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Abstract 

Vanadium redox flow batteries (VRFBs) exhibit great promise as easily scalable, 

long-lasting, modular systems for grid-scale energy storage. However, vanadium crossover 

and poor reaction kinetics increase their operating costs by requiring frequent system 

regeneration and reducing energy efficiency, respectively. In this thesis, Nafion membranes 

were modified with single to few-layer nitrogen/sulfur-doped graphene (NS-graphene) by 

developing a large area Langmuir film deposition method with the aim of reducing vanadium 

crossover and potentially improving reaction kinetics. Using this approach, the ability to 

reduce vanadium permeability through Nafion 117 and Nafion 115 membranes by 75% and 

53%, respectively, was demonstrated while maintaining a high enough proton conductivity 

that the overall selectivity of the membranes was increased by 243% and 65% when 

compared to the results for bare Nafion. To determine the impact of the intrinsic 

electrocatalytic activity of graphene on redox flow battery performance, a comparison of NS-

graphene, graphene oxide (GO), and reduced graphene oxide (RGO) was carried out using 

both monolayer electrodes and drop-cast films. Through this work, it was confirmed that the 

previously established approach developed by Punckt et al. [2] to account for porosity could 

not be extended to quasi-reversible systems such as that of the VRFB. An alternative data 

analysis scheme based on Dunn’s Method is proposed, showing mildly promising results, 

with more work needed in the area to develop strong conclusions.  
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Introduction 

In any risk assessment, the two main aspects to consider are the level of the danger 

itself and the probability of it coming to pass. In the case of climate change, these factors 

may be described as disastrous and imminent, respectively. Thus, as it is the duty of 

engineers to uphold public safety above all else, the mitigation of climate change has long 

been one of the most researched areas in the field, with each discipline providing a unique 

insight and approach to solving this problem. Among the industries most relevant to the issue 

is that of renewable energy since fossil fuels accounted for over 137,000 terawatt-hours of 

energy consumption across the globe as recently as 2022 [3]. The significant reduction of this 

dependence is one of the keys to mitigating the effects of climate change before an event 

horizon is reached [4].  

While the source of the renewable energy is of course one of the most important 

factors to be considered in this research, there are several other decisions to be made beyond 

the energy sources themselves. One of these is the energy storage technology which is to be 

used alongside the energy production schemes. Energy storage is highly important to this 

area for several reasons, including the fact that some of the most widely known renewable 

energy sources, wind and solar, are subject to constantly fluctuating performance based on 

peak hours and seasons. As such, it is crucial that energy storage infrastructure be available 

to store the excess energy produced during these peak times so that it may be used during the 

periods of lower energy production. 
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This field has seen outstanding developments over the past few decades, with the 

commercialization of lithium-ion batteries and the new innovations in fuel cell technology, 

but further progress is required. Every type of energy storage technology that exists possesses 

a set of advantages and disadvantages which tailor them to different applications. Whether it 

is scalability, charge-discharge speed, energy density or any number of other parameters, no 

single energy storage mechanism sits securely in the top spot since advances are always 

being made. Since exploring every currently known energy storage mechanism would require 

a scope tantamount to declaring that a universal solvent can be found through the process of 

elimination, this report instead focuses entirely on the case of the vanadium redox flow 

battery (VRFB).  

The VRFB is a liquid-based electrochemical storage system in which two electrolytes 

(the anolyte and catholyte; one for each half-cell to undergo paired reduction and oxidation 

reactions) are cycled from reservoirs to a contact point in the centre stack of the battery, 

where they are effectively separated only by an ion-exchange membrane. A closer look at 

this system and its unique configuration will be discussed in later parts of this report, but it 

should be noted here that existing literature has already demonstrated marked improvement 

in VRFB performance through the modification of the ion-exchange membrane. Based on 

this, the modification of this membrane is the focus of the first objective of this research 

report, which aims to address the known issue of vanadium crossover between half-cells 

through the application of a graphene monolayer to the ion-exchange membrane. This work 

brought further questions regarding the influence of the graphene on other aspects of the cell 
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performance, leading to the second objective of this report, which is to determine the 

potential intrinsic catalytic effects of various graphene nanocomposites including 

nitrogen/sulfur-doped graphene (NS-graphene), graphene oxide (GO), and reduced graphene 

oxide (RGO). 

1.1 Background 

1.1.1 Flow Batteries 

 While redox flow batteries exist in several different forms, the simplest definition for 

these systems is as follows: batteries in which the redox couples are contained within liquid 

electrolytes which are continuously circulated throughout the system by pumps. A more 

detailed breakdown can be seen in Figure 1, which also illustrates the central stack of the 

battery, consisting of conducting electrodes as well as an ion-exchange membrane. As with 

any energy storage system, this configuration comes with several unique advantages and 

disadvantages which make it of particular interest for industrial and other large-scale energy 

storage operations. One of the most notable advantages provided by redox flow batteries is 

that of theoretically infinite scalability as illustrated in Figure 2. Since the system operates 

based on liquid electrolytes which are cycled with pumps, this means that the capacity of a 

redox flow battery can be increased simply by increasing the volume of the electrolyte 

reservoirs in use. Additionally, this setup allows for vastly improved cyclability when 

compared to other common energy storage alternatives. The reason for this again lies in the 

fact that the redox species are contained within liquids and will therefore not undergo the 
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same physical transformations (such as repeated size fluctuation) which often lead to material 

breakdown and reduced lifespan of other types of batteries. It is worth noting that this does 

not necessarily apply to all known flow battery configurations, as there exist some hybrid 

varieties which make use of at least one insoluble component within the system. In this case, 

the potential for physical degradation of the solid component would still exist. Regardless, 

these hybrid flow batteries still share one of the other notable advantages of flow batteries 

which is their modular nature. This is due to the reservoir-stack-reservoir configuration 

which provides a great deal of flexibility for the actual arrangement of the battery so long as 

the electrolytes may still be pumped to the central stack. This could be of particular use in 

settings wherein the floorplan cannot be significantly modified, and a large battery unit 

would not necessarily be an efficient use of space without some adjustments. Additionally, 

this configuration allows for the independent design of the reservoir and stack components 

such that the energy and power capacity are decoupled. [5]  
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Figure 1. Diagram of a classical redox flow battery (RFB). Reproduced with permission 

from [5]. 

 

Figure 2. Illustrations of two notable features of redox flow batteries. a) Simple scalability 

through changing reservoir volume. b) Easy disconnection and transportation of charged 

electrolytes. 
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 Of course, despite their numerous advantages, redox flow batteries remain plagued by 

their own unique disadvantages. The most notable of these disadvantages is ion crossover. 

This occurs when one of the active species within the electrolytes migrates across the ion-

exchange membrane to the other side of the cell. This simple movement can result in a 

number of problems for these batteries, including reduced efficiency/self-discharge, system 

imbalance, and electrolyte contamination. The latter is arguably the most serious of the 

consequences, as electrolyte contamination within a cell that has two highly distinct half-

cells (such as in iron-chromium flow batteries) could become especially disadvantageous [6]. 

It is for this reason that the system of primary interest in this report, VRFBs, is being 

explored. The general design of a VRFB can be seen in Figure 3, with the following half-cell 

reactions: 

VO2+ + H2O ↔ VO2
+ + 2H+ + e-    E0 = 1.0 V vs SHE 

V3+ + e- ↔ V2+     E0 = -0.26 V vs SHE 
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Figure 3. Schematic diagram of a VRFB. 

The mechanism of each half-cell reaction has not been definitively established, 

although many have been proposed (most based on the importance of oxygen-containing 

functional groups on the electrode surface), and this lack of clarity brings into question which 

side of the cell is of greater interest for researchers. In practice, most research has focused on 

the VO2+/VO2
+ side, with some interest in the V2+/V3+ side specifically aiming to limit H2 

evolution to prevent charge imbalance. [5] The corresponding cell electromotive force (EMF) 

for the overall VRFB system under standard conditions is 1.26 V, calculated according to 

Equation 1. However, a notable difference exists between this value and the actual measured 

open-circuit potential of a VRFB. While some of the problems which arise from ion 

crossover in RFBs are mitigated by the fact that the active redox species in VRFBs are 



 

 8 

limited solely to different oxidation states of vanadium (V2+, V3+, V4+, and V5+) and any 

cations which manage to cross from one half-cell to the other will not cause contamination of 

the whole system but will instead simply react to form one of the other vanadium species, 

this does not completely eliminate the issue. VRFBs still suffer from a loss of efficiency due 

to self-discharge as well as electrolyte imbalances when a significant amount of crossover 

occurs in addition to various overpotentials including IR drop within the electrolyte and 

kinetic overpotential.  

Clear performance metrics which reflect the influence of the various resistances and 

potential losses include the voltage efficiency (VE), coulombic efficiency (CE), and energy 

efficiency (EE), which may be determined using Equations 2-4: [7] [8] 

𝐸𝑐𝑒𝑙𝑙
0 = 𝐸𝑐𝑎𝑡

0 − 𝐸𝑎𝑛
0       (1) 

𝐶𝐸 =
𝑄𝑑

𝑄𝑐
× 100 %     (2) 

𝑉𝐸 =
𝑉𝑑,𝑎𝑣𝑔

𝑉𝑐,𝑎𝑣𝑔
× 100%    (3) 

𝐸𝐸 = 𝐶𝐸 × 𝑉𝐸     (4) 

where Qc and Qd are the charge and discharge capacities (in mAh), respectively, and Vc,avg 

and Vd,avg are the average cell voltage during charge and discharge, respectively. Individual 

overpotentials of interest may be calculated directly for a system; however, this often 

requires extensive testing and iterative calculation. This is the case for kinetic overpotential, 

which can be calculated with data obtained either through Tafel plots or the iterative solving 
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of the Butler-Volmer equation [9]. For this reason, simpler methods of evaluating relative 

kinetic performance between similar cells are explored in this research project. 

