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Abstract 

 

The large-scale implementation of renewable energy technologies, e.g. solar 

photovoltaic and wind turbine, requires effective and stable electric energy 

storage systems, due to the inconstancy of such renewable energies. Among 

some potential candidates, the vanadium redox flow battery (VRFB) is 

promising to play such a role, thanks to its advantages: power and energy 

capacity can be independently designed; the simple structure of cell and stack; 

quick response and long cycle life. One of the challenges in VRFB 

development is to improve the low solubility of V(V) species in sulfuric acid. 

The positive electrolyte of the VRFB consists of a mixture of vanadium salts in 

oxidation states 4+ (IV) and 5+ (V), dissolved in sulfuric acid, with a total 

vanadium concentration of typically 1.5 ï 2 mol.dm
3
. As the battery is charged, 

the ratio of V(V) to V(IV) increases. Therefore, the VRFB is generally 

operating with the positive electrolyte in a metastable state. Consequently, there 

exists the risk that V(V) ions may condense to form V2O5 and then followed by 

the precipitation at high temperatures, which is almost irreversible in the 

charged electrolyte. In practice, the kinetics of precipitation is strongly 

dependent on temperature and state-of-charge (SOC).  

 

By careful control of temperature and state-of-charge, VRFB manufacturers 

avoid precipitation. However, these measures add to the cost and can reduce 

performance. Therefore, much effort has been made to find electrolyte additives 

that would allow wider operational temperature windows. The most common 

stabilizers to date are H3PO4, (NH4)2SO4, and HCl. It has been suggested that 

halide ions can form complexes such as [V2O3Cl2.6H2O]2
+
 with the hydrate 

penta-coordinated [VO2(H2O)3]
+
 cation, in which the chloride hinders the 

polymerization to V2O5. However, halide in the electrolyte gives the risk of 

forming poisonous halogen vapors, while H3PO4 and (NH4)2SO4 are rather 
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limited in their effectiveness. A large number of organic stabilizers have also 

been suggested, but little has been reported as to their long-term stability. 

 

Therefore, in this thesis, a systematic development strategy (precipitation test, 

electrochemical test, material characteristics, and etcé) was conducted for 

finding out an electrolyte formulation (especially new additives) for a 

vanadium-based electrolyte, which is halide-free and stable to high 

temperatures. The electrolyte is also expected to demonstrate the longer-term 

stability and suitability for laboratory-scale VRFB and eventually for a 1 kW 

system. 

 

In this Ph.D. thesis, we summarize the progress and achievement in the 

development of novel electrolyte formulation for the VRFB. It is demonstrated 

that the novel thermally stable additives have been successfully developed for 

the VRFB electrolyte, through the combination of one inorganic component and 

one organic component, which could provide the co-stabilizing effect to prevent 

the precipitation of positive vanadium electrolyte at high temperatures. The 

thermal stability of pristine vanadium electrolyte has been improved nearly 4 

times by the addition of combined additives. In addition, as-developed 

combined inorganic-organic additives also could maintain the rate of V2O5 

precipitate below the value of ~10 mol.% of V(V). By contrast, more than 60 

mol.% of V(V) in the pristine electrolyte was precipitated within 7 days at 50 

ÜC. Since the recipe is halide-free, the risk of toxic halogen vapor formation has 

been completely eliminated. Besides that, no other harmful contaminants were 

released under the operation of new electrolyte formula. 

 

So-developed halogen-free thermally stable electrolytes also satisfied the 

longer-term stability and suitability in a practical VRFB cell at high 

temperatures. The electrolyte formulas with the presence of combined 

inorganic-organic additives could preserve the performance of a laboratory-
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scale VRFB at 50 ÜC for over 100 cycling number. It also preserved the 

performance of a large-scale 3-stack VRFB system. Although there was a 

minimal drop in the efficiency of the cell, the drop could be diminished by 

varying the addition amount of additives or using suitable ion exchange 

membrane. Moreover, owing to its high thermal durability, the VRFB could be 

operated at relatively high temperatures without the necessity to install a 

cooling system, resulting in higher efficiency and lower cost. 

 

The innovative vanadium electrolyte developed in this Ph.D. study is highly 

promising to be used in commercial VRFB system.  
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density (c), and capacity drop (d) of cell cycling at different temperature using 

electrolyte containing formula 1 of additive. Cell: 20 cm
2
 active area; 

electrolyte volume: 100 mL; flow-rate: 10 mL/min; current density: 40 

mA/cm
2
; potential window: 0.9 ï 1.65 V; oxidation prevention layer: Paraffin 

oil (10 mm); membrane: Fumatech FAP 450; temperature: 25 ï 50 ÜC; number 

of cycle: 10 cycles/temperature point. 

 

Figure 5.13 The view of positive electrolyte tank and flow-frame after cell 

cycling test at 25 ï 50 ÜC with the electrolyte containing 0.025 wt.% PVP + 

0.25 wt.% NH4H2PO4 (formula 1). 

 

Figure 5.14 Voltage efficiency (a), cell resistivity (b), self-discharge current 

density (c), and capacity drop (d) of cell cycling at different temperature using 

electrolyte containing formula 2 of additive. Cell: 20 cm
2
 active area; 

electrolyte volume: 100 mL; flow-rate: 10 mL/min; current density: 40 

mA/cm
2
; potential window: 0.9 ï 1.65 V; oxidation prevention layer: Paraffin 

oil (10 mm); membrane: Fumatech FAP 450; temperature: 25 ï 50 ÜC; number 

of cycle: 10 cycles/temperature point. 

 

Figure 5.15 The view of positive electrolyte tank and flow-frame after cell 

cycling test at 25 ï 50 ÜC with the electrolyte containing 0.025 wt.% PVP + 

0.25 wt.% (NH4)2HPO4 (formula 2). 
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Figure 5.16 The long-term voltage efficiency (a), cell resistivity (b), self-

discharge current density (c), and capacity drop (d) of cell cycling at different 

constant temperatures using blank electrolyte. Cell: 20 cm
2
 active area; 

electrolyte volume: 100 mL; flow-rate: 50 mL/min; current density: 100 

mA/cm
2
; potential window: 0.9 ï 1.65 V; oxidation prevention layer: Paraffin 

oil (10 mm); membrane: Fumatech FAP 450; temperature: 25, 50 ÜC; number of 

cycle: 100. 

 

Figure 5.17 The long-term voltage efficiency (a), cell resistivity (b), self-

discharge current density (c), and capacity drop (d) of cell cycling at different 

constant temperatures using blank electrolyte. Cell: 20 cm
2
 active area; 

electrolyte volume: 100 mL; flow-rate: 50 mL/min; current density: 100 

mA/cm
2
; potential window: 0.9 ï 1.65 V; oxidation prevention layer: Paraffin 

oil (10 mm); membrane: Nafion 117; temperature: 25, 50 ÜC; number of cycle: 

100. 

 

Figure 5.18 The long-term voltage efficiency (a), cell resistivity (b), self-

discharge current density (c), and capacity drop (d) of cell cycling with different 

electrolyte formulas at 25 ÜC. Cell: 20 cm
2
 active area; electrolyte volume: 100 

mL; flow-rate: 50 mL/min; current density: 100 mA/cm
2
; potential window: 0.9 

ï 1.65 V; oxidation prevention layer: Paraffin oil (10 mm); membrane: 

Fumatech FAP 450; temperature: 25 ÜC; number of cycle: 100. 

 

Figure 5.19 The long-term voltage efficiency (a), cell resistivity (b), self-

discharge current density (c), and capacity drop (d) of cell cycling with different 

electrolyte formulas at 50 ÜC. Cell: 20 cm
2
 active area; electrolyte volume: 100 

mL; flow-rate: 50 mL/min; current density: 100 mA/cm
2
; potential window: 0.9 

ï 1.65 V; oxidation prevention layer: Paraffin oil (10 mm); membrane: 

Fumatech FAP 450; temperature: 50 ÜC; number of cycle: 100. 
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Figure 5.20 The view of positive flow-frame coupled with EDS analysis for 

graphite felt for cell running at 50 ÜC using different electrolyte formulas for 

over 100 cycles. 

 

Figure 5.21 The long-term voltage efficiency (a), cell resistivity (b), self-

discharge current density (c), and capacity drop (d) of cell cycling with different 

electrolyte formulas at 25 ÜC. Cell: 20 cm
2
 active area; electrolyte volume: 100 

mL; flow-rate: 50 mL/min; current density: 100 mA/cm
2
; potential window: 0.9 

ï 1.65 V; oxidation prevention layer: Paraffin oil (10 mm); membrane: Nafion 

117; temperature: 25 ÜC; number of cycle: 100. 

 

Figure 5.22 The long-term voltage efficiency (a), cell resistivity (b), self-

discharge current density (c), and capacity drop (d) of cell cycling with different 

electrolyte formulas at 50 ÜC. Cell: 20 cm
2
 active area; electrolyte volume: 100 

mL; flow-rate: 50 mL/min; current density: 100 mA/cm
2
; potential window: 0.9 

ï 1.65 V; oxidation prevention layer: Paraffin oil (10 mm); membrane: Nafion 

117; temperature: 50 ÜC; number of cycle: 100. 

 

Figure 5.23 The influence of combined inorganic-organic additive (formula 1) 

on the electrolyte temperature (a), flow-rate (b), and pressure (c) of 3-stack cell 

cycling. Cell: 625 cm
2
 active area; electrolyte volume: 1.5 L; current density: 

80 mA/cm
2
; membrane: Fumatech FAP 450; bipolar plate: PV15; end plate: 

PV15; number of cycle: 200. 

 

Figure 5.24 The influence of combined inorganic-organic additive (formula 1) 

on the voltage efficiency (a), self-discharge current density (b), and resistivity 

(c) of 3-stack cell cycling. Cell: 625 cm
2
 active area; electrolyte volume: 1.5 L; 

current density: 80 mA/cm
2
; membrane: Fumatech FAP 450; bipolar plate: 

PV15; end plate: PV15; number of cycle: 200. 
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Figure 5.25 The influence of combined inorganic-organic additive (formula 2) 

on the electrolyte temperature (a), flow-rate (b), and pressure (c) of 3-stack cell 

cycling. Cell: 625 cm
2
 active area; electrolyte volume: 1.5 L; current density: 

80 mA/cm
2
; membrane: Fumatech FAP 450; bipolar plate: PV15; end plate: 

F100 monolithic carbon plate; number of cycle: 200. 

 

Figure 5.26 The influence of combined inorganic-organic additive (formula 1) 

on the electrolyte temperature (a), flow-rate (b), and pressure (c) of 3-stack cell 

cycling. Cell: 625 cm
2
 active area; electrolyte volume: 1.5 L; current density: 

80 mA/cm
2
; membrane: Fumatech FAP 450; bipolar plate: PV15; end plate: 

F100 monolithic carbon plate; number of cycle: 200. 

 

Figure 5.27 The performance of 1 kW VRFB system cycling with pristine 

and novel vanadium electrolyte. Cell: 625 cm
2
 active area; electrolyte volume: 

10 L; current density: 80 mA/cm
2
; membrane: Fumatech FAP 450; bipolar plate: 

PV15; electrode: GFD 4.6 graphite felt; number of cycle: 150. 

 

Figure 5.28 FESEM image of original graphite felt (a) and negative graphite 

felt electrodes (b-d) after cycling with different vanadium electrolytes at 50 ÜC 

for over 100 cycles. 

 

Figure 5.29 FESEM image of original graphite felt (a) and positive graphite 

felt electrodes (b-d) after cycling with different vanadium electrolytes at 50 ÜC 

for over 100 cycles. 

 

Figure 5.30 SEM image of original graphite felt (a) and negative graphite felt 

electrodes (b-d) after cycling with different vanadium electrolytes at 50 ÜC for 

over 100 cycles using the cell assembled with Nafion CEM. 

 

Figure 5.31 SEM image of original graphite felt (a) and positive graphite felt 
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electrodes (b-d) after cycling with different vanadium electrolytes at 50 ÜC for 

over 100 cycles using the cell assembled with Nafion CEM. 

 

Figure 5.32 The view of Fumatech FAP 450 membrane in original form and 

after cell cycling with different vanadium electrolyte formulas at 50 ÜC for over 

100 cycles. 

 

Figure 5.33 EIS measurement (a) and EDX analysis (b) for the Fumatech FAP 

450 AEM after cell cycling with different vanadium electrolytes at 50 ÜC for 

over 100 cycles. 

 

Figure 5.34 The view of Nafion 117 membrane in original form and after cell 

cycling with different vanadium electrolyte formulas at 50 ÜC for over 100 

cycles. 

