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Abstract 

Batteries as energy storage and conversion technologies, especially redox flow batteries (RFBs), have 

gained momentum in electric grids. The state-of-the-art RFB uses vanadium-based raw materials for 

their electrolytes; hence, they are called vanadium redox flow batteries, VRFB. While VRFB 

performance is well studied, their sluggish kinetics and precipitation issues still need to be addressed.  

In chapter 4 of this thesis, a raw material for VRFB, vanadium pentoxide V2O5, is studied. The studies 

involve long-term solubility monitoring, electrochemical screening, and spectral studies. V2O5 long-

term solubility increased by adding a 5% volume of hydrochloric acid or methanesulfonic acid. Its 

electrochemistry performance also improved. A three-fold increase was observed in the diffusion 

coefficient of the ion VO2
+ (formed from dissolving V2O5 in acid) and of the kinetic rate constant of 

the electron transfer process. Electrochemistry and spectral data proved the mechanism of the 

improvement. The additives provide extra protons for the dissolution of V2O5. The -OH groups or -

CH3SO3
- anions in methanesulfonic acid increase the solutionôs wettability on the carbon electrode 

surface. The Cl- anions in hydrochloric acid form coordinated complexes with the dissolved vanadium 

ions, reducing the chance for clustering and precipitating. 

In chapter 5 of this thesis, RFB performance is studied. The V2O5-based solution with HCl additive is 

chosen as the positive electrolyte. An organic quinone solution, made from anthraquinone-2,6-

disulfonate sodium (AQDS 2,6) dissolved in sulfuric acid, is chosen as the negative electrolyte. To 

facilitate the use of a hybrid inorganic ï organic óvanadium || organic quinoneô cell, a silica gel 

separator is employed. The silica gel separator is made by dispersing silica into an acidic solution, 

which is identical to the solutions used to dissolve V2O5 or AQDS-2,6. The full cell has a capacity of 4 

AhL-1, energy efficiency of 81.4%, and capacity retention of 97% after 500 cycles. Its voltage losses 

were predicted from the previous electrochemistry screening studies and analyzed from the full cell 

data. The reactions were confirmed using spectral data.  

The results demonstrate the potential for this system to be used in next-generation RFBs for energy 

storage applications. 
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Chapter 1. Introduction  

1.1 Motivation  

Renewable energy is becoming increasingly important as we strive to create a more sustainable 

electrical grid. Unlike fossil fuels, renewable energy sources such as solar, wind, and 

hydropower are infinitely renewable and produce low carbon emissions during their lifetime. 

Batteries play a crucial role in the energy transition towards renewable sources; they are charged 

when renewable sources generate much energy, e.g., during the sunôs peak hours or windy days, 

and discharged when energy is needed, e.g., during evening peak or electricity consumption 

hours. Naturally, they also provide a source of backup power for electrical grids. Figure 1.1 

describes a simple energy availability versus time-of-day relationship between wind and solar 

energy and how batteries can play a role in storing surplus energy from non-peak hours. 

 

Figure 1.1. The need for energy storage technologies to complement renewable energy sources. 

Because electrochemical energy storage technologies (batteries and fuel cells) are vital in 

shifting towards a cleaner and more sustainable energy future, a more comprehensive range of 

products must be feasible for a broader range of energy storage applications. Figure 1.2 describes 

the four typical electrochemical energy storage products: (a) lithium-ion battery, (b) lead acid 

battery, (c) redox flow battery (RFB), and (d) fuel cell. Unlike many batteries (lead acid, nickel 

metal hydride, lithium-ion), which store chemical energy in solid electrodes, redox flow batteries 

use liquid electrolytes made from dissolving solid active materials into acidic (more common) or 
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basic (less common) aqueous solutions. The acidic or basic solution used to dissolve the solid 

active material is called the supporting electrolyte. RFBs use óelectrodesô more in a sense of 

ócurrent collectorsô and óelectrocatalystsô, as they are electrochemically and chemically inert, and 

they serve as a surface for the charge transfer processes to take place on. RFBs can be scaled up 

to store more energy without the challenges of densely coated electrodes like high resistance or 

electrode delamination. This makes them suitable for large-scale energy storage systems. The 

energy scaling up of redox flow batteries is particularly interesting, as their design allows a 

flexibility for multiple modifications to be implemented at once. RFBs energy and power 

requirements are decoupled1 - power output, which depends on the area of the electrodes, and the 

energy storage capacity which depends on the volume of the electrolyte, can both be 

independently controlled. Unlike present lithium ion batteries, RFBs do not present a fire hazard 

because of overheating and have a charge-discharge cycle life of more than 10,000 cycles.2ï5 

Another advantage of RFBs is the ability to be discharged to a further depth, i.e., a wider 

tolerable discharge voltage range, than lithium-ion batteries without encountering any issues.2 

 

Figure 1.2. Different types of chemical energy storage technologies: (a) Lithium-ion batteries, 

(b) Lead ï acid batteries, (c) Redox flow batteries, and (d) Proton-exchange membrane fuel 

cells. 
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Regarding other battery parameters, like the speed of charge/discharge, lifespan, or cost, RFBsô 

decoupled design allows a flexibility for multiple modifications to be implemented at once.2,6 

The reaction sites, or energy conversion sites, of RFBs are carbon pieces that can be modified to 

enhance the reaction rate, which leads to faster charging and discharging.7 Various material 

treatment or replacement strategies can improve the lifespan or cost of RFBs.8 Any of these 

modifications can be done with or without the conjunction of other modifications without any 

compatibility worries.  

The design of an RFB allows for many modifications towards production cost decrease, energy 

density increase, and sustainability. Multiple reports have shown that over thirty percent of the 

cost of an RFB system was attributed to electrolyte costs.9ï12 In the 80s, Maria Skyllas-Kazacos, 

Miron Rychick, and Robert Robins filed a patent in the USA for the invention of an RFB, as well 

as the electrolyte preparation for it.13 In this patent, they prepared electrolytes for VRFB by 

dissolving VOSO4 (V4+) in sulfuric acid.13 In the 90s ï early 2000s, Skyllas-Kazacos and 

partners found other methods to VRFB electrolyte preparation: reduction of V2O5 (V
5+) by V2O3 

(V3+) in boiling H2SO4 to form a solution with V4+, then electrolysis to get a half of the obtained 

solution in V3+ state (the other half remains V4+).14,15 To this date, VRFB electrolyte preparation 

is still using V2O5 as a starting material, although VOSO4 is also widely used as a starting 

material for lab-scale VRFB.15,16 V2O5 is a good starting material for electrolyte preparation 

because (a) V2O5, being the primary vanadium-based compound mass produced from mostly the 

steel smelting process, is cheaper than other vanadium-based compounds like VOSO4 or 

VCl3
17,18, and (b) for each mol of V2O5 dissolves, two mols of the corresponding vanadium ion, 

dioxovanadyl VO2
+, is obtained. However, its solution still need to undergo electrolysis because 

a V2O5-based solution with initial concentration 0.75 M (calculated by V2O5 mols) would 

precipitate in about a week.19,20 The traditional VRFB has a peak performance of 35 Wh/L 

(thermodynamic ideal is ~45 Wh/L21) and 80 ï 100 mW/cm2 at the total cost of about 1000 

$/kWh.2 The U.S. Department of Energy's recommended target energy-specific cost is $150 

kWhī1 for an energy storage system designed for a four-hour discharge cycle.10 There is a need 

for modifications in the VRFB system to decrease its electrolyte and separator costs. If switching 

to V2O5 as a direct starting material (without electrolysis or chemical pretreatment) can reduce 

the cost and the pre-treatment time, then the switch is worth considering. Additionally, if there 

are different materials that can provide higher capacity, it is worth exploring them too. 
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Water-soluble organic materials have shown great potential in searching for more energy-dense 

electrolyte materials in redox flow batteries while retaining the safety an aqueous battery system 

has. Theoretically, a lot of organic molecules can carry more charge per gram than a heavy 

vanadium compound.22 Experimentally, RFBs with water-soluble organic electrolytes have 

reached over 100 Wh/L, while most VRFB values are at 35 Wh/L.22ï24 Quinones are a group of 

chemicals that have been used as materials for redox flow batteries because of their plant-based 

production route, high theoretical capacity, and rapid reaction rates.25,26 As the quest for better 

raw materials for RFBs advances, it is important to develop systematic screening approaches for 

organic candidates to explore higher-capacity battery systems. 

The current generation of RFBs are also suffering from the risk of electrolyte crossover, energy 

losses from membrane resistance, low power density and pumping losses.11,27,28 In the current 

VRFB, Nafion is used as the separator. In the nanoscopic structure of Nafion, the vanadium ions 

on two different sides (positive and negative) could react, resulting in a net imbalance of ions in 

the electrolytes.29 The imbalance of vanadium ions adversely affects battery performance 

because the imbalance could result in the  precipitation of vanadium compounds on the catholyte 

side when their  solubility limit is exceeded.12,30 The need to replace the Nafion membrane with 

better separators is important, because it could decrease the overall price and increase the overall 

performance metrics (higher energy efficiency, simpler maintenance, and longer lifespan) of 

RFBs. 

1.2 Research objectives 

This research aims to develop redox flow batteries that has high energy density, efficiency, and 

lab conditions lifespan while utilizing more cost-effective materials and procedures. The 

evaluation values of battery energy density, efficiency, and lab condition lifespan are taken from 

literature: at least 100 mAh/L in steady (non-pump) cells, 97 % efficiency, less than 0.1% 

capacity decay through 100 cycles.6,31 The most cost-effective procedures are usually the least 

complex; this research aims to choose reagents that can be employed in battery systems with the 

least amount of pre-processing. To achieve the above targets, this thesis focuses on the following 

objectives. 
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¶ Evaluating the acid solutions of vanadium pentoxide V2O5 as the positive electrolyte 

(catholyte) for RFBs; using it directly without chemical or electrochemical processing.  

¶ Evaluating the suitability of acid solutions of quinones for their direct use in RFBs 

¶ Increasing the lab-scale lifespan of all-organic or hybrid RFBs with a novel separator that 

requires less pre-processing, is more cost-effective, and allows less active material 

crossover or self-discharge. 

1.3 Thesis organization 

This thesis is organized into seven chapters.  

¶ Chapter 1 outlines the research motivation by covering the roles of batteries, especially 

RFBs, in the energy storage landscape. This chapter also states the challenges of the 

current RFBs and proposed sustainable mitigation strategies. The research objectives and 

thesis organization of this thesis are introduced in this chapter. 

¶ Chapter 2 provides a rigorous literature review, including current perspectives on 

electrochemical energy conversion, then narrowing down to redox flow batteries (RFB) 

and more specifically to electrolytes and separators in RFB. This chapter also presents an 

overview of the challenges of current RFB active materials, separators, and some 

proposed mitigation strategies.  

¶ Chapter 3 outlines how the electrolyte solutions were prepared and characterized, as well 

as the equipment, methods, and preparation involved for data collection and 

interpretation of all samples. 

¶ Chapter 4 provides electrolyte evaluation studies of V2O5-based electrolytes. The 

chapter details processes and the Results and Discussion of the solution preparation, 

initial electrochemistry screening, hypothesis of the electrolyteôs reaction and degradation 

mechanism, and the spectroscopy data to verify the hypothesis. This chapter sets out the 

precedence for electrolyte evaluation methods for the following chapter. The content in 

this chapter is reproduced from the published work Nguyen, O. H., Iyapazham Vaigunda 

Suba, P., Shoaib, M., & Thangadurai, V. (2023). Investigating the electro-kinetics and 

long-term solubility of vanadium electrolyte in the presence of inorganic additives. 

Journal of The Electrochemical Society, 170(11), 110523. doi:10.1149/1945-

7111/ad0a75. 
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¶ Chapter 5 provides electrolyte evaluation studies of quinone-based electrolytes and 

battery results of V2O5 || quinone systems. The chapter details processes as well as the 

Results and Discussion of the solution preparation, initial electrochemistry screening of 

quinones, spectroscopy data of quinones at different oxidation states, novel separator 

preparation and characterization, and the V2O5 || quinone battery data built on the 

understanding above. The content of this chapter is to be submitted for a scientific 

journal. 

¶ Chapter 6 provides a conclusion and future perspectives of this thesis. 
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Chapter 2. Background  

2.1 Working principles of a redox flow battery 

2.1.1 Overview 

The increasing demand to decarbonize the power grid drives the development of low-cost, 

sustainable, and stable energy storage media. Stationary electrical energy storage technologies 

will benefit our electric grids in many aspects such as energy saving, improved reliability, easier 

conversion to smart grids, and lower greenhouse gas emissions. Redox flow batteries (RFBs) 

have always been a strong candidate for stationary electrical energy storage owing to their easy 

scalability, the long cycle life of over 15 years (15k  ï 200k cycles) and versatility.9,32 Unlike 

lithium-ion batteries, RFBs electrolyte ï electrode interphase does not suffer from decomposition 

reactions, theoretically and in a lot of cases, experimentally.9,32 If the electroactive material(s) in 

the electrolyte has high electrochemical reversibility, or the amount of oxidized material in the 

electrolyte can be fully reduced and vice versa, then the reactions on the electrodes should be 

ñreversibleò too. This means the battery can operate for a long time without capacity decay. For 

the scalability of RFBs, different modifications can be done in conjunction with another (or not): 

increase tank size for a higher number of electroactive materials stored in its solution form, 

increase electrode size for more electroactive materials to react at one time during operation, or 

stacking multiple electrode pairs in series. 

Redox flow batteries (RFBs) store energy in the form of liquid solutions ï solid electroactive 

materials dissolved in a solvent system (usually aqueous acidic solutions). They are separated in 

two separate tanks ï one positive, one negative.6 Each solution from each tank is pumped 

through a cell stack, where the positive species in its solution, catholyte, reacts on the positive 

electrode surface, and vice versa for the negative species in its solution (anolyte) on the negative 

electrode surface.6 The electrodes are usually chemically inert carbon pieces.6 The two 

electrolyte solutions are kept in separated tanks to avoid self-discharge; at the cell stack, they are 

separated through an ion exchange separator.33 An ion exchange membraneôs role is to balance 

the ionic charges between the catholyte and anolyte at the cell stack; such imbalance is caused by 

the charge transfer processes that most likely generate/consume charged species in either 

solution. Because electroactive materials cannot cross through the membrane, the supporting 



8 

 

electrolyte (the solvent that dilutes the active materials) contains ion(s) that can pass through the 

separator to balance charge.33 The ion exchange membrane commercially is Nafion®, but there 

are a lot of different types of membranes on the horizon; they will  be introduced in section 2.3.34 

As mentioned in chapter 1, the modular design of RFBs allows different strategies to increase 

energy and power density, and many components of this battery, such as the electrolyte or ion-

exchange membrane, can be modified to better utilize the chemical energy stored in the redox 

species.35 

 

Figure 2.1. Schematic diagram of a typical redox flow battery during discharge. 

Figure 2.1 shows a schematic diagram of a typical redox flow battery. The anolyte tank has 

species An+, that when pumped through the cell stack, converts to A(n+1)+ during discharge on the 

negative electrode (anode): An+ Ą A(n+1)+ + 1e-. Similarly, the catholyte tank has species Cm+, 

that when pumped through the cell stack, converts to C(m-1)+ during discharge on the positive 

electrode (cathode): Cm+ + 1e- Ą C(m-1)+. The reverse reactions happen during charging: A(n+1)+ + 

1e- Ą An+ and C(m-1)+ Ą Cm+ + 1e-. The overall cell voltage is determined by: 

Ὁ Ὁ Ὁ Ὁ Ⱦ Ὁ Ⱦ  ÅÑÕÁÔÉÏÎ ςȢρ  

At fully discharged state, there is a difference of (n + 1)+ ï (m ï 1)+ = (n ï m + 2)+ ionic charges 

between the anolyte and catholyte. At fully charged state, there is a difference of (n ï m)+ ionic 

charges between the anolyte and catholyte. The 2+ ionic charge difference between the states of 

battery operation would need balancing by ions from the supporting electrolyte moving from the 
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catholyte through the separator to the anolyte. Figure 2.2 shows a few redox chemistries and the 

type of ions used to balance the charge. 

While RFBs has a lot of interesting characteristics, the concept of storing electroactive materials 

in liquid form has been around for a few decades. In 1973, a research center for rechargeable 

redox flow cells, the Lewis Research Center in Cleveland, Ohio, was founded by the National 

Aeronautics and Space Administration.36 They partnered with many industrial entities, such as 

ExxonMobil (USA), Giner Labs (USA), and Gel Inc. for the development of various redox 

couples and flow cell designs.36,37 The first few redox couples studied were Fe ï Cr (Fe3+/Fe2+ 

catholyte and Cr3+/Cr2+ anolyte),37ï40 Fe ï Ti (Fe3+/Fe2+ catholyte and TiO2+/Ti3+ anolyte),37,38 

Zn-hybrid systems (Zn2+/Zn anolyte with Zn plating/stripping), non-flow, and liquid catholytes 

like Ce4+/Ce3+ or liquid/gaseous catholytes like Cl2/Cl-, Br2/Br-).32,35,37,41 While the Fe ï Cr 

system was promising in the 80s,37 the separator technology then was not as developed as it is 

now, and it was a big challenge to find a separator that could effectively prevent crossover in the 

Fe ï Cr system.42 

 

Figure 2.2. Typical RFB chemistries: active material pairs, theoretical cell voltage, number of 

electrons transfer, and the ions crossing through the separator. 

Figure reproduced from Weber, A. Z.; Mench, M. M.; Meyers, J. P.; Ross, P. N.; Gostick, J. T.; 

Liu, Q. Redox Flow Batteries: A Review. J. Appl. Electrochem. 2011, 41 (10), 1137ï1164. 

https://doi.org/10.1007/s10800-011-0348-2. CC BY License. 

In 1988, Maria Skyllas-Kazacos, Miron Rychick, and Robert Robins filed a patent for the all-

vanadium redox flow batteries (VRFB) with V5+/V4+ catholyte, V3+/V2+ anolyte, and ñan 

ionically conducting separatorò.13 Many megawatt-scale projects of VRFB have been 

demonstrated across the world.32 In 2022, the worldôs largest RFB storage station has been 

connected to a municipal grid in Shahekou District, Dalian City, China; the anticipated total 

https://www.springernature.com/gp/open-research/about/the-fundamentals-of-open-access-and-open-research
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capacity is 800 megawatt hours (the current phase have reached 400 megawatt hours) with power 

delivery capability of 100 megawatts.43 Some merits of a VRFB include high theoretical cell 

potential (Ὁ ȟ ρȢςφ ὠ) in comparison to other redox couples (Ὁ Ⱦ ȟ ρȢρψ ὠ, 

or Ὁ Ⱦ ȟ πȢφχ ὠ),35,42,44 lack of hydrogen evolution, easy regeneration, and high energy 

efficiency.42  

Table 2.1 shows some chemical reactions from the mentioned cell systems and their theoretical 

voltage. To increase the voltage from 1 ï 2 V to 10 ï 20 V or more, multiple cells can be 

connected to form a stack. To increase the energy a cell can deliver, or increase the amount of 

charge-carrying material, a larger volume of solutions that contain electroactive material(s) can 

be used. To increase the power a cell can deliver, or increase the current caused by 

electrochemical reactions, a bigger area of electrode can be used. 

Table 2.1. Chemical reactions at each electrode during discharge and overall cell potentials of 

some common RFBs. Data taken from 44ï46 

 Cathode Anode Overall 

All -Vanadium VO2
+ + 2H+ + e- Ÿ 

VO2+ + H2O 

(E0 = 1.00 V vs SHE) 

V2+ Ÿ V3+ + e- 

 

(E0 = -0.26 V vs SHE) 

H+ moves from 

cathode to anode.  

E0
cell = 1.00 ï (ï0.25) = 

1.26 V 

Iron/Chromium  Fe3+ + e- Ÿ Fe2+ 

 

(E0 = 0.77 V vs SHE) 

Cr2+ + Cl- + 5H2O Ÿ 

[Cr(H2O)5Cl]2+ + e- 

(E0 = -0.41 V vs SHE) 

Cl- moves from anode 

to cathode. 

E0
cell = 0.77 ï (ï0.41) = 

1.18 V 

Bromine/Sulfur  Br3
- + Na+ + 2eī Ÿ 

Na+ + 3Brï 

(E0 = 1.07 V vs SHE)  

S4
2- + 2eī Ÿ 2S2

2ī 

 

(E0 = -0.43 V vs SHE) 

Na+ moves from 

cathode to anode. 

E0
cell = 1.07 ï (ï0.43) = 

1.50 V 

Cerium/Zinc Ce4+ + e- Ÿ Ce3+ 

 

(E0 = 1.61 V vs SHE) 

Zn Ÿ Zn2+ + 2e- 

 

(E0 = -0.99 V vs SHE) 

H+ moves from 

cathode to anode.  

E0
cell = 1.61 ï (ï0.99) = 

2.60 V 
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2.1.2 Charge-transfer processes, resistance, overpotentials, and kinetic parameters 

In an RFB, the electrodes are chemically inert; so, the electrochemical reactions happen on the 

electrode | electrolyte surface due to the active materials in the electrolyte. The most used 

electrode materials for RFBs are porous carbon-based materials.47,48 This is because of their good 

electronic conductivity, acceptable mechanical, chemical, and electrochemical stability at high 

acidic, high voltage conditions, high surface area, corrosion resistivity, low possibility to 

facilitate parasitic water splitting reactions, and acceptable costs.49,50 Figure 2.3 shows the multi-

plane structure of carbon felt (CF) & graphite felt (GF) materials, the common type of carbon 

materials used in RFBs.51 Such structure, having carbon atoms at sp2 hybridization (3 valence 

electrons forming bonds with nearby carbon atomsô electrons), leaving the chance for the 

remaining one electron to be ódelocalizedô between layers, give graphite the ability to conduct 

electricity.50,51 Carbon felt (CF) and graphite felt (GF) are both made from the same precursors ï 

polyacrylonitrile or rayon ï and has similar graphite structures.52 Manufacturers discern them by 

their processing (CF was produced with a lower temperature 1000 ï 1600 oC, while GF was 

produced at temperature above 2000 oC), carbon content (CF has 90% carbon weight, while GF 

has 99%), and ash content (CF Ò 0.75 % while GF Ò 0.05 %).53ï57 

 

Figure 2.3. Crystal units of carbon felt & graphite materials, showing their different carbon 

environments: graphitic carbon, edge carbon, and defective carbon. 
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Reproduced with permission from Springer Nature. Zhang, H.; Chen, N.; Sun, C.; Luo, X. 