A great deal of research has already been conducted to mitigate the efficiency losses 

and address the problem of ion crossover within VRFBs. The main focal point for this 

research lies with the ion-exchange membrane. One of the most common materials in use for 

VRFBs is a commercial polymer called Nafion, which is a highly effective cation exchange 

membrane as a result of its hydrophilic sulfonic acid groups which exist within a 

hydrophobic fluorocarbon matrix [10]. Nafion is useful as a membrane for these cells due to 

its high ionic conductivity and relatively high mechanical and chemical stability. However, 

since it is a cation exchange membrane initially intended for use in polymer electrolyte 

membrane (PEM) fuel cell applications, it is prone to undesirable crossover of the positively 

charged vanadium ions.  

1.1.2 Determining Material Effects on Cell Performance 

Cyclic voltammetry (CV) is one of many commonly used electrochemical techniques 

which can provide a great deal of information about a system with minimal effort. In the case 

of CV, specifically, the current response of a system is measured as its potential is swept 

back and forth across a specified range at a constant rate. The characteristics of the resulting 

curve can then be used to draw meaningful conclusions about the behaviour of the system if 

analyzed correctly. A typical CV curve for a common highly reversible redox couple with 

fast kinetics can be seen in Figure 4, below. 
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Figure 4. Typical CV curve for a Nernstian reaction with fast kinetics. Example taken from a 

scan at 50 mV/s in a ferricyanide system with a polished glassy carbon working electrode. 

A distinct anodic peak appears during the forward part of the scan while a distinct 

cathodic peak appears during the reverse scan. In a CV for an unstirred solution, the peak 

position indicates the point at which the reaction becomes diffusion-limited, but a great deal 

more nuance is associated with the graph as a whole. CVs produced for different types of 

systems will be visually distinct in a number of ways, from the overall curve shape and 

symmetry to the ways in which key points shift or remain stationary as the scan parameters 

are varied. Changes to peak current and peak-to-peak separation provide a great deal of 
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information about a system. For example, a system could be identified as fully reversible if it 

meets all of the following criteria: the ratio of the anodic and cathodic peak currents (ipa/ipc) 

is equal to one, no shift occurs in the position of the peak currents along the x-axis with 

changing scan rates (i.e., no change in the peak-to-peak separation with changing scan rates),  

and the relationship between the peak current and the root of the scan rate is linear. In a 

system that is entirely surface reaction-limited (no diffusion limitations whatsoever) and fully 

reversible, no peak separation occurs at all, as illustrated in Figure 5. [11] 

 

Figure 5. Theoretical CVs for a non-diffusion system at scan rates of (a) 0.01 V/s and (b) 

0.01-0.1 V/s. Reproduced with permission from [11]. 

The peak-to-peak separation (Epp) is taken as a general indicator of the apparent 

kinetics of an electrochemical system. For a fully reversible system with a diffusion-limited 

reaction, Epp should be 56.5/n mV, with n representing the number of electrons being 

transferred in the reaction, independent of scan rate. Deviations from this specific set of 
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conditions (fully reversible, diffusion-limited), such as in the case of quasi-reversible 

reactions, can be used to glean information about the reaction kinetics of the system being 

studied. Some techniques for this are discussed later in this section, but it is first useful to 

understand more about the other parameter affecting the shape of a CV curve, the peak 

current, to have a greater picture of the system as a whole. A number of factors influence the 

scaling of the relationship between the peak current and the root scan rate of a given system. 

Several of these are illustrated in the Randles-Sevcik Equation (Equation 5), which assumes 

an electroneutral supporting electrolyte and diffusion-limitations for the active species [12]. 

𝑖𝑝 = 0.4463𝑛𝐹𝐴𝐶√(
𝑛𝐹𝐷𝜈

𝑅𝑇
)    (5) 

Here the variables ip, n, F, A, C, D, ν, R, and T represent the peak current, number of 

electrons being transferred in the redox reaction, Faraday’s constant, electrode surface area, 

electrolyte concentration, electrolyte diffusion coefficient, scan rate, ideal gas constant, and 

temperature, respectively. It is important to note that these equations are derived for a flat 

electrode approximated as an infinite slab and the surface area corresponds to the geometric 

surface area. A lack of linearity in the relationship between the peak current and the root scan 

rate may suggest a few different avenues for deviation from the ideal reversible system, 

which can be understood through further analysis of the CV data. The two primary avenues 

which may describe this behaviour include electrochemical quasi-reversibility or electron 

transfer through species adsorbed on the surface of the electrode. [13] 
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For the case of Nernstian systems to which this linear relationship applies, it has been 

explored as a way of quantifying relative material porosity, an often-overlooked parameter in 

research, based on the change in the thickness of the diffusion layer with changing scan rates. 

This method, developed in a work by Punckt et al. [2], defines a variable α as the peak 

current of the forward reaction from a CV divided by the square root of the scan rate 

(Equation 6). From the Randles-Sevcik equation, this value should remain constant so long 

as the electrolyte composition, the reaction taking place, the temperature of the system, and 

the electrode surface area remain constant. Based on this knowledge, as well as the known 

change in diffusion layer thickness with the scan rate, a relative porosity factor, P, can be 

defined as the ratio of the α value at the highest scan rate to that at the lowest scan rate, as 

shown in Equation 7. 

𝛼 = 𝐼𝑓𝑜𝑟𝑤/√𝜈      (6) 

𝑃 =
𝛼(𝜈𝑚𝑎𝑥 )

𝛼(𝜈𝑚𝑖𝑛)
      (7) 

 In the case of a rough or porous material, the assumptions of the Randles-Sevcik 

equation are broken by the semi-infinite diffusion from the top of the porous film where the 

geometric surface area may only apply if the diffusion length is shorter than the roughness. In 

addition, for porous electrode materials, an electrochemical reaction will also likely occur 

within the internal porosity of the electrode film. When the diffusion layer thickness is 

greater than the largest pore radius, the internal porosity of the electrode will contribute to 

additional surface reactions at early stages while the following response will be more like 
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that of a non-porous/flat material. On the other hand, for a diffusion layer with a thickness 

below this pore size radius, the response is expected to proceed as in the semi-infinite 

diffusion case but with the additional surface area beyond the geometric surface area. By this 

logic, a completely flat electrode will maintain a P-value of exactly one, while porous 

electrodes would have values higher than this.  

For quasi-reversible reactions, the peak-to-peak separation increases with the scan 

speed and can be linked directly to the reaction kinetics via various approaches such as the 

Matsuda number which is calculated for different Epp by numerically solving the relevant 

equations describing CV for diffusion-limited, quasi-reversible systems. On the other hand, 

when the system is not diffusion-limited (e.g., in a porous electrode when the diffusion 

length is larger than the pore-size) and fully reversible, Epp is zero, as shown in Figure 5.  

This means that the response to a porous electrode is the superposition of these two 

responses: the non-diffusion limited response of the internal porosity and surface roughness 

where ip varies linearly with scan-rate and Epp is zero, combined with the semi-infinite 

diffusion response where Epp should change as a function of scan-rate for quasi-reversible 

kinetics and the current response should vary linearly with the square-root of the scan rate.  

To take these complications into account, by plotting Epp as a function of P, one can 

extrapolate to P = 1 where we can extract the Epp for the non-porous system. This value can 

then be used to estimate a kinetic constant by the Matsuda approach. This procedure allows 

for the comparison of electrocatalytic performance of different materials that might possess 

different levels of porosity. An example of such a plot from the original work with porous, 
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drop-cast reduced graphene oxide (RGO) films and a ferricyanide system can be seen in 

Figure 6. The extrapolated value was confirmed by measuring the electrochemical response 

of relatively flat, non-porous monolayers of the same RGO deposited using a Langmuir-

Blodgett deposition approach.  

 

Figure 6. Epp as a function of a porosity factor, P, for monolayer (ML) and drop-cast 

samples in a ferricyanide system. Reproduced with permission from [2]. 

 Dunn’s method is another way of visualizing the relative porosity of the active 

material on the working electrode, based on the current contribution of the diffusion-limited 

response. This method makes use of the relationship shown in Equation 8:  



 

 16 

𝑖(𝜈) = 𝑘1𝜈 + 𝑘2𝜈
1

2      (8) 

 The second term on the right-hand side of this equation stems from the relationship 

between the current and scan rate which is used in the Randles-Sevcik equation [14]. In that 

equation, however, a purely diffusion-controlled response is assumed whereas in Equation 8, 

an additional term is introduced to represent the current contribution from surface adsorbed 

reactions or those within pores smaller than the diffusion length (often referred to as the 

capacitive contribution in work applying this method to capacitive systems) to the overall 

current. These surface-adsorption and diffusion-limited components each scale with the scan 

rate, but in different ways, with the surface-adsorption contribution being proportional to the 

scan rate directly while the diffusion-limited contribution is proportional to the root of the 

scan rate. The k1 and k2 variables are constants which can be determined at a constant 

potential.  

1.1.3 Monolayer Deposition 

 For a study aiming to extract intrinsic kinetic behaviour based on an entirely non-

porous coating of a material to be practically meaningful, it must be possibly to fabricate 

such a coating in the first place. Otherwise, it would suffice to compare the performance at 

likely arbitrarily assigned “minimum porosity” points. Fortunately, a number of different 

methods exist to achieve monolayer coatings which may be used as non-porous reference 

points. While some of these methods, such as chemical vapour deposition (CVD) double as 

nanomaterial synthesis pathways, these are often highly energy intensive and difficult to 
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scale up. They also may not be similar to the material used in the redox flow battery. In this 

work, an alternative is explored through the deposition of Langmuir films directly onto 

various substrates.  

