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Abstract  

The transformation from energy based on fossil fuels to that based on sustainable options such as 

wind, solar and hydroelectric sources is crucial to reduce air/water pollution and carbon emissions. 

However, the production of electricity from these sustainable sources is typically intermittent in 

nature and can perturb the stability of the existing power grid. Redox flow batteries (RFB) have 

emerged as promising devices for grid-scale energy storage to stabilize power systems and improve 

their efficiency. Among the different types of RFBs, zinc- and cerium-based RFBs are promising 

for large-scale applications that require high output power density due to their low cost and high 

cell voltage. Motivated by its potential for future applications, this work focuses on the 

performance improvement of Zn-Ce RFBs through both experimental and modeling studies. Many 

of the findings and general ideas for RFB performance improvement are also applicable to other 

RFB systems and to commercial scale RFBs in real-life scenarios.  

In this work, the effect of different positive supporting electrolytes on the performance of a bench-

scale Zn-Ce RFB has been studied. The effectiveness of mixed methanesulfonic/sulfuric acid, 

mixed methanesulfonic/nitric acid and pure methanesulfonic acid has been assessed and compared. 

The Ce(III)/Ce(IV) reaction exhibits faster kinetics and the battery exhibits higher coulombic 

efficiency in the mixed 2 mol/L MSA-0.5 mol/L H2SO4 electrolyte compared to that achieved in 

the commonly used 4 mol/L MSA electrolyte due to lower H+ crossover and higher Ce(IV) 

solubility. The rate of the fade in coulombic efficiency in the mixed MSA-H2SO4 electrolyte is 

0.55% per cycle over 40 charge-discharge cycles, while the fade rate is 1.26% in the case of 4 

mol/L MSA. Furthermore, the positive electrode reaction is no longer the limiting half-cell reaction 

even at the end of long-term battery charge-discharge operation.  

The effect of ion crossover on the overall Zn-Ce RFB performance has also been investigated 

through the measurement of the Zn(II), Ce(III), Ce(IV) and H+ concentrations on both sides of a 

Nafion 117 membrane during charge-discharge cycles. As much as 36% of the initial Zn(II) ions 

transfer from the negative to the positive electrolyte and 42.5% of the H+ in the positive electrolyte 

has crossed over to the negative side after 30 charge-discharge cycles. Both of these phenomena 

contribute to the steady fade in battery performance over the course of operation. Based on these 

findings, experiments aimed at reducing the concentration gradient driving crossover by 
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intentionally adding different amounts of Zn(II) to the positive electrolyte at the outset of operation 

have been conducted. This approach has been shown to reduce the crossover of Zn(II) from the 

negative side to the positive side, improve both the battery coulombic and voltage efficiencies and 

reduce the decay of battery performance. Since the ion crossover phenomena is very commonly 

observed, this strategy to improve battery overall performance and reduce ions crossover by 

minimizing concentration gradient is not only applicable to similar lab-scale RFB research, but 

also beneficial for real-life RFB applications. 

Since the positive electrode reaction becomes the limiting half-cell reaction during the course of 

battery operation, two strategies have been investigated to regenerate the positive electrolyte by 

converting the accumulated Ce(IV) ions back to Ce(III) ions. The first strategy which utilizes RuO2 

as a catalyst for Ce(IV) reduction improves the voltage efficiency from 71.1% to 77.8% over 16 

cycles but reduces the coulombic efficiency from 74.1% to 57.8% due to the leakage of RuO2 

catalyst through the porous filter into the positive electrolyte. The method utilizing H2O2 to 

regenerate the positive electrolyte improves the average coulombic efficiency from 63.7% to 68.3% 

and the average voltage efficiency from 56.8% to 76.1% over 30 cycles. Similar battery 

performance and life-cycle improvement can also be expected if these electrolyte regeneration 

methods are applied on a commercial scale. Furthermore, the implementation of these regeneration 

methods should also reduce the overall operating costs since it will reduce the frequency with 

which electrolytes have to be replaced. 

Finally, a transient 2-D model for the Zn-Ce RFB that accounts for the crossover of different 

electroactive species through the membrane has been developed. All three modes of transport 

(migration, diffusion and convection) coupled with electrode kinetics of Zn/Zn(II) and 

Ce(III)/Ce(IV) redox couples as well as HER and OER side reactions are included in the model. 

This model has been successfully validated against measurements of the evolution of the cell 

voltage, negative and positive electrode potentials and ion crossover during the course of 5 charge-

discharge carried out in our laboratory. The validated model is then used to simulate the battery 

behaviour when operated under various operating conditions and using positive electrodes with 

different geometries. The results obtained provide useful information for the future design of Zn- 

or Ce-based RFBs with the aim of further improving their performance.  
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Chapter 1 Introduction and Research Objectives 

1.1 Introduction 

In 2015, the Paris Agreement was negotiated and signed by 196 parties at the United Nations 

Climate Change Conference with the long-term goal to limit the temperature increase to 1.5°C 

above pre-industrial levels. To achieve this goal, greenhouse gas emissions must be reduced as 

soon as possible and even reach net zero by the middle of the 21st century. The emissions from 

burning fossil fuels for electricity and heat accounted for 43.5% of the total CO2 emissions in 2020, 

which was significantly larger than that from other sources such as transportation (20.4%), 

manufacturing and construction (17.8%) and the remainder (18.3%). 1 Needless to say, the energy 

structure worldwide has to be shifted from fossil fuel-based toward a reliable, affordable and, most 

importantly, sustainable clean energy system.  

Renewable energies are obtained from unlimited and naturally replenished resources such as wind, 

sunlight, tides, waves, biomass and thermal energy. Energy from these sources offers numerous 

economic and environmental benefits including the reduction of carbon emissions and many types 

of air pollution. Many major economic powers such as the US, UK, Canada and Germany are 

aiming to completely shift their power grid to green renewable electricity in combination with a 

reliable baseload power such as nuclear energy within the next 15 years.2 By 2030, China plans to 

generate ~ 50% of its total capacity of 1200 gigawatts of electricity from renewable energy 

resources. Up to now, 314 cities around the world are operating their power grid using at least 70% 

of its electricity from renewable sources. Obviously, the number of cities achieving this target is 

expected to continuously rise.3 In Canada, the electricity generated from renewable resources made 

up 73.7% of the total electricity consumed in 2022. This was dominated by hydroelectric power 

which made up 65.5% of the total, followed by 6.1% from wind, 1.5% from biomass and 0.72% 

from solar.4 The above mentioned data refer to electricity usage by residential, commercial and 

industrial users, but not to transportation and heating which still rely primarily on fossil fuels.  

Despite the promising aspects of renewable energy sources mentioned above, one of the main 

barriers to their widespread adoption is their poor reliability. In many jurisdictions, renewable 

resources are intermittent in nature and the production of electricity from these sources is very 
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sensitive to real-time climate conditions. For example, the electricity produced from wind turbines 

depends on wind speed and air density, which varies dramatically at different times of the year. 

Solar energy is not available during the night and can be affected by the unpredictable cloudy and 

rainy conditions above the solar panel area. In fact, an inclusion of as little as 20% renewable 

energy production can potentially destabilize the existing power grid due to their intermittent 

nature.5,6 Therefore, advanced energy harvesting and storage systems must be paired with 

renewable energy to mitigate short-term fluctuations and interruptions. An effective energy storage 

technology should meet the following characteristics: 1) highly scalable, 2) fast response time, 3) 

low cost, 4) high efficiency, 5) long life-cycle and 6) low environmental impact.7–9 Currently, the 

most widely employed energy storage techniques involve the use of pumped hydroelectric power, 

compressed air and flywheels. Over 95% of the large-scale (> 100 MW) energy storage worldwide 

is based on pumped-hydro systems.10 However, it is worth noting that this technology is not usually 

designed to match irregular and periodic production of energy from renewable sources.11 In 

addition, the construction of infrastructure associated with this technology poses potential 

environmental concerns to the surrounding area, not to mention high construction costs and the 

need for large water bodies. 

Redox flow batteries (RFBs) have emerged as a promising technology for grid-scale energy 

storage due to their unique advantages including flexible modular design and operation, high 

scalability, short response times, no detrimental effects associated with being fully charged or 

discharged, relatively minimum maintenance once installed and long life cycles.12,13 All these 

features make this technology a promising candidate for the storage of electricity generated by 

intermittent and irregular renewable resources.  

Figure 1.1 shows a schematic of a typical redox flow battery, which is a rechargeable energy 

storage device that converts electricity to chemical energy during charge and converts chemical 

energy back to electricity during discharge. Unlike conventional batteries such as Li-ion batteries, 

the electroactive species of a RFB are stored in two external electrolyte tanks that are separated 

from reactions sites on the electrodes, which reduces the risks of fire and safety concerns. During 

battery operation, the negative and positive electrolytes are continuously circulated from the tanks 

to their corresponding compartment by pumps for energy conversion. Due to the separation in the 

locations where the electroactive species are stored and the electrode reactions occur, the factors 
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governing the energy storage capacity of RFBs are different from those that determine the power 

storage capacity. The energy capacity is determined by the concentration of electroactive species 

in the electrolyte and the total volume of the electrolytes, whereas the power output is determined 

by the number of unit cells (i.e., total electrode area) in a RFB stack system. These features give 

RFBs the unique property that their energy and power capacities can be designed and scaled up 

independently of each other. In most cases, each unit cell contains an ion exchange membrane 

which separates it into negative and positive compartments that can be maintained at different 

electrolyte compositions. In a redox flow battery that employs a cation exchange membrane, an 

ion such as H+ would ideally be the only species in the cell that is transported from the positive to 

the negative compartment during battery charge. During discharge, the same amount of H+ ions 

would ideally be transported back to the positive side if electrode side reactions are neglected. 

When an anion exchange membrane is used, a negatively charged ion such as OH- would be 

transported back and forth across the membrane during charge and discharge to maintain the 

electroneutrality of the system.  

 

 

Figure 1.1. Schematic of a typical redox flow battery (reproduced with permission).14  
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Among the different types of RFBs, the Zn-Ce system has attracted attention due to its high open-

circuit voltage and low cost. In a Zn-Ce RFB, the Zn0/Zn(II) redox couple is utilized at the negative 

electrode and the Ce(III)/Ce(IV) at the positive electrode, while methanesulfonic acid (MSA)-

based solutions are used as the supporting electrolytes on the two sides. The electrode reactions 

and overall reactions are shown as follows: 

Negative electrode: 𝑍𝑛(𝐼𝐼) + 2𝑒−  ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝑍𝑛,  𝐸0  =  −0.959 𝑉 𝑣𝑠. 𝐴𝑔|𝐴𝑔𝐶𝑙 (1) 

Positive electrode: 𝐶𝑒(𝐼𝐼𝐼) ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝐶𝑒(𝐼𝑉) + 𝑒−,  𝐸0  =  1.28 − 1.72 𝑉 𝑣𝑠. 𝐴𝑔|𝐴𝑔𝐶𝑙 (2) 

Cell reaction: 𝑍𝑛(𝐼𝐼) + 2𝐶𝑒(𝐼𝐼𝐼) ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝑍𝑛 + 2𝐶𝑒(𝐼𝑉), 𝐸𝑐𝑒𝑙𝑙
0 = 2.24 − 2.68 𝑉 (3) 

Due to the highly positive potential of the Ce(III)/Ce(IV) redox couple and negative potential of 

Zn0/Zn(II) redox couple, the open-circuit voltage of Zn-Ce RFBs can reach 2.4V, which is among 

the largest values attainable in aqueous-based flow batteries. It should be noted that the standard 

potential of the positive reaction lies in a range between 1.28V and 1.72V depending on the 

supporting electrolyte (such as sulfuric acid or perchloric acid) and the presence of complexing 

agents which stabilize the Ce(III)/Ce(IV) ions in the solution to prevent hydrolysis and 

precipitation.15–17  

Although cerium is classified as a rare earth element, its abundance in the earth’s crust is 

comparable to that of copper and greater than that of common metals such as lead and tin. The 

abundances of zinc and cerium rank 24th and 25th, respectively, in the continental crust of the 

earth.18 In industry, cerium is often generated as a by-product in the production of Nd which is in 

high demand for use in magnets. In fact, due to the fact that the supply of cerium is higher than its 

demand, the excess is stored for future applications in order to prevent collapse of its commodity 

price.19,20 Overall, zinc and cerium should be excellent choices for use in redox flow battery 

technology for large-scale energy storage due to their low price and large redox potential gap. 

Another advantage of this system is that its components are much less toxic than the components 

of all-vanadium flow batteries.21,22 For example, the electrolytes of Zn-Ce RFBs are based on 
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methanesulfonic acid, which is an organic acid and is of less environmental concern than that of 

sulfuric acid commonly used in other flow batteries. In addition, Zn-Ce RFB does not contain 

corrosive or highly toxic heavy metals such as Br, Cr(VI) or Pb. 

Despite these advantages, key challenges must be addressed in order for Zn-Ce RFBs to be 

technologically and economically viable for large-scale commercial applications. At the negative 

electrode, the hydrogen evolution reaction (HER) competes with the zinc deposition reaction 

during battery charge. Since the HER is irreversible, the electrons that are consumed by HER 

cannot be used for battery discharge, thereby reducing the coulombic efficiency. The HER also 

causes an imbalance in the discharge capacity on the two sides of the battery over multiple charge-

discharge cycles whereby the Ce(IV) produced during battery charge cannot be fully converted 

back to Ce(III) ions during discharge. In addition, the accumulation of flammable hydrogen gas 

could conceivably be a safety hazard, especially in a closed system. Several strategies have been 

proposed to minimize the HER and its effects on battery performance and life cycle.23–25  

Another problem on the negative side is the potential formation of zinc dendrites during battery 

charge. The deposited zinc layer should be uniform and smooth on the electrode surface. However, 

zinc has a tendency to preferentially nucleate and grow on sites such as minor flaws on the 

electrode due to the enhancement of local electric field, which can lead to the continuous growth 

of needle-like and sharp dendrite structures. This is detrimental to the system because dendrites 

can pierce the ion exchange membrane and cause leakage between the two sides, leading to battery 

self-discharge and even short-circuiting, especially when operating at high current densities. To 

solve this problem, the addition of reagents such as organic molecules, surfactants and metal ions 

to the negative electrolyte has been explored to achieve smooth and uniform zinc deposits.26–30 

Most importantly, the use of methanesulfonic acid (MSA) as supporting electrolyte has been found 

to be very effective at suppressing zinc dendrite formation, which is one of the reasons that it has 

been extensively used in zinc-based RFBs. 

Another critical challenge is the crossover of electroactive species such as H+, Zn(II) and 

Ce(III)/Ce(IV) across the membrane due to the non-ideal behaviour of the ion exchange membrane. 

This crossover process is caused primarily by the existence of concentration gradients of the 

various species across the membrane, leading to their diffusion from the concentrated to the dilute 
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side. The undesired crossover has two critical negative effects on battery performance. The first is 

the enhancement of the hydrogen evolution side reaction on the negative electrode due to both 

increased H+ concentration and reduced Zn(II) concentration in the negative electrolyte, which 

lowers the columbic efficiency of the battery. The second negative effect is the reduction of the 

solubility of Ce(IV) ions in the positive electrolyte as its acidity declines due to the net transfer of 

H+ ions to the negative side. Over the course of battery operation, hydrogen evolution causes the 

negative side to limit the battery discharge capacity, thereby preventing some of the Ce(IV) in the 

positive electrolyte from being reduced to Ce(III) during discharge and resulting in the 

accumulation of Ce(IV) ions on the positive side. Eventually, Ce(IV) precipitation begins to occur 

in the positive electrolyte due to this increase in Ce(IV) concentration and the reduction in its 

solubility due to the lowering of the H+ concentration. Once Ce(IV) precipitation occurs, the 

battery capacity is permanently decreased since the precipitate does not redissolve into Ce(IV) 

ions in the positive electrolyte.31–34 

To prevent the accumulation of Ce(IV) ions in the positive electrolyte that causes battery 

performance decay, an effective method to restore the state-of-charge of the positive electrolyte is 

needed. It is worth mentioning that the undesired crossover of electroactive species has also been 

widely reported in all-vanadium RFBs. However, the electrolytes in all-vanadium RFBs can be re-

balanced by remixing the positive and negative electrolyte periodically. Of course, such a strategy 

is not positive for the Zn-Ce RFB system because different elements are used on the two sides and 

cannot be easily separated after remixing. Therefore, a strategy to restore the positive electrolyte 

periodically is needed to extend battery life and reduce overall costs from electrolytes, especially 

for long-term battery operation.8,35,36 

The highly acidic and oxidative environment of positive electrolyte that contains MSA and 

Ce(III)/Ce(IV) ions is also a concern for the Zn-Ce RFB systems. This causes the corrosion and 

degradation of different battery components such as the electrode, ion exchange membrane and 

even the tubing. Some carbon-based positive electrodes (graphite, carbon felt and carbon 

polyvinyl-ester) have proven to be good surfaces for the Ce(III)/Ce(IV) redox couple, but they are 

not stable in the aggressive positive electrolyte and are permanently damaged after only a few 

charge-discharge cycles.37 Therefore, more stable positive electrodes such as platinum-based 

materials which are much more expensive have to be used to ensure stable battery performance. It 
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has also be shown that the use of anion exchange membranes can reduce the amount of undesired 

H+ crossover through the membrane and improve battery efficiency.38 Similar to carbon-based 

electrode materials, these anion exchange membranes are not chemically durable and tend to be 

permanently damaged by the highly acidic and oxidizing electrolyte within ~30 hours of battery 

operation. 

While experiments conducted in the laboratory are valuable and can provide real-world data to 

evaluate the performance of RFBs, the cost of experimental setups and materials such as chemicals, 

membranes and equipment can be very expensive. The use of multi-physics models to simulate 

the battery performance is relatively inexpensive and rapid, especially when the battery has to be 

tested under a wide range of operating conditions and for extended charge-discharge cycles. In 

addition, insight into internal processes during battery operation such as mass transport, 

concentration gradients of different species, potential and current distributions can be obtained, 

which are challenging or impossible to determine directly from laboratory experiments. Most of 

the models reported have been developed for all-vanadium RFBs since they are the most widely 

studied and commercialized system to date. The first transient 2-dimensional Zn-Ce RFB model 

that includes all three modes of transport (diffusion, migration and convection) was developed by 

Amini and Pritzker in our own group and accurately fit to extensive experimental data.39 However, 

one limitation of this model was that the commonly observed crossover of different electroactive 

species was not considered. This phenomenon is important to include since the crossover of ions 

changes the acidity and the concentrations of electroactive species, which further affects the 

reactions kinetics of electrode reactions (including HER and OER side reactions) and the battery 

efficiency. To further improve the accuracy of the model, the inclusion of ionic crossover across 

the membrane and correlations for prediction of mass transfer coefficients is strongly 

recommended. Another limitation of the previous Zn-Ce RFB model was that properties such as 

mass transfer coefficients of Ce(III) and Ce(IV) used in the model were accurate only for the exact 

same operating conditions and battery properties used during validation. Therefore, the model was 

not ideally suited for the investigation of battery performance under different operating conditions 

and battery properties such as flow rates, electrode porosity and electrode specific surface area. To 

this end, a more comprehensive multi-physics model should be developed to accurately describe 

the distribution of the various ions in the two electrolytes and the membrane and to investigate the 

effect of different operating conditions such as flow rate, applied current density and electrode 
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porosity on battery performance. Such a model would also allow for the prediction and 

optimization of battery performance and potentially reduce the time and costs involved in future 

experimental testing.  

1.2 Research Objectives 

This work is an extension of research on the Zn-Ce RFB system by Amini 40 and focuses on crucial 

aspects neglected in this previous study. The aim of this work is to study the performance and 

identify the limitations of Zn-Ce RFB through experiments and mathematical modeling, with the 

ultimate goal to provide strategies and solutions to improve battery performance. It is worth noting 

that some of the findings and proposed ideas should also be applicable to other hybrid flow battery 

systems as well, such as Zn-I, Zn-Br and H2-Br. The objectives of this research are to both improve 

battery efficiency and increase life-cycle and can be summarized as follows: 

⚫ Identification of the mechanisms of Zn-Ce RFB performance decay over the course of 

battery operation by monitoring the electrode reaction kinetics and electroactive species 

concentrations in the electrolytes. 

⚫ Investigation of the overall battery performance using different positive supporting 

electrolytes such as HNO3-MSA, H2SO4-MSA and MSA at various compositions with the 

aim of reducing H+ crossover and improving Ce(IV) ion solubility. 

⚫ Measurement of crossover of different electroactive species such as H+, Zn(II), Ce(III), and 

Ce(IV) and modification of electrolyte composition to reduce crossover and thereby 

improve overall performance of the Zn-Ce RFB. 

⚫ Development of a simple and efficient strategy to regenerate the positive electrolyte 

composition during the course of battery operation in order to extend battery life and 

improve battery efficiency. 

⚫ Development of an accurate and comprehensive transient multi-physics model that 

incorporates crossover of the various electroactive species in order to predict battery 

performance under different conditions and be used in the design of the various battery 

components to further improve performance. 
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1.3 Thesis Outline 

Chapter 1 provides an introduction to redox flow batteries and discusses the objectives of this work. 

Chapter 2 contains a comprehensive literature review of the history of the development of redox 

flow batteries, electrode reactions of various popular redox flow batteries and mathematical 

modeling of redox flow batteries, with particular attention on the Zn-Ce system. The experimental 

methods and the bench-scale Zn-Ce battery setup used in this work are described in Chapter 3. 

Chapter 4 presents an experimental study on the use of mixed acids such as MSA-H2SO4 or MSA-

HNO3 as the positive supporting electrolyte to improve the long-term performance of Zn-Ce redox 

flow battery by increasing the Ce(IV) solubility and reducing HER on the negative side due to H+ 

crossover. An experimental study of the crossover of different electroactive species through the 

membrane over 30 charge-discharge cycles is described in Chapter 5. Based on the findings from 

these measurements, the positive electrolyte composition is then modified according to the 

measured crossover to minimize its effect and further improve battery performance. In Chapter 6, 

two regeneration methods that convert the accumulated Ce(IV) back to Ce(III) in the positive 

electrolyte are compared and shown to significantly improve the voltage efficiency. Chapter 7 

presents a comprehensive 2-D transient Zn-Ce redox flow battery model incorporating the 

crossover of different ions. Once this model is successfully validated against extensive 

experimental data, it is used to predict battery performance under different conditions. Finally, the 

conclusions obtained from this work and recommendations for future studies are presented in 

Chapter 8.  
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Chapter 2 Literature Review 

2.1 Development of Redox Flow Batteries 

In 1949, an all-chromium redox flow battery operating with a sulfuric acid electrolyte and based 

on the conversion between Cr2+, Cr3+ and Cr4+ ions on lead or mercury electrodes for energy 

storage was developed by Kangro.41 The patent filed for this device described the first 

experimental results for a flow battery as we understand it today. It identified the two major 

advantages of redox flow batteries: feasibility of energy storage from intermittent sources and the 

decoupled energy and power capacities. However, due to the highly toxic nature of chromium(VI) 

solutions and the use of heavy metal electrode materials, this type of flow battery drew less 

attention than others. In addition, Kangro noted another potential redox couple of Ti3+/Ti4+ and Cl-

/Cl2 that should be feasible for use in a redox flow battery. In this system, the Cl2 gas produced at 

the positive electrode during charge would be dissolved in CCl4. 

In 1955,  Sn-Fe and Sn-Br redox flow battery systems were described in detail for the first time by 

Posner.42 Three years later in 1958, Pieper investigated the possibilities of several redox couples 

such as Ti(III)/Ti(II), V(II)/V(III), V(IV)/V(V), Fe(II)/Fe(III), Cu(I)/Cu(II) and Ce(III)/Ce(IV) as 

electroactive species for redox flow batteries and finally conducted a study on the Ti-Fe system.43 

Eventually, as many as 11 different flow cell designs were developed by Pieper, together with 

different electrolyte compositions. With the optimized system, an energy efficiency of 55% was 

achieved when operated at current densities over the range of 0.5 – 5 mA/cm2. 

In 1973, researchers at the US National Aeronautics and Space Administration (NASA) invented 

the first redox flow battery using aqueous-based Fe/Cr redox couples.44 In this system, 1 mol/L 

FeCl2 and 1 mol/L CrCl3 in 2 mol/L HCl solutions were used as the negative and positive 

electrolytes, respectively. The battery included an ion-exchange membrane to separate the 

electrolytes and carbon felts were used as the electrodes. In 1997, Lim et al. introduced a hybrid 

flow battery based on a Zn-Br redox couple.45 In this study, these authors introduced the electrolyte 

circulation system that is currently in use in more modern RFBs. 

In the early 1980s, the first all-vanadium RFB was developed by Skyllas-Kazacos and co-workers 

at the University of New South Wales, inspired by the work at NASA on Fe-Cr RFBs.46 A charge-
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discharge curve of the all-vanadium RFB system operating with 0.1 mol/L vanadium solutions in 

2 mol/L sulphuric acid, graphite plates as electrodes and an anion exchange membrane at a current 

density of 3 mA/cm2 was reported for the first time. Countless studies have since been conducted 

to optimize electrolyte composition, ion exchange membrane, electrode materials, flow battery 

design and operating conditions, with the ultimate goal of achieving better performance at lower 

cost.47–52  

In 1981, a redox flow battery system based on iron deposition on the negative electrode and the 

Fe(II)/Fe(III) reaction at the positive electrode was reported by Hruska et al.53 Due to its low cost, 

easy availability and relatively low toxicity, iron has always been considered to be a very desirable 

material for flow batteries. However, the reaction kinetics of the Fe/Fe(II) redox couple is very 

sluggish and hydrogen evolution reaction readily occurs on the negative electrode as an undesired 

side reaction during charge. 

In 1988, Matsuda in Japan introduced the first non-aqueous flow battery containing organic species, 

in which an organic ruthenium complex based on 2,2’-bipyridine ligands in an acetonitrile solvent 

was used as the electroactive species.54 However, the high cost of ruthenium and low overall 

energy efficiency were the main obstacles for large-scale application of this system. Further 

investigations on organometallic RFBs have become increasingly more common in recent years. 

Some of the organometallic RFBs systems that have been studied include V(II)/V(III)-L-

cysteine(O2) and V(II)/V(III)-glyoxal(O2) and a series of different metal acetylacetonates (V, Cr, 

and Mn) in acetonitrile by the Thompson group at the University of Michigan.55–57 

In 2004, a hybrid aqueous Pb-Pb flow battery was developed at the University of Southampton, 

based on the use of methanesulfonic acid to dissolve Pb(II) ions.58 In the same year, Clarke 

patented the principles of a Zn-Ce RFB for the first time.37,59 This was followed by several 

experimental studies on this system.22,60–63 Due to the high cell voltage as high as ~2.4V for this 

system, the Scottish start-up company Plurion commercialized this technology in 2010.  

In 2014, the first metal-free aqueous RFB system based on 9,10-anthraquinone-2,7-disulphonic 

acid (AQDS) and Br-/Br2 redox pairs was developed by Michael Aziz’s group at Harvard 

University.64 Since then, the number of studies on organic RFBs has increased significantly. The 

development of the above mentioned RFBs is summarized in chronological order in Figure 2.1. 
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In addition to the above-mentioned flow battery systems, new concepts in RFB design have also 

been proposed. In 2014, an vanadium-based photocatalytic flow battery was reported.65 In this 

design, a TiO2 photoanode was used as the positive electrode and a Pt-mesh was used as the 

negative electrode. The battery was charged under light illumination and could switch to discharge 

when connected to a load. In the same year, an all-Cu thermally regenerable RFB was patented by 

Peljo et al.66,67 This battery capitalized on the strong and stable complexation of Cu+ ions with 

acetonitrile (ACN). During discharge, an aqueous stream containing Cu(II) ions was pumped into 

the positive flow channel, while a slurry containing Cu nanoparticles was fed to the negative flow 

channel. The positive half-cell employed a copper foam electrode, where Cu(II) ions were reduced 

to Cu(I) ions during discharge. In the negative half-cell, carbon felt was used as the electrode where 

Cu nanoparticles were oxidized to Cu(I) ions during discharge. An anion exchange membrane 

separated the cell into the two compartments and the two electrolyte outflow streams were 

collected in the same tank for electrolyte recharge. The oxidation state of the Cu(I) ions was 

stabilized by its formation of complexes with ACN in the electrolyte. The battery was recharged 

by removing the ACN from the collected electrolyte mixture using thermal energy by distillation 

accomplished using an external device that collected heat from external sources. This resulted in 

the production of a slurry electrolyte containing Cu(II) for the positive half-cell reaction and Cu0 

nanoparticles for the negative half-cell reaction. After electrolyte separation by centrifugation, the 

recharged negative and positive electrolytes streams were again ready for battery discharge. The 

ACN collected by distillation in the previous step was condensed and re-introduced into the two 

streams of electrolytes before being pumped into the battery. In 2020, the operation of a 

microbially-charged RFB was reported for the first time.68 In this battery, electroactive bacteria 

(geobacter sulfurreducens) were utilized to charge the negative electrolyte of the RFB operating 

with a 2,6-AQDS/[Fe(CN)6]
4+ redox couple. 
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Figure 2.1. Chronological summary of major flow battery developments. 

 

2.2 Popular RFBs 

2.2.1 All-V RFBs 

The idea of using vanadium ions in its various oxidation states in a battery was first proposed by 

Pissoort in a patent in 1933. However, no experiments were conducted to prove this concept until 

Maria Skyllas-Kazacos and co-workers at the University of New South Wales began research on 

this topic in 1985.46,69 In an all-vanadium redox flow battery, the V(II)/V(III) redox couple is 

employed on the negative side and V(IV)/V(V) on the positive side. Sulfuric acid (~5 mol/L) is 

usually used as the supporting electrolyte on both sides. A fully charged all-vanadium RFB that 

uses carbon-based electrode materials such as carbon felt or porous fibres has an OCP of ~1.26V 

at 25°C. The half-cell and overall reactions are as follows: 

Negative electrode: 𝑉3+ + 𝑒−  ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝑉2+,  𝐸0  = −0.25 𝑉 (4) 

Positive electrode: 𝑉𝑂2+ + 𝐻2𝑂   ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝑉𝑂2
+ + 2𝐻+ + 𝑒−, 𝐸0  =  1.00𝑉 (5) 
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The major advantages of all-vanadium RFBs are that they have relatively high battery efficiencies 

between 70% and 90% due to lower levels of gas evolution reaction and that the battery can operate 

with less expensive carbon-based electrode materials.70 The main disadvantages of all-vanadium 

RFBs are the high cost of the vanadium-based electrolytes and the toxicity of the vanadium ions 

and sulfuric acid to the environment. In addition, the low solubility and stability of the V(II), V(III) 

and V(IV) ions at low temperatures and V(V) ions at high temperatures in sulfuric acid supporting 

electrolytes reduce the operating temperature to a narrow window between 10 and 40°C controlled 

by a thermal regulation system and limit the energy density to less than 35 Wh/L.71–73 In 2010, the 

use of a mixed acid (H2SO4 and HCl) to increase the solubility and stability of vanadium ions in 

the electrolyte was proposed by researchers at the US DOE Pacific Northwest National 

Laboratories and was able to improve battery performance by raising the maximum total vanadium 

species concentration to 2.5 mol/L, representing a ~70% increase in energy capacity compared to 

that reported in earlier studies.74 

 

2.2.2 Fe-Cr RFBs 

As the first modern RFB, Fe-Cr RFB was proposed by Thaller in NASA for use in space missions, 

although it was unsuitable for deep-space travel due to its low energy and power densities.44 This 

type of battery was subsequently paired with a photovoltaic cell for stationary energy storage 

applications, with the aim of overcoming high oil prices resulting from the embargo in 1973. In 

the early 1980s, an 8×39 cell stack with a capacity of 1 kW/13kW was introduced to match a solar 

panel array as an energy storage device.75 

 

Overall reaction: 𝑉3+ + 𝑉𝑂2+ + 𝐻2𝑂 ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

  𝑉2+ + 𝑉𝑂2
+ + 2𝐻+ (6) 
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The major advantage of Fe-Cr RFBs is their low cost since iron is the most abundant element in 

the earth’s crust by mass and the abundance of Cr is ~1000 times higher than that of vanadium.76 

The price of ferrochromium alloys produced throughout the world including Asia, Africa, Europe 

and Middle East has remained under US$1500/tonne of chromium content since 2019.77 This alloy 

contains both of the metallic elements Fe and Cr used in this battery which is another cost-saving 

feature for the acquisition of the electroactive species. It is estimated that the cost of Fe-Cr RFBs 

can be as low as $9.4 kW/h, which is comparable to the target cost proposed by the US Department 

of Energy.78 Another advantage is its high stability over long-term operation and long life-cycles 

due to its simple electrode reactions. 

When operating the battery, higher temperatures (>50°C) are usually applied to shift the inactive 

complex ([Cr (H2O)6]
3+) to its electroactive form ([Cr(H2O)5Cl]2+). Similar to many other types of 

RFBs, the hydrogen evolution reaction (HER) is one of the main reasons for capacity loss due to 

the negative potential of the Cr redox reaction. In addition, the relatively low open-circuit voltage 

(~1.18V) and the use of a highly corrosive HCl electrolyte are also drawbacks of Fe-Cr RFBs that 

has been the focus of research.79–81 The discovery that the sluggish Cr(II)/Cr(III) reaction kinetics 

can be catalyzed by metallic gold and the undesired HER can be suppressed by metallic lead led 

to the development of a bimetallic negative electrode in which gold and lead nanoparticles are 

incorporated onto carbon fibres. Of course, the use of gold as an electrocatalyst significantly raises 

the overall cost especially for grid-scale energy storage.75,82 

Negative electrode: 𝐶𝑟3+ + 𝑒−    ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝐶𝑟2+, 𝐸0  =  −0.407𝑉 (7) 

Positive electrode: 𝐹𝑒2+ ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

𝐹𝑒3+ + 𝑒− ,  𝐸0  = 0.771 𝑉 (8) 

Overall reaction: 𝐹𝑒2+ + 𝐶𝑟3+ ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝐹𝑒3+ + 𝐶𝑟2+ (9) 
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2.2.3 Metal-free RFBs 

In 2014, the first metal-free aqueous flow battery was developed by Aziz and co-workers at 

Harvard University.64 Their system involved the combination of a (9,10-anthraquinone-2,7-

disulphonic acid) AQDS and Br-/Br2 redox pair. AQDS undergoes a reversible 2-electron transfer 

process on a glassy carbon electrode with kinetics that are 1-3 orders of magnitude faster than that 

of the more common redox couples such as Fe2+/Fe3+, Cr2+/Cr3+, VO2+/VO2
+, and V2+/V3+ on 

similar electrode materials.82 Their unit cell was able to achieve ~99% current efficiency when 

operating at a very large current density (500 mA/cm2) with a capacity degradation as low as 0.78% 

per cycle.  