 

Figure 5.35 EIS measurement (a) and EDX analysis (b) for the Nafion 117 

CEM after cell cycling with different vanadium electrolytes at 50 ÜC for over 

100 cycles. 
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NTU  Nanyang Technological University 

VRFB  Vanadium Redox Flow Battery  

SOC  State-Of-Charge 

OCV  Open Circuit Voltage 

EDS(X) Energy Dispersive X-ray Spectroscopy 

CEM  Cation Exchange Membrane 

AEM  Anion Exchange Membrane 

IEM  Ion Exchange Membrane 

PVP  Poly-Vinyl-Pyrrolidone 

UV-vis Ultravioletïvisible 

XRD  X-ray Diffraction 

FESEM Field Emission Scanning Electron Microscopy 

HRTEM High-Resolution Transmission Electron Microscopy 

CV  Cyclic Voltammetry 

EIS  Electrochemical Impedance Spectroscopy 

PHS  Pumped Hydro Storage 

CAES  Compressed Air Energy Storage 

SCMES Super Conducting Magnetic Energy Storage 

RFB  Redox Flow Battery 

VBrRFB Vanadium/Bromide Redox Flow Battery 

VARFB Vanadium/Air Redox Flow Battery 

FTIR  Fourier Transform Infrared Spectroscopy 

STEM  Scanning Transmission Electron Microscopy 

CPE  Constant Phase Element 

NMR  Nuclear Magnetic Resonance 
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Chapter 1 

 

Introduction 

 

This chapter aims to describe the scientific and technical issues 

related to the vanadium redox flow battery, resulting in the necessity 

to conduct this project. One significant problem encountered in the 

VRFB is the poor stability of the positive vanadium electrolyte at 

high temperatures, leading to a drop in usable capacity and 

eventually damage to the system. Subsequently, the aims of the 

project are also presented in this chapter, which is desired to 

develop a novel additive formula to maintain the thermal stability of 

vanadium electrolyte. Last but not least, this chapter also highlights 

the main outcomes of the project. 
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1.1 Problem Statement 

 

Vanadium redox flow battery (VRFB) is one of the most promising candidates 

for future large-scale energy storage systems. They are particularly suitable for 

autonomous energy supply systems, e. g. remote farms or mobile radio 

antennas, as well as for the storage of energy generated by photovoltaic systems 

or wind power plants. The unique feature of flow batteries lies in the ability to 

independently scale the energy storage capacity and the power output of the 

system, thus rendering this technology very versatile with respect to the local 

circumstances of the energy source. Energy is stored and released chemically in 

the VRFB electrolyte, by means of simple redox processes involving the 

vanadium ions, dissolved in supporting electrolyte (typically sulfuric acid, with 

a total vanadium concentration of typically 1.5 ï 2 mol.dm
-3

. The electrolyte is 

pumped through an active cell to generate/store the energy, in which the 

V(II) /V(III) solution serves as the negative electrolyte (anolyte), while the 

V(IV) /V(V) solution is used as the positive electrolyte (catholyte). 

 

However, it is known that V(V) has a relatively low solubility in sulfuric acid 

and intends to form a solid precipitate at high temperature. This process starts 

by the deprotonation of the hydrate penta-coordinated [VO2(H2O)3]
+
 cation, 

which is the dominant species of V(V) in sulfuric acid and following by the 

condensation step to form V2O5 nuclei. The reaction of the whole process is 

given below [1]: 

 

Deprotonation: 2[VO2(H2O)3]
+
   ī   2H

+
   ŕ   2VO(OH)3   +   2H2O 

 

Condensation:  2VO(OH)3   ŕ   V2O5   +   3H2O  

 

At this stage, the small-sized V2O5 nuclei still can be dissolved back into the 

electrolyte solution at lower state-of-charge (SOC) when the battery is 
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discharged. However, with the increasing temperatures, the precipitation of 

V2O5 develops faster, forming a bigger precipitate particle, which is unable to 

be re-dissolved, and damaging the operation system (blocking the electrolyte 

flow).  

 

Based on this mechanism of solid V2O5 formation, many inorganic and organic 

additives have been studied to prevent the precipitation, and thus improving the 

thermal stability of vanadium electrolyte. The first priority is to restrict the 

precipitation at early state by inhibiting the deprotonation of the hydrate penta-

coordinated [VO2(H2O)3]
+
 structure. This could be achieved by adding the 

additive that can form the soluble complex with hydrate penta-coordinated V(V) 

ion. The most effective additive to date is hydrochloric acid (HCl), which has 

been suggested that halide ions can form soluble complexes such as 

[V2O3Cl2.6H2O]
2+

, in which the chloride hinders the deprotonation process to 

form hydrate penta-coordinated [VO2(H2O)3]
+
 structure [2, 3]. However, halide 

in the electrolyte gives the risk of some safety issues: introducing the possibility 

to form toxic chlorine gas under certain failure conditions (e.g. overcharging of 

cells); a very corrosive atmosphere of hydrogen chloride gas is formed in the 

tank and gas lines ï this can also be a problem in the event of accidental 

spillage; the electrolyte is generally much more corrosive than the standard 

electrolyte, and therefore limiting the materials of construction. 

 

Other common stabilizers to date are H3PO4 [4, 5] and (NH4)2SO4 [6], which 

are rather limited in their effectivity. A wide range of additives also has been 

taught by Prof. Skyllas-Kazacos [7, 8]. However, the vast majority of these 

were not tested and they can, in fact, be shown to be completely ineffective in 

practice. 

 

Besides, many other studies focus on the later state, prevention of the 

precipitation of V2O5 nuclei to become bigger particles. This idea is to allow 
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the formation but maintains the V2O5 nuclei size as small as possible that could 

not block the electrolyte flow. It has been claimed that some organic additives 

can adsorb via polarized functional groups, such as OH, CHO, C=O, on the 

initial V2O5 nuclei, hindering further growth and formation of particles large 

enough to precipitate. This will help to maintain the operation of the system, 

and the small nuclei of V2O5 can be dissolved back to the electrolyte solution 

during the discharging process. However, in some cases it is clear that the 

organic additives are oxidized by V(V) in the positive electrolyte, thereby 

reducing the state-of-charge [9]. At lower state-of-charge, the positive 

electrolyte is more thermally stable, but the usable capacity of the battery is 

reduced, and therefore this approach is not advantageous. It is also likely that 

many polymers would foul the ion exchange membranes or coat on the 

electrodes, causing the internal resistance of the battery to rise. 

 

1.2 Objectives and Scope 

 

As discussed above, the limitation on operating temperature due to the 

electrolyte precipitation is the major disadvantage of the VRFB. By careful 

control of temperature and state-of-charge, VRFB manufacturers can avoid 

precipitation. However, these measures add to the cost and can reduce 

performance. Therefore, much effort has been made to find new electrolyte 

formula that would allow wider operational temperature windows. Therefore, 

this Ph.D. project has been conducted which aims to: 

 

- Develop a novel electrolyte formulation (especially new additives) for a 

vanadium-based electrolyte, which is halide-free and stable to higher 

temperatures than the conventional ñGeneration Iò electrolyte.  

 

- Demonstrate the longer-term stability and suitability of the new electrolyte 

in a practical laboratory-scale, and eventually in a 1 kW system. 
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By raising the thermal stability of the electrolyte, without the use of halides, it 

should be possible to reduce the cooling requirements in a VRFB, without 

compromising safety. This has the double advantages of reducing system cost 

and improving efficiency.  

 

Along with two main objectives above, the new additives also have to 

demonstrate their stability and compatibility in strong oxidative (positive side) 

and reductive (negative side) condition of vanadium electrolyte. It is noted that 

the VRFB exploits two solutions of vanadium salt in sulfuric acid separated by 

an ion exchange membrane. During the operation, there is a chance for the 

electrolyte and additive species from this side to cross through the membrane to 

another side. Therefore, the novel additive should be added in both electrolyte 

tanks to warranty the homogeneity of the system. 

 

The physical property of vanadium electrolyte, such as viscosity, is also 

required to be unchanged by using the new precipitation inhibitors. The VRFB 

manipulates two external pumps to flow the electrolyte through the active cell. 

The rising in the electrolyte viscosity will cause the higher energy expense to 

power the pump. Thus, this parameter should be noticed when developing the 

new additives, especially for the organic additives that have high molecular 

weight or low solubility. 

 

The novel stabilizers are also recommended do not strongly influence the 

electrochemical property of pristine vanadium electrolyte, such as the redox 

reaction kinetics, reversibility or electrolyte resistance. Efficiency is an 

important factor for a battery system, and for the VRFB, it is partly governed by 

the redox reaction kinetics of vanadium ions at the carbon electrodes. The 

effective additives are desired to improve, or at least, do not remarkably restrict 

the kinetics of vanadium redox reaction. 
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Moreover, the new electrolyte formula is not permitted to seriously impact the 

other cell components, for instance, ion exchange membrane or electrode 

materials. This is an important thing to elongate the lifetime of a VRFB, which 

is proposed compulsorily to be by years. Ion exchange membrane and carbon 

electrodes are also quite chemically sensitive; hence, any serious degradation 

will necessitate costly replacement.  

 

Last but not least, the new electrolyte is also desired to be easy and safe to 

install in any VRFB systems. A complete VRFB system is generally cumbrous, 

especially for large capacity systems. Therefore, to install a VRFB system in a 

remote region, the vanadium electrolyte will be transported separately. In this 

situation, the novel electrolyte should not contain any volatile species. The 

user-friendly property of the new electrolyte is also very helpful in the fast 

charging application of a VRFB by replacing the electrolyte. 

 

1.3 Dissertation Overview 

 

This Ph.D. thesis addresses the progress and achievement in the development of 

novel electrolyte formulation for the VRFB, which is halide-free and stable to a 

higher temperature. The new electrolyte formula, which contains the solution of 

vanadium electrolyte (1.6 M V in 4 M SO4
2ï
) and the addition of 0.001 ï 0.1 

wt.% PVP and 0.01 ï 0.5 wt.% ammonium phosphate (NH4H2PO4 or 

(NH4)2HPO4), have demonstrated the stability and suitability in different 

laboratory scales of the VRFB. The new advanced electrolyte formulation 

additionally satisfies all other requirements discussed in the aims of the project. 

The thesis includes 6 chapters: 

 

Chapter 1 provides a rationale for the research and outlines the goals and scope. 
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Chapter 2 reviews the literature concerning the current development of 

renewable energy storage and conversion technology; the advantage and 

disadvantage of redox flow battery; and the progress on the vanadium-based 

electrolyte development. 

 

Chapter 3 discusses the scope of work of this project, including the sequence of 

experiment will be conducted; the principles underlying the synthesis of 

vanadium-based electrolyte with high thermal stability; the characterization of 

thermal stability, electrochemical property, membrane resistivity; the cell 

cycling test with temperature control and the methods of data analysis, 

including errors.  

 

Chapter 4 elaborates the effect of advanced halide-free additive formula on the 

properties of VRFB electrolyte. The studied evaluation includes the thermal 

stability improvement of positive vanadium electrolyte in the presence of 

thermally stable additives, the activity of advanced additives on the 

precipitation rate, the change in vanadium oxidation state in the presence of 

additives, the impact of additives on the electrochemical property of vanadium 

electrolyte. 

 

Chapter 5 presents the practical performance of novel electrolyte formulas 

under cycling condition of vanadium redox flow battery; the improvement of 

long-term cell cycling performance at high temperatures with the presence of 

thermally stable stabilizers in the vanadium electrolyte; the effect of advanced 

precipitation inhibitors on the cell components during cell cycling process. 

 

Chapter 6 presents our conclusions and summary for this study.  The extent to 

which the hypothesis was proven/disproven, or the design target is met/not met 

is adequately addressed.  The opportunities and strategies for future work are 

also highlighted to further enhance the application range of the VRFB. 
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1.4 Findings and Outcomes/Originality 

 

Utilizing several previous studies on the thermally stable additives for 

vanadium redox flow battery electrolyte and combining with the current 

research strategy, this Ph.D. research has drawn out several novel outcomes and 

findings: 

 

1.4.1 Standard Screening Method for Thermally Stable Additives for 

Vanadium Redox Flow Battery Electrolyte 

 

It is reported that some organic additives containing polar functional group are 

often oxidized in the positive vanadium electrolyte.  

 

 

Figure 1.1 Standard screening method for thermally stable additives for vanadium 

redox flow battery. 
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We have found that the apparent stability, revealed in laboratory testing, is often 

simply an artifact of the test method and arises from the oxidation of the 

organic additive with corresponding partial reduction of V(V) to V(IV). This 

actually does not improve the stability of the electrolyte in an operating system. 

In this study, we examined the oxidation of some typical carboxyl, alcohol, and 

multi-functional group organic additives in sulfuric acid solutions containing 

V(V). The UV-vis measurement and titration results showed that many organic 

compounds reduced the state-of-charge (SOC) of vanadium electrolyte, for 

example, by 27.8, 88.5, and 81.9% with the addition of 1 wt.% of EDTA 

disodium salt, pyrogallol, and ascorbic acid, correspondingly. The cell cycling 

also indicated the effect of the organic additive on the cell performance with a 

significant reduction in the usable charge capacity on the addition of the said 

additives.  

 

It is known that the screening of thermally stable additive for vanadium 

electrolyte requires a long testing time due to the slow kinetics of V2O5 

precipitation at the temperatures of 40 ï 50 ÜC. This effort is obviously wasted 

if the additive is unstable. Therefore, a quick method to determine and eliminate 

unstable additives from lengthy test program is highly desired. In Figure 1.1, 

we proposed a standard screening method for vanadium thermal stability 

additives. The proposed chemicals have to undergo three consecutive 

experiments to demonstrate their chemical stability and thermal stability 

properties. Firstly, UV-vis spectra can quickly indicate the change in the 

oxidation state of V(V) ions in the presence of the additive. However, it could 

happen that the additives have absorption over the same range as the V(IV) 

solution. The second test, titration against Mn(VII), is optional, but strongly 

advised in instances where the additive is colored. It can provide similar 

information to the spectroscopy result, assuming that the reaction of the 

additive is not very rapid with Mn(VII). Finally, if a chemical appears stable to 

the oxidation by V(V) ions, it now can be used for the thermal stability test. 
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This is carried out with fully charged electrolyte, in glass test tubes, under 

thermostated conditions at 40 ÁC ï 50 ÁC, and compared against an additive-

free ñblankò solution. 