In the original definition of such films by Agnes Pockels in the 19 th century, they 

were described as a layer of self-assembled molecules on the surface of water. It was not 

until further research, conducted in the early 20th century that these films were successfully 

transferred to different substrates, vastly expanding their potential applications. Two main 

categories exist for the deposition of these Langmuir films, including both vertical and 

horizontal deposition. In vertical deposition, otherwise known as Langmuir-Blodgett (LB) 

deposition, the Langmuir film is formed on the liquid interface and the substrate is raised up 

from the liquid in a vertical orientation. Alternatively, in the Langmuir-Schaefer (LS) 

method, an example of horizontal deposition, a substrate held in a horizontal orientation 

under the surface of the water is carefully raised from underneath a Langmuir film on a liquid 

interface, with the deposition being complete once the remaining small layer of water 

between the film and the substrate has evaporated. [15] Basic diagrams to illustrate these two 

methods can be seen in Figure 7. This work employs a variation of the horizontal deposition 

technique in which the substrate is placed below the surface of the liquid prior to film 

formation. This is followed by compression to a specified surface pressure (defined as the 

difference between the surface tension with the film and that of pure water [16]) and the 

liquid itself is carefully removed from between the Langmuir film and the substrate so that 

the film is gradually lowered directly onto the substrate. Any remaining liquid which may 
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exist between the substrate and the film on a microscopic scale is evaporated over the course 

of the subsequent drying process. 

 

Figure 7. Schematic illustration of the LB (left) and LS (right) methods of Langmuir film 

deposition. Reproduced with permission from [15]. 

1.2 Literature Review 

 The highly promising nature of RFBs has led to an interesting research environment 

as different groups have attempted to overcome the main disadvantages of these systems or 

enhance the battery performance by other means. 

1.2.1 Composite Membranes 

 Some of the strategies which have been explored to overcome the noted challenges 

faced by RFB membranes include the addition of filler materials to the polymer prior to 

casting, or the use of alternative membrane materials. This is the case in the research 
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conducted by Lou et al. [17] who incorporated GO directly into Nafion and recast it as a 

functional membrane with a thickness of 41μm. Similarly, Fang et al. [18] incorporated 

sulfonated graphene nanoplates into a recast Nafion membrane with the particular aim of 

enhancing the proton conductivity. Since Nafion is commercially available in several 

different thicknesses, that serves as an additional parameter to be considered when 

attempting to obtain the optimal VRFB configuration. While some of the freshly-cast 

composite membranes studied in literature have shown promising results, it would be a 

significant financial advantage if the same or greater improvements could be achieved using 

the commercially available membranes, as this would be much more scalable than the 

alternative. This pathway has been explored in a few different ways, with one potential 

technique including the sol-gel method in which the commercial membranes are pre-treated 

and then immersed in a solution prepared with components which will react with the treated 

membrane to form a composite material. An example of this technique includes the work of 

Xi et al. [19] to form a Nafion SiO2 hybrid membrane which demonstrated improvements in 

CE and EE over current densities from 10-80 mA/cm2 with the hybrid membrane exhibiting a 

maximum EE of 79.9% at 20 mA/cm2 compared to 73.8% for the Nafion. A second example 

is that of Teng et al. [20] in the development of a Nafion/organic silica modified TiO2 

composite membrane which also achieved a notable improvement in CE when comparing the 

average value of 94.8% at 30 mA/cm2 to the 90.8% from plain Nafion 117. 
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1.2.2 Graphene and Graphene Nanocomposites 

 A common material of interest explored to improve the performance of Nafion or 

other feasible ion-exchange membranes is graphene. Despite its somewhat recent discovery, 

this nanomaterial has garnered a massive amount of attention across numerous industries, 

with energy storage being no exception. The nanomaterial can be defined as a single atomic 

layer of sp2 hybridized carbon atoms, with numerous possible synthesis pathways. Each of 

the two major categories of synthesis procedures, top-down (starting from a graphite material 

and breaking it down/exfoliating it into graphene) and bottom-up (synthesizing the layers 

from scratch), have their fair share of advantages and disadvantages which must be 

reconciled with the desired applications of the materials they produce. In most cases, the 

option with the most commercial appeal remains the top-down pathway as it provides 

significantly more promise for the level of scalability which is required for such applications. 

Still, the large-scale synthesis of graphene remains an issue and alternatives have also been 

proposed through the use of different carbon nanocomposites within the graphene family, 

including GO, and RGO, which are often able to exhibit many of the desirable qualities of 

graphene while being significantly easier to produce and containing defect/functional sites 

which sometimes prove beneficial depending on the system at hand. Among the works in this 

area is the research of Nia et al. [21] who applied RGO produced through an electrochemical 

reduction process to the carbon felt electrode of a VRFB and were able to achieve a 12% 

increase in the efficiency of the cell at 60 mA/cm2 current density. Similar studies have also 

been conducted with other carbon nanomaterials, such as carbon nanofibers (CNFs) or 
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carbon nanotubes (CNTs), a composite of which is the primary material of interest in the 

work of Park et al. [22]. Applying this material to the carbon felt electrodes of a VRFB, an 

energy efficiency improvement of up to 64% was observed at 40 mA/cm2, attributed to the 

enhanced surface defect sites and faster electron transfer rates provided by the 

nanocomposite material. This work examines several different materials within this category 

including GO, RGO, and heteroatom-doped graphene produced through electrochemical 

exfoliation.  

 While limiting vanadium crossover remains the primary goal of this work, it is 

equally important to maintain consideration for proton permeability through these 

membranes as well, since this mechanism is required in order for the cell to function. While 

protons are significantly smaller in size than any of the vanadium species of interest, the 

possibility exists for interactions between these atoms and the graphene lattice being 

introduced to the system which may limit the permeability in ways distinct from the 

molecular sieve phenomenon which contributes to reduced vanadium crossover. To evaluate 

this, Miao et al. [23] conducted a first-principles analysis of both hydrogen permeability and 

proton (H+) permeability through a single sheet of graphene. In the case of pristine graphene, 

the analysis did indicate that protons could readily pass through the graphene lattice 

significantly more easily than the uncharged hydrogen atoms, each having different 

mechanisms by which they pass through the graphene. When examining a scenario which 

included graphene containing defects, both the hydrogen and proton permeabilities were 

improved over areas extending beyond the defect sites themselves.  
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1.3 Overview 

The following sections will address the primary objectives of this thesis in two 

distinct chapters, each focussed on one of the following objectives: 

• Address the known issue of vanadium crossover between half-cells through the 

application of a graphene monolayer to the Nafion ion-exchange membrane 

• Determine the potential intrinsic catalytic effects of various graphene 

nanocomposites including NS-graphene, GO, and RGO 

 In Chapter 2, graphene monolayers are deposited onto Nafion membranes via a 

modified Langmuir-Blodgett deposition method and the resulting membranes are tested 

within a VRFB. Troubleshooting of the deposition process is discussed in detail and images 

are provided to illustrate the success of these coatings. A summary of the flow cell tests 

carried out by collaborators at the University of Calgary is provided. In Chapter 3, further 

tests are conducted using a 3-electrode setup in an attempt to determine the potential intrinsic 

catalytic effects of NS-graphene, RGO, and GO within the positive VRFB electrolyte. 

Monolayer and drop-cast samples are prepared for each of the materials of interest and the 

CV results from these tests are examined based on the methodology described by Punckt et 

al. (as discussed in Section 1.1.2) as well as a newly proposed analysis scheme based on 

Dunn’s method. There is also a direct comparison of the results from monolayer samples, 

illustrating the marked performance improvement afforded by the RGO compared to all other 

samples. 
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Chapter 2 Graphene Monolayers to Reduce Vanadium Crossover 

The following chapter, adapted from published work [1], describes the development 

of a composite membrane comprised of Nafion with a monolayer of electrochemically 

exfoliated graphene for the purpose of reducing vanadium crossover in VRFBs and 

improving overall performance.  

2.1 Methodology 

2.1.1 Materials 

Graphite exfoliation was conducted in a two-electrode system using stainless steel as 

the counter electrode and a flexible graphite foil (GraphiteStore, INTRS-GSSM316) as the 

working electrode. Potassium hydroxide (KOH, MilliporeSigma) and ammonium sulfate 

((NH4)2SO4, MilliporeSigma) were used as the exfoliation electrolyte for each step. N,N-

dimethylformamide (DMF, MilliporeSigma), 1,2-dichloroethane (DCE, MilliporeSigma), 

and ethanol (reagent alcohol grade, MilliporeSigma) were used to disperse the graphene and 

spread the dispersion onto the air−water interface. An aqueous solution containing 1.6 M 

vanadium oxysulfate (VOSO4, 99.5% purity, NOAH Technologies) dissolved in 3 M sulfuric 

acid (H2SO4 MilliporeSigma), prepared in deionized (DI) water (>18.2 MΩ·cm), was used as 

the VRFB electrolyte in all experiments. Magnesium sulfate (MgSO4, MilliporeSigma) was 

used for vanadium permeability experiments. Carbon paper (Sigracet 39AA, 280 μm 

thickness, pore size 43 μm, Ion Power) was used as an electrode material, while the bare 
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membrane materials were Nafion 117 and 115 membranes (thickness of 180 and 127 μm, 

respectively, Ion Power). 