Investigations on Physicochemical Properties and Electrochemical Performance of Graphite 

Felt and Carbon Felt for Iron-Chromium Redox Flow Battery. Int. J. Energy Res. 2020, 44 (5), 

3839ï3853. https://doi.org/10.1002/er.5179. License number 5666050027490. To view all 

copyright licenses, see Appendix: copyright licenses  

Although carbon materials have a lot of benefits, there are some challenges. Studies have shown 

that these materials have low electrochemical activity, inherently, in comparison to metal oxides 

or well-known electrocatalysts like Pt, Pd, Ir.50 Another challenge of carbon materials is their 

hydrophobicity in comparison to precious metal electrodes.50 Considering most RFBs use water 

as their solvent, this prompts a big challenge in wetting the electrode with electrolytes to provide 

enough surface area for electron transfer process to take place. This would not only adversely 

affect the reaction rate, but also increase the amount of extra energy needed to push the reaction 

forwards, leading to all sorts of complications.50,58  

Therefore, multiple surface modification techniques have been applied to CF and GF electrodes 

for RFBs to increase their wettability on aqueous electrolytes. They range from thermal 

treatment, chemical treatment, electrochemical treatment, to a mixture of two or more 

techniques.50 The goal of these treatments is to decorate the carbon surface with functional 

groups, commonly hydroxyl and carboxyl groups, to increase its hydrophilicity and electroactive 

sites.50 Thermal treatment, or heating at temperatures above 200 oC in air atmosphere, is 

probably the oldest carbon ñdecoratingò technique, dating back over a century.58 Zhang et al 

claimed that thermal treatment increases the number of defect carbon and edge carbon sites, 

increasing the number of electroactive sites on its surface.51 Sun et al, in their two-part study, 

compiled literature on various heating studies of carbon materials and found that heating GF & 

CF at temperature 200 ï 600 oC in air increases the surface abundance of C ï O ï H, COOH, and 

C = O groups.58 They heated their GF in air at various temperatures between 200 ï 500 oC for 30 

h and observed the VO2
+/VO2+ reaction performance with the obtained GF electrodes; the best 

performing sample (energy efficiency increased from 78% to over 88%, cell resistance decreased 

from 2.8 to 2.2 ɋ.cm2) was heated at 400 oC. They studied the 400 oC sample surface and found 

a lot of  C ï O ï H and C = O groups; they proposed a chemisorption mechanism for vanadium 

ions to bind to C ï O ï H groups. This facilitates the charge transfer processes on the electrode 

surface and increases the VRFB efficiency as well as decreases its resistance.58 Chemical & 
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electrochemical treatment using inorganic acids, most commonly H2SO4, are also methods to 

introduce functional oxygen groups to the surface of GF & CF. In the second part of their studies, 

Sun et al compiled literature of different acids used to decorate oxygen-related groups on GF; 

they found concentrated sulfuric acid, a mixture of sulfuric acid with nitric acid, hydrochloric 

acid, or hypochlorite acid can increase the oxygen contents on the surface of carbon, up to two to 

four times as many surface oxygen atom concentration than pristine.59ï61 Fred Anson compared 

experimental data and summarized that the adsorption strength of mentioned anions follows this 

trend: NO3
- å ClO4

- < Cl- < SO4
2-.62 This is because monovalent anion (Cl-, ClO4

-, NO3
-) tend to 

have lower adsorption strength on a positively charged electrode than bivalent anion (SO4
2-), and 

Cl- can donate partially its electron to the electrode surface to form stronger ñbondsò with the 

electrode, while ClO4
-, NO3

- adsorption strength is extremely low if the counter cation is also 

monovalent.62 However, later data have different conclusions. The adsorption strength on 

polycrystalline Pt electrode follows the trend ClO4
- < SO4

2- < Cl-.63 The saturated adsorption 

concentration of anions on carbon aerogel electrodes show SO4
2- having a lower concentration 

than Cl-, but kinetically, its desorption takes longer time.64 Experimentally, Sun et al found the 

treatment method of boiling GF in concentrated sulfuric acid solution (without any other acid 

mixed in) for 5 hours was the best method: VO2
+/VO2+, H+ || V3+/V2+, H+ cellôs energy efficiency 

increased from less than 70% to 91%, cell resistance decreased from 4.09 to 2.5 ɋ.cm2.59 The 

reasoning was also due to an increase in surface functional oxygen-related groups like C-O, 

C=O. 

On the other hand, chemical and electrochemical treatment methods that use more than simple 

acids can introduce other elements on the surface of GF & CF like N, P, B.50,58 The doping of 

non-metal on carbon surface is proven to increase the number of electroactive sites to facilitate 

charge transfer reactions, as well as decreasing the corrosion and degradation chance.50 This is 

because they create localized ñdefectò points, or active sites, (for example: C ï N ï C in hetero-

nitrogen-atom-doping) and change the electronic properties of the carbon felt surface.50 Figure 

2.4 shows a short summary of structure and electrocatalysing pathways of non-metal-doped GF.  
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Figure 2.4. Short summary of N-, B-, and P-doped GF for redox flow battery electrodes. (a) 

Structures of each material, (b) - (d) Mechanism of electrocatalysis in N, P, and B cases, 

respectively. 

Figures (a) is reproduced from Xu, A.; Shi, L.; Zeng, L.; Zhao, T. S. First-Principle 

Investigations of Nitrogen-, Boron-, Phosphorus-Doped Graphite Electrodes for Vanadium 

Redox Flow Batteries. Electrochimica Acta 2019, 300, 389ï395. 

https://doi.org/10.1016/j.electacta.2019.01.109 with permission. License number 

5666150122788 from Elsevier. To view all copyright licenses, see Appendix: copyright licenses 

Figure (b) is reproduced with permission from Singh, A. K.; Yasri, N.; Karan, K.; Roberts, E. P. 

L. Electrocatalytic Activity of Functionalized Carbon Paper Electrodes and Their Correlation to 

the Fermi Level Derived from Raman Spectra. ACS Appl. Energy Mater. 2019, 2 (3), 2324ï2336. 

https://doi.org/10.1021/acsaem.9b00180. Copyright 2023 American Chemical Society. To view 

all copyright licenses, see Appendix: copyright licenses 

https://doi.org/10.1016/j.electacta.2019.01.109
https://doi.org/10.1021/acsaem.9b00180
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Figure (c) is reproduced from Wang, R.; Li, Y.; Wang, Y.; Fang, Z. Phosphorus-Doped Graphite 

Felt Allowing Stabilized Electrochemical Interface and Hierarchical Pore Structure for Redox 

Flow Battery. Appl. Energy 2020, 261, 114369. https://doi.org/10.1016/j.apenergy.2019.114369 

with permission. License number: 5666151057267 from Elsevier. To view all copyright licenses, 

see Appendix: copyright licenses 

Figure (d) is reproduced from Park, S. E., Yang, S. Y., & Kim, K. J. (2021). Boron-functionalized 

carbon felt electrode for enhancing the electrochemical performance of vanadium redox flow 

batteries. Applied Surface Science, 546, 148941. https://doi:10.1016/j.apsusc.2021.148941 with 

permission. License number 5677400140107 from Elsevier. To view all copyright licenses, see 

Appendix: copyright licenses 

Metal or metal carbides/nitrides/oxides doping also create extra binding sites for vanadium ions 

to bind to. Unlike non-metal-doping, these óbinding sitesô are not heteroatom-doped metal in the 

carbon framework.50 Rather, they are metal ions & hydroxyl functional groups.50 Figure 2.5 

describes the vanadium electrocatalysing mechanism of metal oxide, carbide, and nitride 

decorated carbon electrodes.  

 

Figure 2.5. Surface-decorated metal species on GF electrodes and their vanadium reaction 

mechanisms. 

Figure taken from Schnucklake, M.; Cheng, M.; Maleki, M.; Roth, C. A Mini-Review on 

Decorating, Templating of Commercial and Electrospinning of New Porous Carbon Electrodes 

for Vanadium Redox Flow Batteries. J. Phys. Mater. 2021, 4 (3), 032007. 

https://doi.org/10.1088/2515-7639/abf1a9 with a creative common license. 

https://doi.org/10.1016/j.apenergy.2019.114369
https://doi:10.1016/j.apsusc.2021.148941
https://publishingsupport.iopscience.iop.org/reusing-iop-published-content/
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Ultimately, surface treatment techniques aim to improve the electrode | electrolyte surface in an 

RFB. Figure 2.6 shows a schematic view of what the electrode | electrolyte interphase looks like. 

When a bias is applied to the cell, ions in the electrolyte realign at the interphase, forming a 

double layer. There are a lot of electrical double layer theories; this thesis uses the Gouy-

Chapman-Stern model with a diffusion layer between the compact double layer and the bulk 

solution.65,66 The rationale for this is the observation from electrochemical impedance 

spectroscopy (EIS) results, which will be more discussed more in details in section 3.2.3 Battery 

characterization. The EIS results reveal how many ñcapacitance signalsò there are in a system. 

The double layer caused by ions arranging positively ï negatively ï positively ï negatively 

because of bias at the electrode surface makes up one capacitance signal in EIS results. If  there is 

another capacitance ósignalô observed, it is safe to conclude there is a diffusion layer. A diffusion 

layer also has ions arranging positively ï negatively ï positively ï negatively; this is caused by 

the generated product(s) of the electrochemistry reaction(s). This diffusion layer should be wider 

(less compact) than the one nearer to the electrode due to being less polarized. Each of these unit 

has their own process happen in them (charge transfer, desolvation, diffusion), and carry their 

own set of resistance. 
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Figure 2.6. Schematic diagram of the electrode | electrolyte interphase in a VRFB.  

Adapted with permissions from Wei, X.; Liu, S.; Wang, J.; He, Z.; Zhao, K.; Yang, Y.; Liu, B.; 

Huang, R.; He, Z. Boosting the Performance of Positive Electrolyte for VRFB by Employing 

Zwitterion Molecule Containing Sulfonic and Pyridine Groups as the Additive. Ionics 2020, 26 

(6), 3147ï3159, https://doi.org/10.1007/s11581-020-03481-0. License number 5666050027490. 

To view all copyright licenses, see Appendix: copyright licenses 

On the electrode | electrolyte interphase, the charge-transfer reaction happens. It is noteworthy to 

mention that before that, active material ions go through a desolvation process first. Letôs take 

the vanadium catholyte example. In sulfuric acid solutions, they are solvated by water; V4+ exists 

in the form of [VO(H2O)5]
2+ and V5+ exists in the form of [VO2(H2O)4]

+.67 These solvated ions 

then gradually lose water in their structure, adsorb to the carbon electrode temporarily (1), the 

electron transfer process happens through a few mediant complexes (2), and a new vanadium 

species forms, coordinates with water to form aqua complexes, for example VO2+ + 5H2O Ą 

[VO(H2O)5]
2+ (3), diffuse to the bulk. Many reaction mechanisms for VO2+ ᵶ VO2

+ have been 

proposed. The chapter 4 of this thesis will review those models in-depth. For now, the simple 

reaction route that most literature agrees is CEC ï chemical-electrochemical-chemical, as 

explained from (1) to (3) above.68 Figure 2.7 describes a general chemical-electrochemical-

chemical reaction mechanism. 

 

Figure 2.7. Schematic diagram of a chemical-electrochemical-chemical reaction mechanism. 
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Thermodynamically, a general electrochemical reaction aA + ne- + nH+ Ą bB between the 

oxidized form A and the reduced form B that can be measured against a reference (a ñhalf-cellò, 

to be discussed in Chapter 3, section 3.2.1) follows the Nernst equation: 
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E0ô (V or mV vs EReference) refers to the theoretical reaction potential at conditions other than 1 M 

[H+] and/or 1 atm, E0 (V or mV vs EReference) is the formal reaction potential at standard 

conditions (1 M concentration of A, B, H+, and gas partial pressure 1 atm, if applicable), Q being 

the reaction quotient to show the state of reaction at a specific time, respectively. By definition of 

a reaction quotient: 
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With [A] being the time-specific concentration of specie A in the solution of study (molL-1), R, T, 

F are gas constants (Jmol-1K-1), Kelvin temperature (K), and Faraday constant (Cmol-1), 

respectively. The parameter n refers to the number of electron transfer. 

Back to the VO2+ ᵶ VO2
+ reaction, this ionic notation of the reaction is widely accepted: VO2

+ + 

2H+ + e- ᵶ VO2+ + H2O. Therefore, a more customized form of the Nernst equation is as 

follows: 
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If the reference is a standard hydrogen electrode (SHE), Eexpected = E0ôVanadium ï ESHE = E0ôVanadium 

because ESHE = 0 V. Experimentally, if one sets up a VO2
+, VO2+, H+ || H+|H2 cell (cell 1) at 

standard condition (1 M H+, 1 atm H2), the cellôs open circuit voltage (OCV) Eexperimental OCV 

would still differ from Eexpected. A cellôs OCV is measured at its unbiased, unpolarized point, 

usually right after assembly and before any battery testing; its expected value Eexpected can be 

calculated from the Nernst equation by assuming the starting ion concentration is 1000 times 

higher than the product ion concentration, in the aA + ne- + nH+ Ą bB this means CA = 1000 CB. 

There is a discrepancy between Eexperimental OCV and Eexpected; this is because of the internal cell 

resistance, which will be denoted in this thesis as Ri. Ri is comprised of all the ñcompartmentò 

resistances, for this case:  
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Ri = Rsolution1 + Rsolution2 + Rwires & contacts + Rseparator (equation 2.5) 

In the case of a full cell (unlike cell 1, a full cell consists of two electrochemical reactions that 

are not at ñstandardò conditions or serve as ñreferenceò), solution 1 & 2 refers to the two 

compartments of a cell, catholyte and anolyte. Wires & contacts resistances are resistance of the 

wires used for connection in the system plus the contact resistance between cell components. 

Separator is the ion-exchange component between the catholyte & anolyte. One can write this 

because the ñcompartmentsò are connected in series.  

Polarization of the full cell means forcing electrochemical reactions to happen in a specific 

direction. If a positive voltage (energy) ï voltage higher than OCV ï or positive current (flux of 

electrons) ï current higher than 0 (at OCV, no current flows through the cell) is applied, the cell 

gets óchargedô. This means VO2
+ reduction at the working electrode, and H2 oxidation to H+ at 

the counter electrode. Similarly, the reverse reactions happen during discharge, or negative 

voltage/current bias: VO2+ oxidation at the working electrode, and H+ reduction to H2 at the 

counter electrode. Because the current measurement I determines the electron transfer rate, the 

higher I the faster the reaction goes. To obtain a higher value of I, a higher than theoretical value 

of voltage E must be applied. The difference between Eexperiment and Etheory is called overpotential 

.͐ Naturally, overpotentials are caused by resistances, so,  ͐= I*R. 

When cell 1 is being charged, we have Ὁ Ὁ Ὁ ὰὲὗ. This 

value would certainly differ from EExperimental½; it also differs from (Eexpected + I*R i), the voltage 

with correction from internal resistance from equation 2.4. Experiments have also proven that 

there are other resistance elements specifically for a polarized cell, they are attributed to the 

processes of ions realigning to the external bias, charge transfer, mass transfer (diffusion), etc. 

Therefore, the cell potential equation can be written as  

Eexperimental ½ = Eexpected + I*R i + I*ɆRexternal (equation 2.6) 

The components that make up óexternalô resistances during polarization are activation resistance, 

ohmic resistance, and concentration resistance.69 Activation resistance refers to the resistance of 

the charge transfer process at the electrode | electrolyte surface, which is more dominant at a 

lower charging rate (lower charging current). Ohmic resistance refers to the internal resistance 

plus the resistance of ions moving through the electrolyte & separator, which should remain 
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constant regardless of the charging rate. Concentration resistance refers to the mass transport 

resistance of species in & out of the electrode | electrolyte interphase, which is more dominant at 

a higher charging rate (higher charging current) because the charge transfer process is already 

forced to be fast.69 Rewriting equation 2.6, we have: 

Ὁ Ὁ Ὅz Ὑ Ὅz Ὑ Ὅz Ὑ Ὅz Ὑ

Ὁ  –  – –  ὩήόὥὸὭέὲ ςȢχ 

The polarization curve is a graph that shows the relationship between charging (or discharging) 

rate of a cell with the correlated overpotential. Figure 2.8 sketches a general polarization curve of 

an RFB. In correlation with Figure 2.6, the lower current losses are the losses closer to the 

electrode, and the higher current losses are the ones closer to the bulk electrolyte solution. Out of 

the three types of losses, ohmic resistance can be directly calculated from EIS. This will be 

discussed more in detailed in Chapter 3, section 3.2.3.  

Not so directly, mass transfer losses are expressed as the difference in energy caused by the 

difference in concentration between the bulk and the surface active species.69 This is hard to 

ñdirectlyò calculate since there are not a lot methods to calculate the concentrations of ions a few 

nanometers close to the electrode. 
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Figure 2.8. General polarization curve of a redox flow battery, showing 3 types of 

losses/overpotential: activation (electrode | electrolyte), ohmic (components, contacts, and ionic 

movements), and mass transfer (diffusion layer). U1 refers to the activation energy shown in 

Figure 2.6 

When one is polarizing a cell by applying voltage bias, one records the current value, or reaction 

rate value. The rate of an electrochemistry reaction is described as70 
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with j being the cell current density (A.cm-2), n being the number of electrons transferred, F 

being the Faraday constant (C.mol-1), kf and kb (cm.s-1) being the forward and backward reaction 

rate constants, respectively, and ὧ , ὧ  (mol.cm-3) being the surface concentration of the 

oxidized and reduced species, respectively. 

At zero overpotential, there should be an equilibrium ’ ’ . The cell current density at this 

point expresses the spontaneity of the electrochemical reaction. This is the exchange current 

density, j0. The Butler-Volmer equation describes the relationship between current at arbitrary 

time j(t) and j0 as70 
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with Ŭ being the charge transfer coefficient or the symmetric parameter of the oxidation vs 

reduction direction, experimentally 0.3 < Ŭ < 0.7;  ͐is the overpotential applied. Because the 

condition of the equation is near zero overpotential, it is safe to assume that  ͐is ͐ activation here. 

2.1.3 Performance parameters: capacity, efficiency, energy and power density 

Arguably a full cellôs most important parameter, the capacity, Q, measures the quantity of electric 

charge a battery can store during charge (Qcharge) or can release during discharge (Qdischarge). 

Naturally, the unit of Q is the amount of charge Coulomb = A.h, or Current*Time. Theoretically, 

an RFB capacity should reach: 

ὗ ὲὊὅ ὩήόὥὸὭέὲ ςȢρρ 

with Qtheoretical (Ah/L) being the theoretical capacity, n being the average amount of electrons 

transfer per reaction, F being the Faraday constant (Ah/mol), and C being the active material 

concentration (mol/L). It is clear from equation 2.11 that species with high electron transfer 

numbers and high achievable concentrations would be beneficial for high-capacity cells. 

Due to various losses discussed above, the experimental capacity Qexperiment (Ah/L) is never as 

theoretically expected. Therefore, it is measured by experiments raw data as: 
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with I (A) being the applied current, t (h) being the time a cell takes to reach the cutoff voltage, 

and V (L) is the volume of the regarded electrolyte. In this work, the same amount of electrolyte 

in both catholyte and anolyte was used, so V = Vcatholyte + Vanolyte = 2Vcatholyte = 2Vanolyte. 

The ratio between observed capacity Qexp vs theoretical capacity Qtheoretical shows the utilization, 

or how much of the active materials in the electrolyte actually could generate capacity in the cell. 

Utilization in VRFBs could reach over 80% with the help of electrocatalysts because they limit 

the Rcharge transfer and increases the Aeffective.
71 However, some organic RFBs recorded utilization as 

low as 21%.25 This is probably due to precipitation and other issues discussed in Chapter 5. 

Regarding capacity, every charge-discharge (CDC) cycle gives a different value of cell capacity; 

the longer the cell has been running, the bigger the capacity loss from early cycles. Therefore, 

there is another parameter proposed by scientists: capacity fade (or decay) rate. Capacity fade 
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rate measures how much capacity versus peak capacity (cycle 1 ï 5 is the usual hallmark) a cell 

is losing per cycle or per day; unit %/day or %/cycle. 

ὅὥὴὥὧὭὸώ ὪὥὨὩ ὶὥὸὩ ὴὩὶ ὧώὧὰὩὲ
ὥὺὩὶὥὫὩὗ ὗ

ὗ
ρzππϷ ὩήόὥὸὭέὲ ςȢρσὥ 

ὅὥὴὥὧὭὸώ ὪὥὨὩ ὶὥὸὩ ὴὩὶ ὨὥώὨ

ὲόάὦὩὶί έὪ ὧώὧὰὩ ὥ ὨὥώzὥὺὩὶὥὫὩὗ ὗ

ὗ
ρzππϷ ὩήόὥὸὭέὲ ςȢρσὦ 

Another battery parameter is efficiency. There are three important types of efficiency in an RFB: 

voltage efficiency (VE), coulombic efficiency (CE), and energy efficiency (EE).72 Voltage 

efficiency measures the ratio between average discharge voltage (harvested voltage) vs average 

charge voltage (input) to show how much overpotential a cell is needing to reach a certain 

current density (certain reaction rate). Coulombic efficiency measures the ratio between 

discharge (harvested) and charge (input) capacity to show how much charge efficient a cell is. 

The round-trip energy efficiency is a product of VE and CE. 
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To make practical evaluations between batteries, energy and power density parameters can be 

used. They measure how much energy or power (rather than electricity charge) per unit of 

volume a battery takes up in space. Because 1 J = 1 V * 1C and 1 W = 1 V * 1A, we have the 

following equations: 

ὉὈ ὗ ὠz  ὩήόὥὸὭέὲ ςȢρυὥȠ   ὖὈ  
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ὔέὶάὥὰὭᾀὩὨ Ὢὥὧὸέὶ
 ὩήόὥὸὭέὲ ςȢρυὦ 

with Qexp (Ah/L) being the experimental capacity of a cell as defined in equation 2.12, 

Ὅ  ὃȟὠ  (V) being the discharge current and average discharge voltage of such 

cell, respectively, and the normalized factor is usually per centimeter square of electrode.  
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Amini et al proposed a method to estimate the maximum power density a cell can reach from 

measuring experimental data: open circuit voltage ï OCV (V) and its ohmic resistance value 

(Ý.cm2) described above.73  
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Table 2.2. Summary of cell resistance and power density of common RFBs. Note: these data are 

at peak performance, not specific to any operational conditions other than temperature. 

 Ohmic cell resistance 

Rohmic (ɋ.cm2) 

Operation 

temperature (oC) 

Power density  

(W.cm-2) 

Ref. 

VRFB 0.21 ï 0.36 25 ï 30  1.72 ï 2.78 73 

Fe/Cr 0.32 ï 0.46 25 ï 40 0.67 ï 1.63 73 

Ce/Zn 0.2 ï 0.6 25 0.046 74 

S/Br 7 ï 13 10 ï 50 0.64 75 

All -

organic 

1.5 25 0.509 73 

 

It is worth considering that an electrochemical cell is not a standstill system, but rather a 

dynamic system, even at equilibrium. Therefore, the parameters are only truly reflecting if state-

of-charge (SOC) or state-of-discharge (SOD) are at the highest (fully charged cell ï for energy & 

power calculations) or lowest (fully discharged cell ï for efficiency calculations), respectively. A 

cellôs SOC or SOD is determined by the ratio of concentration of species going through 

oxidation (or reduction) reactions vs the total concentration of active species; simply put, how 

many mols of species are being charged or discharged against how many total mols of species 

are there; SOD = 1 ï SOC. For example, using the redox pairs at discharging state in Table 2.1, 

we can write the expected SOC equations like the following: 
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While efficiency, ED, and PD parameters are used to evaluate a cell, it is also important to 

acknowledge that those results vary between experimental conditions. Usually, the faster one 

forces an electrochemical reaction to happen (by applying high current), the worse the cell 

performs, in terms of low utilization, capacity, and efficiency. According to Figure 2.8, at high 

current densities (green zone), the concentration loss is significant enough that the total voltage 

losses are higher than the low and mid-current zones. According to Fickôs first law of diffusion, 

one-dimensional case76: 
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With j (mAcm-2) being the current density, n being the number of electron(s) transfer, F (Cmol-1) 

being the Faraday constant, D (cm2s-1) being the diffusion coefficient of active ion in solution 

(VO2
+ for example), being the derivative of concentration by distance from the electrode 

surface, which is approximated to be , with Csurface (molcm-3) being the 

concentration of the active ions on the electrode surface at one point in time, Cbulk (molcm-3) 

being the bulk concentration of the active ions in the regarded electrolyte, and ddifussion (cm) being 

the diffusion length. For solutions with 1 ï 10 mM total ion concentration, ddiffusion can be 

estimated as three times the Debye length ɚD.77 The Debye length of vanadium-based ions can be 

calculated from EIS (see Chapter 3, section 3.2.3 and Chapter 4, section 4.2.6) 

When the current increases to its upward limit in Figure 2.7, the cell voltage can decrease to 0, 

where no reaction can happen anymore due to dominantly high mass transfer loss; this limit is 

called the ólimiting currentô. This is when Csurface = 0 in equation 2.16. At j < jlimiting, from 

equation 2.16, one can see that the higher j gets, the lower Csurface goes, decreasing the 

electrolyteôs utilization. 

The Skyllas-Kazacos team described the limiting current of VRFB as78 

Ὦ ὲὊὅ Ὧ ὩήόὥὸὭέὲ ςȢρχ 

With j limiting (Am-2) being the limiting current, n being the number of electrons transfer, Cbulk 

(molL-1) being the bulk concentration of the vanadium ions in the regarded electrolyte, and km 

(ms-1) being the mass transfer coefficient of the vanadium ions in the regarded electrolyte. 
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When the total cell resistance is high (R = Rohmic + Ractivation + Rconcentration when Rconcentration >> 0), 

the full cell overpotential, or, the distance between the average charging voltage and discharging 

voltage (to be explained in Chapter 3, section 3.2.3) will increase. This overpotential increase 

directly decreases the full cellôs voltage efficiency. 

One can theoretically calculate the current it takes to finish charging a cell in an hour; the 

electrochemistry community refer to this current value as the ó1C rateô. Similarly, charging at 

0.1C means it takes 10 hours to charge, reaction can take its time, ions can diffuse, while 

charging at 5C means it takes 60/5 = 20 minutes to charge, and concentration resistance will be 

dominating. Other factors can also contribute to a cell performance, like SOC, temperature, 

power reliability, impurities, etc. While the current density (which directly relates to reaction 

rate), SOC, and impurities are generally reported in literature, industrial, and governmental 

reports, the other factors are not always clearly reported. For comparisonôs sake, the table below 

lists the abovementioned cell evaluation metrics at 100 mA/cm2, a current density generally 

regarded as ófast chargingô in RFBs. 

