and
cathode materials. Thus, a summary can be seen below in Table 8, showing the

advantages and disadvantages and impact on for both positive and negative electrodes.
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Table 8. Catalysts materials summary — Advantages and disadvantages.

Reference Catalyst VO*/VO,*  V#/v3* Pros and cons
7.104. 106 Ir + Not High oxygen evolut.ion and pores
Informed obstruction
107 In + Not Reduces HER rate
Informed
Good stability and can perform
108, 109, 110, 11 Bi No effect + at high current densities (400
mA/cm?)
112 Sb No effect + Not _con_wpletely remove.after
oxidation (agglomeration)
113 sn + (minor) + Good performance compared to

Bi

Bismuth is still one of the catalyst materials that can achieve good performances,
even in high current densities. Other materials such as Iridium still need more deep

understanding since improvements and disadvantages are still not clear as more in-situ

tests need to be performed.

Metal Oxides

Metal oxides have also been widely used in literature as catalyst materials for
VRFBs, specially due to their low cost compared to metal catalysts. These catalysts are
abundatant and they are also stable in oxygen-evolving environments [3]. However, one
disadvantage of metal oxides compared to metals is their low conductivity, which can be

solved by combining metal oxides with another high electrical conductivy materials such

as carbon materials (carbon nanotubes, graphene, rGO, and others).
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WO;

WO; catalyst has some advantages such as being stable in sulfuric acid
environments and having a low cost compared to metal catalysts [3]. However, WOs3 is
reported to has a low conductivity. Thus, it is combined with another material (usually a
carbon support) to improve conductivity. Yao et al. [105] combined WO3 with special active
carbon (SAC), which has not only a good electrical conductivity, but also a high surface
area. It was reported that both positive and negative modified electrodes showed
improvements. Shen et al. [112] combined WO3 with grafhite felt, which also showed
improvements. Kabtamu et al. [113] used hexagonal tungsten nanowired doped with Nb,
which was tested at a relatively high current density (160 mA/cm?) and showed a good
performance. Kabtamu et al. [114] also studied the combination of WO3 and graphene,
which has reported to have a synergistic effect with W-O-C bonds. Faraji et al. [115]
studied modified electrodes with multi-walled carbono nanotubes (MWCNT), which has
high surface area and carbonyl functional groups. Hosseimi et al. [116] studied nitrogen
doped and WO3; modified electrodes. Nitrogen was reported to increase hydrophilicity,
which helps to better distribute the catalyst on the electrode’s surface. Bayeh et al [117]
studied a non-stoichiometric tungsten oxide WisQOas, which is reported to have an
advantage over WO; due to some oxygen containing defects with better catalyst

properties.

SnO;

Mehboob et al. [118] studied the effect of SnO2 on both positive and negative
electrodes, and he was able to show good performances when operating at high current
density (150 mA/cm?). Futher studies need to be done in order to better understand the
role of SnO, as catalyst material, since the improvement mechanism was not fully

explained.
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TiO2

TiO2 has a good stability in acid media and it is reported to improve wettability [3]
and it is often used in the negative electrode since it's believed to surpress hydrogen
evolution [3]. Tseng et al. [113] studied the carbon black and TiO, composite electrode for
the negative reaction and it showed that hydrogen evolution was inhibited. Tseng tested
this electrode at high current densities and, compared to other metal oxides catalyst (CeO:
and ZrOy), it showed the highest VE at the same current density. Hou et al. [114] used the
same approach to modify carbon paper electrodes, and it was shown a good improvement
in the negative couple reaction. Vazquez-Galvan et al. [117] studied hydrogen treated
rutile as a negative electrode and it also inhibited hydrogen evolution. Vasquez [144] also
studied a nitrited modified electrode with TiO2 and it was shown that nitrogen on the
electrode surface can act as active sites for the reactions. Cheng et al. [116] compared
rutile and anatese forms of TiO»> and he reported that anatese has more catalytic effect

towards the negative reaction, compared to rutile form.

Nb2Os

Nb2Os has a good stability in acidic media and its catalyst properties were studied
for both reactions (negative and positive) by Li et al. [118]. They noted that adding tungsten
on the electrolyte helped the Nb2Os distribution on the electrode surface. Although it has
shown good performance at high current density, more studies need to be done to better

understand the impact of Nb,Os as catalyst.

Ta20s5

Ta»Os has a good stability in acidic media, low cost and also a good adhesion on
surface electrode [3]. Bayeh et al. [128] studied the effects of Ta>.Os on the positive
electrode, and it was shown that Ta>Os modified electrodes has abundant oxygen

functional groups that can act as active sites for the positive couple reaction.
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As it was shown, different metal oxides were tested and are believed to be a good

fit for VRFB applications. Although different groups have shown advantages of using those

materia

Is, more studies need to be done in order to understand the main improvement

mechanisms for them, since modification assessment for some electrodes is not fully

explored. A summary can be seen in Table 9, comparing modified samples using different

catalyst materials and their performance in in-situ cycling tests.

Table 9. VRFB performance comparison for diferente metal oxides activated

electrodes proposed in literature.

Reference Electrode Catalyst i[mA/cm?] CE[%] VE[%] EE [%]

105 Positive and WOs 60 951 818  78.1
negative

112 Positive WO 70 99.1 8866 87.86

114 Positive and WOs 80 9498 8369 79.49
negative

118 Positive and Sno, 150 96 78 75
negative

119 Negative TiOs 200 900 730 654

120 Negative TiO2 100 97 75 73

122 Negative TiN 200 - - 84

123 Negative TiO2 100 97 84 81

124 Positive and Nb2Os 150 97 77 75
negative

125 Positive Ta:0s 80 9482 7810 73.73

density

As shown in Table 9, activated samples were able to perform at higher current

and still show high energy efficiency. Among different catalyst materials, TiO-

showed higher EE compared to other catalyst at higher current densities, which is believed

to be caused by hydrogen evolution suppression.
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Carbon Support

Carbon materials have been used as catalysts materials and support in VRFB
applications due to their high surface area and electrical conductivity. They are mostly
combined with other catalysts (especially metal oxides), though some studies showed the
impact of carbon catalysts alone. Most of the studies have been focusing on carbon
nanotubes, graphene, graphene oxide and reduced graphene oxided, which applications

and milestone will be discussed below.

Carbon Nanotubes

Carbon nanotubes are widely used in fuel cell applications, but it has also been
used as catalyst in VRFB application due to high surface area and also high electrical
conducitivy. Li [162] studied three different types of MWCNTs (pristine, hydroxyl and
carboxyl) as catalysts for the positive reaction. Li reported that carboxyl MWCNTs showed
the best performance among the three modified electrodes, suggesting that carboxyl
functional groups can act as catalysts for the positive reaction. Although it showed a better
performance, carboxyl MWCNTs seems to have a poor adherence on the substrate. Thus,
Wei [154] suggested a new approach using Nafion to enhance catalyst stability onto CF
electrode’s surface. Yang [158] stated that both methods used for Wei and Li are
complicated and difficult, and he suggested a sucrose pyrolysis approach in order to
deposit MWCNTSs onto electrode surface. Wang et al. [159] introduced nitrogen functional
groups on carbon nanotubes and he reported that it not only modified electrical properties,
but also introduced defects sites on their surface. Gonzales et al. [37] compared the impact
of both oxygen and nitrogen functional groups and he concluded that oxygen modified
MWCNTs showed the best performance.

Graphene, graphene oxide and rGO

Graphene is considered as a good electrode material due to its high surface area
and electrical conductivity, which can decreases contact resistance [157]. Gonzales et al.

[155] studied graphene modified graphite felt using graphene oxide and it showed good
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electrochemical performance. Moghim et al. [157] studied reduced graphene oxide as
electrocatalyst and it showed a huge improvement on electrode resistance and also on
VOSO. absortion. Graphene oxide was studied by Han et al. [163] due to the fact that
graphene oxide nanoplates (GONPs) have a large amount of hydroxyl and carboxyl
functional groups. GONPs modified electrodes proposed by Han et al. showed good
electrochemical improvements towards both positive and negative reactions. However, no

single cell experiments were done.

2.8. Proposed solutions

For this work, a comparative study of various activation treatments applied to the same
VRFB architecture subjected to a full suite of diagnostics was done in order to establish
their relative effectiveness and key underlying mechanisms so that a combined solution
(Figure 7) can be proposed aiming for an optimal design for both positive and negative
electrodes. For that, different impediments were tackled, such as active surface area and
wettability, which can be drastically enhanced with the proposed solutions and seem to be
the main parameters to improve electrode performance. Applying effective solutions can
make VRFB operate at higher current densities and operational costs can be decreased,

making it more competitive as ESS.
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Optimal solution

Wettability

Charge Active

Transfer Surface
Resistance Area
Figure 7. Proposed solution goal satisfying different electrode limitations.

The optimal solution aims to achieve higher performance by tackling different
impediments, as shown in Figure 7. For that, both thermal activation and catalyst coating
are used since each activation mechanism can provide different improvements. While
thermal treatments can improve wettability and electrochemical active surface area by
providing high concentration of functional groups that are active for both positive and
negative redox reactions, catalyst materials with highly porous carbon supports can further
improve active surface area and charge transfer resistance. Hence, the expected outcome

for this combined solution is:

Higher energy efficiency (+15%).

Stability (less degradation in energy efficiency over 50 cycles)

Operation at higher current density

Maintenance cost and time are reduced compared to pristine, which is degraded

overtime.
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Chapter 3.

Experimental

In this chapter, materials, experimental techniques, and methodology are
described for both in-situ and ex-situ physico-chemical and electrochemical
characterization of VRFB electrodes. Tests conditions and parameters are detailed for
different characterization tools. In addition, electrode, catalyst selection and modification
processes (thermal and chemical treatments, pre-treatment cleaning and in-situ flow

deposition) are described.

3.1. Electrode Selection

Graphite felt electrodes (GFE) GFD 4.65EA (SGL, Germany) were used in this
study as this polyacrylonitrile (PAN) graphite felt material has been widely used in VRFBs.
SGL graphite felt was also chosen because of desirable properties such as chemical
resistance, high open porosity, high purity, and electrical conductivity. GFE properties can

be seen in Table 10.

Table 10. Commercial graphite felt electrode properties. [68]

Properties Units GFD 4.65EA
Carbon fiber precursor - PAN
Bulk density g/cm3 0.09
Nominal thickness mm 4.6
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Properties Units GFD 4.65EA

Area weight g/m? 465

Open porosity % 94

BET surface area m2/g 0.4

Electrical resistivity L o.mm <5

Electrical resistivity Il o.mm <3
Area-specific resistance™ L Q.cm? <0.15
Total impurities % <0.05

Note: Il parallel to longitudinal direction of felt; L vertical to longitudinal of felt;
*compression to 80% of initial thickness

3.2. Thermal Treatment

The graphite felt samples were thermally treated varying two main parameters:
temperature and time. To avoid unwanted aging effects and associated variability,
samples were treated one day prior to in-situ and ex-situ tests. Samples were cut into the
desired shape (3x3 cm), and then placed in a furnace which was programmed accordingly
(Figure 8). Initial parameters such as time and temperature were selected based on Sun
and Skyllas-Kazacos [11] study on thermal treatment impact and then tunned so that
electrodes properties such as wettability could be improved. After treated, samples were
placed in bags to avoid air contamination. The description of thermal treated samples is
captured below in Table 11.
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Figure 8. Thermal treatment scheme.

Table 11. Summary of thermally treated electrodes and their respective

treatment variables.

Treatment Sample Temperature [°C] Atmosphere Time [h]
GF400 400 6
GF450 450 6
Thermal GF5003h 500 Air 3
Treatment
GF500 500 6
GF50012h 500 12

3.3. Chemical Treatment

For thermal-chemical treatment, samples treated at 400°C for 6 hours were used
as baseline to evaluate potential further improvements in wettability, since GF400
electrodes were still hydrophobic. Thus, pre-treated samples were immerged in different
oxidizing agents for 48 hours (Figure 9). After that, electrodes were washed until pH 7 was
reached, and then dried in a vacuum furnace for 24 hours. To avoid air contamination,

dried electrodes were kept in bags. Summary of electrodes descriptions and their

respective treatments can be seen in Table 12.
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Figure 9. Chemical activation scheme.

Table 12. Summary of thermo-chemically treated electrodes and their
respective treatments variables.

Treatment Sample Baseline Oxidizing Agent
GF400 - 10H20, 10% H20-
Thermal —Chemical - ~c/00 30,0,  GF400 30% H,0,
Treatment
GF400 - HNO3 10% HNO3

3.4. Pre-cleaning Treatment

Before thermal treatment, a pre-cleaning process was done to eliminate potential
chemicals residues that may be left after electrode synthesis process. Electrodes were
cut either in 3x3 cm squares samples and they were place in a beaker. A reagent alcohol
solution was firstly used for the pre-cleaning treatment. The beaker was filled until samples
were fully emerged in the solution. Then, the beaker was sealed with parafilm and taken
to ultrasonic bath, where they were ultrasonicated for 1 hour. After degassing, electrodes
were dried at 100°C on a hot-plate and then placed in the furnace for the thermal treatment
(Figure 10). Solvent molecules are believed to have no impact on electrode surface since

they are evaporated during thermal treatment.
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Figure 10. Pre-treatment process scheme.