 

1.4.2 Physicochemical Interaction of Ion Exchange Membrane and 

Vanadium Ions in Acidic Medium 

 

It is known that vanadium ions in different oxidation states have different 

existing structures in sulfuric acid. The communication of these vanadium ions 

and sulfate (or bisulfate) ions will determine how the ion exchange membrane 

does behave in vanadium redox flow cell. In this Ph.D. project, we examined 

the performance of two different typical ion exchange membranes: Nafion 117 

cation exchange membrane (CEM) and Fumatech FAP 450 anion exchange 

membrane (AEM). 

 

It is found that as-selected Nafion 117 CEM absorbs a little amount of all 4 

vanadium ions due to the electrostatic attraction of sulfite group in its structure. 

No sulfate was observed in the adsorption behavior of Nafion 117 CEM. In 

contrast, as-studied Fumatech FAP 450 AEM absorbs a large amount of sulfate 

(or bisulfate), combining with the strong binding between sulfate (or bisulfate) 

ions and V(V) ions, a massive amount of V(V) was also found in the Fumatech 

FAP 450 AEM. 

 

Vanadium entering the membrane, hindering proton transport and hence 

increases the cell resistivity. The increasing level depends on the number of 

vanadium species absorbed in the membrane. Therefore, the most significant 

resistivity increase was found for the Fumatech FAP 450 AEM soaked in V(V) 

solution because of the strong binding of V(V) and sulfate ions absorbed 

through the membrane. It is measured that the resistivity of FAP 450 AEM rises 

10 times compared to the initial value after immersing in V(V) solution.  
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The interaction of ion exchange membrane and different ions existed in 

vanadium electrolyte directly governs the electrolyte crossover and self-

discharge current. In general, the Fumatech FAP 450 AEM is more thermal-

sensitive compared to the Nafion 117 CEM when being assembled in the 

vanadium redox flow cell. The detailed behavior will be discussed in following 

chapters. 

  

1.4.3 An Advanced Thermally Stable Additives for Vanadium Redox Flow 

Battery 

 

The most important outcome in this Ph.D. study is the finding of novel additive 

formula for thermally stable vanadium electrolyte. It is known that H3PO4 

additive has poor thermal stabilizing effectivity for positive vanadium 

electrolyte due to the precipitation of V(V) and PO4
3ï
 ions. However, the 

presence of ammonium cation (NH4
+
) in different ammonium phosphate 

compounds (NH4H2PO4, (NH4)2HPO4) can prevent such precipitation, hence 

improves the thermal stabilizing capability of PO4
3ï
 ions for vanadium 

electrolyte. In addition, surprisingly it has been found that polyvinylpyrrolidone 

(PVP) indicates advantageous thermal stabilizing for vanadium electrolyte, 

while is not oxidized to a significant degree by charged positive electrolyte, and 

that it does not cause a significant increase in the internal resistance of the 

battery. Furthermore, it has also been found that electrolyte containing small 

additions of PVP and ammonium phosphates (PVP + NH4H2PO4, PVP + 

(NH4)2HPO4) has a greater thermal stability than is found for either additive 

independently. This novel additive combination idea has not only demonstrated 

the superior thermally stable improvement for vanadium electrolyte but also 

will be a valuable reference for any future development of vanadium electrolyte 

formulation. 

 

It is suggested that two mechanisms may operate to stabilize the electrolyte in 
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the case of using combined organic-inorganic additives: 

 

i) Ammonium phosphate hinders the initial condensation of V(V) by 

complexing with the VO2
+
 (V(V)) ions.  

 

ii) Polyvinylpyrrolidone (PVP), could block the surface of initial V2O5 nuclei, 

hindering further growth and formation of particles large enough to precipitate. 

This type of additive is not oxidized by V(V) and is therefore stable in the 

positive electrolyte.  

 

 

Figure 1.2 Chemical structure of polyvinylpyrrolidone (PVP). 

 

The ultraviolet-visible spectroscopy and titration test have indicated that the 

combined additives do not change the oxidation state of vanadium ions and the 

state-of-charge of vanadium electrolyte (i.e. the additives were not oxidized by 

the positive electrolyte). 

 

 

Figure 1.3 Description of the thermal stabilizing mechanism of the combined 

inorganic-organic additives for vanadium electrolyte. 
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The combined additive had a relatively small influence on the redox reaction 

kinetics, electrolyte resistance in the static condition. Cyclic voltammetry (CV) 

curves show that there is a slight drop of the cathodic and anodic peak current 

of the positive electrolyte CV due to the addition of 0.5 ï 1 wt.% ammonium 

phosphates, while the redox reaction kinetic is hardly changed. PVP, with high 

coverage property, has a more serious influence on the CV of vanadium 

electrolyte. However, the positive redox reaction still can be taken place with a 

glassy carbon working electrode. Therefore, the detriment of PVP could be 

eliminated when using high porosity electrode materials. 

 

The combined additives have a relatively small influence on the cell 

performance, which does not significantly change the efficiency of VRFB cell. 

At room temperature (25 ÜC), a 1 W redox flow cell (20 cm
2
 active area) can 

maintain the voltage efficiency of about 80% for over 100 cycles using pristine 

additive-free electrolyte. This value of electrolyte containing combined 

thermally stable additives is around 78%. At 50 ÜC, the voltage efficiency after 

over 100 cycles of such redox flow cell is about 83% for the pristine electrolyte, 

and about 78 and 80% new electrolyte formulas, respectively.  

 

The combined additives do not increase the electrolyte viscosity and pressure 

drop of electrolyte flow in an operation VRFB system. The cycling with a 3-

stack VRFB system (625 cm
2
 active area) indicates that the electrolyte flow-

rate and pressure when using combined additive are almost unchanged 

compared to the pristine additive-free electrolyte for over 200 cycles.  

 

The combined additives are also friendly to the environment and safe for users. 

It is known that ammonium phosphates and PVP are non-toxic chemical agents. 

Therefore, there will be no safety issue needed to consider when using these 

additives. 
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Chapter 2 

 

Literature Review 

 

This chapter will discuss the current situation of the increasing 

energy demand and its consequence, causing to the necessity to 

develop the renewable energy technology. Subsequently, the chapter 

also provides an intensive overview of renewable energy storage 

and conversion systems, including redox flow battery. In addition, 

the principle, structure and development of different redox flow 

batteries in general and vanadium redox flow battery, in particular, 

will be also presented. And most importantly, this chapter will also 

summarize up-to-date research progress on the additives for 

vanadium redox flow battery electrolyte. 
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2.1 Overview of Energy Storage Systems 

 

With the increasing populations and standards of living, energy issues have 

become very important for almost every country in the world. The statistics 

from The Shift Project in 2014 indicate that the worldwide electricity 

production currently has reached more than 22000 terawatt hours (TWh). In 

which, in term of energy source, most of them come from conventional thermal 

methods, e.g. relates to the fossil fuel sources (coal, natural gas, oil...) and 

account for about 66% of total electricity production. The rest includes around 

17% from hydroelectric source, 11% from nuclear power and the remaining 6% 

from renewable energy and others technologies. [1] 

 

 

Figure 2.1 The worldwide electric production by energy sources in 2014. 

 

Last year, a prediction is released by the International Energy Outlook 2016 

(IEO2016) that the world energy use will increase by 69% from 2012 to 2040 

to satisfy the energy demand of a strong economic growth in many countries, 

from 21600 terawatt-hours (TWh) in 2012 to 25800 TWh in 2020 and 36500 

TWh in 2040. This prediction also suggests that the fastest-growing energy 
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sources are renewable energy and nuclear power, each increasing 2.9% per year. 

However, the main energy source continues to be fossil fuels, which provide 

about 59% of worldwide energy use in 2040 (29% from coal, 28% from natural 

gas, and 2% from petroleum and other liquid fuels). With the increase in the 

world energy demand and the consumption of fossil fuels, the global emissions 

of carbon dioxide (CO2) are also predicted to increase by 46% from 2010, 

reaching the amount of 45 billion metric tons in 2040. [2] 

 

The rise in CO2 emissions is believed to drive global warming, via the 

greenhouse effect, the main reason causes many serious environmental 

problems, for instance, ice melting, prolonged drought or natural disasters. To 

curtail the dependence of energy production from fossil fuels, and thus reducing 

the amount of CO2 emission, many researchers have been investigated and 

explored new energy sources and technologies to produce ñcleanò electrical 

energy. Solar, wind, tidal, waves and geothermal energy are some current 

popular energy technologies, in which solar and wind energy are two most 

common and effective technologies to produce ñcleanò electricity. However, 

solar and wind energy cannot supply the power consecutively and they also 

strongly depend on the weather condition. To prevent energy waste and to be 

used in case of higher demand or during fluctuation of the supply, the produced 

energy from renewable sources needs to be stored efficiently. Therefore, the 

development of a suitable energy storage system for renewable energy 

technology is highly desired.  

 

In the last decades, a number of energy storage systems have been investigated 

and developed. They can be classified to different types such as mechanical 

energy storage systems (Pumped hydro storage (PHS), compressed air energy 

storage systems (CAES), flywheels), electrical energy storage systems 

(Superconducting magnetic energy storage (SCMES), capacitors and 

supercapacitors) and electrochemical energy storage systems (Fuel cells, 



Literature Review                                                                                   Chapter 2 

21 

 

batteries and hybrid systems). The information about lifetime and efficiency of 

some different energy storage systems can be found in Table 2.1. It should be 

noted that efficiency and lifetime of following systems are very dependent on 

the practical use case. [3 - 7] 

 

Table 2.1 The comparison of some different energy storage systems. 

Energy Storage Systems Roundtrip efficiency Lifetime  

Pumped Hydro Storage 

(PHS) 
70-80% >50 years 

Compressed Air Energy 

Storage Systems (CAES) 
70% 30 years 

Flywheels 
70-80% 

25W/kWh standby losses 
100,000 cycles 

Super Conducting Magnetic 

Energy Storage (SCMES) 
95% 20-30 years 

Capacitors and Super 

Capacitors 
95% 100,000 cycles 

Vanadium Redox Flow 

Battery (VRFB) 
70% 10-15 years 

 

In practical use, some drawbacks have been realized with respect to each 

particular system. PHS and CAES need to be built on a special terrain which 

has suitable conditions for their requirements. The SCEM has a small and short-

lived energy contents, not capable for long duration applications. The flywheel 

has a low specific energy density opposed to chemical batteries. In this case, the 

electrochemical energy storage becomes the most promising technology, in 

which, battery and hybrid technologies are continuously investigated and 

developed.  

 

2.1.1 Batteries 

 

Batteries are electrochemical devices that can generate the electrical energy 
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from the chemical energy stored in electrode (or electrolyte) materials. A typical 

battery cell includes two electrodes, one negative and one positive, respectively. 

There is also an electrolyte that allows ions to move between two electrodes. 

Currently, people classify batteries into primary batteries and secondary 

batteries. 

 

a. Primary Batteries 

 

A primary battery, or disposable battery, is a portable voltaic cell that is not 

rechargeable. Here the electrochemical energy produced by the decomposition 

of electrode material and electrolyte will break down once the electrode or the 

electrolyte are degraded. Because of that, this procedure is irreversible and the 

battery needs to be replaced by a new battery. In a primary battery, the 

electrochemical reaction is not reversible. [8] 

 

Table 2.2 Some commercial primary batteries. 

Battery Cell reaction Potential 

Zn/MnO2 Zn + 2MnO2 Ÿ ZnO + Mn2O3 1.43V 

Zinc/Carbon (Leclanch®) Zn + 2MnO2 + 2NH4ClŸ Mn2O3 + Zn(NH3)2Cl2 + H2O 1.5V 

Silver oxide/Zinc Zn + Ag2O + H2O Ÿ Zn(OH)2 + 2Ag 1.6V 

Lithium/Manganese 

dioxide 
Li + Mn

4+
O2 Ÿ LiMn

3+
O2 3.5V 

Thionyl chloride 4Li + 2SOCl2 Ÿ 4LiCl + S + SO2 3.9V 

 

Primary batteries have some advantages such as high energy density, low initial 

cost and convenient to use. However, it is quite environmental unfriendly due to 

its disposable property. 

 

b. Secondary Batteries 

 

Different from the primary battery, the electrochemical reaction in the 



Literature Review                                                                                   Chapter 2 

23 

 

secondary battery or rechargeable battery is reversible. Due to the reversible 

electrochemistry of the charge and discharge reaction of the system, they do not 

need to be replaced after every discharge cycle. Secondary batteries show many 

advantages compared to primary batteries: environmental friendly and 

inexpensive compared with a primary battery; best solution for high drain 

applications; for high utilization applications the cost of the charger is soon paid 

back. Some commercial secondary batteries and their properties are shown in 

Table 2.3 [8]. 

 

Table 2.3 Some commercial secondary batteries. 