Table 2.3. Comparison of cell performance metrics of common RFBs at 100 mA/cm2  

 Capacity fade 

(%/day) 

CE (%) EE (%) ED (Wh/L) PD (W/cm2) Ref. 

VRFB 1.5 97.3 ï 97.8  70 ï 83 20 ï 35 0.25 ï 0.75 79ï81 

Fe/Cr 2.4 ï 2.5 94 ï 96.8 78 ï 83 10 ï 11 0.091 ï 0.156 80 

Ce/Zn 2.4 ï 2.5 95.5 ï 98.0 71.3 ï 76.3 7.2 ï 11 0.032 ï 0.042 82 

S/Br 0.005 (static) 

ï 2 (flow) 

~99%  

(50 mA/cm2) 

88.2 

(short cycle 

life) 

<50% (long 

cycle life) 

10 ï 28 

(60 mA/cm2) 

107 (novel 

separator) 

0.64 12,75,83 

All -

organic 

0.1 ï 1.5 95 ï 99 80 ï 85 17 ï 25  0.15 84 
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2.2 Active materials in a redox flow battery 

2.2.1 Overview and benchmarking 

From the parameters discussed above, we propose a simple tool to evaluate the practicality of 

some redox-active couples in Figure 2.9a. The óothersô parameters are sustainability, toxicity, 

kinetics, if parasitic reactions have been reported, geographic conditions (climate, different 

regional-specific demands ï off-grid communities or smart grid applications, etc.), supply chain 

issues, etc. The solid active materialôs theoretical capacity and voltage can be found in chemistry 

handbooks. Theoretical capacity of a solid material (before dissolving in a solution, unlike 

equation 2.10) is determined by how many electrons its reaction transfer and its molecular 

weight. 
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with Qtheo,solid unit being Ah/g or C/g, F (Ah/mol or C/mol) being the Faraday constant, and Mw 

(g/mol) being the molecular weight of interested material. It is easy to see that amongst transition 

metals and organic species allowing more than 1 electron transfer per reaction stoichiometry, the 

most lightweight material will be favored. 

Based on the values in   
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Table 2.2 &  

Table 2.3, we propose the choices in Figure 2.9b. The choices in Figure 2.9b showed that the 

vanadium & organic active materials for RFBs are worth investigating for energy, power, and 

long-term purposes. 

 

Figure 2.9. Proposed purpose-based active material evaluation & decision-making scheme from 

common RFB active materials 

2.2.2 Active materials ï Vanadium base 

While being the stellar candidate, VRFBs have their own challenges. One of the biggest 

challenges of VRFBs is the material cost of vanadium and cell stack.44,85ï87 Initially, the Skyllas-

Kazacos team prepared electrolytes for VRFB by dissolving VOSO4 (V
4+) in sulfuric acid in 

their initial reports.13,15 Because V2O5 is the cheapest inorganic vanadium-base compound, at less 

than US$13 per pound in the past 3 years88, if one chooses VOSO4 (V
4+) as the starting material, 

then convert it to V5+ through any kind of processing before battery assembly, the increase of the 

vanadium concentration for increase theoretical capacity would exponentially increase the capital 

cost of the electrolyte. 

The Skyllas-Kazacos team developed two methods for VRFB electrolyte preparation in the 90s: 

chemical reduction and electrolysis to prepare V4+ and V3+ electrolytes from V2O5 because of its 

lower cost compared to VOSO4 and higher theoretical capacity (the theoretical capacity of 

VOSO4 is 164.43 mAh/g, while the theoretical capacity of V2O5 is 294.72 mAh/g).15 However, 

V2O5 has low water solubility.89ï92 To this date, any solution that has Ó 1 M of V2O5 as a starting 
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solute would almost certainly precipitate within 30 days, whereas a solution that has Ó 3 M of 

VOSO4 might not.89ï92 Increasing the solubility of V2O5 in acidic electrolytes is of importance 

for VRFB battery development; even with VOSO4 as the starting active material, V2O5 can 

precipitate out during battery operation and decrease the electrolyteôs vanadium concentration.19 

The solubility of V2O5 increases with the decrease of temperature and the increase of sulfuric 

acid concentration, which creates a challenging situation to operate this battery in a narrow 

temperature range (preferably at room temperature). Higher acid concentration can hinder the 

solubility of V2+ and V3+ species in the anolyte, so acid concentration is usually maintained 

below 4 M.93,94 Skyllas-Kazacos et al provided insights on the V2O5 solubility in different H2SO4 

concentrations including 6 M and higher along with temperature range of 10 ï 50 oC; the 

solubility curve of V2O5 is shown in Figure 2.10.95,96 El Hage et al accomplished a V5+ 

concentration of 0.4 M in 3 M H2SO4 at 30 oC; they also studied the dissolution kinetics and 

found the covalent nature of the V ï O bond in V2O5 (hence, requires excess energy to hydrate) 

to be the rate-limiting step in the dissolution process of V2O5 in acidic solutions to form VO2
+.93  

 

Figure 2.10. Solubility of V2O5 in the form of dissolved vanadium ion concentration [VO2
+] = 

2CV2O5
  at different sulfuric acid concentrations and temperatures. 

Reproduced with permission from Skyllas-Kazacos, M.; Cao, L.; Kazacos, M.; Kausar, N.; 

Mousa, A. Vanadium Electrolyte Studies for the Vanadium Redox BatteryðA Review. 
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ChemSusChem 2016, 9 (13), 1521ï1543. https://doi.org/10.1002/cssc.201600102. License 

number 5696731173341. To view all copyright licenses, see Appendix: copyright licenses 

Other aspects of material considerations lay in the operation conditions: temperature, pH, 

optimal current density, and state-of-charge monitoring. Vanadium electrolytes have been proven 

to be functional in the 10 ï 40 oC range. The V2O5 precipitation becomes more problematic 

above 40 oC, and the anolyte precipitation becomes more problematic below the 10 oC range.97,98 

The VRFB is always operating at highly acidic pH, elaborated in 2.2.4 Non-active materials ï 

supporting electrolytes and additives. The optional current density is based on a materialôs 

reaction kinetic & diffusivity, which terms would be elaborated in Chapter 3 and the discussion 

of such matter in Chapter 4. Monitoring the SOC helps us find out if any unexpected reaction(s) 

is taking place, any asymmetry due to crossover or slow kinetics on one side is happening, or any 

unexpected species(s) is being generated. One simple method of SOC monitoring is UV-Vis 

spectrophotometer, which is elaborated in Chapter 3. 

2.2.3 Active materials ï organic 

Organic materials are one of the biggest class of materials in the world. The design flexibility 

allows for many compounds with any targeted purposes. This flexibility also makes it possible to 

adjust their properties, such as their redox potentials and solubility for higher energy density in 

RFBs, their redox-active functional group(s) for higher power density and lower corrosivity, 

lower toxicity. Organic materials (apart from hydrocarbons) are usually derived from biomass 

(plants, fungi, or algae). Because plants are abundant and ñrenewableò within a few years, 

materials which can be mass produced from plant-based sources are considered slightly more 

ñsustainably sourcedò than oil and gas derived materials. Hundreds (if not more) organic 

compounds have been proposed as redox-active materials for aqueous RFBs.22,24,25,84 Figure 2.11 

lists some common organic active materials for RFBs. 
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Figure 2.11. Some common redox-active materials for aqueous RFBs and their theoretical 

capacity, solubility (in bracket), and number of electrons transfer (in bracket). 

Abbreviations: 9,10-Anthraquinone-2,7-disulfonic acid (2,7-AQDS), 4,5-dihydroxy-1,3-

benzenedisulfonic acid (BQDSH2, tiron), anthraquinone-2-sulfonic acid (AQS), 3,4-dihydroxy-

9,10-anthraquinone-2-sulfonic acid (ARS), quinizarin-SO3-TKMP, alizarin S. Red-TKMP, 3,6-

dihydroxy-2,4-dimethylbenzenesulfonic acid (DHDMBS), 1,8-dihydroxyanthraquinone-2,7-

disulfonic acid (DHAQDS), 1,4-dihydroxyanthraquinone-2,3-dimethylsulfonic acid 

(DHAQDMS), 4,4ǋ-biphenol-3,3ǋ,5,5ǋ-tetrasulfonic acid (4,4ǋ-BPTS), lignosulfonate, 

polyhydroquinone (PHQ), 2,3,5,6-tetrakis((dimethylamino)methyl)hydroquinone (FQH2), 2,3-

diaza-9,10-anthracenedione (DAD), 2,3-diaza-6-methoxy-anthracene-9,10-dione (DAD(MeO)), 

2,3-diaza-5,8-dihydroxy-anthracene-9,10-dione (DADdi(OH)), 5,8-dihydroxy-2,3-phthalazine 

(DHP), 5,8-dihydroxy-6-methoxy-2,3-phthalazine (DHP(MeO)). 

Reprinted with permission from Cao, J., Tian, J., Xu, J., & Wang, Y. (2020). Organic flow 

batteries: Recent progress and perspectives. Energy & Fuels, 34(11), 13384ï13411. 

https://doi.org/10.1021/acs.energyfuels.0c02855. Copyright 2023 American Chemical Society. To 

view all copyright licenses, see Appendix: copyright licenses 

In comparison to inorganic RFBs, which has been around for decades, the organic active material 

for RFBs landscape has only started growing for about fifteen to twenty years. The first few 

organic-included RFBs are hybrid: Tiron || Pb and Anthraquinone-2,7-disulfonic acid || Br2.
22 The 

chemical structures of tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid) and anthraquinone-2,7-

disulfonic acid are shown in Figure 2.12. In 2010, Xu et al used tiron  as a catholyte against 

PbSO4|Pb and obtained a cell with 98% CE, 70% EE at 10 mA/cm2.99 However, the systemôs 
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large internal resistance drop, the rapid capacity fade, the complicated redox mechanism of 

Tiron, and toxicity of Pb prevented this system from ever getting upscaled. In 2014, Huskinson 

et al managed to reach 0.6 W/cm2 power density at 1.3 A/cm2, CE  > 95% at 200 mA/cm2, and 

less than 1% capacity loss after 10 cycles with that system.100 The anthraquinone-2,7-disulfonic 

acid || Br2 system has bromine-related toxicity issues. It is worth noting that those groups chose 

Pb or Br2 probably due to their well-known redox chemistry and their ability to make high 

voltage cells with the organic species. Therefore, pairing the above species with other more 

practical species can be an attractive direction. Scientists have done a lot of that work. They have 

always been focusing a lot on a group of organic chemicals that can offer low cost, low toxicity, 

and high technical readiness: quinones. 

 

Figure 2.12. Redox reactions of tiron and anthraquinones. (a) Tiron chemical structure, (b) Tiron 

redox reaction, (c) AQDS(2,6) chemical structure, and (d) AQDS(2,6) redox reaction. 

A simpler and more well-known quinone than the abovementioned species is benzoquinone 

(BQ). It undergoes a proton-coupled electron transfer process when polarized; the molecule 

allows 2 electrons to be transferred per molecule. In aqueous solvents, there is one redox wave 

signal indicating a two-electron transfer process. This is regardless of pH, although the reaction 

mechanisms slightly differ at different pH due to the molecule protonation/deprotonation 

character.101 The protonation/deprotonation pKa values of BQ are 9.85 & 11.40 for two 
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protons.102 The redox mechanism with pKa taken into consideration of BQ is shown in Figure 

2.13. 

 

 

Figure 2.13. Redox reaction mechanisms of BQ. The horizontal line indicates an electron 

transfer, the vertical line indicates a proton transfer. 

Figure (a) is adapted from Cannon, C. G.; Klusener, P. A. A.; Brandon, N. P.; Kucernak, A. R. J. 

Aqueous Redox Flow Batteries: Small Organic Molecules for the Positive Electrolyte Species. 

ChemSusChem 2023, 16 (18), e202300303. https://doi.org/10.1002/cssc.202300303. Creative 

common license BY. 

Figure (b) is reprinted from Wedege, K., Draģeviĺ, E., Konya, D. et al Organic Redox Species in 

Aqueous Flow Batteries: Redox Potentials, Chemical Stability and Solubility. Sci Rep 6, 39101 

(2016). https://doi-org.ezproxy.lib.ucalgary.ca/10.1038/srep39101. Creative common license BY. 

Letôs take the BQ reactions further. At fully protonated state, pH < pKa1, the reaction includes 

two protons: ὄὗ ςὌ ςὩ ᵶὄὗὌ . According to the Nernst equation:  
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At partially protonated state pKa1< pH < pKa2: ὄὗ Ὄ ςὩ ᵶὄὗὌ . Similarly, the Nernst 

equation for this system can be written as: 

Ὁ Ὁ
ὙὝ

ςὊ
ÌÎ
ὄὗὌ

ὄὗὌ
Ὁ

πȢπυω

ς
ÌÏÇ

ὄὗ

ὄὗὌ

πȢπυω

ς
ὴὌ ὩήόὥὸὭέὲ ςȢρωὦ 

https://doi.org/10.1002/cssc.202300303
https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://creativecommons.org/licenses/by-sa/4.0/deed.en
https://doi-org.ezproxy.lib.ucalgary.ca/10.1038/srep39101
https://creativecommons.org/licenses/by-sa/4.0/deed.en
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At fully deprotonated state pH > pKa2: ὄὗ ςὩ ᵶὄὗ . The Nernst equation becomes pH 

independent. If one considers ὉȾ  as the potential when [Ox]/[Red] = 1, then ὉȾ  is 

independent of the redox-active speciesô concentration. A graph showing ὉȾ  relationship with 

pH is called a óPourbaix diagramô. In a Pourbaix diagram, if the line ὉȾ ὪὴὌ is horizontal, 

then the reaction is not pH dependent, like in ὄὗ ςὩ ᵶὄὗ . However, if there are proton-

coupled electron transfers, the line ὉȾ ὪὴὌ will have a slope like in equations 2.19a or 

2.19b. BQ, Tiron, and some anthraquinone Pourbaix curves are shown in Figure 2.14. 

While their structures are different, tiron and anthraquinones (AQs) have very similar redox 

reactions to BQ, shown in Figure 2.12. However, their standard potential values are different due 

to the electron withdrawing groups attached. The electron withdrawing groups like sulfonate, 

carboxyl, or halogens, can theoretically raise the redox potential of a molecule up to 1.5 V. 

Electron donating groups like hydroxyl and methyl groups can theoretically decrease the redox 

potential of a molecule up to ï 0.6 V.103 In experimental observations, the number of sulfonated 

groups are actually not as important as the position of them on the benzene ring. The closer the 

sulfonate group is to the C=O (position 1, 4, 5, 8), the more it adds to the redox potential of BQs. 

The edge positions of 2, 3, 6, 7 only increase the redox potential of up to 0.17 V.103 However, 

adding extra electron withdrawing groups to AQs do not seem to change their standard redox 

potential by more than 0.1 V, if at all.103  

Another difference between the small BQ, the substituted Tiron, and the big AQs is their water 

solubility. Naturally, the sulfonated groups increase the solubility of the plain BQ ring, making 

its solubility higher than BQôs in acidic medium, but still surprisingly lower than HQ (C-OH 

form of BQ) in base and similar in neutral supporting electrolytes.103 This is probably due to the   

-OH group enabling the solubility in basic (OH- containing) medium. For AQs, the similar trend 

is observed: -SO3H groups increase the solubility in all medium especially acids, -OH groups 

increase the solubility in basic medium.103 The halogen substitutions decrease all quinoneôs 

solubility significantly.103 It is important to choose a pH higher than the highest pKa value of a 

quinone to obtain its highest possible solubility due to the compound being in the protonated, or 

ion, state; it would also be beneficial to choose a compound with low pKa for dissolution to 

enhance pH effects. The solubility of BQ, tiron, and some AQs are shown in Figure 2.14. 
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Figure 2.14. (a) Chemical structures of AQ and a few derivatives, (b) Pourbaix diagram (dotted 

lines) and solubility (columns) of common quinone chemicals for RFBs. The numbers are slope 

values for Pourbaix curves that have changing slopes. The lines without slope value noted have 

the only one slope: -0.05 V/pH unit. 

Data taken from Wedege, K.; Draģeviĺ, E.; Konya, D.; Bentien, A. Organic Redox Species in 

Aqueous Flow Batteries: Redox Potentials, Chemical Stability and Solubility. Sci. Rep. 2016 61 

2016, 6 (1), 1ï13. https://doi.org/10.1038/srep39101 and Lukeġ, V., Kov§ļov§, A., & Hartmann, 

H. (2022). On thermodynamics of electron, proton and PCET processes of catechol, 

hydroquinone and Resorcinol ï consequences for redox properties of polyphenolic compounds. J. 

of Mol. Liquids, 360, 119356. https://doi.org/10.1016/j.molliq.2022.119356. 

2.2.4 Non-active materials ï supporting electrolytes and additives 

For organic species, one should choose a pH not near a speciesô pKa value, preferably at pH Ó 

(pKa2 + 1) to avoid the protonation/deprotonation reaction competing with the charge transfer 

reaction. Reactions that involve proton(s) transfer, generally, have a slower rate constant than 

https://doi.org/10.1038/srep39101
https://doi.org/10.1016/j.molliq.2022.119356
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reactions without proton(s) transfer. This is due to the outer sphere nature of the reaction (outer 

sphere reaction definition will be introduced in chapter 4, section 4.2.6).103 Thus, it is preferable 

to choose alkaline pH to obtain deprotonated quinones for faster kinetics. However, 

electrochemical reactions of tiron and AQDS(2,7) in basic medium show complications. Tiron is 

reported to not work well in basic supporting electrolyte (multiple unexplained redox signals, 

irreversible kinetics), while AQDS(2,7) is reported to work well (almost reversible) kinetics in a 

wide range of pH.99,103 It is also important to choose a pH buffer that has high chemical and 

electrochemical inertia to minimize unwanted reactions in battery operation.  

For vanadium species, because VO2
+ and VO2+ tend to form water insoluble compounds in basic 

medium104, most VRFB electrolytes are kept in very acidic conditions. However, if the H2SO4 

concentration gets too high, then the risk of corrosion to the vessels increases. The current VRFB 

vessel is reported to be polyethylene, which acid resistance is high, but only tested for 30 

days.105,106 There exists a healthy balance between a sufficient H2SO4 concentration to facilitate 

reactions and a low enough concentration to lower risks. Skyllas-Kazascos reviewed multiple 

[H2SO4] against multiple vanadium ion concentrations, viscosity, and conductivity values.96 The 

most commonly used H2SO4 concentration for VRFB lies between 3 ï 6 M.96 Chapter 4 

describes one method of decreasing this concentration without sacrificing performance: 

additives. 

To solve the solubility issues of the vanadium catholyte, arising in the direct use of V2O5 or to 

prevent its precipitation during charge-discharge, additives can help alter the bulk solution ñion 

concentrationsò and increase the solubility as well as induction time of catholytes.96,107 There are 

a few different types of additive to prevent V2O5 precipitation including dispersion, complexing, 

and threshold agents.96 While dispersing agents can reduce the distance between vanadium ions 

to decrease the size of the clusters, therefore, decreasing the chance of precipitation; complexing 

agents can change the coordination environment of the vanadium ions to decrease clustering 

possibilities, and threshold agents can decrease the crystallization growth rate by blocking sites 

for clustering.96 So far, most research studies for additives have focused on the use of more 

accessible chemicals, wider operating temperatures, and higher concentration for a period of less 

than 60 days.96,97,107ï109  
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Wang et al have successfully prepared V2O5 electrolytes with an initial [VO2
+] concentration of 

3.0 M at 30 oC with no precipitation for more than 30 days using 5 M H2SO4 with 0.5 wt% of 

additives.108 They found HCl and methanesulfonic acid (CH3SO3H, MSA) to be the two best 

candidates in terms of inhibiting precipitation and increasing electrochemical performance. 

However, it is worth noting that all of their solutions show at least 0.1 M decrease, at most 1.3 M 

decrease in [VO2
+] after 8 ï 30 days. Some other studies have also highlighted these two 

additives for vanadium catholytes because they can increase the precipitation time of V2O5 and 

the electrochemical reversibility of the V5+ ź V4+ reaction, improve the current density, and 

lower the resistance.20,36,97,108ï110 Considering HCl and MSA being cost effective and accessible, 

there have been several studies focusing on their benefits as a co-solvent for the vanadium 

catholyte.20,79,111  

However, the long-term stability of chemical interactions between the additives and the 

vanadium ions needs to be considered before adopting these additives for larger scale 

applications. Vanadium (V) in the catholyte is the highest conventional oxidation state with a 

high standard potential (Ὁ Ⱦ ρȢππ ὠ ὺί ὛὌὉ). Therefore, some chemicals, or ñco-

solventsò, can reduce V5+ to V4+, decreasing the average oxidation state of the starting material 

or decreasing the óstate-of-chargeô of the batteryôs starting material.108 HCl has reducing 

tendency that can react with VO2
+ (V5+) to reduce it to VO2+ (V4+). In the presence of HCl in the 

electrolyte of a VRFB, during operation, chlorine gas may evolve. In spite of the standard 

potential for chlorine gas evolution being higher than that of the vanadium catholyte potential 

(Ὁ Ⱦ ρȢσφ ὠ ὺί ὛὌὉ), gas evolution could happen during battery operation at high 

charging current and voltage.112 Wang et al studied the V5+ stability and electrochemical 

reversibility over the course of 30 days in the presence of MSA and other additives with similar 

structures.108 Their findings show that the MSA additive helped stabilize the vanadium 

concentration. However, they did not clearly explain why the anion CH3SO3
- could contribute to 

the improved electrochemical reversibility by providing extra -OH groups to the VO2
+/VO2+ 

conversion. Kim et al drew a similar conclusion using 51V-NMR and UV-VIS measurements. 

However, their 1M V2O5 solution still precipitated after 7 days in the presence of MSA additive 

(solution without MSA precipitated in 1 day) at 40oC.20 Therefore, there is a need to study the 

long-term effect of MSA and HCl on the V5+ solubility and electrochemical kinetics. 
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2.3 Separator materials in a redox flow battery 

Regarding separator for RFBs, Nafion material has been the biggest topic of interest among 

researchers and scientists.30,34 Nafion is a perfluorosulfonic acid polymer that is widely used in 

various electrochemical applications due to its excellent proton conductivity and chemical 

stability. Ever since its development by E. I. DuPont Company a few decades ago, it has become 

the most popular separator in fuel cells and RFBs.113 The chemical structure of Nafion is shown 

in Figure 2.15. 

 

Figure 2.15. Structure of hydrated Nafion. The (CFCF2) chain is the backbone, the -OCF2R 

chain is the side chain, and the sulfonic group is at the end of the side chain. 

Reprinted with permission from Mauritz, K. A.; Moore, R. B. State of Understanding of Nafion. 