3.5. Catalyst Materials Selection

Catalyst materials must present some desirable properties for both positive and
negative electrodes, such as good electrical conductivity, high specific surface area,
stability in acid, and others. In addition, anode and cathode materials must also prevent
side reactions, and different catalyst can be used for each or both cells. For the positive
electrodes, noble and non-noble metals were selected since they have high electrical
conductivity and good acidic stability. Carbon supports were used to enhance SSA. For
the negative electrodes, metal (mostly Bi) and metal oxides were selected due to the good
acidic corrosion resistance and good electrical conductivity as well as being able to hinder

hydrogen evolution.

3.6. Coating Process

For the coating process, a vacuum dip coating process was proposed. For that,
catalyst ink was prepared beforehand using the selected ink formulation, and then poured
into a beaker where sample was fully immersed and covered by parafilm. Then, the beaker
was placed in a vacuum furnace where samples were kept under vacuum so that trapped
air could leave the pores and ink could deeply penetrate electrode. After ink was fully
soaked, samples were placed in a hot-plate and dried at 100°C for few minutes (Figure

11). Dried electrodes were then labeled, and characterization analyses were carried out.
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Figure 11. Dip-coating process scheme.

3.7. In-situ flowing deposition

For the flowing deposition method [135], carbon materials were sonicated in an
ultrasonic probe to disperse catalyst particles into commercial electrolyte solution. Once
catalyst was dispersed and VRFB tests were set-up, the dispersed electrolyte was placed
in the electrolyte tank and flowed through the system for few minutes until the color was
changed and deposition was achieved. Different parameters were taken into consideration

and will be discussed later, such as flow rate, catalyst loading and material selection.

3.8. Catholyte and Anolyte Preparation

For ex-situ measurements in half-cells such as cyclic voltammetry and
electrochemical impedance spectroscopy, catholyte and anolyte formulations were
prepared. For positive electrodes assessment, a catholyte solution of 0.2M VOSO, in 2M
H>SO4 electrolyte was prepared. Anolyte was prepared by charging initial catholyte
solution, in a different concentration, oxidation state reached around 2.5. For negative
electrodes assessment, an anolyte solution was prepared using a 1.6M VOSO4 in 2M
H>SO, electrolyte, and then charged in 1.4V for few hours. In order to confirm the final
solution state of charge, titration was performed and SoC values were calculated (Figure
12).
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Figure 12.  Titration process and its stages.

3.9. Characterization

Selecting proper tools for electrodes assessment is essential to understand
enhancement mechanism and suggest better engineering solutions to mitigate electrode
limitations. Therefore, a combination of different physical, chemical and electrochemical
methods is provided so that different properties can be assessed, and a fair interpretation
can be done. The characterization tools used in the in-situ and ex-situ tests are listed

below.

3.9.1. Contact Angle

Keyence VHX digital microscope was used for static contact angle
characterization. For that, a water droplet was dropped onto electrode surface and the
static contact angle were calculated using measurements tools. Measurements were done

right after (~30 s) water droplet was placed onto electrode to avoid the impact of time on
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the droplet absorbance. Two measurements were done for each sample for statistical

analysis.

3.9.2. Raman Spectroscopy

Thermo-Fisher DXR2 Raman microscope was employed to obtain Raman spectra
of the samples. For this tool, Ip/lc band ratio was calculated in order to determine the
introduction of defects during the treatments. D band is associated to nanocrystalline
carbon, while G band is associated to amorphous carbon materials. Thus, if Ip/lg ratio is
higher for activated electrodes (compared to pristine), more defects were formed on

electrode surface, which can act as active sites for the reactions to take place.

3.9.3. X-ray photoelectron spectroscopy (XPS)

The XPS spectra were taken on a Kratos Axis Ultra DLD with the following
parameters: Monochromated Al K-alpha x-rays (1486 eV), 180 W, 160 ev pass energy
and 1 eV/step for the surveys, 20 eV pass energy and 0.1 eV/step for the high-resolution
spectra and neutralizer on. The main goal of this characterization tool is to understand
what functional groups are presented on the different samples and to determine the impact

of functional groups on electrodes’ performance.

3.9.4. Scanning Electron Microscope (SEM)
SEM/EDAX Vega3 LMH was employed to examine the morphology and roughness

of the sample. Morphology of the samples were determine based on the SEM images

using a 20kV accelerating voltage and 4,000 magnification.
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3.9.5. Brunauer-Emmett-Teller (BET)

BET surface area measurements were performed using a AS 3100 Surface
Analyzer. Catalyst materials were loaded in a glass tubing according to minimum load to

calculate estimated SSA.

3.9.6. Zeta Potential and Particle Size Distribution Measurements

Malvern zeta potentiostat was used for both zeta potential measurements and
particle size distribution. Samples were dispersed in an ethanol solution and information
regarding solvents and materials were added in the system so that both measurements

could be done.

3.9.7. Cyclic Voltammetry (CV)

In order to investigate electrochemical performance of the treated graphite felt
electrodes, CV measurements were done using a VoltaLab potentiostat system and a
three-electrodes cell built in-house (Figure 13). This cell is consisted of three electrodes:
a working electrode (treated electrodes samples), counter electrode (gold mesh) and an
Ag/AgCl reference electrode. To avoid kinetic limitations, counter electrode has an area
greater (~10x) than the working electrode. CV tests were performed in both sulfuric acid

and vanadium electrolyte.

For sulfuric acid, capacitance and carbolic functional group density were
calculated. For capacitance measurements, capacitance current is read from the range
0.6V — 0.8V in the double-layer region (no reactions taking place). Thus, capacitance can

be calculated using the following formula:

Charge (Q) __ I'time _ Icapacitive (15)

Voltage (V) Ty v

Capacitance =
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Where lcapacitve is the capacitance current and v is the scan rate (mV/s).

Carbolic functional group density was calculated by integrating the carbolic peak

(0.4V - 0.6V) using the following formula:

umol

1000000

Surface functional density group = 7 Tm"l (16)

Where Q is the charge, F is the Faraday constant and m is the mass of the sample.

For vanadium electrolyte, peak current ratio (kinetics) and peak potential
separation (reversibility) were calculated. CVs were performed at a scan rate of 1 mV/s
for a 0 — 1.4V potential range. Tests were performed in room temperature, and for CVs in

anolyte, argon was purged to avoid electrolyte oxidation.

Figure 13. In-house made three-electrode cell set-up.
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3.9.8. Electrochemical Impedance Spectroscopy (EIS)

For EIS measurements, the same set-up was used as for CV tests, and EIS
measurements were usually done before running CV to avoid changes in electrolyte
species. Same electrolytes were used (anolyte and catholyte) and a frequency range from
100 kHz — 10 mHz, 5 mV AC perturbation was applied at OCP potential.

3.9.9. Single Cell Test

A single-cell flow battery (Standard Energy, S.Korea) with 9 cm? active electrode
area with a serpentine flow field and flow-through structure was used for the performance
evaluation (Figure 14). The VRFB charging and discharging was performed using an Arbin
battery station. The single cell was assembled using gold current collectors, graphite
bipolar plates, gasket materials and frames. Activated electrodes were used as positive
or negative electrodes, and a Nafion™ 212 membrane was used in order to minimize
crossover. After assembly, the test cell was compressed, and tubings were connected to
the electrolyte tanks. For performance testing, a flow rate of 25 mL/min was used with a
peristaltic pump. Two compartments with 30 mL of commercial electrolyte were employed
for the anolyte and catholyte, being the negative electrolyte tank purged with argon to

avoid air oxidation. All tests were performed at room-temperature and at i = 80 mA/cm?,
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Figure 14. Single cell VRFB test set-up.
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Chapter 4.

Results and Discussion

4.1. Thermal Treatment

Thermal treatment is one of the methods often used in literature to introduce
desirable functional groups on VRFB carbon electrodes. Different parameters will be
analyzed in order to understand the impact of both treatment temperature and time on
electrode properties, such as wettability and active surface area. Moreover, activated

electrodes aging is evaluated, since functional groups are believed to be not stable.

4.1.1. Temperature Impact

Pristine commercial graphite felts are hydrophobic (Figure 5), which is one of the
drawbacks of these materials for liquid flow cells. Since thermal treatment is believed to
improve wettability, contact angle measurements were performed to evaluate the impact

of temperature on electrode hydrophobicity (Figure 15).
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Figure 15. Contact angle measurements for a) GFPristine, b) GF400, c) GF450
and d) GF500.

As it is shown in Figure 15, temperature has a great influence on samples
wettability. While pristine sample showed a hydrophobic behavior, hydrophilicity was
drastically improved for electrodes treated at higher temperature. Lower temperatures
(GF400) seem to not fully activate GFEs, and changes in hydrophobicity were minor, while
higher temperatures (500°C) showed completely hydrophilic behavior, where water
droplet gets completely absorbed, compared to GFPristine, where water droplets stick to

the electrode surface (see Appendix).

Morphology of activated GFEs was evaluated using SEM. As it can be seen from
Figure 16, GFPristine and GF400 have a relatively smooth surface, which indicates that
treatment lower temperature has little effect on roughness. However, GF500 showed
slightly rougher fibers, suggesting that some defects may be introduced during thermal

treatment process, which can be act as active sites for the reactions to take place.
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SEM images of a) GFPristine, b) GF400, c) GF450 and d) GF500.

Figure 16.

Since samples roughness and morphologies seemed affected for few samples,
Raman spectroscopy was used as a auxiliary tool to determine how different temperature
can impact material roughness and defect formation. For that, Ip/lg ratio was calculated,

which can be useful to estimate the defects in the sample.
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Figure 17. Raman lg/lp ratio for different thermally treated electrodes.
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As shown in Figure 17, most of the samples showed an Ip/lg ratio close to one,
though temperature seems to increase the number of defects. Both GFPristine and GF400
had a ratio close to 1, suggesting a smooth and little or no defects on electrode surface
as shown in SEM images, while higher temperature samples showed higher ratio. Among
activated samples, GF500 showed the highest Ip/lg ratio, which means that more defects
were introduced onto sample surface during thermal treatment. More defects on electrode
surface can provide more active surface area for electrochemical reactions, which can be

translated into improved kinetics.

Physical characterization itself isn’'t enough to fully assess the electrode
performance, hence chemical characterization was also performed to better understand
physical and chemical properties correlation. For chemical analysis, XPS measurements

(Figure 18) were done to determine the surface elemental composition.

500C_1_sv/32

Name Pos. At% %StDev
1 Cls 283.48 95.36 0.25
14 ] O 1s 531.48 4.32 0.24

Cls

Nals 1070.48 0.32 0.07

T T T I T T I T T I T T
1200 900 600 300
Binding Energy (eV)
CasaXP S (This string can be edited in CasaXPS.DEF/PrintFootNote.txt)

Figure 18.  XPS Analysis — Surface composition for GF500.
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After analyzing XPS data, it was noted that samples treated at higher temperatures
showed higher oxygen peaks, which indicates that more oxygen is being introduced to
materials surface during thermal treatment and organic species are being burned off, since
carbon content in the surface is decreasing. Table 13 shows the composition for GFEs

thermally treated at different temperatures

Table 13. XPS surface elemental composition for different thermally treated
electrodes.
Sample C [%] O [%] N [%] Na [%]
GF400 97.63 1.6 0.77 -
GF450 96.7 2.22 0.86 0.22
GF500 95.36 4.32 - 0.32

As can be seen in Table 13, an increase of oxygen content is noticeable after each
thermal treatment. For instance, sample treated at 500°C shows an oxygen content
amount almost 3x higher than the one treated at 400°C. It’s also important to notice that
besides C, O and N, some other elements can be seen in the samples. Although these
contaminants are present, it is believed that due their small quantity, they shouldn’t have

any impact on electrode performance.

Besides elemental composition analysis, O1s deconvolution oxygen peaks analysis
was also done so that different oxygen functional groups could be evaluated (Figure 19).

For that C=0, C-O and adsorbed O (mostly adsorbed water or chemicals on the surface).
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Figure 19.  XPS Analysis - O1s Deconvolution for GF500.

As shown in Os deconvolution in Table 14, oxygen functional groups in different
amounts can be introduced by varying the thermal treatment temperature. Activated
samples at heat treatment 400 and 450°C for 6h in air showed similar C=0 and C-O

amounts, while GF500 showed significant increase of all functional groups.

Table 14. XPS functional groups analysis for different thermally treated
electrodes.
Sample C=0 Cc-0 Adsorbed O
GFPristine 1.54 1.11 -
GF400 1.07 0.49 0.04
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Sample C=0 C-0 Adsorbed O

GF450 1.37 0.72 0.13

GF500 1.86 2.16 0.30

As Skyllas-Kazacos discussed [11], C-O groups are believed to be associated with
phenolic groups, and C=0 groups are believed to be associated with both carboxylic and
carbonyl groups. C-O groups are desirable because they behave as active site and have
catalytic effects. Skyllas-Kazacos also argued that improvements in hydrophobicity are
due to the increase of C-O groups, which align with contact angle measurements and

surface tension calculations.