The half-cell reactions and overall reaction are listed below: 

 

In a long-term performance test of the AQDS/Br2 unit cell with a positive electrolyte containing 

0.1L 1 mol/L AQDS in 1 mol/L H2SO4 and negative electrolyte containing 0.12L 0.5 mol/L Br2 in 

3 mol/L HBr, a coulombic efficiency of 98.35% and capacity retention of 99.84% was achieved 

over 750 charge-discharge cycles.83 An AQDS derivative with one hydroxyl group on each 

benzene ring, namely 1,8-dihydroxy-9,10-anthraquinone-2,7-disulphonic acid, has also been 

engineered to achieve even better battery performance.64 This derivative has a lower redox 

potential and faster reaction kinetics than AQDS, which leads to a larger OCV and better battery 

performance. 

Compared to inorganic RFBs, aqueous redox flow batteries that utilize organic electroactive 

species as reactants offer some obvious advantages. Firstly, the cost and availability of organic 

Negative electrode: 𝐴𝑄𝐷𝑆 + 2𝐻+ + 2𝑒−    ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 AQDSH2, 𝐸
0  =  0.213𝑉 (10) 

Positive electrode: 2𝐵𝑟− ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

𝐵𝑟2 + 2𝑒
− ,  𝐸0  = 1.087 𝑉 (11) 

Overall reaction: 𝐴𝑄𝐷𝑆 + 2𝐻+ + 2𝐵𝑟−  ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 AQDSH2 + 𝐵𝑟2 
(12) 
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electroactive species are less constrained by the production and reserves of minerals that contain 

the key elements (e.g. vanadium, chromium, iron and zinc) since they are usually made from 

elements such as carbon, hydrogen, nitrogen and oxygen. Secondly, the transition metal elements 

used in inorganic RFBs must be extracted and purified from ores, whereas the organic electroactive 

species can be synthesized via green chemistry routes. Thirdly, some of the key physical and 

electrochemical properties, including solubility and redox potential, can be tailored by the 

purposeful modification of the structures of the electroactive species molecules. Moreover, some 

organic species such as quinones are known to undergo two-electron transfer process, which yields 

a higher energy density. 

 

2.2.4 Zn-Br RFBs 

Zinc-bromine RFBs are hybrid systems that utilize the Zn0/Zn(II) reaction at the negative electrode 

and the Br-/Br2 reaction at the positive electrode. The half-cell and overall cell reactions are listed 

below: 

Compared with the most popular and commercialized all-vanadium redox flow battery, Zn-Br 

RFBs utilize low-cost ZnBr2 as the electroactive material which enables the system to be operated 

at a cost of $8/kWh. This reported cost is 16 times lower than that of all-vanadium RFBs and 6 

times lower than that of Li-ion batteries.84 In addition, the Zn-Br RFB has a high open-circuit 

voltage of ~1.82 V and high energy density of ~70 Wh/kg. For comparison, the open-circuit 

voltage and energy density of all-vanadium RBFs are ~1.5V and 10-50 Wh/kg, respectively.85,86 

Negative electrode: 𝑍𝑛2+ + 2𝑒−    ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝑍𝑛(𝑠), 𝐸0  =  −0.76𝑉 (13) 

Positive electrode: 2𝐵𝑟− ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

𝐵𝑟2 + 2𝑒
− ,  𝐸0  = 1.09 𝑉 (14) 

Overall reaction: 𝑍𝑛2+ + 2𝐵𝑟− ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝑍𝑛(𝑠) + 𝐵𝑟2 
(15) 
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A drawback with this system are the complications associated with bromine. Firstly, extra 

precautions are required throughout the process and operation of the battery due to the extremely 

hazardous and corrosive nature of Br2. Secondly, the operating temperature must be maintained 

below 50°C to ensure it does not exceed the boiling point of bromine (58.9°C). Even at these lower 

temperatures, Br2 is highly volatile. In order to prevent its evaporation from the positive electrolyte, 

bromine sequestration agents (BSAs) such as N-methyl-N-ethylpyrrolidinium bromide (MEPBr), 

N-Methyl-N-ethyl morpholinium bromide (MEM), and N-ethylpyridinium bromide (EpyBr) are 

introduced to the system to capture the Br2 molecules and form a bromine-rich and dense 

electrolyte.87 The Br2 capture process involving these sequestration agents (denoted as QBr below) 

can be described by the following reaction: 

 

Another critical problem with the operation of Zn-Br RFBs is the uneven zinc layer deposit that 

tends to form during battery charge. Instead of forming a smooth deposit, small irregularities on 

the negative electrode surface lead to an uneven current distribution and faster zinc deposition at 

certain sites, which can grow into needle-like dendrites. During battery operation, portions of these 

dendrites can break off from the deposited zinc layer into the electrolyte and reduce the columbic 

efficiency since they can no longer be utilized for battery discharge. Furthermore, the danger exists 

for the needle-like structure to pierce the separator or membrane used in the battery and lead to 

self-discharge due to electroactive species crossover and even short-circuiting of the Zn-Br RFB. 

In addition, the highly corrosive nature of Br2 may also degrade the separator or membrane, 

resulting in reduced battery performance and shortened battery lifespan.  

 

Br2 capture: 𝑄𝐵𝑟 + 𝑛𝐵𝑟2 ↔ 𝑄𝐵𝑟2𝑛+1 
(16) 
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2.2.5 Zn-Ce RFBs 

2.2.5.1 Zn deposition reaction 

Zinc deposition is a well-established industrial process in which zinc ions in an electrolyte are 

reduced and deposited as metallic zinc on a cathode surface. This process has been widely used in 

various industrial processes such as electroplating, corrosion protection, battery technology (e.g., 

zinc alkaline, zinc-air and zinc-nickel batteries) and electrowinning for recovery of metallic zinc 

from ores and waste materials by cathodic reduction from Zn2+-containing electrolytes in an 

electrolytic cell.88–90 At present, conventional zinc electrodeposition is primarily carried out in one 

of three electrolytes: alkaline zincate (pH>12), acidic chloride (pH 4-6) and acidic sulfate (pH 2-

4).91–93 The use of cyanide zinc baths has been historically one of the most widely used choices 

due to their excellent throwing power, which describes the ability to deposit zinc uniformly even 

on recessed and complex surfaces.94,95 However, cyanide is toxic and poses health and 

environmental concerns. In addition, the stringent regulations to reduce water pollution and the 

increasingly high cost of effluent disposal are also reasons that non-cyanide baths have become 

popular and are now more commonly used for commercial zinc electroplating.  

The deposition of zinc is a complicated process mainly governed by electrochemical reactions and 

influenced by factors such as mass transport and distribution of current. Under the effect of an 

electric field, the solvated Zn(II) ions migrate toward the anode and gradually de-solvate near the 

electrode surface. Subsequently, the Zn(II) ions are adsorbed onto the anode surface and gain 

electrons to be reduced to metallic zinc. This process involves adsorption, electron transfer, 

nucleation and growth steps and is usually accompanied by the HER side reaction.96 Zinc 

electrodeposition in alkaline and neutral/acidic electrolytes operates via different mechanisms and 

different reactions. In alkaline electrolytes, ZnO first combines with OH- and H2O to form zincate 

ions ([Zn(OH)4]
2-), followed by their reduction to form metallic zinc by obtaining electrons on the 

electrode surface. It is generally accepted that alkaline zinc deposition proceeds by the following 

steps97: 1) mass transfer of zincate ions from the bulk to the electrode surface by migration, 

diffusion and convection to replace the zincate ions reduced at the electrode surface, 2) 

transformation of ([Zn(OH)4]
2-) to Zn(OH)2 which is generally believed to be  the species directly 

involved in reduction, 3) reduction of Zn(OH)2 via a sequence of two 1-electron transfer steps to 

adsorbed Zn atoms that can move over the electrode surface, 4) movement of these newly formed 
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Zn ad-atoms to newly formed metal lattice sites on the electrode surface for crystal growth or 

gather with other Zn atoms to nucleate new crystals. Since these steps occur in series, the overall 

deposition rate is determined by the slowest step in this sequence. Step 3) above in the zinc 

deposition process involves two consecutive one-electron transfer reactions in which an 

intermediate Zn(I) adatom is generated first, followed by its conversion to elemental Zn(0).98 

The reaction mechanism of zinc deposition in neutral or acidic environments is different than that 

in the above mentioned alkaline solutions and involves the following 3 steps: 1) diffusion of Zn(II) 

from the bulk to the electrode surface where reduction occurs, 2) direct reduction of Zn(II) to form 

Zn ad-atoms without any pre-conversion steps, 3) nucleation and growth process similar to step 4) 

above in the case of alkaline deposition by which the Zn ad-atoms form a metallic zinc deposit.97 

As with metal reduction under alkaline conditions, Zn(II) reduction also involves two consecutive 

one-electron transfer steps with the first step usually being rate-limiting.99  

Organic additives (organic compounds with high molecular weight) are widely used in zinc 

electroplating baths to inhibit hydrogen evolution reaction and act as crystal growth modifiers that 

enable the growth of denser and smoother deposit surfaces.100,101 The quality and morphology of 

electrodeposited zinc is also affected by other factors such as temperature, applied current density, 

electrolyte composition, plating time and the anode-cathode separation distance.97 Since the 

behaviour of zinc deposition/dissolution is relatively well understood, the low cost of metallic zinc 

and low potential of the Zn/Zn(II) redox couple, zinc-based batteries are used for numerous 

applications ranging from disposable batteries to rechargeable systems. For example, the most 

commonly used alkaline batteries developed in the 1950s utilize zinc as the negative electrode, 

manganese dioxide (MnO2) as the positive electrode and alkaline potassium hydroxide as the 

electrolyte. During discharge of rechargeable zinc-air batteries, oxidation of the zinc negative 

electrode to zinc hydroxide in alkaline conditions releases two electrons, which combine with 

oxygen from the air and water at the positive electrode to form hydroxide ions that replenish the 

electrolyte. Some of the advantages of zinc-based batteries include low cost, environmental 

friendliness, high safety and relatively high energy densities.102  
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2.2.5.2 Ce(III)/Ce(IV) redox couple 

The ability of Ce(IV) to be a strong one-electron oxidant in acidic aqueous media was recognized 

as early as 1931 and has led to many studies on the Ce(III)/Ce(IV) redox properties under a variety 

of conditions.16,103–105 Ce(IV) salts are reported to be very useful reagents for the functionalization 

of alkenes and catalysis of esterification reactions. In addition, they are also utilized in the 

electrosynthesis and initiation of radical polymerization reactions.19 Ceric ammonium nitrate 

(CAN) is used as powerful oxidizing agent in organic chemistry. 

The standard electrode potentials for the Ce(III)/Ce(IV) redox couple ranging from 1.28V and 

1.72V vs. Ag/AgCl have been reported in different acidic electrolyte solutions, reflecting its 

dependence on the supporting electrolyte medium. A standard potential for the Ce(III)/Ce(IV) 

redox couple of +1.46 V vs. SCE was measured based on the oxidation of Ce(ClO4)3 in 1 mol/L 

HClO4.
105 It was found that the redox potential increased by ~400 mV when the supporting 

electrolyte was changed from 1 mol/L HCl to 1 mol/L HClO4. This indicates that the potential for 

Ce(III) oxidation increases when the supporting acid has lower coordinating ability.15 In addition, 

it has been reported that the addition of fluoride ions to solutions containing Ce(IV) ions renders 

them incapable of oxidizing iodide. These studies reveal that the redox properties of the 

Ce(III)/Ce(IV) couple are sensitive to the nature of the ligands and counter ions in solution.106 Due 

to its high standard electrode potential, the Ce(III)/Ce(IV) redox couple has also been widely 

studied for its potential application as electroactive species in RFBs for large-scale energy 

storage.107–109 

Fang et al. conducted voltammetry and constant-current electrolysis experiments to investigate the 

electrochemical behavior of the Ce(III)/Ce(IV) redox couple at different temperatures and 

concentrations of the sulfuric acid supporting electrolyte.107 These researchers observed that the 

current peaks for both oxidation and reduction decreased with an increase of the sulfuric acid 

concentration and the separation between the anodic and cathodic peaks increased when the 

sulfuric acid concentration increased from 0.1 to 2 mol/L, which then decreased with a further rise 

in the acid concentration. They also found that elevated temperatures were favorable for the 

Ce(III)/Ce(IV) redox couple. When the temperature was raised from 298°K to 333°K, the peak 

current increased and the separation between the anodic and cathodic peaks decreased. In another 
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study by Buchanan et al., the structures of Ce(III) and Ce(IV) ions and the charge transfer 

mechanism in sulfuric acid supporting electrolyte was studied experimentally using X-ray 

absorption fine structure spectroscopy (EXAFS) and kinetic measurements and theoretically using 

density functional theory (DFT).110 The authors concluded that each Ce(III) ion is coordinated by 

nine water molecules and proposed that Ce(IV) is complexed by six water molecules and three 

bisulfates in sulfuric acid electrolytes. A two-step charge transfer process was identified for the 

conversion of Ce(III) from Ce(IV). In the first step, the Ce(IV) ions in the form of 

[Ce(H2O)6(HSO4)3]
+ exchange bisulfate anions with water molecule to form [Ce(H2O)9]

4+. This is 

followed by the rate-determining step whereby the actual electron transfer occurs and Ce(IV) in 

the form of [Ce(H2O)9]
4+ is reduced to Ce(III) in the form of [Ce(H2O)9]

3+. 

 

2.2.5.3 Overview of Zn-Ce RFBs 

The Zn-Ce RFB was introduced by Plurion Inc (UK) in 2005 and has since attracted research 

interest due to its high cell voltage and low cost.59 The OCV of the Zn-Ce RFB is ~2.4V, which is 

almost double that of the all-vanadium RFB. The Zn-Ce RFB is categorized as a hybrid system 

since an electroactive zinc metal layer is plated on the surface of the negative electrode during 

battery charge. The half-cell and overall reactions are listed bellow: 

 

Although this technology was patented in 2005, the study of the Ce(III)/Ce(IV) redox couple in 

acid electrolytes in half-cells stretches back many decades earlier.111,112 Moreover, the chemistry 

of zinc deposition and dissolution in various solutions was already well studied because of the 

Negative electrode: 𝑍𝑛(𝐼𝐼) + 2 𝑒−    ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝑍𝑛(𝑠), 𝐸0  =  −0.76𝑉 (17) 

Positive electrode: 2 𝐶𝑒(𝐼𝐼𝐼) ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

2 𝐶𝑒(𝐼𝑉) +  2 𝑒− ,  𝐸0  = 1.67 𝑉 (18) 

Overall reaction: 𝑍𝑛(𝐼𝐼) + 2 𝐶𝑒(𝐼𝐼𝐼) ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝑍𝑛(𝑠) + 2 𝐶𝑒(𝐼𝑉) (19) 



 

 

23 

 

importance of these processes in hydrometallurgical and electroplating industries, not to mention 

the studies conducted on batteries that use Zn(0)/Zn(II) reaction at the negative electrode.101,113,114 

Zinc is also a very cheap and abundant metal element suitable for application in batteries. As of 

2023, the price of zinc was $2870 per tonne, which was significantly lower than that of copper 

(~$8000), chromium ($10,000) and vanadium ($30,000), although much higher than that of iron 

(~$120).115 The price of cerium was ~$3000/tonne as of 2024.116  

Due to the large OCV, side reactions such as hydrogen evolution reaction (HER) and oxygen 

evolution reaction (OER) typically occur on the negative and positive electrodes, respectively. The 

side reactions result in a loss of columbic efficiency of the battery and pH changes near the 

electrode surface. These side reactions are listed bellow: 

 

Electrode materials: Carbon-based composite materials such as planar carbon polyvinyl-ester 

composites are commonly used as the negative electrode for the Zn0/Zn(II) reaction in small 

laboratory-scale flow batteries for performance investigations.60,117 The patent on a Zn-Ce RFB 

filed by Clarke et al. in 2005 described the use of glassy carbon as the electrode for both the 

negative and positive reactions.59 In subsequent early trials using commercial products, Pt-Ti 

electrodes were used on the positive side.60 Various materials including graphite, carbon polyvinyl-

ester, carbon felt and 3-D platinized-titanium mesh have been tested as the positive electrode.37  

The use of carbon felt and the 3-D platinized-titanium mesh yielded the highest conversion rate of 

Ce(III) to Ce(IV) under the same operating conditions.37 However, the carbon-based electrode 

materials either exfoliated or expanded during battery operation and were damaged permanently 

due to the highly oxidizing nature of Ce(IV) ions. Degradation products (carbon particles and 

sludge) were found in the electrolyte after only a few battery cycles. In comparison, the 3-D 

Negative side reaction: 2 𝐻+ + 2 𝑒−    
𝑐ℎ𝑎𝑟𝑔𝑒
→     𝐻2 ↑, 𝐸

0  =  0 𝑉 
(20) 

Positive side reaction: 2 𝐻2𝑂
𝑐ℎ𝑎𝑟𝑔𝑒
→    4 𝐻+ + 4 𝑒− + 𝑂2 ↑ ,  𝐸

0  = 1.23 𝑉 
(21) 
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platinized-titanium mesh showed high stability throughout the charge-discharge cycles, which 

makes it the preferred positive electrode material.37 

In the early trials of the commercial-scale Zn-Ce RFB developed by Plurion, a carbon-HDPE 

(high-density polyethylene) composite materials coated with Ti and Pt using physical vapour 

deposition was used as the positive electrode. However, due to the corrosion of the carbon 

materials and formation of pinholes on the coating after battery cycling, the positive electrode 

material was switched to platinized-titanium mesh in later trials.60 Later, a ceramic electrode 

material made of reduced titanium oxide with the general formula of TinO2n-1 (3<n<10), 

commercially termed Ebonex® proved to be a suitable electrode material due to its high electrical 

conductivity, chemical stability and catalytic activity.118,119 In addition, Ebonex® coated with 2 

mg/cm2 Pt prepared by electrodeposition was shown to have similar electrochemical activity as 

pure Pt for redox couples such as Ce(III)/Ce(IV), Ag(I)/Ag(II) and [Fe(CN)6]
3-/[Fe(CN)6]

4- in 

acidic solutions.120 This Pt/Ebonex® electrode was then tested in a flow cell for >500 hours and 

exhibited no degradation in its properties, thereby demonstrating its excellent stability. On the 

other side, a 1 mm-thick Ti sheet has been successfully used as the negative electrode for a 

commercial-scale Zn-Ce RFB.60 

 

Electrolyte: As mentioned in the Introduction, MSA is commonly used as the supporting 

electrolyte in both negative and positive compartments in Zn-Ce RFB systems. The conductivity 

of MSA is as high as 0.30 S/cm, which is comparable to that of hydrochloric acid and sulfuric acid 

(0.35 S/cm and 0.44 S/cm) while being much less corrosive.121 Furthermore, the solubility of 

Ce(III) and Ce(IV) ions in MSA is much higher than in sulfuric acid, which is important for 

achieving high battery energy density. At the same time, the solubility of Zn(II) in MSA is as high 

as 2.16 mol/L.37 More importantly, the use of MSA has been shown to significantly reduce the 

tendency of zinc dendrites to form and grow on the negative electrode surface during battery 

charge.122 Sulfuric acid is not only very toxic to living things, but is also highly corrosive to the 

metal components of an RFB system. In addition, sulfuric acid-containing mists generated during 

industrial processes can cause significant damage to the human respiratory system if they are 

inhaled. On the other hand, methanesulfonic acid is also toxic and corrosive, but much less 
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aggressive and hazardous than sulfuric acid. Methanesulfonic acid is also biodegradable and 

breaks down to relatively benign products such as carbon dioxide and water.123,124 

An important consideration in the choice of the positive electrolyte composition is that the Ce(III) 

solubility is highest at lower MSA concentrations, whereas the opposite trend is observed in the 

case of the Ce(IV) solubility (Figure 3.2). Since it is important that the solubilities of both Ce(III) 

and Ce(IV) be as high as possible, the use of an MSA concentration of 4 mol/L in the positive 

electrolyte is optimum since it ensures a solubility of ~1.2 mol/L for both species at room 

temperature.125,126 However, it turns out not to be feasible to operate Zn-Ce RFBs at such high 

Ce(III) concentrations due to the excessive viscosity of such solutions, leading to large drops in 

both the coulombic and voltage efficiencies. Thus, the optimum Ce(III) concentration in the 

positive electrolyte in its fully discharged state is found to be 0.8 mol/L.37 Based on these 

considerations, the positive electrolyte composition typically used is 0.8 mol/L Ce(III) in 4 mol/L 

MSA. 

 

Figure 2.2. Solubilities of Ce(III) and Ce(IV) in MSA measured at 298°K (reproduced with permission).127 

 

Experiments on the effect of the Zn(II) concentration in the negative electrolyte showed that it has 

little effect on the coulombic and voltage efficiencies over the range from 0.5 mol/L to 1.5 mol/L 
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at an applied current density of 50 mA/cm2, although higher Zn(II) concentration is beneficial to 

the battery performance when operating at high current densities to prevent mass transfer 

limitations.37 The optimum negative electrolyte composition was found to be 1.5 mol/L Zn(II) in 

1 mol/L MSA. The use of a lower MSA concentration than on the positive side helps reduce the 

extent of the hydrogen evolution side reaction, which benefits the coulombic efficiency. 

Several studies have been conducted to study the effect of employing various mixed acids as 

supporting electrolytes for Zn-Ce RFBs. Nikiforidis et al. conducted comprehensive research on 

the electrochemical activity of the Ce(III)/Ce(IV) redox couple in mixed acid electrolytes 

containing MSA as the base electrolyte with different concentrations of hydrochloric, nitric and 

sulfuric acid.33 Cyclic voltammetry experiments showed that the reversibility and kinetics of the 

Ce(III)/Ce(IV) reaction was significantly enhanced when the 4 mol/L MSA base electrolyte was 

combined with 0.5 – 1 mol/L hydrochloric acid. In addition, higher diffusion coefficients of both 

Ce(III) and Ce(IV) and exchange current density were obtained when using MSA-H2SO4 and 

MSA-HNO3 supporting electrolytes, although the reversibility of the Ce(III)/Ce(IV) reaction 

remained the same.33 In another study, Chen et al. investigated the viability of an organic 

supporting electrolyte for a Zn-Ce RFB prepared by dissolving 1-butyl-3-methylimidazolium 

chloride (BMImCl) in water.128 The idea behind this approach was to reduce the amount of free 

water in the electrolyte in order to widen the potential window for water stability to ~ 3 V and 

lower the extent to which the HER and OER occur on the negative and positive electrodes, 

respectively, during charge. In their proof-of-concept experiment, the negative electrolyte and the 

positive electrolyte contained 0.05 mol/L ZnSO4 and 0.1 mol/L Ce(SO4)2, respectively, in ~ 4.37 

mol/L BMImCl. The battery achieved a coulombic efficiency and voltage efficiency of 66% and 

73%, respectively, when operated at a current density of 0.075 mA/cm2, electrolyte flowrate of 20 

mL/min and temperature of 298°K, indicating the potential of this organic supporting electrolyte 

for RFB applications.  

As for changes to the negative electrolyte, the use of a solution containing 0.9 mol/L ZnMSA  and 

0.6 mol/L ZnCl2 in 1 mol/L MSA supporting electrolyte was introduced by Amini and Pritzker in 

our group.129,130 The addition of chloride ions significantly increased the amount of deposited zinc 

layer relative to the hydrogen evolution reaction, reduced the nucleation overpotential and 

enhanced the exchange current density of the negative electrode reaction. Both the battery 
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columbic efficiency and voltage efficiency were increased relative to that observed when the 

negative electrolyte only contained 1.5 mol/L ZnMSA in 1 mol/L MSA. In addition, the use of the 

mixed MSA-chloride negative electrolyte reduced the build-up of Ce(IV) ions in the positive 

electrolyte since it enabled a longer discharge time and further improved the battery durability. 

 

2.2.5.4 Challenges of the application of Zn-Ce RFBs  

Although having one of the highest open-circuit voltages, the battery efficiency and long-term 

performance of Zn-Ce RFBs are not as good as that of all-vanadium RFBs. Therefore, some key 

challenges must be overcome if this technology is to be commercialized for large-scale 

applications. The challenges listed in this section are the main focuses of our study and can be 

summarized as 1) parasitic hydrogen evolution reaction on the negative half-cell during battery 

charge, 2) crossover of electroactive species due to the non-ideal behaviour of the ion exchange 

membrane, and 3) imbalance in the discharge capacity of the two electrolytes resulting in the 

accumulation of Ce(IV) ions on the positive side.  

1) parasitic hydrogen evolution reaction 

While a number of studies have focused on improving the performance of Zn-Ce RFBs, less 

research has been conducted to investigate its performance decay especially during long-term 

operation. By measuring the electroactive species concentrations after each charge-discharge cycle 

and separately recording the potentials of the two electrodes, the limiting half-cell reaction during 

each cycle can be identified. When the battery containing a negative electrolyte containing 1.5 

mol/L ZnMSA in 1 mol/L MSA and positive electrolyte containing 0.8 mol/L CeMSA in 4 mol/L 

MSA (optimum compositions in MSA-only based solutions) in its fully discharged state is 

subjected to charge-discharge cycles at a current density of 25 mA/cm2, charge duration of 60 min 

and 50°C, the negative half-cell reaction is found to be the limiting reaction by the second cycle.32 

This is caused by the occurrence of the irreversible HER side reaction on the negative electrode 

surface during battery charge. The electrons consumed by the HER are transferred to hydrogen gas 

which dissipates away from the electrode and are unavailable for battery discharge. This reduces 

the amount of zinc that would otherwise be deposited on the negative electrode and available for 
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battery discharge. This leads to the negative electrode reaction becoming the limiting side during 

operation of the RFB. However, the situation changes again due to the sustained effects of the HER 

on the negative electrode and the net transfer of H+ ions from the positive to the negative electrolyte 

due to its large concentration gradient. When the H+ concentration on the positive side becomes 

low enough, the solubility of Ce(IV) ions decreases to the point that it begins to precipitate out as 

an oxide. The Ce(IV) ions that precipitate are no longer available for the Ce(III)/Ce(IV) reaction, 

leading to a significant drop in the energy capacity of the positive electrode reaction so that this 

side of the cell becomes limiting thereafter.  

In fact, the HER is not only observed as an undesirable side reaction in zinc-based batteries but 

also in many other batteries and electrochemical systems (e.g., electrodeposition of zinc and other 

metals) and so is a critical issue to be addressed. It has been shown that certain additives can be 

introduced to the electrolyte to suppress the HER. For example, K2S and FeS were found to be 

effective in inhibiting HER when added to the electrolyte in a lead-acid battery by increasing the 

overpotential of the HER.131 The use of organic additives such as dimethyl sulfoxide (DMSO), 

dimethyl carbonate (DMC), acetonitrile (AN), 1,2-dimenthoxyethane (DME) and trimethyl 

phosphate (TMP) has also been extensively reported to reduce HER, although these organic 

additives also increase the zinc nucleation overpotential and lower the ionic conductivity of 

electrolyte when added at higher concentrations.132–137 Another very effective approach to inhibit 

HER is by modifying the electrode surface. For example, Zhao et al. incorporated up to 0.04 wt.% 

of Ga2O3 or Bi2O3 into a carbon-based negative electrode using a binder, with the aim of reducing 

the HER in a lead-acid battery.138 Their experimental results showed that the rate of HER was 

suppressed and higher battery coulombic efficiency achieved by adding 0.01 wt.% Ga2O3 to the 

carbon-based negative electrode using a carboxymethyl cellulose (CMC) binder.  

2) crossover of electroactive species 

Another factor that complicates the long-term behaviour of the Zn-Ce RFB system (and other 

RFBs) is the crossover of H+ from the positive to the negative electrolyte due to the large H+ 

concentration gradient across the membrane, which leads to an increase in acidity and 

enhancement in the HER on the negative electrode. Ideally, a proton exchange membrane would 

only allow the transfer of a certain amount of H+ ions depending on the state of charge of the 
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battery to conduct electricity and maintain the electroneutrality of the system, while preventing the 

transfer of more H+ and the other electroactive species from one side to the other. Unfortunately, 

Nafion ion exchange membranes typically used in Zn-Ce RFBs are not highly selective and allow 

the cross-over of most species. As shown in Figure 2.2, the solubility of Ce(IV) ions is reduced at 

lower MSA concentrations. Therefore, both the build-up of the Ce(IV) concentration (discussed in 

challenge 3) below) and reduction in the acid concentration in the positive electrolyte eventually 

lead to the precipitation of Ce(IV) ions, which permanently reduces the battery efficiency and 

lifespan. Strategies to reduce the undesired hydrogen evolution side reaction and increase the 

Ce(IV) solubility in the positive electrolyte are critical in order to improve the battery efficiency 

and lifespan.  

One approach to reduce the extent of the HER on the negative electrode is to lower the amount of 

H+ crossover during battery operation by lowering the H+ concentration gradient across the 

membrane. This would entail reducing the acidity in the positive electrolyte below the 4 mol/L 

MSA that is typically used, while still maintaining a high Ce(III)/Ce(IV) solubility and favourable 

reaction kinetics for the Ce(III)/Ce(IV) redox couple. 

Another approach is to use an anion exchange membrane instead of a Nafion cation exchange 

membrane in the Zn-Ce RFB to reduce H+ crossover. Unfortunately, commercially available anion 

exchange membranes are not usually as mechanically and chemically stable as Nafion.38 This is 

likely to be a particular problem in the case of Zn-Ce RFBs due to the extremely high acidity and 

presence of highly oxidizing Ce(IV) ions in the positive electrolyte. In a recent study from our 

group by Amini and Pritzker, a commercially available anion exchange membrane (Fap-375-PP) 

was used in a Zn-Ce RFB operated at a current density of 25 mA/cm2 at 50°C with a positive 

electrolyte initially containing 0.8 mol/L Ce(III) in 4 mol/L MSA.38 These experiments showed 

that the anion exchange membrane was permanently damaged after ~15 charge-discharge cycles, 

leading to a dramatic drop in battery efficiency and eventually to complete battery failure. Several 

other anion exchange membranes were also tested for potential application in Zn-Ce RFBs, but 

none exhibited satisfactory performance or stability.38 To the best of our knowledge, currently no 

anion exchange membrane that matches the excellent mechanical and chemical stability of Nafion 

membranes and can withstand the extreme conditions in a Zn-Ce RFB is available. Thus, the 
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development of reliable anion exchange membranes is critical for performance and lifespan 

improvement of RFBs operating with Ce(IV)-containing solutions. 

Much attention has also been focused on the development of cation exchange membranes that have 

comparable stability to Nafion. For example, sulfonated poly(arylene thioether ketone) (SPTK) 

and sulfonated poly(arylene thioether ketone ketone) (SPTKK) were synthesised by Chen et al. 

using one-pot polymerization method, followed by post-sulfonation using chlorosulfonic acid as 

the sulfonation agent in dichloromethane solution.139 These membranes were then tested in an all-

vanadium RFB and showed one order of magnitude lower VO2+ permeability compared with the 

Nafion 117 membrane, which led to higher coulombic efficiency. In another study, a quaternized 

cardo-poly(etherketone) (QPEK-C) anion exchange membrane was synthesised by 

chloromethylation of the cardo-polyetherketone (PEK-C) polymer followed by reaction with 

trimethylamine for quaternization with the aim of minimizing ion crossover, while ensuring good 

ionic conductivity and both excellent mechanical and chemical stability.140 The V-Ce RFB was 

able to achieve an average of 97.5% coulombic efficiency and 77% voltage efficiency when 

operated at 40 mA/cm2 over 50 cycles. More importantly, no significant changes of the properties 

of the anion exchange membrane such as ionic conductivity, ultimate tensile strength and 

elongation at break were observed, suggesting that this membrane might be a promising candidate 

for RFB applications. Gu et al. developed a double-membrane cell design consisting of both an 

anion exchange membrane and cation exchange membrane separated by an electrolyte containing 

4 mol/L NaClO4.
141 The structure of the battery therefore contains the following sequence of 

components: electrolyte, anion exchange membrane, electrolyte, cation exchange membrane and 

electrolyte. This unique cell design allowed for the use of very different supporting electrolytes on 

the two sides, such as an acidic electrolyte on one side and alkaline on the other. Although proof-

of-concept experiments showed that this cell exhibited a very low overall ion crossover rate when 

operated at a current density of 5 mA/cm2, the voltage efficiency was compromised due to the 

large internal resistance of the double-membrane cell design. Since the membrane design and 

synthesis are not the focus of our study, the possibility of using the aforementioned cell structure 

is not investigated in our study of the Zn-Ce RFB system. 

3) imbalance in the discharge capacity of the two electrolytes resulting in the accumulation of 

Ce(IV) ions on the positive side.  
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Since the side reactions are irreversible and the HER occurs to a much greater extent than the OER 

on the positive electrode, the amount of zinc metal deposited on the negative electrode and Ce(IV) 

generated in the positive electrolyte do not follow the ideal 2:1 stoichiometry ratio. As a result, 

this can lead to complete removal of the zinc deposit from the negative electrode during battery 

discharge before all of the Ce(IV) produced during charge can be converted back to Ce(III) and 

therefore to the gradual build-up of unreduced Ce(IV) ions in the positive electrolyte from cycle 

to cycle. Eventually, Ce(IV) reaches its solubility limit and starts to precipitate out from the 

positive electrolyte, accumulate in the electrolyte tank and thereby reduce battery performance. 