2.1.2 Nanomaterial Preparation  

According to the technical data sheet for the NS-graphene, the material composition 

was shown via X-ray photoelectron spectroscopy (XPS) to be 93.2 at% carbon, 0.5 at% 

nitrogen, and 6.3 at% oxygen (the amount of sulfur was found to be 0.2-0.4 at% and was 

therefore not indicated in the overall composition table). Following the graphene synthesis 

process, approximately 20 mg of the obtained graphene film was dispersed in 15 mL of DMF 

in a 20 mL capacity scintillation vial. [16] The mixture was probe-ultrasonicated (60% 

amplitude, Model 150VT Ultrasonic Homogenizer, BioLogics, Inc.; Sonics Vibra-Cell VCX-

500 Ultrasonic Processor, Sonics & Materials, Inc.) for 2 h under stirring and in an ice bath 

to prevent overheating. The mixture was then transferred into a centrifuge tube and spun 

(AccuSpinTM 3, Fisher Scientific, Waltham, MA) at 3600 RPM for 30 min. The resulting 

dispersion, referred to generally as G-DMF, was highly stable and used in addition to DCE to 

produce the deposition ink for the membrane coating procedure. 

2.1.3 Coating Procedure 

 The membranes and additional substrates used in this study were coated with 

monolayers of the nanomaterials through a novel procedure based on both the LB deposition 

technique as well as the LS horizontal precipitation technique. This configuration results in 

the graphene acting as a selective barrier to ions which exceed the size of the average lattice 
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spacing, preventing the passage of the large vanadium ions across the Nafion, while still 

allowing for the necessary passage of protons for the completion of the circuit.  

 Immediately prior to deposition onto the air−water interface, an appropriate volume 

of the G-DMF dispersion (from 250 to 500 μL depending on the spreading behavior of the 

graphene sample) was added to DCE corresponding to a 3:1 DCE:DMF volumetric ratio. The 

DMF was found to be a good solvent for stably dispersing the graphene while the DCE 

facilitated solvent spreading and its water immiscibility prevented the mixture of the ink with 

the bulk of the water, allowing it to spread across only the surface. [16] At least 24 h prior to 

coating, the Nafion membranes were soaked in MilliQ water to ensure they were fully 

swollen with water. The membranes were then secured to a glass substrate, which had been 

cleaned with DCE and rinsed with MilliQ water, by placing the membrane corners between 

the glass plate and 2 cm squares of glass with N52 neodymium magnets (McMaster-Carr) 

below the glass plate and metal washers on top of the glass squares (see Figure 8). The 

magnets and washers were cleaned with ethanol prior to use.  
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Figure 8. Example setup to secure a Nafion membrane to a glass substrate prior to modified-

LB deposition. In this photo, a blue piece of paper is used in place of a Nafion membrane for 

easier visualization. Reproduced with permission from [1]. 

 Several configurations were tested prior to the final version shown above. Initially, 

the membrane was held to the main glass substrate directly with paperclips. This resulted in a 

number of problems including the assembly floating to the surface of the water, the 

paperclips eventually leaving rust or other residue on the membrane, and the membrane 

becoming difficult to remove from the glass substrate following drying. Some images of 

membranes coated using this configuration can be seen in Figure 9. With the switch over to 

magnets, the first of these problems was resolved easily, as the magnets weighed down the 

assembly. To mitigate the final two issues, caused by the direct contact of the membrane and 
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the metal being used to secure it, small glass squares cut from standard microscope slides 

were found to be ideal as a final barrier between the membrane and the metal washers. 

 The secured membrane was placed face-up in an 8 cm wide Teflon deposition trough, 

the design of which was based on a commercial unit (Langmuir Trough G1, Kibron). 

Sections of the trough were divided using Teflon barriers, as depicted in Figure 10, with the 

membrane setup in the center of the trough. MilliQ water was added until just before the 

point of spillover such that the membrane setup was completely covered, and a significant 

meniscus was observed. For characterization purposes, additional substrates such as mica and 

silicon wafers (SPI Supplies; University Wafer, Inc.) were often included in the trough as 

Figure 9. Examples of membranes which had been coated while secured to the glass 

substrate using only paperclips (left) or magnets and washers which were in direct 

contact with the membrane (right). 

Rust from Paperclips 

Tears in Nafion 

Rust from Washers 

Tears in Nafion 
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well. The surface of the water was cleaned using a vacuum aspirator until the compressed 

surface pressure change was found to be negligible to ensure that no surface debris remained.  

 

Figure 10. Typical setup for modified-LB deposition prior to the addition of water into the 

LB trough. Reproduced with permission from [1]. 

 The coating process is illustrated in Figure 11. The graphene/DMF/ DCE ink was 

transferred into a glass syringe with an inner diameter of 14.6 mm connected to 

poly(tetrafluoroethylene) (PTFE) tube attachment with an inner diameter of 0.33 mm. The 

end of the PTFE tube was lowered toward the surface of the water to a height at which the 

ink droplets would hit the surface immediately after falling from the tube, and the ink was 

deposited onto the surface of the water at a rate of 0.1 mL/min. The dripping was continued 

until enough surface area was covered with a semitransparent film of graphene such that the 

solvent from the previous droplet did not have enough time to fully dissipate before the next 
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droplet falls (usually this corresponds to an uncoated circular area with a diameter of 

approximately 3 cm). The film was subsequently compressed to a surface pressure of 

approximately 20 mN/m by moving the Teflon barriers on either side of the film inwards at a 

rate of 5 mm/min, as measured with a paper Wilhelmy plate setup. Following compression, 

the coated area of the trough was reduced from approximately 144 cm2 to approximately 104 

cm2, and the excess water was carefully removed from the trough using a vacuum aspirator 

which was placed to the left of the leftmost Teflon barrier so that the layer of graphene was 

lowered onto the surface of the substrate(s). The coated materials were allowed to dry under 

nitrogen overnight before being transferred into an oven to be further dried overnight at a 

temperature of 75 °C. The dried membranes could then be removed from the glass substrate. 

Images of the deposition ink, as well as an example of a coated membrane, are shown in 

Figure 12. Previous work also explored the application of these principles to achieve a 

continuous roll-to-roll coating of the Langmuir films, which is an integral step for the future 

scaleup of the deposition process for industrial applications [24]. 
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Figure 11. Schematic illustration of the deposition process from the top (a−f) and side (g, h). 

(a) The glass-supported Nafion membrane is placed in the center of the trough with barriers 

on opposite ends and water is added (the membrane is represented by the small blue square 

in the center). (b) The graphene ink is dripped onto the surface such that a film begins to 

form at either end of the trough. (c) Ink drops are added until the solvent from the previous 

droplet does not have enough time to fully dissipate before the next droplet falls. (d) The film 

is compressed by moving the Teflon barriers toward the center of the trough. (e) Vacuum 

(pictured to the left of the leftmost barrier) is used to remove the water from the outside of 

one of the barriers where there is no graphene film. (f) Water level drops below the level of 

the membrane and the graphene film is lowered onto its surface, completing the coating 

process. (g) Side view of the setup during deposition. (h) Side view of the setup after 

deposition. Reproduced with permission from [1]. 
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Figure 12. (Left) G-DMF ink for deposition prepared at an initial concentration of 0.42 

mg/mL. (Right) Nafion membrane (approximately 7.5 cm x 8 cm) coated with a single 

monolayer of graphene. Reproduced with permission from [1]. 

2.1.4 Membrane Characterization 

2.1.4.1 Water Uptake and Swelling Ratio  

 The membrane samples (7.6 cm by 7.6 cm as required for the battery) were soaked in 

DI water at room temperature for 24 h. Residual water on the membrane surface was 

removed using adsorbent paper, and the mass and dimensions (length, width, and thickness) 

of the hydrated membrane samples were measured. The membrane samples were then dried 

in a vacuum oven at 100 °C for 24 h, and the mass and dimensions of the dry membrane 

were determined. The water uptake and swelling ratio of the membranes were determined 

from the percentage difference in mass and volume, respectively, of the hydrated and dry 
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membranes.[25-27] [25 ] [2 6 ] [27 ]The measurements were repeated for three membrane samples in each 

case.  

2.1.4.2 Ion Exchange Capacity  

 The ion exchange capacity (IEC) of the membrane was obtained by titration  [2 5 ] [26] [27 ][25-27]. 

Dry membrane samples were immersed in 50 mL of 3.0 M NaCl solution for 24 h at room 

temperature to exchange protons with sodium ions. The solution was then titrated with 0.1 M 

NaOH to determine the proton concentration. The IEC was calculated by dividing the amount 

of NaOH required to neutralize the solution by the dry mass of the membrane. The IEC of 

three samples was determined in each case.  

2.1.4.3 Area Specific Resistance and Proton Conductivity 

 To evaluate the area specific resistance of the membrane (r), the membrane samples 

were soaked in a solution of 1.6 M VOSO4 and 3.0 M H2SO4 for 24 h. The membrane was 

placed in a 5 cm2 RFB cell filled with 3.0 M H2SO4 electrolyte. The cell resistance was 

determined in the presence (r1) and absence (r2) of the membrane by electrochemical 

impedance spectroscopy (EIS). The effective membrane area (S) of the cell was 5 cm2. The 

area specific resistance of the membrane (Ω cm2) was calculated using Equation 9: [28] 

𝑟 = (𝑟1−𝑟2) × 𝑆      (9) 

 The proton conductivity of the membrane samples was determined by EIS in the RFB 

setup. Impedance was measured in the range of 1 Hz to 100 kHz. The membrane samples 

were soaked in DI water for 24 h at room temperature before the experiment to ensure the 
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samples were fully hydrated. The proton conductivity (σ) was calculated according to 

Equation 10: [26, 29] [26 ] [2 9 ] 

𝜎 =
𝐿

𝑅×𝐴
      (10) 

where L, R, and A are the thickness, resistance, and cross-sectional area of the membrane, 

respectively. 