Since temperature seems to improve electrode wettability, capacitance
measurements were performed during cyclic voltammetry tests so that electrochemical
surface area could be evaluated for thermally treated electrodes. From these
measurement, electrochemical active surface area and carbolic functional groups can be
evaluated, as it is shown in Figure 20.
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Figure 20. CV measurements in H.SO4 for thermally treated sample (GF500)
and pristine.
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As shown in Figure 20, capacitance was drastically improved after thermal
treatment. Carbolic functional group density was calculated between 0.4V — 0.6 V, while
capacitance values were calculated from double layer capacitance region (0.6 V — 0.8V),
where no reactions take place. Carbolic group density and capacitance values for

thermally treated samples can be seen below in Table 15.

Table 15. Capacitance and carbolic functional group density results for
different thermally treated electrodes.

Carbolic functional

Sample group density Capacitance [uF]
[umol]

GFPristine 0.000 1.06
GF400 0.001 2.31
GF450 0.003 3.74
GF500 0.009 13.43

As it can be seen in Table 15, although GF400 and GF450 showed slight
improvements in capacitance, GF500 showed the highest capacitance, which was 10x
higher than pristine GF. Enhanced capacitance can be explained by improved wettability,
which was observed in CA measurements, where electrodes that showed similar CA also
showed similar capacitance, while GF500 showed the highest capacitance and lowest
contact angle. Thus, higher capacitance can be translated into more electrochemical
active surface area and improvements can be seen in other electrochemical properties

that will be discussed later.

Carbolic functional group density was also increased for thermally treated
samples, aligning to XPS data, which showed higher oxygen content. Although pristine
GFE showed no carbolic group density and GF400 had not a significant increase, sample
treated at higher temperature (GF500), showed the highest carbolic content, confirming
that higher temperature can introduce more oxygen functional groups, which is desirable

for this application.
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For electrochemical characterization, CV measurements were carried out in the
positive electrolyte. For these measurements, anodic and cathodic peak potential
separation and peak current ratio were calculated, for the evaluation of the
electrochemical activity and reversibility for V2*/\V** and V#*/V** redox reactions. As it can
be seen from Figure 21, after thermal treatment, samples showed closer peak potential
separation AE (improved reversibility) and higher peaks current ratio Jpa/Joc with ratio

closer to one (improved kinetics)
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Figure 21.  CV curves comparison for thermally treated electrode (GF500) and
pristine.
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Table 16. CV results for electrochemical properties for thermally treated

electrodes.
Sample JpalJpc AV [V]
GFPristine 3.01 0.210
GF400 2.10 0.160
GF450 1.82 0.150
GF500 1.38 0.110

As shown in Table 16, thermally treated GFs showed lower peak current ratio and
potential separation, compared to the pristine. While GF400 and GF450 had similar results
but, GF500 showed the lowest peak potential separation and a Jpa/Jpc ratio closer to 1,
showing improvements in both electrochemical activity and reversibility for V4*/V®* redox

reaction

Electrochemical impedance spectroscopy in the combination with measurements
of CVs allows to carry out further analysis of electrode ohmic and charge transfer (interface
electrolyte/electrode) resistance and double layer capacitance, which can give us an
insight on kinetics and electrochemical active surface area properties. Two different
parameters from Nyquist plots were analyzed: Rs (solution resistance) and Rc (charge
transfer resistance). Rsis the intersection with the X-axis at high frequencies, and R is
the diameter of the semi-circle at low frequencies. EIS measurements were also
performed as part of the electrochemical characterization, so improvements in charge

transfer resistance can be evaluated and correlated to kinetics improvements.
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Figure 22.

As it can be seen in Figure 22, resistance was drastically improved for both
samples (higher and lower temperatures). However, while GF400 showed only 3x
improvement, GF500 showed a R value 200x lower compared to pristine GFE. As shown
in Table 17. Improvements in charge transfer resistance can be explained by enhanced

wettability and active surface area, which have an impact on electrode kinetics and charge
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transfer resistance.

Table 17.

EIS results for thermally treated electrodes.
Sample Rs [ohm.cm?] Rci[ohm.cm?]
GFPristine 0.36 997.15
GF400 0.55 326.89
GF500 0.11 4.98
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In-situ VRFB cycling tests were also performed to evaluate electrodes
performance (Figure 23). For that, a single cell was assembled using thermally treated
electrodes both as positive and negative electrode. VRFB cycling tests can be used to
understand the correlation between ex-situ and in-situ performance so that improvements

mechanism can be evaluated.

100% l 30
A.ll.-.................lllllllll.llllllllllllllll
90% 25
AAAAAAAAAAAAAAAAAAALAALAAAAAAAAAAAAAAAAAAAAAAAAAAL
00000 ,4,000000000000000000000000 0000000000040 00000
00%0%0e,
80% '=... 20
%o
oooo.....
0900000000000 000000000000
> =
2 70% 15 <
@ <
S z
t o-—
i 3
-
60% 10 8
n
Y
m Coulombic Efficiency
50% - ¢ Energy Efficiency 5
A Voltage Efficiency
@ Charge Capacity
Discharge Capacity
40% T T T T 0
0 10 20 30 40 50

Cycle Number

Figure 23. In-situ VRFB cycling test for thermally treated electrode GF500.

Cycling VRFB tests were important to evaluate both electrode performance and
stability. Parameters such as EE, VE and CE are calculated, and performance comparison
can be done (Table 18).
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Table 18. Performance of VRFB system using different thermally treated

electrodes.
Sample EE [%] VE [%] CE [%]
GFPristine 73.1 75.8 96.4
GF400 81.3 82.5 98.5
GF450 80.2 82.6 98.1
GF500 85.2 88.5 96.2

As expected, GF500 showed the best performance overall among different
thermally treated samples, showing a ~12% enhancement in energy efficiency. GF400
and GF450 showed similar results, which can be explained by similar physical and
chemical properties. Though there is not a significant difference between GF400 and
GF450 efficiencies, both samples also showed better EE% values than baseline, showing

a ~8% improvement.

Improvements in electrode performance can be explained by enhancements in
both wettability and active electrochemical surface area. Although functional groups
introduced via thermal treament can improve wettability and seem to have impact on
reversibility, as it was shown in CVs results, capacitance and electrochemical active
surface area are the main parameter that correlates to in-situ performance, since improved
performance are related to kinetics improvements. In summary, thermal treatment can
lead to the formation of functional groups on electrode surface, which can improve
physical and chemical properties, though improvements in active electrochemical surface

area is the main mechanism behind electrode performance improvements.
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4.1.2. Time Impact

As it has been discussed in literature, both temperature and time influence
electrode performance since they can impact different properties. Hence, since GF500
showed the best performance among treated samples, different times were tested to
understand the impact of time on physical and chemical properties. For that, electrodes
were thermally treated during 3h, 6h and 12h at 500°C, and they were denoted as
GF5003h, GF5006h and GF50012h, respectively.

Wettability was evaluated during CA measurements, and as it can be seen in
Figure 24, time has less influence during thermal treatment compared to temperature. All
samples showed a hydrophilicity behavior, though GF5003h was the only sample that did
not showed a total hydrophilic behavior, suggesting that samples need a longer time to

fully activate electrode surface.

70



Figure 24.  Contact angle measurements for a) GF5003h, b) GF5006h and c)
GF50012h.

SEM was also used to evaluate electrode morphology, which showed that
electrodes roughness wasn’t affected by treatment time, suggesting that temperature is

the main parameter that has a major impact on electrode roughness.

Since all samples are hydrophilic, CA measurements alone cannot be used to
assess wettability and enhancement of the electrochemical surface area. Thus,

capacitance measurements were also performed.
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Figure 25. CV measurements in H.SO, for thermally treated electrodes — time
effect.
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As it can be seen from Figure 25, time has also great influence on capacitance
and active electrochemical area. Values for carbolic functional group density and

capacitance for activated samples are listed below in Table 19.

Table 19. Capacitance and Functional group density values for thermally
treated electrodes — time impact.

Carbolic functional

Sample group density Capacitance [uF]
[umol]

GFPristine 0.000 1.06

GF5003h 0.011 10.74

GF5006h 0.010 13.43

GF50012h 0.017 22.79

As it is shown in Table 19, samples treated at longer times showed higher
capacitance. Although GF5003h showed similar results compared to GF5006h, GF50012
showed a significant improvement (~20x) compared to pristine GF. Carbolic functional
group density was also improved, suggesting that more functional groups were introduced

during longer treatment times.

Another tool used to access electrochemical properties was CV. As it can be seen
from Figure 26, samples treated at longer times showed similar performance. Both peak

potential separation and peak current ratio was calculated and presented in Table 20.
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Figure 26. CV curves for different thermally treated electrodes — time impact.

As it can be seen in Table 20, both samples showed similar results for peak
potential separation, while peak current ratio showed better improvement. Hence, longer
treatment time may affect peak current ratio the most, which is related to kinetics and

enhanced electrochemical surface area, while reversibility impact was minor.

Table 20. CV results for different thermally treated electrodes — time impact.
Sample JpalJpe AV [V]
GFPristine 3.01 0.210
GF5003h 1.58 0.150
GF5006h 1.38 0.110
GF50012h 1.22 0.100
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As it was shown in the ex-situ characterization analysis, longer activation process
can lead the formation of higher content of oxygen functional groups, which can improve
wettability and electrochemical surface area, key parameters for kinetics improvements.
Although further in-situ performance needs to be done in order to evaluate the impact of
thermal treatment time, results showed that GF50012h would likely have a higher
performance compared to GF5006h. Even though GF50012h showed improvements for
all ex-situ characterization tests, GF5006h was selected as activated baseline for later
catalyst deposition samples for process simplification, since it requires less time to be
prepared. However, to achieve higher efficiencies, GF50012h should be used instead of
GF5006h.

4.1.3. Storage Time Impact

Commercial graphite felt electrodes can be purchased either as pristine (non-
activated) or activated, though functional group stability is still not quite understood. Thus,
an investigation of aging effect (storage time) of different thermally treated samples was
carried out. For that, activated samples were stored for 2 years and then submitted to the
same set of characterization tools in order to understand the effect of aging on different
properties, especially on wettability and electrochemical activity. Though 2 years may
seem exaggerated, companies may purchase felts rolls and store them for longer times,

which is the main motivation of this investigation.

Contact angle measurements were performed to understand the impact of aging
on activated electrodes. At it can be seen in Figure 27, aged samples showed hydrophobic
behavior like pristine GF, suggesting that functional groups in the surface got degraded

and oxidized during time in exposure with air.
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Figure 27. Contact angle measurements for freshly treated (left) and aged
(right) electrodes for a) GF400, b) GF450 and c) GF500.

SEM analysis was also done in order to understand changes on surface
roughness. As it was expected, no changes in roughness were seen. Hence, any
electrochemical activity change can be explained due to surface chemistry rather than
surface roughness.

75



Since samples showed a hydrophobic behavior, capacitance measurements were

performed to understand the impact of aging in electrochemical active area (Figure 28).
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Figure 28. CV measurements in H.SO, for thermally treated electrodes — aging
effect.

Capacitance seems to be unaffected, though contact angle measurements
showed similar results compared to GFPristine. Results for capacitance and functional

group density for different aged samples are shown below in Table 21.
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Table 21. Capacitance and carbolic functional group density results for
thermally treated electrodes — aging effect.

Sample Fresh Aged
Carbolic Carbolic
functional functional
Capacitance Capacitance
group group
. [WF] . [LF]
density density
[umol] [umol]

GFPristine 0.000 1.06 - -
GF400 0.001 2.31 0.001 1.43
GF450 0.003 3.74 0.002 3.25
GF500 0.009 13.43 0.024 14.02

As it can be seen in Table 21, capacitance showed minor degradation signs and it
was slightly decreased compared to freshly treated samples. GF400 showed the highest
degradation, where capacitance value was similar GFPristine, probably because GF400
was not fully activated, as it was shown before. However, both GF450 and GF500 showed
similar results compared to freshly treated samples. Hence, wettability seems to be

affected only on the surface, rather than electrode’s bulk.

CVs were also performed to understand the impact of aging on other
electrochemical properties (Figure 29). Peak potential separation and peak current ratio

were calculated for aged samples and then compared to fresh ones (Table 22).
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Figure 29. CV curves comparison between aged and pristine thermally treated
GF500 electrodes.

As it can be seen in the Figure 29, both peak current ratio and potential separation
were impacted and showed lower electrochemical performance compared to freshly

treated samples. Results for both fresh and aged samples are listed below in Table 22.

Table 22. CV results for thermally treated GF500 electrodes — aging impact.

Sample Fresh Aged
Jpaldpc AV [V] JpalJpc AV [V]
GFPristine 3.01 0.210 - -
GF400 2.10 0.160 1.85 0.180
GF450 1.82 0.150 2.07 0.180
GF500 1.38 0.110 1.55 0.140
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As it is shown in Table 22, both activity and reversibility were slightly decreased
after aging. Although capacitance for fully activated samples stayed unchanged, other
electrochemical properties are degraded over time and may pose a concern for electrode

performance in VRFB cycling tests.

Hence, in-situ VRFB cycling tests were also performed to evaluate the aging effect
on electrodes performance. For that, a single cell was assembled using aged GF500
electrodes both as positive and negative electrode. VRFB cycling tests can be used to
compared fresh and aged electrodes and understand the impact of aging on electrode
performance and determine the feasibility of storing activated electrodes for later use.