Therefore, a strategy to regenerate the positive electrolyte by reducing the accumulated Ce(IV) 

back to Ce(III) in the electrolyte would be beneficial to extend battery life and improve its 

efficiency. On the other hand, it would not be beneficial to convert all of the Ce(IV) to Ce(III) at 

the end of each charge-discharge cycle since this will tend to lead to low Ce(IV) concentrations at 

the start of discharge and possible mass transfer difficulties for reduction of Ce(IV) during 

discharge. From our experience, an initial Ce(IV) concentration slightly higher than 0 mol/L (e.g., 

~0.05 mol/L) would be enough to make sure that the positive electrode reaction does not become 

the limiting half-cell reaction and reduce battery efficiency.  

Another advantage of regenerating the positive electrolyte is that this would avoid having to 

discard some or all of this solution and thereby reduce the overall cost of Zn-Ce RFBs and make 

them more competitive. An ideal method to re-balance the positive electrolyte should be easy to 

operate and inexpensive, while not introducing any contaminants to the electrolyte. One approach 

investigated in the case of a Ce-V RFB was to use a catalytic bed loaded with RuO2 or IrO2 in the 

Ce half-cell to discharge the positive electrolyte.142 This method was very effective since RuO2 

and IrO2 are excellent catalysts for the oxidation of water to O2 and thereby drive the reduction of 

Ce(IV) back to Ce(III). Since the same Ce(III)/Ce(IV) redox chemistry occurs in Zn-Ce RFBs, this 

idea can be readily adapted to regenerate the positive electrolyte in our system.  

Another potentially effective and simple method to regenerate the positive electrolyte is to use 

hydrogen peroxide as a reducing agent to convert the accumulated Ce(IV) back to Ce(III). In fact, 

the reaction mechanism of the reduction of Ce(IV) by hydrogen peroxide under different 

conditions was extensively studied as early as in the 1950s.143 The kinetics of Ce(IV) reduction in 

the presence of different supporting acid electrolytes was investigated and found to proceed as two 
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consecutive one-electron steps that went to completion within a few seconds at room temperature 

even when the Ce(IV) and the hydrogen peroxide were present at only micromolar 

concentrations.144,145 A major advantage of this method compared to the use of RuO2 and IrO2 

micro-particles is that the amount of Ce(IV) ions to be reduced can be precisely controlled since 

the reduction reaction follows 1:1 stoichiometry between Ce(IV) and H2O2. The amount of 

hydrogen peroxide needed to regenerate the positive electrolyte can be determined once the Ce(IV) 

present in the electrolyte is measured. Hydrogen peroxide can be easily introduced to the 

electrolyte tank using a pipette without the need for an extra circulation system to divert the 

electrolyte from the tank or an external chamber for the reaction to occur. Furthermore, no danger 

of contamination of the battery that is harmful to its performance exists with this regeneration 

procedure. This method appears very promising for bench-scale as well as future large-scale Ce-

based RFBs. 

2.3 RFB Modelling 

Experimental investigations of RFBs obviously are aimed at providing important and extensive 

understanding of these systems. However, certain important information such as the distributions 

of ion concentrations and potential within the electrolytes and electrodes (in the case of porous 

electrodes), current distribution and flow patterns of different ion species cannot be obtained from 

experiments. Moreover, the time and cost to conduct laboratory-based experiment investigations 

is another consideration that cannot be neglected. In this regard, the development of mathematical 

models aimed at simulating battery performance, optimizing operating conditions and designing 

cell components for improved performance can be extremely valuable. With the aid of 

mathematical modelling, detailed information such as voltage and current distributions, variation 

of ion concentrations across the electrolytes and the flux of the various soluble species can be 

systematically analyzed to provide insight into battery design and performance improvement. 

Accordingly, the relationship between overpotential, current density, flow rate, species 

concentrations and electrode structure in RFBs have been intensively investigated using various 

models. 

Based on the intended application, RFB simulations can be classified into four different types: i) 

market, ii) stack-and-system, iii) cell and iv) material. In market-level modeling, cost, safety and 
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lifespan are the major considerations. For example, an empirical model that describes the overall 

capital costs is presented as a function of different variables such as power capacity of the battery, 

cost of the electrolyte, cost of the membrane, battery overall efficiency and operating current 

density.146 Stack-and-system models neglect the physicochemical processes inside the flow battery 

and describe the system in terms of a zero-dimensional transient equivalent circuit and lumped 

parameter model. RFB models at the cell or mesoscopic level account for 1-, 2- or 3-dimensional 

transport phenomena occurring within the electrolytes and electrodes and electrochemical reaction 

kinetics and provide more detailed and hopefully accurate descriptions of unit cell performance. 

Materials modeling of RFBs provides precise analysis of the effect of micro-structure and 

molecular/atomic structure on overall battery performance. In the most detailed multi-scale models, 

phenomena occurring over a range of size scales from molecular/atomic to mesoscopic to 

macroscopic are considered. The development of these relatively low-cost and time-saving 

mathematical models has made redox flow battery optimization and design more efficient and 

accessible. Detailed information concerning the above-mentioned model types is provided in the 

following paragraphs. 

2.3.1 Modelling application 

2.3.1.1 Market-level modelling 

Cost reduction is one of the most important challenges to be addressed in order to enhance the 

competitiveness of RFB technology. Accordingly, the primary goals of market-level models are to 

accurately quantify and analyze the various costs of RFB systems in order to meet market 

requirements and to account for the factors that affect these costs. One of the most representative 

models of this type was developed by Zhang et al.146 in order to determine the overall costs 

associated with energy and power density of an all-vanadium RFB. These researchers defined a 

relative sensitivity index to indicate the influence of different cost factors such as electrolyte, 

membrane, electrode materials and operation current density on the total cost of an RFB system. 

A higher index indicates that a factor has a greater influence on the cost. A key finding of this 

analysis was that the overall cost of the RFB system was most sensitive to the costs of the 

electrolyte and membrane. Another model developed by Viswanathan et al. was used to investigate 

the relationship between the cost and performance of 4 MWh/1 MW all-vanadium and Fe-V RFB 

systems.147 This cost model was composed of 3 sub-models: an electrochemical model, a shunt 
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current model and a pumping loss model. The electrochemical model was used to calculate the 

effects of applied current density, state-of-charge, operating temperature, electrolyte flow rate and 

initial concentration of electroactive species. The current passing through the flow channels and 

the manifolds was calculated using the shunt current model, while the pump model estimated the 

energy loss associated with the flow of the electrolytes through the cell and optimized flow channel 

design. With the help of the model, the operating parameters and battery design conditions such as 

flow rates, power density, electrode area, number of unit cells and flow channel dimensions could 

be adjusted to maximize efficiency and minimize capital costs. They found that the cost of the 

electrolyte and membrane made up 43% and 27%, respectively, of the total cost of the 4 MWh/1 

MW all-vanadium RFB system they considered. If this system were down-sized to 0.25 MWh/1 

MW, the cost of the membrane became 44% of the total and the electrolyte costs was reduced to 

8%.147 A techno-economic model that calculated specific system costs and broke down the costs 

of the different components of a 120 kWh/10 kW all-vanadium RFB system was developed by 

Noack et al.148 These authors found that the failure of the bipolar plate materials is the biggest 

problem for RFB systems, although the bipolar plates only contribute a minor part of the total 

ohmic loss of the stack. Therefore, less expensive bipolar plates made with stronger mechanical 

properties would be particularly advantageous to reduce the overall cost of flow battery stacks 

even if they have lower electrical conductivity. They also found that it would be difficult to achieve 

a competitive RFB system with redox reactions that have low cell voltages smaller than 1 V. Such 

a system would require a higher number of unit cells to achieve the desired power density and 

extremely low cell resistance to be economically feasible, which would increase the total costs 

even with lower material costs.  

 

2.3.1.2 Stack-and-system level modelling  

Stack-and-system modeling of RFBs is often done for the purposes of process control where a 

mathematically simplified yet accurate description of flow battery systems is preferred. Instead of 

focusing on the detailed spatial and temporal distributions of variables such as current, voltage and 

ionic concentrations, system-and-stack models concentrate on the system operating parameters to 

predict stack performance and overall efficiency. To simplify these models, several assumptions 
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are often made: 1) the concentration of each species is uniform within the cells, pipes and 

electrolyte tanks, 2) the cells and tanks behave as continuous stirred reactors and 3) the physical 

properties of the cells and stack such as resistance remain constant throughout battery 

operation.149–151 Scamman and Roberts developed a utility-scale model to predict the technical and 

commercial performance of a 120 MWh/15 MW polysulfide/bromine (PSB) storage plant.152 This 

model evaluated the system performance based on various technical and commercial parameters 

such as operating current density, electrolyte flowrate and temperature. Based on the simulation 

results, a range of current density and optimal electrolyte flow rates were identified to make the 

plant economically viable for commercial applications. The model developed by Xing and Zhang 

focused on the investigation of the shunt current loss in all-vanadium RFB stacks.153 The shunt 

current in a RFB stack refers to the unintended current that flows through a parallel path between 

cells with sufficiently low resistance and thereby diverts a portion of the total current, which is one 

of the major factors reducing the system efficiency in RFB systems. The model studied the impact 

of different charge and discharge patterns on shunt current loss. The analysis using this model 

showed that a reduction in the number of cells connected in a series configuration, decrease in the 

resistance of manifolds and channels and increase in the power density generated by a single cell 

would be viable approaches to lowering the shunt current in all-vanadium RFB stacks. Another 

stack model developed by Tand and Skyllas-Kazacos described the performance of an all-

vanadium RFB consisting of 19 unit cells and two cylindrical electrolyte tanks with the aim of 

studying the effect of temperature variations during operation.151 Model calculations showed that 

the electrolyte temperature is most strongly affected by the applied current density, electrolyte 

flowrate, surrounding temperature and the heat generated by the ohmic cell resistance. Based on 

these findings, temperature would best be controlled by fabricating the electrolyte tanks made from 

materials that have high thermal conductivity and designing the tanks with larger surface area to 

enhance the heat transfer flux to the surroundings in order to maintain the temperature of 

electrolyte within the desired range. 
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2.3.1.3 Cell-level modelling 

In cell-level RFB models, factors such as fluid flow, reaction kinetics, transport through electrolyte, 

electrodes and membrane, electronic contact resistance and mass-transfer resistance between the 

bulk and electrode surface are carefully considered. Compared to stack-and-system models, cell 

level modelling of RFBs provides more in-depth and comprehensive predictions of single battery 

operation. The first cell-level RFB model was developed by NASA for the Fe-Cr system as early 

as 1984.154 This model incorporated redox kinetics, mass transfer, ohmic effects and the hydrogen 

evolution side reaction on the negative electrode and was used to determine the optimum electrode 

thickness and electrolyte flow rate, amount of hydrogen gas produced and the effect of temperature 

on battery performance. The main limitations of this model were its neglect of the transport of 

dissolved species due to migration and the directions of convective electrolyte flow other than that 

parallel to the electrode surface. Later, several Zn-Br RFB models were developed to predict the 

current and potential distributions within the electrolytes and electrodes, optimum resistivity of 

electrolytes and energy efficiency of the cell as a function of the state-of-charge, which enabled 

better understanding of the physical phenomena occurring in the battery.155,155,156 Based on these 

models, battery performance was predicted for different design and operating conditions, such as 

electrolyte flow rate, thickness of electrodes/separators and composition of electrolytes. However, 

these models did not account for a second bromine-rich phase in the positive electrolyte and a 

complete circulation system including electrolyte tanks and connecting piping required for time-

dependent simulations. Although the authors suggested that such extensions to the model be made, 

these were not actually done.  

To predict all-vanadium RFB performance with higher accuracy, a 2-D single-cell dynamic was 

developed by Shah et al. and validated by comparison with experimental results.157 This model 

was employed to study the effects of different initial electrolyte concentrations, electrolyte flow 

rates and electrode porosity on the overall battery performance. This model was later extended to 

incorporate the effects of temperature, heat loss, side reactions such as hydrogen and oxygen 

evolution reaction to further unravel the mechanisms operating during flow battery operation.149  

Based on the two models presented by Shah et al.157 and You et al.158, another stationary and 

isothermal 3-D all-vanadium RFB model that focused on the negative side of the cell revealed that 

the electrolyte velocity has a significant impact on the distribution of concentrations, overpotential 
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and current density.159 However, the aforementioned models were based on some assumptions that 

failed to fully capture the physicochemical process of flow batteries. For example, most of the 

models assume that the ion exchange membrane used in the model is ideal and only permeable to 

protons. As a result, battery self-discharge resulting from the crossover of different ionic species 

such as vanadium is neglected. Later, improvements to the prediction of battery voltage and 

efficiency were achieved by including the side reactions at the two electrodes,  vanadium crossover 

through the membrane and the resulting capacity loss during battery operation in a 2-D model.160  

A number of successful models to optimize the design and operating conditions of VRFBs have 

also been developed. For instance, the flow rate of electrolytes in RFBs is a crucial factor that 

influences the efficiency of batteries because a trade-off has to be made between pump energy 

consumption and battery power output. When the battery operates at a high flow rate, the efficiency 

of the system decreases due to the higher energy consumption by the pump. However, the 

concentration overpotential increases when the electrolyte flow rate is low due to depletion of 

electroactive species at the surface of electrodes. Detailed models describing the relationship 

between flow rate and battery efficiency at different states-of-charge have been presented and used 

to develop a variable flow rate strategy for battery operation to improve battery efficiency and 

capacity.161,162 In another model, the architecture of the electrodes in an all-vanadium RFB with 

interdigitated flow fields was optimized.163 This model accounted for electrode material properties 

such as fiber diameter, porosity and thickness of the fibrous electrode. 

 

2.3.1.4 Material-level modelling 

Compared with cell-level models, material-level models can be used to evaluate the precise effects 

of the material micro-structure and molecular/atomic structure on RFB performance. Critical 

physio-chemical processes in the solid and liquid phase can be resolved at the micro-pore scale to 

provide insightful information concerning the design of electrode materials and other cell 

components. A 3-D pore-scale model to investigate the flow patterns of electrolyte in an all-

vanadium RFB was presented by Qiu et al.164 In this work, the detailed geometry of the electrode 

was obtained using X-ray computed tomography (XCT) and calibrated against experimentally 

determined pore-scale characteristics, such as pore and fibre diameter, porosity and surface area. 
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Coupled with the electrochemical processes at the electrolyte/electrode interface, the processed 

XCT data were then used as inputs describing the electrode material in simulations of fluid flow, 

species transport and charge transport during battery operation. This analysis enabled detailed 

information of the local distribution of ion concentrations, overpotentials and current density at 

each point of the porous electrode to be plotted. The same authors subsequently studied the effects 

of different electrode morphologies under various operating conditions.165 In addition to the 

detailed information of concentration, overpotential and current distribution across the tested 3D 

electrode domain, the authors concluded that the cell discharge voltage would rise with an increase 

of the electrolyte flow rates due to the smaller concentration gradient of the vanadium species 

within the porous electrode.  

In addition to the work focusing on electrode materials, models developed to understand the 

solution chemistry at the molecular/atomic scale using molecular dynamics (MD) and density 

functional theory (DFT) have also been developed. These models aimed to optimize the solubility 

and stability of the various vanadium species in the sulfate-based electrolyte, due to the narrow 

operating temperature range in which V(II), V(III) and V(IV) precipitate below 10°C, while V(V) 

ions precipitate above 40°C. Using nuclear magnetic resonance (NMR) data and DFT and MD 

modeling, Vijaykumar et al. discovered that the V(V) existing as [VO2(H2O)3]
+ has poor stability 

at elevated temperatures in the electrolyte and precipitates after deprotonation of H+ from one of 

the water molecules coordinated to the V(V) ions.166 Such deprotonation could be partially avoided 

and the V(V) ions stabilized in solution by raising the acidity of the electrolytes. In another study 

conducted by the same group, the structure of V(III) ions in a mixture of vanadium chloride and 

vanadium sulfate electrolyte was studied using NMR spectroscopy and DFT modelling.167 This 

analysis showed that complexes involving sulfate and chloride counter ions and V(III) ions are 

energetically more favourable than those that form between water molecules and V(III) cations 

(i.e., [V(H₂O)₆]³⁺). The authors found that aside from the solution temperature, the vanadium-to-

proton ratio in the electrolyte is also an important factor that controls V(III) precipitation. One of 

the possible pathways for this process proposed by the authors is that the deprotonated V(III)-

sulfate complexed molecules act as seeds for continuous nucleation which eventually leads to 

precipitation. 
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2.3.2 Zn-Ce RFB modelling 

Compared with the more popular and commercialized all-vanadium RFBs, much less work has 

been reported on the modeling of Zn-Ce RFBs. The only comprehensive two-dimensional transient 

model of Zn-Ce RFB incorporating the different transport modes (migration, diffusion and 

convection) and electrode kinetics was developed by Amini and Pritzker and solved using 

COMSOL.39 This model accounted for the charge, mass, and momentum transport coupled with 

electrochemistry on the electrode and was fitted to an extensive set of experimental data obtained 

in our laboratory. This model also included the HER and OER side reactions on the negative and 

positive electrodes, respectively. The experimental data included full-cell voltages, positive and 

negative electrode potentials (versus Ag/AgCl reference electrodes) and the Ce(IV) ion 

concentration in the positive electrolyte measured over the course of 5 charge-discharge cycles. 

The fitted model showed an excellent match with the experimental data. Once validated, the model 

was then used to make further predictions of the performance of the bench-scale Zn-Ce RFB under 

a variety of conditions. Simulations of battery operation at current densities of 15, 25 and 35 

mA/cm2 revealed that a higher discharge voltage would be achieved at the lowest current density 

due to reduced electrode polarization and ohmic losses in the system. In addition, a rise in the 

charge cell voltage during cycling at the highest current density of 35 mA/cm2 was observed and 

found to stem from the rise in the positive electrode potential. Analysis of the model clearly showed 

that this increase of the positive electrode potential was due to the build-up of Ce(IV) ions and the 

depletion of Ce(III) ions in the electrolyte, leading to a higher overpotential for the oxidation of 

Ce(III) to Ce(IV).  

The effect of the mass transfer of Ce(III) and Ce(IV) on battery performance was also examined 

by Amini and Pritzker.39 The mass transfer coefficients of these two species were assumed to be 

similar in this analysis. The voltage efficiency improved from 78% to 86% when the mass transfer 

coefficient of both species was increased from ≈10-5 m/s to ≈10-4 m/s. It should be noted that a 

mass transfer coefficient of 10-5 m/s applies to the case when a coarse grid electrode similar to that 

used in their experiments (dimensions of 45mm × 6mm × 20mm, porosity of 0.758 and mesh fibre 

diameter of 1.5 mm), whereas a mass transfer coefficient of 10-4 m/s corresponds to the situation 

when a micro-mesh positive electrode is used. The discharge voltage was found to be higher and 

more stable due to the higher Ce(IV) concentration at the electrode surface. The model also 
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predicted that the positive electrode potential would not drop even at the end of battery discharge 

when the mass transfer coefficient was ≈10-4 m/s, indicating a sufficient Ce(IV) concentration at 

the electrode surface and that the battery efficiency would not be limited by mass transfer of Ce(IV) 

from the bulk to the electrode surface. On the other hand, when the mass transfer coefficients were 

reduced to ≈10-6 m/s, the battery was not able to discharge at all due to the extremely slow mass 

transfer of the Ce(IV) ions from the bulk to the electrode surface. Although the Ce(III) 

concentration was found to be very high during battery charge of the first cycle, the mass transfer 

of Ce(III) became increasingly difficult and a much higher cell voltage was observed when the 

mass transfer coefficients were ≈10-6 m/s. A conclusion from this analysis was that the use of 

positive electrodes such as a Pt-Ti micromesh or felt electrode with much higher surface area to 

improve mass transfer of cerium ions could greatly improve the performance of the Zn-Ce RFB. 

Since the positive half-cell reaction was no longer the limiting reaction when mass transfer to and 

from the positive electrode was enhanced, Amini and Pritzker then focused on improvement of the 

negative electrode reaction to enhance battery performance and overall efficiency. A previous 

experimental study had shown that the exchange current density for the zinc redox reaction could 

be increased from 7.4 × 10-3 A/cm2 to 53.4 × 10-3 A/cm2 when an alternative MSA-HCl mixed acid 

instead of the MSA was used as negative supporting electrolyte.130 Therefore, simulations of the 

model using this higher exchange current density for the zinc redox reaction were carried out to 

determine the battery performance while keeping the properties of the positive half-cell the same 

(mass transfer coefficient =10-4 m/s). The charge efficiency was found to increase from 75% to 

80%, while the voltage efficiency increased from 83% to 85%. The increase in charge efficiency 

could be attributed to the larger amount of zinc deposited on the negative electrode during charge, 

which enabled a longer battery discharge time. This prolonged discharge time ensured that more 

Ce(IV) ions in the positive electrolyte could be converted back to Ce(III) during each cycle and 

slowed the gradual accumulation of Ce(IV) from cycle to cycle. The improvement in voltage 

efficiency occurred due to the reduction in the activation overpotential for the Zn(0)/Zn(II) reaction. 

Although the exchange current density increased by more than 7-fold, the model still predicted 

that the negative half-cell reaction would be the limiting reaction due to the irreversible HER side 

reaction, which still led to Ce(IV) accumulation and precipitation. In this regard, the inhibition of 
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the HER side reaction on the negative electrode is the most critical problem to be resolved for 

further improvement of Zn-Ce RFB overall performance. 

It should be noted that an important assumption made by Amini and Pritzker in this 2D transient 

Zn-Ce RFB model is that the cation exchange membrane is permeable to protons only so that 

crossover of the other ions is neglected. However, as will be shown later in this thesis, this is not 

the actual case during operation of our Zn-Ce battery. In fact, the crossover of different ion species 

through cation exchange membranes is a widely reported phenomenon in other flow battery 

systems.168–171 Crossover in the Zn-Ce system should not be neglected since it will reduce the Zn(II) 

and Ce(III)/Ce(IV) ion concentrations available for the electrode reactions and enhance the 

undesired irreversible HER side reaction, both of which tend to lower the battery efficiencies and 

performance. Therefore, the development of a Zn-Ce RFB model that more accurately describes 

the behaviour of the cation exchange membrane used in our laboratory experiments is needed to 

further improve its accuracy. In addition, such a model could be used to determine the optimum 

membrane choice that reduces crossover while enabling better battery performance and longer life. 

Another improvement of the model could be the determination of the mass transfer coefficient of 

the Ce(III) and Ce(IV) ions. In the past model of Amini and Pritzker, these coefficients were fitted 

according to the cell voltage and electrode potential, which was accurate but only valid for the 

exact conditions applied to the Zn-Ce RFB. Any change in the operating parameters and battery 

properties such as flow rate, electrode porosity, electrode mesh diameter and electrolyte viscosity 

would change the actual mass transfer coefficient in the battery system, which leads to inaccurate 

predictions of the battery performance if the mass transfer coefficient used in the model remain 

unchanged. Consequently, the use of a correlation linking the mass transfer coefficients of the 

various species to factors such as electrolyte flow rate, viscosity of electrolyte and porosity and 

surface area of the positive electrode should be applied to more accurately describe mass transfer 

at the positive electrode during battery operation under many operating conditions. In addition, the 

effect of cell geometry and design of the various cell components such as flow channel, electrode 

thickness, electrode porosity and electrode specific surface area on battery performance and 

mass/charge transport process should be investigated. This information will be insightful and 

valuable for the further design and performance improvement of the Zn-Ce RFB at lower cost.  
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Chapter 3 Experimental and Methods 

3.1 Components of redox flow batteries 

As shown in Figure 3.1, the redox flow battery unit cell used in this study is composed of a Pt-Ti 

mesh (Metakem GmbH) positive electrode having a Pt loading level of 7 mg/cm2, grid wire 

diameter of 1.5 mm, porosity of 0.758 and superficial area of 9 cm2 (2 cm × 4.5 cm). A polyvinyl 

ester (PVE) carbon sheet (TDM Fuel Cells) with an area of 9 cm2 and thickness of 6 mm is used 

together with a copper current collector (McMaster-Carr) as the negative electrode. The negative 

and positive flow channels are made from acrylic sheet (CIP Wholesale) to distribute the 

electrolytes to the chambers. A piece of Nafion 117 ion exchange membrane (Fuel Cell Store) with 

a dimension of 4 cm × 8 cm is used in the unit cell to conduct ions as well as prevent the two 

electrolytes from mixing with each other. Silicone rubber gaskets (CS Hyde Company) are placed 

between different parts of the unit cell to prevent electrolyte leakage. The size of the active area of 

the negative electrode is also 9 cm2 (2 cm × 4.5 cm). The different components are assembled 

together in the order as shown in Figure 3.2. 

 

 

Figure 3.1. Pt-Ti positive electrode used in this work. 
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Figure 3.2. Components of bench-scale flow battery used in this study (reproduced with permission) 129: 

Pt-Ti mesh positive electrode (1), silicone rubber gaskets (2, 4, 6, 8), acrylic flow channels (3, 7), ion 

exchange membrane (5), PVE negative electrode (9) and copper current collector (10).  

 

Figure 3.3 shows the connection between the unit cell, electrolyte tanks, peristaltic pumps and 

reference electrode holder using Viton tubing. The negative and positive electrolytes are stored in 

separate external tanks and two peristaltic pumps are used to circulate the electrolytes into their 

respective cell compartment where the electrode reactions occur. A small amount of high-vacuum 

grease (Dow Corning) is applied to the surface of Viton tubing where it is in contact with the rollers 

inside the peristaltic pump (highlighted in blue) in order to reduce the friction between the rollers 

and the tubing that causes leakage of the electrolyte especially during long-term battery operation. 

Two T-shaped glass cells located between the pump and inlet of the battery are used to hold the 

reference electrodes used to monitor the negative and positive electrode potentials separately. On 

the negative side, the Ag/AgCl reference electrode is allowed to be in direct contact with the 

electrolyte. When this set-up was first installed, it was found that cerium ions would leak into the 

reference electrode placed on the positive side and irreversibly damage the reference electrode. To 

prevent this, the reference electrode on the positive side is placed in a glass tube and one end is 

sealed with a Nafion 117 membrane to prevent direct contact with the cerium ions in the positive 

electrolyte while still maintaining electrical contact. Previous measurements from our group 
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confirmed that the voltage drop across the Nafion membrane is negligible compared to the 

electrode potential measured from experiments.38  

 

 

Figure 3.3. Diagram showing the connection between the RFB, external electrolyte reservoir tanks and 

reference electrodes inserted to monitor the positive and negative electrode potentials during battery 

operation (reproduced with permission).38  

 

3.2 Electrochemical measurements 

3.2.1 Half-cell measurement 

A conventional 3-electrode system is used to study the kinetics of the electrode reactions, as shown 

in Figure 3.4. The working electrode is a Pt-disc electrode with an area of 3.14 mm2, while a 

graphite rod (Alfa Aesar) is used as the counter electrode. An Ag/AgCl electrode (Pine Research) 

is used as the reference electrode. During three-electrode experiments, the current is measured 

between the counter electrode and the working electrode while the potential is measured with 

respect to the reference electrode. The electrochemical events of interest proceed on the working 

electrode, which ideally responds independently of any changes that might occur at the counter 

electrode. The reference electrode maintains a constant electrochemical potential, while the IR 

drop between the reference electrode and working electrode remains small since only a negligible 

small current is being passed through the part of circuit connecting the working electrode and 

reference electrode. Each scan begins at 0.5V vs. Ag/AgCl reference electrode and proceeds in the 
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positive direction to 2.1V at a scan rate of 50 mV/s before returning to the starting voltage. A Bio-

logic EPP-4000 potentiostat is used to conduct the half-cell electrochemical experiments. 

 

 

Figure 3.4. Schematic of three-electrode system used in this research. 

 

3.2.2  Bench-scale full-cell system 

Full-cell experiments are conducted in the bench-scale redox flow battery unit cell shown in Figure 

3.3. The positive and negative electrolytes each with a volume of 30 mL are circulated from two 

external reservoirs through Viton tubing to their battery compartments using a 2-head Longer 

BT100-1L peristaltic pump. The flow rate of the electrolytes is controlled to be 60 mL/min on both 
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sides and the electrolyte tanks are immersed in a 50℃-water bath throughout the experiments. 

Prior to the experiments, the Nafion 117 membrane is activated by soaking in each of the following 

solutions for 1 hour at ~80℃ in the order: 3%(wt.) H2O2, ultrapure water, 0.5 mol/L H2SO4 solution 

and ultrapure water. The electrochemical measurements are conducted using Autolab PGSTAT 30 

potentiostat connected to a computer controlled via Nova 2.1.5 software. 

The battery efficiency is characterized by subjecting it to 30 galvanostatic charge-discharge cycles. 

Each cycle proceeds by charging the battery at a fixed current density of 25 mA/cm2 for a duration 

of 1 hour followed by discharge at the same current density. Discharge is terminated when the 

battery cell voltage reaches a cut-off value of 0.5 V. The coulombic efficiency of the battery over 

each cycle is obtained from the ratio of discharge time to the charge time, while the voltage 

efficiency over each cycle is determined from the ratio of the average discharge cell voltage to 

charge cell voltage.  

Discharge polarization experiments are conducted by first charging the battery at a current density 

of 50 mA/cm2 for 90 minutes to reach a state-of-charge (SOC) of 50%. To ensure the SOC of the 

battery is maintained as close to 50% as possible throughout each polarization experiment, 60 mL 

of each positive and negative electrolytes are used for all the polarization experiments, which is 

twice as large as the volume of electrolytes used in the charge-discharge cycling tests. To check 

that the battery SOC remains at or very close to 50% throughout the experiment, the Ce(IV) 

concentration is measured immediately after the 90-minute battery charge and at the end of the 

polarization measurements. The results showed that the decrease of Ce(IV) concentration is small 

enough not to be a factor in the interpretation in the resulting polarization curves. Each polarization 

measurement involves discharging the battery for 20 seconds at a different current density within 

the range from 0 to 110 mA/cm2 followed by a 20-second rest period before continuing to the next 

current density. The average cell voltage over each 20-second rest period obtained is then plotted 

versus the corresponding current density to yield the polarization curve. 
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3.3 Measurement of Ce(IV), H+ and Zn(II) concentrations and electrolyte 

properties 

The concentration of Ce(IV) in the positive electrolyte is measured by a colorimetric titration 

method using ferroin (1,10-phenanthroine iron (II) sulfate, Alfa Aesar) as an end-point indicator. 

50 µL of positive electrolyte is collected and titrated by 0.05 mol/L ammonium iron (II) sulfate 

hexahydrate (99%, Sigma-Aldrich).38,172 The ammonium iron(II) sulfate hexahydrate solution is 

added to the positive electrolyte sample drop by drop until the sample turns from yellow to red and 

maintains the colour for at least 5 minutes. The unknown concentration is then calculated by the 

following equation: 

In this equation, 𝐶2 is the unknown Ce(IV) concentration in the sample electrolyte, 𝐶1 is the Fe(II) 

concentration of the 0.05 mol/L ammonium iron (II) sulfate hexahydrate solution, 𝑉1  is the 

cumulative volume of the titration solution when the end-point is reached and 𝑉2 is the volume of 

the sample electrolyte.  

To measure the concentration of Ce(III) in the positive electrolytes, another 50 µL sample is 

collected and then contacted with a certain amount of ammonium persulfate (thermo scientific, 

98+%) and silver nitrate solution (Titripur, 0.1 mol/L) as catalyst to oxidize all Ce(III) present to 

Ce(IV).173,174 This step is followed by colorimetric titration described above to determine the 

Ce(IV) content in this oxidized sample after the solution is cooled down to the room temperature. 

The Ce(III) concentration is then determined from the difference between the total Ce(IV) 

concentration after oxidation and the original Ce(IV) concentration prior to oxidation. The very 

small sample volumes required for these titrations ensure that the cumulative amount collected 

over the course of the experiments has no effect on battery operation. 

The H+ concentration in the negative electrolyte is determined by titration using 0.01 mol/L NaOH 

solution prepared by dissolving sodium hydroxide beads (VWR Analytical) in ultrapure water.38,175 

The end-point of this titration process as indicated by methyl red (Ricca Chemical) occurs when 

 𝐶2 = 
𝐶1 ∙ 𝑉1
𝑉2

 (22) 
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the color of the solution changes from red to yellow. Unfortunately, this method cannot be used to 

determine the H+ concentration in the positive electrolytes which appear yellow due to the presence 

of Ce(IV) ions, making it impossible to accurately determine the titration endpoint from a change 

in solution colour. Thus, the H+ concentrations in the positive electrolyte are not measured in this 

study. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES, Teledyne Leeman Labs 

Prodigy) is used to measure the Zn(II) concentration in both positive and negative electrolytes. A 

certain amount of electrolyte is taken from the electrolyte tanks after each charge-discharge cycle 

and diluted to ~200 ppm level to ensure the concentrations of Zn(II) ions in the solutions are 

comparable to the standard solutions to achieve maximum accuracy. Due to the very low 

concentration of Ce(III) and Ce(IV) ions in the negative electrolytes, ICP-OES is also used to 

determine these concentrations since the titration method is no longer sensitive enough. The 

conductivity of different fresh positive electrolytes is measured with a Mettler-Toledo AG 

conductometer. The viscosity of the electrolytes at 50℃ is measured using a Brookfield DV2TLV 

digital rotational viscometer. 