Chem. Rev. 2004, 104 (10), 4535ï4586. https://doi.org/10.1021/cr0207123. Copyright 2023 

American Chemical Society 

However, there are still several issues related to the use of Nafion as a membrane for redox flow 

batteries that need to be addressed. One of the main issues with Nafion is its high cost, which can 

make it difficult to scale up the production of redox flow batteries.31,105,114 The high cost is 

mainly due to the complex manufacturing process and the high cost of raw materials. The second 

issue is the mechanical strength and the fact that vanadium positive ions can naturally diffuse 

into the nanoscopic structure of Nafion and react with each other during VRFB operations, 

causing self-discharge.29,33 While modifying Nafion with physical paired with chemical 

treatment (vacuum heating after boiling115, recasting116, etc.) or chemical treatment 

(copolymerization28, additives117, etc.) can decrease its ñself-dischargeò, the cost is only going to 

increase from those processes. Therefore, it is crucial to find an alternative for Nafion to improve 

VRFB performance. 

https://doi.org/10.1021/cr0207123
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There have been a lot of research in the past decade on alternative polymeric separators for 

RFBs. Anion-exchange membranes (contrary to Nafion, a cation-exchange membrane) can 

facilitate Fe/Cr RFB (see 2.1.1). Polyarylene-based separators can be either anion-exchange or 

cation-exchange. In 2010, Chen et al synthesized sulfonated fluorene-containing poly(arylene 

ether sulfone)s and studied the proton conductivity of the product as well as charge ï discharge 

performance of VRFB using the product as a separator.118 Their highest proton-conducting 

polymer has a conductivity of 0.017 Scm-1, while Nafion 117 measured at the same condition has 

a conductivity of 0.032 Scm-1. However, the VRFB assembled with their separator has 

comparable polarization resistance, and higher coulombic efficiency (65.5 ï 70.9% compared to 

62.9%). In 2015, Pezeshki et al synthesized different Diels Alder poly(phenylene) polymers for 

both anion and cation exchange membranes for VRFB applications.119 Their cation exchange 

membranes generally show higher conductivity (up to 0.107 Scm-1, comparable to Nafion at 

0.073 ï 0.125 Scm-1 measured at the same conditions). Both types of their membrane showed 

better VRFB performance than Nafion membranes: 85% voltage efficiency, 95% coulombic 

efficiency at a current density of 200 mAcm-2. Sulfonated Poly Ether Ether Ketone (SPEEK) is 

also a group of potential material for VRFB separator due to its low cost, high chemical and 

mechanical stability. Many attempts to optimize SPEEK for VRFB use have been made: Nafion 

composite preparation, alternating sulfonation degree, doping/crosslinking.120ï122 So far, the 

coulombic efficiency and capacity retention after 150 cycles is optimistic: >97% efficiency and 

>80% retention.121 

Silica gel materials are easy to fabricate, and they can be tuned to have a desired mechanical 

strength. Inspired by Skyllas-Kazacos et al patent óGelled electrolyte vanadium batteryô123, our 

group made vanadium batteries using all-silica-gel components: gel ñcatholyteò, ñanolyteò, and 

separator.124 Considering silica gel are electronically insulating, dispersing it in ionically-

conducting aqueous solutions (like acidic solutions) would make a potential battery separator.  

In this thesis, the focus is on an alternative for Nafion; one that can offer less electrolyte 

crossover. This is done to facilitate the hybrid inorganic ï organic RFB configuration in Chapter 

5. The studies of the inorganic redox-active species are demonstrated in Chapter 4. The studies of 

the organic redox-active species are demonstrated in the first part of Chapter 5. 
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Chapter 3. Experimental methods 

3.1 Materials preparation 

A summary of this section (3.1. Materials preparation) is described in Table 3.1 below. 

3.1.1 Electrode preparation 

Carbon felt (CF) is used as the electrode material throughout this entire chapter. It was obtained 

from the FuelCell Store. Obtained CF sheets were cut into 5 cm x 1 cm strips for acid treatment. 

The CF was treated before use by immersing in 1 M HNO3 for 24 hours, then washed with 

deionized water and isopropanol and dried at 100 °C in an oven overnight. For the screening of 

materials, the 0.5 cm x 0.5 cm acid-treated CF pieces were used. For the characterization of 

batteries, the 1.5 cm x 1 cm acid-treated CF pieces were used.  

3.1.2 Electrolyte preparation 

V2O5 precursors were purchased in powder form from VWR with a purity of 99.99 % and mesh 

22 (particle size of about 1 mm). The organic active material, sodium anthraquinone-2,6-

disulfonate (AQDS 2,6), was purchased in powder form from Sigma-Aldrich with a purity of 

98% and used without further purification. H2SO4 and MSA were purchased from Sigma-Aldrich 

with a purity of >99% (HPLC grade) and were used without further purification. HCl was 

purchased from Sigma-Aldrich with a concentration of 37% w/w. De-ionized water (DIW) was 

obtained from the Corning Mega-Pure D2 MP-6A column system. 

Solutions with V2O5 as a starting material from here on will be referred to as óV2O5 electrolytesô 

or óV2O5 solutionsô. Multiple electrolyte solutions were prepared with V2O5, H2SO4, and HCl 

along with MSA additives in which H2SO4 concentration was varied by an increment of 0.5 M 

from 2 to 5 M. The additive percentages are fixed at 5 % v/v of the total solution; the 

concentrations for the additives are 0.61 M and 0.077 M for HCl and MSA, respectively. For 

preparing the electrolyte solutions, V2O5 powder was slowly introduced into the supporting 

electrolyte (with and without additives) while stirring at room temperature. The stirring was kept 

at 1000 rpm for 48 hours after the V2O5 was added to the solution. For screening experiments, 

the solutions with H2SO4 concentration of 3.5 M were selected long-term term study of solubility 

and electrochemical properties. For battery characterization experiments, the following 
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composition was used: solutions with V2O5 0.25 M in H2SO4 3.5 M + HCl 0.61 M were diluted 

four times with DIW. 

All organic solution materials are prepared in the concentration range of 10 mM to 100 mM, with 

the supporting electrolytes serving as a pH anchor from -0.3 ([H+] = 2 M, [H2SO4] = 1 M) to 14 

([NaOH] or [KOH] = 1 M). The different supporting electrolytes used for different pH are: (i) pH 

-0.3 and pH 0: H2SO4 to desired concentration, (ii) pH 1 to 2: hydrosulfate buffer, (iii) pH 2 to 4: 

phosphoric acid buffer, (iv) pH 5 to 7: acetate buffer, (v) pH 8 to 11: phosphate buffer, (vi) pH 12 

to 14: NaOH or KOH to desired concentration. For screening experiments, the 10 mM solutions 

were prepared by slowly introducing the raw material powder into the supporting while stirring 

at room temperature. For additive testing experiments, the 50 mM or 100 mM solutions were 

made using the above method; however, in the 100 mM solutions, there is a 4 %volume/volume 

addition of ethylene glycol (EG, purchased from VWR). For battery characterization, the 100 

mM solutions with EG after 5 cycles of charge-discharge were used, with the aim of obtaining an 

electrolyte in its reduced state (see 3.2.2.3). 

For any gel-form active materials, the gel was prepared by mixing 15% (weight/volume %) of 

fumed powder silica (Fisher Scientific) with an electrolyte solution.  

3.1.3 Separator preparation 

The proton conducting Nafion separator, generally called óNafion separatorô in this thesis, was 

obtained in 117 membrane form from the FuelCell Store. Nafion 117 means its equivalent weight 

was 1100 g and its thickness was 0.007 inch. The pretreatment of such Nafion separator was 

done using previously reported procedures115: the membrane was cut into 2 cm x 2 cm squares, 

boiled in 3 wt % H2O2 for an hour, then rinsed and boiled in DI water for another hour, then 

rinsed and boiled in 1 M H2SO4 for another hour, then vacuum dried at 35 oC for an hour and 

used immediately right after. 

The novel separator was prepared by mixing 15% (weight/volume %) of fumed silica (Fisher 

Scientific) with the acid solution 2 M H2SO4. The fumed silica was added gradually with 

continuous stirring, and the resulting solution was left overnight to get a silica gel. 
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Table 3.1. Summary of electrolyte solutions with their purposes in this thesis 

Purpose Electroactive material 

concentration 

Supporting acid 

concentration 

Additive 

concentration 

Screening ï 

catholyte 

VO2
+ 0.5 M (in the initial 

form of V2O5 0.25 M) 

H2SO4 4.0 M None 

Screening ï 

catholyte 

VO2
+ 0.5 M (in the initial 

form of V2O5 0.25 M) 

H2SO4 3.5 M Methanesulfonic acid 

(MSA) 0.077 M 

Screening ï 

catholyte 

VO2
+ 0.5 M (in the initial 

form of V2O5 0.25 M) 

H2SO4 3.5 M HCl 0.61 M 

Screening ï 

anolyte 

AQDS 10 mM H2SO4 1.0 M None 

Screening ï 

anolyte 

AQDS 100 mM H2SO4 1.0 M Ethylene glycol (EG) 

4%volume/volume 

Battery 

assembly ï 

catholyte 

VO2
+ 125 mM (in the initial 

form of V2O5 250 mM) 

H2SO4 1.75 M HCl 0.30 M 

Battery 

assembly ï 

anolyte 

AQDS 100 mM after CP for 

5 cycles 

H2SO4 1 M Ethylene glycol (EG) 

4%volume/volume 

 

3.2 Electrochemical characterization 

3.2.1 Cell setup and instruments 

For the screening experiments, a three-electrode cell setup is utilized, a schematic diagram of 

which is shown in Figure 3.1. The 0.5 cm x 0.5 cm treated CF pieces connected with titanium 

wires (FuelCell Store) or the glassy carbon electrodes (FuelCell Store) were used as working 

electrodes (WE). The 0.5 x 0.5 cm platinum foils obtained from Thermo-Fisher Scientific were 

used as counter electrodes (CE). These Pt foils were occasionally cleaned with HNO3 solutions. 
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The Ag|AgCl|KCl reference electrodes (RE) were obtained from CHI Instruments. The RE were 

periodically calibrated, and their saturated KCl solution was regularly changed. Nitrogen 

bubbling was done on solutions for about five minutes before electrochemical screening. 

 

Figure 3.1. Schematic diagram of a three-electrode cell setup. 

For the battery characterization experiments, a two-electrode cell setup was utilized. The 

customized glass h-cell is shown in Figure 3.2. The 1.5 cm x 1 cm treated CF pieces connected 

with titanium wires were used as electrodes. The active materials were put in their respective 

chamber (anolyte or catholyte). If the separator was Nafion, it would be sandwiched between the 

necks of chambers. If the separator was a gel, an amount of gel made from 4 mL of liquid 

precursors would be filled into each neck of the two chambers before joining them. 

 

Figure 3.2. Schematic diagram of the design of the h cell used in this thesis. 
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3.2.2 Electrochemical screening of materials 

The electrochemical methods used in screening experiments were cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS), and chronoamperometry (CP). Biologic VSP-

300, an electrochemical test station was used. All electrochemical screenings were done at room 

temperature and  in three replicas.  

3.2.2.1 Ionic conductivity measurements of materials 

Ionic conductivity (ə) is one of the most important properties to evaluate an electrolyte. The 

basic principle is to produce an electric voltage through the measured solution. An electric 

current flows whose value depends on the conductivity. Depending on the method or application, 

the instrument either maintains the voltage signal constant and records the change in electric 

current or maintains the current value constant and evaluates the voltage change.  

Conductance (G) is defined as the reciprocal of the electrical resistance (R) of a solution between 

two electrodes. The conductometer measures the conductance, and displays the reading 

converted into conductivity. 

Ὃ
ρ

Ὑ
 ὩήόὥὸὭέὲ σȢρ 

where G (S, or ɋ-1) is conductance, R (ɋ) is resistance. 

Cell constant is the ratio of the distance (d) between the electrodes to the area (a) of the 

electrodes. 

ὑ
Ὠ

ὥ
 ὩήόὥὸὭέὲ σȢς 

where K (cm-1) is the cell constant, a (cm2) is the geometric area of each electrode, and d (cm) is 

the distance between the electrodes. 

Electricity is the flow of electrons indicating that ions in solution will conduct electricity.  

‖ Ὃ ὑz ὩήόὥὸὭέὲ σȢσ 

where ə (S/cm) is conductivity, G (S) is conductance from equation 1, and K (cm-1) is the cell 

constant from equation 3.2. 

Electrochemical impedance spectroscopy (EIS) is a powerful tool to measure ionic conductivity. 

EIS involves subjecting a system to an alternating current sinusoidal signal, which has a wide 
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range of frequencies, and then analyzing the sinusoidal response of the system. If one applies 

voltage as a signal, potentiosatic EIS, the signal Et has an amplitude E0 and an angular frequency 

ɤ. The output current signal has the same frequency as the input signal but may experience a 

finite shift in phase angle or phase shift ◖. The amplitude of the measured output current depends 

on the electrochemical system's impedance at a particular frequency. The relationships between 

Et and E0, it and i0 are shown below: 

Ὁ ὉÃÏÓ‫ὸ ὩήόὥὸὭέὲ σȢτ 

Ὥ ὭÃÏÓ‫ὸ ‰ ὩήόὥὸὭέὲ σȢυ 

In potentiosatic EIS, both the response signal it and the applied signal Et can be expressed as 

complex numbers with time: 

Ὁ ÅØÐὮ‫ὸ ὩήόὥὸὭέὲ σȢφ 

Ὥ ὭÅØÐὮ‫ὸ‰ ὩήόὥὸὭέὲ σȢχ 

The relationship between angular frequency ɤ (radian/s) and frequency f (Hertz, or 

cycle/second) is: ‫ ς“Ὢ ὩήόὥὸὭέὲ σȢψ. Analogous to Ohmôs law, impedance can be 

described as 

ὤ
Ὁ

Ὅ

ὉÃÏÓ‫ὸ

ὭÃÏÓ‫ὸ ‰
ὤ

ÃÏÓ‫ὸ

ÃÏÓ‫ὸ ‰
 ὩήόὥὸὭέὲ σȢω 

with Z0 being the magnitude of Z. Similar to Et and it, Z is also a complex number: 

ὤ ὤÅØÐὮ‰ ὤ ὧέί‰ὮίὭὲ‰ὤ Ὦὤͼ ὩήόὥὸὭέὲ σȢρπ 

The practical frequency range in most equipment is 1 MHz to 1 ɛHz, which should cover most of 

the electrochemical processes ï from rapid (1 / 1MHz = 10-6 s) to slow (1 / 1ɛHz = 106 s å 

278h).125 In this thesis, the typical rapid processes happening at high frequencies (1 MHz to 200 

kHz) are ions aligning and diffusing through the Pt electrodes (solution resistance) or ions 

diffusing through a cell (solution + separator resistance). At middle frequency range (100 kHz to 

1 kHz), the charge transfer process happens on the electrode, as well as the ionic alignment at the 

electrode surface creating a capacitor-like structure. At low frequency (100 Hz and below), the 

diffusion of ions to the bulk solution happens.  
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A plot that expresses both the real part (Zô) and the imaginary part of Z (Zò) is called a Nyquist 

plot. The left side of the Nyquist plot shows data from the highest measured frequency; the right 

side of the Nyquist plot shows data from the low frequency range.  
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Figure 3.3. Nyquist plots of typical EIS results with different solutions of different 

concentrations, showing solution resistance Rs.  

Adapted with permission from Iyapazham Vaigunda Suba, P.; Shoaib, M.; Hoang Nguyen, O.; 

Karan, K.; Larter, S. R.; Thangadurai, V. All-Gel Proton-Conducting Batteries with BiOCl and 

VOSO4 as Active Materials. Batter. Supercaps e202300451. 

https://doi.org/10.1002/batt.202300451. Creative Commons CC-BY-NC-ND license. 

Figure 3.3 shows typical Nyquist plots of impedance spectroscopy on the electrolytes studied in 

this thesis. The x-intercept at high frequency data points always resemble the solution resistance: 

G = x-intercept. Of course, there will always be wires & contacts resistance, and while they 

should be significantly lower than Rs, the Rs obtained from EIS includes them as well. 

Because EIS is a powerful technique to measure resistance of multiple processes, it is used with 

a lot of purposes in this thesis: to measure solution resistance in active material screening, to 

calculate reaction kinetics and double layer thickness of species during electrochemical 

reactions, to study conductivity of separators, and to study RFB kinetics and degradation. The 

measurement of solution resistance from EIS was explained above. The study of reaction 

kinetics, double layer thickness, and RFB parameters will be discussed in section 3.2.3, chapters 

4 & 5.  

https://doi.org/10.1002/batt.202300451
https://creativecommons.org/licenses/
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In the silica gel separator study, conductivity is treated as the solution resistance measurement 

mentioned above. Additionally, solution resistance measurements were done at different 

temperatures. This is done to find the activation energy Ea of the proton conducting process of 

the novel separator introduced in Chapter 5. The Arrhenius equation is used to study Ea: 

‖Ὕ ὃ Ὡzὼὴ
Ὁ

ὯὝ
 ὩήόὥὸὭέὲ σȢρρ 

where ə is the conductivity in equation 3.3 (S/cm), T is the temperature (K), A is the pre-

exponential factor, Ea is the activation energy (eV), and k is the Boltzmann constant (J/K). 

For the ionic conductivity measurement via EIS, a custom cell was assembled by fixing two 

parallel, identical pieces of 0.5 x 0.5 cm Pt foils 0.2 cm apart. The cell was calibrated monthly by 

a 1 M KCl solution at room temperature and cleansed with HNO3 solutions. The cell constant 

value after calibration is 0.7895 cm-1, which is close to the theoretical value of 
Ȣ 

Ȣ  

πȢψ ὧά  (equation 2, distance between two electrodes divided by area of one electrode). All 

measurements are done at open circuit voltage (OCV), no polarization, after 3 minutes of steady 

OCV measurements (no more than 5% fluctuation). The frequency range of 200 kHz to 50 mHz 

(for Vanadium electrolytes) or 1 MHz to 100 mHz (for organic electrolytes) was chosen with AC 

amplitude of 20 mV. The equivalent circuit models were fitted by the Biologic EIS Z-fitting 

package, the ZView Software (version 4.0), and the EIS Spectrum Analyzer software. The results 

taken from each of these fitting packages were averaged, as their results were less than 1% 

different from each other. 

3.2.2.2 Cyclic voltammetry measurements of materials 

Cyclic voltammetry (CV) is a popular technique used to investigate electrochemical reversibility 

of a reaction. Within a cycle, voltage applied onto a system is gradually expanded to a certain 

value, then declined to initial or another value under a constant rate of change ɜ in voltage. The 

plot of the current as a function of the potential, a voltammogram, provides information on the 

kinetics of the charge transfer. When the potential is swept toward more positive values, an 

oxidation process, involving the species A, can take place and a positive current is registered 

(Figure 3.4): A Ÿ A+ + e-. When the potential is swept towards a more negative potential, a 

reduction process of the oxidized species A+ can occur and a negative current is registered 

(Figure 3.4): A+ + e- ŸA 
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Figure 3.4. Basic cyclic voltammetry schematic diagrams: (a) of the applied potential from E1 

(initial & backward voltage setting) to E2 (forward voltage setting) through scan rate ɜ, time t 

and (b) of a typical redox reaction. 

From (E1, I1) to (Eox, Iox) then (E2, I2) on Figure 3.4(b), the concentration of A decreases, the 

concentration of A+ increases; similarly, the concentration of A+ decreases and the concentration 

of A increases from (E2, I2) to (Ered, Ired) and ultimately (E1, I1). Generally, the average point 

ὉȾ  ὩήόὥὸὭέὲ σȢρς refers to the equilibrium potential, or when [A] = [A+], or 

when Et = E0ô according to the Nernst equation: 

Ὁ Ὁ
ὙὝ

ὲὊ
ÌÎ1Ὁ

ὙὝ

ὲὊ
ÌÎ
ὕὼ

ὙὩὨ
ὩήόὥὸὭέὲ σȢρσὥ 

Ὁ Ὁ
πȢπυω

ὲ
ÌÏÇ

ὕὼ

ὙὩὨ
 ὩήόὥὸὭέὲ σȢρσὦ  

Equation 3.13b is used at 25 oC, equation 3.13a is universal to any temperature. Et (V or mV vs 

ERE) refers to a potential at an arbitrary point during the CV experiment, E0ô (V or mV vs ERE) is 

the formal reaction potential found in textbooks and corresponds to a specific temperature as 

well as pH, Q is the reaction quotient at the specific time. In this thesis, the general 

electrochemistry practice is employed: Q is assumed for an oxidation reaction; therefore Q = 

[Ox]/[Red], with [Ox] and [Red] being the concentration of each species at the regarded time, 

respectively. R, T, F are gas constants (J.mol-1.K-1), Kelvin temperature (K), and Faraday 

constant (C.mol-1), respectively. The parameter n refers to the average number of electron 

transfer per mol reactants (depends on the reaction written, in this case A Ą A+ + 1e-, n = 1); this 
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can differ from the 1, 2é theoretical number. In this thesis, the focus is on the reaction 

reversibility, so n is the average of nox and nred, and is calculated from the Tafel slope66. 

The Tafel slope refers to the slope of the curve logI = f(E) near the region of E0ô, or Eequilibrium. If 

one considers E0ô an anchor, then the potential points swept pass it can be the potential ñgoing 

overò to achieve a higher concentration of the reduced or oxidized state. The difference between 

Et and E0ô in the near region vs E0ô (no more than 0.3 V in this thesis) is called the 

óoverpotentialô:  ͐ = Et ï E0ô (equation 3.14). Typical Tafel slopes of a perfectly symmetrical 

reaction is shown in Figure 3.5. In figure 3.5(b), the left-side curve shows the reduction reaction, 

and the right-side curve shows the oxidation. A reaction slope, denoted óSlope 1ô or óSlope 2ô, is 

mathematically defined as ὛὰέὴὩ ὩήόὥὸὭέὲ σȢρυ because 

Es ï E0 can be calculated from equation 3.13. Ii, I0 are the y-points at the top and bottom of slope 

height, respectively. Es and E0 are the x-points at the left and right sides of slope width, 

respectively. From equation 3.13 to 3.15, we have: 

ὛὰέὴὩς
ὲὊ

ὙὝ

ɝὰέὫὍ

ɝὰέὫὗ
 ὩήόὥὸὭέὲ σȢρφ 

From thermodynamics, the equilibrium constant K is defined as 

ὑ ÅØÐ
ῳὋ

ὙὝ
ὩήόὥὸὭέὲ σȢρχὥ Ǫ ÌÎὗ

ɝὋ ɝὋ

ὙὝ
 ὩήόὥὸὭέὲ σȢρχὦ 

with K being the reaction equilibrium constant, ȹG0 being the standard Gibbs free energy of the 

reaction. From Faradayôs law, we have: Ὅ ᾀz Ὂ ὶzὩὥὧὸὭέὲ ὶὥὸὩ ὩήόὥὸὭέὲ σȢρψ, with z 

being the formal charge. From Arrheniusô law of reaction rate, we have: 

ὶὩὥὧὸὭέὲ ὶὥὸὩ ὥὸ ὩήόὭὰὭὦὶὭόάὃ ÅzØÐ Ὧz ÅØÐ  ὩήόὥὸὭέὲ σȢρω, with Ea 

= ȹG0 being the assumption that a thermodynamic Gibbs free energy is the amount of energy 

needed to ñactivateò the reaction, and k being the reaction rate constant is the assumed to be the 

pre-exponential element in the Arrhenius equation. At an arbitrary point on slope (1), the 

activation energy should be Ea = ȹG
0 ï ŬzFɖ (equation 3.20) because of the extra energy (voltage 

from overpotential), Ŭ is the symmetry element (explained below). From equation 3.17 to 3.20, 

we can infer that ɝὰέὫὍ  ὩήόὥὸὭέὲ σȢςρ. This is the Tafel equation. Now, rewriting 
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equation 3.16, we have: ὛὰέὴὩ ς ᶻ ȡ
Ȣ

Ȣ
ᶻ

Ȣ
ὩήόὥὸὭέὲ σȢςς (because of equation 3.17b & equation 3.20, ȹG - ȹG0 = zF͐ ). 

Similarly, ὛὰέὴὩ ρ
Ȣ

ὩήόὥὸὭέὲ σȢςσ.  

 

Figure 3.5. Simulated results of a symmetric reaction system (simulation input: E0ô = 0.036 V,     

Ŭ = 0.5, k = 10-3 m/s). (a) The I-E result, (b) Tafel plot of the reaction. 

From equations 3.22 and 3.23, it is simple to see that if Ŭ = 0.5, then slope 1 = - slope 2, and the 

reaction is symmetrical. While the mathematical meaning of Ŭ is mentioned above, there is a 

physical meaning to Ŭ. The common electrochemistry reaction pathway was explained in 

Chapter 2, section 2.1.2 Charge-transfer processes, resistance, overpotential. There is a diffusion 

process of electroactive materials from the bulk solution to the electrode surface, there is an 

electron transfer process on the electrode surface, and there is the diffusion of the newly formed 

species to the bulk. If the electron transfer process is the rate-determining process of the three, 

then it is save to conclude that Ŭ measures the symmetry of the electron transfer process: for 

every Ŭ mol electrons consumed in the reduction reaction, there is (1 ï Ŭ) mol electrons released 

in the oxidation reaction.126 

When one evaluates if an electrochemistry system is reversible, a more systematic framework 

should be used. While symmetry Ŭ is one key parameter, there are also other parameters to take 

into consideration. For example, how much energy (in the form of voltage polarization) does it 

take for a reaction to ñbe sweptò both the oxidation and reduction way, how fast the process, how 

fast the oxidation process is in comparison to the reduction. These key parameters are mentioned 

in Wang et al127 This thesis follows a reversibility evaluation framework built on Wang et al and 
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other common electrochemistry practices66; the description is in Table 3.2 below. The 

electrochemical reversibility of a system also depends on the cyclic voltammetry scan rate ɜ.127 

In this thesis, the scan rate used for reversibility evaluation was 10 mV/s. 