Results are shown in Table 23.

Table 23. Performance of VRFB system with pristine and aged thermally
treated GF500 electrodes.

Sample EE [%] VE [%] CE [%]
GF500 (Fresh) 85.2 88.5 96.2
GF500 (Aged) 86.8 89.5 97.0

As it can be seen in Table 23, aged GF500 electrodes showed higher performance
compared to freshly treated ones. Ex-situ characterization for electrochemical
performance was only done in the positive electrolyte. Hence, it may be possible that aging
had a favorable effect on the negative electrode performance, which was translated into
a higher VRFB performance. samples size. The main conclusion from these results
appears to be that aging for 2 years does not actually reduce VRFB performance. Yet, this
does not consider degradation that may occur over time when the electrodes are
assembled and operated in the VRFB. Hence, it is reasonable to either procure activated
felt electrodes or treat pristine electrodes in a single batch and store activated samples,

though freshly treated electrodes are always preferable.
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4.1.4. Re-treatment Impact

Re-treatment was also investigated since aging may pose a concern and
electrochemical properties may degrade over time. Hence, to retain the same properties

as freshly treated electrodes, re-treatment may be an option.

Analysis of treated morphology of GFEs using SEM was done to understand the
impact of re-treatment on the surface roughness. Though samples were re-treated, no
changes could be seen in electrode roughness. Thus, changes and improvements are
probably due to electrochemical active surface area (due to hydrophilicity) and surface

chemistry, rather than active surface area for physical properties.

To evaluate samples’ wettability, CA measurements for re-treated samples were

performed and then compared to freshly treated samples (Figure 30).

Figure 30. Contact angle measurements for re-treated electrodes a) GF400, b)
GF450 and c) GF500.
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As shown in Figure 30, re-treatment of aged electrodes seems to have
improvements in CA compared to freshly treated ones. Although both GF400 and GF450
still show hydrophobic behavior, CA were lower for both electrodes, which may be
translated into higher capacitance and electrochemical surface area. As expected, GF500
showed the same hydrophilic behavior, and improvements in electrochemical surface area

can be only evaluated using capacitance measurements.

In order to understand the impact of re-treatment of GFE, capacitance and

functional group density values were calculated from CV measurements (Figure 31).
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Figure 31. CV measurements in H.SO4 for thermally treated electrodes — re-

treatment impact.

As it can be seen from Figure 31, capacitance was further improved after re-
treatment compared to fresh samples. Values for both group density and capacitance for

re-treated samples are shown below in Table 24.
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Table 24. Capacitance and carbolic functional group density results for
different thermally treated electrodes — re-treatment impact.

Sample Fresh Re-treated
Carbolic Carbolic
functional . functional .
Capacitance Capacitance
Jroup [WF] Jroup [WF]
density density
[umol] [umol]

GFPristine 0.000 1.06 - -
GF400 0.001 2.31 0.003 3.03
GF450 0.003 3.74 0.007 10.18
GF500 0.009 13.43 0.028 37.91

Compared to freshly treated electrodes, all re-treated samples showed
improvements in capacitance. GF400 showed similar capacitance to freshly treated
electrode, showing that improvements for not fully activated electrodes are temporary and
can be reached again when retreated. Activated samples such as GF450 and GF500,
which kept their capacitance improvements from previous treatment, showed further
improvements after re-treatments. Both samples showed 3x higher capacitance compared

to freshly treated electrodes.

CVs were also performed using in vanadium electrolyte in order to understand
potentially further improvements in other electrochemical parameters such as activity

(kinetics) and reversibility (Figure 32).
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Through analysis of CV results, it was noticed that mainly peak current ratio was

drastically improved for all samples, while peak potential separation was slightly improved.

Values for both peak potential separation and peak current ratio for re-treated electrodes
are listed below in Table 25.

Table 25. CV results for different thermally treated electrodes - re-treatment
impact.
Sample Fresh Re-treated
Jpaldpc AV [V] JpalJpc AV [V]
GFPristine 3.01 0.21 - -
GF400 2.10 0.16 1.89 0.16
GF450 1.82 0.15 1.39 0.12
GF500 1.38 0.11 1.25 0.10
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As it can be seen in Table 24, both parameters were further enhanced after re-
treatment. GF400, which is not fully activated, showed similar results to freshly treated
electrode, showing that improvements can be achieved again when retreated. Other
samples also showed improvements after re-treatment, which can be explained both for
recovering functional groups that were degraded overtime and further improving active

surface area.

As it was shown, aging can pose a concern for electrode performance, since
functional groups seem to be oxidized from the surface and some properties such as
wettability and reversibility can be degraded. Thus, in order to recover high performances,
re-treatments can be done. Submitting the electrodes for additional thermal treatment can
make the samples recover oxygen functional groups and enhance other physico-chemical
properties that can be translated into improved electrochemical properties such as kinetics
and reversibility. Results have shown that re-treated samples can achieve higher
performance compared to freshly treated ones, which can be useful not only to enhance

system performance, but also to recycle aged samples.

4.2. Thermo-Chemical Treatments

Besides thermal treatment, other chemical treatments were proposed so that more
functional groups can be introduced to thermally treated samples and potentially improve
other properties. For that, different oxidizing agents were used and GF400 was selected

as baseline.

Contact angle measurements were also performed to understand if chemical
treatments have any further improvements, especially for not fully activated electrodes
(Figure 33).
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Figure 33. Contact angle measurements for a) GF400 (baseline), b) GF400 -
10H20, c) GF400 - 30H.0; and d) GF400 - HNO:s.

As shown in Figure 33, all thermo-chemical treated samples showed similar
hydrophobic behavior and CA values, suggesting that functional groups introduced via
chemical treatments may have an impact on electrochemical properties, but not on wetting

properties,

Since some chemical treatments can both introduce functional groups and impact
electrode’ roughness, SEM was also used to assess surface roughness for chemically
treated samples, but no changes were seen after chemical treatments, suggesting that

oxidizing agents used have impact only on surface chemistry, but no etching effect.

Raman was used to understand the impact of chemical treatment on material

defect. Ip/lg band ratio was calculated for every electrode (Figure 34).
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Figure 34. Raman lg/lp ratio for different thermo-chemically treated electrodes.

As it is shown in Figure 34, thermo-chemically treated electrodes showed little or
no change to Ip/lg ratio as it was expected from SEM images, suggesting that no defects
were introduced during chemical treatments and that any change in performance is mostly

due to chemical changes in the surface, rather than physical improvements.

For chemical analysis, XPS was used to understand the impact of chemical
treatment on chemical surface. Analysing oxygen peaks for XPS results, H2O; electrodes
showed similar results, while HNO3s showed higher oxygen peaks. Electrodes results can

be seen in Table 26

Table 26. XPS surface elemental composition for different thermo-chemically
treated electrodes.

Sample C [%] O [%] N [%] Na [%] S [%] Si [%]

GF400 97.63 1.6 0.77 - - -
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Sample C [%] O [%] N [%] Na [%] S [%] Si [%]

GF400 -

10H,0, 96.43 2.65 0.66 - 0.26 -
GF400 -
30H,0, 97.08 2.20 0.46 - 0.19 -

GF400 - HNO;  93.81 4.25 0.83 0.40 0.11 0.44

As it can be seen in the Table 27, oxygen content was slightly increased hydrogen
peroxide samples, while nitric acid electrode showed almost 3x oxygen content compared
to baseline. Hence, combining chemical treatment to thermally treated samples can further
increase oxygen content onto electrodes surface. However, functional groups introduced
during chemical treatments may have different impact on electrode performance
compared than the ones introduced via thermal treatment. Thus, O+ analysis was done

in order to investigate the amount of different functional groups (Table 27).

Table 27. XPS functional groups analysis for different thermo-chemically
treated electrodes.
Sample C=0 Cc-0 Adsorbed O
GF400 1.07 0.49 0.04
GF400 - 10H.0, 1.44 0.99 0.02
GF400 - 30H.0> 1.38 0.72 0.10
GF400 - HNO3 2.79 1.28 0.18

As it can be seen in Table 27, although H>O2 samples showed more adsorbed

oxygen, C-O and C=0 amount were lower compared to nitric acid sample. However,
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values were not significantly enhanced compared to baseline, which may explain the

similar wettability results.

Since the introduction of functional groups via chemical treatments, didn’t show
any visible difference in CA measurements, CVs were also performed in sulfuric acid to
measure capacitance and understand the correlation between functional groups and

capacitance related to active electrochemical surface area (Figure 35).
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Figure 35. CV measurements in H.SO4 for thermo-chemically treated
electrodes.

As shown in Figure 35, capacitance values were similar for all thermo-chemically
treated electrodes and baseline, though functional groups were drastically improved, as
higher and more evident peaks appeared. Values for both functional group density and
capacitance are shown in Table 27.

Table 28. Capacitance and Functional group density results for different
thermo-chemically treated electrodes.

Carbolic functional
Sample group density Capacitance [pF]
[umol]
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GF400 0.001 2.31

GF400 - 10H202 0.005 2.47
GF400 - 30H202 0.006 219
GF400 - HNO3 0.005 2.31

As it can be seen above, capacitance values were unchanged after chemical
treatments, which aligns with CA measurements. Although capacitance was unchanged,
functional groups density were enhanced, which aligns with XPS results. Results indicate
that wettability isn’t determined by only functional groups, but also their concentration,

which didn’'t further improve samples hydrophilicity for thermo-chemical activated
samples.

Since little or no change were seen for physical and electrochemical properties,
electrochemical characterization was done to investigate the impact of chemically treated
samples on different electrochemical parameters (Figure 36).
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Figure 36. CV curves comparison for thermo-chemically treated electrode
(GF400 — 10H202) and baseline (GF400).
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As it can be seen above, samples showed similar performances among them

and compared to baseline, though peaks were shifted. Peak potential separation and

current ratio were calculated and can be seen in Table 29.

Table 29. CV results for different thermo-chemically treated electrodes.
Sample JpalJpc AV [V]
GF400 2.10 0.160
GF400 - 10H,0; 2.15 0.150
GF400 - 30H20: 2.22 0.120
2.19 0.170

GF400 - HNOs

As shown in Table 29, potential peak separation was not affected, as it was

expected, since it is related to wettability, while current peak separation was improved,

only GF400-HNOs3; showed increased in potential peak separation value.

Lastly, in-situ VRFB tests were performed to evaluate the performance of

chemically treated samples. Results for different thermo-chemical samples are listed

below in Table 30.

Table 30. Performance of VRFB system using different thermo-chemically

treated electrodes.

SAMPLE EE [%] VE [%] CE [%]
GF400 81.3 82.5 98.5
GF400 - 10H202 78.0 79.4 98.2
GF400 - 30H,0, 73.8 73.9 99.9
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GF400 - HNO3 67.0 68.3 98.1

As it can be seen above, all thermo-chemically treated samples showed worst
performance compared to baseline. Since wettability and active electrochemical active
surface area were unchanged, performance may be mainly impacted by different
functional groups introduced by chemical treatments, which are increasing charge transfer
resistance, as it was discussed in literature. GF400-10H.0, showed closer performance
results compared to baseline (GF400), and a slightly higher charge transfer resistance
(~387 ohm.cm?) compared to baseline (~327 ohm.cm?), confirming literature statement
that chemical treatments can increase charge transfer resistance and lower electrode
performance. It was also seen for GF400 — HNOs3, which showed the highest functional
groups content in XPS data, and lowest energy efficiency performance during VRFB
cycling tests. Hence, another way of combining thermal and chemical activation would be
having the chemical treatment before thermal treatment, so that it could not only clean
electrodes surface prior thermal treatment, but also introduce functional groups that could

be transformed and improved after thermal treatment.

4.3. Catalyst Materials for positive electrode

Different catalyst materials have been proposed for positive electrode application,
though there is still room for improvements and gaps that need to be filled, especially for
noble metals, which improvements have not been fully explained. Thus, for this part of the
work, noble metals, such as iridium and ruthenium have been tested in the combination
with other materials to evaluate its impact of electrode performance. Since noble metals
are expensive, different non-noble materials were also tested as alternative materials for

cathode applications.
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4.3.1. Material Selection

For positive electrodes, GF electrode treated at 500°C for 6h in air (further GF500)
was chosen as baseline electrode, since it showed the best performance among thermally
treated samples as positive electrode, and it also showed improvements for the negative
reactions. Moreover, it was the only sample with a completely hydrophilic behaviour, which
is desirable for coating process, so the catalyst ink can penetrate and impregnate the bulk
of the electrode. Samples were cut in the desired shape (3x3 cm), and then coated using
vacuum dip coating method using a vacuum oven for the complete impregnation of diluted
catalyst inks at 30Hg. For this section, electrodes were divided into two categories: noble
metals and non-precious metals. The positive electrodes description is listed below in
Table 31.

Table 31. Summary of coated electrodes and catalysts used — positive
electrode materials.