2.1.4.4 Vanadium Permeability  

 Although all vanadium species present in the VRFB (V2+, V3+, VO2+, and VO2
+) may 

pass through the membrane, most studies of membrane crossover have only measured the 

membrane permeability for VO2+ ions [26, 29-33]. [2 6 ] [29 ] [30 ] [3 1 ] [32 ] [33 ]In this study, a similar approach is 

followed since the effect of the modification of the membrane on the permeability of other 

vanadium species is expected to be similar to that for VO2+. The VO2+ permeability through 

the membranes was evaluated using the cell designed for VRFB charge−discharge testing (as 

described below). Membrane samples (effective area of 5 cm2) were sandwiched in the cell 

between the carbon paper electrodes. One tank was filled with 50 mL of 1.6 M VOSO4 in 3 

M H2SO4 solution (the source reservoir), and the other was filled with 50 mL of 1.6 M 

MgSO4 in 3 M H2SO4 solution (the receiving reservoir) to balance ionic strength and reduce 

osmotic pressure effects. These solutions were circulated through the cell on each side of the 

membrane using a dual-head peristaltic pump. Samples on the MgSO4 side were periodically 

withdrawn at timed intervals and the vanadium ion concentration was determined using 

inductively coupled plasma optical emission spectroscopy (ICP-OES, Varian 725). The VO2+ 
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permeability (P) of the membrane was calculated from the rate increase in concentration in 

the MgSO4 solution (Equation 11)  

𝑃 =
𝑉𝐵 𝐿

𝑆(𝐶𝐴−𝐶𝐵(𝑡))
(

𝑑𝐶𝐵(𝑡)

𝑑𝑡
)     (11) 

where VB is the volume of the MgSO4 solution, L is the membrane thickness, S is the 

effective membrane area, CA is the VO2+ concentration in the source reservoir, t is the 

duration of the experiment, and CB(t) is the measured VO2+ concentration of the receiving 

reservoir at time t. [25] 

2.1.4.5 Surface Characterization 

 Scanning electron microscopy (SEM, Quanta FEG-250, Thermo Fisher Scientific) 

studies of the membrane before and after coating were used to evaluate the morphology and 

composition of the top surface and cross section of the membrane. AFM (Nanoscope Multi-

Mode AFM, Veeco, Digital Instruments MMAFM-2) of the graphene coating was used to 

evaluate the coverage and morphology of the coated surface. AFM was conducted after the 

graphene coating was applied using the method described in Section 2.1.3 on substrates 

including 1 cm × 1 cm squares of freshly cleaved mica, p-doped silicon cleaned with ethanol, 

and samples of the swollen Nafion 117. The silicon and mica samples were dried overnight 

under nitrogen at room temperature, and the Nafion samples were dried overnight in an oven 

at 75 °C. Samples were imaged using AFM under ambient temperature and humidity. The 

silicon and mica samples were imaged using contact mode with a silicon nitride tip (Bruker, 

nonconducting silicon nitride, cantilever 600 nm), and a scan rate of 1 Hz was used with 512 
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samples/line. The Nafion samples were imaged using tapping mode to minimize potential 

damage from lateral forces on the softer polymeric substrates, using an antimony-doped Si 

tip (Bruker, 0.01−0.025 Ω- cm, 127 μm length, 35 μm width, k: 42 N/m). These images were 

also taken at a scan rate of 1 Hz and 512 samples/line. A constant drive frequency of 359.13 

kHz was used. High-resolution transmission electron microscopy (TEM) images of the 

graphene were collected using an FEI Tecnai G220 equipped with an X-Max energy-

dispersive X-ray spectroscopy (EDX) detector with an acceleration voltage of 200 keV. In 

addition, Raman spectroscopy (α 300R WITec GmbH, Germany) was conducted on samples 

of the graphene-coated membrane and bare membrane to confirm the presence of graphene 

coated on the membrane surface.  

2.1.5 VRFB Charge−Discharge  

 To study the VRFB charge−discharge, a single flow cell (5 cm2 effective area, 

supplied by Fuel Cell Technology, Inc.) with a serpentine flow field was used. Graphite plate 

current feeders with bare, thermally treated (1 h at 500 °C in air) carbon paper (Sigracet 

39AA) electrodes, and bare or graphene-coated Nafion membranes were used in the cell. The 

membrane was soaked in DI water for 24 h before use [6, 34, 35]. [7 ] [3 4 ] [35 ] Figure 13 shows a 

schematic of the VRFB flow cell testing system used in this study. In all experiments, the 

negative and positive electrolyte tanks each contained 20 mL of 1.6 M vanadium electrolyte 

in 3 M H2SO4. The electrolytes were prepared using VOSO4, and an initial charging 

procedure described in previous studies was followed [6, 36]. [7 ] [36 ] The electrolyte solutions were 

circulated through the cell at a flow rate of 20 mL/min using a dual-head peristaltic pump 
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(Masterflex, Cole Parmer). Humidified nitrogen was continuously bubbled through the 

electrolyte solution 30 min before and during the charge−discharge experiment to remove 

dissolved oxygen. Charge−discharge experiments were performed at constant current 

densities ranging from 10 to 100 mA/cm2, using cut-off voltages of 1.65 V for charge, and 

0.8 V for discharge. A potentiostat (BioLogic VSP/VMP3B-20) operating in galvanostatic 

mode was used for the charge−discharge experiments. The VRFB efficiencies were 

determined based on Equations 2-4, as defined in Section 1.1.1.[6, 7] [7 ] [8 ] 

 

Figure 13. Schematic illustration of the VRFB setup used for flow cell tests. Reproduced with 

permission from [1]. 
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2.2 Results 

AFM was used to confirm the successful coating of sample substrates that had been 

immersed in the trough in addition to the Nafion (Figure 14). These images show a dense, 

thin layer of graphene, with an average estimated coverage of 93%. The coating, referred to 

as a monolayer, is indeed confirmed to be consistently only one or two sheets of graphene in 

depth, corresponding to an estimated average coating thickness of less than 5 nm. The 

strength of the bond between the graphene and the Nafion was seen both visually and 

through additional imaging. After coating, a semi-transparent grey layer was evident on the 

membrane, and this layer remained stable on the membrane through handling and throughout 

the electrochemical testing. AFM images of the graphene on Nafion were obtained before 

and after electrochemical testing to show that the material was not disrupted over the course 

of testing. Some of these images can be seen in Figure 15, below. A notable feature of the 

graphene coating on the Nafion is its topology when compared to the graphene deposited 

onto a smooth surface such as mica. Since the Nafion is known to swell when wet and 

contract when dry, and the graphene is deposited on the Nafion while it is wet, the deposition 

surface experiences significant changes. From the AFM images of the graphene on the dried 

Nafion, it can be seen that this resulted in wrinkling of the graphene layer as opposed to some 

other failure mechanism such as the coating breaking apart and sheets overlapping as the 
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Nafion contracts. This result is significant in that it demonstrates the strength of both the 

graphene layer itself and the bonds between this layer and the Nafion substrate. 

Figure 14. AFM images of (a) top surface of uncoated Nafion 117, (b) top surface of graphene-

coated Nafion 117, and (c) top surface of graphene-coated mica. Reproduced with permission 

from [1]. 
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Figure 15. Secondary electron SEM images (a and b) of the top surface of graphene-coated 

Nafion 117 a) before cycling and b) after cycling; AFM images (c and d) of the top surface of 

graphene-coated Nafion 117 c) before cycling and d) after cycling. Reproduced with 

permission from [1]. 

The VO2+ permeability and ion selectivity of graphene-coated and bare Nafion 

membranes are compared in Figure 16c, with the water uptake and area-specific resistance 

shown in Figure 16a and Figure 16b, respectively. The selectivity is the ratio of proton 
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conductivity to VO2+ permeability, with a higher selectivity being a qualitative indicator of a 

better membrane for VRFB applications [37]. The VO2+ permeability of the graphene-coated 

Nafion 117 and Nafion 115 membranes are 75% and 53% lower than those for the bare 

Nafion, respectively. Studies of pristine single-layer graphene coated onto Nafion have 

demonstrated that graphene is only permeable to H+ ions, and no other species will pass 

through the graphene structure [38]. As the graphene basal planes block the transport of 

VO2+, these ions are forced to pass through the gaps between the graphene platelets. The 

lower water uptake and blocking effect of the graphene nanoflakes slightly decrease the 

proton conductivity of the graphene-coated membranes. However, as the reduction in the 

VO2+ permeability is much greater than the reduction in proton conductivity  [25 ] [3 7 ][25, 37], the 

graphene-coated membranes show higher selectivity than the bare Nafion membranes: 243% 

higher in the case of graphene-coated Nafion 117 and 65% higher in the case of graphene-

coated Nafion 115. The higher selectivity indicates that the graphene coating improves the 

membrane properties for VRFBs, and a higher battery performance may be expected. The 

microstructure of the graphene has fewer channels for VO2+ transport than the bare Nafion 

membrane due to the graphene flakes covering the membrane surface. The two-dimensional 

graphene flakes serve as barriers to prevent VO2+ migrating through the membrane structure. 

To be transported through the Nafion matrix, VO2+ ions are constrained to the gaps between 

flakes, increasing the transport resistance. The VO2+ permeability also decreases with 

membrane thickness due to the longer transport pathway  [2 5 ] [26 ] [29 ][25, 26, 29, 30, 32, 39];  [30 ] [3 2 ] [39 ] hence, the 

VO2+ permeability of Nafion 117 is lower than that of Nafion 115 (Figure 16c).  
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Figure 16. Comparison of the properties of Nafion and graphene-coated Nafion membranes: 

(a) water uptake and swelling ratio; (b) area resistance and proton conductivity; (c) VO2+ 

permeability and selectivity; and (d) IEC. N117 and N115 represent bare Nafion 117 and 

Nafion 115, respectively. GN117 and GN115 are the graphene-coated Nafion 117 and 

graphene-coated Nafion 115, respectively. Reproduced with permission from [1]. 