Table 3.2. Framework for the studies of different electrochemistry reaction kinetics. 

 ȹEp (V) =  

Eox - Ered 

I ox/I red Reaction 

rate 

constant 

k (cm/s) 

Diffusion 

coefficient D 

(cm2/s) 

determination 

Reaction rate 

constant k 

determination 

Reversible Ò 0.059*n 1 Ó 0.95 Ó 0.1 Graph I vs ɜ1/2 Ultramicroelectrode 

CV 

Quasi-

reversible 

Ò 0.2*n Ó 0.75 0.1 > k Ó 

10-5 

Rotating disk 

electrode CV 

method or 

chronoamperometry 

Nicholson or EIS 

method 

Asymmetric - Í1.5 or 

0.5 

kox / kred 

Í 1.0 

Rotating disk 

electrode CV 

method or 

chronoamperometry 

EIS method 

Irreversible  > 0.2*n Ò 0.75 <10-5 Graph I vs ɜ1/2 Pseudo-Tafel graph 

or EIS method 

The systems this thesis deal with belong to one of the following cases: quasi-reversible, 

asymmetric, or irreversible. The ñgraph I vs ɜ1/2ò method in the irreversible case utilizes a 

modified version of the Randles-Sevcik equation.127  

Ὀ
ὛὰέὴὩ

ψȢωτzρπ ὲz ‌zᶻὃ ὅz
 ὩήόὥὸὭέὲ σȢςτ 

with slope being the slope of the ñI vs ɜ1/2ò graph, n being the number of electrons transferred 

reaction, Ŭ being the charge transfer coefficient, A (cm2) being the geometric electrode area, and 

C (mol/cm3) being the solution bulk concentration. 

The chronoamperometry method of determining D is discussed in section 3.2.2.3 below. The EIS 

method is discussed in Chapter 4 and section 3.2.3. 

 
1 When we look at equation 3.13b, we see that at a high potential point, Et = E0ô + 0.059/n at logQ = 10, or [Ox] = 

10*[Red]. Suppose it takes more than the theoretical voltage polarization to form the oxidized speciess or ȹE above 

that threshold. In that case, the system is no longer ideal, and resistance has to be taken into consideration. 
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In order to compare the electrochemical stability of many solutions, the onset potential of 

oxidation or reduction process are determined at a specific current value. The standard value of 

current used to evaluate when a reaction happens is at least 10-times as much as the number of 

background current. For the CV, the three-electrode system were employed, WE ï CF, CE ï Pt 

foil, RE ï Ag|AgCl|KCl at a scan rate of 1 to 50 mV/s.  

3.2.2.3 Chronoamperometric measurements of materials 

Chronoamperometry (CA) is a technique used to study the kinetics of the electron transfer 

process on the electrolyte | electrode surface and the diffusion of charge-carrying ions in a 

solution when potential bias is applied to an electrode that is dipped into it. This technique 

includes applying a certain potential, usually above the threshold to react E0ô of a system, for a 

certain amount of short time (less than 3 minutes in this thesis). The reaction model is built on 

the typical chemical-electrochemical-chemical reaction model, which was described in Figure 

2.7. When this potential is applied, the electroactive species in the bulk solution migrate to the 

electrode surface, react, generate another species through Oxn+ + ne- Ą Red (but the reverse can 

also be true Red Ą Oxn+ + ne-). As a result of this conversion, the oxidized form's concentration 

adjacent to the electrode is reduced to zero, creating a concentration gradient. The oxidized form 

from the bulk solution must then diffuse to the electrode surface, where it is immediately 

converted to the reduced form. The longer the electrode remains at this reduced potential, the 

larger the region depleted of the oxidized form becomes. A similar gradient exists for the reduced 

form, which can diffuse away from the electrode surface and reach deeper into the bulk solution 

over time. Figure 3.6 describes the experimental voltage applied vs time (3.6a) and the resulting 

concentration gradient (3.6b). 
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Figure 3.6. Schematic diagram of chronoamperometry: (a) voltage applied, (b) modelled 

concentration gradient. Note: t0: time voltage started being applied, t1 < t2 < t3: time applied 

voltage being hold for. 

Figure taken from ña) Chronoamperometry.ò (2023, August 29). Analytical Sciences Digital 

Library. https://chem.libretexts.org/@go/page/61301. The figure is shared under a creative 

common license CC BY-NC-SA 4.0. 

The Cotrell equation is generally used to calculate diffusion coefficient of a species from the 

current decay rate128: 

Ὅ
ὲὊὃὅЍὈ

Ѝ“ὸ
 ὩήόὥὸὭέὲ σȢςυ 

In the specific systems of this thesis, the GC electrode is used in CA experiments. Because the 

glassy carbon (GC) electrode is an unshielded planar electrode, the equation above needs to be 

modified.128 Yap and Doane proposed a new equation, taken into the effects of lateral diffusion: 

128  

ὍЍὸ
ὲὊὃὅЍὈ

Ѝ“
ρ ὦz

ЍὈὸ

Ὑ
 ὩήόὥὸὭέὲ σȢςφ 

With It (A) being the current, t (s) being the measured time, C0 (mol/cm-3) being the initial 

concentration in the bulk solution, D (cm2/s) being the charge-carrying ionsô ionic diffusion 

coefficient, R being the radius of the electrode (0.071 cm2 for GC) and the empirical constant b 

has a value of approximately 2. 

https://chem.libretexts.org/@go/page/61301
https://creativecommons.org/licenses/by-nc-sa/4.0
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The cell setup for CA experiment is identical to the cell setup for CV, only switching CF with 

GC. The potential scanned to was 0.6 V vs Ag|AgCl, the time hold was 50s, and the rest time 

was 10s. 

3.2.2.4 Charge-discharge tests of half-cell reactions 

A half-cell reaction, in this thesis, is defined as a reaction happening in one part of a RFB 

(catholyte or anolyte); hence, a half-cell has the electrolyte and electrode of one ñhalfò of a RFB 

(positive or negative) and a reference other half ï usually Pt in an acid solution, with a water 

splitting reaction (a well-known reaction). While CV and CA give some details on the reaction 

reversibility, kinetics, and adsorption, the true ñtestò of how many electrons a reaction can give 

and take is galvanostatic charge & discharge (CDC). This technique involves applying a constant 

charging current until a maximum potential is reached, followed by application of an equal 

magnitude discharge current to a minimum potential. The potential is monitored as a function of 

time. A constant current is used in this method, rather than a constant voltage sweep rate as in 

CV, galvanostatic charge/discharge tests may more accurately reflect real world performance. A 

typical CDC schematic diagram for a cell (half cell or full cell) is shown in Figure 3.7. In Figure 

3.7b, the upward plateau is the charging plateau, and the downward plateau is the discharging 

one. 

 

Figure 3.7. Typical schematic diagram of (a) the current applied in CDC, and (b) the voltage 

profile results. 
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For the charge-discharge experiments, chronopotentiometry (CP) technique was used. CP 

measurements were performed on a cell identical to the CV cell setup. A constant current of 2.5 

mA/cm2 for charge and -2.5 mA/cm2 for discharge was applied to all cells for 10 hours. 

3.2.3 Battery characterization 

A cell, a full cell, or a battery, in this thesis refers to an electrochemical system that has a positive 

tank and a negative tank. Both tanks are connected respectively to their CF electrodes that are 

connected to the external circuit. The separation between the tanks is done through either a 

Nafion membrane, or a gel separator at the neck of the h-cell. At each tank, or electrode ï 

electrolyte surface, there is an electrochemical reaction. This thesis deals with the VO2
+ ҭ  VO2+ 

reaction at the positive tank and the AQDS ҭ  AQDSH2 at the negative tank. The reason why 

half-cell reaction studies were done is to study a realistic expected voltage for a full cell. A 

schematic figure is shown in Figure 3.8a. 

Two battery characterization techniques used in this thesis are CDC and EIS. The CDC is done at 

various current conditions, from 0.1 mA to 10 mA, and the maximum time for each charge or 

discharge process allowed is 12 hours. All battery performance parameters mentioned in this 

thesis can be calculated from CDC results. The Figure 3.8b below shows a CDC schematic result 

of the cells in this thesis. The other parameters regarding polarization losses, shown in Figure 

3.8c, can be calculated from comparing CDC results with EIS results. 

 

Figure 3.8. Schematic results of CDC of (a) two separate half cells, (b) one full cell, and (c) one 

full cell with losses identified. Ri ï internal resistance, overpotential & losses were discussed in 

chapter 2. 

The EIS is done on the cell at OCV, either at pristine condition or after CDC for a number of 

cycles. The EIS is always carried out after at least 10 minutes of stable OCV recording. The 

frequency range of 1 MHz to 50 mHz was chosen with AC amplitude of 20 mV. Equivalent 
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circuits are employed to fit the obtained EIS results, using these elements: resistor R, capacitor 

C, and Warburg diffusion element W. These models are built on the knowledge of the electrode | 

electrolyte interphase discussed in Chapter 2, section 2.1.2. A resistorôs EIS signal is a point on 

the Nyquist plot; the physical meaning is an element that allows electron transfer through it. This 

is the resistance of either the internal components, Ri, or the charge transfer resistance during 

polarization in Chapter 2, section 2.1.2. A capacitorôs EIS signal is a non-linear curve; the 

physical meaning is an element that represents non-faradic (no electron transfer) behavior as a 

surface ï the most common phenomena is the double layer region near an electrode in a solvent. 

A Warburg diffusion element is nothing but a RC element with a 450 tangent (-Zò/Zô) angles; the 

physical meaning is an element that represents the diffusion from the double layer to the bulk 

region. The difference between the types of Warburg elements is due to the different diffusion 

behavior of electrolytes from the double layer region to bulk. Typically, Wo indicates a semi-

infinite diffusion behavior (equally free on both space and length vectors), while Ws indicates a 

finite-length diffusion behavior. Every ñprocessò that generates resistance and/or capacitance 

signal(s) has a time constant Ű (s) and can be found from equivalent circuit fitting (Űi = RiCi). ŰD 

of the diffusion process is in the order of seconds, which translates to a Debye length of 30 ï 100 

nm.129 From the diffusion coefficient of the charge-carrying ion and the diffusion time constant 

of the same ion, the Debye length lD of the diffusion layer can be calculated  

ŰD * D = l2D.130 Figure 3.9 shows the typical Nyquist plots observed for half cells and full cells 

after CDC in this thesis. 
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Figure 3.9. Nyquist plots of cells obtained in this thesis: (a) with three types of equivalent circuit 

fitting and (b) with attribution to each element in the circuit. 
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3.3 Materials physical characterization 

3.3.1 Electrode characterization ï SEM 

The scanning electron microscope (SEM) is a useful technique in surface imaging, especially of 

electrode materials. The SEM works by focusing a beam of electrons (primary beam) onto a 

sample surface and then detecting and analyzing the secondary electrons to create an image of 

the sample. 

In this thesis, the morphology of the treated CF was imaged using SEM surface analysis. The 

instrument used was ThermoFisher Scientific Phenom G6 Pro; the instrument belongs to the 

Department of Geoscience, Faculty of Science, University of Calgary. 

3.3.2 Electrode characterization ï ex-situ Raman spectroscopy 

Raman spectroscopy studies the vibrational modes of molecules. A monochromatic, high 

intensity ray in the infrared or visible range excites a sample, and the scattered light is measured. 

The inelastic scattering (secondary frequency differs from primary frequency) phenomena are 

Raman scattering signals. The difference in frequency, or energy, between the primary light and 

scattered light is due to the change in the rotational and vibrational energy of the analyte 

molecule.  

In this thesis, Raman spectroscopy is used to study the different vibrational modes of vanadium 

electrolytes during half cell CDC. The use of Raman as a probing tool for chemical environment 

surrounding the VO2
+ & VO2+ ions is widely adapted in literature.90,131,132 To study the reaction 

pathway, the CF electrode during CDC is measured instead of the bulk solution. The carbon 

electrodes were taken from the cell at 50% state of discharge at the third cycle of charge-

discharge experiments, washed in ethanol once, and vacuum dried at 40 oC for 2 hours before 

Raman spectra measurements. A Horiba XploRA PLUS Raman Microscope was used for Raman 

measurements; the instrument belongs to the Department of Geoscience, Faculty of Science, 

University of Calgary. The laser wavelength was 532 nm, and the scanning range was 400 ï 

2000 cm-1. All signals were normalized by the edge-plane graphite peak at 1350 cm-1, and the 

range of interest (600 ï 1250 cm-1) signals were also normalized by the HSO4
- asymmetric 

stretching signal at 1040 cm-1. Another measurement of pristine CF (went through acid 
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pretreatment, but no electrochemical experiments) was also done at the 400 ï 2000 cm-1 range to 

study the graphite peaks at around 1500 cm-1. 

3.3.3 Electrolyte characterization ï ex-situ ultraviolet/visible spectrophotometry 

UV-Vis spectrophotometry is a simple yet effective tool to identify different species in a solution, 

and quantify them. When a sample is subjected to a photon ray in the 190 ï 1100 nm range, the 

sample moleculeôs electrons either absorbs the photon energy to transfer to the excited state or 

does not absorb if the wavelength is longer (energy is lower than required for energy transition). 

By shining different wavelengths to a sample and measuring the amount of light lost, one can 

identify how much light is absorbed (for an energy transition) at each wavelength and graph a 

spectrum. In aqueous solutions, the absorption signals are usually broad due to multiple 

vibrational and, possibly, rotational energy levels.  

The inorganic complexes of vanadium have discernably different colors (due to their ligand-

metal charge transfer bands) and absorbance strength at different oxidation states, making 

qualitative & semi-quantitative determination of a newly formed species straightforward.96 

Especially between VO2
+ and VO2+ in acidic medium, when VO2

+ - yellow color ï has an intense 

absorption band at around 325 nm and VO2+ - blue color ï has a medium absorption band at 

around 765 nm.96  

The organic chromophore AQDS has some subtle spectral differences between its oxidized and 

reduced form, mainly due to the different conjugation chain lengths throughout the molecule. 

That is because a quinone compound is well-known for its conjugation causing different UV-Vis 

absorption behavior.133 There are multiple peaks in the spectra of AQDS due to the different 

energy jumps: from a non-bonding molecular orbital (MO) to a ́ anti-bonding MO (n Ą ˊ*) & 

from a ˊ-bonding MO to a ˊ anti-bonding MO (ˊ Ą ˊ*).133 Figure 3.10 shows the UV-Vis 

spectrum of AQDS with the energy level correlated to each peak (1) to (3). The attribution of 

each peak is discussed in Chapter 5. 
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Figure 3.10. The UV-Vis absorbance spectrum of pristine AQDS with peaks attributed. Peaks (1) 

and (2) are attributed to the ˊ Ą ˊ* energy jumps, and (3) is attributed to the n Ą ˊ* energy 

jump. 

The UV-Vis measurements were carried out at room temperature, using an Agilent 60 UV-Vis 

instrument. The scan rate was fixed at 100 nm/s. The background scan was done on the solutions 

of H2SO4 and/or HCl and MSA. A quartz cuvette with a light path length of 1 cm was used as 

sample holder. The samples are measured at pristine states, 50% state-of-charge, 50% state-of-

discharge, fully charged, and fully discharged states. At each state, 40 ɛL of each electrolyte is 

taken out from the cell and diluted to the quantitative range of 25 ï 100 ɛM with DIW. 

3.4 Error consideration 

¶ In the electrochemistry screening of materials stage, the results are ionic diffusion 

coefficient of charge-carrying ions D, kinetic rate constant of the electron transfer 

reaction k, and exchange current density j0. Based on equations 3.24, 3.25, and 3.26, the 

relationship between the calculated data (x) and the source data is 

multiplication/division134 from electrochemistry-related raw data, electrode area data, and 

solution concentration data. The general error propagation equation for them is below.  
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(equation 3.29) 
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with ůinstrument comes from the electrochemistry signal data (voltage, current, or 

resistance) obtained from the instrument. The standard deviation between three replicated 

measurements is around 5.7%, for example, a solution resistance measurement result is 

1.692 Ñ 0.097 ɋ. This is higher than the Biologic instrument error of 0.1%, therefore, the 

instrument error is ignored. The ůcaliber comes from the digital caliper (VWR®Digital 

Calipers) used to measure the dimension of electrode, which is accurate with an error 

limit of  ֗ 0.03 mm. The ůbalance comes from the analytical balance, which has an error 

limit of 0֗.0001 g. The ůchemical comes from the chemicals obtained and has 0.1% 

ñerrorsò due to being 99.9% pure. The ůpipet comes from the pipets used, which have an 

error limit of ֗  0.01 mL. The ůT comes from the laboratory temperature read from the 

thermostats fluctuate at 25 ֗ 2 oC. 

¶ In the battery characterization stage, the results are cell capacity and resistance 

parameters. The general error propagation equation for them is below. 
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(equation 3.30) 

with the electrochemistry signal data being capacity obtained from the instrument.  

¶ Other sources of unquantified errors can come from the UV-Vis, Raman, and NMR 

measurements. Replicas have a 0.5% difference in absorbance wavelength or Raman 

shift. 

¶ Other random errors could come from the deviated surface of the CF electrodes, the 

surface quality of the GC electrode (polished by alumina powder slurry in water on 

carbon cloth for 5 minutes before each run), and the errors while preparing pH buffer 

solutions. 
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Chapter 4. Vanadium electrolyte study in the presence of small 

molecule additives 

The content in this chapter is reproduced from the open-access published work Nguyen, O. H., 

Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. (2023). Investigating the electro-

kinetics and long-term solubility of vanadium electrolyte in the presence of inorganic additives. 

Journal of The Electrochemical Society, 170(11), 110523. doi:10.1149/1945-7111/ad0a75  

  

Figure 4.1. Schematic diagram of this chapter: [VO2(H2O)4]
+ studies of bulk conductivity and 

charge transfer reaction, with the reactant mediate [V2O3]
3+. 

4.1 Introduction  

VRFBs tend to lose vanadium from electrolyte solutions due to the precipitation of V2O5 during 

charging, resulting in a significant loss of energy density. We monitored the solubility and 

electrochemical characteristics of vanadium electrolyte solutions with V2O5 as the starting 

material in the presence of different additives, namely HCl and MSA (methanesulfonic acid), for 

over three months. On average, the ionic conductivity of solutions with additives was 10% 

higher than that of without additives. Additives also improved the electrochemical performance 

and lowered charge transfer resistance. UV/Vis and Raman spectroscopy were utilized, and a 

reaction mechanism responsible for improved conductivity and kinetics was proposed. 
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4.2 Results and Discussion 

4.2.1 Solubility of vanadium pentoxide solutions 

Saturated electrolyte solutions with varying concentration of H2SO4 were prepared at room 

temperature and as shown in Table 4.1, solubility of V2O5 increases with the increase of the 

sulfuric acid concentration. With the objective of finding a low sulfuric acid concentration, we 

studied the H2SO4 concentration below 5 M. The solutions with additives can maintain a 0.25 M 

solubility of V2O5 in 3 M H2SO4, while the solution without additives needs 4.0 M of H2SO4 to 

reach 0.25 M solubility of V2O5. To avoid accidental precipitation, we chose the 3.5 M (instead 

of 3.0 M) concentration of H2SO4 in the presence of additives and 4.0 M H2SO4 in the absence of 

additives with 0.25 M V2O5 to further study the diffusion coefficient and electrochemical 

kinetics. Figure 4.2 shows the solubility curve of V2O5 dissolved in H2SO4 with and without 

additives in the temperature range 10 ï 35 oC. It is noteworthy that in the solutions without 

additives, V2O5 started to precipitate out after day 101. The precipitation is either observed by a 

cloudy appearance or solid particles at the bottom of the flask. 

Table 4.1. Solubility of V2O5 in H2SO4 in the absence and presence of supporting electrolytes 

 Dissolved V2O5 concentration 

No additives MSA (5 %Volume,  

0.077 M) 

HCl (5 %Volume,  

0.61 M) 

H2SO4 2.5 M < 0.2 M 0.20 M 0.20 M 

H2SO4 3.0 M < 0.2 M 0.25 M 0.25 M 

H2SO4 3.5 M 0.25 M >0.25 M >0.25 M 

H2SO4 4.0 M 0.25 M >0.25 M >0.25 M 

H2SO4 4.5 M > 0.25 M >0.25 M >0.25 M 

From this point onward, the "blank" solution refers to the 0.25 M V2O5 solution dissolved in 4.0 

M H2SO4 and no other additives, the "MSA" solution refers to the 0.25 M V2O5 solution in 3.5 M 

H2SO4 + 0.077 M MSA, and the "HCl" solution refers to the 0.25 M V2O5 solution in 3.5 M 

H2SO4 + 0.61 M HCl. 
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Figure 4.2. Solubility curves of dissolved V2O5 in different acid solutions 

4.2.2 Solution resistance of 0.25 M V2O5 electrolytes 

The EIS spectra of V2O5 electrolyte solutions on day 1, 20, 70 and 100 are plotted in Figure 4.3. 

Spectra were measured on every other day; however only selected spectra are shown. The change 

in resistance of electrolytes over 100 days, calculated from EIS spectra is shown in Figure 4.4. 

There are prominent changes in the resistance values (Figure 4.4a) in the first 20 days and then it 

starts to stabilize. The average solution resistance of the electrolyte with no additive is 1.692 ± 

0.097 ɋ, the electrolyte with MSA additive is 1.526 Ñ 0.107 ɋ, and the electrolyte with HCl 

additive is 1.484 Ñ 0.057 ɋ. Solutions with additives tend to have lower resistance than the one 

without additives: the average resistance of the blank solution is 10% higher than that of the ones 

with additive. The average ionic conductivity of the blank solution, ə = 465 mS/cm (calculated 

using the expression ů = cell constant / solution resistance), has comparable value to those 

reported in literature.96,135 The average ionic conductivity of electrolytes with additives is 524 

mS/cm, more than 50 mS/cm or 12% higher than that of the blank solution. From day 15 to 70, 

solution resistance starts to stabilize, and most data points fluctuated only around 5% of the total 

average value. The solution resistance trend of MSA and blank solutions are similar, while HCl 
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solutions had a different pattern. Student's t-test (done using Microsoft Excel statistical 

packages) confirmed that the conductivity of each electrolyte solution is statistically different 

from one another with a confidence of 99%. 

The charge-transfer resistance of the blank solutions, shown in Figure 4.4b, tends to fluctuate 

around 13 kɋ, while that of the HCl solutions tends to initially fluctuate around 3 kɋ then after 

day 20 it starts to increase and reaches around 3.9 kɋ at day 100. The charge transfer resistance 

of MSA decreases drastically, from over 50 kɋ to less than 4 kɋ in 100 days. 

 

Figure 4.3. EIS spectra of 0.5 M V2O5 solutions with and without additives observed at (a) day 1, 

(b) day 20, (c) day 70 and (d) day 100. 

Reproduced Nguyen, O. H., Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. 

(2023). Investigating the electro-kinetics and long-term solubility of vanadium electrolyte in the 

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523. 

doi:10.1149/1945-7111/ad0a75. Creative common license. 
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Figure 4.4. (a) Solution resistance and (b) charge transfer resistance calculated from EIS spectra 

of 0.25 M V2O5 electrolyte solutions (with and without additives). 

Reproduced Nguyen, O. H., Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. 

(2023). Investigating the electro-kinetics and long-term solubility of vanadium electrolyte in the 

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523. 

doi:10.1149/1945-7111/ad0a75. Creative common license. 

4.2.3 Electrochemical characteristics of 0.25 M V2O5 electrolytes 

The CV measurements of all three electrolyte solutions at day 1 and day 100 are plotted in Figure 

4.5 (a) and (b), respectively, showing that blank solution offers poor reversibility and lower 

current density on day 1 and day 100. 
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Figure 4.5. Cyclic voltammogram of 0.25 M V2O5 electrolytes without additives and with 

different additives at a scan rate of 5 mVsī1 on (a) day 1 and (b) day 100. 

Reproduced Nguyen, O. H., Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. 

(2023). Investigating the electro-kinetics and long-term solubility of vanadium electrolyte in the 

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523. 

doi:10.1149/1945-7111/ad0a75. Creative common license. 

The equations used for determining the diffusion coefficient and reaction kinetics was adopted 

from the Buriak group127, using the assumption from previous Vanadium electrolyte 

electrochemical studies136,137. 