 

3.4 Battery performance evaluation metrics 

Coulombic efficiency (CE): The coulombic efficiency (also termed current efficiency or Faradaic 

efficiency) is a measurement of the reversibility of the charge during each cycle and is the ratio of 

the discharge capacity over charge capacity calculated according to the following equation: 

In this equation, 𝐼𝑑  is the current applied during discharge and 𝐼𝑐  is the current applied during 

charge. In most cases, the charge current and discharge current are kept constant and equal to each 

other, in which case the coulombic efficiency is simply the ratio of the discharge time to the charge 

time. A 100% coulombic efficiency indicates that all the charge stored during the charge process 

is utilized for battery discharge. However, irreversible side reactions such as hydrogen and oxygen 

 𝑐𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
∫ 𝐼𝑑𝑑𝑡
𝑡

0

∫ 𝐼𝑐𝑑𝑡
𝑡

0

× 100% (23) 
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evolution reaction are the main causes of coulombic efficiency loss in many RFBs. In addition, 

battery self-discharge also reduces the battery coulombic efficiency. In Zn-Ce RFBs, self-

discharge can occur due to the undesired crossover of electroactive species across the membrane 

and corrosion of the zinc layer on the electrode surface in the acidic electrolyte. Corrosion reduces 

the amount of zinc available for battery discharge, but does not reduce the total amount of zinc in 

the battery system since the dissolved Zn(II) ions still remain in the electrolyte 

A decrease in coulombic efficiency usually occurs at both high and low current densities. The 

coulombic efficiency drop at low current densities is associated with the extended charge and 

discharge periods when a fixed SOC is to be achieved. Longer charge and discharge periods lead 

to more self-discharge due to ion crossover and corrosion. On the other hand, the efficiency drop 

with an increase in current density usually arises since this disproportionally favours the 

irreversible side reactions. For redox flow battery stacks, further coulombic efficiency loss is 

associated with the shunt and bypass currents that flow through the common electrolytes between 

bipolar plates and are driven by the magnitude of the voltage difference across the stack. 

Voltage efficiency (VE): The voltage efficiency measures the effects of cell polarization and the 

cell voltage losses across the battery. The following equation is used to calculate voltage efficiency: 

In this equation, 𝑉𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  is the average discharge voltage and 𝑉𝑐ℎ𝑎𝑟𝑔𝑒  is the average charge 

voltage. Both the discharge and charged voltage are determined by the thermodynamic cell 

potential of the redox couple used in the battery as well as the ohmic drop and various 

overpotentials that arise when current flows through the cell. 

The ohmic resistance of the battery system as well as the activation overpotentials and 

concentration overpotentials at the two electrodes combine to reduce the voltage efficiency of the 

battery. This voltage loss can be reduced by using electrode materials and electrolytes with high 

electrical conductivity. 

 

 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑉𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑉𝑐ℎ𝑎𝑟𝑔𝑒
 × 100% (24) 
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Energy efficiency: The energy efficiency is used to quantify the actual amount of energy released 

during battery discharge relative to the amount of energy required to charge the battery and is 

simply the product of coulombic efficiency and voltage efficiency: 

Energy efficiency is an overall battery performance indicator and is a reflection of the behavior of 

both coulombic and voltage efficiencies in combination. Therefore, the optimal operating current 

density of a redox flow battery to achieve maximum energy efficiency can be determined by 

monitoring the trends in coulombic and voltage efficiency.  

Other battery attributes and performance metrics are summarized in Table 3.1. 

 

 

 

Table 3.1. Quantities and descriptions used to evaluate battery attributes and performance. 

Battery attributes and 

performance metrics 
Definition Description 

Current density (mA/cm2) 𝐽 =  
𝐼

𝐴𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
 

Current applied to the battery 

per negative electrode area. 

Battery capacity (mA·h) 𝐶𝑐𝑒𝑙𝑙 = 𝐼 × 𝑡 
Battery capacity is the 

product of current and time. 

 𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  𝐶𝐸 × 𝑉𝐸 × 100% (25) 
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Theoretical electrolyte 

capacity (mA·h) 
𝐶𝑡 =

𝑛 × 𝑐 × 𝑉 × 𝐹

3600
 

𝑛 is number of electrons 

transferred per mole, 𝑐 is 

concentration of electroactive 

species (mol/L), 𝑉 is 

electrolyte volume (mL), F is 

the Faraday constant (C/mol). 

SOC 𝑆𝑂𝐶 =
𝐶𝑐𝑒𝑙𝑙
𝐶𝑡

× 100% 

SOC is the ratio of battery 

capacity to theoretical 

capacity. 

Volumetric capacity 

(mA·h/L) 
𝐶𝑣 =

𝐶𝑐𝑒𝑙𝑙
𝑉

 
Battery capacity stored per 

unit volume electrolyte. 

Capacity retention 𝐶𝑟 =
𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦

𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑖𝑛𝑖
 

Battery capacity during 

certain cycle divided by the 

initial battery capacity 

Energy density (Wh/L) 𝐸𝑐𝑒𝑙𝑙 =
∫ 𝐼 × 𝑡 × 𝑑𝑉

𝑉
 

Energy output per unit 

volume of electrolyte. 

Power density (W/cm2) 𝑃𝑐𝑒𝑙𝑙 =
𝐼 × 𝑉𝑐𝑒𝑙𝑙
𝐴𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒

 

Battery power output per unit 

area of membrane at a 

specific SOC. 
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Chapter 4 Use of Mixed Methanesulfonic Acid/Sulfuric Acid as 

Positive Supporting Electrolyte in Zn-Ce Redox Flow 

Battery1 

4.1 Introduction 

Previous works showed that the optimum battery performance could be achieved using 0.8 mol/L 

cerous methanesulfonate in 4 mol/L methanesulfonic acid (MSA) as the positive electrolyte and 

1.5 mol/L zinc methanesulfonate in 1 mol/L MSA as the negative electrolyte in the fully discharged 

state.37,38 The use of MSA on the negative side has been shown to dramatically reduce the 

formation of zinc dendrites during battery charge, which can lead to membrane damage, mixing 

of the two electrolytes and a reduction in charge efficiency. Additionally, a high MSA 

concentration (4 mol/L) is required in the positive electrolyte to ensure high solubility of both 

Ce(III) and Ce(IV) ions, which is a key factor for the battery to achieve a high energy density. As 

reported in previous studies, the solubility of Ce(III) decreases as the concentration of MSA 

increases, whereas the opposite trend is observed for Ce(IV) ions.127 Another advantage of using 

MSA as the supporting electrolyte is its high conductivity (0.30 S/cm), comparable to that of 

hydrochloric acid (0.35 S/cm) and sulfuric acid (0.44 S/cm), while being much less corrosive at 

the same time.121 

However, the use of 4 mol/L MSA as the supporting electrolyte on the positive side has a major 

disadvantage over the course of repeated battery charge and discharge – the large net transfer of 

H+ ions from the positive side to the negative side due to the large gradient in acid concentration. 

The continual rise in the acid concentration in the negative electrolyte over the course of operation 

leads to an ever-increasing extent of the undesired and irreversible hydrogen evolution side 

reaction during charge and a further decrease in the charge efficiency. At the same time, the 

accompanying decrease of acidity in the positive electrolyte reduces the solubility of Ce(IV) ions 

and eventually leads to the precipitation of CeO2 in the positive electrolyte tank. The net transfer 

of H+ ions to the negative side has another unfortunate effect. As more hydrogen evolution occurs 

at the negative electrode, less zinc is deposited during charge and available for oxidation during 

 
1 This chapter is adapted from my published work.32 
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the subsequent discharge step. This effect in turn limits the amount of Ce(IV) in the positive 

electrolyte that can be reduced back to Ce(III) during the same discharge cycle. In the worst case 

scenario, the positive electrolyte can become completely depleted of Ce(III) after a sufficient 

number of charge-discharge cycles with the result that it can no longer be re-charged through the 

oxidation of Ce(III) to Ce(IV) and the battery fails.  

Thus, one approach to reduce this problem of H+ transfer is to reduce the acid concentration in the 

positive electrolyte while maintaining high cerium solubility and Ce(III)/Ce(IV) reaction kinetics. 

It has previously been shown that the use of mixed acids or metal-binding additives in the positive 

electrolyte can enhance both the cerium solubility and Ce(III)/Ce(IV) reaction kinetics.33,60 In this 

study, we explore the use of mixed acids as the supporting electrolyte on the positive side of a Zn-

Ce RFB with the aim of capitalizing on their reported beneficial effects to reduce the acidity of the 

positive electrolyte. We focus particularly on the effectiveness of mixed acid positive electrolytes 

to improve long-term battery operation and reduce battery fade, which has not been studied by 

other research groups to the best of our knowledge. The following positive supporting electrolytes 

are evaluated: 2 mol/L MSA-1 mol/L HNO3, 2 mol/L MSA-0.5 mol/L H2SO4, 3 mol/L MSA and 

the original 4 mol/L MSA. It should be noted that the total acidity in each of these mixed acids is 

lower than that of the 4 mol/L MSA. Half-cell experiments in a 3-electrode system are first 

conducted to compare the kinetics of the Ce(III)/Ce(IV) redox couple in the aforementioned 

supporting electrolytes. Next, the cell voltage and individual electrode potentials during operation 

of a bench-scale Zn-Ce redox flow battery are monitored over the course of ~40 charge-discharge 

cycles and the corresponding charge and voltage efficiencies determined to compare the 

performances when the various positive supporting electrolytes are used. In addition, the changes 

in the Ce(IV) concentration in the positive electrolyte and H+ concentration in the negative 

electrolyte over the course of these cycles are measured to more closely track the cause of battery 

performance decay.   
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4.2 Experimental 

4.2.1  Reagents 

The negative electrolyte containing 1.5 mol/L zinc(II) methanesulfonate in 1 mol/L MSA was 

prepared by dissolving zinc oxide (Zochem Inc.) in an appropriate amount of 70% MSA (Alfa 

Aesar). 0.8 mol/L cerous methanesulfonate in 4 mol/L MSA in the positive half-cell was prepared 

by mixing 99% pure cerium carbonate (Treibacher Industrie AG) with the prescribed amount of 

70% MSA. Ultra-pure water (~18 MΩ∙cm) was used to prepare all electrolyte solutions in this 

work. 

The changes in the Ce(IV) and H+ concentrations at the end of each charge-discharge cycle over 

the course of long-term battery operation were determined using colorimetric titration methods. 

To do this, we collected 0.1 ml of each of the positive and negative electrolytes after each cycle. 

The concentration of H+ in the negative electrolyte was determined by colorimetric titration using 

0.1 mol/L NaOH solution prepared by dissolving sodium hydroxide beads (VWR Analytical) in 

ultra-pure water until the end-point was reached, as indicated by methyl red (Ricca Chemical). 

Although zinc(II) ions were also present in the negative electrolyte and could potentially interfere 

with the H+ titration, it has been shown that this interference is negligible under the highly acidic 

conditions of the samples and does not change the end-point of titration.176 To determine the Ce(IV) 

concentration in the positive electrolyte, 99% pure ammonium iron(II) sulfate hexahydrate 

(Sigma-Aldrich) was used for titration and ferroin (1,10-phenanthroine iron(II) sulfate, Alfa Aesar) 

was used as a colorimetric redox indicator. All the chemicals were used as received without any 

further pretreatment or purification. 

4.2.2  Electrochemical Experiments 

4.2.2.1 Half-cell system 

A conventional 3-electrode system was used for half-cell experiments to study the kinetics of the 

Ce(III)/Ce(IV) redox couple in different supporting electrolytes. The following electrodes were 

used: a Pt-disc working electrode with an area of 3.14 mm2, a graphite rod (Alfa Aesar) counter 

electrode and an Ag/AgCl reference electrode (Pine Research Instrumentation). A Bio-logic EPP-

4000 potentiostat was used to conduct the half-cell electrochemical experiments. 
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4.2.2.2 Flow battery setup 

As shown in Figure 3.3, the flow battery setup consisted of a Pt-Ti mesh with a Pt loading level of 

7 mg/cm2 (Metakem GmbH) as positive electrode, silicone rubber gaskets (CS Hyde Company) to 

prevent leakage, flow channels (acrylic sheets from CIP Wholesale) to distribute electrolyte, an 

ion exchange membrane (Nafion 117, Fuel Cell Store) to conduct ions, a polyvinyl ester (PVE) 

carbon sheet (TDM Fuel Cells) as negative electrode and a copper current collector (McMaster-

Carr). 30 mL of the positive and negative electrolytes described previously were pumped from two 

external electrolyte tanks using a peristaltic pump (Longer Pump, BT100-1L) via Viton tubing 

(McMaster-Carr). The flow rate was controlled to be 60 mL/min and the temperature of 

electrolytes was maintained at 50˚C using a water bath (Neslab RTE-8) throughout the experiments. 

Before each full cell experiment, the Nafion 117 membrane was activated by soaking solutions at 

~80˚C for 1 hour in the following sequence: 3%(wt.) H2O2, ultra-pure water, 0.5 mol/L H2SO4 

solution and ultra-pure water. In addition to the total cell voltage, the positive and negative 

electrode potentials were also measured separately in our flow battery system by placing two 

Ag/AgCl reference electrodes into T-shaped glass cells located in the inlets of the battery. More 

details regarding these reference electrodes were provided in a previous work.38 A data acquisition 

device (DATAQ Instruments, DI-1100) was used to monitor and record the two electrode voltages. 

The electrochemical measurements were conducted with an Autolab PGSTAT 30 connected to a 

computer controlled by Nova 2.1.5 software.  

Discharge polarization experiments were conducted by first charging the battery at a current 

density of 50 mA/cm2 for 45 min to achieve a state-of-charge (SOC) of 50%, followed by 

discharging the battery at different current densities for 30s. The battery was allowed to rest for 

20s after discharge at each current density before continuing the next battery discharge. The 50% 

SOC was verified by the same titration procedure described previously to ensure that 0.4 mol/L 

Ce(IV) was present in the positive electrolyte after battery charge. The polarization curve was 

obtained by plotting the average cell voltage measured over each 30-s period of battery discharge 

versus the corresponding current density. During each polarization experiment, 50% SOC was 

maintained by regularly checking and adjusting (if necessary) the Ce(IV) concentration throughout 

the experiment.  
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4.3 Results and Discussion 

4.3.1  Cyclic voltammetry 

Half-cell cyclic voltammetry (CV) experiments were conducted to compare the kinetics of the 

Ce(III)/Ce(IV) redox couple in the 4 different electrolytes: 2 mol/L MSA-1 mol/L HNO3, 2 mol/L 

MSA-0.5 mol/L H2SO4, 3 mol/L MSA and the original 4 mol/L MSA. In each case, the electrolyte 

originally contained 0.8 mol/L Ce(III) with no Ce(IV) ions present. Each scan began at 0.5 V vs. 

Ag/AgCl reference electrode and proceeded in the positive direction to 2.1 V at a scan rate of 50 

mV/s before returning to the starting voltage. As shown in Figure 4.1, the Ce(III)/Ce(IV) redox 

couple shows better reaction kinetics when 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid is used as 

the supporting electrolyte since the anodic current for Ce(III) oxidation starts to rise at a lower 

potential during the anodic scan than in the case of the other electrolytes. Importantly, the kinetics 

in this electrolyte appears significantly faster than that observed in the original 4 mol/L MSA, 

which is frequently used in Zn-Ce RFBs. So this meets the goal of reducing the acidity of the 

positive electrolyte, while actually enhancing the kinetics of the Ce(III)/Ce(IV) reaction.  

Since the O2 evolution reaction also occurs during the anodic scan, the total anodic charge passed 

during the CV cannot be used as a measure of the extent of the Ce(III) oxidation reaction. Perhaps 

a better approach is to compare the charge associated with Ce(IV) reduction (peak at ~1.25 V vs. 

Ag/AgCl) during the cathodic scan since the only source of Ce(IV) in the system comes from 

Ce(III) oxidation during the previous anodic scan. Based on this measure, the CVs in Figure 4.1 

show that somewhat more Ce(III) oxidation has occurred in the 2 mol/L MSA-0.5 mol/L H2SO4 

mixed acid than in the other electrolytes, slightly more than in 4 mol/L MSA. This agrees with the 

results in the previously mentioned studies that the Ce(III)/Ce(IV) redox couple in MSA/H2SO4 

mixed acid shows better reaction kinetics and reversibility. Although the standard rate constant for 

the Ce(III)/Ce(IV) couple electrode reaction in HNO3 media alone was reported in a previous study 

to be significantly larger than that in MSA and H2SO4 acid media, we have found that the least 

amount of Ce(III) oxidation occurs in the 2 mol/L MSA-1 mol/L HNO3 mixed acid, indicating that 

MSA/ HNO3 mixed acid is not a good option for a Zn-Ce RFB. This difference may be due to the 

fact that the HNO3 concentration used in the earlier study was much higher than the level of 1 

mol/L added here. Another commonly used measure is the separation between the anodic and 
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cathodic peaks for the Ce(III)/Ce(IV) redox couple as an indication of reversibility of the redox 

reactions. A comparison of the CVs shows that the peak separations are very similar (between 

~0.64-0.69 V) when the reactions take place in 2 mol/L MSA-1 mol/L HNO3, 2 mol/L MSA-0.5 

mol/L H2SO4 and the original 4 mol/L MSA supporting electrolytes, reflecting comparable reaction 

reversibility. However, the peak separation in the case of 3 mol/L MSA is about 0.12 V larger, 

indicating slightly less reversibility. More detailed information of the CV curves is included in 

Table 4.1. 

 

 

Figure 4.1. Cyclic voltammograms of the Ce(III)/Ce(IV) redox couple obtained in different supporting 

electrolytes at a scan rate of 50 mV/s. Each of the listed supporting electrolytes contains 0.8 mol/L Ce(III) 

in its initial state. 
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Table 4.1. Key information from CV curves. 

Parameters 
2 mol/L MSA-1 

mol/L HNO3 

2 mol/L MSA-0.5 

mol/L H2SO4 

3 mol/L 

MSA 

4 mol/L 

MSA 

Anodic peak position 

 (V vs Ag/AgCl) 

1.91 1.90 1.97 1.87 

Cathodic peak position 

(V vs Ag/AgCl) 
1.22 1.23 1.20 1.23 

Anodic–cathodic peak 

separation (V) 
0.69 0.67 0.77 0.64 

 

4.3.2  Battery cycling performance  

Plots showing the variation in cell voltage over the 40 charge-discharge cycles using 4 mol/L MSA 

and 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid as positive supporting electrolyte at 25 mA/cm2 

and 50 °C are shown in Figure 4.2 and Figure 4.3, respectively. The battery is charged for a 

duration of 1 hour for each cycle and battery discharge is terminated when the cut-off cell voltage 

of 0.5 V is reached. In both cases, the charge voltage remains at ~2.6 V for the first few cycles 

before it slowly rises to ~3.0 V at the end of charge process for the subsequent charge-discharge 

cycles. The gradual rise of charge voltage is attributed to the increase in the overpotential at the 

positive electrode caused by the drop in the Ce(III) concentration and rise in Ce(IV) concentration 

in the positive electrolyte over time. This is confirmed by the plots of the individual electrode 

potentials during charge in Figure 4.4 and Figure 4.5 which show an increase in the potential of 

the positive electrode (and cell potential) as cycling proceeds. In both cases, the positive electrode 

potential during battery charge remains at ~1.5 V vs. Ag/AgCl for the first few cycles before it 

slowly rises to ~1.7 V by the end of charge in the subsequent charge-discharge cycles. On the other 

hand, the negative electrode potential during charge remains unchanged throughout the entire 
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battery charge-discharge experiments. It is worth noting that a sharp drop or rise of an electrode 

potential at the end of each cycle is an indication that the electrolyte has become completely or 

nearly depleted of the reactant at that electrode during discharge. Thus, it is possible to determine 

which electrode becomes depleted of a reactant first and therefore identify the limiting half-cell 

reaction during discharge by observing the electrode potential that exhibits the largest change just 

before the end of a discharge cycle.  

 

 

Figure 4.2. Cell voltage during 40 galvanostatic charge-discharge cycles at 25 mA/cm2 and 50°C when 4 

mol/L MSA is used as the positive supporting electrolyte. 
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Figure 4.3. Cell voltage during 40 galvanostatic charge-discharge cycles at 25 mA/cm2 and 50°C when 2 

mol/L MSA-0.5 mol/L H2SO4 mixed acid is used as the positive supporting electrolyte. 

 

 

Figure 4.4. Negative and positive electrode potentials during 40 galvanostatic charge-discharge cycles at 

25 mA/cm2 and 50°C when 4 mol/L MSA is used as the positive supporting electrolyte. 
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Figure 4.5. Negative and positive electrode potentials during 40 galvanostatic charge-discharge cycles at 

25 mA/cm2 and 50°C when 2 mol/L MSA-0.5 mol/L H2SO4 is used as the positive supporting electrolyte. 

 

In the battery operating with the 4 mol/L MSA positive supporting electrolyte, the negative 

electrode reaction limits the efficiency of the battery during the early cycles (except during the 

first cycle) (Figure 4.4). Since hydrogen evolution at the negative electrode is not reversible, the 

amount of zinc available for anodic dissolution during discharge is less than the stoichiometric 

amount of Ce(IV) available for reduction on the positive side. As a result, the negative electrode 

becomes completely stripped of zinc before Ce(IV) is entirely consumed on the other side. This 

causes the negative electrode potential to rise sharply, triggering the termination of discharge. 

However, from the 14th cycle onward, the situation changes entirely and the limiting half-cell 

reaction during discharge switches to the Ce(III)/Ce(IV) couple at the positive electrode. As shown 

in Figure 4.4, the positive electrode potential now begins to drop very sharply during discharge 

and triggers the end of this part of the cycle. At the same time, the rise in the negative electrode 

potential begins to shrink and become insignificant. This dramatic change stems from another 

negative impact of the continual net transfer of H+ ions into the negative compartment. As 

discussed previously, this leads to the ever-increasing extent of hydrogen evolution at the negative 

electrode during charge and the continual change in the positive electrolyte composition toward 

lower acidity, higher Ce(IV) and lower Ce(III) concentrations. This eventually leads to the 
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precipitation of CeO2 in the positive electrolyte and a sudden drop in the total dissolved Ce 

concentration. Therefore, from the 14th cycle, the positive electrode reaction is limiting and the 

positive electrode potential drops more rapidly during discharge. Thus, the decay in the battery 

capacity when the positive electrolyte contains 4 mol/L MSA is accelerated by the reduction in the 

Ce(IV) solubility in the positive electrolyte after 14 cycles, although this entire chain of events is 

driven by the continual net transfer of H+ ions from the positive side to the negative side. 

 It should be noted that some noise in the response of the negative electrode is observed from the 

27th cycle to the 40th cycle when 4 mol/L MSA is present in the positive electrolyte (Figure 4.4). 

Such a response is not unusual in the case of metal electrodeposition accompanied by H2 evolution. 

This is likely caused by fluctuations in the flow conditions (perhaps induced by gas bubbles) close 

to the T-shaped glass cell where the Ag/AgCl reference electrode is held. However, this 

phenomenon has no effect on the mean values of the electrode potential that are measured.  

The electrode response of the battery operating with the 2 mol/L MSA-0.5 mol/L H2SO4 supporting 

electrolyte is similar to that observed when 4 mol/L MSA is used over the first 10 cycles (Figure 

4.5). The cell voltage and the positive electrode potential during charge slowly increase over the 

first 10 cycles due to the accumulation of Ce(IV) ions and depletion of Ce(III) ions. However, 

thereafter the responses of the positive electrodes in the presence of the two positive electrolytes 

differ drastically. Unlike the situation with 4 mol/L MSA, only a small drop in the positive 

electrode potential occurs at the end of discharge when the positive electrolyte contains 2 mol/L 

MSA-0.5 mol/L H2SO4. Furthermore, the responses of both electrodes during both charge and 

discharge remain remarkably stable over the remainder of the experiment, which is a huge 

advantage for flow battery operation. The positive electrode remains much less polarized, 

reflecting faster electrode kinetics than that observed with the 4 mol/L MSA positive supporting 

electrolyte. Another noteworthy finding is that the negative electrode reaction remains the limiting 

process over the entire 40 cycles of the experiment based on the responses of the two electrodes. 

Similar to the case when 4 mol/L MSA is used, H2 evolution occurs on the negative side. However, 

the Ce(III) and Ce(IV) solubilities remain high enough in the 2 mol/L MSA-0.5 mol/L H2SO4 

supporting electrolyte that no precipitation of CeO2 is observed to occur at any time during the 40 

cycles. As will be shown later, this is due not only to the higher cerium solubility in the mixed acid 

but also because less H+ transfers from the positive compartment to the negative compartment over 
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the course of battery operation. This allows the total dissolved cerium concentration in the positive 

electrolyte to remain high and constant throughout the experiment, leading to less polarization for 

the reduction of Ce(IV) to Ce(III) during discharge. Since the discharge voltage of the positive 

electrode is more stable and the duration for discharge is longer, both the average coulombic 

efficiency and voltage efficiency are higher from the 15th cycle onward. This is also the reason for 

the better overall performance and longer life-cycle of the battery operating with the mixed acid 

positive electrolyte. 

Figure 4.6 presents a comparison of the coulombic efficiencies of the Zn-Ce redox flow battery 

over 40 charge-discharge cycles obtained in the 2 mol/L MSA-1 mol/L HNO3, 2 mol/L MSA-0.5 

mol/L H2SO4 and the original 4 mol/L MSA positive electrolytes. The efficiency data of the battery 

obtained when 3 mol/L MSA is used as the positive supporting electrolyte is not shown here since 

it is much lower than that obtained with the original 4 mol/L MSA electrolyte and drops below 60% 

very quickly. This is due to the lower Ce(IV) solubility in the 3 mol/L MSA and the precipitation 

of CeO2 much earlier during the charge-discharge cycles. In all cases, a few cycles of conditioning 

are required in order for the system to exhibit more stable behaviour. The sudden drop in the current 

efficiency observed after the second charge-discharge cycle during the experiment in which 4 

mol/L MSA is used is caused by a particular event that was observed only in this case. Near the 

end of the 2nd discharge, a small portion of zinc metal deposited on the negative electrode during 

the previous charge was observed to detach from the electrode, presumably due to poor attachment 

to the PVE substrate. Since this detached zinc was unavailable for battery discharge, this led to a 

lower coulombic efficiency than was otherwise possible. After the 3rd cycle, the adherence of the 

zinc deposit to the PVE substrate apparently improved (perhaps due to residual zinc left on the 

PVE from the previous cycles) and detachment of the zinc from the substrate during discharge was 

no longer observed and the current efficiency recovered. Since this phenomenon was not observed 

thereafter, it had no bearing on the long-term battery performance which is the focus of these 

experiments. This is supported by the recorded negative electrode potential during battery charge-

discharge cycles, as has been shown previously. In comparison, no sudden decrease in coulombic 

efficiency is observed in the cases of the 2 mol/L MSA-0.5 mol/L H2SO4 and 2 mol/L MSA-1 

mol/L HNO3 positive electrolytes.    
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Figure 4.6. Coulombic efficiency of Zn-Ce redox flow battery operating with different positive electrolytes 

over 40 galvanostatic charge-discharge cycles. The current density during each charge-discharge cycle 

is 25 mA/cm2 and the charge duration is 1 hour during each cycle. 

 

The average coulombic efficiency of the battery over 40 cycles obtained in the 4 mol/L MSA 

supporting electrolyte is 58.3%, which is much lower than the level of 70.8% achieved in the 2 

mol/L MSA-0.5 mol/L H2SO4 electrolyte. The average loss of coulombic efficiency of the battery 

per cycle when using 4 mol/L MSA is approximately 1.26%. Based on previous studies38, this is 

believed to be caused by the net transfer of H+ from the positive side to the negative side which 

leads to an ever-increasing amount of H2 evolution occurring during charge. Since this reaction is 

not reversible and the charge passed during H2 evolution reaction cannot be used for battery 

discharge, it causes a loss of current efficiency. As discussed previously, another factor leading to 

the lower coulombic efficiency when 4 mol/L MSA is used as the supporting positive electrolyte 

is the precipitation of Ce(IV) in the form of CeO2 in the positive electrolyte. CeO2 precipitation is 

observed after approximately the 10th charge-discharge cycle. Since this precipitation decreases 

the total Ce(IV) ion concentration available for battery discharge in the positive electrolyte, it 

causes both the positive potential during discharge and the coulombic efficiency to decrease 

significantly. The average loss of coulombic efficiency for the battery with 2 mol/L MSA-0.5 



 

 

65 

 

mol/L H2SO4 electrolyte is only 0.59% per charge-discharge cycle. Obviously, since CeO2 

precipitation is not observed to occur in this case, the capacity fade in this mixed acid is attributed 

entirely to the net transfer of H+ from the positive side to the negative side. In summary, the 

replacement of 4 mol/L MSA with 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid in the positive 

electrolyte leads to superior coulombic efficiency and slower capacity fade of the battery, both of 

which are especially beneficial for long-term operation.  

In the case of 2 mol/L MSA-1 mol/L HNO3 as the positive supporting electrolyte, the coulombic 

efficiency is more stable and almost no decrease of coulombic efficiency is observed over the 

course of 40 cycles. However, the coulombic efficiency is significantly lower than that of other 

two cases throughout the experiment. The average coulombic efficiency is only 47.9%, which 

differs significantly from the level of ~70% reported in a previous study.177 However, it is 

important to note that the type of experiment and conditions in this earlier study were significantly 

different from those used here. The coulombic efficiency was not measured in an operating RFB 

undergoing numerous galvanostatic charge-discharge cycles and instead obtained in a flow-type 

electrolytic cell containing 6 mol/L HNO3 by first oxidizing Ce(III) at an electrode potential of 1.5 

V vs. Ag/AgCl for 155 min followed by cathodic reduction to reduce Ce(IV) back to Ce(III). It 

was also shown in another study that oxygen evolution is enhanced during anodic oxidation from 

an electrolyte containing nitric acid at concentrations above 0.5 mol/L since this causes the 

overpotential for oxygen evolution to drop below the onset potential for the Ce(III)/Ce(IV) redox 

couple.33 Thus, if the positive electrode reaction is limiting during discharge, one would expect 

this effect to reduce the coulombic efficiency of a Zn-Ce RFB operating with the 2 mol/L MSA-1 

mol/L HNO3 supporting positive electrolyte. However, our experimental results (not included here) 

show that it is the negative potential that changes rapidly at the end of each charge-discharge cycle 

when 2 mol/L MSA-1 mol/L HNO3 is used as the supporting positive electrolyte, which indicates 

that the negative electrode reaction is limiting during discharge throughout the 40 cycles. Thus, 

the cause for the low coulombic efficiency when the positive electrolyte contains 2 mol/L MSA-1 

mol/L HNO3 is more complicated and requires further investigation that is beyond the scope of the 

present study.    

As noted previously, very poor results are achieved when a positive electrolyte containing 3 mol/L 

MSA at the start of operation is used and so are not shown here. The Ce(IV) solubility in this 
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solution is low enough that white CeO2 precipitate particles start to appear in the positive 

electrolyte tank as early as the 4th charge-discharge cycle and the positive half-cell reaction 

becomes the limiting electrode reaction which accelerates battery performance decay. 

 

Figure 4.7. Voltage efficiency of Zn-Ce redox flow battery operating with different positive electrolytes 

over 40 galvanostatic charge-discharge cycles. The current density during each charge-discharge cycle 

is 25 mA/cm2 and the charge duration is 1 hour during each cycle. 

 

Figure 4.7 shows the corresponding voltage efficiencies obtained over the 40 charge-discharge 

cycles when the different positive electrolytes are used. The average voltage efficiency of the 

battery employing 4 mol/L MSA is 53.0%, whereas the voltage efficiencies are 59.6% and 64.4% 

in the cases of 2 mol/L MSA-0.5 mol/L H2SO4 and 2 mol/L MSA-1 mol/L HNO3, respectively. 

Before the 15th cycle, the voltage efficiency of the battery using 4 mol/L MSA is the highest among 

the investigated positive electrolytes. However, it decreases rapidly after the 13th cycle and 

continues to drop until the end of 40 cycles. Since the total proton concentration in 4 mol/L MSA 

is higher than in the other positive electrolytes, a lower ohmic loss across the ion exchange 

membrane is expected, consistent with the higher voltage efficiency over the first few charge-

discharge cycles. The sharper decrease of the voltage efficiency after the 13th cycle in the case of 

4 mol/L MSA can be attributed to the precipitation of CeO2, which reduces the total soluble Ce 



 

 

67 

 

concentration and increases the overpotential at the positive electrode during battery charge. This 

is confirmed by the gradual increase of the positive electrode potential during battery charge, as 

shown in Figure 4.4. The decrease in the total soluble Ce concentration should also increase the 

overpotential for Ce(IV) reduction during discharge. This is confirmed by the profile for the 

positive electrode potential in Figure 4.4 which shows a decrease in the average discharge potential 

after the first 6 charge-discharge cycles. This combination of effects of CeO2 precipitation on the 

positive electrode potential during charge and discharge further lowers the voltage efficiency. The 

voltage efficiencies when 2 mol/L MSA-0.5 mol/L H2SO4 and 2 mol/L MSA-1 mol/L HNO3 are 

used as positive supporting electrolyte remain relatively stable throughout the 40 charge-discharge 

cycles and decrease by only 0.27% and 0.26%, respectively, per charge-discharge cycle. In contrast, 

the voltage efficiency loss is 0.68% per cycle in the case of 4 mol/L MSA.  

 

 

Figure 4.8. Energy efficiency of Zn-Ce redox flow battery operating with different positive electrolytes 

over 40 galvanostatic charge-discharge cycles. The current density during each charge-discharge cycle 

is 25 mA/cm2 and the charge duration is 1 hour during each cycle. 
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The resulting change in the energy efficiency over time is shown in Figure 4.8. The battery 

employing 4 mol/L MSA exhibits higher energy efficiency (~75%) up to the 15th cycle, but then 

suffers a rapid drop to ~20% by the 23rd cycle until the end of 40 cycles. This sudden drop is a 

reflection of the sudden decrease of both the coulombic and voltage efficiencies during the 15th 

cycle. The average energy efficiency for 4 mol/L MSA over the entire experiment is 32.8%. After 

40 charge-discharge cycles, the energy efficiency of the battery operating with 4 mol/L MSA as 

the positive supporting electrolyte is the lowest among the investigated electrolytes. For the 

batteries employing 2 mol/L MSA-0.5 mol/L H2SO4 and 2 mol/L MSA-1 mol/L HNO3, the average 

energy efficiencies are 42.4% and 30.8%, respectively. Thus, for long-term battery operation, 2 

mol/L MSA-0.5 mol/L H2SO4 exhibits better energy efficiency and higher stability than the 

original 4 mol/L MSA electrolyte.  