Figure 17 shows the contact angle of the uncoated and graphene-coated Nafion 117, 

which are approximately 45° and 41°, respectively. The contact angle of the membranes 

confirms that they are both hydrophilic. The functional groups present on the graphene 

provide hydrophilicity, and no significant change in the contact angle of the Nafion is 
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apparent after graphene coating. The IEC of the bare Nafion is found to be approximately 

0.8−0.9 mmol/g (Figure 16d) similar to the theoretical value [40] of 0.91 mmol/g. The IECs 

of the graphene-coated Nafion 117 and Nafion 115 membranes are 13% and 16% lower than 

that of bare Nafion, respectively, likely due to the graphene layer which decreases the 

availability of ionic groups in the structure [30]. Ionic groups may be unavailable due to 

direct interactions with the graphene, or as a result of decreased water uptake because of 

steric confinement of the aligned graphene flakes, limiting the expansion of Nafion clusters. 

The results of flow cell testing for the determination of self-discharge time, CE, VE, and EE 

are summarized in Figure 18 and discussed in greater detail in the published work, a copy of 

which is included in the Appendix. [29] 

 

 

Figure 17. Static water contact angle on a) Nafion 117 and b) graphene-coated Nafion 117. 

Reproduced with permission from [1]. 
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Figure 18. Comparison of VRFB performance using bare and graphene-coated Nafion 115 

and 117 membranes: (a) self-discharge curves at 50% SOC and charge−discharge 

efficiencies at a range of current densities, including (b) CE, (c) VE, and (d) EE. Reproduced 

with permission from [1]. 
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2.3 Conclusions and Future Work 

When assessing the success of the work detailed in this chapter, several aspects may 

be considered individually. In the case of the coating itself, a simple and high-quality coating 

was achieved through the horizontal deposition of a Langmuir film directly onto the surface 

of a commercial Nafion membrane. The novel approach to deposition, originally developed 

within the Pope group by Dr. Luzhu Xu, which applied two different co-solvents in the 

deposition ink in order to spread and suspend the film was successfully adapted to this 

system in order to produce scalable and reproducible coatings. Subsequently, the coated 

membrane was tested within a VRFB setup and found to improve the vanadium permeability 

significantly while still maintaining a high enough proton permeability to exhibit higher 

overall selectivity. The strong adhesion of the graphene coatings to the membranes was 

confirmed through the analysis of the coating on the membrane before and after cycling.  

 Regarding future work, some related tests have been conducted and shown initial 

promise for further exploration. The most pressing of these projects, as mentioned in an 

earlier section, is that of scaleup through the optimization of a roll-to-roll deposition 

procedure. This is a critical step in ensuring the commercial viability of these composite 

membranes. Beyond this, some tests have been conducted (though not detailed in this chapter 

due to the remaining work still needing to be done) using graphene functionalized with 

nitrogen/phosphorus (NP-graphene). These are hypothesized to produce different effects to 

those observed from the NS-graphene employed in this project based on the different particle 

interactions which may occur based on this functionalization. Successful coatings have 
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already been achieved with this alternative doping scheme and initial flow-cell testing is 

promising. Additionally, work has been started on an examination of the effect of different 

Nafion thicknesses (also graphene-coated) on VRFB performance. This will allow for further 

system optimization as a reduced membrane thickness typically leads to a trade-off in proton 

permeability and vanadium crossover, which would ideally be mitigated substantially by the 

application of a graphene monolayer. 
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Chapter 3 Catalytic Behaviour of Nanomaterials within the Vanadium 

System 

In this chapter, various nanomaterials are tested for their catalytic potential for the 

positive electrode reaction of a VRFB. The analysis methods chosen for this section were 

selected with the intention of finding intrinsic catalytic potential through non-iterative 

analysis. 

3.1 Methodology 

3.1.1 Materials 

Materials with suppliers not indicated here are the same as in the previous chapter. In 

addition to these materials, RGO (Global Graphene Group Inc.), butanol (CH3(CH2)3OH, 

Supelco), and GO produced through Tour’s method [41] were used. For the electrochemical 

testing in this case, an aqueous solution containing 0.1 M vanadium(IV) sulfate oxide hydrate 

(VOSO4·xH2O, 99.9% purity, Alfa Aesar) dissolved in 3 M sulfuric acid (95-85%, Sigma 

Aldrich), prepared in MilliQ water was used. The working electrode used was glassy carbon 

(SPI Technologies), with a silver/silver chloride reference electrode (Ag/AgCl, 

CHInstruments) and a platinum wire counter electrode (CHInstruments). 

3.1.2 Nanomaterial Preparation 

 The graphene dispersion used in this set of tests is the G-DMF prepared in the 

previous section. The RGO employed in these experiments was commercial-grade material 
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dispersed in DCE via probe ultra-sonication at 60% amplitude for 30 mins in order to obtain 

a final concentration of 0.5 mg/mL. The GO used in tests for this section was obtained 

directly from other lab members, having been initially produced through Tour’s Method . 

3.1.3 Electrode Preparation 

 Glassy carbon (GC) working electrodes were prepared for testing according to 

slightly varying methods for monolayer and non-monolayer samples. In all cases the GC 

substrates were polished using alumina polishing compound at three different levels (5, 0.3, 

and 0.05 μm) from coarsest to finest for 15 minutes at each level. Following the polishing, 

the GC was bath ultrasonicated (Model 15337409 Ultrasonic Bath, Model PS-60A, Digital 

Ultrasonic Cleaner, Jakansonic Cleaner Company Ltd.) in a vial with MilliQ water in order to 

remove any residual polishing compound.  

 For non-monolayer samples, the material of interest was drop-cast onto the surface of 

the electrode in several layers. For the RGO, each drop-cast layer consisted of two drops 

from a glass pipette. For the graphene samples, the G-DMF dispersion described in a 

previous section was used and each drop-cast layer consisted of 10 μL of this dispersion. 

Each layer was allowed to dry thoroughly at ambient temperature before the next was added. 

After the final layer was dry, 10 μL of a 0.1 vol.% Nafion 117 solution was added as a binder 

to the top to prevent the drop-cast material from detaching from the electrode during testing.  

Monolayer samples were prepared according to the same procedure as the modified-

LB membrane coatings described in a previous section, simply including the GC alongside 
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any additional substrates being coated in the trough. For the samples using RGO, the coating 

process was largely the same as for graphene, with the only notable difference being the 

composition of the deposition ink. In the case of RGO, the prepared 0.5 mg/mL stock 

dispersion was bath sonicated in an ice bath for 10 minutes, and 1 g of this dispersion was 

further diluted with 1 g of DCE. Following this, 123.4 μL of butanol was very slowly added 

to the side of the vial containing the dilution, with the DMF-butanol system acting to suspend 

and spread the film on the air-water interface similarly to the DMF-DCE system used for the 

graphene samples. The rest of the deposition process remained the same as with graphene. 

Monolayer-coated samples were allowed to dry under nitrogen at room temperature 

overnight prior to use in electrochemical testing. For the RGO samples, the addition of a 0.1 

vol% Nafion 117 layer was deemed to be a necessary precaution upon the visual inspection 

of the dried monolayer samples. This was not the case for the monolayer samples of the other 

nanomaterials. Through previous tests, it had been found that the addition of this protective 

layer does not significantly influence the current response of the system at this low 

concentration. 

3.1.4 Electrolyte Preparation 

The electrolyte used for testing was prepared using concentrated sulfuric acid and 

crystalized vanadyl sulfate in several steps out of an abundance of caution for the highly 

exothermic process. In an Erlenmeyer flask, 2.4 g of the VOSO4·xH2O was added alongside 

40.1 mL of MilliQ water and was stirred until dissolved. Subsequently, the flask was covered 
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with Parafilm and bath ultrasonicated in an ice bath for 50 minutes. While this solution was 

sonicating, the concentrated sulfuric acid was diluted by adding 16.7 mL of acid to a beaker 

with 25 mL of MilliQ water, also in an ice bath. Following the sonication of the vanadium 

solution, the diluted acid was carefully added to the Erlenmeyer flask and the final volume 

was adjusted to 100 mL by adding approximately 18.2 mL of MilliQ water. The flask was 

then covered once again and returned to the bath ultrasonicator to be sonicated in an ice bath 

for an additional 50 minutes. The final electrolyte was allowed to sit overnight before being 

used in any experiments, with a final composition of 0.1 M VOSO4·xH2O and 3 M H2SO4. 

The 3 M H2SO4 solution which was used for background measurements was prepared in a 

similar fashion, simply excluding the steps in which the VOSO4·xH2O is added. 

3.1.5 Electrochemical Testing 

The catalytic potential of each of the nanomaterials being investigated in this report 

was conducted through three-electrode testing using Ag/AgCl as a reference electrode, 

platinum wire as a counter electrode, and GC coated with the material of interest as the 

working electrode. CV scans were conducted from 0 to 1.6 V vs Ag/AgCl at 5, 10, 20, and 

50 mV/s with electrochemical impedance spectroscopy (EIS) following each CV step and a 

two-minute pause between the application of each scan rate. The ZIR routine within the EC-

Lab software for the potentiostat was used to compensate for 85% of the ohmic drop 

estimated by impedance spectroscopy from 1 MHz to 1 Hz with an amplitude of 10 mV. 

Background scans were conducted in 3 M H2SO4 with this data subsequently subtracted from 



 

 50 

the curves of scans conducted in an electrolyte composed of 0.1 M VOSO4·xH2O and 3 M 

H2SO4. 