Catalyst Sample
Baseline GF500
Ir7Ru / GF500
Noble Metals [40%(50%Ir40%Ru10%Se)/rGO]/GF500

[40%(50%Ir40%Ru10%Se)/5% Sb-SnO2]/GF500

[40%WO3/rGO)/GF500
Non precious Metals [40%Mn304/XC72)/GF500
[75%(Tao.4Nbo 6Tio.s02)/XC72]/GF500
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4.3.2. Catalyst Ink Formulation — Solvent Selection

Different solvents for catalyst ink formulation were tested to achieve a
homogeneous catalyst distribution on the surface of GF fibers Ir/C was used as a baseline,
but if needed, catalyst ink formulation could be changed in case different support or
catalyst materials didn’t show a good distribution. Catalyst coating results are shown in
Figure 37.
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Figure 37. SEM images of Ir/C catalyst coating using different solvents a) Pure
Ethanol, b) Pure Isopropanol, ¢) Pure Methanol, d) Water / Ethanol,
d) Water / Isopropanol and e) Water / Methanol.

Based on SEM images, ethanol showed the best catalyst deposition pattern
among different solvents. While methanol and isopropanol showed particles
agglomeration and randomly distribution, ethanol (both pure and 50% ethanol solution)

showed little or no agglomeration and an even distribution, hence being selected as
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solvent for catalyst ink formulation. Ethanol solutions were chosen over pure ethanol
because it showed better fibers coverage and distribution. For every sample, baseline ink
formulation was tested, and SEM analysis was done prior in-situ tests to make sure

catalyst distribution was efficient.

4.3.3. Noble Metals

The first samples studied in this chapter are related to noble metals such as Ir and
Ru, which performance has not been fully investigated in literature and their advantages
are still unclear. Thus, different electrodes using Ir and Ru as main catalyst materials were
fabricated and tested,using rGO and Sb-SnO: as support to further improve active surface

area. SEM analyses were done for coated electrodes, which is shown in Figure 38.

Figure 38.  SEM figures for different noble metal coated samples a) Ir7Ru/GF500,
b) 40%(50%Ir40%Ru10%Se)/rGO and c) 40%(50%Ir40%Ru10%Se)/5%
Sb-SnO0:.
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As it can be seen in Figure 38, catalyst coating for all electrodes showed good
coverage, evenly distribution and little or no particles agglomeration, which are desirable
features for coated electrodes. While supported catalysts showed a thicker catalyst layer
for both support materials, IryRu/GF500 showed catalyst blocks that may be easily washed

off during electrolyte flow.

Initially, GF500 (baseline) showed total hydrophilic behaviour, which may be
affected after catalyst coating, depending on catalyst hydrophilicity nature. Hence, to
evaluate the impact of different catalyst materials on electrode hydrophilicity, CA

measurements were performed. Results are shown in Figure 39.

Figure 39.  Contact angle measurements for a) GFIr7Ru, b)
40%(50%Ir40%Ru10%Se)/rGO and c) 40%(50%Ir40%Ru10%Se)/5%
Sb-Sn0..
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As it can be seen in Figure 39, all samples showed the same hydrophilicity as the
baseline electrodes, suggesting that selected catalyst materials had no impact on sample
wettability. Hence, further analysis was done to evaluate catalyst materials impact on
surface area. For that, CV measurements in sulfuric acid were performed (Figure 40) and

capacitance values were calculated (Table 32).
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Figure 40. CV measurements in H.SO;4 for different noble metal coated
electrodes.

Table 32. Capacitance and functional group density results for different noble
metal coated electrodes.

Carbolic functional

Sample group density Capacitance [uF]
[umol]
GF500 (Baseline) 0.009 13.43
Ir7Ru/GF500 0.026 43.09
40%(50%I1r40%Ru10%Se)/rGO 0.026 90.91

40%(50%I1r40%Ru10%Se)/5% Sb-

SnO» 0.056 61.30
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As expected, supported samples showed the higher capacitance (electrochemical
surface area) compared to non-supported sample. Also, rGO supported catalysts showed
3x higher capacitance compared to ceramic support, which was also expected, since rGO
has a higher SSA compared to Sb-SnO,. Hence, support materials selection is also
important when proposing new catalyst materials since kinetics can be improved based

on catalyst surface area.

Lastly, the electrochemical characterization was done to understand the impact of
catalyst materials on electrochemical reversibility and activity for V4*/V*® redox reactions.
First, CV in vanadium electrolyte were performed (Figure 41) and two different parameters
were calculated: peak potential separation and peak current ratio were calculated. Results
for both parameters are show in Table 33.
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Figure 41.  CV curves comparison for t noble metal coated electrode
(40%(50%Ir40%Ru10%Se)/rGO) and baseline (GF500).
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Table 33. CV results for different noble metal coated electrodes.

Sample JpalJpe AV [V]
GF500 (Baseline) 1.38 0.1
Ir7Ru/GF500 1.23 0.12
40%(50%Ir40%Ru10%Se)/rGO 1.35 0.16

40%(50%Ir40%Ru10%Se)/5%

Sb-9n0s 1.24 0.16

As shown in Table 33, changes for both parameters were minor as reversibility
(peak potential separation) and activity (peak current ratio) have similar values compared

to baseline.

EIS measurements were also performed to evaluate the performance difference
between different supports. Results for the charge transfer resistance can be seen in
Table 34.

Table 34. EIS results for different noble metal coated electrodes.
Sample Rs [ohm.cm?] Rci[ohm.cm?]

GF500 (Baseline) 0.11 4.98

Ir7Ru/GF500 0.76 0.25

40%(50%Ir40%Ru10%Se)/rGO 0.12 0.10

40%(50%Ir40%Ru10%Se)/5%

Sb-SNnOs 0.42 0.46
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While both  samples significantly showed improvements in Rg,
40%(50%Ir40%Ru10%Se)/rGO  showed lower Ry valued compared to
40%(50%Ir40%Ru10%Se)/5% Sb-SnO2, most likely due improvements in capacitance
and then kinetics. Thus, for in-situ VRFB tests, 40%(50%Ir40%Ru10%Se)/rGO will likely

show better performance.

After ex-situ characterization was completed, in-situ VRFB single tests were
performed, and electrode’s performance was evaluated. Results for efficiencies are listed
below in Table 35.

Table 35. VRFB Cycling Test for different noble metals coated electrodes.
Composition Electrode EE [%] CE [%] VE [%]
Positive
GF500 (Baseline) and 85.2 96.2 88.5
Negative
Ir7Ru/GF500 Positive 86.3 95.0 90.9
40%(50%I1r40%Ru10%Se)/rGO Positive 87.3 97.2 89.8

40%(50%Ir40%Ru10%Se)/5%

Sb-SnO,» Positive 87.0 96.6 90.0

As expected, 40%(50%Ir40%Ru10%Se)/rGO showed the best performance
among activated GFEs, though the EE was similar for the 40%(50%Ir40%Ru10%Se)/5%
Sb-SnO, sample. For those samples, ~2% improvement can be seen in energy efficiency.
Improvements were mostly due to enhancements in surface area and charge transfer
resistance. Performance may be further improved if loading is increased so active surface
area is also enhanced. However, there is a trade-off between higher loading and

capacitance, since agglomeration can also occur, and pores may be blocked.
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Noble metals such as Ir and Ru showed catalytic activity towards the positive
couple, which can be used as catalyst materials for positive electrodes. Those metals,
when combined with support materials, can improve key parameters such as active
electrochemical surface area, which can improve electrochemical properties such as
kinetics. However, stability seems to be a problem for those catalysts, which explain
performance degradation. Hence, better catalyst coating methods should be designed to

minimize catalyst dissolution.

4.3.4. Non-precious metals

According to literature and patent analysis, non-noble metal oxides as catalysts for
positive electrodes were studied in this section their higher cost efficiency, stability, and
electronic conductivity. SEM was used to understand catalyst deposition and evaluate
coating quality regarding a distribution, coverage and potentially particle agglomeration

(see Figure 42).

Agglomeration
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Figure 42.  SEM figures for different non-noble metal oxides coated electrodes
a) GFWO3/rGO, b) Mn;04/XC72 and c) TaNbTiO2/XC72.

As it can be seen in Figure 42, all coated samples showed good deposition.
WOs/rGO showed complete coverage, while TaNbTiO2/XC72 showed thicker layer that
didn’t completely cover electrode’s fibers. Mn3Os showed reasonable coverage, but
agglomeration can be seen. Perhaps, ratio between catalyst and support could be
increased for Mn3O4 samples and loading for TaNbTiO2 could be also increased to

improve catalyst coverage.

Metal oxides are hydrophilic and theoretically should not pose any concerns for
samples wettability. However, different carbon supports were used, which can impact
sample hydrophilicity, since carbon is hydrophobic. Hence, CA measurements were

performed to evaluate the impact of the different catalyst materials (see Figure 43)
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Figure 43. CA measurements for different non-noble metal oxides coated
electrodes a) GFWOs/rGO, b) Mn304/XC72 and c) TaNbTiO./XC72.

As shown in Figure 43, all samples showed hydrophilic behaviors. While WO3/rGO
and Mn30O4 showed completely hydrophilic behavior, TaNbTiO2 showed a 23° CA value,
though water droplet could’'ve been absorbed after few minutes in measurements were
taken after longer times. Hence, selected catalyst should also not interfere on electrode

wettability and not pose a concern.

For electrochemical analysis, cyclic voltammetry was the first tool used in order to
understand how different catalyst impact electrode’ electrochemical active surface area.
For that, CV measurements in sulfuric acid were performed so capacitance and carbolic

functional group density can be evaluated (see Figure 44).
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Figure 44. CV measurements in H.SO, for non-noble metal oxide coated
electrode (40%WOs3/rGO) and baseline (GF500).

As expected, supported samples showed higher capacitance, which is the main
advantage of using different carbon supports combined with metal oxides. Results for both

functional group density and capacitance are shown in Table 36.

Table 36. Capacitance and functional group density results for different non-
noble metal oxides coated electrodes.

Carbolic functional

Sample group density [umol] Capacitance [uF]
GF500 (Baseline) 0.009 13.43
40%WO3/rGO 0.055 38.07
40%Mn304/XC72 0.108 30.16
75%(Ta0.4Nbo 6Ti0.002)/XC72 0.290 45.73
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As it can be seen in Table 36, all coated GFEs showed improvements in
capacitance. Although Mn3O4 showed a good distribution, lower capacitance value may
reflect in particles agglomeration.75%(Tao4NboeTio.sO2)/XC72 showed the highest
capacitance, which may be explained by its core-shell design and high electronic
conductivity related to the Ketjen carbon black (XC72) core and durable, hydrophilic shell
TaNbTiO,.  Electrochemical properties of the developed activated GFE such as

electrochemical reversibility and kinetics were evaluated.

Other than sulfuric acid, CV were also performed in vanadium electrolyte to

evaluate changes in electrochemical properties such as reversibility and kinetics (Figure
45).
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Figure 45.  CV curves comparison for non-noble metal oxides coated electrode
(40%WO3/rGO) and baseline (GF500).

As it can be seen from Table 37, changes for both parameters were minor as
reversibility (peak potential separation) and activity (peak current ratio) have similar values

compared to baseline, as it was also shown for noble metals.
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Table 37. CV results for different non-noble metal oxides coated electrodes

Sample JpalJpe AV [V]
GF500 (Baseline) 1.38 0.11
40%WO3/rGO 1.32 0.12
40%Mn304/XC72 1.38 0.13
75%(Tao.4Nbo 6Tio.902)/XC72 1.40 0.11

EIS measurements were also performed in order to evaluate charge transfer
resistance changes caused by different catalysts. Results for charge transfer resistance

are listed below in Table 38.

Table 38. EIS results for different non-noble metal oxides coated electrodes.
Sample Rs [ohm.cm?] Rci[ohm.cm?]
GF500 (Baseline) 0.11 4.98
40%WO3/rGO 0.22 0.10
40%Mn304/XC72 0.91 0.17
75%(Ta0.4Nbo 6Tio.002)/C 0.17 0.63

As it can be seen in Table 38, all samples showed improved charge transfer

resistance. WO3/rGO showed the lowest Rc, which was expected, since rGO has higher
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surface area and electronic conductivity compared to other carbon supports. Also, it's

discussed in literature that there is a W-C synergy, which can explain the lower R.

After applying all characterization tools, in-situ cycling tests were done to
determine the electrode’s performance in a VRFB system. Based on the data obtained
from these measurements, parameters such as energy, voltage and coulombic efficiency
were analyzed and samples with the most improved performance can be determined (See
Table 39).

Table 39. VRFB Cycling Test for different non-noble metal oxides coated
electrodes.
Composition Electrode EE [%] CE [%] VE [%]

Positive

GFPristine and 73.1 96.4 75.8
Negative
Positive

GF500 (Baseline) and 85.2 96.2 88.5
Negative

40%WOs/rGO Positive 87.8 97.2 90.3

40%Mn3z04/XC72 Positive 85.2 96.0 88.8

75%(Ta0.4Nbo.6Tio.902)/XC72 Positive 86.0 95.6 89.9

Based on in-situ VRFB tests, the two samples that showed best performance as
positive electrode were GF 40%WO3/rGO and 75%(Tao4NboeTio9s02)/XC72. Although
40%(50%Ir40%Ru10%Se)/rGO showed a slightly difference in energy efficiency after 50"
cycle compared to WO3 samples (EE around 88%), it degraded faster than WOs/rGO.
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Thus, WOs/rGO would be a good candidate to replace noble metals catalyst, since it is

cheaper and more durable compared to Ir catalyst samples.