 

 

Figure 4.9. Polarization curve of Zn-Ce redox flow battery operating with 4 mol/L MSA and 2 mol/L MSA-

0.5 mol/L H2SO4 mixed acid as positive supporting electrolyte. 
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Polarization experiments have been conducted to evaluate the battery performance operating with 

4 mol/L MSA and 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid as the positive supporting 

electrolytes. The polarization curve of the battery with 2 mol/L MSA-1 mol/L HNO3 as the positive 

supporting electrolyte has not been obtained for comparison since this solution has already been 

shown to yield much lower coulombic and energy efficiencies. The two polarization curves shown 

in Figure 4.9 are very similar at low current densities (<10 mA/cm2) where the battery operates 

under activation control, with an open-circuit voltage of ~2.38 V. Better battery performance is 

observed in the ohmic and mass transfer-limited regions when using 2 mol/L MSA-0.5 mol/L 

H2SO4 mixed acid electrolyte. The battery exhibits lower overpotential in the ohmic polarization 

and mass transfer-dominated regions. For the battery operating with 4 mol/L MSA, the battery 

becomes mass-transport controlled at a current density of ~60 mA/cm2, whereas the sharp decrease 

in voltage due to mass transport limitations occurs at a higher current density of ~75 mA/cm2 when 

2 mol/L MSA-0.5 mol/L H2SO4 mixed acid is the positive supporting electrolyte. It will be shown 

later that H+ ions continually transfer from the positive to the negative compartment and the Ce(III) 

and Ce(IV) concentrations in the positive electrolyte continually change during the course of 

battery operation. These phenomena complicate the interpretation of the differences in the 

polarization curves shown in Figure 4.9. To minimize these effects, the polarization experiments 

have been conducted so as to maintain the total elapsed time for completion as short as possible. 

Nevertheless, over the course of the ~ 1 hour to carry out each of the two polarization experiments 

shown in Figure 4.9, small changes in the H+, Ce(III) and Ce(IV) concentrations have likely 

occurred. As will be shown, the Ce(IV) concentration in the positive electrolyte remains higher 

throughout operation when 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid is present than when 4 

mol/L MSA is used. This difference could contribute to faster Ce(IV) reduction, higher cell 

voltages and better battery performance during discharge at intermediate and high current densities 

evident in Figure 4.9 when the positive electrolyte contains 2 mol/L MSA-0.5 mol/L H2SO4 mixed 

acid. Another possible factor could be differences in the viscosities of the two positive electrolytes. 

The electrolyte containing 2 mol/L MSA-0.5 mol/L H2SO4 is less concentrated than the one 

containing 4 mol/L MSA and so likely has a lower viscosity which in turn could lead to a higher 

mass transfer coefficient and limiting current density for the reduction of Ce(IV) to Ce(III) in the 

positive electrolyte during discharge.        
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4.3.3 Evolution of H+ concentration in negative electrolyte and Ce(IV) concentration 

in positive electrolyte 

To gain further insight into the differences in the battery performance achieved using 2 mol/L 

MSA-0.5 mol/L H2SO4 mixed acid and 4 mol/L MSA, the variation of the H+ concentration in the 

negative electrolyte and Ce(IV) concentration in the positive electrolyte during the charge-

discharge cycles is shown in Figure 4.10 and Figure 4.11, respectively. The H+ and Ce(IV) 

concentrations were not determined when 2 mol/L MSA-1 mol/L HNO3 mixed acid was used as 

the supporting positive electrolyte since the corresponding battery performance was considerably 

poorer than that achieved using the other two positive supporting electrolytes. 

When the battery operates with 4 mol/L MSA as the positive supporting electrolyte, the H+ 

concentration in the negative electrolyte increases gradually from an initial value of 1 mol/L to 2.8 

mol/L over 15 charge-discharge cycles (Figure 4.10). Thereafter, the H+ concentration rises slowly 

and levels off at ~3.2 mol/L by the end of 40 cycles. Compared to the initial concentration on the 

negative side, the acidity has increased ~3 times, which undoubtedly accelerates the H2 evolution 

side reaction. In addition, the decreased acidity in the positive electrolyte is the main factor that 

causes the precipitation of Ce(IV) ions as CeO2. The data in Figure 4.10 show that the H+ 

concentration in the negative electrolyte has already risen from 1 mol/L to ~ 1.6 mol/L over the 1st 

cycle alone, indicating that the initial transfer across the membrane is very rapid.  

As expected, less H+ is transferred from the positive to negative electrolyte when 2 mol/L MSA-

0.5 mol/L H2SO4 mixed acid is used on the positive side due to the smaller H+ concentration 

gradient across the membrane. Our results show that the H+ concentration in the negative 

electrolyte has reached only ~ 1.2 mol/L by the end of the 1st cycle and eventually stabilizes at 2.2 

mol/L by the 15th cycle with very little change over the following 25 cycles. A lower proton 

concentration in the negative electrolyte is beneficial to battery performance since less H2 

evolution side reaction should occur. While the coulombic efficiency of the full battery does not 

solely depend on the H+ concentration on the negative side, the reduced H+ concentration is likely 

to be one of the reasons that higher coulombic efficiency is achieved when the positive electrolyte 

consists of 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid electrolyte on the positive side over long-

term battery operation. Although H+ crossover does occur in the case of the 2 mol/L MSA-0.5 
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mol/L H2SO4 mixed acid electrolyte and the acidity of the positive electrolyte decreases, 

importantly no precipitation of CeO2 is ever observed due to the higher Ce(IV) solubility in the 

MSA-H2SO4 mixed acid electrolyte. 

 

 

Figure 4.10. Variation of the H+ concentration in the negative electrolyte over the course of 40 

charge/discharge cycles when 4 mol/L MSA and 2 mol/L MSA-0.5 mol/L H2SO4 are used as the supporting 

positive electrolytes. 

 

As noted previously, the Ce(IV) solubility in the positive electrolyte is one of the factors limiting 

the Zn-Ce RFB energy capacity. To understand the changes of composition in the positive 

electrolyte, we also have measured the Ce(IV) concentration at the end of each charge-discharge 

cycle. As shown in Figure 4.11, the gradual rise of Ce(IV) concentration in the positive electrolyte 

over the first 4 cycles confirms previous findings reported in the literature of the accumulation of 

Ce(IV) ions over time due to the limited amount of zinc deposit on the negative electrode available 

for discharge.38 The Ce(IV) concentration reaches a maximum level of 0.38 mol/L when 4 mol/L 

MSA is used in the positive electrolyte. Ideally, the Ce(IV) concentration should drop to 0 mol/L 



 

 

72 

 

at the end of discharge if the battery operates at 100% coulombic efficiency since the positive 

electrolyte initially contains no Ce(IV). From the 5th cycle onward, the Ce(IV) concentration starts 

to decrease as CeO2 precipitation occurs in the electrolyte and particles continue to form during 

the subsequent cycles. As shown in Figure 4.12b, a precipitate is visible in the yellow positive 

electrolyte collected after 40 cycles, as indicated by the arrows at the bottom of the electrolyte tank. 

The precipitation of Ce(IV) oxide has also been reported in several other studies.125,130,178 

Eventually, the Ce(IV) concentration stabilizes at ~0.3 mol/L by the end of 40 charge-discharge 

cycles. Previous work has shown that the solubility of both Ce(III) and Ce(IV) depends strongly 

on the concentration of MSA.127 While the solubility of Ce(III) rises as the MSA concentration is 

lowered, the opposite trend is observed in the case of Ce(IV) ions. 

When 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid is used as the supporting positive electrolyte, 

no precipitate is observed to form even by the end of the 40 charge-discharge cycles. The 

electrolyte retains a clear orange colour, reflecting that it remains stable and the Ce(IV) solubility 

is higher than in the 4 mol/L MSA electrolyte (Figure 4.12c). Figure 4.12a shows a comparison of 

the colour of two electrolytes after 40 charge-discharge cycles. As shown in Figure 4.11, the Ce(IV) 

concentration remains significantly higher in the 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid 

electrolyte than in 4 mol/L MSA throughout the experiment. Obviously, the decrease of the Ce(IV) 

concentration in the 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid electrolyte from the 4th cycle 

onward cannot be attributed to Ce(IV) precipitation. The Ce(IV) concentration in the positive 

electrolyte can be determined by other factors – the relative extents of Zn(II) reduction and H2 

evolution at the negative electrode during charge and the possible transfer of Ce(IV) or Ce(III) 

across the membrane to the negative side. This second possibility is the subject of the investigation 

in the next chapter.  
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Figure 4.11. Variation in the Ce(IV) concentration in the positive electrolyte over the course of 40 

charge/discharge cycles when 4 mol/L MSA and 2 mol/L MSA-0.5 mol/L H2SO4 are used as the supporting 

positive electrolytes. 

 

 

Figure 4.12. (a) Comparison of the positive electrolytes remaining after 40 charge-discharge cycles: 4 

mol/L MSA (left) and 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid (right) supporting electrolytes. (b) 4 mol/L 

MSA and (c) 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid supporting electrolyte. 
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Chapter 5 Improving performance of hybrid Zn–Ce redox flow 

battery by controlling ion crossover and use of mixed 

acid positive electrolyte2  

5.1 Introduction 

A main focus of the study described herein is on measuring the ion crossover in Zn-Ce RFBs and 

reducing its detrimental effects on battery performance. However, it is first important to distinguish 

between transport of ions across the membrane that is necessary to just maintain the applied current 

flowing through the cell and additional transport driven by concentration gradients between the 

positive and negative electrolytes, but also can be due to pressure gradients and osmotic pressure 

differences.168,170 The first type of transport can be termed as membrane exchange and the second 

type as crossover. Nafion-type membranes are very commonly used in Zn-Ce RFBs and many 

other systems due to their excellent proton conductivity and durability, but tend to be leaky and 

relatively non-selective. As a result, they typically allow a considerable amount of ion crossover 

during battery operation. The rate of ion crossover is generally time-dependent due to changes in 

ionic concentrations, electrical polarity, electrolyte viscosity and temperature.180 An important 

difference between membrane exchange and crossover is the direction in which they act during 

battery charge-discharge cycles. The direction of membrane exchange which is governed by the 

electrical polarity of the cell reverses in direction when the battery switches from charge to 

discharge, while direction of crossover is governed entirely by the gradient that drives it regardless 

of the cell polarity. In most cases where ion crossover occurs due to concentration gradients across 

the membrane, it operates in the same direction throughout the charge-discharge cycles.     

As noted above, perfluorinated cation exchange membranes such as Nafion 117 are widely used 

in redox flow batteries due to their high proton conductivity and excellent chemical and mechanical 

stability.181–184 During battery charge, the reduction of Zn(II) and H+ on the negative electrode 

reduces the amount of positive charge in the negative electrolyte, whereas the conversion of Ce(III) 

to Ce(IV) increases the positive charge on the positive side. Since the electrolytes must maintain 

electroneutrality, a net flow of positively charged ions occurs from the positive electrolyte to the 

 
2 This chapter is adapted from my published work.179 
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negative electrolyte through the membrane to balance the changes due to the electrode reactions 

and to conduct electricity. Ideally, a proton exchange membrane would allow only the transfer of 

H+ from one side to another to prevent the mixing of the other electroactive species in the negative 

and positive electrolytes. During battery discharge, the deposited zinc metal layer on the negative 

electrode re-dissolves anodically into the negative electrolyte as Zn(II) ions and H+ are transported 

from the negative electrolyte back to the positive electrolyte to complete the electrical circuit.  

In our previous work, we showed that the continuous crossover of H+ from the positive to the 

negative electrolyte increases the undesired H2 evolution reaction and eventually causes the 

precipitation of CeO2 in the positive electrolyte, which degrades battery performance even 

further.32 The mitigation of these effects in a commercial RFB would require the periodic 

rebalancing of electrolyte compositions during long-term battery operation and therefore raise 

maintenance and operation costs. 

One obvious approach to reducing H+ crossover is to reduce the difference between its 

concentration on the positive side from that on the negative side. Typically, when MSA alone has 

been used as the supporting electrolyte on both sides, the acid concentration is 4 mol/L on the 

positive side and 1 mol/L on the negative side. In the previous chapter, we showed that the use of 

a novel 2 mol/L MSA–0.5 mol/L H2SO4 mixed acid (heretofore denoted as 2/0.5 MA) positive 

supporting electrolyte with an overall acid concentration of only 3 mol/L, while maintaining 1 

mol/L MSA alone as the negative supporting electrolyte, led to a large improvement in the 

performance of a Zn-Ce RFB from that attained when the positive supporting electrolyte contained 

4 mol/L MSA.32 Another benefit of using this mixed acid positive electrolyte was that CeO2 

precipitation was not observed to occur even after many galvanostatic charge-discharge cycles, 

unlike what is always found in the case of the MSA-only electrolyte initially containing 4 mol/L. 

In this work, we conduct a systematic study in which the H+ concentration in the negative 

electrolyte and the Zn(II), Ce(III), and Ce(IV) concentrations in both electrolytes are monitored 

after each of 30 consecutive charge-discharge cycles, which has not been investigated in any 

previous reported study of Zn-Ce RFBs. The H+ concentration in the positive electrolyte could not 

be measured since the colorimetric titration technique which was very successful for the negative 

electrolyte did not work in the case of the positive electrolyte due to its yellow color. The 
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information gained from these experiments was then used to modify the composition of the 

positive electrolyte in order to further improve battery performance. Although this work is 

concerned with the Zn-Ce hybrid flow battery, the general findings and strategies should be 

applicable to other similar flow battery systems where crossover of species between the electrode 

compartments contributes to poorer performance.  

 

5.2 Experimental   

5.2.1  Preparation of electrolyte 

All chemicals were used as received without further purification. The negative electrolyte 

containing 1.5 mol/L zinc(II) methanesulfonate was prepared by dissolving zinc oxide (Zochem 

Inc.) in the appropriate amount of methanesulfonic acid (70%, Alfa Aesar). Extra methanesulfonic 

acid (MSA) was added to adjust the MSA concentration to be 1 mol/L. Similarly, the positive 

electrolytes with 0.8 mol/L cerous methanesulfonate and different amounts of zinc(II) 

methanesulfonate were prepared by dissolving mixtures of cerium carbonate (Treibacher Industrie 

AG, 99% pure) and zinc oxide with MSA. MSA and/or H2SO4 was then added to achieve 4 mol/L 

MSA or 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid supporting electrolytes. Ultrapure water with 

a resistivity of ~18 MΩ cm was used to prepare all the solutions in this work. 

 

5.2.2 Measurement of Ce(IV), H+ and Zn(II) concentrations and electrolyte properties 

The concentration of Ce(IV) in the positive electrolyte was measured by a colorimetric titration 

method using ferroin (1,10-phenanthroine iron (II) sulfate, Alfa Aesar) as an end-point indicator. 

50 µL of positive electrolyte was collected and titrated by 0.05 mol/L ammonium iron (II) sulfate 

hexahydrate (99%, Sigma-Aldrich). To measure the concentration of Ce(III) in the positive 

electrolytes, another 50 µL sample was collected and then contacted with a certain amount of 

ammonium persulfate (thermo scientific, 98+%) and silver nitrate solution (Titripur, 0.1 mol/L) to 

oxidize all Ce(III) present to Ce(IV). This step was followed by colorimetric titration to determine 

the Ce(IV) content in this oxidized sample. The Ce(III) concentration could then be determined 



 

 

77 

 

from the difference between the total Ce(IV) concentration after oxidation and the original Ce(IV) 

concentration prior to oxidation. The very small sample volumes required for these titrations 

ensured that the cumulative amount collected over the course of the experiments had no effect on 

battery operation. 

The H+ concentration in the negative electrolyte was determined by colorimetric titration using a 

0.01 mol/L NaOH solution, which was prepared by dissolving sodium hydroxide beads (VWR 

Analytical) in ultrapure water. The end-point of this titration process as indicated by methyl red 

(Ricca Chemical) occurred when the color of the solution changed from red to yellow. As noted 

previously, this technique could not be applied to the positive electrolyte due to it being colored 

(yellow) and so it was not possible to measure the H+ concentration in the positive electrolyte. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES, Teledyne Leeman Labs 

Prodigy) was used to measure the Zn(II) concentration in both positive and negative electrolytes. 

The conductivity of different fresh positive electrolytes was measured with a Mettler-Toledo AG 

conductometer. The viscosity of the electrolytes at 50  ℃  was measured using a Brookfield 

DV2TLV digital rotational viscometer. 

 

5.2.2.1 Electrochemical measurements 

Half-cell measurements 

The kinetics of the Ce(III)/Ce(IV) redox couple at 50℃  in the different electrolytes was 

investigated by conducting cyclic voltammetry (CV) experiments using a conventional 3-electrode 

system. The working electrode was a Pt-disc electrode with an area of 3.14 mm2, while a graphite 

rod (Alfa Aesar) was used as the counter electrode and an Ag/AgCl electrode (Pine Research 

Instrumentation) as the reference electrode. The CV experiments were conducted using a Bio-logic 

EPP-4000 potentiostat. The temperature of the solutions was maintained at 50 ℃ by immersing 

the electrochemical cell in a Neslab RTE-8 water bath. 

Full-cell system 
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Full-cell experiments were conducted in a bench-scale redox flow battery consisting of a 6 mm-

thick Pt-Ti mesh (Metakem GmbH) positive electrode with a Pt loading level of 7 mg/cm2, a 

polyvinyl ester (PVE) carbon sheet (TDM Fuel Cells) negative electrode attached to a copper 

current collector (McMaster-Carr), two custom-made flow channels made from acrylic sheet (CIP 

Wholesale) to distribute electrolytes and an ion exchange membrane (Nafion 117, Fuel Cell Store) 

to separate the two compartments. Silicone rubber gaskets (CS Hyde Company) were used to 

prevent any electrolyte leakage. More details regarding the design and operation of this battery can 

be found in a previous study.185  

The positive and negative electrolytes each with a volume of 30 mL were circulated from separate 

external reservoirs through Viton tubing (McMaster-Carr) to the battery compartments and back 

using a 2-head Longer BT100-1L peristaltic pump which enabled independent control of the two 

streams. The flow rate of the electrolytes was controlled to be 60 mL/min on both sides and the 

electrolyte tanks were immersed in a 50 ℃ water bath throughout the experiments. Prior to the 

experiments, the Nafion 117 membrane was activated by soaking in each of the following solutions 

for 1 hour at ~80 ℃ in the order: 3%(wt.) H2O2, ultrapure water, 0.5 mol/L H2SO4 solution and 

ultrapure water. The electrochemical measurements were conducted using Autolab PGSTAT 30 

potentiostat connected to a computer controlled via Nova 2.1.5 software. 

The battery efficiency was characterized by subjecting it to 30 galvanostatic charge-discharge 

cycles. Each cycle proceeded by charging the battery at a fixed current density of 25 mA/cm2 for 

a duration of 1 hour followed by discharge at the same current density. Discharge was terminated 

when the battery cell voltage reached a cut-off value of 0.5 V. The coulombic efficiency of the 

battery over each cycle was obtained from the ratio of discharge time to the charge time, while the 

voltage efficiency over each cycle was determined from the ratio of the average discharge cell 

voltage to charge cell voltage. Discharge polarization experiments were conducted by first 

charging the battery at a current density of 50 mA/cm2 for 90 minutes to reach a state-of-charge 

(SOC) of 50%. To ensure the SOC of the battery to be maintained as close to 50% as possible, 60 

mL of each positive and negative electrolytes were used for all the polarization experiments, which 

was twice as large as the volume of electrolytes used in the charge-discharge cycling tests. To 

check that the battery SOC remained at or very close to 50% throughout the experiment, the Ce(IV) 

concentration was measured immediately after the 90-minute battery charge and at the end of the 
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polarization measurements. The results showed that the decrease of Ce(IV) concentration was 

small enough not to be a factor in the interpretation in the resulting polarization curves. Then the 

battery was discharged for 20 seconds at a different current density within the range from 0 to 110 

mA/cm2 followed by a 20-second rest period before continuing to the next current density. The 

average cell voltage over each 20-second period obtained was then plotted versus the 

corresponding current density to yield the polarization curve. 

 

5.3 Results and Discussion 

5.3.1 Crossover in battery operating with 4 mol/L MSA positive supporting 

electrolyte 

In Chapter 4, we showed that the coulombic efficiency is limited by reactions at the negative 

electrode over the first 14 cycles when using 4 mol/L MSA as the positive electrolyte. This is 

reflected in the observation that the negative electrode potential rises abruptly and by a large 

amount at the end of battery discharge whereas the positive electrode potential changes very little, 

indicating the complete removal of the zinc deposit formed during battery charge. At the same 

time, unreacted Ce(IV) remains in the positive electrolyte at the end of discharge and so slowly 

accumulates from cycle to cycle. This imbalance arises because the irreversible HER side reaction 

occurring during battery charge at the negative electrode proceeds to a greater extent than does the 

irreversible OER side reaction at the positive electrode. As more H+ is transferred from the positive 

to the negative side, the solubility of Ce(IV) decreases to the point that CeO2 begins to precipitate 

out during the 6th cycle and reduces the total amount of soluble cerium available for battery 

charge/discharge. As precipitation continues, the positive electrolyte becomes progressively more 

depleted of soluble cerium such that by the 14th cycle the battery becomes limited by the 

Ce(III)/Ce(IV) reaction. In contrast, when the 2/0.5 MA is used as the positive supporting 

electrolyte, CeO2 precipitation is not observed and the coulombic efficiency is always limited by 

the HER at the negative electrode.  

As noted in the Introduction, the crossover of ions other than H+ during operation of Zn-Ce RFBs 

has not been investigated to the best of our knowledge. To address this question, we measured the 
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concentrations of Zn(II), Ce(III) and Ce(IV) in both electrolytes and H+ in the negative electrolyte 

at the end of each of 30 consecutive charge-discharge cycles operating at 25 mA/cm2. The results 

obtained when the positive electrolyte contains 4 mol/L MSA are shown in Figure 5.1A-C. In the 

cases of H+ and Zn(II), the observed changes in concentration can be attributed to ion crossover. 

The situation for Ce(III) and Ce(IV) is different, as will be discussed. As shown in Figure 5.1A, 

the Zn(II) concentration in the negative electrolyte decreases steadily from 1.5 to 0.96 mol/L by 

the end of 30 cycles, while it increases from 0 to ~0.66 mol/L over the same period in the positive 

electrolyte. This change is accompanied by a rise of the H+ concentration in the negative electrolyte 

from 1.0 mol/L to ~2.7 mol/L due to transfer from the positive side (Figure 5.1B), similar to that 

reported previously.32 Since these determinations are made at the end of discharge, the Zn(II) 

concentration measured in the negative electrolyte should ideally remain at 1.5 mol/L from cycle 

to cycle if no metal is lost from this side of the cell. Thus, the observed drop in the concentration 

represents a large and permanent loss of Zn(II) from the negative electrolyte due to leakage across 

the membrane, reaching ~36% of the initial amount present in the negative electrolyte at the start 

of operation by the end of 30 cycles. Obviously, this effect and the concomitant rise in the H+ 

concentration in the negative electrolyte makes zinc deposition increasingly less competitive to H2 

evolution during battery charge as the cycles continue, which results in an ever lower coulombic 

efficiency. It is not surprising then that these trends can ultimately lead to the complete failure of 

the battery.38  
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Figure 5.1. Variation of (A) Zn(II) concentration in the positive and negative electrolytes, (B) H+ 

concentration in the negative electrolyte and (C) total soluble Ce(III)+Ce(IV) concentration in the positive 

and negative electrolytes obtained over 30 cycles at 25 mA/cm2 using 4 mol/L MSA positive supporting 

electrolyte. Effect of Zn(II) concentration added to the positive electrolyte containing mixed acid (triangle) 

or MSA-only (square) on the resulting (D) average coulombic efficiency, (E) voltage efficiency and (F) 

energy efficiency of the battery over 30 cycles at 25 mA/cm2. 

 

As shown in Figure 5.1C, the total soluble Ce concentration in the positive compartment steadily 

drops over the first ~15 cycles while its level on the negative side rises due to the concentration 

difference driving Ce from the positive side to the negative side. When the positive electrolyte is 

based on MSA alone, Ce(IV) begins precipitating as CeO2 by ~6th cycle as the MSA concentration 

drops and the total Ce concentration in the positive electrolyte stabilizes at ~0.5 mol/L by the 15th 

cycle. This drop is very substantial since only 62.5% of the initial Ce concentration remains on the 

positive side. This reflects another negative impact of the transfer of H+ from the positive side to 

the negative side. Considering that ~0.1 mol/L of cerium has crossed the membrane into the 

negative electrolyte by the end of 30 cycles, the amount of Ce(IV) that has precipitated out 

corresponds to approximately 0.2 mol/L or 25% of the total amount of Ce in the system. 

 

5.3.2 Effect of addition of Zn(II) to MSA and MSA-H2SO4 mixed acid positive 

supporting electrolytes on battery performance 

We showed previously that the replacement of 4 mol/L MSA with 2/0.5 MA as the positive 

supporting electrolyte has beneficial effects in reducing the extent of H+ crossover by lowering the 

H+ concentration gradient across the membrane and possibly providing higher cerium solubility.32 

Based on the findings above of substantial Zn(II) crossover, it is worthwhile to add different 

amounts of Zn(II) ions in the form of zinc(II) methanesulfonate to both the 2/0.5 MA and 4 mol/L 

MSA supporting positive electrolytes to reduce the Zn(II) concentration difference between the 

two sides and the loss of Zn(II) from the negative electrolyte. To this end, Zn(II) is added at 

concentrations of 0.2, 0.4, 0.6 and 0.8 mol/L to the positive electrolytes on battery performance. 

As shown in Figure 5.1D, when Zn(II) is not initially added to the positive side, the average 
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coulombic efficiency over 30 cycles of battery charge-discharge achieved using 2/0.5 MA 

supporting electrolyte is 75.2% compared to 63.7% attained with 4 mol/L MSA.  

The variation in cell voltage over 30 cycles obtained with positive electrolytes containing 0 and 

0.6 mol/L Zn(II) in 4 mol/L MSA and 0 and 0.4 mol/L Zn(II) in 2/0.5 MA is presented in Figure 

5.2. The battery efficiencies are obtained by analyzing the recorded cell voltage profiles over 30 

cycles. Examination of the cell voltage profiles in Figure 5.2 reveals two overall trends. Firstly, 

the response of the cell (particularly during discharge) over the course of the 30 cycles is much 

more stable and more efficient when the positive electrolyte contains 2/0.5 MA both in the absence 

and presence of Zn(II) than when the electrolyte is based on 4 mol/L MSA (compare Figure 5.2B 

and 2D with 2A and 2C. In fact, in the 2/0.5 MA electrolyte, the system is able to maintain a 

virtually repeatable response from cycle to cycle after ~ 5 cycles when no Zn(II) is present and 

after ~ 10 cycles when 0.4 mol/L Zn(II) is added until the end of each experiment. Secondly, the 

addition of Zn(II) to 4 mol/L MSA leads to a significant improvement (Figure 5.2C). In the absence 

of Zn(II), the cell is no longer able to hold its voltage during discharge after ~15 cycles when the 

positive electrolyte contains 4 mol/L MSA and no Zn(II), leading to a steep drop in discharge 

voltage throughout the entire half-cycle (Figure 5.2A) and a significant loss in efficiency. However, 

the battery performance particularly during discharge is stabilized when 0.6 mol/L Zn(II) is added, 

although it begins to degrade near the end of the 30-cycle experiment. In each of the four cases 

shown, the cell voltage during battery charge rises to ~3.0 V after a number of cycles due to the 

higher overpotential caused by the accumulation of Ce(IV) ions and the depletion of Ce(III) in the 

positive electrolyte. Interestingly, considerably more charge-discharge cycles are required for this 

rise in cell voltage during charge to occur when Zn(II) is added to both the 4 mol/L MSA and the 

2/0.5 MA electrolytes. One difference in the responses during charge is that the cell voltages in the 

case of the 2/0.5 MA-based electrolytes remain close to 2.6 V during the first half of the cycle 

before rising to ~3.0 V only near the end of charge, whereas they tend to rise more quickly and 

remain close to 3.0 V during more of the cycle when operating the cell with the 4 mol/L MSA-

based positive electrolytes, revealing another advantage of the use of the 2/0.5 MA electrolyte.  

The variation of the H+ concentration in the negative electrolyte over 30 cycles obtained with 

positive electrolytes containing 0.6 mol/L Zn(II) in 4 mol/L MSA and 0 and 0.4 mol/L Zn(II) in 

2/0.5 MA (data obtained in the absence of Zn(II) was originally reported in our previous study 32) 
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is shown in Figure 5.3A. The higher coulombic efficiency achieved by switching from the 4 mol/L 

MSA to 2/0.5 MA supporting electrolyte can be attributed to the reduction in H+ concentration 

difference between the two sides of the membrane, leading to less crossover of H+ to the negative 

electrolyte and lower extent of the irreversible hydrogen evolution side reaction during charge.  
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Figure 5.2. Cell voltage of the Zn-Ce redox flow battery over 30 cycles at 25 mA/cm2 obtained when the 

fresh positive electrolyte contains 0.8 mol/L Ce(III) in 4 mol/L MSA(blue), 2/0.5 MA(black), 0.6 mol/L Zn(II) 

added to 4 mol/L MSA (orange) and 0.4 mol/L Zn(II) added to 2/0.5 MA (green). The fresh negative 

electrolyte contains 1.5 mol/L Zn(II) in 1 mol/L MSA. 
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Figure 5.3. Variation of (A) H+ concentration in the negative electrolyte, (B) Zn(II) concentration in the 

positive (half-filled symbols) and negative electrolytes (fully-filled symbols) and (C) total soluble Ce(III) + 

Ce(IV) concentration in the positive (half-filled symbols) and negative (fully-filled symbols) electrolyte 

over 30 cycles at 25 mA/cm2 obtained using the various positive electrolytes. The fresh positive 

electrolyte contains 0.8 mol/L Ce(III) in 4 mol/L MSA(blue), 2/0.5 MA(black), 0.6 mol/L Zn(II) added to 4 

mol/L MSA (orange) and 0.4 mol/L Zn(II) added to 2/0.5 MA (green). The fresh negative electrolyte contains 

1.5 mol/L Zn(II) in 1 mol/L MSA.  

 

In all cases, the H+ concentration increases more sharply over the first ~10 cycles and then 

stabilizes over the following 20 cycles. The final H+ concentration in the negative electrolytes rises 

to ~2.8 mol/L when the 4 mol/L MSA electrolyte is used, whereas it reaches ~2.3 mol/L in the case 

of the mixed acid electrolyte. Similar to the case of cerium (Figure 5.3C), these results suggest that 

the transfer of H+ across the membrane is mainly affected by its own concentration difference 

across the membrane and not by that of the other ions. Regardless of the positive supporting acid 

electrolyte used, the final H+ concentration in the negative electrolyte at the end of 30 cycles 

remains essentially the same regardless of the amount of Zn(II) added to the positive electrolyte.  

Another possible reason for better battery performance in the mixed acid supporting electrolyte is 

that CeO2 is never observed to precipitate even at the end of 30 cycles. It is not clear whether the 

use of the mixed electrolyte has a direct effect by increasing the solubility of Ce(IV) or an indirect 

effect by enabling a higher acid concentration to be maintained in the positive electrolyte or both. 

Further investigation into this question is warranted. Regardless of the cause, this effect is clearly 

an advantage for the positive electrode reaction during battery charge and discharge. In the case of 

4 mol/L MSA, Ce(IV) is observed to precipitate out as CeO2 after ~6 cycles (~10 hours of battery 

operation) and cause the Ce(III)/Ce(IV) couple to be the limiting half-cell reaction and reduce the 

coulombic efficiency and capacity of the battery.  

The addition of Zn(II) to the positive electrolytes causes the coulombic efficiency to increase for 

both 2/0.5 MA and 4 mol/L MSA supporting electrolytes (Figure 5.1D), particularly in the case of 

the latter. When 2/0.5 MA is used as the positive supporting electrolyte, the maximum coulombic 

efficiency achieved increases to 82.9% by adding 0.4 mol/L Zn(II), while the maximum coulombic 

efficiency for the 4 mol/L MSA supporting electrolyte rises to 81.4% when 0.6 mol/L Zn(II) is 
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present. Interestingly, the coulombic efficiency of the battery exhibits a dramatic increase from 

63.7% to 80.0% when only 0.2 mol/L of Zn(II) is added to the original 4 mol/L MSA positive 

supporting electrolytes. As more Zn(II) is added to both positive supporting electrolytes, no further 

increase in the coulombic efficiency above ~80-82% is observed.  

Figure 5.3B shows the Zn(II) concentration in both the positive and negative electrolytes over the 

course of 30 cycles at 25 mA/cm2 for several supporting electrolyte compositions. For the battery 

operating with the mixed acid positive electrolyte and no Zn(II) added, the changes in Zn(II) 

concentration in both negative and positive electrolytes are similar to those observed when the 4 

mol/L MSA positive electrolyte is used. The Zn(II) level in the negative electrolyte slowly drops 

from 1.5 mol/L to 0.97 mol/L and increases from 0 mol/L to 0.69 mol/L in the positive electrolyte 

over the course of 30 charge-discharge cycles. It should be noted that the sum of Zn(II) 

concentration in the negative and positive electrolyte is higher than the original Zn(II) 

concentration (1.5 mol/L) in the system. This is believed to be caused by the water transport from 

the negative to the positive electrolyte due to osmosis and the evaporation of water over the 30 

cycles, as well as the error associated with the ICP-ODE measurements. When 0.4 mol/L Zn(II) is 

added to the mixed acid positive electrolyte (green curve), the Zn(II) concentration remains higher 

in the negative electrolyte compared to that measured when no Zn(II) is added (black curve). As 

expected, the purposeful addition of Zn(II) to the positive side reduces the concentration difference 

in the negative and positive electrolytes and the amount of Zn(II) that crosses the membrane from 

the negative side to the positive side. It is also evident from Figure 3B that the increase of the Zn(II) 

concentration on the positive side slows down as the charge/discharge cycling continues. This is 

due to the reduction of the concentration gradient of Zn(II) between the negative and positive 

electrolytes over time. This leaves more Zn(II) in the negative electrolyte that can be reduced to 

zinc metal during charge relative to the amount of H+ available for H2 evolution and to a higher 

coulombic efficiency. A similar effect is observed when 4 mol/L MSA is used as the supporting 

positive electrolyte. 