Battery Cell reaction Potential 

Nickel/Iron 2NiOOH + 2H2O + Fe ź 2Ni(OH)2 + Fe(OH)2 1.2V 

Nickel/Cadmium Cd + 2NiOOH + 2H2O ź 2Ni(OH)2 + Cd(OH)2 1.3V 

Nickel/Metal hydride H2 + 2NiOOH ź 2Ni(OH)2 1.3V 

Zinc/Bromine Zn(s) + Br2(aq)ź 2Br
ï
(aq) + Zn

2+
(aq) 1.8V 

Zinc/AgO Zn + Ag2O ź ZnO + 2Ag 1.86V 

Lead-acid Pb + PbO2 + 2H2SO4 ź 2PbSO4 + 2H2O 2V 

Lithium-ion LixC6 + Li1īxMn2O4 ź C6 + LixMn2O 3.6V 

 

However, secondary batteries also have a specific lifetime and need to be 

replaced after certain charge-discharge cycles, depending on the charge-

discharge conditions. Another disadvantage is that the currently applied 

secondary batteries show drawbacks in the field of large-scale energy storage, 

e.g. the trade-off between energy density and power density, the challenging in 

scale-up technology, safety issues, etc.ò. 

 

2.1.2 Hybrid Systems 

 

Hybrid systems are energy conversion and storage systems which consist of 

two or more different systems, e.g. the combination of battery and fuel cell, 

flywheel and battery... However, there is not a clear definition of hybrid 
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systems. The development of such hybrid systems has been triggered by certain 

challenges in each component energy storage system. The advantage of the 

hybrid systems, however, is very individual and depends on the system 

configuration. Some interesting and common hybrid systems: fuel cell 

bioreactor, redox fuel cell, bi-functional redox flow battery, mixed reactant 

direct liquid redox flow battery. [8] 

 

2.2 Development of Redox Flow Battery 

 

2.2.1 General Overview of Redox Flow Battery 

 

Redox flow battery (RFB) is one type of rechargeable batteries that can solve 

the limitation of secondary batteries in the large-scale application. Different 

from other secondary batteries storing the energy in electrode materials, RFB 

can convert the chemical energy of two aqueous redox couples stored in two 

external electrolyte tanks into electrical energy. The redox reactions to conduct 

the energy conversion occurs when these two electrolytes interact with 

electrodes after they are pumped from storage tanks to flow-through the cell. 

The electrolytes flowing through the cathode and anode are called the anolyte 

(negative electrolyte) and catholyte (positive electrolyte), respectively. There is 

a membrane that separates two electrodes and selectively allows non-active 

species to be transported through to maintain electrical neutrality and 

electrolyte balance.  

 

The general redox reactions in a RFB can be written as [10]: 

 

Anode reaction:  

A
n+
 + xe

ï
 ź A

(nïx)+
 ( n > x) (1) 

Cathode reaction: 

B
(m+y)+

 + ye
ï
 ź B

m+
 (2) 
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Figure 2.2 General structure of redox flow battery. 

 

The power of an RFB system is defined by the number of single cells 

composing in a stack and the size of electrodes, whereas the energy storage 

capacity is related to the volume and concentration of the electrolyte. Because it 

is easy to independently design both energy and power, RFB is very suitable for 

the renewable application. Another advantage of RFB is the simple structure of 

cell and stack design, which creates the convenience to set up a large system 

based on module design. In addition, the quick response of RFB system (sub-

seconds) also makes it become ideally for utility applications. [11] 

 

2.2.2 Overview of Electrolyte Used in Redox Flow Battery 

 

Redox flow batteries can be classified by active species or solvent used in the 

electrolyte. Since the first demonstration, many different VRB electrolytes have 

been investigated and developed.  

 

The name of corresponding VRB is also relevant to the redox couple used in its 

electrolyte. Table 2.4 shows some most common types of electrolyte used in 
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redox flow battery systems. 

 

Table 2.4 Some common electrolytes used in redox flow battery systems. 

Redox Flow 

Battery 

Cell Reactions Standard 

Cell Voltage 

(V) 
Charge Discharge 

Iron/ 

Chromium 

Fe
2+

 Ÿ Fe
3+

 + e
ï 

Cr
3+

 + e
ï
 Ÿ Cr

2+
 

Fe
3+

 + e
ï
Ÿ Fe

2+ 

Cr
2+
Ÿ Cr

3+
 + e

ï
 

1.18 

All -

Vanadium 

VO
2+

+H2OŸVO2
+ 
+2H

+
+ e
ï 

V(III)  + 2e
ï
 ŸV(II)  

VO2
+ 
+ 2H

+ 
+ e
ï
ŸVO

2+ 
+ H2O 

V(II)Ÿ V(III)  + 2e
ï
 

1.26 

Vanadium/ 

Bromide 

2VBr3 + 2e
ï
Ÿ2VBr2 + 2Br

ï 

2Br
ï
 + Cl

ï
 ŸClBr2

ï
 + 2e

ï
 

2VBr2 + 2Br
ï
Ÿ2VBr3 + 2e

ï 

ClBr2
ï
 + 2e

ï
Ÿ 2Br

ï
 + Cl

ï
 

1.3 

Bromide/ 

Polysulphide 

3Br
ï
 ŸBr3

ï
 + 2e

ï
 

S4
2ï

 + 2e
ï
 Ÿ 2S2

2ï
 

Br3
ï
 + 2eï Ÿ 3Brï 

2S2
2ï
Ÿ S4

2ï
 + 2e

ï
 

1.35 

Vanadium/ 

Air  

2H2O Ÿ 4H
+
 +O2 + 4e

ï 

4V(III)  + 4e
ï
Ÿ 4V(II)  

4H
+
 +O2 + 4e

ï
Ÿ 2H2O

 

4V(II)Ÿ 4V(III)  + 4e
ï
 

1.49 

Zinc/Bromide 
3Br

ï
 ŸBr3

ï
 + 2e

ï
 

Zn
2+

 + 2e
ï
 Ÿ Zn 

Br3
ï
 + 2eï Ÿ 3Brï 

Zn Ÿ Zn
2+

 + 2e
ï
 

1.85 

Zinc/Cerium 
2Ce

3+
 Ÿ 2Ce

4+
 + 2e

ï 

Zn
2+

 + 2e
ï
 Ÿ Zn 

2Ce
4+

 + 2e
ï
Ÿ 2Ce

3+
 

Zn Ÿ Zn
2+

 + 2e
ï
 

2.4 

 

a. Iron/Chromium 

 

The first pioneered and intensive study of iron/chromium RFB was conducted 

by NASA in the 1970s [12, 13]. The energy stored in an iron/chromium RFB 

system is by employing the aqueous solution of a ferric/ferrous (Fe
2+
/Fe
3+
) 

redox couple as catholyte and a chromic/chromous (Cr
2+
/Cr
3+
) redox couple as 

anolyte. The most common supporting electrolyte is hydrochloric acid. The 

redox reaction taken place in an iron/chromium RFB system can be written as 

[10]:  

 

Fe
2+
 ź Fe

3+
 + e

ï
, E
0
 = 0.77V vs. RHE (3) 

Cr
2+
 ź Cr

3+
 + e

ï
, E
0
 = ï0.41V vs. RHE (4) 
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The iron/chromium RFB can be operated with carbon or graphite felt electrodes 

and an ion exchange membrane or separator to allow proton transfer. In 

practice, the kinetics of iron redox couple on carbon felt electrode is highly 

reversible; however, it is relatively low for the chromium redox couple. 

Therefore, the catalyst is generally required for the negative electrode of the 

iron/chromium RFB. The standard cell voltage of iron/chromium RFB is 1.18 V 

with the typical power density of 70-100 mW/cm
2
.  

 

One drawback of the iron/chromium RFB is that the standard potential of the 

Cr
2+
/Cr
3+
 couple is close to the potential of hydrogen evolution reaction (HER). 

This causes the side reactions and involves the capacity loss and electrolyte 

imbalance. To minimize the influence of parasitic side reactions, the optimum 

approach is required in the design of iron-chromium RFBs. There is currently 

some progress on the research to mitigate this side reaction and implement 

efficient re-balancing systems with minimal loss of system efficiency for ion-

chromium RFB [10, 108]. 

 

b. Vanadium/Bromide (Halide) 

 

In 2001, Skyllas-Kazacos and co-workers developed the Generation 2 of 

vanadium-based electrolyte to improve the low energy density of the first 

generation vanadium electrolyte (will be discussed later). The 

vanadium/bromide RFB (VBrRFB) uses the VBr2 /VBr3 (or VCl2/VCl3) 

couples as the negative electrolyte and the Cl
ï
/BrCl2

ï
 (or Br

ï
/ClBr2

ï
) couples in 

the positive electrolyte [10, 14-16]. The redox reaction in a VBrRFB can be 

written as: 

 

2VBr3 + 2e
ï 
ź 2VBr2 + 2Br

ï
 (5) 

2Br
ï
 + Cl

ï
 ź ClBr2

ï
 + 2e

ï
 (6) 
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The standard potential of a VBrRFB is 1.3 V. The vanadium species 

concentration in the vanadium/bromide electrolyte can achieve the value of 3-4 

M which is equivalent to the energy density from 30-50 Wh/kg, twice that of 

the conventional VRFB system (25-35 Wh/L). The higher concentration of 

vanadium in the Generation 2 VBr electrolyte implies the capability to cut 

down the electrolyte volumes and redox cell system size. This makes the 

VBrRFB more effective for stationary applications of renewable energy 

storage. In addition, the VBrRFB is also reported that can be used in urban 

transportation applications. However, there is the risk of toxic bromine-vapor 

emissions during the operation of VBrRFB. Therefore, it is compulsory to 

minimize the amount of bromine vapor emission during operation by using 

bromine complexing agents [17]. 

 

c. Bromine/Polysulfide 

 

The bromine/polysulfide RFB was patented by Remick in 1984 [18] and then 

extensively studied by Walsh [19] in 2001. In the bromine/polysulfide system, 

the sodium tribromide (NaBr3) solution is used as the positive electrolyte, while 

the sodium polysulfide (Na2S2) serves as the negative electrolyte. The anode 

and cathode, and their corresponding salt solutions are separated by an ion 

exchange membrane. Activated carbon/polyolefin composite can be used as 

electrodes in this system with the standard potential of 1.35 V. 

 

The redox reaction in bromine/polysulphide RFB is expressed as follows:  

 

3Br
ï
 ź Br3

ï
 + 2e

ï
, E
0
 = 1.09 V vs. RHE (7) 

S4
2ï
 + 2e

ï
 ź 2S2

2ï
, E
0
 = ï0.265 V vs. RHE (8) 

 

The main advantage of this system is that the redox species employing in two 

electrolytes are quite bountiful and thus inexpensive. Moreover, they possess 
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high solubility in aqueous electrolytes, which can improve the energy density. 

However, this system also shows the challenge in the electrolyte crossover, 

resulting in the sulfur precipitation and also the risk of poisonous H2S and Br2 

emission. The other problem is due to oxidation of sulfide to sulfate as it 

crossed over the membrane. This leads to a permanent loss in capacity 

(requiring complex chemical rebalancing techniques). 

 

d. Vanadium/Air 

 

The concept of vanadium/air redox flow battery (VARFB) is firstly introduced 

by the researchers from the University of Twente [8, 20]. The active species of 

VARFB compose of a solution of 2 M V(II)/V(III) in 3 M H2SO4 in the 

negative side and the redox couple of H2O/O2 in the other side. The utilization 

of the air as the second redox couple can reduce the system weight and also 

increase the specific power density. The oxygen source is provided by ambient 

air.  

 

The redox reaction in VARFB is expressed as follows:  

 

2H2O ź 4H
+
 + O2 + 4e

ï
, E
0
 = 1.23 V vs. RHE (9) 

4V(III) + 4e
ï
 ź 4V(II), E

0
 = ï0.26 V vs. RHE (10) 

 

The reports from the researchers from the University of Twente indicated that 

the VARFB can gain the value of 45.7 and 46% for the voltage efficiency and 

energy efficiency at 80 ÁC. This value is much lower than VRFB, for example, 

with the number of about 81 and 73% for voltage and energy efficiency, 

however, the specific weight storage capacity is almost twice compared to 

VRFB thanks to the fact that only one aqueous redox couple need to be stored. 
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e. Zinc/Bromine 

 

In this hybrid redox flow battery system, the energy is also stored in external 

tanks of electrolyte, but the redox reaction of zinc species does not only take 

place in the aqueous phase. The positive side involves the redox reaction of 

bromide ions and bromine molecules. One thing to take note is the bromine 

molecules can combine with bromide ions in form of tribromide ions, which 

occurs primarily in liquid bromine [21]. In zinc-bromine hybrid RFB system, 

the catholyte (positive electrolyte) can exploit the solution of relatively high 

concentrations of Br
ï
 and Br2 to upgrade both reaction kinetics and energy 

density. A potential concern is the formation of toxic Br2, which can be eased by 

the addition of complexing agents [22]. However, the impact of complexing 

agents on the kinetics of bromine redox reactions has not been intensively 

quantified, particularly in strongly acidic supporting electrolyte. At the anode, 

zinc metal is dissolved and redeposited during operation. 