Results showed that non-noble metal oxides can also be good candidates for
catalyst materials for positive electrodes. Non-noble catalyst samples showed the same
improvements in both physical and chemical properties (mostly wettability) that were
translated into improvements in electrochemical performance (kinetics). In fact, WO3
catalyst showed not only higher performance compared to noble metal ones, but also
better catalyst stability. Besides enhance active surface area and kinetics, W-C bond is
also believed to be the reason for electrode performance, which was discussed in
literature [104]. In short, inexpensive catalyst materials such as WO3; can be used as
alternative solutions for positive electrodes, which can show as high performance as noble

metals and maintain performance stability after longer cycles.

4.4. Catalyst Materials for negative electrode

Negative electrodes require different additional efforts both due to V?*/V3* reactions
being the most sluggish reactions and side reactions such as hydrogen evolution. Hence,
catalyst materials were selected based on literature review analysis based on materials
that can reduce hydrogen evolution, such as Bi, Ti, and In. Mitigating HER is one of the
most important features for negative catalyst selection, other than SSA electronic

conductivity.

For negative electrodes, GF500 was also chosen for baseline since it also showed
improvements in electrochemical performance as negative electrode. Also, since the
slushiness of the negative couple reactions are associated to wetting properties [80],
GF500 was selected since it showed most hydrophilic behavior. Samples were cut in the
desired shape (3x3 cm), and then coated using same dip coating method used for the
positive electrodes. For this section, samples were divided into two categories: Metals and

ceramics. The anode samples description is shown below in Table 40.
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Table 40. Summary of coated samples and catalysts used — negative electrode

materials.
Catalyst Sample
Baseline GF500
Metals Bi/GF500
[75%(Ta0.4Nbo 6 Tio.002)/XC72])/GF500
Ceramics

5% In-SnO,/GF500

4.4.1. Metal and Metal Oxides

SEM analyses were done in order to evaluate catalyst deposition (Figure 45).
While ceramic catalyst showed good catalyst coverage and distribution, metal sample
showed random bigger particles distribution, which may pose a concern for catalyst

stability and active surface area.
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Figure 46. SEM figures for different anode coated electrodes a) Bi/GF500, b)
GFTaNbTiO2/XC72 and c) GFIn-SnO2/GF500.

As mentioned before, metal oxides are hydrophilic, hence they shouldn’t pcse a
concern for wettability. CA measurements were done in order to confirm sample
hydrophilicity, and as it was expected, all samples showed completely hydrophilic
behavior. Thus, capacitance measurements should be done in order to assess samples
wettability and then electrochemical active surface area. For that, CV measurements were
performed in sulfuric acid (Figure 47) and results for both functional group density and

capacitance are shown in Table 41.
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Figure 47.  CV measurements in H.SO4 for coated electrode
([75%(Tao.sNbo 6 Tio.s02)/XC72]/GF500) and baseline (GF500).

Table 41. Capacitance and functional group density results for different
coated electrodes.

Carbolic functional

Sample group density [umol] Capacitance [uF]
GF500 (Baseline) 0.009 13.43
Bi/GF500 0.023 14.73
[75%(Tao_4N bo_sTio_gOz)/XC?Z]/
GE500 0.290 45.73
In-SnO2/ GF500 0.016 18.11

Although all samples showed increased capacitance values, only

75%(Tao.sNbosTio902)/XC72 showed significantly high capacitance and functional group
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density. Bi/GF500 was expected to have not significant improved due to randomly
particles distribution. Low capacitance for In-SnO, sample may be explained due to low

catalyst SSA and/or small loading.

CV measurements were also performed using vanadium electrolyte (anolyte) so
that electrochemical properties can be evaluated (Figure 48). Results for both peak

potential separation and current ratio are listed below in Table 42.
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Figure 48.  CV curves for different activated electrodes in anolyte.
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Table 42. CV results for different coated electrodes.

Sample JpalJpc AV [V]
GFPristine* - -
GF500 (Baseline) 0.55 0.50
Bi/GF500 0.64 0.55
[75%(Tao,4N(l;<|):_ 6518(()) 002)/XCT72]/ 0.60 0.47
In-SnO2/ GF500 0.46 0.54

*Note: GFPristine showed no cathodic peak, thus no peak potential separation

and peak current density were calculated.

As it can be seen in Table 42, all samples showed similar peak potential separation
(reversibility) values, though 75%(Tao4NbosTio9O2)/XC72 showed the lowest peak
potential separation value. For kinetics analysis, only In-SnO,/ GF500 showed worsen
peak current ratio, which aligns with capacitance measurements. While most of the
samples  showed improvements in only one of the parameters,
75%(Tao.aNbosTio.002)/XC72 showed improvements in both, being a potential candidate

for higher performance in in-situ VRFB tests.

EIS were also performed to evaluate changes in Re. Results for charge transfer

resistance are shown below in Table 43.
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Table 43. EIS results for different coated electrodes.

Sample Rs [ohm.cm?] Rct[ohm.cm?]
GFPristine 0.68 20.04
GF500 (Baseline) 1.35 0.18
Bi/GF500 1.56 0.19
[75%(Tao,4N(l;<|):_ 6518(()) 002)/XCT72]/ 139 0.19
In-SnO,/ GF500 1.31 0.17

As shown in Table 43, Bi/GF500 showed higher resistance values (both Rs and
Rct), while Rt for other samples were close baseline. R for baseline sample is already

low, hence catalyst materials may have not further improved charge transfer resistance.

Lastly, cycling VRFB tests were performed to evaluate activated samples

performance and stability and results for electrodes’ efficiencies are listed in Table 44.

Table 44. VREFB results for different coated negative electrodes.
Sample Electrode EE [%] CE [%] VE [%]
Positive
GF500 (Baseline) and 85.2 96.2 88.5
Negative
Bi/GF500 Negative 88.4 97.2 90.9
[75%(Tap.4Nbo sTio.902)/XC72] .
/ GF500 Negative 86.8 96.1 90.3
In-SnO-/ GF500 Negative 84.6 97.0 87.2
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As it was expected, 75%(Tao4NbosTio.sO2)/XC72 showed better performance to
baseline, while In-SnO2/GF500 showed worse performance. However, Bi/GF500 showed
the highest performance, which may be attributed to the catalyst activity itself, rather than
improvements active electrochemical surface area. As it was discussed in literature, Bi is
one of the most efficient catalyst materials for the negative electrode. Using macro-sized
Bi catalyst materials was enough to achieve higher efficiencies. Hence, nano-sized Bi
catalyst material could be used to further improve performance, since it could further
improve active surface area. In short, catalyst materials such as Bi, Ti and In were selected
since they can prevent or reduce hydrogen evolution. Results shown that both metals and
metal oxides can both be potential candidates as catalyst materials for negative electrodes

application, being Bi the best catalyst selection among tested samples.

4.5. The importance of pre-cleaning treatment

Pre-treatment cleaning is proposed in literature since it is believed to clean some
products left in the GF synthesis [15, 136]. Although some papers recommend it before
catalyst coating or thermal treatment, it is still unclear what is the main advantage and
mechanism of this treatment. Also, more discussion is needed on what solvents is more
efficient and if the improvements are achieved regardless process temperature. Hence,
solvents selection and its impact on different temperature will be investigated in this

section.

4.5.1. Solvent Impact

Ethanol solution is the main solvent used in literature. However, other solvents
such as methanol and acetone were also investigated, which can be more efficient in
cleaning some leftovers in the electrode fibers. For this investigation, pristine electrodes
were first pre-cleaned using different solvents, such as acetone, ethanol and methanol,
and samples were denoted as GF500A, GF500E and GF500M, respectively. After pre-

cleaning process, samples were then thermally treated at 500°C for 6h. To assess the
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impact of pre-cleaning treatment using different solvents, different characterization tools

were used and properties were evaluated.

First, SEM was selected to investigate changes in surface roughness, but no
changes were seen for different pre-cleaned samples, suggesting that solvents have no
impact on roughness and possible defects, being the thermal process the only mechanism

for enhancing roughness.

Another tool to assess electrodes properties was CA, which was used to evaluate
changes in wettability. Since solvents may introduce more functional groups to electrode’s

surface, CA measurements were performed (see Figure 49).

Figure 49. CA measurements for different pre-cleaned electrodes a) GF500A, b)
GF500E and c) GF500M.
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As shown in Figure 51, pre-cleaned samples showed hydrophilic behavior, similar
to baseline (GF500). CA measurements for this sample in specific are not sufficient to

evaluate wettability, hence capacitance measurements were also performed (Figure 50).
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Figure 50. CV measurements in H.SO, for pre-cleaned treated electrodes —
solvent impact.

Though methanol and acetone showed little or no effect on electrode capacitance,
ethanol was the only solvent that showed improvements in electrochemical active surface

area and significantly higher functional group content, as it is shown in Table 45.
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Table 45. Capacitance and functional group density results for pre-cleaned
treated electrodes — solvent impact.

Carbolic functional

Sample group density Capacitance
[bF]
[pmol]

GF500 0.009 13.43
GF500A 0.008 13.24
GF500E 0.151 18.16
GF500M 0.01 12.06

CV measurements were also performed in vanadium electrolyte to evaluate

changes in electrochemical properties such as reversibility and kinetics (Figure 51).
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Figure 51. CV curves for pre-cleaned treated electrodes — solvent impact.
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After analyzing results for CV measurements, it was noticed that samples showed

similar results. Both parameters are shown in Table 46.

Table 46. CV results for pre-cleaned treated electrodes — solvent impact.
Sample JpalJpc AV [V]
GF500 1.38 0.11
GF500A 1.37 0.14
GF500E 1.32 0.11
GF500M 1.43 0.12

As it can be seen in Table 46, pre-cleaned samples showed no significant changes

in both activity and reversibility, suggesting that the only improvements from solvents

come from capacitance improvements, which may be caused by functional groups. Thus,

XPS analysis were done in order to investigate functional groups content (Table 47).

Table 47.

XPS Analysis — Surface chemistry for pre-cleaned treated electrodes
— solvent impact.

Sample C [%] O [%] Na [%]
GF500 95.36 4.32 0.32
GF500E 94.8 4.96 0.25

As shown in Table 47, both samples showed similar results for oxygen content,

though GF500E showed slightly higher oxygen amount. It was also noticed that other
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impurities were also decreased and or eliminated, such as Na, Si and P for pre-cleaned

sample.

In order to evaluate changes in the oxygen functional groups density, Oss

deconvolution was also analyzed (Table 48).

Table 48. XPS Analysis - O1s deconvolution for pre-cleaned treated electrodes
- solvent impact.

Sample C=0 Cc-0 Adsorbed O
GFPristine 1.54 1.1 -

GF500 1.86 2.16 0.30

GF500E 1.72 2.83 0.41

As it can be seen in Table 48, GF500E showed higher C-O content, which is
believed to improve wettability and have catalytic activity towards vanadium reactions,
which aligns with capacitance measurements. Perhaps, ethanol is cleaning the surface
and creating more active surface areas to introduce functional groups during thermal

treatment.

To evaluate electrodes performance, in-situ VRFB tests were performed to
understand the impact of pre-cleaning treatment on efficiency and stability. Results for

efficiencies are listed below in Table 49
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Table 49. VRFB results for pre-cleaned treated electrodes — solvent impact.

Composition EE [%] CE [%] VE [%]
GFPristine 73.1 96.4 75.8
GF500 85.2 96.2 88.5
GF500E 87.3 97.3 89.7

As it can be seen on Table 49, pre-cleaned sample showed a ~2% improvement
in energy efficiency, which is mostly due to enhanced electrochemical surface area and
improved kinetics shown in CV measurements. Both samples seemed stable performance

and showed little or no degradation over 50 cycles.

Although it has not been fully discussed in literature, pre-cleaning process are
essential to further improve electrode performance. Results has shown that pre-cleaned
sample using ethanol solution showed improvements related to kinetics. Although
reversibility wasn’t impacted, pre-cleaned samples showed higher electrochemical
surface area, which was also translated into better kinetics observed in CV results.
Improvements can be explained by impurities being removed during pre-cleaning process,
providing more active areas for thermal treatment and the formation oxygen functional
groups. This simple and inexpensive process showed 2% improvements in EE, which was

in the same magnitude of catalyst materials improvements.
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4.5.2. Temperature Impact

Production leftovers are also believed to be burned off during thermal treatment in
high temperatures. Thus, pre-cleaning treatment may not be needed for all temperatures.
To understand the correlation between pre-cleaning treatment and temperature, different
temperatures were investigated using ethanol as pre-cleaning solvent. Samples were
treated at 400°C, 450°C and 500°C using ethanol, and samples were denoted as GF400E,
GF450E and GF500E, respectively.

SEM was used to assess changes in roughness. However, no visual changes can
be seen for the samples, suggesting that ethanol had no effect on surface rather than

cleaning it.

CA measurements were also performed in order to evaluate changes in pre-

cleaned electrodes’ wettability (Figure 52).
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Figure 52. @ CA measurements for different pre-cleaned electrodes —
temperature impact a) GF400E, b) GF450E and c) GF500E.