Based on these results, it appears that it is not necessary to prevent all transport of Zn(II) from the 

negative to the positive electrolyte to have the maximum effect on the coulombic efficiency. The 

changes in Zn(II) concentration in the negative and positive electrolytes when only 0.2 mol/L Zn(II) 

is added to both positive electrolytes are not included here, but they show that the amount of Zn(II) 
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crossover has been decreased sufficiently. This decline in Zn(II) crossover appears to be enough 

to maintain the Zn(II) concentration on the negative side above a critical level to keep H2 evolution 

much less competitive than Zn(II) reduction during charge.  

As noted previously with regard to Figure 5.1, when the positive side contains 4 mol/L MSA or 

2/0.5 MA with no Zn(II) added initially, as much as ~0.53 mol/L Zn(II) crosses the membrane and 

leaves the negative side by the end of 30 charge-discharge cycles, which represents ~35.3% of the 

total amount initially present. Obviously, this effect has a profound effect on the performance of 

the RFB and leads to a deterioration in battery performance and capacity fade over the course of 

operation. When 0.4 mol/L and 0.6 mol/L Zn(II) are added to 2/0.5 MA and 4 mol/L MSA positive 

electrolytes, respectively, notably more Zn(II) remains in the negative electrolyte at the end of 30 

cycles. The amount of Zn(II) transferred from the negative electrolyte is found to be 0.32 mol/L 

and 0.22 mol/L respectively, which corresponds to 21.3% and 14.6% of the original amount of 

Zn(II) in the negative electrolytes. Not surprisingly, our results indicate that the amount of Zn(II) 

transferred after 30 cycles from the negative to positive electrolyte is governed primarily by the 

concentration difference across the membrane. The smaller the concentration difference, the less 

Zn(II) crossover occurs. Since a Zn(II) concentration difference between the negative and positive 

electrolytes always exists in these experiments, crossover of Zn(II) ions is only reduced but not 

eliminated. Obviously, one approach for preventing Zn(II) crossover is to add 1.5 mol/L Zn(II) to 

the positive side in order to match the concentration on the other side and completely eliminate 

any concentration difference. We have explored this idea, but unfortunately it does not work since 

the addition of Zn(II) methanesulfonate above ~0.6 mol/L yields very viscous solutions that are 

deleterious to mass transport and electric conductivity, resulting in poor battery performance. The 

electrical conductivity of the various electrolytes in this study is presented below in Figure 5.4A. 

The addition of Zn(II) to both positive electrolytes leads to large reductions in their conductivities. 

The decrease of electrolyte conductivity of concentrated solutions as the electrolyte concentration 

is further raised is a commonly observed phenomenon due to the formation of uncharged ion pairs 

arising from the association of oppositely charged ions.186–188 We also observe that both the MSA-

only and mixed acid solutions become noticeably more viscous as more Zn(II) is added (Figure 

5.4B). The rise in solution viscosity and decrease in electrical conductivity as more Zn(II) is 

present are presumably the major factors preventing the further improvement in coulombic 

efficiency beyond what we were able to show here (Figure 5.1D). 
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Figure 5.4. Effect of zinc(II) methanesulfonate concentration on the electrical conductivities (A) and 

viscosities (B) of the MSA (blue) and 2/0.5MA (orange) electrolytes in this study.  

 

The addition of Zn to the positive side not only has a beneficial effect on the coulombic efficiency, 

but also on voltage efficiency. As shown in Figure 5.1E, the battery achieves a higher average 

voltage efficiency over the 30 cycles when the positive electrolyte contains 2/0.5 MA than when 4 

mol/L MSA is used, particularly in the case when no Zn(II) is initially added to the positive side. 

A voltage efficiency of 56.8% is achieved with the 4 mol/L MSA positive supporting electrolyte, 

whereas it is 75% when 2/0.5 MA is used. As shown in Figure 5.2, our measurements of the cell 

voltage during operation show that the overpotential of the battery is smaller when the mixed acid 

supporting electrolyte is used, leading to a lower average charge voltage and higher discharge 

voltage than when 4 mol/L MSA is used. When 0.2 mol/L Zn(II) is added to the 2/0.5 MA 

electrolyte, the voltage efficiency increases slightly to 76.9% from 75%. The voltage efficiency 

then gradually decreases to 70% as the Zn(II) concentration is raised to 0.8 mol/L. For the 4 mol/L 

MSA positive electrolyte, a large increase in voltage efficiency from 56.8% to 70.7% is observed 

when 0.4 mol/L Zn(II) is added. The addition of 0.6 mol/L Zn(II) to the electrolyte only increases 

the voltage efficiency by a negligible amount. Similar to that observed in the case of mixed acid, 

the continued increase of Zn(II) concentration to 0.8 mol/L leads to a decrease in the voltage 

efficiency to 66.5%.  



 

 

92 

 

During the first few cycles, faster Ce(III)/Ce(IV) reaction kinetics in the mixed acid supporting 

electrolyte is the main reason for the lower overpotential during battery charge, as shown in the 

cyclic voltammetry curves in Chapter 4 and later in this study. We observed that the anodic current 

for the oxidation of Ce(III) to Ce(IV) in 2/0.5 MA in the absence of Zn(II) starts to rise at a lower 

potential during the anodic scan and the cathodic charge associated with the reduction of Ce(IV) 

back to Ce(III) is higher. Additionally, the effect of the total soluble Ce concentration in the positive 

electrolyte on the overpotential for the Ce(III)/Ce(IV) redox couple is another important factor that 

affects the voltage efficiency of the battery. The total soluble cerium (Ce(III) + Ce(IV)) 

concentration in the various positive electrolytes after each charge-discharge cycle is presented in 

Figure 5.3C. After ~6 cycles, CeO2 precipitation occurs in the 4 mol/L MSA electrolyte due to the 

build-up of Ce(IV) ions and drop in acidity. This leads to a further decrease in the total soluble 

Ce(III) + Ce(IV) concentration. The crossover of Ce from the positive to the negative electrolyte 

also contributes to this gradual decrease. Approximately 37.5% of the original Ce(III) is lost due 

to both crossover and precipitation in the 4 mol/L MSA supporting electrolyte. This irreversible 

loss of Ce from the positive side leads to a larger overpotential for the Ce(III)/Ce(IV) redox couple 

at the positive electrode during both charge and discharge. After 30 cycles, the Ce concentration 

in the positive electrolyte is ~0.5 mol/L. The initial addition of 0.6 mol/L Zn(II) to the 4 mol/L 

MSA electrolyte does not help in this regard as the final Ce concentration is 0.48 mol/L (see orange 

curve). On the other hand, no CeO2 precipitation occurs even after 30 cycles when 2/0.5 MA is 

used as the supporting electrolyte. As a result, the total cerium level in the positive electrolyte 

remains higher and drops only to 0.69 mol/L after 30 charge-discharge cycles in the 2/0.5MA case. 

Considering that ~0.1 mol/L of Ce is transported from the positive to the negative electrolyte due 

to its concentration gradient, this indicates that no Ce(IV) is lost from the positive electrolyte due 

to CeO2 precipitation. When 0.4 mol/L Zn(II) is present in the mixed acid electrolyte, the final Ce 

concentration is 0.64 mol/L, which again is much higher than the final concentration in the 4 mol/L 

MSA electrolytes. The slight decrease in cerium concentration during the course of the cycles in 

the case of the mixed acid electrolytes observed in Figure 5.3C arises due to the crossover of 

cerium ions driven by the concentration differences in the positive and negative electrolytes. 

Approximately 0.1 mol/L of Ce is found to transfer from the positive to the negative electrolytes 

in all cases when the above mentioned 4 electrolytes are used in the battery. This indicates that the 

crossover of Ce ions to the negative side is largely determined by its own concentration gradient 
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and not affected by that of the supporting acid or Zn(II). On the whole, the total soluble Ce 

concentration remains higher throughout the experiment when mixed acid electrolytes are used, 

which enables the battery to operate with a smaller overpotential and achieve a better voltage 

efficiency than in the case of 4 mol/L MSA.    

Another relevant observation comes from examination of the electrical conductivities of the 

various positive electrolytes (Figure 5.4A). It should be noted that all of these electrolytes also 

contain 0.8 mol/L Ce(III) methanesulfonate so that they are identical in composition to the positive 

electrolytes used during operation of the RFBs. The electrolytes based on 2/0.5 MA exhibit higher 

conductivities than the corresponding solutions containing 4 mol/L MSA. Given that the 

electrolyte resistance contributes to the overall ohmic drop in the RFB, this effect should also 

contribute to the higher voltage efficiency obtained in the case of the mixed acid positive 

electrolytes. As discussed previously, we also observed that both the MSA-only and mixed acid 

solutions become noticeably more viscous as more Zn(II) is added. This effect may contribute to 

the small drop in the voltage efficiency in both positive supporting electrolytes with increasing 

Zn(II) concentration once the Zn(II) level reaches ~0.4 mol/L (Figure 5.1E). Taken together, these 

results show that the addition of Zn(II) to the positive electrolyte has both beneficial and 

detrimental effects – less crossover of Zn(II) to the positive side and lower overpotential for the 

Ce(III)/Ce(IV) couple, but at the same time a more viscous and less conducting medium. The 

confluence of these opposing effects leads to the results shown in Figure 5.1E whereby the voltage 

(and coulombic) efficiencies reach their maximum levels at intermediate Zn(II) concentrations.  

For the 4 mol/L MSA positive supporting electrolyte, the maximum coulombic and voltage 

efficiencies are achieved when 0.6 mol/L Zn(II) is added. In the case of the 2/0.5 MA positive 

supporting electrolyte, the highest coulombic efficiency is attained when 0.4 mol/L Zn(II) is added, 

whereas the highest voltage efficiency is achieved at 0.2 mol/L Zn(II). Overall, the highest energy 

efficiency is obtained when 0.4 mol/L Zn(II) is present in the mixed acid electrolyte. As shown in 

Figure 5.1F, the battery operating with 2/0.5 MA positive supporting electrolyte exhibits higher 

energy efficiency than that achieved with the 4 mol/L MSA particularly when 0 or 0.2 mol/L Zn(II) 

is present. The addition of Zn(II) ions is beneficial primarily for the 4 mol/L MSA electrolytes, 

while it has only a small effect on the mixed acid electrolytes. The maximum energy efficiency 

rises from 56.4% to 62.5% when 0.4 mol/L Zn(II) is added to the mixed acid supporting electrolyte, 
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while it increases from 38% to 57.7% when 0.6 mol/L Zn(II) is added to the mol/L MSA supporting 

electrolyte. 

The energy efficiency of the battery when operated with 4 mol/L MSA positive supporting 

electrolytes is much lower and begins to drop drastically after the 13th cycle, whereas the energy 

efficiencies obtained when the other electrolytes are used on the positive side remain much higher 

and decline much more slowly over the course of the 30 cycles as shown in Figure 5.5. As a 

comparison, these efficiencies are higher than the levels of 46.8 and 42.9% reported by Leung et 

al based on experiments on a Zn-Ce flow battery at 20 and 50 mA/cm2, respectively, in a positive 

electrolyte containing 0.8 mol/L Ce(III) in 4 mol/L MSA supporting electrolyte without any Zn(II) 

added and a negative electrolyte containing 1.5 mol/L Zn(II) in 1 mol/L MSA.37  
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Figure 5.5. Energy efficiency of each charge-discharge cycle when the battery is operated for 30 cycles at 

25 mA/cm2. The fresh positive electrolyte contains 0.8 mol/L Ce(III) in 4 mol/L MSA(blue), 2/0.5 MA(black), 

0.6 mol/L Zn(II) added to 4 mol/L MSA (orange) and 0.4 mol/L Zn(II) added to 2/0.5 MA (green). The fresh 

negative electrolyte contains 1.5 mol/L Zn(II) in 1 mol/L MSA 
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5.3.3  Effect of current density on battery efficiency 

The coulombic, voltage and energy efficiencies of the battery obtained with the original positive 

supporting electrolytes as well as the best-performing solutions with Zn(II) present have been 

evaluated over 3 successive charge-discharge cycles at different current densities between 25 and 

100 mA/cm2, as shown in Figure 5.6. As evident in Figure 5.6A, the coulombic efficiency achieved 

with all 4 electrolytes is higher when the applied current density is increased from 25 to 50 mA/cm2, 

presumably because higher current density favors Zn(II) reduction over hydrogen evolution during 

battery charge. Another possible reason is that the charge/discharge time required to achieve the 

same stage of charge is reduced at higher current densities. This should lead to less self-discharge 

of Zn at the negative electrode due to H+ ions and fewer Ce(IV) ions that transfer from the positive 

to the negative electrolyte. As the current density increases to 75 mA/cm2, the coulombic efficiency 

of the battery operating with the 2/0.5 MA supporting electrolytes continues to increase for the 

same reason, whereas it decreases drastically in the case of 4 mol/L MSA supporting electrolytes. 

This finding indicates that the mixed acid supporting electrolytes exhibit better performance when 

operating at higher current densities compared to the standard 4 mol/L MSA. At a current density 

of 100 mA/cm2, a decrease in battery coulombic efficiency is observed in all cases. At such a high 

current density, the hydrogen/oxygen evolution reactions are likely enhanced more than Zn(II) 

reduction and Ce(III) oxidation during charge, leading to lower coulombic efficiency. It is worth 

mentioning that the coulombic efficiency drop is much smaller for the mixed acid electrolytes 

(green and black) than for the 4 mol/L MSA supporting electrolytes (orange). A steady decrease in 

voltage efficiency is observed with an increase of current density, as shown in Figure 5.6B. This 

can be attributed to a rise in the increased charge-discharge overpotential due to activation, 

concentration polarization and ohmic losses.  
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Figure 5.6. Effect of applied current density on the (A) coulombic, (B) voltage and (C) energy efficiencies 

of the Zn-Ce redox flow battery operating over 3 successive cycles. The fresh positive electrolyte 

contains 0.8 mol/L Ce(III) in 4 mol/L MSA(blue), 2/0.5 MA(black), 0.6 mol/L Zn(II) added to 4 mol/L MSA 

(orange) and 0.4 mol/L Zn(II) added to 2/0.5 MA (green). The fresh negative electrolyte contains 1.5 mol/L 

Zn(II) in 1 mol/L MSA 

 

The positive electrolyte that contains 0.8 mol/L Ce(III) and 0.4 mol/L Zn(II) in 2/0.5 MA exhibits 

the highest energy efficiency at each of the applied current densities as shown in Figure 5.6C, 

indicating that this composition is the best among those that have been investigated. In general, 

the efficiency of the battery operating with mixed acid as positive electrolyte is higher compared 

to that obtained in 4 mol/L MSA in situations both when Zn(II) is initially present in the positive 

electrolyte and when it is not. This result again confirms that mixed acid supporting electrolyte is 

superior to the original 4 mol/L MSA supporting electrolyte. It is also observed that the energy 

efficiency decreases with the increase of current density in all cases. As just noted, this is likely 

caused by the enhancement of hydrogen and/or oxygen evolution at higher current densities that 

decreases the coulombic efficiency and the higher overpotential that decreases the voltage 

efficiency. 

 

5.3.4  Effect of Zn(II) on Ce(III)/Ce(IV) redox couple and O2 evolution 

To study the effect of Zn(II) in the positive electrolyte on the reaction kinetics of the Ce(III)/Ce(IV) 

redox couple, cyclic voltammetry experiments have been conducted on a platinum electrode 

immersed in both the 4 mol/L MSA (Figure 5.7A) and mixed acid positive supporting electrolytes 

(Figure 5.7B) that initially contain 0.8 mol/L Ce(III). Each cyclic voltammetry scan starts at 0.5 V 

vs. Ag/AgCl reference electrode and proceeds in the positive direction to 2.1 V at a scan rate of 50 

mV/s before returning to the initial potential.  

The addition of Zn(II) to the 4 mol/L MSA supporting electrolyte leads to a slight reduction in the 

separation between the reduction and oxidation peaks for the Ce(III)/Ce(IV) redox couple. 

Although this effect could be interpreted as a sign of better reaction reversibility, it is complicated 
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by the fact that the position and height of the peak for Ce(III) oxidation during the anodic scan are 

strongly affected by the fact that oxygen evolution contributes to the overall current signal 

particularly at higher electrode potentials. The effect on Ce(III)/Ce(IV) reaction kinetics can be 

more clearly assessed by focusing on the total charge for the reduction of Ce(IV) during the 

cathodic scan since the only source of Ce(IV) in the system comes from the Ce(III) oxidation 

during the previous anodic scan. Since the scan rates are the same for all the CVs obtained in this 

study, the elapsed time during the anodic and cathodic scans remains unchanged from one 

experiment to experiment. Over this time, some of the Ce(IV) produced during the anodic scan 

diffuses away from the working electrode and is no longer available for reduction during the 

cathodic scan. In our analysis, we assume that the amount of Ce(IV) diffusing away from the 

working electrode during this time remains the same from experiment to experiment. With this 

assumption, comparison of the total charge for Ce(IV) reduction during the cathodic scans in the 

various CVs should provide a good measure of the relative amounts of Ce(III) oxidized during the 

anodic scans. For our purposes here, we determine the cathodic charge by integrating under the 

cathodic curves over the range from 0.6 V vs. Ag/AgCl up to the potential where the current crosses 

from positive to negative during the scan in each electrolyte. The integrated cathodic charges and 

other pertinent measures obtained from these CVs are listed in Table 5.1. The analysis shows that 

the maximum charge during the cathodic scan occurs when 0.6 mol/L Zn(II) are added, reflecting 

that more Ce(III) has been converted to Ce(IV) during the anodic portion of the scan. In addition, 

the addition of Zn(II) ions causes the anodic current to rise more steeply beginning at ~1.25 V vs. 

Ag/AgCl during the forward scan, which reflects faster kinetics for Ce(III) oxidation and wider 

separation from the oxygen evolution side reaction. Taken together, these results are consistent 

with a faster reaction rate and higher reversibility of the Ce(III)/Ce(IV) redox couple when 0.6 

mol/L Zn(II) is present in 4 mol/L MSA, which is consistent with our previous findings of 

enhanced battery performance at this positive electrolyte composition. Although the peak 

separation becomes even smaller when 0.8 mol/L Zn(II) are added to the 4 mol/L MSA electrolyte, 

both the anodic and cathodic peak current become noticeably smaller probably due to the rise in 

the viscosity of the electrolyte which slows the entire process. 
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Figure 5.7. Effect of zinc(II) methanesulfonate concentration on the cyclic voltammograms for the 

Ce(III)/Ce(IV) redox couple in (A) 4 mol/L MSA and (B) 2/0.5 MA positive supporting electrolytes initially 

containing 0.8 mol/L Ce(III). Scan rate = 50 mV/s. (C) Discharge polarization (solid lines, square symbols) 

and power density (dashed lines, triangle symbols) curves of Zn-Ce redox flow battery operating with 

different positive electrolytes after being charged at 50 mA/cm2 for 90 minutes to reach SOC of 50%. The 

battery is discharged for 20 s at each of the applied current densities followed by a 20 s rest period.   
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When 2/0.5 MA mixed acid is used as the supporting electrolyte, the addition of Zn(II) also reduces 

the reduction/oxidation peak separation, which again suggests that the reversibility of 

Ce(III)/Ce(IV) redox couple has been enhanced (Figure 5.7B). Again, we compare the cathodic 

charges for the various CVs to evaluate the reaction kinetics for the conversion of Ce(III) to Ce(IV) 

during the anodic scan. The results show that the addition of 0.4 mol/L Zn(II) leads to the highest 

total cathodic charge in this case, reflecting that the largest amount of Ce(IV) is produced under 

this condition. As in the case of 4 mol/L MSA, the trends obtained from these CVs are consistent 

with those observed during actual battery operation presented previously. However, although the 

electrode response during the anodic portion of the scan varies greatly depending on the amount 

of Zn(II) present in the mixed acid electrolyte, the cathodic portions of the response remain 

remarkably similar. This effect is very different from that observed for 4 mol/L MSA. The 

similarity of the cathodic responses in the mixed acid indicates that the conversion of Ce(III) to 

Ce(IV) during the anodic scan and conversion of Ce(IV) back to Ce(III) during the reverse scan 

are not notably affected by the amount of Zn(II) present. Also, the rise of the anodic current 

beginning at ~1.25 V vs. Ag/AgCl during the forward scan is similar in the various electrolytes, 

unlike that observed in 4 mol/L MSA. These effects indicate that the presence of Zn(II) has a 

relatively small impact on the Ce(III)/Ce(IV) redox couple in the mixed acid supporting electrolyte 

compared to that in the 4 mol/L MSA electrolyte. Again, these trends are consistent with the battery 

performance experiments presented earlier in this study which showed that Zn(II) has a smaller 

effect on the coulombic and voltage efficiencies in the mixed acid positive electrolyte than in the 

MSA-only solutions. 

Another important observation from the CV curves is that the addition of Zn(II) ions to the positive 

electrolytes appears to inhibit the oxygen evolution reaction at higher electrode potentials (> 2.0 

V vs. Ag/AgCl). In both 4 mol/L MSA and the mixed acid, the CVs clearly show that the current 

density at the positive end of the scan where oxygen evolution is dominant decreases as the Zn(II) 

concentration increases. For example, a current density of ~354 mA/cm2 is reached at 2.1 V vs. 

Ag/AgCl in the absence of Zn(II) in the 4 mol/L MSA positive supporting electrolytes, whereas it 

drops drastically to 160 mA/cm2 when the electrolyte contains 0.8 mol/L Zn(II). A similar trend is 

observed in the 2/0.5 MA. In this case, the current density at 2.1 V vs. Ag/AgCl decreases from 

409 mA/cm2 to 234 mA/cm2 when 0.8 mol/L Zn(II) is added to the electrolyte. In order to more 

accurately analyze the effect of Zn(II) inhibition of oxygen evolution by eliminating complications 
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due to the Ce(III)/Ce(IV) redox couple, we conducted another set of CV experiments in which Ce 

is removed from the system. It was found that the addition of Zn(II) clearly inhibits the oxygen 

evolution reaction in both MSA and MSA-H2SO4 mixed acid positive supporting electrolytes, as 

shown in Figure S1 in the Appendix. For example, the current density for oxygen evolution which 

is 578 mA/cm2 at 2.1 V vs. Ag/AgCl in 4 mol/L MSA decreases to 361 mA/cm2 when 0.8 mol/L 

of Zn(II) is added. Similarly, the current density is 1009 mA/cm2 at 2.1 V vs. Ag/AgCl in the MSA-

H2SO4 mixed acid electrolyte and 672 mA/cm2 when 0.8 mol/L of Zn(II) is added. These 

observations support the finding that the addition of Zn(II) ions not only benefits the Ce(III)/Ce(IV) 

redox couple, but also appears to inhibit the undesired irreversible oxygen evolution side reaction. 

 

Table 5.1 Key information from CV curves 

Zn(II) 

concentration 

(mol/L) 

4 mol/L MSA 2 mol/L MSA-0.5 mol/L H2SO4 

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 

Oxidation peak (V) 1.87 1.71 1.74 1.68 1.65 1.84 1.85 1.75 1.78 1.67 

Reduction peak (V) 1.21 1.19 1.24 1.18 1.29 1.17 1.15 1.17 1.15 1.17 

Peak separation (V) 0.66 0.52 0.50 0.50 0.36 0.67 0.70 0.58 0.63 0.50 

Cathodic charge 

 × 10−2 (C) 

0.87 1.08 0.76 1.26 0.48 1.10 1.16 1.33 1.16 1.30 

 

5.3.5 Discharge polarization curves of batteries operating with various positive 

electrolytes 

As shown in Figure 5.7C, discharge polarization experiments have been conducted to evaluate 

battery performance when operating with each of the following positive supporting electrolytes: 4 

mol/L MSA, 2/0.5 MA , 0.6 mol/L Zn(II) in 4 mol/L MSA and 0.4 mol/L Zn(II) in 2/0.5 MA. The 

open-circuit voltage (OCV) in each case is measured to be ~2.36 V. In general, the polarization 
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curves show similar behavior at current densities smaller than 45 mA/cm2 where activation and 

ohmic effects dominate battery operation, except when 4 mol/L MSA positive supporting 

electrolyte is used. This behavior is consistent with previous results in this study showing that 4 

mol/L MSA has a lower conductivity than the MSA-H2SO4 mixed acid electrolyte (Figure 5.4A) 

and that the use of MSA-H2SO4 mixed acid electrolyte and the addition of Zn(II) ions improves 

the kinetics of the positive electrode reaction (Figure 5.7A and B). 

The observation that the positive electrolyte composition has a relatively small effect on the cell 

voltage in the ohmic region implies that ionic transport through this portion of the battery is not 

limiting. Our measurements show that the conductivity of the negative electrolyte used in this 

study is 134.5 mS/cm, which is comparable to the values for the positive electrolytes. By contrast, 

the proton conductivity of the Nafion 117 membrane is reported to be ~33 mS/cm when measured 

in an electrochemical cell filled with sulfuric acid solution, which is smaller than that of the 

electrolytes.189 Based on these values, one would expect the cell voltage in the ohmic region to be 

mainly affected by ionic transport through the membrane.    

For the 4 mol/L MSA electrolyte, the sharp drop in cell voltage indicative of mass-transfer limiting 

control begins at a current density of ~70 mA/cm2, which is lower than 90 mA/cm2 obtained when 

the battery operates with the MSA-H2SO4 mixed acid electrolyte. This is an indication that the 

mixed acid-based electrolyte which is less concentrated than the 4 mol/L MSA-based one exhibits 

more favourable mass-transfer conditions for the battery. The addition of Zn(II) to both 4 mol/L 

MSA and H2SO4-MSA mixed acid leads to a decrease in the cell voltage at higher current densities, 

reflecting a poorer performance in the mass-transfer controlling region. When 0.6 mol/L of Zn(II) 

is added to the 4 mol/L MSA positive supporting electrolyte, mass-transfer limiting control begins 

at current densities as low as 45 mA/cm2 compared to a current density of 70 mA/cm2 when no 

Zn(II) is added, which suggests that the mass-transfer properties of the positive electrolyte have 

been negatively affected. Similar results are observed when Zn(II) is added to the H2SO4-MSA 

mixed acid positive supporting electrolyte. The battery becomes mass transfer-limited at a current 

density of 70 mA/cm2 when 0.4 mol/L of Zn(II) is added to the H2SO4-MSA mixed acid electrolyte 

compared to the current density of 90 mA/cm2 when no Zn(II) is added. Mass transfer of 

electroactive species to and from the electrode surface can be impeded when the electrolyte 

becomes too viscous. As shown in Figure 5.4B, the viscosity of both the 4 mol/L MSA- and 2/0.5 
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MA-based electrolytes (also containing 0.8 mol/L Ce(III)-MSA) increases as more Zn(II)-MSA is 

added. This effect is particularly strong in the case of the 4 mol/L MSA-based solutions. Also, the 

viscosities of the 4 mol/L MSA-based solutions are considerably higher than that of the 2/0.5 MA-

based electrolytes for any given Zn(II)-MSA content. These effects no doubt are largely due to the 

fact that the 4 mol/L MSA-based solutions have significantly higher ionic strengths than the 2/0.5 

MA-based ones. As shown in Figure 5.7C, the current density at which each of the polarization 

curves enters the mass-transfer limited region follows closely in the same order in which their 

viscosities decrease (see Figure 5.4B): 0.6 mol/L Zn(II) in 4 mol/L MSA > 4 mol/L MSA ≈ 0.4 

mol/L Zn(II) in H2SO4-MSA mixed acid > H2SO4-MSA mixed acid. This correlation reinforces 

the conclusion that the viscosity of the electrolyte plays an important role in battery operation 

particularly at high current densities.  

The peak power density of the Zn-Ce redox flow battery is higher when operating with 2/0.5 MA 

(black and green) as the positive supporting electrolyte than when 4 mol/L MSA is used. A 

maximum power density of 100.6 mW/cm2 is achieved at a current density of 80 mA/cm2 in the 

2/0.5 MA positive supporting electrolyte (black symbols), whereas the maximum power density is 

79 mW/cm2 at a current density of 65 mA/cm2 in the case of 4 mol/L MSA (blue symbols). For 

the battery in which 0.4 mol/L Zn(II) has been added to the 2/0.5 MA positive supporting 

electrolyte, the maximum power density is 92 mW/cm2 at 65 mA/cm2, whereas it drops to 73 

mW/cm2 at 45 mA/cm2 when 0.6 mol/L Zn(II) is added to the 4 mol/L MSA positive supporting 

electrolyte.  
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Chapter 6 Regeneration of positive electrolyte using RuO2 and 

H2O2 

6.1 Introduction 

Decreased battery efficiency over long-term operation is caused by the irreversible HER on the 

negative electrode during cell recharge. The current consumed at the negative electrode is split 

between Zn deposition and the HER, while the current at the positive electrode is used primarily 

for the Ce(III) oxidation to Ce(IV) and only a small amount for the OER. Since the HER consumes 

more of the current than the OER, the amount of Zn deposited is stoichiometrically less than the 

amount of Ce(IV) that is formed during each charge. On the other hand, during battery discharge, 

Zn oxidation and Ce(IV) reduction are the only reactions that occur. These differences in the 

current distribution during charge and discharge create an imbalance whereby the Zn deposit 

present at the start of discharge is completely stripped off from the negative electrode before all of 

the Ce(IV) has been reduced to Ce(III) at the positive electrode by the time that the criterion for 

termination of discharge is reached. It is important to note that this type of imbalance which 

originates due to the occurrence of side reactions is a problem that affects all RFB systems. In the 

case of Zn-Ce system, it leads to a continual build-up of Ce(IV) ions remaining in the positive 

electrolyte from cycle to cycle. After a sufficient number of cycles, the Ce(IV) concentration can 

exceed its solubility limit, resulting in the precipitation of Ce(IV) oxide, loss of available 

electroactive cerium for the Ce(III)/Ce(IV) reaction and therefore a reduced cell capacity. It is 

therefore of great importance to prevent this from occurring. As outlined in Chapter 2, efforts have 

been directed at impeding the HER. However, since this reaction cannot be eliminated entirely, the 

problem of Ce precipitation can only be postponed, but not avoided altogether 

An alternative approach to extending the cycle-life is to intervene at the positive electrode and 

convert Ce(IV) back to Ce(III) before precipitation can occur. Such a periodic intervention to keep 

the cell in balance is commonly done with all-vanadium cells where electrolyte regeneration is 

necessary due to crossover of the various vanadium species.35 In this study, we consider two 

methods to regenerate the positive electrolyte by converting the accumulated Ce(IV) ions back to 

Ce(III). The first method utilizes a catalytic reactor containing RuO2 catalysts, which are known 

to reduce Ce(IV) to Ce(III). The second method involves the injection of H2O2 into the positive 
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electrolyte tank in order to drive the reduction of Ce(IV) to Ce(III), while leaving only water and 

O2 bubbles as by-products. Each of these methods is explained in more detail below. 

RuO2 is an effective catalyst to oxidize water and thereby reduce Ce(IV) to Ce(III).190 This 

mechanism was first employed in a V-Ce RFB to discharge the battery by converting Ce(IV) to 

Ce(III) as follows:142  

 

The other method considered here involves the addition of a small amount of a H2O2 solution to 

the positive electrolyte tank. The presence of H2O2 drives the reduction of Ce(IV) back to Ce(III) 

as it is oxidized to oxygen gas. The reaction is shown below: 

The reaction kinetics of this reaction have been well-studied and shown to be very rapid since the 

H2O2 and Ce(IV) ions go to completion within a few seconds.144 This method has several key 

advantages: Firstly, the H2O2 solution can be introduced easily and inexpensively to the positive 

electrolyte using a pipette; no external equipment is required; the expense of purchasing and 

replacing the RuO2 catalyst is avoided; the amount of H2O2 needed can be easily determined by 

measuring the Ce(IV) concentration; and finally, no contaminants are introduced into the system. 

These two approaches are explored and evaluated in detail in the remainder of this chapter.  

 

 4 𝐶𝑒(𝐼𝑉) +  2𝐻2𝑂   
𝑅𝑢𝑂2
→    4 𝐶𝑒(𝐼𝐼𝐼) + 4𝐻+ + 02 ↑ 

(26) 

 2 𝐶𝑒(𝐼𝑉) + 𝐻2𝑂2    →  2 𝐶𝑒(𝐼𝐼𝐼) + 2𝐻
+ + 02 ↑ (27) 
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6.2 Experimental 

6.2.1.1 Preparation of electrolyte 

The negative electrolyte containing 1.5 mol/L zinc(II) methanesulfonate was prepared by 

dissolving zinc oxide (Zochem Inc.) in the appropriate amount of methanesulfonic acid (70%, Alfa 

Aesar). Extra MSA was added to adjust the MSA concentration to be 1 mol/L. Similarly, the 

positive electrolytes with 0.8 mol/L cerous methanesulfonate and different amounts of zinc(II) 

methanesulfonate were prepared by dissolving mixtures of cerium carbonate (Treibacher Industrie 

AG, 99% pure) and zinc oxide with MSA. MSA was then added to achieve 4 mol/L MSA 

supporting electrolytes. All chemicals were used as received without further purification. Ultrapure 

water with a resistivity of ~18 MΩ cm was used to prepare all the solutions in this work. 

 

6.2.1.2 Measurement of Ce(IV) concentration and electrolyte properties 

The concentration of Ce(IV) in the positive electrolyte was measured by a colorimetric titration 

method using ferroin (1,10-phenanthroine iron (II) sulfate, Alfa Aesar) as the end-point indicator. 

50 µL of positive electrolyte was collected and titrated by 0.05 mol/L ammonium iron (II) sulfate 

hexahydrate (99%, Sigma-Aldrich). The very small sample volumes required for these titrations 

ensured that the cumulative amount collected over the course of the experiments had no effect on 

battery operation. 