 

3Br
ï
 ź Br3

ï
 + 2e

ï
, E
0
 = 1.09 V vs. RHE (11) 

Zn
2+
 + 2e

ï
 ź Zn, E

0
 = ï0.76 V vs. RHE (12) 

 

The negative electrode is a compact metal electrode to increase the energy 

density. The cell separator is served by an ion exchange membrane or a 

microporous film [23]. The advantages of zinc/bromine hybrid RFB include 

good reversibility, high cell voltage (1.85 V) and low cost. However, this 

system also consists of several limitations, including the material corrosion, 

high self-discharging, dendrite formation, low energy efficiency and short cycle 

life. The first demonstration of zinc/bromine RFB was conducted by RedFlow 

Ltd. (Australia), with the capacity up to MW and energy efficiency of about 

74% [24]. Zinc/chlorine RFB is one of the derivatives of the zinc/bromine 

system which typically has similar performance and obstacles [25]. 
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f. Zinc/Cerium 

 

Zincïcerium RFB is firstly developed by Plurion Inc. (UK) during the years of 

2000 [26, 27]. In this system, the solution of Ce(III)/Ce(IV) redox species is 

used as the positive electrolyte, while the solution of Zn(II)/Zn redox couple 

serves as the negative electrolyte. The cell reaction in zinc-cerium RFB can be 

expressed as follows: 

 

2Ce
3+
 ź 2Ce

4+
 + 2e

ï
, E
0
 = 1.61 V vs. RHE (11) 

Zn
2+
 + 2e

ï
 ź Zn, E

0
 = ï0.76 V vs. RHE (12) 

 

Nafion (DuPont) is the typical ion exchange membrane used in zinc-cerium 

RFB. Similar to zincïbromine, and zincïchlorine RFB, this system is also 

classified as a hybrid flow battery because zinc is electroplated at the negative 

electrode during the charging process. The reagents used in the zinc-cerium 

RFB are considered to be cheaper than that of the vanadium flow battery. 

 

The open-circuit cell voltage (OCV) of zinc-cerium RFB is relatively high, of 

about 2.43 V because of both zinc and cerium redox reactions in aqueous media 

have high standard electrode potentials [26]. The common supporting 

electrolyte used in zinc-cerium RFB is methanesulfonic acid, which can 

dissolve high concentrations of both zinc and cerium. It is reported that the 

solubility of methanesulfonates is about 2.1 M for Zn, [28] around 2.4 M for 

Ce(III) and up to 1.0 M for Ce(IV), respectively. [29] 

 

The performance of zinc-cerium has not been intensively investigated. But one 

of the main drawbacks in this type of RFB is the self-discharge process at the 

cathode due to the Zn corrosion. Moreover, the use of expensive Pt-Ti 

electrodes is also another disadvantage compared to other RFB systems. 
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2.3 Vanadium Redox Flow Battery 

 

One of the most typical matters observed in as-discussed RFB systems above is 

the incompatibility of two electrolyte species due to the contamination from the 

other. If the active species from two opposite sides transfer through the 

separator and interact with each other, it will not only scale down that 

corresponding charge/discharge cycle efficiency but also diminish the capacity 

and degrade the overall system performance. Subsequently, the costly 

electrolyte separation and reactant replacement are required to recover the 

initial operation parameter of the system. To solve this obstacle, employing an 

RFB system composed of more than two oxidation states of the same element is 

highly promising. In this case, the active species crossover only involves the 

efficiency loss due to the fact that no species are removed or irreversibly 

consumed by their reactive electrolytes. Overall, the all-vanadium system 

becomes the most promising candidate.  

 

The vanadium redox flow battery (VRFB) uses the V(II)/V(III) redox couple as 

the negative electrolyte reagent and the V(IV)/V(V) redox couple as the 

positive electrolyte reagent. In this system, the vanadium electrolyte crossover 

only associates with the efficiency loss and capacity drop. The initial form of 

vanadium electrolyte can be regenerated electrochemically in case of any 

contamination. 

 

The first investigation on the chemistry of vanadium redox couples was 

conducted by NASA researchers during the energy crisis of the 1970s. In the 

late 1980s, at the University of New South Wales, Maria Skyllas-Kazacosôs 

research group invented and demonstrated the first operational VRFB. From 

that, there was an increase in the research activity of VRFB around the world. 

Because it is a promising technology for continuously renewable energy 

storage, many VRFB systems with higher capacity have been investigated and 
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developed. [10] 

 

2.3.1 Electrochemistry of Vanadium Redox Flow Battery 

 

Figure 2.3 illustrates two concurrent reactions happen on both sides of the 

membrane in a VRFB system. During the discharging process, electrons are 

released from the negative electrolyte during the oxidation of vanadium ions, 

moved through the external circuit and went to the positive electrolyte, where 

the reduction of vanadium ions happens. During the charging process, the 

electron flow direction is inverted, and the reduction of vanadium ions now 

occurs in the negative electrolyte and the oxidation happens on the positive 

side. 

 

 

Figure 2.3 The vanadium redox reactions in VRFB cell during the charging and 

discharging process. 

 

The VRFB chemical equations are as follows: 

 

VO2
+
 + 2H

+
 + e ᵰ VO2+ + H2O, E

0
 = 1.000 V (13) 

V(III) + e ᵮ V(II), E
0
 = ï0.255 V (14) 

V(II) + VO2
+
 + 2H

+
 ᵰ VO2+ + V(III) + H2O, E

0
 = 1.255 V (15) 
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The present of protons H
+
 and water H2O in the cathodic (positive side) 

reaction is to maintain the charge balance of the cell. [30] 

 

a. Nernst Equation and Equilibrium Potential 

 

In stack composing a number of single cells, the stack voltage Ustack is driven 

by the internal losses Uloss and the equilibrium voltage Ueq. The equilibrium 

state is achieved in case of no current is flowing across the stack, that means 

Ustack = Ueq and no internal loss. Thus, Ustack (with the time t) can be expressed 

by: 

 

Ὗ ὸ Ὗ ὸ Ὗ ὸὠ (16) 

 

The equilibrium voltage Ueq is equal to the total of different single cell 

equilibrium potentials E. By applying the Nernst equation on the concentration 

of vanadium species and protons, the equilibrium potential for a single cell can 

be written as: 

 

Ὁ Ὁᶻ
ὙὝ

ὲὊ
ὰὲ

ὅ ὅ

ὅ

ὅ

ὅ
ὠ (17) 

 

where R is the gas constant, T is the temperature, n is the number of electrons 

involved in the reaction, F is the Faraday constant, C is the concentration and 

E
o*
 is the formal potential. In practice, the standard potential E

o
 can be used to 

replace the formal potential E
o*
. [30] 

 

It should be noted that the applying of Nernst equation on concentration is only 

acceptable in the case of dilute concentration of vanadium species and proton. 

In practical high concentration of vanadium electrolyte, the Nernst equation 

should be with activities, not concentrations. Therefore, to describe all 
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important parameters in this part, we consider the redox reactions taken place in 

a standard condition: 1 M vanadium species concentration, the temperature at 

25 ÁC and all activity coefficients ɔi equal to one. 

 

b. Standard Potential 

 

In the Nernst equation (17), the standard potential EÁ is a key parameter. There 

are two ways to determine the standard potential: by thermodynamic 

characteristics calculation of the components engaged in the VRFB reactions or 

by estimating from the standard reduction potentials of the two half-cell 

reactions. 

 

Å From the Thermodynamics: 

 

To determine the standard potential by the thermodynamic method, we start 

with the Gibbs free energy ȹG: 

 

ЎὋ ЎὌ ὝЎὛ        
ὐ

άέὰ
 (18) 

 

where ȹH [J/mol] is the change in enthalpy and ȹS [J/K.mol] is the change in 

entropy. 

 

The free energy change for vanadium redox reactions in standard condition can 

be expressed by the standard Gibbs free enthalpy of reaction ȹGÁ: 

 

ЎὋ ЎὌ ὝЎὛ
Ὧὐ

άέὰ
 (19) 

 

where ȹHÁreaction is  the  standard  reaction  enthalpy  and depending on the 

molar  formation  enthalpy of products ȹHÁformation,product and the molar  
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formation  enthalpy of reagents ȹHÁformation,reagent: 

ЎὌ ЎὌ ȟ

ЎὌ ȟ

Ὧὐ

άέὰ
 

(20) 

 

And ȹSÁreaction is the standard reaction entropy and depending on the molar 

formation entropy of products S°formation,product and the molar formation entropy 

of reagents S°formation,reagent: 

 

ЎὛ Ὓ ȟ

Ὓ ȟ

ὐ

ὑȢάέὰ
 

(21) 

 

Table 2.5 indicates the thermodynamic data for all components involved in 

vanadium redox reactions, which can be introduced into equations (20) and (21). 

 

Table 2.5 Thermodynamic data for all components involved in vanadium redox 

reactions at 25 ºC. 

Compound 
æH

o
formation  

[kJ/mol]  

æG
o
formation  

[kJ/mol]  

S
o
formation 

[J/K.mol]  

State 

H+ 0 0 0 aqueous 

H2O -285.8 -237.2 69.9 aqueous 

V(II)  (-266) -218 (-130) aqueous 

V(III)  (-259) -251.3 (-230) aqueous 

VO
2+

 -486.6 -446.4 -133.9 aqueous 

VO2
+
 -649.8 -587 -42.3 aqueous 

 

Replacing the thermodynamic data into equation (20) and (21) for the standard 

reaction enthalpy ȹHÁreaction and for the standard reaction entropy ȹSÁreaction 
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gives: 

 

ЎὌ ρυυȢφ 
Ὧὐ

άέὰ
 (22) 

ЎὛ ρςρȢχ 
ὐ

ὑȢάέὰ
 (23) 

 

The relation of free energy change and the potential difference between the cell 

electrodes can be written as follows: 

 

ЎὋ ὲὊὉ        ὐȾάέὰ (24) 

 

Thus, we can calculate the standard potential E
o
 when rewriting the equation 

(24) and combining with the equation ȹG
o 
(19): 

 

Ὁ
ЎὋ

ὲὊ

ЎὌ ὝЎὛ

ὲὊ
ὠ (25) 

 

Now the standard voltage E° at 25 ºC is 1.23 V. 

 

Å From the Standard Reduction Potential: 

 

From Figure 2.4, we can observe that the standard potentials of two VRFB 

electrodes are as follows: 

 

ὠ ᵮὠ Ὡ          Ὁ πȢςυυ ὠ 

ὠὕ ςὌ Ὡ ᵰ ὠὕ Ὄὕ       Ὁ ρȢπππ ὠ 

 

 

The standard potential of a cell can be determined by subtracting cathode 

standard potential to the anode standard potential. Therefore, the standard 

potential of the VRFB can be calculated as: 
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Ὁ Ὁ Ὁ ρȢςυυ ὠ 

 

 

 

Figure 2.4 Potential diagrams for the vanadium species in the strong acidic 

solutions. 

 

In comparison with the thermodynamic method, the standard potential 

calculation from standard reduction potential also gives a similar result. [31] 

 

c. Concentration of Vanadium Ions 

 

In the redox reactions, the ion concentrations are changed because of the 

vanadium ions transformation and the protons H
+
 variation (produced or 

consumed). For example, during the discharging process, V(II) and V(V) are 

consumed and their concentrations should decrease; and V(III) and V(IV) are 

produced and therefore their concentrations should rise. During the charging 

process, this concentration change is reversed. 

 

Table 2.6 The variation of different vanadium ions concentration during the 

charging and discharging process of the VRFB. 

Ions Salt 
Concentration 

Electrolyte 
Charge Discharge 

V(II)  VSO4 ŷ Ź Negative 

V(III)  0.5 V2(SO4)3 Ź ŷ Negative 

V(IV)  or VO
2+

 VOSO4 Ź ŷ Positive 

V(V)  or VO
+

2 0.5 (VO2)2SO4 ŷ Ź Positive 
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Å Electron Exchange Rate: 

 

In general, the reaction rate is proportional to the concentration changes. For 

VRFB system, each vanadium redox reaction involved with an electron. Thus, 

the change in concentration is also corresponding to the electrical current. 

Therefore, the variation rate of the concentration can be estimated as follow: 

 

ὗ ὲ Ὡ ὭὸὨὸ           ὅ (26) 

where QC is the charge, neï is the number of electrons, e is the elementary 

charge, I is the current, and t is the time. From equation (26), we can calculate 

the number of electrons neï involved for a specified current: 

 

ὲ
ρ

Ὡὔ
ὭὸὨὸ         άέὰ (27) 

 

where NA is the Avogadro number. From that, the definition of a molar flow-

rate of electrons Neī can be expressed by: 

 

ὔ ὸ
ρ

Ὡὔ
Ὥὸ

άέὰ

ί
 (28) 

 

In a single cell, an electron is produced from the oxidation reaction of a 

vanadium ion in this half-cell, traveling through the electrodes and after that 

being caught by the reduction reaction of another vanadium ion in the opposite 

side. In a practical system, with a stack contained Ncell cells, the electron will  

transfer across the bipolar plate to the neighboring cell (Figure 2.5). Therefore, 

if there is one electron flowing through the external circuit, there are Ncell 

vanadium redox reactions happen. Hence, the total molar flow-rate of electrons 

Neītot for a stack is easy to calculate by multiplying (28) with the number of 

cells: [30] 
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ὔ ὸ
ὔ

Ὡὔ
Ὥὸ

ὔ

Ὂ
Ὥὸ

άέὰ

ί
 (29) 

  

 

Figure 2.5 Illustration of the electron transference through a stack (containing 3 

single cells) during the discharging process. 

 

Å Average Concentration of Vanadium Ions: 

 

During the operation of a VRFB system, there are four electrolyte 

concentrations need to be considered: the tank concentration Ctank, the input 

concentration Cin, the cell concentration Ccell and the output concentration Cout. 