ὛὰέὴὩ έὪ ͼὍ Ὢ ’Ȣ ͼ ςȢωωzρπɼȢὅὈȢ ὉήόὥὸὭέὲ τȢρ  

with ɓ = 
  

 (we used 170), C is the bulk concentration (0.5 mol/L or 5.10-4 

mol/cm3 V5+), and D is the diffusion coefficient of charge-carrying ions (cm2/s). 

ÌÎὭȟ ÌÎπȢςχχὊὃὯὅ
‌Ὂ

ὙὝ
Ὁȟ Ὁ  ὉήόὥὸὭέὲ τȢς 

with ip,c (or ip,a, similar) being the current peak from CV, A being the geometric area of CF 

electrode (cm2), C being the bulk concentration (0.5 mol/L V5+), Ŭ is estimated to be 0.40, Ep,c 

(or Ep,a, similar) being the peak potential from CV, E0 being the formal standard potential from 

chemical handbooks.66,130 F, R, and T are Faraday constant, gas constant, and Kelvin 

temperature, respectively. By plotting ÌÎὭȟ vs Ὁȟ Ὁ  and finding the y-intercept, the 

kinetic parameter k can be calculated. 
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Figure 4.6. (a) Current density vs scan rate plots and (b) Pseudo Tafel graph of natural log of I 

vs (EpðE0) of 0.25 M V2O5 electrolyte solutions (with and without additives) on day 1. 

Reproduced Nguyen, O. H., Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. 

(2023). Investigating the electro-kinetics and long-term solubility of vanadium electrolyte in the 

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523. 

doi:10.1149/1945-7111/ad0a75. Creative common license. 

Similar to the solution resistance data, the diffusion and reaction kinetics trends also show a 

significant improvement from blank solutions to solutions with additives. These trends can be 

observed in Figures 4.6 and 4.7. The slopes in Figures 4.6(a) and 4.7(a), that are directly 

proportionate to the diffusion coefficients (equation 4.1), show a significant increase of slope 

from blank to MSA-additive solution, then to HCl-additive solution. The y-intercepts in Figure 

4.6(b) and 4.7(b), which are directly proportionate to the reaction kinetics (equation 4.2), also 

show an increase in intercept going from blank to solutions with additive. Interestingly, the 

overpotential values shown on the x-axes of Figures 4.6(b) and 4.7(b) show the overpotential 

values ɖblank > ɖMSA > ɖHCl same as the solution resistance trend shown in Figures 4.3 and 4.4: 

Rs,blank > Rs,MSA > Rs,HCl both in day 1 and 100. 
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Figure 4.7. (a) Current density vs scan rate plots and (b) Pseudo Tafel graph of natural log of I 

vs (Ep ð E0) of 0.25 M V2O5 electrolyte solutions (with and without additives) on day 100. 

Reproduced Nguyen, O. H., Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. 

(2023). Investigating the electro-kinetics and long-term solubility of vanadium electrolyte in the 

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523. 

doi:10.1149/1945-7111/ad0a75. Creative common license. 

To validate the diffusion coefficients and reaction kinetics calculated from CV, EIS 

measurements were taken. Figures 4.8 and 4.9 show the EIS spectra of the carbon WE ï where 

the charge-transfer process happened during CV, platinum CE cell ï before and after CV. The 

EIS spectra before CV were used to calculate the diffusion coefficients to reflect the diffusion 

coefficients of the pristine, unpolarized solutions. Equations 4.3 ï 4.5 were used for diffusion 

coefficient calculations from EIS data.130,138 The EIS spectra after CV were used to calculate the 

electrochemical reaction rate constants to study the kinetics of solutions undergoing the V5+ ᵶ 

V4+ reaction. Equations 4.6 and 4.7 below were used to calculate the electrochemical reaction 

rate from EIS data.  

ὡ
ρ

Ѝςz „
 ὉήόὥὸὭέὲ τȢσ 

where Ws-T being the Warburg fitting result from ZView, or ὡ ὡ  from EIS Analyzer and 

ůW being the Warburg coefficient.  

HCl solutions offered faster kinetics and more typical Warburg diffusion behavior. Its diffusion 

coefficient calculations from EIS were done by fitting a Warburg short element in the impedance 

spectra of systems before CV. The MSA and blank solutions offered slower kinetics and their EIS 
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spectra can be fitted with the Warburg short element after CV, while in EIS spectra measured 

before CV the semicircle RC was a better fit. To justify the fitting practices, Leuaa et al studied 

multiple EIS models of VO2
+/VO2+ charge transfer systems and concluded that the redox couples 

with low rate constant (in the magnitude of 10-5 cm/s) tend to have more óresidual redox speciesô 

within the double layer region, yielding in a more typical diffusion layer capacitance 

(semicircle).139 In the case of no Warburg element, equations 4.4 & 4.5 were used to validate the 

diffusion coefficients of MSA and blank systems.138 

ὅὖὉȢ

ρ

Ѝςz „
 ὉήόὥὸὭέὲ τȢτ 

„
ὙὝ

ὊὃЍς
ᶻ

ρ

Ὀ ὧz

ρ

Ὀ ὧz
 ὉήόὥὸὭέὲ τȢυ 

while CPEn=0.5 indicates the capacitance fitting of the low frequency ñtailò in the impedance 

spectra when the angle is forced at 45o, or n = 0.5, R being the gas constant, T being the 

temperature in Kelvin, F being the Faraday constant, A being the geometric area of the carbon 

electrode, Dox, Dred, cox, and cred being the diffusion coefficients and bulk concentration of the 

oxidized and reduced species, respectively. The concentrations of each reduced or oxidized 

species were calculated from the OCV before EIS measurements by using the Nernst equation. 

By plugging Dox and Dred obtained from CV into equations 4.3 ï 4.5 and comparing the resulted 

Ws-T or CPEn=0.5 with the EIS results, one can calculate the reciprocity and hence concentrations. 

The reaction kinetic k can also be calculated from impedance data. The exchange current density 

i0 as well as reaction kinetics k were calculated from Rct by using equations 4.6 and 4.7.140 The 

charge-transfer resistance calculation is done through equivalent circuit fitting of the solution 

after 20 cycles of CV measurement shown in Figure 4.8(b) and 4.9(b).  

Ὥ
ὙὝ

ὊὙ
 ὉήόὥὸὭέὲ τȢφ 

Ὧ
Ὥ

Ὂὅ ȟ ȟὅ ȟ ȟ

 ὉήόὥὸὭέὲ τȢχ  

where ὅ ȟ ȟ and ὅ ȟ ȟ are the equilibrium concentration (mol/cm3) at the electrode surface 

of the oxidized and reduced species, respectively. These values are calculated to be 20% of the 
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bulk concentration, the exact concentrations of each reduced or oxidized species were calculated 

from the OCV before EIS measurements.  

The Rs and Rct of the solutions after CV are lower than those of the solutions before CV as 

shown in Figure 4.8 for day one and Figure 4.9 for day 100. This is due to the better wetting of 

the graphite felt electrode and the increase in V4+ species at the surface of the carbon electrode in 

the bulk solution after CV, aiding the charge transfer process.141,142  

 

Figure 4.8. The EIS spectra of 0.25 M V2O5 electrolytes with and without additives (a) day 1 

before CV, (b) day 1 after CV. 

Reproduced Nguyen, O. H., Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. 

(2023). Investigating the electro-kinetics and long-term solubility of vanadium electrolyte in the 

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523. 

doi:10.1149/1945-7111/ad0a75. Creative common license. 

The overall Rs, Rct, and Ws1-R values of electrolyte solutions with additive are lower than that of 

the blank solution, indicating the enhanced charge transfer and mass transfer processes in the 

presence of HCl and MSA additives. It is important to note that all the mass transfer semicircles 

have lower diameter than the charge transfer ones, or the charge transfer process has a larger 

resistance than the mass transfer process. Therefore, it is the rate-limiting process. 
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Figure 4.9. The EIS spectra of 0.25 M V2O5 electrolytes with and without additives (c) day 100 

before CV and (d) day 100 after CV measurements. 

Reproduced Nguyen, O. H., Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. 

(2023). Investigating the electro-kinetics and long-term solubility of vanadium electrolyte in the 

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523. 

doi:10.1149/1945-7111/ad0a75. Creative common license. 

Figure 4.10 summarizes the diffusion coefficient D values and kinetic rate constant k values 

calculated both from CV and EIS. While the values differ around 2%ï7% between two methods, 

the trend is similar in all solutions. 
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Figure 4.10. Average (a) diffusion coefficient and (b) kinetic rates of 0.25 M V2O5 solutions (with 

and without additives) from day 1 to day 100. 

Reproduced Nguyen, O. H., Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. 

(2023). Investigating the electro-kinetics and long-term solubility of vanadium electrolyte in the 

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523. 

doi:10.1149/1945-7111/ad0a75. Creative common license. 

To further understand how reaction kinetics affect the battery performance, half-cell charge-

discharge experiments were conducted. The charge discharge curves are shown in Figure 4.11. 

Electrochemical reactions take place at above 1 V vs Ag|AgCl|KCl, which is consistent with the 

CV measurements. The charge-discharge measurements of all the electrolytes show an 

overpotential (VchargeðVdischarge) of less than 0.05 V throughout the observed period of 100 days. 

As expected, electrolyte with HCl additive demonstrated a lower overpotential of 0.025 V 

compared to the blank solution (0.04 V). The MSA electrolyte offered slightly lower 

overpotential of 0.038 V compared to the blank solution indicating that MSA does not actually 

change the redox reaction mechanism, but rather enhances the kinetics. 
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Figure 4.11. Charge-discharge curves of 0.25 M V2O5 electrolytes (with and without additives) 

using a current density of 2.5 mA/cm2 at (a) day 1 and (b) day 100. 

Reproduced Nguyen, O. H., Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. 

(2023). Investigating the electro-kinetics and long-term solubility of vanadium electrolyte in the 

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523. 

doi:10.1149/1945-7111/ad0a75. Creative common license. 

4.2.4 UVïvis spectra of 0.25 M V2O5 electrolytes 

The UV-Vis spectra of vanadium electrolytes in H2SO4 have been previously reported, and the 

characteristic absorbance peaks of each oxidation state of vanadium are well known.96,143ï145 The 

VO2+ (V4+) absorbs light in the 750 ï 780 nm wavelength region, uniquely to its counterpart 

VO2
+ (V5+) ion 96,143ï145; so, the presence of such peak in the VO2

+ (V5+) electrolyte would 

indicate that the additive has reduced the electrolyte from VO2
+ to VO2+ (from V5+ to V4+). 

Figure 4.12(a) shows the V2O5 electrolytes spectra in the VO2+ absorption region of 650 ï 900 

nm. A small peak at 770 nm is observed in the electrolyte with HCl additive, while the blank and 

MSA-additive V2O5 electrolyte does not show VO2+ (V4+) signal. From this observation, under 

experimental conditions, only HCl (not MSA) reduced VO2
+ in the electrolyte to VO2+ in a 

measurable manner. 
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Figure 4.12. (a) UVïvis spectra of 0.25 M V2O5 electrolytes with and without additives; (b) 

calibration curve of mixed valence Vanadium electrolytes with and without additives. 

Reproduced Nguyen, O. H., Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. 

(2023). Investigating the electro-kinetics and long-term solubility of vanadium electrolyte in the 

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523. 

doi:10.1149/1945-7111/ad0a75. Creative common license. 

By intentionally mixing V2O5 and VOSO4 solutions at different ratios, a calibration curve to 

quantify the amount of V5+ reduced to V4+ by HCl can be obtained. This calibration curve is 

shown in Figure 11(b). From the day 100 absorbance data shown in figure 4.12(a) and the 

calibration curve shown in Figure 4.12(b), one can calculate the concentration of V4+ produced 

by the HCl-additive to be: 

ὠ ȟ  

ὃὦίέὶὦὥὲὧὩ

πȢπςτωυ

πȢσχ

πȢπςτωυ
ρτȢψ άὓ O Ϸὠ  

ρτȢψ άὓ

υππ άὓ
ςȢωχϷ 

ÅÑÕÁÔÉÏÎ τȢψ 

Approximately 3.0% of V5+ was reduced by HCl to V4+ after 100 days. There is a slight 

difference in the absorbance wavelength between the electrolytes with additive (770 nm) and 

intentionally mixed-valence electrolytes (765 nm). This could be due to the stabilizing of the 

VO2
+ ions when there is more H3O

+ in the solution; the additives slowly increase the stability of 

VO2
+ ions. 
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4.2.5 Raman spectra of electrodes after charge-discharge of 0.25 M 

V2O5 electrolytes 

 

Figure 4.13. Raman spectra of different V2O5 electrolytes (with and without additives) at 50% 

discharge capacity: (a) day 1, (b) day 100. 

Reproduced Nguyen, O. H., Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. 

(2023). Investigating the electro-kinetics and long-term solubility of vanadium electrolyte in the 

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523. 

doi:10.1149/1945-7111/ad0a75. Creative common license. 

To study the vibrational groups surrounding the vanadium ions and presence of intermediate 

electrochemical reaction products formed by charge discharge measurements, Raman 

spectroscopy of carbon electrodes at 50% state of discharge was measured. The Raman spectra 

of electrolytes, shown in Figure 4.13, have characteristic peaks of the sulfuric acid and vanadium 

species in majority of the spectra90,146: 

¶ ɜsymmetric (SO3) in HSO4
- at 603 ï 628 cm-1  
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¶ ɜasymmetric (VïO) of VO2
+ at around 894 ï 915 cm-1 

¶ ɜsymmetric (VïO) of VO2
+ at around 930 ï 937 cm-1 

¶ ɜstretching V=O of VO2+ at 978 ï 1040 cm-1 

¶ ɜasymmetric VïOïV of [V2O3]
3+ at 780 ï 810 cm-1  

The general trend after 100 days, shown in Figure 4.13(b) is the decrease in Raman shift for Vï

OïV (780 ï 810 cm-1) and the increase in Raman shift for the V=O in VO2+ (978 ï 1040 cm-1). 

These Raman spectroscopy measurements not only confirm the presence of VO2
+ (V5+), the 

formation of VO2+ (V4+) but also indicated the presence of the intermediate [V2O3]
3+ during 

discharge. The MSA electrolyte tends to have the lowest VïOïV Raman shift 780 ï 787 cm-1, 

while the HCl and blank solution have similar shifts at 790 ï 798 cm-1 after 100 days, that 

indicates the low stability of [V2O3]
3+ intermediate in MSA solution resulting in faster kinetics. 

4.2.6 Reaction pathways 

In this study, there is a positive effect of additive on VO2
+ solutions, from stability, conductivity, 

to electrochemical kinetics. For the mechanism of how additive changes the solubility of VO2
+ 

solutions, it is well reported in the literature that HCl acts as a complexation agent to consume 

more V2O5, shifting equation 4.12 to the right, while MSA works as a proton addition to the 

solution, shifting equation 4.11 to the right.96 Many studies report that VO2
+ and Cl- form 

VO2Cl(H2O)2 complex.109,147,148 This complex has Cl- anion in the first solvated shell, resulting 

in an increase of V ï O ï V distance and decreasing the chance of deprotonation of hydrated 

VO2
+ ions and hence reducing the chance of polymerization and precipitation.148,149 The 

complexation (shown in equation 10) consumes VO2
+ ions, shifting the equilibrium in equation 9 

to the right and decreasing the possibility of V2O5 formation and precipitates. Despite the low 

concentration of HCl, it is reasonable to expect the presence of chloride complexes in a 0.5M V5+ 

solution because a VO2
+ surrounded by 6Cl- can bond with 1 or 2Cl- in its first solvation 

sphere.148 Regarding the MSA additive, the Raman and UV-VIS results agreed with the literature 

that the added H3O
+ concentration mainly contributed to the increased solubility of V2O5.

20  

The small, non-complexation CH3SO3
- anion did not contribute to any structural change in the 

dioxovanadium ion configuration. Based on these characteristics of HCl and MSA, we propose 

that inclusion of these additives will help with (i) decreasing the solutionôs total viscosity while 

still maintaining the same proton concentration (because at high H2SO4 concentration, V5+ 
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solutions have viscosity increases sharply150), (ii) decreasing the probability of forming dimers 

by adding extra protons149, and (iii) increase the concentration of H+ by shifting these equilibria 

to the right, therefore increasing the VO2
+ concentration:150 

H2SO4 ᵶ H+ + HSO4
- (equation 4.9) 

HSO4
- ᵶ H+ + SO4

2- (equation 4.10) 

V2O5 + 2H+ ᵶ 2VO2
+ + H2O (equation 4.11) 

VO2
+ + Cl- + H2O ᵶ [VO2Cl(H2O)2] (equation 4.12, only in the case of HCl additive) 

For the mechanism of how the additive enhanced the electrochemical kinetics, there were a lot of 

pathways. In this study, V5+/4+ reaction rates are in the 10-4 ï 10-5 cm/s range that agrees with the 

published literature.93,96,139,142,151,152  Marcus proposed that the ratio of electrochemical reaction 

rate k, to chemical homogenous self-exchange reaction rate kex should be Ȣ ρπȢ , stating 

that the ó<ô sign tends to appear in systems with óinactive sites on the electrodesô.153  

Yamamura et al studied the VO2
+/VO2+ reaction on carbon electrodes and found the 

electrochemical reaction rate k to be around 10-4 cm/s in the presence of 1 M H2SO4. They 

proposed that the VO2
+ to VO2+ reaction takes place via the outer sphere proton exchange 

between VO(OH)2+ and VO(OH)+. In their study Ȣ was in the range of 10-1.57 to 10-2.39, 

depending on the electrode.151 Marcus proposed the different models óinner-sphereô and óouter-

sphereô for different electron transfer mechanisms at a polarizable electrode surface.154 The term 

óouter sphereô refers to the processes that happen beyond the solvated shell; the electrochemically 

active ion, in this case, VO(OH)2+, is separated from the electrode surface by a H2O solvent 

layer, and has weaker interactions with the electrode. The óinner-sphereô processes happen 

through a bridging layer of ligands adsorbed on the electrode; in this case, Cl- bridges the 

[VO2Cl(H2O)2] gap with the electrode, helping to facilitate the electron transfer.155 The vanadium 

+5 ion VO2
+ has an electronic configuration of 1s2 2s2 2p6 3s2 3p6 4s0 3d0, allowing its complex 

to be labile, and the bonds V ï Cl to be broken for the inner-sphere process to happen.156 Because 

the inner-sphere process is supported by that Cl- bridging ion, the distance between the vanadium 

ions and the electrode surface is shorter, making the kinetic faster. This was observed in the 

electrochemistry data above, especially in the Rct and Cdl values in Figures 4.7 & 4.8. The Cdl 
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values of blank and HCl are more similar than blank and MSA, because the wettability was not 

changed. The Rct values from blank to HCl decreased significantly, showing that the kinetic was 

significantly improved. 

The Ὧ
ὯȢ

 ratios of electrolytes range from 10-1.95 in the blank solution, 10-1.53 in the MSA 

solution, to 10-1.40 in the HCl solution. The blank solution has ñslow diffusing residueò, or 

ñinactive sites on the electrodesò, hence, Ȣ ρπȢ ρπȢ. This agreed with the EIS 

results on CF results above (the RC circuit being a better fit than Warburg element for blankôs 

solution second semicircle) and literature.139  

In the MSA additive system, the presence of excess H+ ions could shift this equilibrium to the 

forward direction VO2
+ + 2H3O

+ + e- ᵶ VO2+ + 3H2O, whereas the CH3SO3
- anion does not 

participate in any electrochemical processes.20 It was previously shown that the MSA additive 

maintains the VO2
+ configuration in pristine solution, and it did not alter the inner sphere 

structures in VO2
+ to VO2+ reaction.20 However, the role of CH3SO3

- is to provide extra -OH 

group that will improve the electrolyte wetting on carbon electrodes, accelerating the electron 

transfer process. This can be observed in CV and EIS measurements performed on carbon 

electrode, where MSA-additive provided faster kinetics in comparison to blank solution (Figure 

4.9), and the almost three-fold decrease of Rct from before to after CV measurements in the case 

of MSA-additive (Figure 4.8: (a) 53.58 Ý to 28.23 Ý, and (b) 63.39 Ý to 27.29 Ý). These 

findings agree with the published literature that the CH3SO3
- anion did not directly interact with 

vanadium ions, so it would not change the solvation structures and hence no major changes are 

observed in spectroscopy patterns.20 The CH3SO3
- anion improved the electrochemical 

reversibility through enhanced wetting on the pretreated carbon electrode surface.20,110  

To maintain the Marcus rule of Ȣ ρπȢ, we propose a potential reaction mechanism for 

HCl solution. While Yamamura et al used 1 M H2SO4, the H2SO4 concentrations in this chapter 

are three to four times higher, therefore, the VO(OH)n+ ions should be very unstable in such 

condition.157 An ab initio study revealed a mixed outer-inner reduction mechanism of 

[VVO2(H2O)3]
* to [VIVO(OH)(H2O)4]*.

158 If the reaction mechanism is no longer purely outer 

sphere, kex would be different, leading to Ȣ ρπȢ . The inner sphere process, commonly 
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regarded as a faster process than outer sphere153,157, is feasible in the HCl-additive electrolyte, 

proven by a rapid reaction kinetics, about three times higher than in the blank electrolyte. In the 

HCl-additive electrolyte, there is a chemical process: VO2
+ + Cl- + 2H2O Ą VO2Cl(H2O)2, 

which forms a neutral, water-soluble species that enables a higher utilization of VO2
+.79,109 There 

may be a small amount of VO2
+ being turned into the chloride complexes, so the major rate 

enhancement factor was still the excess protons concentration from the additive without the 

addition of extra sulfate ions.109  

The presence of [V2O3]
3+ species was observed on the carbon electrode by using Raman 

spectroscopy. This agrees with the previously published literature on the presence of the 

equilibrium VO2
+ + VO2+ ᵶ V2O3

3+.146 HCl also reduces a small amount of VO2
+ to VO2+, 

further pushing the reaction VO2
+ + VO2+ ᵶ V2O3

3+ to the forward direction.109 While MSA does 

not reduce VO2
+ as observed by UV/Vis measurements, this additive still provided extra protons, 

shifting the equilibrium 2VO2
+ + H2O ᵰ V2O5Ź + 2H

+ backward. Based on the electrochemical 

and spectrometry findings, the proposed reaction pathways for V2O5 to VO2+ in acidic media on 

CF is shown in Figure 4.14. 

 

Figure 4.14. SEM images of CF and overlay text shows proposed reaction pathways for V2O5 

electrolytes in (a) blank and MSA, (b) HCl. Geometry of solvated vanadyl ions were taken from 

literature.79,159 

Reproduced Nguyen, O. H., Iyapazham Vaigunda Suba, P., Shoaib, M., & Thangadurai, V. 

(2023). Investigating the electro-kinetics and long-term solubility of vanadium electrolyte in the 

presence of inorganic additives. Journal of The Electrochemical Society, 170(11), 110523. 

doi:10.1149/1945-7111/ad0a75. Creative common license. 
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4.3 Summary 

The time-dependent chemical and electrochemical behavior of 0.25 M V2O5 electrolyte solutions 

for a hundred days were studied for the first time. The additives provided extra protons to shift 

the V2O5 dissolution equilibrium to the forward direction V2O5 + 2H+ ᵶ 2VO2
+ + H2O. The 

diffusion coefficient and reaction kinetics were calculated from the CV and EIS measurement 

and their values are overall consistent. The charge discharge curves show an overpotential of less 

than 0.05 V. The UV/Vis measurements indicate less than 3.0% of V5+ being reduced to V4+ in 

the presence of HCl additive. However, the electrochemical reversibility of the HCl solution was 

not hindered by the decrease in oxidation state. Reduction of V5+ was not observed in UV/Vis 

spectra in the presence of MSA additive even though MSA also contributed to the improvement 

of solubility, conductivity, and electrochemical reaction kinetics. The solutions with additive did 

not precipitate throughout the entire 100 d investigation period despite slightly higher 

V2O5 concentration. The electrochemical reaction kinetic of solutions with additive increased 

almost 3 times compared to the blank solution (from 3 to 9 * 10ī4 cm sī1). The findings of this 

study provide insight into the feasibility of HCl and MSA additive for long term use in vanadium 

redox flow batteries and provide further directions for development of cost-effective vanadium 

redox flow batteries. 
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Chapter 5. Vanadium | quinone cell with a silica gel separator 

study 

5.1 Introduction  

This chapter focuses on the electrochemical properties of sodium anthraquinone-2,6-disulfonate 

(AQDS 2,6), a highly water-soluble, highly reversible, but less studied quinone. The half-cell 

studies, paired with vanadiumôs half cell studies in Chapter 4, will provide full cell performance 

predictions. The separator study is also conducted, comparing the state-of-the-art Nafion® versus 

the proposed novel separator.  