3.2 Results 

3.2.1 Monolayer Deposition 

AFM was used to evaluate the success of the monolayer deposition method, which 

varied for each nanomaterial. Images of the various materials on mica and silicon wafers can 

be seen in Figure 19 and Figure 20 below. While it is clear that the graphene depositions 

produce high-quality (if somewhat overly-compressed) sheets, the GO and RGO samples are 

not so clearly successful. Although good GO coverage was achieved, over-compression 

resulted in the stacking of some of the GO flakes. As for the RGO, examination of the SEM 

images reveals how much the morphology of this material differs from the other 

nanomaterials in this study (Figure 20e and f). The RGO is significantly rougher than either 

of the other materials. Also, despite this and the fact that large portions of the RGO surface 

remain uncoated, the film was otherwise quite uniform. Based on these images, the samples 

coated with this technique may continue to be treated as monolayers for the purposes of these 

tests. While some stacking is apparent in the GO, thus making the description of “few-layers” 

more technically apt, the overall film quality is thin enough that it remains a good 

comparison point for the experiments described in this report. Furthermore, pores within the 
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restacked sheets are likely inaccessible by electrolyte and redox probes. 

 

Figure 19. AFM images of (a) NS-graphene on mica and (b) GO on silicon. No AFM images 

could successfully be captured for the RGO. 
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Figure 20. Secondary electron SEM images of modified-LB-deposited (a,b) NS-Graphene, 

(c,d) GO, and (e,f) RGO on silicon wafer substrates. 
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3.2.2  Porosity Analysis 

3.2.2.1 Punckt Method 

 As part of the initial exploration of the Punckt analysis method described in Section 

1.1.2, tests were done using the same buffered ferricyanide system and potentiostat settings 

as described in the original paper. Tests were conducted using RGO drop-cast onto GC with 

the aim of optimizing the experimental procedure to limit potential sources of error before 

applying it to a different electrolyte system. CV results for some of these ferricyanide tests 

can be seen in Figure 21. In this way, the difference in behaviour between samples with no 

RGO and a few layers of RGO could be seen. As expected, the addition of the nanomaterial 

resulted in a notable reduction in the peak-to-peak separation, as noted in Table 1, as well as 

a reduced activation overpotential as evidenced by the closer onset potentials for current flow 

in both the oxidation and reduction reactions. An examination of the change in peak current 

with the root of the scan rate also showed expected behaviour, with consistent linear 

relationships in each test, as shown in Figure 22.  
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Figure 21. CV results at 200 mV/s for GC0 coated with RGO in a ferricyanide system. 
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Table 1. Summary of peak-to-peak separation at each scan rate for various RGO samples in 

the ferricyanide system using GC0 as a substrate. The colours in each column illustrate the 

relative peak separations, with red indicating the largest separation at a given scan rate and 

green indicating the smallest separation at a given scan rate. 

Date 
Working 

Electrode 

Epp 

(50 

mV/s) 

Epp 

(100 

mV/s) 

Epp 

(200 

mV/s) 

Epp 

(1000 

mV/s) 

Epp 

(2000 

mV/s) 

Average 

Epp 

08/05/2022 Polished GC 0.100 0.115 0.138 0.206 0.244 0.161 

01/16/2023 Polished GC 0.153 0.192 0.237 0.343 0.394 0.264 

01/20/2023 1 coat RGO 0.075 0.078 0.090 0.112 0.130 0.097 

10/31/2022 3 coats RGO 0.069 0.078 0.085 0.123 0.150 0.101 

10/03/2022 5 coats RGO 0.077 0.064 0.062 0.076 0.097 0.075 

10/19/2022 5 coats RGO 0.071 0.085 0.094 0.137 0.165 0.110 

10/20/2022 5 coats RGO 0.079 0.094 0.096 0.132 0.169 0.114 
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Figure 22. Peak current as a function of the root scan rate for RGO-coated GC0 in a 

ferricyanide system. 

 In the switch from the ferricyanide system to the vanadium system (0.1 M 

VOSO4·xH2O in 3 M H2SO4), it was again clear from the CVs (some examples in Figure 23) 

that distinct differences occur depending on the presence or absence of the nanomaterials. It 

should be noted that the overlapping sections of some curves on the edges of the graphs are 

artifacts from the method used to subtract the background scan data from the tests conducted 

with the vanadium electrolyte. For both GCs used, it can be seen that the addition of RGO 
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resulted in significant changes to the overall shape of the resulting CV curves. Among these 

changes is the shift of both the reduction and oxidation peaks toward less overpotential, 

resulting in reduced peak-to-peak separations. The rise in anodic current is steeper for the 

coated samples, indicating faster kinetics, likewise for the reverse scans. Additionally, the 

curves are increasingly symmetrical with the addition of the drop-cast nanomaterial. The 

asymmetry present in the CV for the polished GC is one of the indicators that the system is 

not perfectly reversible, as is the shifting peak current at different scan rates, observed in 

Figure 24.  

 

Figure 23. CV results at 20 mV/s for RGO coated on (a) GC0 and (b) GC2 in a vanadium 

system. 
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Figure 24. CV results for polished GC0 in a vanadium system. 

The graphs resulting from the Punckt porosity factor analysis technique over a scan 

rate range of 5-50 mV/s can be seen in Figure 25. Note that all the results within this section 

are segregated based on the glassy carbon plate which was being employed as the substrate 

for the material deposition. This is because two different GCs were employed, GC0 and GC2, 

with the first being satisfactorily flat and the second experiencing a level of surface pitting 

which altered the overall surface area to a degree which rendered the two unacceptable to 



 

 59 

compare directly. From these graphs, the proposed trend of decreasing Epp with increasing P 

does not apply to this system, as the data appear scattered.  

The most likely cause for this deviation from the proposed behaviour lies in the 

nature of the vanadium system which has been observed to perform quasi-reversibly, as 

opposed to the more reversible ferricyanide system studied in the referenced research. 

Additionally, it is notable that the feasible range of scan rates for the two systems differ 

greatly, with the vanadium system only going up to a scan rate of 50 mV/s, equal to the 

slowest scan rate used in the ferricyanide tests. While the possibility of testing the vanadium 

system at higher scan rates comparable to those of the ferricyanide system was considered, 

Figure 25. Graphs showing the peak-to-peak separation observed at a scan rate of 10 mV/s 

as a function of the porosity factor, P, defined by Punckt et.al. Two different GC working 

electrode substrates were used, (a) GC0 and (b) GC2. Data points which appear as outlines 

with no fill colour represent tests done with monolayer samples. 
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this was not found to be possible, with significant errors arising at scan rates above 200 

mV/s, causing the tests to stop automatically. This is likely a consequence of the sulfuric acid 

supporting electrolyte being used in the vanadium system, as no literature appears to apply 

faster scan rates to any system which includes sulfuric acid. While a clear explanation for this 

was not readily available, it is potentially a consequence of the high viscosity of the sulfuric 

acid, though this is simply a theory and has not been explored in detail. To verify that this 

would not be a feasible course of action for this electrolyte, a few tests were conducted to 

obtain useable data at higher scan rates. These tests included the removal of the ZIR to 

circumvent potential feedback issues and the replacement of the platinum wire electrode with 

a platinum mesh counter electrode to provide a greater surface area. Issues continued to arise 

beyond 200 mV/s in each case, primarily in the form of current spikes which overloaded the 

equipment and were clearly outside of the reasonable range. Some of the results from these 

tests can be seen in Figure 26, below. In these graphs, it can be seen that neither the removal 

of the ZIR step nor the use of the platinum mesh counter electrode was able to eliminate the 

prominent current spike at high scan rates. While it was possible to complete most of these 

runs in the 3 M H2SO4, the observed currents in the vanadium electrolyte were consistently 

much higher than those in the background scans, so these same current spikes, when scaled 

up for the higher response in the vanadium electrolyte, caused the failure of the system.  
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Figure 26. CV results for faster scan rates with modified conditions in sulfuric acid. Graphs 

(a) and (c) used a platinum mesh counter electrode, while graphs (b) and (d) used platinum 

wire. The top two graphs are for tests done with the typical ZIR step, while the bottom two 

graphs excluded this step. 

For further comparison of the two systems, the diffusion lengths were calculated 

according to Equation 12: 
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𝑙 =  √𝐷𝑝𝜏       (12) 

where l represents the diffusion length, Dp is the diffusion coefficient, and τ is the transition 

time. The diffusion coefficients of the relevant species in the oxidation reactions for the 

ferricyanide and vanadium systems are taken as 7.6 x 10-5 cm2/s [2] and 5.68 x 10-6 cm2/s 

[42], respectively. Both of these values are based on systems in the same solvents as applied 

in this work. The τ values were calculated times at each different scan rate based on the 

position of the oxidation peaks in the CVs for polished GC0 samples in each electrolyte. The 

resulting diffusion lengths can be seen in Figure 27 and Table 2.  

 

Figure 27. Diffusion length as a function of scan rate for (a) ferricyanide and (b) vanadium 

systems. 
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Table 2. Diffusion length as a function of scan rate for ferricyanide and vanadium systems. 

Ferricyanide Vanadium 

Scan rate 

(mV/s) 

Diffusion 

Length (μm) 

Scan rate 

(mV/s) 

Diffusion Length 

(μm) 

50 24.4 5 28.01 

100 17.6 10 26.3 

200 12.75 20 18.61 

1000 6.09 50 12.01 

2000 4.38 

 

From this it can be seen that the diffusion length in each case is higher than the 

expected pore size of the samples (based on the micron-scale thickness observed in AFM 

images). This shows that the diffusion length cannot be used as the definitive explanation for 

behavioural differences between the two systems. 