Normally the input concentration Cin is equal to the tank concentration Ctank due 

to the big size of the tank in comparison with the electrolyte flow-rate. The 

change of the tank concentration Ctank is corresponding to the amount of 

vanadium electrolyte has been changed the oxidation state in the stack and 

equal to the number of electrons involved in the vanadium redox reaction. Thus, 

the value of Ctank relies upon the initial ion concentrations ὅ  and the size 

of the tank Vtank, which can be expressed as: 
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ὅ ὸ ὅ ὸ ὅ
ρ

ὠ
ὦὔ ὸὨὸ 

ὅ
ρ

ὠ

ὦ

Ὂ
ὭὸὨὸ        

άέὰ

ὰ
 

(30) 

 

Where the sign factor b is equal to -1 for V(II)
 
and V(V)

 
ions and 1 for V(III)

 

and V(IV)
 
ions. 

 

Assuming the system reacts immediately to the operating conditions, the output 

concentration Cout can be calculated based on the input concentration Cin, the 

electrolyte flow-rate Q and the electrons molar flow-rate Neītot: 

 

ὅ ὸ ὅ ὸ ὦ
ὔ ὸ

ὗὸ
ὅ ὸ

ὦὔ

Ὂ

Ὥὸ

ὗὸ

άέὰ

ὰ
 (31) 

 

d. Concentration of Protons 

 

In the VRFB electrolytes, beside of the vanadium ions, protons H
+ 

and sulfate 

ions SO4
2ī 

also partially present in the redox reaction. These ions are very 

important to keep the charge balance and the preservation of mass. [32] The full 

ionic equations in Figure 2.6 can be used to explain all electrochemical 

mechanisms during VRFB operation. 

 

 

Figure 2.6 The full ionic equations of the VRFB during the charging process. 
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In general, the proton concentration in the positive electrolyte is proportional to 

the amount of VO
2+

 oxidation during the charging process. During discharging 

process, the proton concentration can be identified by the quantity of sulfuric 

acid dissolved in the electrolyte, and therefore the proton concentration, in this 

case, can be determined, CH+,discharge. Now the concentration of protons in the 

positive electrolyte can be expressed as [30]: 

 

ὅ ὅ ȟ   ὅ ὓ  (32) 

 

However, it should be noted that in practice, the concentration of ñfreeò proton 

can only be calculated if we take into account the concentrations of HSO4
ï
, 

H2SO4, SO4
2ï

, Vx(SO4)y
n+

, etc. The concentration of bisulfate typical exceeds 

that of sulfate at these low pH values. Also, the vanadium species can form 

complexes with sulfate or bisulfate. Additionally, the V(IV) and V(V) species 

complex with each other (maybe with sulfate included) to form something like 

V2O3
3+

. 

 

e. The State of Charge 

 

The state of charge represents the percentage of V(II)  present in the negative 

electrolyte (which is equal to the percentage of V(V) in the positive electrolyte). 

Conventionally ñ0% state of chargeò refers to the battery having in the negative 

electrolyte 100% V(III)  and 0% V(II)  and in the positive electrolyte 100% V(IV)  

and 0% V(V). And for ñ100% state of chargeò, that means the battery has 0% 

V(III)  and 100% V(II)  in the negative electrolyte, and 0% V(IV)  and 100% 

V(V) in the positive electrolyte. The state of charge SOC equation can be 

written as: 

 

Ὓὕὅ
ὅ

ὅ ὅ

ὅ

ὅ ὅ
 Ϸ  (33) 
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f. Internal L osses 

 

As discussed before, the equilibrium state is terminated if there is a current 

through the stack and the internal losses Uloss occur. These losses are regarded 

as the energy required to supply for the redox reaction to keep on at the given 

rate and often called as overpotentials: 

 

Ὗ ὸ – ὸ – ὸ – ὸ – ὸὠ (34) 

 

where ɖact is the activation losses, corresponding to the initiation energy of 

charge transfer; ɖconc is concentration losses, caused by the difference of 

concentration between the electrode surface and the bulk solution; ɖohm is the 

ohmic losses in the electrode components; and ɖionic is ionic losses in the 

electrolytes and the membranes. But these internal losses are often appropriate 

only to specific conditions and rarely found in the literature. Because of that, 

the internal losses can be replaced by an equivalent resistance: 

 

Ὗ ὸ Ὑ ȟ Ⱦ Ὥὸὠ (35) 

 

where Req,charge is the charge resistance and Req,discharge refers to the discharge 

resistance; these resistances depend on electrode materials, the electrolyte, the 

stack design and can be experimentally determined. [30] 

 

g. Efficiency 

 

Efficiency is one of the most important parameters to evaluate the performance 

of storage system. In this study, we consider three different efficiencies of 

VRFB: the energy efficiency, the coulombic efficiency, and the voltage 

efficiency. 
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The energy efficiency ɖenergy is identified as the ratio of the output energy during 

the discharging process to the supplied energy during the charging process: 

 

–
ὖ᷿ ȟ ὸὨὸ

᷿ὖ ȟ ὸὨὸ
 (36) 

 

The Coulombic efficiency ɖcoulombic can be calculated by the ratio of Qdischarge 

(the extracted charge from the system during the discharging process) to Qcharge 

(the supplied charge during the charging process): 

 

–
ὗ

ὗ

Ὥ᷿ ὸὨὸ

᷿Ὥ ὸὨὸ
 (37) 

 

The voltage efficiency of VRFB, in the academic view, can be taken as the ratio 

of Coulombic to energy efficiency. Besides, the ratio of Ustack,discharge (the total 

stack voltage during the discharging process) to Ustack,charge (the total stack 

voltage during the charging process) can be also used to express the voltage 

efficiency:  

 

–
–

–

Ὗ᷿ ȟ ὸὨὸ

Ὗ᷿ ȟ ὸὨὸ
 (38) 

 

The voltage efficiency ɖvoltage is calculated for a charge and discharge cycle at 

constant current. It is a measure of the ohmic and polarization losses during the 

cycling. However, when considering the voltage efficiency of a VRFB system 

with the mechanical losses Pmech (from the pump losses), ɖvoltage is not equal to 

the ratio of ɖenergy to ɖcoulombic. [30] 
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h. Relationship between Open Circuit Voltage (OCV) and Stage of Charge 

(SOC) 

 

The state of charge can be determined by measuring the open circuit voltage 

(OCV) or an electrolytic cell in which the positive and negative electrolyte is 

conveyed. 

 

Table 2.7 The estimated value of SOC based on different OCV values. 

Relation of Open Circuit Voltage and State of Charge 

SOC 

(%)  

OCV 

(V) 

SOC 

(%)  

OCV 

(V) 

SOC 

(%)  

OCV 

(V) 

SOC 

(%)  

OCV 

(V) 

SOC 

(%)  

OCV 

(V) 

1 1.16453 21 1.33719 41 1.3909 61 1.4365 81 1.4917 

2 1.20089 22 1.34046 42 1.3932 62 1.4389 82 1.4952 

3 1.22248 23 1.34363 43 1.3955 63 1.4412 83 1.499 

4 1.23803 24 1.34671 44 1.3978 64 1.4436 84 1.5029 

5 1.25027 25 1.34971 45 1.4001 65 1.4461 85 1.507 

6 1.26042 26 1.35263 46 1.4023 66 1.4485 86 1.5113 

7 1.26913 27 1.35549 47 1.4046 67 1.451 87 1.5159 

8 1.27678 28 1.35828 48 1.4069 68 1.4536 88 1.5207 

9 1.28363 29 1.36102 49 1.4091 69 1.4561 89 1.526 

10 1.28985 30 1.36371 50 1.4114 70 1.4587 90 1.5316 

11 1.29555 31 1.36635 51 1.4136 71 1.4614 91 1.5378 

12 1.30084 32 1.36894 52 1.4159 72 1.4641 92 1.5445 

13 1.30577 33 1.3715 53 1.4181 73 1.4668 93 1.5521 

14 1.3104 34 1.37402 54 1.4204 74 1.4697 94 1.5608 

15 1.31478 35 1.3765 55 1.4227 75 1.4725 95 1.5708 

16 1.31893 36 1.37896 56 1.4249 76 1.4755 96 1.583 

17 1.32289 37 1.3814 57 1.4272 77 1.4785 97 1.5985 

18 1.32668 38 1.3838 58 1.4295 78 1.4817 98 1.62 

19 1.33031 39 1.3862 59 1.4318 79 1.4849 99 1.6563 

20 1.33381 40 1.3885 60 1.4342 80 1.4882   

 

Using the open circuit voltage, the SOC is calculated using the Nernst equation 

applied to the complete charging process. 
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ὕὅὠὉ Ὁ
ὙὝ
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ὰὲ
ὅ Ȣὅ Ȣὅ

ὅ Ȣὅ
 ὠ (39) 

 

We have: ὅ ὅ , ὅ ὅ  and also, ὅ ᶿὛὕὅȟὅ ᶿ

ρ Ὓὕὅ 

 

Therefore, ὅ  zand ὅ  z   (SOC
*
 is the state of charge 

expressed as a fraction). 

 

 

Figure 2.7 The relation curve of Open Circuit Voltage (OCV) and State of Charge 

(SOC). 

 

Replacing the concentration term with the SOC, we have: 

 

ὕὅὠὉ Ὁ
ὙὝ

ὲὊ
ὰὲὅ

ὙὝ

ὲὊ
ὰὲ

Ὓὕὅᶻ

ρ Ὓὕὅz
 ὠ (40) 

 

The Nernst equation should always be used with activities rather than 

concentrations, and also for a cell, one should include a membrane junction 
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correction. Based on some experimental works (conducted by Gildemeister 

energy solution), we obtain the correction of the SOC estimation based on the 

OCV for the solution of 1.6M V
3.5+

 in 4.5 M H2SO4: 

 

ὕὅὠρȢσψ πȢππρωσὝ ςχσ ὰὲ
Ȣ Ȣ Ȣ

      (41) 

 

where: 1 SOCô = 100% SOC. The relation of OCV and SOC, in this case, are 

showed in Figure 2.7 and Table 2.7. 

 

2.3.2 Structure of Vanadium Redox Flow Battery 

 

The main components of a VRFB system include two electrolyte tanks, two 

pumps and cell stack.  

 

 

Figure 2.8 The schematics of the main components in a VRFB system. 

 

A single cell stack includes two end plates, two current collectors, two bipolar 

plates, two carbon felts, two gaskets, two electrodes and one membrane. Figure 

2.9 shows the detail of different components in a VRFB single cell: 
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1 - Bolt and nut: connect the cell components. 

 

2 - End plates: made of thick stainless steel to uniformly distribute compressive 

stress on the cell. 

 

3 - Insulating polypropylene plate: prevent shorting of the cell. 

 

4 - Current collecting plates: copper plate acts as the current collecting plate 

and a connection to the external circuitry. 

 

 

Figure 2.9 The detail of different components in a VRFB single cell. 

 

5- Graphite bipolar plate: acts as the current collector for the electrode, as direct 

exposure of the copper to the porous graphite felt electrode will result in rapid 

corrosion of the copper plate as it will be exposed to the highly acidic 

electrolyte. 

 

6 - Graphite felt electrode: acts as the main reaction site for the cell, through 

which the electrolyte is pumped. 
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7 - Polypropylene electrolyte pipe connects the flow frame to the electrolyte 

pipe. 

 

8 - Gasket: an incompressible poly-tetrafluoroethylene gasket serves as a seal 

between the flow frame and the membrane. 

 

9 - Membrane: commercial Nafion membrane is used as the ion-selective 

membrane for the cell, and must be large enough to fully separate the two half-

cells. 

 

10 - Flow frame is designed so as to allow an even distribution of the 

electrolyte flow to minimize dead regions. 

 

a. Electrolytes 

 

In a VRFB, a solution of V(III)/V(II) is used as the negative electrolyte 

(anolyte), and the solution of V(V)/V(IV) is used as the positive electrolyte 

(catholyte). H2SO4 is the most-common supporting electrolyte with the 

concentration is often less than 5 M. By optimizing the stability and the 

solubility of vanadium species in H2SO4, the concentration of vanadium is also 

controlled at less than 2 M. It has been confirmed that the solubility of VOSO4 

(V(IV)) is decreased when the concentration of H2SO4 is rising, as shown in the 

Figure 2.10. [31, 33] Moreover, temperatures also can enhance the solubility of 

VOSO4 in H2SO4 and the effect becomes stronger at a lower concentration of 

H2SO4. [33] 

 

In principle, the energy density of VRFB is controlled by the vanadium species 

concentration: higher concentration will bring out higher energy capacity. 

However, as mentioned before, the vanadium concentration is restricted due to 

the formation of solid vanadium oxide precipitates. For instance, when the 
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vanadium concentration increases beyond 2 M in H2SO4 solution, there is the 

formation of V2O5 precipitates in the positive electrolyte at temperatures higher 

than 40 ºC, and the formation of VSO4 (or VO) precipitates in the negative 

electrolyte under 10 ºC [34, 35]. The vanadium precipitation rate depends on 

the temperature, the concentration of vanadium and H2SO4, and the state of 

charge (SOC) of the vanadium electrolyte [34, 36, 37]. To inhibit the 

precipitation of both positive and negative electrolytes, several organic or 

inorganic agents have been added into the vanadium electrolyte as stabilizing 

agents, often called as the additives.  