Finding a compatible ion exchange membrane with a long cycle life has hindered the growth of 

RFB in commercial markets for decades. This work proposes an aqueous-organic-electrolyte-

based, novel-membrane redox battery to help eliminate membrane issues. The resulting batteries 

were operating for 500 cycles with a capacity retention of over 90%, a capacity of over 3 Ah/L, 

and an efficiency of over 80 %. 

This chapter provides an extensive study of electrochemical methods used to characterize the 

batteries, with in-depth analysis and comparative studies between electrochemical methods. 

Unique contributions include qualitatively proving the adsorption behavior of AQDS(2,6) on 

different carbon electrode surface, troubleshooting the issues using a simple additive, identifying, 

and estimating the energy losses of the full cell from half cell studies. 

5.2 Results and discussion 

5.2.1 AQDS(2,6) preliminary studies ï solubility, reactions, and adsorption 

One can estimate the solubility and reaction potential of AQDS(2,6) based on its more studied 

counterparts: AQDS(2,7) and AQDH(2,6); their structures are shown in Figure 2.14(a). These 

values have been estimated by many authors, the results depend on the temperature, solution pH, 

and counterions.103,160 The solubility conclusion is interesting: for Na+ counterion, the 

AQDS(2,7) chemical has very high acidic solubility (0.7 ï 1.1 M) but AQDH(2,6) has very low 

acidic solubility (<0.1 M), the AQDS(2,7) has 0.22 ï 0.27 M neutral solubility while AQDH(2,6) 

has low neutral solubility (<0.1 M), and both chemicals has average basic solubility (0.49 ï 0.61 
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M). This and their higher current, better reversibility observed from CV is due to their pKa 

values being higher than 7. Figure 5.1 shows experimental results of AQDS(2,6) reaction 

potentials at different pH. 

 

Figure 5.1. (a) The chemical structure and general reaction scheme of AQDS(2,6) and (b) Cyclic 

voltammograms of AQDS(2,6) 10 mM at different pH on glassy carbon electrode, scan rate 5 

mV/s. 

Experimentally, the solubility of AQDS(2,6) is 0.05 M in the pH range of 0 ï 13. This prompts 

the need to increase the water solubility of AQDS(2,6) through the means of electrolyte additives 

ï a simple yet effective way of increasing long-term solubility. Lee et al used ethylene glycol 

(EG) as an additive to increase the solubility of AQDS(2,7) to 0.4 M in neutral solutions.161,162 

They added EG to a total concentration of 0.5 M in KCl 0.5 M and proved that 0.1 ï 0.4 m of 

AQDS(2,7) can be dissolved in the above supporting electrolyte from UV-Vis measurements. 

The mechanism proposed is the EG ï AQDS(2,7) forms clusters due to intermolecular bonds 

(hydrogen bonds on -OH of EG and C=O of AQDS(2,7), the nonpolar chains also align close to 

each other), while the small, polar molecule EG still can form one more hydrogen bond with 

water, making the solvation of AQDS(2,7) easier and precipitation threshold higher.161 When 4% 

volume of EG is added to AQDS(2,6), or 0.71 M in a 250 mL volumetric flask, is added, the 

solubility increases to 0.1 M. 

Regarding electrochemical performance, in solutions without additives like in Figure 5.1(b), the 

cyclic voltammograms show significantly higher reduction current than oxidation current. The 

difference is 1.5 (acidic/neutral medium) to over 2 times (basic medium), which makes these 

systems asymmetric, according to Table 3.2. On the other hand, the peak-to-peak separation was 

narrow; according to Table 3.2, the æEp observed in Figure 5.1(b) should qualify as quasi-
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reversible. Therefore, the asymmetry behavior could be due to some irreversible adsorption 

currents.  

Quinones are known to have strong adsorption tendencies on carbon surfaces, through 

computational and experimental means.163ï165 If an electrochemical reaction mechanism is purely 

CEC ï chemical-electrochemical-chemical (chemical adsorption ï electrochemical charge-

transfer ï chemical diffusion) like in Chapter 2, section 2.1.2 above, then, according to the 

Randles-Sevcik equation mentioned in Chapter 3, section 3.2.2.2, the peak ï scan rate 

relationship should be logI = 0.5 logɜ. If an electrochemical ñreactionò is purely capacitive 

behavior (pure adsorption ï desorption), then the peak ï scan rate relationship should be logI = 

1.0 logɜ.163,166 Figure 5.2 proves the adsorption ï diffusion mixed behavior of quinones on GC 

using CV results, because the slope of logI vs logɜ is between 0.5 and 1.0. 
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Figure 5.2. Adsorption behavior proof of AQDS(2,6) on CF and GC through CV results. The 

slope of logI vs logɜ is between 0.5 (pure charge transfer & diffusion) and 1.0 (pure capacitance 

- adsorption & desorption). 

In the presence of added 0.71 M EG, both the symmetry and peak-to-peak separation of 

AQDS(2,6) improved. Lee et al also observed that for AQDS(2,7). Figure 5.3(a) describes how 

the peak-to-peak separation decreased from over 0.4 V (which is borderline out of the quasi-

reversible threshold of 2*0.2 V, according to Table 3.2) in the case of 50 mM AQDS(2,6) without 
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EG to under 0.3 V in the case of 50 mM AQDS(2,6) with EG. Figure 5.3(b) shows the lower logI 

vs logɜ ratio when EG is added to the AQDS(2,6) solution. 

 

Figure 5.3. Improvements of EG on AQDS(2,6) electrochemical reversibility. (a) Proven by lower 

peak-to-peak separation from cyclic voltammograms, (b) Proven from lower adsorption from 

logI vs logɜ curves and proven from increased current & diffusion coefficients in 

chronoamperometry results between (c) blank and (d) with EG. 

Another benefit of adding EG is the increase in ionic diffusion coefficient of the charge-carrying 

ion. Figure 5.3 c shows the CA results of AQDS without additives, with lower current and lower 

y-intercept than in Figure 5.3 d.  

Utilizing equation 3.28 from Yap and Doanne:128 

ὭЍὸ πȢυφτςὲὊὃὅЍὈ
ρȢπρψὲὊὃὅ

Ὑ
Ѝzὸ

πȢςτχρὲὊὃὅzЍὈ

Ὑ
ὸ ὩήόὥὸὭέὲ υȢρ 
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as the curve form y = ax2 + bx + c, with y = ὭЍὸ and x =Ѝὸ. R is the electrodeôs radius (0.28 cm), 

A is the electrode geometric area (0.25 cm2), and D is the diffusion coefficient of the charge-

carrying ion (cm2/s), and the other parameters followed previous notation parameters. 

Another form of D determination is through the y-intercept of a short-range linear equation y = 

bôx + c, still with y = ὭЍὸ and x =Ѝὸ. 

ЍὈ
ώ Ѝz“

ὲὊὃὅ
 ὩήόὥὸὭέὲ υȢς 

Table 5.1 shows the linear & curve fitted parameters and diffusion coefficient calculated through 

the two equations above. The diffusion coefficient values of solutions with the EG additive are in 

the range of 2*10-6 to 5*10-6 cm2/s, which agrees with literature on AQDS diffusion 

coefficients.103,161,163,167 The low D in the no additive case is due to the slow to desorb AQDS 

species on the carbon electrode. There are still signs of asymmetry between Dox and Dred; 

however, Dox and Dred are much closer in the solutions with EG. 

Table 5.1. Determination of diffusion coefficients (cm2/s) of AQDS with and without the EG 

additive from CA, paired with literature comparison. 

 Curve fit 

ï c 

Linear fit 

ï cô 

D (cm2/s) from 

the curve fit 

result 

D (cm2/s) from 

the linear fit, cô, 

result 

Literature results 

(cm2/s) 

Blank ï 

reduction 

8.94*10-4 8.93*10-4 1.73*10-6 1.72*10-6 1.342 * 10ī6 

Average (ox & red), 

AQDS(2,7) in 

H2SO4 1 M161 
Blank ï 

oxidation  

8.82*10-4 8.79*10-5 1.68*10-6 1.67*10-6 

With EG ï 

reduction 

4.89*10-4 4.80*10-4 6.40*10-6 6.35*10-6 1.617 * 10ī6 

Estimated from 161 

4.55* 10ī6  

of AQDS + 2NH4
+ 

167 

With EG ï 

oxidation  

5.01*10-4 4.98*10-4 6.91*10-6 6.83*10-6 
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With a reaction potential of around 0.0 V vs Ag | AgCl, a quasi-reversible reaction rate, and 

favorable diffusion coefficient of 6.37 to 6.87*10-6 cm2/s, AQDS(2,6) can be a good anolyte 

candidate for RFB with V2O5-based catholyte (reaction potential 1.0 V vs Ag | AgCl). 

5.2.2 AQDS(2,6) as an anolyte for full cell studies 

Figure 5.4 shows the half-cell studies of both compartments together. To predict full cell 

behavior from half-cell studies, one can estimate both sidesô reaction potential, kinetic rate, 

resistance & overpotential, and symmetry.  

 

Figure 5.4. Comparison of half cell results for insights into full cell predictions: (a) Three-

electrode cyclic voltammograms, (b) Extracted log current density vs individual half-cell 

potentials from CV, (c) EIS after CV, and (d) CDC of half-cells. 

From Figure 5.4 (a) and (d), one can estimate the cell potential should be 0.98 ï 1.02 V. From 

Figure 5.4 (b), one can see that the exchange current density values j0 of AQDS is higher than 
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V2O5; Ὦȟ ρψȢφ άὃȾὧά and Ὦȟ σȢπ άὃȾὧά. From Figure 5.4 (b), one can 

estimate the asymmetry of each process: cell ñchargingò ï oxidation of AQDS(2,6) & reduction 

of V2O5 and cell ñdischargingò ï reduction of AQDSH2(2,6) and oxidation of VO2+. For AQDS, 

the reduction (left side) and oxidation (right side) slopes are 6.649 and 0.052, respectively. Using 

equations 3.22 and 3.23: ‌
 ᶻȢ

πȢσωσ. This is higher than the Ŭ value of 

V2O5 at 0.376 determined in chapter 4. From the Ŭ values, it is understood that the oxidation of 

VO2+ is the least stoichiometric. Therefore, to encourage more electrons in the discharge process 

for a more coulombic efficient cell, decreasing the discharge current to lower than the charge 

current in CDC experiments is predicted to be beneficial. 

From Figure 5.4 (c), one can see that ὗ ȟ σȢσὗ ȟ , which fits the adsorption behavior. 

The VO2
+/VO2+ redox couple is known to have sluggish reaction kinetic; it is no surprise that 

Ὑ ȟ τȢτὙ ȟ . Similar to the k calculation in chapter 4, the electrochemical reaction rate 

current of AQDS can be determined by 

Ὧ
ὙὝ

ὊὙ ὅ ȟ ȟὅ ȟ ȟ

πȢπυςσ ὧάȾί ὩήόὥὸὭέὲ υȢσ 

Because ὅ ȟ ȟὅ ȟ ȟ ρȢπρψzρπ
Ȣ

ᶻρȢψωψzρπ
Ȣ

 

σȢςρτzρπ
άέὰ

ὧά
 ὩήόὥὸὭέὲ υȢτ 

if Cs = 0.2 Cbulk (common electrochemistry estimation), and the reaction quotient at E1/2,exp can 

be used to calculate the concentration of each species (from the Nernst equation): 

ὉȾ Ὁ
πȢπυω

ς
ÌÏÇ

ὃὗὈὛ

ὃὗὈὛὌ
πȢπυωὴὌ 

πȢπυψσπȢππσπ
πȢπυω

ς
ÌÏÇ

ὃὗὈὛ

ὃὗὈὛὌ
πȢπρχψ  

ὃὗὈὛ

ὃὗὈὛὌ
ρψȢφσψ ὩήόὥὸὭέὲ υȢτ 

Here, E0ô was estimated from the E0ô of AQDS(2,7) and the value in Figure 5.4(b). 
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While from chapter 4, the reaction kinetic constant of V2O5 is in the magnitude of 10-4 ï 10-5 

cm/s, which is approximately 44 times slower than the AQDS reaction. For diffusion 

coefficients, AQDS and V2O5 values are both in the 10-6 cm2/s magnitude. This prompts us to not 

apply a strong current in the cell charge-discharge process. 

Another prediction one can make from Figure 5.4 c is the cellôs resistance value. Adding all the 

resistance values from both half cells will result in the total Ohmic resistance: 

Ὑ Ὑ Ὑ τυȢτχς ɱ ὩήόὥὸὭέὲ υȢυ 

In a cell with two identical electrodes, each electrode is a 1 cm * 1.5 cm rectangle, the area-

specific resistance would be:  

ὃὛὙ ὃᶻ Ὑ  Ὑ ρȢυz τυȢτχςπȢωωπzπȢςυzφ

τφȢωυχ ɱὧά ὩήόὥὸὭέὲ υȢφ 

Where (0.990*0.25*6) Ýcm2 is the separator resistance value calculated in the following section. 

Therefore, one can expect an ohmic overpotential of  

– ȟ Ὦ ὃȢὧά ὃzὛὙ ɱȢὧά ὩήόὥὸὭέὲ υȢχ 

Figure 5.5 (a) to (c) show the full cell performance of AQDS (-) | silica gel separator | V2O5 (+) 

at 1.5 mA/cm2 charge current density, and 1 mA/cm2 discharge current density. Figure 5.5 (d) 

shows the polarization curve of the same cell at different current densities. The cell OCV is 0.894 

V, which is lower than the ideal 0.98 ï 1.02 V expected from half-cell studies. This is caused by 

its internal resistances. 

From Figure 5.5(c), the CE of over 95% after activation cycles and capacity retention of 93% 

after 500 cycles show high stability of cell. The VE can be calculated from the voltage values 

identified from Figure 5.5(b): VE = 0.84 V / 0.98 V = 85.7%. Therefore, EE = 95% * 85.7 % = 

81.4%. This value is optimistic for RFBs. Figure 5.5(a) shows that apart from the first activation 

cycle, the charge and discharge capacity of this cell is around 4 Ah/L. The capacity utilization is 

less than 50% with Qtheo = 1 * 96.485 * 0.01 = 9.6485 Ah/L (equation 2.10, section 2.1.3), which 

is not high but within acceptable literature margins for novel systems.25 The peak power density 
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of the cell is calculated from equation 2.14 (b) to be 8 mW/cm2 (Figure 5.5 b). If one uses 

equation 2.14 (c), the cell power density would be close to the PD at 10 mA.cm-2 instead:  

ὖὈ ȟ  

ὕὅὠ

τὙ

πȢψωτ

τz σρȢπψ
φȢτσ άὡȾὧά ὩήόὥὸὭέὲ υȢψὥ 

The Rohmic = 31.08 Ýcm2 is calculated from the slope of Figure 5.5 (d), in the current range of 1 ï 

15 mA/cm2. If one chooses the Rohmic to be the EIS-calculated value (Figure 5.6 b), 28.78 Ýcm2, 

then the PD would be 6.95 mW/cm2. 

The energy density of the cell is calculated below 

ὉὈ ὗ ὠz τ ὃὬὒ πzȢψτ ὠ σȢσφ ὡὬὒ  ὩήόὥὸὭέὲ υȢψὦ 

 

Figure 5.5. Full cell performance of V2O5 | gel | AQDS cell. (a) Voltage profile, (b) Voltage 

derivative profile, (c) Efficiency and capacity retention, and (d) Polarization profile. The symbols 

on cycle 400 signifies the sample collection points for spectra studies in section 5.2.3 below. 



91 

 

In Figure 5.5 (a), the capacity of the cell is shown in relation to the voltage rise when a constant 

current is applied. An upper cut-off voltage of 1.70 V in the initial cycles (activation cycles) is 

chosen, and 1.30 V is chosen for other cycles. A lower cut-off voltage of 0.4 V is chosen for the 

initial cycles (activation cycles), and 0.6 V is chosen for other cycles. However, reactions are 

done (voltage jumped, no more capacity plateau) at around 1.2 V and 0.75 V. For a charging 

current density of 1.5*10-3 A/cm2, taking the ASR value from equation 5.6, ohmic loss would be: 

– ȟ ȟ ρȢυz ρπ  zτφȢωυχπȢπχπ ὠ ὩήόὥὸὭέὲ υȢωὥ 

Which would make room for other losses from charging be in the range of 0.61 V during the 

initial activation cycles and 0.11 V during the rest of the cycles. 

For a discharging current density of 1.0*10-3 A/cm2, the ohmic losses would be  

– ȟ ȟ ρȢπz ρπ  zτφȢωυχπȢπτχ ὠ ὩήόὥὸὭέὲ υȢωὦ 

Which would make the room for other losses from charging be 0.57 V during the initial 

activation cycles and 0.19 V during the rest of the cycles. The calculations are based on: 

– – ȟ  – Ὁ ȟ Ὁ   ὩήόὥὸὭέὲ υȢρπ 

With Ecell,predicted being 1.00 V taken from Figure 5.4 (average of 0.98 & 1.02).  

Figure 5.5 (b) proves deeper insight into the voltage range where the charge or discharge process 

happens. Cycle 1 experiences what looks almost like a two-plateau charging process in Figure 

5.5 (a), and in Figure 5.5 (b) there are two charging (upward) peaks. The first peak at 0.9 ï 1 V is 

due to the sluggish, multiple-step charge transfer of VO2
+/VO2+ and the adsorption/desorption of 

AQDS, while the second peak at 1.4 V looks like the charge peaks of later cycles. Starting cycle 

30, the charging peaks observe tailings, and the discharging peaks observe frontings. Charging 

peaksô onset potential is at (0.86 ± 0.01) V, the highest dQ potential is at (0.98 ± 0.01) V, the 

potentials where the peaks reach their half-height are (0.9 ± 0.1) V and (1.08 ± 0.02) V, and the 

potential where dQ is at 10% at the end of the charging process is (1.25 ± 0.01) V. The 

discharging peaks look taller and narrower than the charging ones, with their onset at (0.99 ± 

0.02) V, the highest dQ potential is at (0.84 ± 0.01) V, their half-height at (0.79 ± 0.01) V and 

(0.93 ± 0.02) V, and the potential where dQ is at 10% at the end of the charging process is (0.77 
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± 0.02) V. Therefore, the total óoverpotentialô at 90% state-of-charge (SOC) is about 1.25 ï 0.84 

= 0.41 V, at 50% SOC is 0.98 ï 0.84 = 0.14 V, and at 10% SOC is 0.86 ï 0.84 = 0.02 V.  

From Figure 5.5(d), the slope at low current density can pinpoint the area-specific resistance of 

the electrode activation process and the slope at higher current density should pinpoint the area-

specific resistance of ohmic processes. The slope up until 0.96 mA/cm2 is 145.77 Ýcm2, so, 

overpotential values of 0.146 V for discharge and 0.219 V for charge. At SOC 90%, the non-

activation overpotential is then 0.41 V ï 0.219 V = 0.19 V. The slope between 1.0 to 15 mA/cm2 

is 31.08 Ýcm2, which is 34% lower than 46.957 Ýcm2 calculated from half cell resistance values 

in equation 5.6. Because of the rapid voltage decrease during polarization experiment, the ñhigh 

current densityò regions above 15 mA/cm2 of the cell is not explored.  

To provide another dataset for full cell overpotential identifying, EIS can be done. Figure 5.6 (a) 

shows the EIS spectra; Figure 5.6 (b) shows their equivalent circuit fitting results. At pristine 

condition, it is (13.57 Ý + 9.16 Ý) * 1.5 cm2 = 34.10 Ýcm2; after cycle 30, it is (11.83 Ý + 7.888 

Ý) * 1.5 cm2 = 29.58 Ýcm2; after cycle 500, it is (14.10 Ý + 5.086 Ý) * 1.5 cm2 = 28.78 Ýcm2. 

These values are 9.7%, 4.8%, and 7.4% different from the slope of the polarization curve (31.08 

Ýcm2). There is a drop of 1.74 Ý, or 2.16 Ýcm2 from the Rs and a drop of 1.27 Ý, or 1.91 Ýcm2 

from the Rct from cycle 1 to cycle 30. This is not only because cycle 1 needs activation 

overpotential, but also because after a few cycles, the carbon electrode | electrolyte has better 

wetting, reducing the interphase resistance. This phenomenon was also observed in chapter 4. 

Cycle 500 is used for total resistance calculations in table 5.2: 

Ὑ Ὑ Ὑ Ὑ ρτȢρπυȢπψφπȢςςωφzπȢυφχρ τσȢυς ɱ ÅÑÕÁÔÉÏÎ υȢρρ 

Table 5.2 summarizes the overpotential calculations inferred from Figures 5.4 ï 5.6. 
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Table 5.2. Overpotential calculations of the gel system from Figures 5.4 ï 5.6. 

 Predicted 

from Figure 

5.4 

Observed/ calculated from Figure 

5.5 

Calculated from Figure 5.6 

Ɇ͐  (V) - 0.41 V (90% SOC) 

0.14 V (50% SOC) 

0.02 V (10% SOC) 

65.28 Ýcm2 * 1.5*10-3 A.cm-2  

= 0.0979 V (charge) 

 

65.28 Ýcm2 * -1.0*10-3 A.cm-2  

= -0.0653 V (discharge) 

a͐ctivation 

(V) 

- 145.77 Ýcm2 *1.5*10-3 A.cm-2  

= 0.219 V (charge) 

 

145.77 Ýcm2 *  -1.0*10-3 A.cm-2 

= -0.1458 V (discharge) 

- 

o͐hmic (V) 0.070 V  

(charge) 

 

-0.047 V 

(discharge) 

31.08 Ýcm2 * 1.5*10-3 A.cm-2  

= 0.047 V (charge) 

 

31.08 Ýcm2 * -1.0*10-3 A.cm-2  

= -0.031 V (discharge) 

28.78 Ýcm2 *1.5*10-3 A.cm-2  

= 0.0432 V (charge) 

 

28.78 Ýcm2 * -1.0*10-3 A.cm-2  

= -0.0288 V(discharge) 

The diffusion parameters shown in Figure 5.6 (b) show the diffusion layerôs ñeffective timeò  

(Ws-T, unit s) and conductivity of the diffusion layer (S.s-1). The effective time means the time a 

species can travel through the area of effective diffusion: ὡ  ὩήόὥὸὭέὲ υȢρς;  

with L (cm) being the diffusion layerôs length, and D (cm2/s) being the diffusion coefficient. 

There are two different EIS shapes for full cell, resulting in two different equivalent circuit 

fittings shown in Figure 5.6 (b). In the pristine cell, the Warburg diffusion element is óWarburg 

openô, according to the ZView software. Physically, this means a bounded diffusion behavior ï a 

mix of semi-infinite at medium frequency (10 ï 300 Hz) and finite space at low frequency (mHz 

ï below 10 Hz). In the pristine spectrum, the line following the semicircle has two slopes. In the 

Zô range 22 ï 26 Ohm (or frequency range 10 ï 300 Hz), the slope of the Nyquist plot is 48.40, 

very close to the theoretical semi-infinite Warburg diffusion behavior.125 A semi-infinite Warburg 

diffusion means the diffusing species moves freely both in space and length out of a flat 

electrode surface. This means two things (1) the electrode surfaceôs pores are not fully wetted by 
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the electrolyte yet, and (2) the speciesô concentration is oscillating less and less the further out of 

the electrode and into the bulk. In the Zô range beyond that (frequencies lower than 10 Hz), the 

slope of the Nyquist plot is 83.00, fitting in with the bounded diffusion behavior.168 A óbounded 

diffusionô means a diffusion that is blocked by a space limit, an intermediate between semi-

infinite and finite space (completely blocked, angle 900).168 This means the electroactive species 

far from the electrode surface were blocked by a separator and, therefore, had finite space to 

diffuse in.125 After battery cycling, the fitting element became óWarburg shortô, and the Nyquist 

spectrum has a semicircle instead of a line for diffusion. This behavior is called ófinite lengthô 

diffusion, or ótransmissive boundaryô diffusion.125 It means that the species in the electrolyte can 

permeate through the pores on the electrode surface (enhanced wettability, described above) but 

still has a finite length of diffusion; the species in the bulk has an L length of diffusion.  

 

Figure 5.6. EIS spectra of full cells at pristine, after cycle 30, and after cycle 500. 