As it can be seen in Figure 52, other than GF500, which already had a hydrophilic
behavior without pre-cleaning process, all samples showed improvements in wettability.
Although GF400E still showed hydrophobic behavior, GF450E showed completely
hydrophilic behavior, unlike no-cleaned sample, which had a CA of ~130°. Thus, pre-
cleaning does have an impact on wettability. Hence, CV measurements were performed

to assess wettability and improvements in electrochemical surface area (Figure 53).
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Figure 53. CV measurements in H.SO, for pre-cleaned electrodes — temperature
impact.
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Pre-cleaning process seems to increase wettability, since all samples showed
improvements in capacitance. Values for both functional group density and capacitance

are listed below in Table 50.

Table 50. Capacitance and functional group density results for pre-cleaned
electrodes — temperature impact.

Sample Non-treated Pre-treated
Carbolic Carbolic
functional . functional .
Capacitance Capacitance
group [WF] group [WF]
density H density H
[umol] [umol]
Pristine 0.000 1.06 - -
GF400 0.001 2.31 0.187 3.40
GF450 0.003 3.74 0.005 6.17
GF500 0.009 13.43 0.151 18.16

As it can be seen in Table 50, all samples showed improvements in capacitance.
As it was expected, GF400E was the least enhanced samples, while GF450 and GF500E

showed significant enhancement in electrochemical surface area (~1.5x)

CV in vanadium electrolyte was also performed so that electrochemical properties

can be evaluated (Figure 54)
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Figure 54. CV measurements for pre-cleaned electrodes — temperature impact.

CV analyses showed that peak potential separation was the least affected
parameter, while peak current ratio, which is related to kinetics and active surface area
was improved. Results are shown in Table 51.

Table 51. CV results for pre-cleaned electrodes — temperature impact.
Sample Fresh Pre-treated
Jpaldpc AV [V] JpalJpc AV [V]
Pristine 3.01 0.210
GF400 2.10 0.16 217 0.18
GF450 1.82 0.15 1.47 0.15
GF500 1.38 0.11 1.32 0.11
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As it can be seen in Table 51, while peak separation (reversibility) wasn'’t really
improved, peak ration (kinetics) was the mainly improvement showed for most samples.
Since functional groups doesn’t really seem to be changed with pre-cleaning process it
was shown in previous XPS data, the main and possibly the only improvement must come

from kinetics (enhanced electrochemical surface area).

As it was shown, pre-cleaning process can improve wettability and consequently
active electrochemical area, which is believed to be the main improvement mechanism.
Samples showed higher capacitance (~1.5x higher) for all thermally treaded samples.
Those improvements were also seen in electrochemical properties such as kinetics, while
pre-cleaning seems to have no effect on reversibility, though changes were minor for
GF400, which is not fully activated. In short, pre-cleaning process can be beneficial for
thermal treatments, since it can provide more active sites for formation of functional groups

and increase active electrochemical surface area.

4.5.3. Storage Time Impact

As it was discussed in chapter 4.1, functional groups may degrade over time, thus
an aging investigation was proposed in this section. For that, GF500E was selected for
this study since it showed the highest performance, and samples treated and stored after
4 months were analyzed as aged samples. Different physical and chemical properties

were evaluated as well as their correlation to electrochemical properties.

SEM analysis was done to evaluate changes in surface morphology. However, no
changes in roughness were seen after aging. Thus, changes in electrochemical properties

must come from surface chemistry.

Since functional groups from the surface may degrade as it was shown for non-
pre-cleaned samples, CA measurements were performed, and wettability was analyzed
(Figure 55).

126



Figure 55. CA measurements for pre-cleaned electrodes a) Fresh and b) Aged.

As it can be seen in Figure 55, after 4 months, aged samples showed hydrophobic
behavior like pristine samples, suggesting that functional groups get oxidized in contact
with air and degraded. Wettability results are consistent with the results for aged non-pre-

cleaned GF500 samples reported in section 4.1.3.

In order to evaluate changes in capacitance, CV measurements in sulfuric acid

were performed (Figure 56).
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Figure 56. CV measurements in H.SO4 for pre-cleaned electrodes — aging
effect.
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Capacitance was degraded overtime and electrochemical active surface area was
decreased. Values for both carbolic functional groups and capacitance are shown in Table
52. These results are also consistent and were expected, since aged non-pre-cleaned
GF500 also showed decreased electrochemical active surface area. However,
capacitance degradation for pre-cleaned samples were quicker compared to non-pre-

cleaned samples.

Table 52. Capacitance and functional group density results for pre-cleaned
GF500E electrodes — aging impact.

Carbolic functional

Sample group density Capacitance [uF]
[umol]
Fresh 0.151 18.16
2 weeks 0.121 15.74
3 weeks 0.070 15.75
1 month 0.062 14.62
2 months 0.027 10.02
4 months 0.015 9.82

As it can be seen in Table 52, both functional groups and capacitance degrade
over time. It seems that capacitance gets degraded faster than non-cleaned samples,
since samples aged over 2 months and 4 months showed capacitance lower than non-
pre-cleaned GF500 sample.

Other electrochemical properties were assessed during CV measurements using
positive V(IV)/V(V) vanadium redox electrolyte (Figure 57) and results for peak potential

separation and current ratio were listed below in Table 53.
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Figure 57. CV curves for pre-cleaned electrodes — aging impact.

As it can be seen in Table 53, both peak potential separation and peak current
ratio were slightly worsened after aging. Minimal changes may not pose critical concerns
for VRFB performances.

Table 53. CV results for pre-cleaned GF500E electrodes — aging impact.

Sample JpalJpc AV [V]
Fresh 1.42 0.12
Aged (4 months) 1.49 0.13
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Ideally, samples shouldn’t be stored for quite long time, but understanding the
impact of aging is essential to evaluate the maximum time that a treated sample can be
stored before assembling new tests. Hence, in-situ VRFB cycling tests were also
performed to evaluate the aging effect on pre-cleaned electrodes performance. For that,
a single cell was assembled using aged GF500E electrodes both as positive and negative

electrode. Results for both fresh and aged pre-cleaned electrodes are shown in Table 54.

Table 54. Performance of VRFB system using pre-cleaned GF500E electrodes
— aging impact.

Sample EE [%] VE [%] CE [%]
GF500E (Fresh) 87.3 97.3 89.7
GF500E (Aged) 87.1 97.0 89.8

As it was shown in Table 54 and discussed in section 4.1.3, functional groups
stability seems not to be a concern and VRFB performance had no significant change.
Results for pre-cleaned samples showed that, although capacitance degraded faster
compared to non-cleaned samples and it reached similar properties compared to GF500
(no cleaning treatment), electrochemical properties such as kinetics and reversibility seem
to have no impact on performance as it showed only 0.2% degradation. Thus, pre-cleaning
treatment followed by thermal activation can be done in one single batch, saving time and
cost, since aged samples showed little degradation in electrode performance. However,
in order to avoid unwanted aging effects, freshly treated samples should always be
preferred in order to ensure robust electrode performance. If aging poses a concern for
electrode performance later, re-treatments can be done as a performance recovery

solution, as it was shown before.
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4.6. Functional Impediments Analysis

During this work, other activated graphite felt electrodes were fabricated, though
performance was not improved for all of them. Some of them showed lower performance
in ex-situ characterization, and some failure modes were expected. However, few samples
showed improvements in in-situ characterization, such as capacitance measurements and
electrochemical tests, but VRFB single cell tests showed otherwise. Hence, the pertinent
functional impediments were identified and discussed to better understand the

performance limitations and design engineering solutions to overcome the impediments.

4.6.1. Wettability

For ceramic materials such as metal nitrides, borides and carbides, wettability may
be a concern. While metal oxides tend to be hydrophilic, some metal borides are
hydrophobic. If catalyst material presents hydrophobic nature, coated area will also
behave as hydrophobic areas and no longer as active sites for the reactions to take place.
One example is ZrB,, which was selected due to its high electronic conductivity and acidic
stability, without taking into consideration ZrB, hydrophobicity. Worsened wettability was
detected in CV measurements, since capacitance (electrochemical active surface area)

was decreased (see Table 55).

Table 55. Capacitance and functional group density values for coated
electrodes— catalyst hydrophobicity effect.

Samble Carbolic functional group Capacitance
P density [umol] [WF]
GFE500E 0.151 18.16
ZrB,/GFE500E 0.017 15.85
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CA measurements were done to understand properties of different catalyst
materials (Figure 58). ZrB, showed a CA of 120°, while the same metal in the oxide form

(ZrO2) showed hydrophilic behavior.

Figure 58. CA measurements for a) ZrB; and b) ZrO-.

Hence, it is important to take catalyst wettability into consideration while scanning
potentially candidates for catalyst materials so that active surface area does not get

affected negatively.

4.6.2. Catalyst size

Catalyst hydrophilicity is one of the properties that may affect surface area.
Another parameter that was not taken into consideration in few of the samples in this study
was catalyst particle size. Although samples have the same catalyst loading, surface area
is drastically impacted based on catalyst size, and surface area may not be improved for
heavy and bigger particles. While most of the nitrides, borides and carbides were tested

as micro-sized materials, metal oxides were mostly nano-sized (Table 56).
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Table 56. BET Active Surface area for different catalyst materials.

Material Catalyst Size BET Surface Area [mzlg]
WE; (Corl\r/:?nce:?cial) 0.77
218, (Cor'\r/llfncer(r)cial) 0.32
CeO; (Cor,:re:lne?cial) 42.93
710, Nano 30.24

(Commercial)

As it can be seen in Table 56 macro-sized catalysts have low SSA compared to

nano-size materials, which may impact catalyst distribution and active surface area

(Figure 59).

Figure 59. SEM figures for different catalyst sizes a) macro and b) nano.
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Since catalyst deposition and coverage area are key parameters to improve
capacitance, nano-sized catalyst is preferred, which can further increase baseline

capacitance and electrical conductivity.

4.6.3. Agglomeration and blocking

Ceramic materials are heavy and tend to agglomerate if dispersion is not effective.
Poor dispersion and coating can be translated into catalyst agglomeration and pores
blockage. Some of the samples showed particles agglomeration, which must be avoided.
One case was TisO7, which is nano-sized catalyst, but particles are heavy and showed

agglomeration (Figure 60).

Figure 60. @ SEM figures for TisO7 coated sample.

As shown in Figure 60, particle agglomerations were seen, which can block pores
and reduce active surface area. To mitigate this problem, acetic acid was added into
catalyst ink to shift zeta potential for stronger electrostatic bond. Zeta potential was
measured for both graphite and Ti4sO7 and it was noticed that both materials showed
negative zeta potentials. Thus, to shift zeta potential of the catalyst material, acetic acid

was added, and zeta potential was shifted to positive values (see Table 57).
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Table 57. Zeta potential measurements for different ink formulations.

Sample Zeta Potential [mV]
GFES500 -7.54
Ti4O7 -7.02
Ti4O7 + Acetic Acid (0.01%) -5.15
Ti40O7 + Acetic Acid (0.05%) +7.64

GFE was then coated again using the new catalyst ink formulation and

agglomeration seemed to decrease (Figure 61).

After using the new catalyst ink formulation, agglomeration was drastically
improved compared to the sample with old formulation, though few bigger particles can
still be seen, which is possibly the reason capacitance is still less than baseline, as it can

be seen in Table 58.
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Table 58. Capacitance and functional group density results for different ink
formulation electrodes.

Carbolic functional

Sample group density [umol] Capacitance [uF]
GF500E 0.151 18.16
GF500E/ TisO7 (Just DMF) 0.009 11.17
GF500E/ TisO7 (Acetic Acid + DMF) 0.013 14.15

Ink formulation has a great impact on coating efficiency since catalyst dispersion

and stability in the ink are important factors for coating process.

4.6.4. Solvent

During catalyst ink optimization process, different solvents were tested since
different catalyst materials have different needs. While ceramic particles are heavier and
should stay dispersed in solution without agglomerating, nano-sized metal oxide catalysts
are lighter and showed no dispersion concerns. For metal carbides, nitrides and borides,
inorganic solvent DMF was selected since it showed better dispersion compared to

organic ones (see Figure 62).
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Figure 62. @ SEM figure macro-sized coated electrode using DMF as solvent.

Though catalyst dispersion was improved, DMF showed a trade-off between
coating quality and capacitance. During thermal treatment, electrode surface gets oxidized
and functional groups are introduced. However, during coating process, solvents may

reduce oxygen functional groups and consequently capacitance (see Table 59).

Table 59. Capacitance and functional group density results comparison for
baseline and DMF coated electrode.

Sambple Carbolic functional Capacitance
P group density [umol] [uF]
GF500E 0.151 18.16
GF500E/DMF 0.007 13.64

As it can be seen in Table 59, capacitance was drastically reduced after coating
process using DMF ink, which suggests that DMF is degrading the functional groups from
the surface, since functional group density was also decreased. Reduced capacitance and
functional group density had an impact on in-situ tests, which is shown in Table 60.
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Table 60. VRFB results for comparative assessment of baseline and DMF
coated electrode.

Sample Electrode EE [%] CE [%] VE [%]
BASELINE
GFES00E (Positive and 87.3 97.3 89.7
negative)
GFE500E - ,
DMF Negative 86.1 95.8 89.8

Thus, selecting solvent for catalyst ink is also an important parameter that needs

to be taken into consideration so that no degradation is caused by solvent selection.