 

 

Figure 2.10 Relationship of V(IV) solubility and H2SO4 concentration at 25 ºC. 

 

The electrochemical properties of vanadium redox couples are strongly 

dependent on electrodes and operational conditions (electrode material, 

temperature, charge/discharge current, etc). Figure 2.11 shows an example of a 

cyclic voltammogram of 1 M VOSO4 in 2 M H2SO4 solution with a glassy 

carbon as the working electrode and Ag/AgCl electrode as the reference 

electrode.[38] Four oxidation/reduction peaks are clearly showed in the CV 

curve, including the oxidation peak of V(IV)  to V(V)  (1.0 ï 1.1 V), the 

reduction peak of V(V)  to V(IV)  (about 0.7 V), the oxidation peak of V(II)  to 

V(III)  (about ï0.4 V), and the reduction peak from V(III)  to V(II)  (about ï0.75 
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V). The large value of the peak potential separation within such potential 

window (the difference between anodic and cathodic peaks) indicates the slow 

kinetics of the electrochemical reactions for both V(V)/V(IV)  and V(III) /V(II)  

redox couples. Therefore, the electrode modifications are required to optimize 

the electrochemical activity of redox couples in vanadium electrolytes. [10] 

 

 

Figure 2.11 Cyclic voltammogram of 1 M VOSO4 in 2 M H2SO4 solution at 

different scan rates: (1) 100, (2) 200, (3) 300, (4) 400, and (5) 500 mV.s
-1
. 

 

b. Electrode/Bipolar Plates 

 

In a practical system, to reduce the electrical resistance, the VRFB porous 

electrodes are often combined with a bipolar plate as one component [10]. The 

bipolar plate plays a role as a current collector, isolating the positive electrolyte 

and negative electrolyte into two different sides. Moreover, to help to support 

the porous electrodes and to guide the flow of vanadium electrolytes through 

the cell, the bipolar plate is often designed with flow channels on both sides. To 

fulfill the operational requirements of VRFB, the bipolar plate must have many 

excellent properties: low bulk and contact resistance, high structural and 

mechanical stability, and chemically compatible with all chemicals present in 
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the electrolytes during operation. Because of that, the material choices are very 

limited. There are some materials currently often used in VRFB: conductive 

carbon-polymer composites, polymer-impregnated graphite plates, and 

polymer-impregnated flexible graphite. [39 - 48] 

 

For the electrodes, to achieve a high performance, the electrodes also must 

demonstrate a low electrical resistance, high surface area, chemically 

compatible, appropriate porosity, and high electrochemical activity. Currently, 

graphiteï or carbon-based materials are the most popularly used materials for 

VRFB electrodes, which often in forms of felt or porous structures. However, 

these types of electrode materials often show the poor electrochemical activity 

and reversibility with the redox reactions of vanadium species. To improve the 

electrochemical properties of such VRFB porous electrodes, there are several 

methods to modify the electrode property, including chemical treatment, heat 

treatment, electrochemical oxidation, and metal doping. 

 

The heat treatment is a simple method to modify the property of porous 

electrodes of the VRFB. It has been reported that the presence of functional 

groups, such as =C=O or C-O-H groups, on the electrode surface can catalyze 

the vanadium redox reactions. In this case, improvement of electrochemical 

activity of porous electrode after the heat treatment process can be attributed to 

the surface hydrophilicity enhancement as well as the formation of functional 

groups. [49, 50] 

 

Chemical treatment is also can enhance the electrochemical properties of VRFB 

electrode materials. Some active agents (NaOCl, KMnO4, (NH4)2S2O8) and 

acids (H2SO4, HNO3) [51] have been used as the activation agents to modify 

the surface of porous carbon materials. The increase in concentrations of C=O 

and C-OOH surface functional groups will enhance the activity of the VRFB 

after chemical treatment. These functional groups not only act as the active sites 
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and catalyze for vanadium redox reactions but also increase the hydrophilicity 

of the graphite felt electrodes. Moreover, they also help to accelerate the 

electron and oxygen transfer processes during operation of VRFB. [52] 

 

Electrochemical oxidation is a modification method was recently used to 

improve the electrochemical property of the VRFB porous electrodes. This 

method can create the C-OOH functional groups on the surface of porous 

electrodes, causing to the increase of surface area and the O/C ratio, and hence 

can accelerate the electron transfer process during the operation of VRFB. [53, 

54] 

 

Another method to modify the electrochemical properties of carbon electrodes 

in VRFB is metal-doping. By impregnating graphite fibers in the solution 

containing metal ions (Mn
2+

, Pd
2+

, Ir
3+

, In
3+

, Pt
4+

, Au
4+

, Te
4+

), the 

electrochemical performance of carbon and graphite-based electrodes is 

improved. [55, 56] However, the metal-doping should be conducted with 

caution because in some cases, hydrogen evolution rates were enhanced more 

significantly than vanadium redox kinetics. 

 

c. Membranes and Separators 

 

The membrane is an important component in a VRFB that separates the anode 

and cathode compartments, and at the same time, keeping the electrical 

neutrality of the cell by allowing the transport of charge carriers. To be able to 

work in the strong acidic environment and also to reduce the resistance and 

power loss, membrane for VRFB has to fulfill some requirements: high and fast 

ionic conductivity, high selectivity of charge transport (maximize the charge 

carriers transport (H
+
, SO4

2ï
) but minimize the vanadium cations transport), 

limited in the water transport across the membrane, high chemical stability, 

strong structural and mechanical stability and low cost.   
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There are two most common types of the membrane have been investigated for 

VRFB applications: cation and anion exchange membranes. In addition, there 

are also some studies on the traditional dense membrane, microporous 

membranes. 

 

The Nafion membranes are probably the most common-used membrane in 

VRFB applications among widely researched materials. The Nafion membranes, 

in general, have a high proton conductivity, high chemical stability in strong 

acidic and oxidative environments. Even so, the vanadium ions still can react 

with each other by crossing through the Nafion membrane, causing the cell 

capacity loss and the reduction of energy efficiency in VRFB systems. Many 

factors can affect the transportation rate of the vanadium ions through the 

membrane: the vanadium ions H2SO4 concentrations, the electrolyte state of 

charge, the properties of membranes and the temperature. Sun et al. reported in 

a study that the diffusion coefficients of the vanadium ions through the Nafion 

115 membrane can be arranged as follows: V(II)
 
> V(V)  > V(IV)  > V(III) . [57] 

To improve the properties of Nafion membranes, some modification methods 

have been investigated. One of them is the synthesis of Nafion based hybrid 

membranes, such as Nafion/polyethylenimine (PEI) composite membrane, 

Nafion/sulfonated poly(ether ether ketone) (SPEEK) layered composite 

membrane, Nafion/pyrrole membrane. The hybrid structure of Nafion based 

membranes could help to reduce the vanadium ion permeability through the 

Nafion membrane and improve the energy efficiency of the VRFB systems. [10] 

 

Discovery of alternative membranes is another solution to promote the 

performance of VRFB. In the past few years, some new types of IEM, 

including hydrocarbon-based proton exchange membrane (PEM) [58-60], anion 

exchange membrane (AEM) [61-63] and nanofiltration membranes (NFs) [64, 

65], have been investigated for use in VRFB application. In which, it is 

reported that AEM has low vanadium permeability, which results from the 
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Donnan exclusion effect among the positively charged functional groups of the 

membrane and vanadium ions [66-68]. Therefore, it is received considerable 

attention for application in VRFBs. However, one concern related to AEM is 

the low chemical stability of functional groups in the strong acid medium. [69] 

 

2.4 Thermal Stability of Vanadium Based Electrolyte 

 

It is known that the vanadium concentration can determine the energy density 

of VRFB: higher vanadium concentration will bring out higher energy capacity. 

However, as mentioned in the part 2.3.2, the vanadium concentration is 

restricted by the formation of solid vanadium oxide precipitates, with the V2O5 

formation in the positive electrolyte at temperatures more than 40 ºC and 

VOSO4 (or VO) formation in the negative electrolyte under 10 ºC [34, 35]. The 

vanadium precipitation rate depends on the heating time, temperature, the 

concentration of vanadium and H2SO4, and the state of charge (SOC) of the 

vanadium electrolyte [34, 36, 37]. In practical operation, the precipitation at the 

positive side is more important and appears more frequently due to the excess 

heat released from the working system and weather condition. 

 

2.4.1 Effect of Temperature on the Positive Vanadium Electrolyte 

 

It is known that the positive vanadium species, particularly is V(V), have 

relatively low solubility in H2SO4 supporting electrolyte [70, 71]. The positive 

electrolyte of the VRFB consists of a mixture of vanadium salts in oxidation 

states 4+ (IV) and 5+ (V), dissolved in sulfuric acid, with a total vanadium 

concentration of typically 1.5 ï 2 mol.dm
ï3

. As the battery is charged, the ratio 

of V(V) to V(IV) increases. Therefore, the VRFB is generally operating with 

the positive electrolyte in a metastable state. Consequently, there exists the risk 

that V(V) ions may condense to form V2O5 nuclei via a two-step process. In 

sulfuric acid, at typical electrolyte concentrations, V(V) species exist 
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predominantly in the form of the hydrate penta-coordinated [VO2(H2O)3]
+
 

cation at 25 ºC. At temperatures Ó 40 ºC precipitation occurs notably, e.g. via 

the deprotonation and condensation reactions, given below [71]: 

 

Deprotonation: 2[VO2(H2O)3]
+
   ī   2H

+
   Ÿ   2VO(OH)3   +   2H2O      (42) 

Condensation: 2VO(OH)3   Ÿ   V2O5   +   3H2O (43) 

 

At this stage, the small-sized V2O5 nuclei still can be dissolved back into the 

electrolyte solution at lower state-of-charge (SOC) when the battery is 

discharged. However, with the increased heating time or temperature, the 

precipitation of V2O5 develops faster, forming a bigger precipitate particle, 

which almost irreversible in the charged electrolyte, and damaging the 

operation system (blocking the electrolyte flow). In practice, the kinetics of 

precipitation is very strongly dependent on temperature and state-of-charge 

(SOC). The detailed description of the positive vanadium electrolyte 

precipitation at high temperatures is illustrated in Figure 2.12. 

 

 

Figure 2.12 Precipitation process of the positive vanadium electrolyte at high 

temperatures and long heating time. 

 

In the past few years, there are many studies on the thermal stability of the 

positive vanadium electrolyte have been conducted at various high temperatures. 
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Table 2.8 summarizes several reports on pristine positive vanadium electrolytes 

and their corresponding times to precipitate. 

 

Table 2.8 Temperature dependence of the positive vanadium electrolyte stability. 

Electrolyte formula Temperature (°C) Time to precipitate (h) 

3 M V(V)/5 M H2SO4 [72] 45 

60 

6 

1 

2 M V(V)/3 M H2SO4 [73] 40 

50 

18 

6 

1.8 ï 2.2 M V(V)/5 M H2SO4 [74] 45 

50 

60 

12.3 

5.2 

1.8 

2 M V(V)/5 M H2SO4 [75] 40 

50 

95 

18 

1.8 M V(V)/5 M H2SO4 [76] 50 4 

1.6 M V(V)/3 M H2SO4 [77] 50 2 

2.8 M V(V)/5 M H2SO4 [78] 45 

60 

18 

1 

3 M V(V)/5 M total SO4
2-
 [79] 30 72 

 

By careful control of temperature and state-of-charge, VRFB manufacturers 

avoid precipitation. However, these measures add to the cost and can reduce 

performance. Therefore, much effort has been made to find electrolyte additives 

that would allow wider operational temperature windows. 

 

2.4.2 Thermally Stable Additives for the Positive Vanadium Electrolyte 

 

To screen an effective additive, researchers usually rely on the thermal 

precipitation mechanism of the positive vanadium electrolyte. However, the 

explanation how the additive stabilizes the positive electrolyte solution at high 

temperatures is still complicated. Many research works have been done to 

explain the mechanism of the thermal stability improvement when adding some 
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stabilizing agents. Here are some most reliable mechanisms have been proposed 

after a number of investigations on vanadium additives: 

 

The first thermal improvement explanation refers to the presence of more H
+
 

ions in the vanadium electrolyte when adding the stabilizing agents. These H
+
 

ions enhance the transformed reaction of solid vanadium into V(V) ions. This 

can be achieved by using acid as an additive or co-supporting electrolyte. 

However, the increasing corrosion of electrolyte solution is also a serious issue 

that needs to pay attention [72, 80]. 

 

V2O5(s) + 2H
+
 Ÿ 2VO2

+
 + H2O (44) 

 

The second option is to inhibit the deprotonation of hydrate penta-coordinated 

[VO2(H2O)3]
+
 structure by adding the additive that can form the soluble 

complex with V(V) ions. A typical example of this type of additive can be seen 

in the case of HCl, in which the chlorine (Cl) ion combines with V(V) in form 

of soluble complex structure while giving no other negative effects [72, 81]: 

 

[VO2(H2O)3]
+
 + HCl Ÿ VO2Cl(H2O)2 + [H3O]

+
 (45) 

 

Lastly, it is possible to use some organic additives can adsorb via polar 

functional groups, such as OH, CHO, C=O, on the initial V2O5 nuclei, 

hindering further growth and formation of particles large enough to precipitate. 

In this case, the V2O5 nuclei could be dissolved back to the electrolyte solution 

during the discharging process [73]. 