In retrospect, the half-cell data can provide an idea into how the cell should work, its primary 

expertise is the voltage prediction (87.6 % correct OCV prediction) and kinetic insights to advise 

using low current density for full cell; it did not necessarily provide the best overpotential 

insights (67 ï 68% correct total over potential prediction). This is due to the different cell 

configurations, leading to different distant between electrodes, a lack of a reference electrode 
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leading to recorded signal fluctuation, and a lack of a separator between two compartments in the 

half-cell case leading to different diffusion-related resistance.125  

EIS on full cell provides ohmic-related loss results with a less than 10% margin of error. The 

dQ/dV provides a more precise voltage range dataset than just the plain voltage vs capacity plot 

and shows that the charging plateau looks broader than the narrow discharging plateau. The EIS 

on full cell at pristine versus at cycled conditions reveals the wettability of the electrode and the 

electrolyte diffusing behavior. 

Of course, the calculations above are flawed because the wiring, connections between parts, etc. 

resistance cannot be fully quantified. If all measurements are done in the same cell and wires or 

using very systems, those baseline resistances should be the same, and the values reflected in this 

thesis should be replicable. 

5.2.3 Spectral studies of full cell materials 

Figure 5.7 shows the UV-Vis spectra of vanadium electrolytes at different SOC. Chapters 3 and 4 

mention that VO2
+ (V5+) has a distinctive absorbance peak in the UV wavelength spectrum at 

330 ï 340 nm and VO2+ (V4+) has a distinctive absorbance peak in the visible wavelength of 760 

ï 775 nm. They have different absorption at different SOC: VO2
+ signal decreases while VO2+ 

increases during discharge, showcasing the VO2
+ + 1e- + 2H+ Ą VO2+ + H2O transformation. 

However, any UV-Vis deductions should be taken as semi-quantitative. The calibration curve 

used in chapter 4 is for a dominant (>95%) amount of VO2
+ mixed with a minor amount of VO2+, 

therefore, not applicable in a transitional situation like this. Not to mention, each oxidation state 

has its own absorbance coefficient. The VO2
+ signals are very intense. In Figure 5.7 (a), the 

dilution coefficient is 500 times. For such dilution, serial dilution utilizing the acid medium 

weaker than in the initial solution (1 M H2SO4 + 0.03 M HCl) is used, because H2SO4 and HCl 

have UV absorbance at less than 300 nm. Because there are errors associated with dilution, 

choosing the V5+ peak to quantify the concentration does not sound like a good idea. Instead, the 

VO2+ (V4+) peak is less visible light absorbing and slightly more quantifiable. Figure 5.7 (b) 

spectra have a dilution coefficient of 20. However, in the mixed valence state, there exists dimers 

[V2O3]
3+ and other V4+-V5+ oligomers in vanadium catholytes.169  
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Figure 5.7. UV-Vis spectra of vanadium electrolytes at different SOC. The symbols correlated to 

the symbols in Figure 5.5. 

Figure 5.8 (a) shows the UV-Vis spectra of AQDS electrolytes at different SOC. The attribution 

of each peak (1) to (3) is shown in figure 5.8 (c): (1) and (2) are attributed to the ˊ Ą ˊ* energy 

transitions, and (3) is attributed to the n Ą ˊ* energy transition. It is acceptable to attribute those 

signals to those energy jumps not only because of the Woodward-Fisher rule of UV-Vis 

absorbance, the literature on anthraquinone UV-Vis absorbance, but also the fact that the energy 

difference between the peaks follows the electronic level energy difference.133,156 The core 

chromophores of AQDS, cyclohexanone (for a strict application of the Woodward-Fisher rule) or 

9,10-anthraquinone (for a closer compound), are known to have an absorbance peak at around 

325 nm.133,170,171 This peak can be identified as an n Ą ˊ* energy transition because it has lower 

intensity than the other peaks, due to the lack of electron density.156 The other two peaks, having 

higher intensities and energy difference of at least 100 kJ/mol vs the peak (3) at 327.5 nm, mean 

they belong to different energy level transitions (and not vibrational transitions).156 These two 

peaks also appear in the 9,10-anthraquinone UV-Vis spectrum.170 Loosely applying the 

Woodward-Fisher rule, one can attribute them to the energy jumps of the two rings surrounding 

the C=O bonds in the middle ring (1), and the sulfonyl groups propagated from those two rings 

(2).156 



97 

 

 

Figure 5.8. (a) UV-Vis spectra of AQDS electrolytes at different SOC, (b) Molecule structures at 

different SOC, and (c) Different energy levels correlated to different UV-Vis peaks in (a). The 

symbols correlated to the symbols in Figure 5.5. 

Figure 5.8 (a) shows the (3) decrease in ɚ from charge (oxidized state, AQDS, or pristine state) to 

discharge (reduced state, AQDSH, or AQDSH2, in Figure 5.8 b). This is due to the decrease in 

moleculeôs conjugation length, making the wavelength shorter. BQ and its reduced state observe 

a 13 nm decrease in the ˊ Ą ˊ* peak.170 The n Ą ˊ* peakôs position remains similar (within Ñ 

0.5 nm) from oxidized to reduced state.  

From the proven reduced & oxidized states existence, the following reactions happening in the 

full cell is confirmed: 
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Figure 5.9. Reaction schemes of the V2O5 || AQDS full cell. 

5.2.4 Separator studies and comparison to Nafion 

One of the most important parameters of a separator it its ionic conductivity, considering a cell 

separatorôs main task is to facilitate ionic transfer between two compartments of the cell. EIS is a 

powerful method to study materials conductivity. Figure 5.10 (a) shows a typical EIS plot of a 

non-Faradic process. As described in Chapter 3, the bulk resistance of an ionic conducting 

material is determined from a Nyquist plot by taking the Zô value at x-intercept. 

Coupled conductivity with temperature, one can understand the ionic transfer activation energy 

of a material. As mentioned in chapter 3, the Arrhenius equation gives a materialôs activation 

energy from the slope of lnů = f(1/T).172 The Arrhenius equation is shown in equation 5.11 

below. 172,173 

„ „ÅØÐ
Ὁ
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with ů (S) being the temperature-specific conductivity that can be measured experimentally, ů0 

(S) being the pre-exponential element related to the amount of charge, R, T are ideal gas constant 

(J.mol-1.K-1) and Kelvin temperature, respectively. Ea (J.mol-1) is the activation energy. If one 

replaces R with k (Boltzmann constant, unit in this case ev.K-1), Ea unit will be in eV. This 

applies to both equations 5.11 and 5.12. 

When a materialôs temperature ï conductivity relationship follows the Arrhenius relationship, 

such materialôs ion conducting mechanism is based on the hopping of ions from one vacancy to 

another.173 A modified version of the Arrhenius equation is the VogelïTammannïFulcher (VTF) 

equation. They are proposed when the Arrhenius fitting does not look linear. The conductivity 

mechanism in this case depends on the polymer segmental relaxation.173 Most polar polymers 

have both crystalline (where ion hopping is the main conducting mechanism) and amorphous 

(where segmental movement is the main conducting mechanism) phases. Because they can 

switch between phases at a certain temperature, that temperature when the crystalline ᵶ 

amorphous transition (glass transition) happens is crucial in the conducting mechanism. Hence, 

(T0 = Tglass transition ï x K, 5 Ò x Ò 50, 5 in this case) is mentioned the VTF equation. The VTF 

equation is shown in equation 5.12 below173 

„ „Ὕ ȾÅØÐ
Ὁ
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It is clear from Figure 5.10 (b) that the linearity of the Nafion lnů = f(1/T) line is lower than that 

of silica gel. Mathematically, this is because of the (T ï T0) aspect. The data in Figure 5.10(b) 

was extract from Noto et al172 Their Tg is experimentally determined from DSC to be ï40 oC, 

making their T0 = (ï40 ï 273) ï 5 = ï318 K. Therefore, the material is not undergoing any 

primary phase changes (melting, glass transitioning) at such temperature range. Paired with 

measured mechanical relaxations of inter and intra molecular bonds, Noto et al concluded that in 

the temperatures above +5 oC, the materialôs overall conductivity is due to both ion hopping 

through the óperistatic-likeô side chain and backbone segmental motions, with the side chain 

charge exchange being more favorable than in lower temperatures. 

While the silica gelôs ionic conductivity is higher than that of Nafion, its activation energy in 

kJ/mol is almost 20 times higher, and its slope is 4 times higher. Other literature reported 

Nafionôs activation energy as 9 ï 14 kJ/mol174, which is still lower than silica gel at 18.58 
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kJ/mol. This can be explained by the different conducting mechanisms. The gelôs conducting 

mechanism is Arrhenius-like. This means that there should be no coupling between segmental 

motions and ionic movements, only the hopping of ions from one vacancy to another. While in 

Nafion, ions can both hop and move through segmental motions in a temperature high enough 

above Tg, which in this case, is 35 degrees above -40 0C.  

 

Figure 5.10. Ionic conductivity studies of gel. (a) An example of EIS result of gel at 15 oC and (b) 

Arrhenius and VTF lines of gel in comparison with Nafion from literature. 

Nafion data and activation energy data is extracted from Noto, V. D.; Piga, M.; Pace, G.; Negro, 

E.; Lavina, S. Dielectric Relaxations and Conductivity Mechanism of Nafion: Studies Based on 

Broadband Dielectric Spectroscopy. ECS Trans. 2008, 16 (2), 1183. 

https://doi.org/10.1149/1.2981960 

Because Nafionôs main issue is the crossover of ions other than H+, it is important to compare 

how fast and how much of VO2
+ and AQDS diffuses or crosses over from one side of the h-cell 

to another side that only contains acid (no active materials) initially. By observing the OCV of 

those self-discharge cells, one can see how stable the OCV of the cell is, or how fast the cell 

OCV changes; the voltage change could indicate a crossover. Essentially, one is measuring OCV 

of a non polarized half-cell. By analyzing the counter solutions that was supposedly ñblankò (no 

active materials), one can identify how much active materials have crossed over. 

Figure 5.11 shows the self-discharge cell study of VO2
+ || silica gel or Nafion || acid. From Figure 

5.11 (a), it is evident that the cell OCV of the cell with gel separator decreases slower. From 
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Figure 5.11 (b), it is evident that the cell with gel separator has less than 30% of the amount of 

VO2
+ crossed over than the cell with Nafion separator. 

 

Figure 5.11. Self-discharge studies of V2O5 with silica gel 

Figure 5.12 shows the self-discharge cell study of AQDS || silica gel or Nafion || acid. Similar to 

the V2O5 case, the silica gel separator shows less crossover issues. Normalizing the signals from 

Figure 5.12, there is 60% more AQDS crossover in Nafion than in silica gel. However, if one 

considers the voltage drop between Figure 5.11 (a) to Figure 5.12 (a), the self-discharge behavior 

of Vanadium is more concerning than AQDS in general. While it took 4 days for the AQDS cell 

potential to lose 0.03 V, it only took the V2O5 cell less than a day to lose over 0.1 V. 

 

Figure 5.12. Self-discharge studies of AQDS with gel 
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To compare the cell performance, a full cell V2O5 || Nafion || AQDS was assembled and 

conditioned in the same conditions as the cell with gel: 1.5 mA/cm2 charge and -1.0 mA/cm2 

discharge. The cellôs OCV is 0.734 V, lower than the half-cell expectation  of 0.98 ï 1.02 V 

(from section 5.2.2), and lower than the gelôs value of 0.894 V. The results are shown in Figure 

5.13. From Figure 5.13 (a) & (b), one can calculate the energy density of the cell as  

ὉὈ ὗ ὠz σ ὃὬὒ πzȢχω ςȢσχ ὡὬὒ  ὩήόὥὸὭέὲ υȢρσ 

This is 30% lower than that of the gel system. The low utilization (which causes low capacity) is 

due to the high overpotential (explained by high resistance) and high crossover rate. It is also 

noteworthy that because the cell lost over 30% of its capacity after 100 cycles, as can be seen in 

Figure 5.13 (c). Consequently, there is no need of carrying further cycling. Applying the same 

calculation rules in section 5.2.2 above, the cellôs various losses are calculated. The results are 

shown in Table 5.3. 

From data in Table 5.3, the VE could be calculated to be 80%. If one takes 80% CE as the mode 

value from Figure 5.13 (c), then EE = 80% * 80% = 64%.  

From data in Table 5.3, the cellôs internal resistance can be taken as 64.95 Ýcm2. This makes the 

cellôs power density:  
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Table 5.3. Overpotential calculations of the Nafion system from Figure 5.13. 

 Predicted 

from Figure 

5.4 

Observed/ calculated from Figure 

5.13 (a) & (b) 

Calculated from Figure 5.13 (d) 

Ɇ͐  (V) - 0.55 V (90% SOC) 

0.41 V (50% SOC) 

0.24 V (10% SOC) 

155.5 Ýcm2 * 1.5*10-3 A.cm-2  

= 0.233 V (charge) 

155.5 Ýcm2 * -1.0*10-3 A.cm-2  

= -0.156 V (discharge) 

a͐ctivation 

(V) 

- Charge: 1.03 V ï 0.93 V = 0.10 V 

(from Figure 5.13 (b), peak of 

cycle 1 ï peak of cycle 10) 

Discharge:  

0.72 V ï 0.77 V = -0.05 V 

- 

o͐hmic 

(V) 

0.070 V 

(charge) 

-0.047 V 

(discharge) 

- 64.95 Ýcm2 *1.5*10-3 A.cm-2  

= 0.0974 V (charge) 

64.95 Ýcm2 * -1.0*10-3 A.cm-2  

= -0.065 V(discharge) 
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Figure 5.13. Full cell performance of V2O5 (+) | Nafion | AQDS (-) cell. (a) Voltage profile, (b) 

Derivative voltage profile, (c) Columbic efficiency and (d) EIS spectra 

From Figure 5.13 (d), EIS data can provide insights on why the Nafion cellôs power density is 

not as high as the silica gel separator cell. The Rs of the pristine cell is higher than that of the gel 

cell. This could be an indication of a high resistance cell, caused by the fact that gel has a slightly 

lower resistance than Nafion (Figure 5.10). The Rs value did not decrease significantly, although, 

the Warburg diffusion behavior still underwent a change from bounded (linear line 45.760 & 

80.670) to finite length (two semicircles). The charge-transfer resistance Rct = 17.1 ï 27.1 Ý is 

>80% higher than in the gel case (9.16 ï 5.09 Ý). The Ws-R = 60.4 Ý at the end of the 100th cycle 

is almost three times as high as the charge transfer resistance. This was not the case in gel 

separator, as the Ws-R is only 50% larger than the Rct in all EIS results. It can be inferred that the 

Nafion separator is not favorable for the V2O5 || AQDS system, for not allowing protons to 

diffuse through easily. 
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5.3 Summary  

This chapter studied the electrochemical properties of AQDS(2,6) and the full cells made from 

AQDS(2,6) anolyte and V2O5-based catholyte. The results show that AQDS(2,6) water solubility 

and electrochemical reversibility can be improved by adding 0.71 M EG. The first part of this 

Chapter also suggested that the irreversible adsorption behavior of AQDS(2,6) on porous carbon 

electrode surfaces can be mitigated by the addition of EG. The half-cell study predicted the 

energy losses of the full cell. An extensive study of full cell energy losses from charge-discharge 

and electrochemical impedance is provided in this Chapter. The full cells have been studied for at 

least 100 cycles. The gel separator cell has the best performance, with over 80% energy 

efficiency and less than 3% capacity loss after 500 cycles. Overall, the findings in this chapter 

provide insights into the application of AQDS(2,6) and V2O5 in long cycle life RFBs. 
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Chapter 6. Conclusion and Future Work  

In this thesis, reports on findings for two new prospective RFB materials, V2O5 and 

anthraquinone-2,6-disulfonate sodium ï AQDS(2,6), are provided. The electrochemical 

screening, solubility & kinetics improvement of raw materials is reported in Chapter 4, and 

battery prediction ï assessment framework is reported in Chapter 5.  

6.1 Conclusions regarding V2O5 as a prospective starting material for RFB 

Vanadium pentoxide is a covalently bonded material that has low water solubility. Despite 

having high theoretical capacity and low cost, its precipitation hindered its application in VRFB. 

For the first time, it was prepared in a medium sulfuric acid concentration of 3.5 M and remained 

soluble over the course of one hundred days. The stability of solvated vanadyl ions was enhanced 

by the addition of 0.077 M methanesulfonic acid, which provided extra protons and increased the 

solvated vanadyl ionsô stability, reducing their chances of forming larger clusters. Similarly, the 

addition of 0.61 M hydrochloric acid increased the solubility of vanadium pentoxide-based 

solutions by providing extra protons. HCl also provided a complexing agent, the chloride anion. 

Cl- helped stabilize the solvated vanadyl ions by reducing their surface charge. The addition of 

acids lighter than H2SO4 like methanesulfonic acid (MSA) or HCl increases the solutionsô ionic 

conductivity by at least 10%, from 465 mS/cm to 517 ï 532 mS/cm. The addition of MSA 

increased the electrochemical reversibility of the sluggish VO2
+/VO2+ redox couple by increasing 

the electrolyteôs wettability on the CF electrode, resulting in a two-fold increase in diffusion 

coefficient and three-fold increase in kinetic rate constant. The addition of HCl made things even 

better. It increased the electrochemical reversibility of the VO2
+/VO2+ redox couple by changing 

the reaction mechanism from outer-sphere (long distance between active material and electrode 

surface) to inner-sphere (shorter distance between active material and electrode through a 

bridging Cl- layer). This resulted in an over-three-time increase in diffusion coefficient and 

kinetic rate constant, bringing the kinetic constant to a higher magnitude of 10ī3 cm sī1, almost 

quasi-reversible. Raman spectroscopy results confirmed the formation of reduced species during 

electrolysis. The UV-Vis spectroscopy results identified a 3% reduction in VO2
+ concentrations, 

proving that HCl reduced VO2
+ to VO2+ slowly. This chemical change HCl caused the VO2

+ 
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concentration is not entirely a negative trade, considering the reaction kinetics of HCl-additive 

solutions decreased at most 5.16% after a hundred days. 

6.2 Conclusions regarding AQDS(2,6) as a prospective starting material for RFB 

Anthraquinone-2,6-disulfonate sodium, AQDS(2,6), is a prospective active material for RFBs 

due to its water solubility, high theoretical capacity, and predicted high electrochemical 

reversibility in aqueous solutions. The solubility of AQDS(2,6) in acid was enhanced by the 

addition of 0.71 M ethylene glycol (EG). The electrochemical reversibility of AQDS(2,6) was 

also improved by the EG additive, making its peak-to-peak separation lower, or lowering the 

required energy to convert AQDS(2,6) to its reduced form. AQDS(2,6) suffers from strong, 

irreversible, current-inefficient adsorption on carbon electrodes, especially on porous surfaces 

like the case of carbon felt electrode. The adsorption, making the redox signals appear almost 

100% incorrect, was mitigated to less than 5% incorrectness by EG. The additive helps the 

diffusion of AQDS(2,6), facilitating the moving out of the electrode process more rapid, 

therefore, decreasing the asymmetric currents. With EG, AQDS(2,6) diffusion coefficient 

increases over 100 times.  

AQDS(2,6), now with 0.1 M solubility in acid and EG, has a reaction potential almost 1.0 V 

apart from VO2
+/VO2+. This is an attractive option for organic batteries. AQDS(2,6) also owns a 

high reaction kinetic constant in the magnitude of 10-2 cm/s. The results from AQDS(2,6) studies 

predicted that a cell could be fabricated and operate in a mild current density condition to 

produce a low-resistance, high-voltage cell. 

6.3 Conclusions regarding the prospective cell made from a novel separator and 

electrolytes based on V2O5 and AQDS(2,6) 

Because hybrid organic || inorganic battery allows for more energy-dense opportunities, it is 

worth to troubleshoot its lack of compatible separator challenges. A simple silica-gel-like 

material was prepared; it has high ionic conductivity (0.99 S at room temperature) and 

acceptable activation energy (0.19 eV or 18.58 kJ/mol). The full cell made from the gel separator 

and the above hybrid redox couple was able to run for 500 cycles and lose only 3% of its 

capacity. The cellôs energy density was 3.36 Wh/L, and peak power density was 8 mW/cm2 at 1 
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mA/cm2 discharge current. The polarization curve shows an Ohmic drop slope of 31.08 Ýcm2, 

which is 6.5% different from the electrochemical impedance Ohmic resistance result of 28.78 

Ýcm2. The cell has an energy efficiency of 80.4%, exceeding a lot of previously reported RFB 

data. The spectrophotometer data confirmed the presence of the expected reduced and oxidized 

species. To compare with the state-of-the-art material, an identical full cell and change the 

separator to Nafion was set up. The Nafion cell performs notably worse, losing 30% of its 

capacity only after 100 cycles. Its efficiency was also worse, fluctuating around and below 64%. 

This is due to, not only the high resistance caused by Nafionôs higher resistance, but also the 

resistance caused by Nafionôs less favorable proton diffusion pathway, as inferred from EIS 

results. Another crucial reason for the inferior cell performance was the active material 

crossover, identified from EIS results and proven by spectrophotometry results. 

These findings proved that AQDS(2,6) and V2O5 are feasible materials for RFB applications, and 

the gel separator was a simple method of facilitating that. 

6.4 Proposed future work  

The current gel system demonstrated a low power density due to internal resistance and 

activation resistance. It would be beneficial to study different electrode materials and 

electrocatalysts to decrease those resistance values. There could also be a vanadium-specific 

catalyst to ensure no reaction asymmetry happens due to its sluggish kinetics. The different 

pretreatment methods could impact the CFôs performance and wettability itself, so, it is 

important to study different pretreatment or decorating techniques systematically. The 

electrode/electrocatalyst initial screening metrics proposed are: 

¶ High surface area, an abundance of pores with constant diameters, favorable pore shape 

¶ High chemical stability, low degradation rate, negligible electrochemical degradation 

proven by a wide electrochemical potential window 

¶ Simple fabrication techniques that allow for consistency 

¶ Low-cost material with little-to-no environmental concerns 

In this thesis, two common additives for V2O5 were studied; HCl 0.61 M or 5% volume was 

deemed a beneficial additive. It is worth studying a few more HCl concentrations lower than 

50% volume/volume (to avoid chlorine gas evolution). If one can determine each complex 
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speciesô concentration in a solution and correlate it to electrochemical parameters, that would 

provide an important insight into reaction mechanism and electrode | electrolyte surface 

understanding. The complex speciesô concentration could be done through complexation 

titration, computational studies, or spectroscopy studies (IR, Raman, 51V-NMR, 1H-NMR, and/or 

UV-Vis). These electrochemical parameters and methods could provide insightful information: 

¶ EIS to study how thick the double layer is and how fast each process is (adsorption, 

charge transfer, diffusion). EIS can also verify the reaction mechanism to see if there was 

a new process or a decoupled multistep charge transfer process. 

¶ CA to study how rapid the double layer ñchargingò process is, and how rapid the 

diffusion process reaches steady state. 

¶ CV to study how reversible and rapid the reaction with different supporting electrolyte is 

and to validate the EIS and CA data. 

In this thesis, AQDS(2,6) was studied as a prospective active material for RFBs in acidic media. 

In neutral or alkaline media, when the reaction potential is even lower, AQDS(2,6) is also an 

attractive candidate for hybrid inorganic ï organic or all-organic RFBs. Preliminary studies 

proposed Tiron as a potential catholyte material in less acidic medium (pH 2 ï 4). Figure 6.1 

illustrates a prospective cell with up to 0.77 V potential, comparable exchange current densities 

(hence, comparable kinetics, unlike with V2O5), and low charge transfer resistance (~10 + 30 Ý).  
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Figure 6.1. Half-cell studies of the prospective Tiron - AQDS(2,6) couple for RFB. 

There is also another possibility of AQDS(2,6) and a well-known, highly reversible inorganic 

species, Prussian blue analog (PBA) materials in basic medium. Because the silica could not be 

dissolved in metal hydroxide solutions due to the chemical reaction between SiO2 and OH-, one 

could used Na2SiO4, NaHCO3, NaH2PO4, or other alkaline pH creating salts. Figure 6.2 shows a 

preliminary charge discharge run of the Na4Fe(CN)6 electrolyte and AQDS in basic medium. 
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Figure 6.2. Trial run of an alkaline cell of AQDS vs Na4Fe(CN)6. 

 

For higher energy & more realistic applications, it would be beneficial to study the upscaling 

and/or flowing system of any of the mentioned cells with gel separator. One could start by 

designing a flow cell with higher volume, optimize the flow rate, then move on to either 

continuing to upscale the volume and electrode area, or stacking different electrode | separator | 

electrode units together. 
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