4.6.5. Additives

Another approach tested was using surfactants or binders such as Nafion and
CTAB (Figure 63), which are often used in literature for ink dispersion for other

electrochemical systems like fuel cells.

Figure 63.  SEM figure for coated electrodes using a) Nafion and b) CTAB.
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While CTAB sample showed bigger particles agglomeration, Nafion seems to
evenly disperse particles on the fibers. SEM results align with particle size measurements

for ink formulation (Figure 64), which showed that CTAB had bigger size particles
compared to Nafion.
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Figure 64. Particle size measurements for catalyst ink using a) Nafion and b)

CTAB additives.

Both Nafion and CTAB were firstly evaluated in an isopropanol solution. Thus, after
selecting DMF as a potential improvement, Nafion was added into solution to further
improve deposition, which was achieved (Figure 65).




Figure 65. SEM figures for coated electrodes using a) only DMF and b) DMF +
0.1% Nafion.

However, Nafion has also a negative impact on capacitance measurements. CV
were performed and results showed that capacitance values were drastically reduced
(Table 61).

Table 61. Capacitance and functional group density results for Nafion
additive.

Carbolic functional

Sample Capacitance [uF]

group density [umol]
GF500E 0.151 18.16
GF500E/DMF - Nafion 0.004 12.44

Another parameter to be taken into consideration while designing catalyst ink is
solvent additives since they can also impact on surface chemistry and worsen

electrochemical surface area.
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4.6.6. Catalyst Properties

Some of the catalysts were selected due to the fact that they showed
improvements in other works reported in the literature. However, while trying to reproduce
the performance improvements with few materials, results showed that performance was
in fact decreased. One example was tungsten carbide (WC), both as micro-sized and

nano-sized, which for both cases not only didn't show improvements, but also showed

faster degradation.

Though catalyst coating was improved by using nano-size catalyst deposition,
results for macro-size catalyst were considerable higher compared to nano-sized sample.

Still, none of the samples showed any improvements compared to baseline (see Table

62).

Table 62. VRFB tests results for different WC coated electrodes.

Sample Electrode Cycle# EE [%] CE [%] VE [%]
Baseline 1 86.6 96.4 89.7
GF500 (E) (Positive and
negative) 50 87.3 97.3 89.7
1 61.6 72.3 85.1
GFES500(E) / Negative
WC (Macro) 9
28 61.9 90.7 68.2
1 43.6 51.9 84.0
GFES500(E) / Negative
WC (Nano) 9
12 44.0 59.4 75.2

Catalyst materials properties must also play a crucial role in the performance.
Catalyst materials purchased from different suppliers have different properties such as
electrical conductivity, particle size, and wettability, which may also impact performance.

However, it is still not clear what property has the most influence on electrode properties

141



and why other groups were able to show improvements using WC as catalyst material for

anode applications [139].

4.6.7. Baseline Comparison

The main goal for this work is to achieve more energy efficient electrodes,
regardless of the activation method. For positive electrodes, the maximum improvement
was ~3%, while negative electrodes showed ~4%, which may seem little compared to
other papers in literature that showed improvements up to 10% for energy efficiency.
However, when analyzing those papers, they often compared activated samples to pristine
electrodes. Thus, different factors play a role in improvement mechanisms. As it was
showed here, wettability and electrochemical active surface area are one of the most
parameters for designing activation approaches. Thus, if hydrophilic materials with high
SSA, such as metal oxides nano-sized catalyst are used, hydrophilicity and
electrochemical active area will be enhanced, which will then be translated into higher EE.
Thus, it is hard to separate the improvements and benefits originating from the catalyst
itself since different improvements were done in different aspects from baseline. Thus,
even with solvent degradation, other improvements can overcome this degradation and
the final enhancement will be much higher than using the same catalyst material for
already enhanced baselines such as the GF500E, which showed EE higher than most of

the papers presented in literature.

Table 63. VRFB Tests results for baseline and pristine electrodes.
Sample EE [%] VE [%] CE [%]
GFPristine 73.1 75.8 96.4
GF500E 87.3 90.8 96.1
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Thus, if we were to compare thermal treatment combined with pre-cleaned
treatment, a ~14% enhancement in energy efficiency compared to pristine GF can be seen
in Table 63, which follows the same trend for most of the improvements reported in
literature. Thus, it's easy to achieve such high improvements comparing a hydrophobic
and low SSA area sample with a higher capacitance and hydrophilic one. Thus, coating
catalysts to an already highly efficient sample will only present minimum improvements,

which may not be cost-effective for short term performances.

4.6.8. Current Density and Cycle numbers

For VRFB cycling tests, 80 mA/cm? and 50 cycles were selected for test
parameters. Although most of samples were able to show improvements during short term
cycles and low current density, it is possible that other samples that, although didn’t show
higher EE can present other advantages such as performance stability. While oxygen
functional groups are believed to be degraded overtime and stability may pose a concern,
during 50 cycles, stability was degraded only ~1%. However, during longer cycles (100 or
even 200 cycles), degradation can be attenuated for baseline compared to coated
samples, which in a longer term may be one of catalysts advantages. Another explanation
for lower improvements can be lower current density. At higher current density, different
overpotentials are amplified. Thus, for coated samples, which showed lower R values,
performance may not be impacted as harshly compared to baseline. Thus, performing
higher current density tests and longer cycling may shine a light into other enhancements

that may not be visible during lower current density and short-term cycling.

4.6.9. Catalyst Stability

SEM was also used to determine catalyst durability and adhesion after cycling.
Since one of the major problems regarding catalyst deposition and system performance
is catalyst degradation, samples were analyzed before and after in-situ cycling test to
understand catalyst durability after cycling both at surface (top and bottom) and at cross-

section (see Figure 66).
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Figure 66. Degradation analysis — SEM Images. a)
40%(50%Ir40%Ru10%Se)/rGO before cycling test and b)
40%(50%Ir40%Ru10%Se)/rGO after cycling test.

SEM analysis for (40%(50%Ir40%Ru10%Se)/rGO) showed a visual change in

catalyst stability. Catalyst seems to be washed off throughout the whole cross-section,
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which can explain rapid degradation in the in-situ VRFB test. Hence, samples that didn’t
show any improvements compared to baseline may also present other challenges such

as catalyst stability.
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Chapter 5.

Conclusion and Future Work

5.1. Conclusions

For this thesis, several VRFB electrode modifications were proposed so that
different physical, chemical and electrochemical properties were assessed.
Understanding performance limitations are essential to design better engineering
solutions and achieve higher electrode and battery performance. After carrying out a
complete range of experiments, some conclusions can be made from the results

presented in the past sections.

Thermal treatment process can lead to the formation of oxygen functional groups,
which are believed to improve some properties such as wettability, electrochemical
surface area, reversibility, and kinetics. The effect of different thermal treatment
parameters was investigated, and it was seen that both temperature and time play an
important role in electrode performance. Higher temperature and longer times can
introduce higher content of oxygen functional groups which led to higher performance.
Samples treated at higher temperature and longer time showed higher active
electrochemical surface area and enhanced wettability, and consequently improved

electrode kinetics.

Although thermal treatment can lead to the formation of functional groups, stability
poses a concern since properties can be degraded over time. Hence, electrode aging was
evaluated to understand how electrode performance is impacted. Although hydrophilicity
was drastically affected on the surface, aged samples showed minor impact on
electrochemical active surface area, suggesting that the external surface is mostly
impacted by functional group treatment or air contamination, while the electrode bulk
remains hydrophilic and electrochemical surface area is not affected. VRFB results
showed that electrode performance was not reduced by aging. Thus, to save time and

cost, samples can be thermally treated and then stored for later use. However, to compare
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performance for activated samples, it is preferred that samples are freshly treated to

ensure robust electrode properties.

Re-treatment process was also evaluated as an option to recover electrode
performance and re-introduce functional groups. Results showed that re-treated
electrodes not only recover their key properties such as electrochemical active surface
area and wettability, but also showed improvements in reversibility and kinetics. Re-
treated samples showed similar results for reversibility, which suggests that functional
groups responsible for improving reversibility were re-introduced. Kinetics were further
improved after re-treatment as samples showed higher capacitance, suggesting that
functional groups responsible for capacitance are not degraded over time and it

accumulated after re-treatment.

In order to further improve electrode performance, chemical treatments were
investigated as a potential secondary treatment, since it can also introduce functional
groups. However, results showed that functional groups introduced via chemical
treatments showed no impact on physico-chemical properties. In fact, charge transfer
resistance was increased, lowering electrode performance. Perhaps, chemical activation
can be used before thermal treatment, as it can both clean electrode surface and introduce

functional groups that can be possibly transformed during thermal treatments.

Catalyst materials can be coated on thermally activated samples to achieve higher
efficiencies, since it can both decrease charge transfer resistance and improve active
surface area. Different catalyst materials were evaluated for both positive and negative
electrodes. Although noble metals showed good activity for the positive couple, other
inexpensive alternative solutions such as metal oxides are also available to achieve as
high performance as activated electrodes with noble metals. Results showed that WO3
facilitates high efficiency and good catalyst stability compared to noble metals, which can
be explained by enhanced wettability and improved kinetics. For the negative electrode,
both metal and ceramic catalyst materials showed improvements in both electrochemical
surface area and charge transfer resistance. Improvements for the negative electrode are
also due to side reactions suppression, which combined with improved kinetics, can be

the main mechanism for electrode performance enhancement.
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Lastly, pre-cleaning treatments were evaluated and the impact of different solvents
were studied. Results showed that pre-cleaned samples with ethanol had an increase in
capacitance, which can provide more active sites for the electrochemical reactions. Pre-
cleaning treatment showed improvements for all thermally treated samples. Enhanced
performance can be explained by improvements in both electrochemical active surface
area and wettability, which can enhance kinetics. Since aging may pose a concern for this
treatment, sample aging studies were also performed. Although capacitance degraded
faster for pre-cleaned samples compared to non-cleaned samples, VRFB performance
stability was also observed. Hence, to save process cost and time, samples can be pre-

cleaned, activated and then stored for later use, when needed.

In conclusion, the results showed that, in order to make a broad and
comprehensive analysis, physico-chemical properties need to be assessed to make
correlation to electrochemical performance, both in-situ and ex-situ. It was shown that
improvements in electrode performance are primarily caused by improvements in
wettability and electrochemical surface area, which leads to improvements in electrode
kinetics. Combining activation methods can further improve electrode performance if key
properties are targeted. Hence, understanding impediments and improvement
mechanisms is essential to design viable solutions to make more robust and efficient
VRFB electrodes.

5.2. Future Work

In this thesis, various VRFB electrode modification approaches were proposed,
and properties were assessed by different characterization tools in order to understand
improvement mechanisms and suggest better engineering solutions. While further
improvements can still be achieved by combining all the conclusions from this work, other

challenges arise, and a few other future works are proposed in this section.

One of the future works is the need to make realistic analysis for electrochemical
assessment. Although CVs are widely used in literature, it fails to truly represent in-situ
conditions such as compression, flow rate (mass transport), and electrolyte concentration.

Thus, results may not represent the real VRFB cell performance. In order to mimic in-situ
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performance and include all these extra parameters which are essential for further
investigation of electrodes performance, especially regarding catalyst stability, a
microfluidic cell was proposed for carbon paper electrodes by previous members in the
group [135]. For thick electrodes such as graphite felt, a new design was proposed by the
author. However, fabrication, experiments, and analysis still need to be completed to fully
validate the new design. Once the design is validated, CV tests can be performed using
the dynamic approach and comparison between static and dynamic performance can be

evaluated.

Dip-coating process, which is often used in literature and was used for this work,
have some disadvantages such as materials surplus, inefficient coating, and potential
particles agglomeration. Therefore, designing better coating processes where catalyst
materials can be deposited in a more efficient way is crucial to decreased process cost
and increased active surface area. Moreover, coating processes use different solvents
that can eventually degrade electrode properties, as it was shown in this work. Thus, a
green, rapid, and cheap in-situ deposition process was recently proposed by our group
[135]. However, they were only able to test this process in the microfluidic cell using carbon
paper as working electrode, while no single cell tests were performed using graphite felt

electrodes, which is hence recommended as future work.

Based on the results presented in this thesis, one of the main key parameters to
improve electrode performance is electrochemical active surface area, which is linked to
wettability. While static contact angle measurements give a rough estimate of
hydrophilicity, it is not useful to compare hydrophilic samples, since they would all present
0° contact angle. Besides, other parameters at the electrode surface may play a role in
these measurements, such as porosity, roughness, surface chemistry and others. Hence,
deeper analysis and understanding is needed to evaluate different activation processes
and their impact on electrode wettability. For that, dynamic contact angle can be used to
give us a deeper insight on electrodes wetting properties. Moreover, method of standard
porosimetry (MSP) can be combined with dynamic contact angle, wherein different liquids
can be used and electrode hydrophilicity can be thoroughly assessed. While octane can
be used as a soaking solvent and a total surface area can be determined, measurements
using water or vanadium electrolyte as solvent can be performed so that hydrophilic

surface area can be calculated and compared to the whole surface area. Thus,
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hydrophobic and hydrophilic surface areas can be calculated and used to investigate the

impact of different treatments and parameters on electrode wettability.
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Wettability Measurements
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Figure 67.  Wettability assessment for a) Pristine and b)Thermally treated
electrodes.
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