 

Since the first inventions of VRFB, there are many different organic and 

inorganic additives have been investigated to improve the thermal stability of 

vanadium electrolyte to a wider range of temperature. 
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a. Inorganic Additives 

 

The addition of inorganic additives into vanadium electrolyte mainly aims to 

form the soluble neutral species with hydrate penta-coordinated V(V) ion or 

enhance the transformed reaction of solid vanadium into V(V) ions as discussed 

above.  

 

The most commonly used and effective inorganic additive to date, as mentioned 

before, is HCl [82, 83]. Other common stabilizers to date are H3PO4 [75, 79, 84] 

and (NH4)2SO4 [85], which are rather limited in their effectivity.  

 

Gang Wang et al. have investigated the effect of some inorganic acids on the 

thermal stability of 3 M V(V) in 5 M H2SO4 electrolyte solution at different 

temperatures. The results show that 0.5 wt.% of HCl, CH3SO3H, CF3SO3H, 

PTA could enhance the thermal stability of such positive vanadium electrolyte 

from 5 ºC to 45 ºC. Besides, the electrochemical activities of vanadium redox 

reactions with these acid additives were also increased compared to the pristine 

electrolyte solution. [72] 

 

The report by Jianlu Zhang et al. claimed that the combination of polyacrylic 

acid (PA) and with CH3SO3H can stabilize the positive vanadium electrolyte at 

high temperatures. In which, the solution of 1.8 M V(V) in 5 M H2SO4 can be 

stable to the temperature up to 40 ºC by using PA. [75] 

 

Kausar et al., with a study on the electrolyte solution of 1.8 M V(V) in 5 M 

total SO4
2

, have demonstrated the performance of several phosphate salt 

compounds (ammonium phosphate, potassium phosphate, sodium 

hexametaphosphate, phosphoric acid, ammonium phosphate) in the thermal 

stabilizing of V(V) ions at 50 ºC. The thermal stability test shows that the time 

to precipitate for 1.8 M pristine 100% SOC V(V) solution is  3 days; while for 
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sodium hexametaphosphate, ammonium phosphate and ammonium sulfate is  5, 

6 and 7 days for solutions, respectively. Especially, the combination of 1% 

phosphoric acid and 2% ammonium sulfate showed the best thermal stabilizing 

ability for positive vanadium electrolyte, which gave the value of > 150, 125, 

32 and 15 days for 80, 90, 95 and 100% SOC solutions, correspondingly. [76] 

 

A recent paper of Roe et al. introduced a high concentration vanadium 

electrolyte up to 3 M in 5 M total SO4
2

. The thermal stability of this electrolyte 

formula was maintained by adding several stabilizing agents. In which, the 

solution containing 1 wt.% H3PO4 additive could improve the time for 

precipitation to over 47 days at 30 ºC, compared to the value of 3 days for the 

blank solution. In addition, after 32 days, 3 M V(V) solutions with the presence 

of 1 wt.% sodium pentapoIyphosphate, 1 wt.% K3PO4 and 2 wt.% (NH4)2SO4 + 

1 wt.% H3PO4 indicated the value of V(V) concentrations of about 2.7, 2.7 and 

2.6 M, correspondingly, compared to 2.4 M V(V) in the pristine solution. [79] 

 

The phosphates additives, recently, have been demonstrated that could 

effectively suspend the precipitate time of V(V) solution. The results show that 

the solution of 1.6 M V(V) in 3 M H2SO4 with the addition of 0.1 wt.% of 

Na3PO4, Na2HPO4, NaH2PO4, and NH4H2PO4 additive significantly improved 

the thermal stability up to 25, 17, 36 and 36 h, respectively, in comparison with 

the value of 2 h for the blank additive-free electrolyte. [77] 

 

Another work on the electrolyte solution of 2 M V(V) solution in 4 M total 

SO4
2

 indicated that the addition of 0.05 M sodium pyrophosphate tetrabasic 

(SPT) could improve the long-term stability and also electrochemical 

performance. [86] 

 

Moreover, a wide range of inorganic additives have been also taught by Prof. 

Skyllas-Kazacos, however, only a few of them were practically tested [87, 88]. 
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b. Organic Additives 

 

The organic stabilizing agent also attracts a huge attention thanks to its 

capability to hinder the growth of V2O5 nuclei to the larger precipitate particle. 

In the last decade, many organic compounds have been found to be effective 

thermally stable additives for the positive vanadium electrolyte. 

 

The research of Gang Wang et al. (see above) also reported the improvement 

when adding some organic stabilizing agents. Organic additives such as 

polyacrylic acid (PAA), oxalic acid ((COOH)2), methacrylic acid (MAA),5-

sulfosalicylic acid dehydrate (SHA) could also strongly improve the stability of 

V(V) solution from up to 45 ºC compared with the original solution. For 

example, at 45 ºC, the time to precipitate of the blank electrolyte is 6 h, while 

this value for PPA, oxalic acid, MAA, SHA is 25, 30, 18 and 34 h, respectively 

[72]. 

 

Zhang et al. reported the benefit of some organic stabilizing agents for ~2 M 

V(V) in 5 M H2SO4 solution. In detail, the stability of such positive vanadium 

solution at 40 ºC was relatively improved from less than 95 h, up to ~ 150 h by 

the addition of polyacrylic acid (0.1ï1 wt.%), ~236 h for CH3SO3H (2.1ï7 

wt.%), 120 h for Darvan®C (0.3 wt.%), no precipitation for isopropanol (10 

wt.%), glucose (1.0 wt.%), polyethylene glycol (PEG, 0.3 wt.%), dimethyl 

sulfoxide (DMSO, 10 wt.%), and Tween 20 (0.01 mL).[75] 

 

Research on 2 M V(V) in 3 M H2SO4 electrolyte showed that the addition of 1 

wt.% L-glutamate could help to delay the initiation of precipitation in the 

positive vanadium electrolyte for 12 h at 40 ºC and for 5 h at 50 ºC [73].  

 

In another work, electrolyte stability tests at 45, 50, and 60 ºC confirmed that 

the presence of 0.05ï0.1 wt.% coulter dispersant IIIA (containing mainly 
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coconut oil amine adduct with 15 ethylene oxide groups) to the ~2 M V(V) in 5 

M H2SO4 electrolyte could strongly increase the time of precipitate formation 

from 1.8ï12.3 h to 30.3 hï19.3 days [74].  

 

In another work, polyacrylic acid and its mixture with CH3SO3H were reported 

as an effective stabilizing candidate for vanadium positive electrolyte solution 

at temperatures higher than 40 ºC [75].  

 

Another study of Wang et al. has employed several ionic organic agents as the 

thermally stable additives for positive vanadium electrolyte at the temperatures 

up to 60 ºC. They claimed that the cationic organic additives could remarkably 

increase the thermal stability of the V(V) electrolyte at high temperatures. For 

instance, at 60 ºC, the pristine solution of 2.8 M V(V) in 5 M H2SO4 showed 

the precipitation after 1h. By adding 0.5 wt.% of 3-chloro-2hydroxypropyl 

trimethyl ammonium chloride (CHPTAC), methylene blue (MB), cationic-type 

polyacrylamide (CPAM), this number increased up to 3, 4 and 3 h, 

correspondingly. [78] 

 

Another work showed that the addition of 1-4 wt.% of 

trishydroxymethylaminomethane (Tris) can also improve the thermal stability 

of 2 M V(V) in 3 M H2SO4 electrolyte at 40 ºC [89].  

 

Another study reported that some organic compounds (fructose, mannitol, 

glucose, and D-sorbitol) could be used as thermally stable additives for the 

positive vanadium electrolyte [90].  

 

Inositol, phytic acid, and sodium oxalate have been claimed to improve the 

thermal stability of 1.8 M V(V) in 3 M H2SO4 electrolyte at up to 60 ºC [91, 92].  



Literature Review                                                                                   Chapter 2 

63 

 

Some other additives, although not tested for thermal stability, but were 

proposed to improve the electrochemical properties of vanadium electrolyte 

[93]. 

 

2.5 Problems of Current Researches on Thermally Stable Additives for 

Vanadium Redox Flow Battery 

 

Although a plenty of research has been done to improve the thermal stability of 

vanadium electrolyte, especially for the positive side, there are still many 

challenges need to be solved. 

 

2.5.1 Safety Issues with Halogen and Acid Based Additives 

 

The most effective additive to date is HCl and some other halogen agents, 

which have been suggested that halide ions can form soluble complexes such as 

[V2O3X2.6H2O]
2+

, in which the halide ion hinders the deprotonation process to 

form V2O5 [82, 83]. However, halide in the electrolyte gives the risk of some 

safety issues: introduces the possibility to form toxic halogen gas under certain 

failure conditions (e.g. overcharging of cells); a very corrosive atmosphere of 

hydrogen chloride gas (for HCl additive) is formed in the tank and gas lines ï 

this can also be a problem in the event of accidental spillage; the electrolyte is 

generally much more corrosive than the standard electrolyte, and therefore 

limits the materials of construction. 

 

Other acid based additives (such as H3PO4, HBO3é) may not give the risk of 

toxic gas emission. However, the use of a large addition amount of acid 

additives will increase the corrosive level of final vanadium electrolyte. 
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2.5.2 Performance Demonstration of Tested Additive under Practical 

Conditions 

 

Several additives have been tested demonstrated their performance under cell 

cycling conditions [73 - 79, 81, 86, 89], however, many others additives have 

only been tested in static conditions (cyclic voltammetry and/or electrochemical 

impedance spectroscopy). It is noted that an additive may be stable in a static 

condition, but not in dynamic flow condition of the cell due to the interaction 

with cell components (carbon electrode, ion exchange membraneé). In 

addition, even a flow cell test was employed to examine the effect of the 

additives, there are only a few studies applied the temperatures for the 

electrolyte, as showed similarly in static test [76, 77, 79]. Most of the cycling 

tests were conducted at the lab temperature (22 ï 25 ºC) to investigate the 

influence on cell efficiency but not the thermal stability. However, it is known 

that in practical condition, the electrolyte in a VRFB will be heated by the 

system operation itself and also probably by the impact of ambient temperature. 

 

2.5.3 The Oxidation of Organic Additives in the Positive Vanadium 

Electrolyte 

 

As discussed in the part 2.4.2, many organic additives have been investigated to 

improve the thermal stability of positive vanadium electrolyte at higher 

temperatures, which contain one or more polar functional groups. However, due 

to the strong oxidative behavior of V(V) ions, some organic chemicals, 

especially with the functional groups of OH, CHO, and C=O are known to be 

unstable in V(V) solutions [72, 75]. Waters et al. published a comprehensive 

study on the oxidation of organic compounds containing polar functional 

groups by V(V) in a series of articles in the 1960ôs, which are especially 

relevant in light of the most recent VRFB developments [94 - 107]. 
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It is known that V(V) ions can oxidize some organics in acidic solution and 

hence be reduced to V(IV), especially over the long testing times typically 

employed at 40 ï 50 °C. However, the effect of organic additives on the 

positive vanadium electrolyte and especially on the performance of VRFB has 

not been widely reported. In practice, the rate of precipitation of V2O5 is 

dependent on the SOC of the electrolyte (i.e. the relative concentration of V(V) 

to total vanadium). Therefore, it is clear that the apparent thermal stability 

improvement of an additive may be due to the reduction of V(V) to V(IV) in 

the test rather than a genuine hindrance of the condensation and/or 

polymerization of V(V). 

 

At lower state-of-charge, the positive electrolyte is more thermally stable, but 

the usable capacity of the battery is reduced, and therefore this approach is not 

advantageous. It is also likely that many polymers would foul the ion exchange 

membranes or coat on the electrodes, causing the internal resistance of the 

battery to rise. 
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Chapter 3 

 

Experimental Methodology 

 

This chapter describes the scope of work for this project, including 

the sequence of experiment and investigation will be conducted to 

find out a novel vanadium electrolyte formula. The material 

selection and preparation are also discussed in this chapter. In 

addition, all the characterization techniques employed in this Ph.D. 

study are also presented, including thermal stability test, 

electrochemical test,   surface chemistry analysis, cell cycling test 

with temperature control. Moreover, the methods of data analysis, 

including errors are also pointed out. 
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3.1 Scope of Work 

 

This 3.5 year Ph.D. study will look to develop a new vanadium-based 

electrolyte formulation through a series of development steps. 

 

 

Figure 3.1 Scope of work for the study on thermally stable vanadium electrolyte 

additive. 

 

The final outcome is introducing a novel advanced electrolyte formula with 

high thermal stability and safety to users. 

 

3.1.1 Precipitation Test to Screen Effective Additives 

 

Thermally stable additive screening is the first step to develop the novel 

electrolyte formula for the vanadium redox flow battery. Ideally, a large array 

of samples should be monitored to determine the average time to precipitation 

as a function of temperature and composition. Although precipitation times in 

100% charged electrolyte (i.e. all vanadium in the +5 oxidation state) are 

easiest to prepare and monitor (due to their low optical absorption), solutions at 

lower charged states are more practically interesting (e.g. 80% - 90% SOC). 

Many techniques can be employed to detect the onset of precipitation (e.g. 

conductivity, viscosity, acoustic absorption [1], ICP of a solution sample, etc.). 

Colloid formation (the first stage of precipitation) has also been investigated by 

e.g. zeta-potential measurements (including in an acoustic field) and light 