 

6.2.1.3 Electrochemical measurements 

Full-cell experiments were conducted in a bench-scale redox flow battery consisting of a 6 mm-

thick Pt-Ti mesh (Metakem GmbH) positive electrode with a Pt loading level of 7 mg/cm2, a 

polyvinyl ester (PVE) carbon sheet (TDM Fuel Cells) negative electrode attached to a copper 

current collector (McMaster-Carr), two custom-made flow channels made from acrylic sheet (CIP 

Wholesale) to distribute electrolytes and an ion exchange membrane (Nafion 117, Fuel Cell Store) 

to separate the two compartments. Silicone rubber gaskets (CS Hyde Company) were used to 



 

 

107 

 

prevent any electrolyte leakage. More details regarding the design and operation of this battery can 

be found in Chapter 4.  

The positive and negative electrolytes each with a volume of 30 mL were circulated from separate 

external reservoirs through Viton tubing (McMaster-Carr) to the battery compartments and back 

using a 2-head Longer BT100-1L peristaltic pump which enabled independent control of the two 

streams. The flow rate of the electrolytes was controlled to be 66 mL/min on both sides and the 

electrolyte tanks were immersed in a 50℃-water bath throughout the experiments. Prior to the 

experiments, the Nafion 117 membrane was activated by soaking in each of the following solutions 

for 1 hour at ~80℃ in the order: 3%(wt.) H2O2, ultrapure water, 0.5 mol/L H2SO4 solution and 

ultrapure water. The electrochemical measurements were conducted using an Autolab PGSTAT 30 

potentiostat connected to a computer controlled via Nova 2.1.5 software. The battery performance 

was characterized by subjecting it to 30 galvanostatic charge-discharge cycles. Each cycle 

proceeded by charging the battery at a fixed current density of 25 mA/cm2 for a duration of 1 hour 

followed by discharge at the same current density. Discharge was terminated when the battery cell 

voltage reached a cut-off value of 0.5 V. The coulombic efficiency of the battery over each cycle 

was obtained from the ratio of discharge time to the charge time, while the voltage efficiency over 

each cycle was determined from the ratio of the average discharge cell voltage to the average 

charge cell voltage.  

 

6.2.1.4 Regeneration of the positive electrolyte using RuO2 catalyst 

A custom-made catalytic bed as shown in Figure 6.1 was used for the regeneration of the positive 

electrolyte using RuO2 (99.9%, Millipore Sigma) as catalyst. The pore size of the filter used in the 

catalytic bed was in the range of 11 to 16 µm. The RuO2 catalyst was pretreated by heating it to 

150℃ in an oven for 6 hours. Once pretreated, 0.02g RuO2 was added to the catalytic bed. The 

regeneration process was initiated after the battery was completely discharged and the subsequent 

battery charge-discharge cycle was temporarily paused. During each regeneration, 10 mL of the 

positive electrolyte was pumped into the catalytic bed and allowed to remain for 30s in order for 

the reaction to occur. The electrolyte was then pumped back to the positive electrolyte tank and 

this procedure is repeated several times until all the content in the electrolyte tank appeared 
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colourless. Then, the subsequent battery charge-discharge cycle was re-initiated and continued 

until the next regeneration process. The total time that paused for the regeneration process is 

approximately 10 min. This regeneration process was repeated after every 5 charge-discharge 

cycles.  

 

 

Figure 6.1. Schematic diagram of the custom-made catalytic bed used in this study for the electrolyte 

regeneration using RuO2 as catalyst. 

 

6.2.1.5 Regeneration of the positive electrolyte using H2O2 

For the regeneration process using H2O2 solution (50wt.%, Millipore Sigma), H2O2 solution 

(~17.65 mol/L) was added directly to the positive electrolyte tank using a pipette. Battery operation 

was paused before electrolyte regeneration to ensure that the reaction was completed within the 

electrolyte tank. Otherwise, unreacted H2O2 would be pumped into the positive half-cell, react with 

Ce(IV) ions and produce a large amount of O2 bubbles that might cover the surface of the positive 

electrode and cause an unstable voltage output. The volume of H2O2 solution was determined 
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according to the Ce(IV) concentration measured in the electrolyte and then the amount of H2O2 

needed to convert 95% of the Ce(IV) back to Ce(III) was calculated. When the H2O2 solution was 

added to the electrolyte, 30s was allowed for the reaction to occur and another 50 µL of electrolyte 

sample was taken before the battery resumed for the next charge-discharge cycles. This 50 µL 

sample was then analyzed to confirm that Ce(IV) had been converted. The total time period of the 

regeneration process including the measurement of Ce(IV) ions and reaction time was about 5 min.  

 

6.3 Results and Discussion 

6.3.1 Catalytic regeneration of positive electrolyte using RuO2 

Experiments were first conducted to investigate the effectiveness of the positive electrolyte 

regeneration process using RuO2 as catalyst. Figure 6.2 presents a comparison of the cell voltage 

and battery efficiency of 16 charge-discharge cycles when the battery was operated with and 

without the regeneration process. Each charge-discharge cycle was operated at a current density 

of 25 mA/cm2, temperature of 323°K, electrolyte flow rate of 66 mL/min and charge duration of 1 

hour. Both electrolytes were in their fully discharged states at the outset of these cycles, with the 

negative side containing 1.5 mol/L Zn(II) in 1 mol/L MSA and the positive one containing 0.8 

mol/L Ce(III) in 4 mol/L MSA. The regeneration process was initiated at the end of each charge-

discharge cycle if the maximum cell voltage reached 3V during charge, as indicated by the red 

arrows in Figure 6.2. As shown, this criterion was met and regeneration carried out three times 

over the course of the 16 charge-discharge cycles. The procedure lowers the average cell voltage 

during battery charge immediately after electrolyte regeneration at the 8th cycle (red arrows) by 

0.24 V, which is beneficial for its voltage efficiency. The gradual increase of the charge voltage 

that tends to occur upon further cycling can be attributed to the accumulation of Ce(IV) in the 

positive electrolyte and the resulting increase of the positive electrode overpotential as previously 

discussed in Chapter 5 and our published work.32 Regeneration converts Ce(IV) ions back to Ce(III) 

ions and thereby reduces the overpotential for Ce(III) oxidation during the subsequent charge. This 

conclusion is supported by the observation of the colour of the electrolyte changing from yellow 

to colourless upon regeneration, indicating that Ce(IV) has been reduced to Ce(III). The average 
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voltage efficiency of the battery over 16 charge-discharge cycles improves from 71.1% to 77.8% 

as a result of the three regenerations.  

However, one critical problem of this method is that some RuO2 catalyst particles are observed to 

escape through the filter into the positive electrolyte tank due to their very fine size. This leakage 

is very detrimental to battery performance since this causes the continual oxidation of water and 

conversion of Ce(IV) to Ce(III) in the positive electrolyte throughout both charge and discharge. 

Although Ce(IV) precipitation does not occur, the battery columbic efficiency is compromised 

since it reduces both the amount of Ce(IV) ions produced during battery charge and the available 

Ce(IV) ions for discharge. As a result, the average coulombic efficiency over the 16 charge-

discharge cycles is lowered from of 74.1% to 57.8% when the regeneration process is applied.  

Overall, the energy efficiency is lowered from 52.7% to 45.0%, making this procedure infeasible. 

Consequently, the experiment has been terminated after 16 cycles. This method has other 

disadvantages: 1) inability to precisely control the amount of Ce(IV) being reduced, 2) requirement 

of an extra circulation system to divert the electrolyte from the tank to the catalytic bed, 3) need 

for a catalytic bed and 4) considerable complication of the RFB operating procedure.  
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Figure 6.2. Cell voltage during 16 consecutive charge-discharge cycles of the Zn-Ce RFB operating at a 

current density of 25 mA/cm2, temperature of 323°K, electrolyte flow rate of 66 mL/min and charge 
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duration of 1 hour with (black) and without (blue) regeneration using RuO2 catalyst. The negative 

electrolyte contains 1.5 mol/L Zn(II) in 1 mol/L MSA and the positive electrolyte contains 0.8 mol/L Ce(III) 

in 4 mol/L MSA at the start of the cycles.  

6.3.2 Regeneration of positive electrolyte using H2O2 

Compared to the regeneration process using RuO2 as catalyst, the reduction of Ce(IV) by the 

addition of a small volume of a H2O2 solution (~17.65 mol/L) is much simpler. Over the first 20 

cycles, H2O2 is introduced to the electrolyte every 5 charge-discharge cycles and every 3 cycles 

after 20 cycles since the charge voltage increases more rapidly as cycling continues. A comparison 

of the cell voltage of the Zn-Ce RFB over 30 charge-discharge with and without the electrolyte 

regeneration process using H2O2 is presented in Figure 6.3. The regeneration process is conducted 

at the end of the 5th, 10th, 15th, 20th, 23rd, 26th and 29th cycles, as indicated by the red arrows. Similar 

to the case when RuO2 is used as catalyst to regenerate the positive electrolyte, the charge voltage 

of the battery is lowered drastically immediately after electrolyte regeneration. For example, the 

average charge voltage decreases by 0.2 V during the cycle immediately after electrolyte 

regeneration at the end of the 20th cycle in comparison to the average charge voltage during the 

cycle prior to regeneration.  

 

Figure 6.3. Cell voltage during 30 consecutive charge-discharge cycles of the Zn-Ce RFB operating at a 

current density of 25 mA/cm2, temperature of 323°K, electrolyte flow rate of 66 mL/min and charge 
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duration of 1 hour with (black) and without (blue) regeneration by H2O2 addition. The negative electrolyte 

contains 1.5 mol/L Zn(II) in 1 mol/L MSA and the positive electrolyte contains 0.8 mol/L Ce(III) in 4 mol/L 

MSA at the start of the cycles. 

Presumably, the lower charge voltage arises due to a decrease in the overpotential for Ce(III) 

oxidation at the positive electrode since the Ce(III) concentration is significantly increased and the 

Ce(IV) concentration reduced by the addition of H2O2. To confirm this, the positive and negative 

electrode potentials have also been monitored during these cycle experiments, as shown in Figure 

6.4. Examination of Figure 6.3 and Figure 6.4 reveals that the gradual increase of the total cell 

voltage during each battery charge and from cycle to cycle is due to the rise in the potential of the 

positive electrode during charge (Figure 6.4A) since the change in the negative electrode potential 

from cycle to cycle is minimal (Figure 6.4B). The positive potential gradually increases due to the 

continual decline in Ce(III) concentration and accumulation of Ce(IV) ions. After electrolyte 

regeneration, the positive electrode potential during battery charge is reduced significantly, which 

causes a decrease in the cell charge voltage. For instance, the average positive electrode potential 

during the charge of the 6th cycle is 1.71 V vs. Ag/AgCl when operated without regeneration, 

whereas the average positive electrode potential during charge of the 6th cycle is only 1.48 V vs. 

Ag/AgCl after electrolyte regeneration. However, after regeneration, Ce(IV) ions again begin to 

slowly accumulate in the positive electrolyte and so the positive electrode potential during charge 

increases once again within a few cycles after electrolyte regeneration. This effect becomes more 

obvious especially after 20 charge-discharge cycles when the coulombic efficiency is lowered.  

Another important finding is that the positive electrode reaction is no longer the limiting reaction 

except during the very first cycle, as reflected by the observation that it is the negative electrode 

potential that always rises sharply near the end of discharge, unlike the case when no regeneration 

is conducted (blue curve in Figure 6.4A). This is an indication that the performance of the positive 

electrode has improved to the point that the negative electrode reaction always limits the overall 

battery performance after the 1st cycle. The positive electrode potentials during the first 5 cycles 

when the battery is operated with and without regeneration process are similar to each other. After 

the 5th cycle, the positive electrode potential during battery discharge is much more stable and 

maintained at a higher level when the regeneration process is applied. For example, the average 

positive electrode potential during discharge is 1.35 V vs. Ag/AgCl when operated with 
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regeneration, whereas it is only 1.21 V when no regeneration is done. Some of this difference may 

be attributed to the Ce(IV) precipitation in the positive electrolyte which occurs only when no 

regeneration is carried out. The precipitation reduces the amount of Ce(IV) available for reduction 

during discharge and so would be expected to reduce the positive electrode potential. This effect 

is especially obvious after 15 cycles where the discharge voltage starts to drop almost at the 

beginning of battery discharge process. On the contrary, the discharge voltage is much more stable 

when the electrolyte regeneration process is applied.  

The changes in the Ce(IV) concentration in the positive electrolyte after each charge-discharge 

cycle have also been measured and are plotted against cycle number in Figure 6.5. The blue curve 

represents the Ce(IV) concentration when the battery is operated under normal conditions without 

regeneration and was presented previously in Chapter 4. As was discussed, Ce(IV) begins to 

precipitate in the positive electrolyte after 6 cycles due to the accumulation of Ce(IV) ions and 

reduction in acidity. When regeneration by H2O2 addition is conducted, the Ce(IV) concentration 

immediately drops to very low levels after electrolyte regeneration at the end of the 5th, 10th, 15th, 

20th, 23rd, 26th and 29th cycles, as indicated by the red dots. It is worth noting that enough H2O2 is 

added each time to ensure that 95% of the Ce(IV) present in the electrolyte is reduced back to 

Ce(III) ions. From our experience, a bulk Ce(IV) concentration at the start of charge slightly higher 

than 0 mol/L (e.g., ~0.05 mol/L) is enough to ensure that the positive electrode reaction never 

becomes limiting and reduces battery efficiency. The success of the chemical regeneration is 

clearly evident in Figure 6.5 which shows that it is able to maintain the Ce(IV) concentration at 

levels considerably lower than otherwise would be the case during most of the battery operation. 

As expected, the potential of the positive electrode during charge is lowered after electrolyte 

regeneration due to the increase in the Ce(III) concentration in the positive electrolyte and the 

resulting decrease of the overpotential for Ce(III) oxidation. The positive electrode potential during 

battery charge again slowly increases over the following cycles due to the increase of Ce(IV) ions 

in the electrolyte until the next regeneration is conducted. 
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Figure 6.4. (A) Positive and (B) negative electrode potentials measured during 30 consecutive charge-

discharge cycles of the Zn-Ce RFB operating at a current density of 25 mA/cm2, temperature of 323°K, 

electrolyte flow rate of 66 mL/min and charge duration of 1 hour with (black) and without (blue) 

regeneration by H2O2 addition. The negative electrolyte contains 1.5 mol/L Zn(II) in 1 mol/L MSA and the 

positive electrolyte contains 0.8 mol/L Ce(III) in 4 mol/L MSA at the start of the cycles. Red arrows 

indicate the addition of H2O2 to the positive electrolyte. 

 



 

 

115 

 

The average coulombic efficiency, voltage efficiency and energy efficiency over 30 cycles when 

the battery is operated with and without regeneration are plotted in Figure 6.6. The average 

coulombic efficiency improves from 63.7% to 68.3% when H2O2 regeneration is carried out. The 

improvement occurs mainly after the first 15 cycles when the positive electrode reaction limits 

battery operation if the positive electrolyte is not regenerated. Although the improvement in 

coulombic efficiency is modest, it is certainly much more effective than RuO2 catalysis. Closer 

evaluation of the negative electrode potentials in Figure 6.4B reveals that the battery coulombic 

efficiency is limited by the negative electrode from the 2nd cycle onward. Obviously, improvement 

of the positive electrode reaction cannot improve the overall battery performance when the battery 

is limited by the negative electrode reaction. Since the coulombic efficiency is limited by the 

negative electrode reaction and the regeneration process cannot prevent the transfer of H+ ions into 

the negative electrolyte, further improvement in battery performance requires that attention be 

shifted to zinc deposition and the HER on the negative electrode, which is beyond the scope of the 

current study.  

Interestingly, a decrease in the coulombic efficiency is observed during the cycles immediately 

after electrolyte regeneration (i.e. 6th, 11th, 16th, 21st, 24th and 27th cycles). This shows that the 

system has been negatively affected by the regeneration process to some extent, probably due to 

the pause in battery operation when conducting the electrolyte regeneration process. It is also 

interesting that the voltage efficiency is not similarly affected and, in fact, remains very stable 

throughout all the cycling and Ce(IV) concentration measurements. Fortunately, the effect is 

transient and the coulombic efficiency recovers by the next cycle. Nevertheless, it would be 

important to refine the regeneration procedure in future work so as to eliminate any negative effects 

on battery operation.  

Compared to the coulombic efficiency, the voltage efficiency is greatly improved by the 

regeneration process (Figure 6.6B). The average voltage efficiency over 30 cycles improves from 

56.8% to 76.1% and remains stable throughout the experiment. Since the potential of the negative 

electrode is relatively stable during either charge or discharge, the variation in voltage efficiency 

is mainly caused by changes in the positive electrode potential. Thus, the improvement in voltage 

efficiency can be attributed to the increase in the Ce(III) concentration in the positive electrolyte 

brought about by regeneration and the consequent reduction in the overpotential for Ce(III) 
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oxidation during charge at the positive electrode. This demonstrates the effectiveness of 

regeneration by H2O2 addition in improving the voltage efficiency of the Zn-Ce RFB system. 

When combined with the effect on the coulombic efficiency, this leads to an improvement from 

38.1% to 51.2% in the average energy efficiency over 30 cycles, which indicates that this 

regeneration method should be useful for the Zn-Ce system and other RFB systems. 
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Figure 6.5. Ce(IV) concentration in the positive electrolyte measured during 30 consecutive charge-

discharge cycles of the Zn-Ce RFB operating at a current density of 25 mA/cm2, temperature of 323°K, 

electrolyte flow rate of 66 mL/min and charge duration of 1 hour with (black) and without (blue) 

regeneration by H2O2 addition. The negative electrolyte contains 1.5 mol/L Zn(II) in 1 mol/L MSA and the 

positive electrolyte contains 0.8 mol/L Ce(III) in 4 mol/L MSA at the start of the cycles. The red dots 

represent the Ce(IV) concentration immediately after electrolyte regeneration. 
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Figure 6.6. (A) Coulombic efficiency, (B) voltage efficiency and (C) energy efficiency during 30 consecutive 

charge-discharge cycles of the Zn-Ce RFB operating at a current density of 25 mA/cm2, temperature of 

323°K, electrolyte flow rate of 66 mL/min and charge duration of 1 hour with (black) and without (blue) 

regeneration by H2O2 addition. The negative electrolyte contains 1.5 mol/L Zn(II) in 1 mol/L MSA and the 

positive electrolyte contains 0.8 mol/L Ce(III) in 4 mol/L MSA at the start of the cycles.  
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Chapter 7 Two-Dimensional Transient Model of a Zn-Ce RFB 

Incorporating Ion Crossover  

7.1 Introduction  

Modeling the battery performance in cell level is important since it provides insights into the 

interplay of reaction kinetics, mass transport and electrolyte flow, which offer deeper 

understanding of RFB operation and might be difficult to obtain solely through experiments. The 

first 2D transient model of Zn-Ce RFB system was developed by Amini and Pritzker.39 Their model 

combined all three modes of ion transport (migration, diffusion and convection) coupled with 

electrode kinetics and was validated against experimental data, which included full-cell voltage, 

separately measured positive and negative electrode potential and Ce(IV) concentration in the 

positive electrolyte. In this chapter, we present a more comprehensive model with the aim of 

further improving its accuracy and investigating battery performance under various operating 

conditions. Most importantly, the crossover of different ion species other than H+ through the 

membrane is incorporated into the new model. This is accomplished by fitting the model against 

the actual measured concentrations of the different species in the positive and negative electrolytes 

that was already presented in Chapters 4 and 5. In addition, the performance of the Zn-Ce RFB 

operating with different positive electrode structures and under various conditions such as 

electrolyte flow rates and current density is investigated to provide valuable information for future 

improvement of Zn-Ce RFBs. To the best of our knowledge, the analysis presented here includes 

the most extensive comparison between experimental laboratory data and the calculated output 

from a RFB model that has been reported to date.  

 

7.2 Experimental 

The Zn-Ce redox flow battery experiments were conducted using a bench-scale single cell 

described in Chapter 4, composed of a copper current collector (McMaster-Carr), polyvinyl ester 

(PVE) carbon negative electrode (TDM Fuel Cells), two acrylic flow channels (CIP Wholesale), 

Nafion-117 proton exchange membrane (Fuel Cell Store), three-dimensional platinized titanium 
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mesh (7 mg/cm2 Pt loading, Metakem GmbH) and four rubber silicone gaskets (CS Hyde 

Company). Both the negative and positive electrodes had dimensions of 2 cm × 4.5 cm exposed to 

the electrolyte. Unless otherwise stated, the battery charge-discharge cycles were conducted 

galvanostatically using an Autolab PGSTAT 30 potentiostat (Metrohm) at a current density of 25 

mA/cm2. A constant temperature of 50°C  was maintained throughout the experiments using a 

Neslab RTE-8 water bath. 

In their fully discharged states, the negative electrolyte contained 1.5 mol/L zinc methanesulfonate 

(ZnMSA) in 1 mol/L methanesulfonic acid (MSA), while the positive electrolyte contained 0.8 

mol/L cerous methanesulfonate (CeMSA) in 4 mol/L MSA. The electrolytes were circulated 

through the battery at a flow rate of 60 mL/min from two external tanks containing 30 mL of 

negative and positive electrolyte. The potentials of the negative and positive electrodes during 

battery operation were measured using two Ag/AgCl reference electrodes (Pine Research 

Instrumentation) installed into the flow battery system, as described previously in Chapter 3. The 

H+ concentration in the negative electrolyte was determined by titration using 0.01 mol/L NaOH 

solution, prepared by dissolving sodium hydroxide beads (VWR Analytical) into ultrapure water.  

The concentration of Ce(IV) in the positive electrolyte was measured by collecting 50 µL of 

positive electrolyte sample followed by titration using 0.05 mol/L ammonium iron (II) sulfate 

hexahydrate (99%, Sigma-Aldrich). The titration end-point was indicated by ferroin (1,10-

phenanthroine iron (II) sulfate, Alfa Aesar) when the color of the solution changes from yellow to 

red. To measure the Ce(III) concentration in the positive electrolytes, another 50 µL sample was 

collected and then contacted with a certain amount of ammonium persulfate (thermo scientific, 

98+%) and silver nitrate solution (Titripur, 0.1 mol/L) to oxidize all Ce(III) present to Ce(IV). This 

step was followed by colorimetric titration to determine the Ce(IV) content in this oxidized sample. 

The Ce(III) concentration was then determined from the difference between the total Ce(IV) 

concentration after oxidation and the original Ce(IV) concentration prior to oxidation. The total 

cerium concentration in the negative electrolyte and the Zn(II) concentration in both negative and 

positive electrolytes were also measured by inductively coupled plasma optical emission 

spectroscopy (ICP-OES, Teledyne Leeman Labs Prodigy). The total cerium concentration in the 

negative electrolyte was measured by ICP-OES and not by titration because the amount of cerium 
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that has crossed over after each charge-discharge cycle was too low to be reliably determined by 

the titration method.  

7.3 Model Description 

The geometry of the two-dimensional Zn-Ce flow battery described in the model is shown in 

Figure 7.1. A two-dimensional model has been chosen over one- and three-dimensional versions 

as a compromise between accuracy and computational effort. This is also consistent with the 2-

dimensional Zn-Ce RFB model developed by Amini and Pritzker.39 The direction perpendicular to 

the electrodes and membrane is denoted by the coordinate 𝑥, while the direction of electrolyte flow 

parallel to the electrode and membrane surfaces is given by the coordinate y. The battery consists 

of 3 domains: negative flow channel (0 < 𝑥 < 𝑥1, 0 < y < H), membrane (𝑥1 < x < 𝑥2, 0 < y <

H) and platinized titanium mesh positive electrode (𝑥2 < x < 𝑥3, 0 < y < H) which was treated 

as a porous medium through which the electrolyte flowed. The coordinate system is defined so 

that the negative electrode (planar PVE carbon sheet) is located at x = 0 . The following 

assumptions are applied to the model during calculations: 

1. Both electrolytes are incompressible liquids. 

2. Laminar flow conditions are assumed in both electrolytes given that the Reynolds number 

is calculated to be less than 150.39 

3. Transport and reaction chemistry in both electrolytes can be described using dilute solution 

theory. 

4. The entire flow battery system is considered to be isothermal. 

5. The effect of gas bubbles produced by the HER and OER side reactions on battery 

operation is not considered. 

6. The effects of gravity are neglected. 

7. The transport of ionic species current density, electrolyte potential and electrolyte velocity 

in the direction perpendicular to the x-y plane are not considered. 
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Figure 7.1. Schematic showing the geometry of the two-dimensional Zn-Ce redox flow battery described 

in the model. 

 

Based on the known solution chemistry of zinc and cerium species for the conditions prevailing in 

Zn-Ce RFBs, the predominant Zn(II) species is Zn2+, predominant Ce(III) species is Ce3+ and 

predominant Ce(IV) species is CeOH3+.191 Accordingly, the dissolved species considered in the 

model are H+, Zn2+, Ce3+, CeOH3+ and MSA- (methanesulfonate).  These species can be found in 

both negative and positive electrolytes due to ionic crossover. Metallic zinc is present only on the 

negative electrode surface located at x = 0 and was not treated as a moving boundary. 
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The primary electrode reactions in the Zn-Ce redox flow battery involving these species are as 

follows: 

negative electrode: 𝑍𝑛2+ + 2𝑒−  ⇄
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝑍𝑛(𝑠),  𝐸0  =  −0.959 𝑉 𝑣𝑠. 𝐴𝑔|𝐴𝑔𝐶𝑙 (28) 

positive electrode: 
𝐶𝑒3+ + 𝐻2𝑂 ⇄

𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶ℎ𝑎𝑟𝑔𝑒

 𝐶𝑒𝑂𝐻3+ + 𝑒− + 𝐻+, 𝐸0  

=  1.28 − 1.72 𝑉 𝑣𝑠. 𝐴𝑔|𝐴𝑔𝐶𝑙   

(29) 

During battery charge, the hydrogen and oxygen evolution side reactions also occur at the negative 

and positive electrodes, respectively, i.e., 

 

7.3.1 Electrolyte flow equations 

The negative compartment is filled with flowing negative electrolyte whereas the positive 

compartment is filled with a porous platinized-titanium mesh electrode through which the positive 

electrolyte flows. Thus, the description of electrolyte flow through the negative compartment 

differs from that on the positive side. In the negative flow channel, the electrolyte flow velocity 

𝑣𝑛𝑒𝑔 is calculated using the Navier-Stokes equation: 

negative side reaction 2𝐻+ + 2𝑒−  → 𝐻2 ↑,  𝐸
0  =  −0.197 𝑉 𝑣𝑠. 𝐴𝑔|𝐴𝑔𝐶𝑙 (30) 

positive side reaction 2𝐻2𝑂 → 𝑂2 ↑ +4𝐻
+ + 4𝑒−,  𝐸0  =  1.03 𝑣𝑠. 𝐴𝑔|𝐴𝑔𝐶𝑙 (31) 
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𝜌𝑛𝑒𝑔 (
𝜕𝑣 𝑛𝑒𝑔

𝜕𝑡
+ 𝑣 𝑛𝑒𝑔 ∙ ∇𝑣 𝑛𝑒𝑔) = −∇𝑃⃗ 𝑛𝑒𝑔 + 𝜇𝑛𝑒𝑔∇

2𝑣 𝑛𝑒𝑔 (32) 

where 𝜌𝑛𝑒𝑔 is the density of the negative electrolyte, 𝑃⃗ 𝑛𝑒𝑔 is the pressure vector in the negative 

flow channel and 𝜇𝑛𝑒𝑔 is the dynamic viscosity of the negative electrolyte.  

Since the negative electrolyte is considered an incompressible fluid, the continuity expression 

applies, thus: 

∇ ∙ 𝑣 𝑛𝑒𝑔 = 0 (33) 

 

For the positive electrolyte flow, the velocity is calculated from Darcy’s law: 

𝑣 𝑝𝑜𝑠 = −
𝐾

 𝜇𝑝𝑜𝑠
∇𝑃𝑝𝑜𝑠 (34) 

where 𝐾 is the intrinsic permeability of the platinized-titanium mesh positive electrode and 𝜇𝑝𝑜𝑠 

is the dynamic viscosity of the positive electrolyte. The continuity equation (Eqn.(33)) also applies 

to the positive electrolyte which is also taken to be incompressible. 

 

7.3.2 Species transport equations in negative compartment  

In the negative half-cell, the transport equation (Eqn. (35)) describes mass conservation of species 

𝑖  in the negative flow channel defined in the region 𝑥0 < 𝑥 < 𝑥1  and 0 < 𝑦 < 𝐻 , which is 

ultimately solved to yield the concentration 𝑐𝑖,𝑛𝑒𝑔(𝑥, 𝑦, 𝑡) of species 𝑖. No electrochemical reaction 

occurs within the flow channel and so the source term in the species balance equation below on 
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the right side is zero. The molar flux 𝑁⃗⃗ 𝑖,𝑛𝑒𝑔 of species in the electrolyte is given by the Nernst-

Planck equation, which includes species transport by diffusion, migration and convection: 

𝜕𝑐𝑖,𝑛𝑒𝑔

𝜕𝑡
+ ∇ ∙ 𝑁⃗⃗ 𝑖,𝑛𝑒𝑔 = 0 (35) 

𝑁⃗⃗ 𝑖,𝑛𝑒𝑔 = −𝐷𝑖,𝑛𝑒𝑔∇𝑐𝑖,𝑛𝑒𝑔 −
𝑧𝑖,𝑛𝑒𝑔𝑐𝑖,𝑛𝑒𝑔𝐷𝑖,𝑛𝑒𝑔𝐹

𝑅𝑇
∇𝜙𝑒,𝑛𝑒𝑔 + 𝑣 𝑛𝑒𝑔𝑐𝑖,𝑛𝑒𝑔 (36) 

In this expression, 𝐷𝑖,𝑛𝑒𝑔  and 𝑧𝑖,𝑛𝑒𝑔  are the diffusion coefficient and charge, respectively, of 

species 𝑖 , 𝜙𝑒,𝑛𝑒𝑔  denotes the electric potential in the negative electrolyte and 𝑣 𝑛𝑒𝑔  is the 

incompressible velocity of the negative electrolyte. 

 

The electroneutrality condition is assumed to be valid everywhere within the negative half-cell 

domain, i.e.,  

∑𝑧𝑖,𝑛𝑒𝑔𝑐𝑖,𝑛𝑒𝑔 = 0

𝑖

 (37) 

It should be mentioned that the concentration of MSA- is not solved for because it is determined 

by the electroneutrality condition. 

 

The current density flowing through the electrolyte is carried by all ionic species and is related to 

their concentrations by Faraday’s law: 
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𝑖 𝑒,𝑛𝑒𝑔 =∑ 𝑧𝑖,𝑛𝑒𝑔𝐹𝑁⃗⃗ 𝑖,𝑛𝑒𝑔
𝑖

   (38) 

By incorporating the Nernst-Planck equation (Eqn.(36)) into Eqn.(38), the total current density 

flowing through the negative electrolyte can be related to the concentrations of the various species 

in this electrolyte by the following expression: 

𝑖 𝑒,𝑛𝑒𝑔 = 𝐹∑𝑧𝑖,𝑛𝑒𝑔(−𝐷𝑖,𝑛𝑒𝑔∇𝑐𝑖,𝑛𝑒𝑔)

𝑖

−
𝐹2

𝑅𝑇
∑𝑧𝑖,𝑛𝑒𝑔

2 𝐷𝑖,𝑛𝑒𝑔𝑐𝑖,𝑛𝑒𝑔∇𝜙𝑒,𝑛𝑒𝑔
𝑖    

 (39) 

 

7.3.3 Species transport equations in positive compartment  

The species balances on the positive side differ from those on the negative side since the positive 

compartment is filled with a porous electrode located in the region defined by 𝑥2 < 𝑥 < 𝑥3 and 

0 < 𝑦 < 𝐻. Thus, a source term 𝑆𝑖𝑗 for species 𝑖 due to electrode reaction 𝑗 is added to the mass 

conservation equation for species 𝑖 in the electrolyte, i.e., 

𝜕 𝜀𝑝𝑜𝑠𝑐𝑖,𝑝𝑜𝑠

𝜕𝑡
+ ∇ ∙ 𝑁𝑖,𝑝𝑜𝑠 =∑𝑆𝑖𝑗

𝑗

 (40) 

The source term is related to the rates of the electrode reactions through Faraday’s law: 

   𝑆𝑖𝑗     =       ∑
𝑎 𝜈𝑖𝑗𝑖𝑗

𝑛𝑗𝐹
𝑗

    (41) 

where 𝑐𝑖,𝑝𝑜𝑠 is the concentration of species 𝑖, 𝑁𝑖,𝑝𝑜𝑠 is the molar flux of species 𝑖 on the positive 

side and 𝜀𝑝𝑜𝑠 is the porosity of the positive electrode. In the expression for the source term on the 
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right hand side of Eqn.(41), 𝑖𝑗  is the current density due to reaction 𝑗 ,  𝜈𝑖𝑗  and 𝑛𝑗   are the 

stoichiometric coefficients of species 𝑖 and electrons, respectively, in electrode reaction 𝑗 written 

in the reduction direction and 𝑎 is the specific area of the Pt-Ti mesh.  