3.2.2.2 Monolayer Comparison 

Given the problems shown with the implementation of the analysis method described 

by Punckt et al. in the vanadium system, an alternative method of comparing intrinsic 

catalytic performance was attempted through the direct comparison of monolayer samples of 

the different materials, and a compilation of some of the CV data used for this comparison 

can be seen in Figure 28. Table 3 and Table 4 show the peak-to-peak separation values at 

each scan rate for the different samples. 
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Table 3. Summary of peak-to-peak separation at each scan rate for the different monolayer 

samples using GC0 as a substrate. The colours in each column illustrate the relative peak 

separations, with red indicating the largest separation at a given scan rate and green 

indicating the smallest separation at a given scan rate. 

Working Electrode 
Epp 

(5 mV/s) 

Epp 

(10 mV/s) 

Epp 

(20 mV/s) 

Epp 

(50 mV/s) 

Average 

Epp 

Polished GC0 0.699 0.628 0.723 0.822 0.718 

NS-3N-A on GC0 01 0.580 0.617 0.771 0.885 0.713 

NS-3N-A on GC0 02 0.516 0.693 0.842 0.977 0.757 

GO on GC0 0.586 0.641 0.727 0.863 0.704 

RGO onGC0 0.386 0.418 0.489 0.568 0.465 

 

Figure 28. CV results at 20 mV/s for monolayer tests on (a) GC0 and (b) GC2, with NS-3N-A 

and NS-2N-A referring to NS-graphene from the same batch but different sub-batches. 
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Table 4. Summary of peak-to-peak separation at each scan rate for the different monolayer 

samples using GC2 as a substrate. The colours in each column illustrate the relative peak 

separations, with red indicating the largest separation at a given scan rate and green 

indicating the smallest separation at a given scan rate. 

Working Electrode 
Epp 

(5 mV/s) 

Epp 

(10 mV/s) 

Epp 

(20 mV/s) 

Epp 

(50 mV/s) 

Average 

Epp 

Polished GC2 1.057 1.112 0.907 0.928 1.001 

NS-3N-A on GC2 0.700 0.875 1.031 1.156 0.940 

NS-2N-A on GC2 0.633 0.721 0.802 0.908 0.766 

GO on GC2 0.608 0.638 0.728 0.864 0.710 

RGO on GC2 0.289 0.362 0.427 0.547 0.406 

 

 In this direct comparison of the monolayer samples, a few things are of note. The first 

is that the RGO sample clearly showed the greatest performance, with the smallest peak-to-

peak separation at each scan rate for both GC electrodes. This result could be for several 

reasons including a potentially higher surface area due to the rougher nature of this material 

when compared to graphene, as well as the presence of additional functional groups in the 

RGO which could facilitate the surface reactions. The second thing of note is that for the 

other materials being compared here, the trends between different substrates, samples, and 

even scan rates are inconsistent. It is possible that this result could be due to the general 

variability of the peak-to-peak separation at this level. The small differences observed would 

be almost negligible since such small changes in performance could render this factor 

insignificant given that other factors such as cost and ease-of-manufacturing remain quite 
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different for each of these materials. In the interest of examining the materials from every 

angle, an alternative approach was attempted following the analysis of these results.  

3.2.2.3 Dunn’s Method 

 Noting that the P value defined by Punckt et al. assumes a directly proportional 

relationship between the peak current and square root of the scan rate, it was surmised that a 

similar analysis may be carried out through the redefinition of the P value in such a way that 

would incorporate the behaviour of a less reversible system. To accomplish this, an analysis 

technique usually applied for supercapacitor systems, Dunn’s Method, is applied. In Dunn’s 

Method, the current response of a system is split into two parts: surface-adsorption (usually 

referred to as capacitive), and diffusion-limited. The current produced by each of these 

schemes maintains a relationship to the scan rate being applied; the current depends linearly 

on scan rate for the surface-adsorption component and linearly on the square root of the scan 

rate for the diffusion-controlled part. Through this method, the overall current response is 

defined according to Equation 8, shown in Section 1.1.2. As previously indicated, k1 and k2 

represent constants which can be used to quantify the contribution of the surface-adsorption 

and diffusion-limited responses, respectively. These values are obtained for a given scan rate 

by plotting the linearized version of Equation 8 (both sides divided by the root scan rate) as 

i/(v0.5) vs v0.5 for each of the tested scan rates at a set potential and taking the slopes of the 

resulting lines as k1 and the intercepts as k2. Based on this equation, it was initially proposed 
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that a new P value may be defined by replacing the original α term with k2, so the resulting 

formula (Equation 13) would be: 

𝑃 =
𝑘2(𝜈𝑚𝑎𝑥)

𝑘2(𝜈𝑚𝑖𝑛)
     (13)  

This could then be plotted in the same way as in the original paper, as shown in Figure 29.  

 

It is evident from these graphs that the theorized trend does not appear here either. 

This is explainable by the fact that the mere magnitude of the k2 value is not indicative of the 

relative contribution of the diffusion-limited response to the current, as the sum of k1 and k2 

Figure 29. Graphs showing the peak-to-peak separation observed at 10 mV/s as a function of a modified 

form of the porosity factor, P, originally defined by Punckt et al. and now calculated based on principals 

described in Dunn’s Method.  Two different GC working electrode substrates were used, (a) GC0 and (b) 

GC2. Data points which appear as outlines with no fill colour represent tests done with monolayer samples. 
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is not a constant value across all tests. This can be seen more clearly in Figure 30 which 

shows no clear trend for the calculated k2 values at each scan rate for all of the NS-graphene 

samples. 

 

Figure 30. Graph of peak-to-peak separation as a function of the constant k2 at different scan 

rates for the graphene-vanadium system. 

Thus, the proper way to use the change in relative contributions would require the 

calculation of these contributions as a percentage of the whole. For this, the diffusion-limited 

contribution was calculated as follows (Equation 14): 
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𝑑𝑖𝑓𝑓. (𝜈) =
𝑘2(𝜈)∗𝜈

1
2

𝑘1(𝜈)∗𝜈+𝑘2(𝜈)∗𝜈
1
2

    (14)  

Finally, this can be used to define a fully modified parameter according to Equation 15: 

𝑆𝐷 =
𝑑𝑖𝑓𝑓.(𝜈𝑚𝑎𝑥)

𝑑𝑖𝑓𝑓.(𝜈𝑚𝑖𝑛)
     (15)  

 Here, SD is used in place of P as this factor is theorized to depict more of a relative 

surface area than relative porosity. The subscript corresponds to the name of the analysis 

method which led to this final definition (Dunn’s method). This newly defined term is 

expected to act similarly to the originally proposed P, with the change in the relative 

diffusion-limited contribution over different scan rates becoming more significant in 

materials with higher porosity (or effectively higher surface area), since the thickness of the 

diffusion layer will decrease at higher scan rates, so that for rates at which the diffusion layer 

thickness is less than the average pore radius, the additional surface area contributed by these 

pores will become apparent in the diffusion-limited response. When applying this new 

version of the analysis, however, a problem arises in the fact that the majority (though not 

all) of the k1 values obtained are slightly negative, with all k2 values being positive. This 

suggests that factors other than surface adsorption reactions exist for which this type of 

porosity analysis cannot be carried out. The resulting plots (Figure 31) show scattering just as 

severe as those obtained with the Punckt technique. It is noteworthy that the problem of 

negative k1 values exists not just for the samples coated with nanomaterials, but also for the 

polished GC electrodes. Based on this, it can be seen that the reasons that the various 
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techniques explored in this chapter have not proven fruitful reside with the vanadium system 

itself, rather than the ways in which the nanomaterials were introduced into the system. 

Figure 31. Graphs showing the peak-to-peak separation at 10 mV/s as a function of the 

newly-defined surface area factor, SD. Two different GC working electrode substrates were 

used, (a) GC0 and (b) GC2. Data points which appear as outlines with no fill colour 

represent tests done with monolayer samples. 

3.3 Conclusions and Future Work 

Having applied a combination of established, proven, and novel analysis techniques 

to assess the behaviour of the VRFB system in the presence of different graphene-based 

nanomaterials, the most reliable result obtained has been the lack of definitive trends 

observed. In this way, it can be confirmed that the methods described by Punckt et al. cannot 

be extended simply to quasi-reversible systems. At the same time, a direct comparison of 
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“monolayer” samples of different materials cannot be used to confidently establish a 

comparison of each material since the effects of things such as film density and coating 

roughness continue to convolute the data, although the results are sufficient to conclude that 

RGO consistently improves cell performance. While the application of the principles 

described in Dunn’s Method provides interesting insight into whether a similar porosity 

analysis is at all feasible for this system, it provides very little insight beyond what was 

observed with the Punckt analysis, clarifying only that the problems in the application of 

these methods remain with the vanadium system itself, rather than the nanomaterials being 

studied.  

 The most significant suggestion which must be made for any future work in this area 

is to develop a more streamlined testing regiment so that a more well-populated dataset may 

be achieved. It would also be of interest to test a broader range of material loadings in the 

event that the lack of obvious trends is due to an overly narrow sample window. As with the 

previous chapter, some initial tests have been started with NP-graphene (not included due to 

a lack of data at this point), and future work would benefit from the completion of this set of 

tests. The application of the newly proposed analysis technique could provide interesting 

results if done with a system which is known to produce normal results when examined using 

Dunn’s Method (i.e. k1 and k2 having the same sign). Overall, while it is evident that the 

addition of nanomaterials such as graphene and RGO to the VRFB system has the potential 

of improving the overall cell kinetics, more work is required in order to extract intrinsic 

performance that would allow for the direct comparison of different materials. 
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Appendix 

The following is the entirety of the published work co-authored by the author of this report, 

which was in some parts copied directly into the final thesis manuscript. This is 

acknowledged and cited at the beginning of the relevant chapters. 
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