The molar flux of species in the electrolyte can be calculated by the Nernst-Planck equation, which 

includes species transport by diffusion, migration and convection: 

𝑁⃗⃗ 𝑖,𝑝𝑜𝑠 = −𝐷𝑖,𝑝𝑜𝑠
𝑒𝑓𝑓

∇𝑐𝑖,𝑝𝑜𝑠 −
𝑧𝑖,𝑝𝑜𝑠𝑐𝑖,𝑝𝑜𝑠𝐷𝑖,𝑝𝑜𝑠

𝑒𝑓𝑓
𝐹

𝑅𝑇
∇𝜙𝑒,𝑝𝑜𝑠 + 𝑣 𝑝𝑜𝑠 𝑐𝑖,𝑝𝑜𝑠 

(42) 

where 𝐷𝑖
𝑒𝑓𝑓

 and 𝑧𝑖 are the effective diffusion coefficient and  charge, respectively, of species 𝑖, 

𝜙𝑒,𝑝𝑜𝑠 and  𝑣 𝑝𝑜𝑠 denote the electrical potential and incompressible electrolyte flow velocity in the 

positive electrolyte. 𝐷𝑖
𝑒𝑓𝑓

accounts for the porosity 𝜀𝑝𝑜𝑠 of the positive electrode and is calculated 

using the Bruggemann correction, which is intended for overlapping cylinders so is well suited to 

the mesh used here: 

𝐷𝑖,𝑝𝑜𝑠
𝑒𝑓𝑓

= 𝜀𝑝𝑜𝑠
1.5𝐷𝑖,𝑝𝑜𝑠 (43) 

   

The electroneutrality condition is also valid in the positive domain, i.e., 

∑𝑧𝑖,𝑝𝑜𝑠𝑐𝑖,𝑝𝑜𝑠 = 0

𝑖

 (44) 

 

Electrical current flows through both the liquid and solid phases in the positive compartment. Thus, 

the total current density at any point in the positive compartment is made up of the sum of the 

electronic current density flowing through the solid phase (i.e., 𝑖 𝑠,𝑝𝑜𝑠) and the ionic current density 
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(i.e., 𝑖 𝑒,𝑝𝑜𝑠 ) flowing through the electrolyte. Conservation of charge also requires that no 

accumulation of charge occurs at any position in the positive compartment. These conditions lead 

to the following:  

∇ ∙ 𝑖 𝑝𝑜𝑠 = ∇ ∙ 𝑖 𝑠,𝑝𝑜𝑠 + ∇ ∙ 𝑖 𝑒,𝑝𝑜𝑠 = 0 (45) 

 

Ohm’s law is used to relate the relate the electrical potential 𝜙𝑠,𝑝𝑜𝑠 of the solid electrode to the 

ionic current density 𝑖 𝑠,𝑝𝑜𝑠: 

𝑖 𝑠,𝑝𝑜𝑠 = −𝜎𝑠
𝑒𝑓𝑓
∇𝜙𝑠,𝑝𝑜𝑠 (46) 

In Ohm’s law, 𝜎𝑠
𝑒𝑓𝑓

 is the effective electrical conductivity of the Pt-Ti mesh and is linked to the 

electrical conductivity 𝜎𝑠  of the bulk solid material using the Bruggeman correction: 

𝜎𝑠
𝑒𝑓𝑓

= (1 − 𝜀𝑝𝑜𝑠)
1.5𝜎𝑠 (47) 

Arguably a different exponent might be required on the Bruggeman correction than was used for 

the void phase, but 1.5 was used for lack of a more definitive value. 

Two electrode reactions occur in the positive compartment and contribute to the source term in 

Eqn.(40): 𝐶𝑒3+/𝐶𝑒𝑂𝐻3+  and the OER. The current density 𝑖𝐶𝑒  associated with the 𝐶𝑒3+/

𝐶𝑒𝑂𝐻3+ reaction is given by the following Butler-Volmer equation: 
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𝑖𝐶𝑒 = 𝑖𝐶𝑒,0 [
𝑐𝐶𝑒3+,𝑠
𝑐𝐶𝑒3+,𝑏𝑢𝑙𝑘

exp (
𝛼𝑎,𝐶𝑒𝐹

𝑅𝑇
𝜂𝐶𝑒) −

𝑐𝐶𝑒𝑂𝐻3+,𝑠
𝑐𝐶𝑒𝑂𝐻3+,𝑏𝑢𝑙𝑘

exp (−
𝛼𝑐,𝐶𝑒𝐹

𝑅𝑇
𝜂𝐶𝑒)] (48) 

𝑖𝐶𝑒,0 = 𝐹𝑘𝑝𝑜𝑠
0 𝑐𝐶𝑒3+,𝑠

𝛼𝑎,𝐶𝑒𝑐𝐶𝑒𝑂𝐻3+,𝑠
𝛼𝑐,𝐶𝑒 (49) 

In Eqn.(48), 𝑐𝐶𝑒3+,𝑠 and 𝑐𝐶𝑒𝑂𝐻3+,𝑠 are the concentrations at the surface of the Pt-Ti mesh electrode, 

whereas 𝑐𝐶𝑒3+,𝑏𝑢𝑙𝑘  and 𝑐𝐶𝑒𝑂𝐻3+,𝑏𝑢𝑙𝑘  are the corresponding bulk concentration. 𝛼𝑎,𝐶𝑒  and 𝛼𝑐,𝐶𝑒 

denote the transfer coefficients in the anodic and cathodic directions of the electrode reaction. 𝑖𝐶𝑒,0 

is the exchange current density cerium reaction expressed by Eqn.(49), where 𝑘𝑝𝑜𝑠
0   is the rate 

constant of the negative electrode reaction. 𝜂𝐶𝑒 is the overpotential and is calculated using the 

following equation: 

𝜂𝐶𝑒 = 𝐸𝑝𝑜𝑠 − 𝐸𝐶𝑒
𝑒𝑞 = 𝜙𝑠,𝑝𝑜𝑠 − 𝜙𝑒,𝑝𝑜𝑠 − 𝐸𝐶𝑒

𝑒𝑞
 (50) 

where 𝐸𝐶𝑒
𝑒𝑞

 is the equilibrium potential of the 𝐶𝑒3+/𝐶𝑒𝑂𝐻3+  reaction determined by the Nernst 

equation: 

𝐸𝐶𝑒
𝑒𝑞 = 𝐸𝐶𝑒

0 +
𝑅𝑇

𝑛𝐶𝑒𝐹
ln (
𝑐𝐶𝑒𝑂𝐻3+,𝑏𝑢𝑙𝑘 𝑐𝐻+,𝑏𝑢𝑙𝑘

𝑐𝐶𝑒3+,𝑏𝑢𝑙𝑘
) (51) 

𝐸𝐶𝑒
0  is the standard potential of the 𝐶𝑒3+/𝐶𝑒𝑂𝐻3+  reaction and 𝑛𝐶𝑒 is the number of electrons 

transferred for each cerium converted by the redox reaction (i.e., 𝑛𝐶𝑒 = 1) .  

Because the Pt-Ti mesh is treated as a continua with effective properties, it is necessary to include 

expressions for the mass transfer resistance of 𝐶𝑒3+ and 𝐶𝑒𝑂𝐻3+ between the mesh surface and 

the bulk electrolyte flowing in the voids. This resistance is accounted for by the inclusion of the 

following expressions relating the surface and bulk concentrations of the electroactive species 

𝐶𝑒3+  and 𝐶𝑒𝑂𝐻3+ to the rate of the electrode reactions, i.e.,    
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𝑘𝑚,𝐶𝑒3+(𝑐𝐶𝑒3+,𝑏𝑢𝑙𝑘 − 𝑐𝐶𝑒3+,𝑠) =
𝑖𝐶𝑒
𝐹

 (52) 

𝑘𝑚,𝐶𝑒(𝑂𝐻)3+  (𝑐𝐶𝑒𝑂𝐻3+,𝑏𝑢𝑙𝑘 − 𝑐𝐶𝑒𝑂𝐻3+,𝑠) = −
𝑖𝐶𝑒
𝐹

 (53) 

where 𝑘𝑚,𝐶𝑒3+  and 𝑘𝑚,𝐶𝑒𝑂𝐻3+    are the local mass transfer coefficients for 𝐶𝑒3+  and 

𝐶𝑒𝑂𝐻3+ respectively, at the interface between the Pt-Ti electrode and positive electrolyte. The 

mass transfer coefficients of the 𝐶𝑒3+ and 𝐶𝑒𝑂𝐻3+ ions can be determined using the following 

dimensionless relationship determined when the electrolyte flows through a porous material.192: 

𝑆ℎ = 0.906𝑅𝑒0.432𝑆𝑐0.432 (54) 

𝑅𝑒 =
𝑣𝑑𝑓

𝑢
 (55) 

𝑆𝑐 =
𝑢

𝐷𝑖
𝑒𝑓𝑓

 (56) 

𝑆ℎ =
𝑘𝑚𝑑𝑓

𝐷𝑖
𝑒𝑓𝑓

 (57) 

where 𝑣 is the velocity and 𝑢 is the kinematic viscosity of the positive electrolyte. 𝑅𝑒, 𝑆𝑐 and 𝑆ℎ 

are the Reynolds, Schmidt and Sherwood number, respectively.  

 

The second reaction occurring at the positive electrode during charge is the OER.  The current 

density 𝑖𝑂2 due to this reaction is described by the Butler-Volmer equation: 
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𝑖𝑂2 = 𝑖𝑂2,0 [exp (
𝛼𝑂2𝐹

𝑅𝑇
𝜂𝑂2)] (58) 

where 𝛼𝑂2 and 𝜂𝑂2 are the transfer coefficient and overpotential, respectively, for the OER. The 

overpotential is given by: 

𝜂𝑂2 = 𝜙𝑠,𝑝𝑜𝑠 −𝜙𝑒,𝑝𝑜𝑠 − 𝐸𝑂2
𝑒𝑞

 (59) 

where 𝐸𝑂2
𝑒𝑞

 is the equilibrium potential of the OER given in Table 7.3. The OER is assumed to be 

kinetically controlled and the cathodic direction of the reaction is neglected in Eqn.(58) above due 

to the irreversible nature of this reaction.193,194  

 

7.3.4 Species transport equations in membrane  

The mass conservation equation also applies to species 𝑖 in the membrane: 

𝜕𝜀𝑚𝑐𝑖,𝑚
𝜕𝑡

+ ∇ ∙ 𝑁⃗⃗ 𝑖,𝑚 = 0 (60) 

where 𝑐𝑖,𝑚  and 𝑁⃗⃗ 𝑖,𝑚  are the concentration and molar flux, respectively, of species 𝑖  in the 

membrane. 𝜀𝑚 is the porosity of the membrane. Since no homogeneous reactions occur in this 

region, Eqn.(60) contains no source term. Unlike the situation in the electrolytes, the flux 𝑁⃗⃗ 𝑖,𝑚  is 

driven only be migration and diffusion since the flow velocity of the electrolyte (i.e., convection) 

through the membrane is negligible. The molar flux of species in the electrolyte can therefore be 

determined as follows: 
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𝑁⃗⃗ 𝑖,𝑚 = −𝐷𝑖,𝑚∇𝑐𝑖,𝑚 −
𝑧𝑖𝑐𝑖,𝑚𝐷𝑖,𝑚 𝐹

𝑅𝑇
∇𝜙𝑚 (61) 

where 𝐷𝑖,𝑚 and 𝑐𝑖,𝑚 are the diffusion coefficient and concentration, respectively, of species 𝑖 in the 

membrane. 𝜙𝑚 denotes the electrical potential in the membrane. 

The total current density flowing through the membrane arises from the flux of all ionic species 

across the membrane. At any time, the membrane contains both mobile ionic charge carriers and 

charged functional groups fixed into its structure (e.g., sulfonic acid groups in Nafion 117 ion 

exchange membranes). As is the case elsewhere in the system, local electroneutrality is assumed 

to hold at every location within the membrane. When these conditions are combined with the 

requirement that charge be conserved everywhere within the membrane, the following expressions 

are obtained: 

𝑖 𝑚 =∑𝑧𝑖𝐹𝑁⃗⃗ 𝑖,𝑚
𝑖

 (62) 

∇ ∙ 𝑖 𝑚 = 0 (63) 

𝑧𝑓𝑐𝑓 +∑𝑧𝑖𝑐𝑖,𝑚 = 0

𝑖

 (64) 

where 𝑧𝑓 and 𝑐𝑓 are the charge and concentration, respectively, of the fixed sulfonic acid groups 

present in the Nafion 117 ion exchange membrane. 

 

7.3.5 Tank model 

The negative and positive electrolyte tanks serve as reservoirs during the continuous operation of 

the Zn-Ce flow battery. These tanks are assumed to behave as CSTRs in which the electrolytes 
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become fully mixed immediately upon entry. Thus, the evolution of the concentration of species 𝑖 

in each tank can be described by the following ordinary differential equation: 

𝑉𝑛𝑒𝑔
𝑑𝑐𝑖,𝑛𝑒𝑔

𝑖𝑛

𝑑𝑡
= 𝑊𝑐𝑒𝑙𝑙 (∫ (𝑁⃗⃗ 𝑖,𝑛𝑒𝑔 ∙ 𝑛⃗ 𝑛𝑒𝑔)𝑑𝐿𝑒

𝑜𝑢𝑡𝑙𝑒𝑡

−∫ (𝑁⃗⃗ 𝑖,𝑛𝑒𝑔 ∙ 𝑛⃗ 𝑛𝑒𝑔)
𝑖𝑛𝑡𝑙𝑒𝑡

𝑑𝐿𝑒) (65) 

𝑉𝑝𝑜𝑠
𝑑𝑐𝑖,𝑝𝑜𝑠

𝑖𝑛

𝑑𝑡
= 𝑊𝑐𝑒𝑙𝑙 (∫ (𝑁⃗⃗ 𝑖,𝑝𝑜𝑠 ∙ 𝑛⃗ 𝑝𝑜𝑠)𝑑𝐿𝑒

𝑜𝑢𝑡𝑙𝑒𝑡

−∫ (𝑁⃗⃗ 𝑖,𝑝𝑜𝑠 ∙ 𝑛⃗ 𝑝𝑜𝑠)
𝑖𝑛𝑡𝑙𝑒𝑡

𝑑𝐿𝑒) (66) 

where 𝑉𝑛𝑒𝑔 and  𝑉𝑝𝑜𝑠 are the volumes of the negative and positive electrolytes, respectively, 𝑐𝑖,𝑛𝑒𝑔
𝑖𝑛  

and 𝑐𝑖,𝑝𝑜𝑠
𝑖𝑛   are the concentration of species  𝑖  in the negative and positive electrolyte tanks, 

respectively, and 𝑊𝑐𝑒𝑙𝑙 is the out-of-plane thickness of the cell in the direction perpendicular to the 

x-y plane. 𝐿𝑒 is the negative flow channel/positive electrode width, 𝑁⃗⃗ 𝑖,𝑛𝑒𝑔 and 𝑛⃗ 𝑛𝑒𝑔 are the molar 

flux of species 𝑖  and normal vector at the boundary between the negative compartment and 

negative reservoir tank, respectively, and 𝑁⃗⃗ 𝑖,𝑝𝑜𝑠  and 𝑛⃗ 𝑝𝑜𝑠  are the molar flux of species 𝑖  and 

normal vector at the boundary between the positive compartment and positive reservoir tank, 

respectively.  The first and second terms of Eqn.(65) and (66) in the parenthesis on the right hand 

side correspond to the integration of the molar fluxes over the outlet and inlet boundary, 

respectively, of the negative and positive flow channels. It should be noted that Eqn.(65) and (66) 

are linked to the equations in the negative and positive compartment domains through the flux 

terms (𝑁⃗⃗ 𝑖,𝑛𝑒𝑔 and 𝑁⃗⃗ 𝑖,𝑝𝑜𝑠) and concentration terms (𝑐𝑖,𝑛𝑒𝑔
𝑖𝑛  and 𝑐𝑖,𝑝𝑜𝑠

𝑖𝑛 ) above that are evaluated at the 

boundaries between the compartments and reservoir tanks.   

 

7.3.6 Initial and boundary conditions 

The conditions at the various boundaries/interfaces in the system are shown schematically in 

Figure 7.2. The kinetics of the primary Zn/Zn2+ reaction at the negative electrode are given by the 

following Butler-Volmer equation: 
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𝑖𝑍𝑛 = 𝑖𝑍𝑛,0 [
𝑐𝑍𝑛
𝑐𝑍𝑛,𝑟𝑒𝑓

exp (
𝛼𝑎,𝑍𝑛𝑛𝑍𝑛𝐹

𝑅𝑇
𝜂𝑍𝑛) −

𝑐𝑍𝑛2+,𝑠
𝑐𝑍𝑛2+,𝑏𝑢𝑙𝑘

exp (−
𝛼𝑐,𝑍𝑛𝑛𝑍𝑛𝐹

𝑅𝑇
𝜂𝑍𝑛)] (67) 

𝑖𝑍𝑛,0 = 𝐹𝑘𝑛𝑒𝑔
0 𝑐𝑍𝑛

𝛼𝑎,𝑍𝑛𝑐𝑍𝑛2+,𝑠
𝛼𝑐,𝑍𝑛  (68) 

In Eqn.(67), 𝑐𝑍𝑛2+,𝑠 is the Zn2+ concentration at the negative electrode surface and 𝑐𝑍𝑛2+,𝑏𝑢𝑙𝑘 is the 

bulk Zn2+ concentration in the negative electrolyte. 𝑐𝑍𝑛 is the surface density of the zinc deposit 

on the negative electrode (in units of mol/m2), 𝑐𝑍𝑛,𝑟𝑒𝑓 is the reference zinc surface density (set to 

be 1 mol/m2) and 𝑛𝑍𝑛 is the number of electrons transferred for each Zn converted by the Zn/Zn2+ 

reaction (i.e., 𝑛𝑍𝑛 = 2). 𝛼𝑎,𝑍𝑛 and 𝛼𝑐,𝑍𝑛 are the transfer coefficients of the Zn/Zn2+ reaction in the 

anodic and cathodic directions, respectively. 𝑖𝑍𝑛,0 is the exchange current density of the Zn/Zn2+ 

reaction expressed by Eqn.(68). In this equation, 𝐹 is the Faraday constant, 𝑅 is the universal gas 

constant, 𝑇 is the temperature of the system and 𝑘𝑛𝑒𝑔
0   is the rate constant of negative electrode 

reaction.39 𝜂𝑍𝑛  and 𝐸𝑍𝑛
𝑒𝑞

  are the overpotential and equilibrium potential, respectively, of the 

Zn/Zn2+ reaction calculated by the following equations: 

𝜂𝑍𝑛 = 𝐸𝑛𝑒𝑔 − 𝐸𝑍𝑛
𝑒𝑞 = 𝜙𝑠,𝑛𝑒𝑔 −𝜙𝑒,𝑛𝑒𝑔 − 𝐸𝑍𝑛

𝑒𝑞
 (69) 

𝐸𝑍𝑛
𝑒𝑞
= 𝐸𝑍𝑛

0 +
𝑅𝑇

𝑛𝑍𝑛𝐹
ln (
𝑐𝑍𝑛2+,𝑏𝑢𝑙𝑘
𝑎𝑍𝑛

) (70) 

where 𝐸𝑍𝑛
0  is the standard potential of the Zn/Zn(II) reaction. 𝜙𝑠,𝑛𝑒𝑔 and 𝜙𝑒,𝑛𝑒𝑔 are the negative 

electrode and electrolyte potential. 𝑎𝑍𝑛 is the activity of zinc metal that has a value of 1 since it is 

a pure phase.  
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Figure 7.2. Boundary conditions applied to the Zn-Ce redox flow battery model. 

 

The current density for the hydrogen evolution reaction at the surface of the negative electrode 

during battery charge is obtained as follows:  

𝑖𝐻2 = −𝑖𝐻2,0 [
𝑐𝐻+,𝑠
𝑐𝐻+,𝑏𝑢𝑙𝑘

exp (−
𝛼𝐻2𝐹

𝑅𝑇
𝜂𝐻2)] (71) 

where 𝑐𝐻+,𝑠 is the H+ concentration at the surface of the negative electrode, 𝑐𝐻+,𝑏𝑢𝑙𝑘 is the bulk H+ 

concentration in the negative electrolyte, 𝛼𝐻2 is the transfer coefficient for the HER and 𝜂𝐻2 is the 

overpotential for the HER calculated from: 
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𝜂𝐻2 = 𝜙𝑠,𝑛𝑒𝑔 − 𝜙𝑒,𝑛𝑒𝑔 − 𝐸𝐻2
𝑒𝑞

 (72) 

where 𝐸𝐻2
𝑒𝑞

 is the equilibrium potential for the HER given in Table 7.3. The anodic direction of the 

HER is neglected in Eqn.(71) above since this is an irreversible reaction. Similar to the OER on 

the positive electrode, the HER is also considered to be kinetically controlled.193,194 

 At the negative electrode (𝑥 = 0) and negative electrolyte/membrane interface (𝑥 = 𝑥1), the no-

slip condition is applied:  

𝑣 = 0 (73)  

Since the 𝑍𝑛2+ and 𝐻+ react on the negative electrode surface at 𝑥 = 0, the boundary conditions 

for 𝑍𝑛2+ and 𝐻+ are: 

𝑛⃗ ∙ ∇𝑁⃗⃗ 𝑖 =
𝑖𝑍𝑛
2𝐹
, 𝑓𝑜𝑟 𝑍𝑛2+  (74) 

𝑛⃗ ∙ ∇𝑁⃗⃗ 𝑖 =
𝑖𝐻2
𝐹
, 𝑓𝑜𝑟 𝐻+  

(75) 

 

For species that do not participate in the electrode reactions (i.e. 𝐶𝑒3+, 𝐶𝑒𝑂𝐻3+ and MSA-) the 

molar flux on the negative electrode surface at 𝑥 = 0 is given by 

𝑛⃗ ∙ 𝑁⃗⃗ 𝑖 = 0 (76) 
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Since the electrode reactions on the positive side occur in the whole domain rather than on the 

boundary, Eqn.(76) applies for all the species in the system at 𝑥 = 𝑥3. 

During battery operation, a zero electric potential is specified at the negative current collector at 

𝑥 = 0  and a galvanostatic current condition is applied to the current collector of the positive 

electrode at 𝑥 = 𝑥3. Therefore, the following boundary condition is applied: 

𝜙𝑠(0, 𝑦, 𝑡) = 0 (77)  

The value of the potential 𝜙𝑠(𝑥3, 𝑦, 𝑡) at the positive current collector is unknown and determined 

by numerical solution of the model equations. 

At the inlets of the negative flow channel (0 < 𝑥 < 𝑥1, 𝑦 = 0) and positive electrode (𝑥2 < 𝑥 <

𝑥3, 𝑦 = 0), the flow rate of the electrolytes entering each half-cell and concentration of species 𝑖 

are given as follows: 

𝑣(𝑥, 0, 𝑡) = 𝑣𝑖𝑛,𝑛𝑒𝑔 =
𝑄𝑛𝑒𝑔

𝑊𝑐𝑒𝑙𝑙𝐿𝑒
, 𝑐𝑖,𝑛𝑒𝑔(𝑥, 0, 𝑡) = 𝑐𝑖,𝑛𝑒𝑔

𝑖𝑛 (𝑡) (78)  

𝑣(𝑥, 0, 𝑡) = 𝑣𝑖𝑛,𝑝𝑜𝑠 =
𝑄𝑝𝑜𝑠

𝜀𝑝𝑜𝑠𝑊𝑐𝑒𝑙𝑙𝐿𝑒
, 𝑐𝑖,𝑝𝑜𝑠(𝑥, 0, 𝑡) = 𝑐𝑖,𝑝𝑜𝑠

𝑖𝑛 (𝑡) (79) 

where 𝑄𝑛𝑒𝑔  and 𝑄𝑝𝑜𝑠  are the volumetric flow rates of the negative and positive electrolytes, 

respectively, 𝑊𝑐𝑒𝑙𝑙𝐿𝑒  is the cross-sectional area of the inlet perpendicular to the flow of the 

electrolytes, and 𝑐𝑖,𝑝𝑜𝑠
𝑖𝑛 (𝑡)  and 𝑐𝑖,𝑛𝑒𝑔

𝑖𝑛 (𝑡)  are the concentrations of species 𝑖  in the inlet to the 

positive and negative half-cell domains, respectively. 

The pressure is specified to have a constant value 𝑃𝑜𝑢𝑡,𝑛𝑒𝑔 and 𝑃𝑜𝑢𝑡,𝑝𝑜𝑠 at both outlets ((0 < 𝑥 <

𝑥1, 𝑦 = 𝐻 ) and (𝑥2 < 𝑥 < 𝑥3, 𝑦 = 𝐻 )). The concentration gradient of species 𝑖  in the direction 

normal to the boundary to the cell outlet at 𝑦 = 𝐻 is zero since the electrolyte is assumed to be 
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fully developed and no further change in concentration occurs in the direction of flow. This leads 

to the following boundary conditions: 

𝑃(𝑥, 𝐻, 𝑡) = 𝑃𝑜𝑢𝑡,𝑛𝑒𝑔 𝑎𝑛𝑑  𝛻𝑐𝑖,𝑛𝑒𝑔 ∙ 𝑛̂|𝑦=𝐻 = 0 (80) 

𝑃(𝑥, 𝐻, 𝑡) = 𝑃𝑜𝑢𝑡,𝑝𝑜𝑠 𝑎𝑛𝑑  𝛻𝑐𝑖,𝑝𝑜𝑠 ∙ 𝑛̂|𝑦=𝐻 = 0 (81) 

 

At each electrode/membrane interface, the continuity of the molar flux of species 𝑖 ensures that  

𝑛̂ ∙ 𝑁⃗⃗ 𝑖 = −𝑛̂ ∙ 𝑁⃗⃗ 𝑚 (82)  

 

Furthermore, the membrane is an electronic insulator so that 

𝑛̂ ∙  𝑖 𝑠,𝑝𝑜𝑠|𝑥=𝑥2
 = 0  (83)  

On the other hand, the membrane is an ionic conductor so that continuity of ionic current exists 

across the negative electrolyte/membrane interface at 𝑥 = 𝑥1  and across the positive 

electrode/membrane boundaries at 𝑥 = 𝑥2, i.e.,  
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𝑛̂ ∙ 𝑖 𝑒,𝑛𝑒𝑔|𝑥=𝑥1
= −𝑛̂ ∙ 𝑖 𝑚|𝑥=𝑥1   (84) 

   𝑛̂ ∙ 𝑖 𝑚|𝑥=𝑥2 = −𝑛̂ ∙ 𝑖 𝑒,𝑝𝑜𝑠|𝑥=𝑥2
 (85) 

where 𝑖 𝑒,𝑛𝑒𝑔 , 𝑖 𝑚  and 𝑖 𝑒,𝑝𝑜𝑠  are the total current densities flowing through the negative 

compartment, membrane and positive compartment, which are equal to each other.  

 

Finally, the Donnan effect can be applied to relate the potential drop to the ratio of the 

concentrations of permeating species on the two sides of the electrolyte/membrane interfaces at 

𝑥 = 𝑥1 and 𝑥 = 𝑥2, i.e.,  

𝜙𝑚(𝑥1, 𝑦, 𝑡) =   𝜙𝑒,𝑛𝑒𝑔|𝑥=𝑥1
+
𝑅𝑇

𝑧𝑖𝐹
ln ( 

𝑐𝑖,𝑛𝑒𝑔

𝑐𝑖,𝑚
|
𝑥=𝑥1

)  (86)  

𝜙𝑚(𝑥2, 𝑦, 𝑡) =   𝜙𝑒,𝑝𝑜𝑠|𝑥=𝑥2
+
𝑅𝑇

𝑧𝑖𝐹
ln ( 

𝑐𝑖,𝑝𝑜𝑠

𝑐𝑖,𝑚
|
𝑥=𝑥2

) (87) 

where 𝑐𝑖,𝑛𝑒𝑔 , 𝑐𝑖,𝑚  and 𝑐𝑖,𝑝𝑜𝑠  are the concentrations of species i in the negative compartment, 

membrane and positive compartment, respectively.  

 

7.3.7 initial conditions 

The initial concentration 𝑐𝑖
0 of each species 𝑖  in the electrolyte at t = 0  corresponds to the 

composition of fully discharged positive and negative electrolytes at the start of battery operation. 

The initial 𝐶𝑒𝑂𝐻3+ concentration in the positive electrolyte is set to a very small value of 0.001 



 

 

140 

 

mol/L since a numerical problem preventing solution of the model is encountered when an initial 

value of 0 mol/L is used. The values are listed in Table 7.1. 

 

Table 7.1. Initial concentrations of various species 

Symbol Parameter 𝒄𝒊
𝟎 (mol/L) 

𝑐𝐻+,𝑛𝑒𝑔
0  H+ initial concentration, negative electrolyte 1 

𝑐𝑍𝑛2+,𝑛𝑒𝑔
0  𝑍𝑛2+ initial concentration, negative electrolyte 1.5 

𝑐𝐶𝑒3+,𝑛𝑒𝑔
0  𝐶𝑒3+ initial concentration, negative electrolyte 0 

𝑐𝐶𝑒𝑂𝐻3+,𝑛𝑒𝑔
0  𝐶𝑒𝑂𝐻3+ initial concentration, negative electrolyte 0 

𝑐𝑀𝑆𝐴−,𝑛𝑒𝑔
0  MSA- initial concentration, negative electrolyte 4 

𝑐𝐻+,𝑚𝑒𝑚
0  H+ initial concentration, membrane 2.5 

𝑐𝑍𝑛2+,𝑚𝑒𝑚
0  𝑍𝑛2+ initial concentration, membrane 0.75 

𝑐𝐶𝑒3+,𝑚𝑒𝑚
0  𝐶𝑒3+ initial concentration, membrane 0.4 

𝑐𝐶𝑒𝑂𝐻3+,𝑚𝑒𝑚
0  𝐶𝑒𝑂𝐻3+ initial concentration, membrane 0 

𝑐𝑀𝑆𝐴−,𝑚𝑒𝑚
0  MSA- initial concentration, membrane 4 

𝑐𝐻+,𝑝𝑜𝑠
0  H+ initial concentration, positive electrolyte 4 

𝑐𝑍𝑛2+,𝑝𝑜𝑠
0  𝑍𝑛2+ initial concentration, positive electrolyte 0 

𝑐𝐶𝑒3+,𝑝𝑜𝑠
0  𝐶𝑒3+ initial concentration, positive electrolyte 0.8 

𝑐𝐶𝑒𝑂𝐻3+,𝑝𝑜𝑠
0  𝐶𝑒𝑂𝐻3+ initial concentration, positive electrolyte 0.001 

𝑐𝑀𝑆𝐴−,𝑝𝑜𝑠
0  MSA- initial concentration, positive electrolyte 6.4 

𝑐𝑍𝑛,𝑟𝑒𝑓 Zinc solid reference concentration 1 
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7.3.8 Details concerning numerical solution of model  

The geometric features of the flow battery investigated in the experimental study and described by 

the model are listed below in Table 7.2. Table 7.3 provides the numerical values of the transport 

properties, kinetic parameters, electrochemical parameters and membrane properties defined in the 

model.   

Table 7.2 Geometric features and operating conditions of the Zn-Ce flow battery in this study 

Symbol Geometric Feature Value 

𝐻 cell height 45 mm 

𝐿𝑒 negative flow channel/positive electrode width 6 mm 

𝐿𝑃𝑉𝐸 thickness of the PVE negative electrode 6 mm 

𝐿𝑚 membrane width 180 µm 

𝑊𝑐𝑒𝑙𝑙 out-of-plane thickness 20 mm 

𝑉 volume of each electrolyte 3.0 × 10−5 m³ 

𝑎 volumetric area of positive electrode 150 m-1  39  

𝜀𝑝𝑜𝑠 porosity of positive electrode 0.758a 

𝜀𝑚 porosity of membrane 0.1 
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𝑃𝑜𝑢𝑡,𝑛𝑒𝑔 negative flow channel outlet pressure 0 Pa 

𝑃𝑜𝑢𝑡,𝑝𝑜𝑠 positive electrode outlet pressure 100 Pa195 

𝑇 operating temperature 323.15°K 

𝑄 flow rate  66 mL/min 

𝑐𝑓 fixed charge site concentration in the membrane 1200 mol/m³ 196 

𝜎𝑒 electrical conductivity of positive electrode  2.0 × 106  S/m 39 

𝜎𝑃𝑉𝐸 electrical conductivity of PVE negative electrode  
15.58 S/m [measured in 

this study] 

𝜎𝑚 ionic conductivity of membrane  
14.23 S/m [calculated 

using Eqn.(88)] 

𝐾 permeability of platinized-titanium mesh  7.1 × 10−8 m2 195 

aData from the supplier. 
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Table 7.3. Values of electrochemical and mass transport parameters used in the model. 

Symbol Parameter Value  

𝐷𝑍𝑛2+  𝑍𝑛2+ diffusion coefficient 1.165 × 10−9 m²/s 197 

𝐷𝐶𝑒3+  𝐶𝑒3+ diffusion coefficient 1.52 × 10−10 m²/s  198 

𝐷𝐶𝑒𝑂𝐻3+  𝐶𝑒𝑂𝐻3+ diffusion coefficient 1.075 × 10−10 m²/s 199 

𝐷𝐻+ H+ diffusion coefficient 1.23 × 10−8 m²/s 200 

𝐷𝑀𝑆𝐴−  MSA- diffusion coefficient 2.378 × 10−9 m²/s 201 

𝐸𝐶𝑒
0  

standard electrode potential for 𝐶𝑒3+/𝐶𝑒𝑂𝐻3+ 

reaction 
1.639 V vs. SHE 37 

𝐸𝑍𝑛
0  standard electrode potential for Zn/Zn2+ reaction -0.757 V vs. SHE  202  

𝐸𝑂2
0  standard electrode potential for oxygen 1.21 V vs. SHE 202 

𝐸𝐻2
0  standard electrode potential for hydrogen 0 V vs. SHE 202 

𝑘 𝑝𝑜𝑠
0  rate constant for 𝐶𝑒3+/𝐶𝑒𝑂𝐻3+ reaction 4.13 × 10−4  m/s 39 

 

𝑘𝑛𝑒𝑔
0  rate constant for Zn/Zn2+  reaction 9.9 × 10−6 m/s 39 
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𝛼𝑐,𝐶𝑒 
transfer coefficient for reduction of 𝐶𝑒𝑂𝐻3+  to 

𝐶𝑒3+  
0.27 203 

𝛼𝑎,𝐶𝑒 
transfer coefficient for oxidation of 𝐶𝑒3+  to 

𝐶𝑒𝑂𝐻3+ 
0.33 203 

𝛼𝑐,𝑍𝑛 transfer coefficient for reduction of Zn2+ to Zn 0.5 204 

𝛼𝑎,𝑍𝑛 transfer coefficient for oxidation of Zn to Zn2+ 0.5 205 

𝛽𝐻2 transfer coefficient for HER  0.5 206 

𝛽𝑂2 transfer coefficient for OER  0.52 207 

𝑖𝑂2 exchange current density for OER 5.08 × 10−6  A/m2 172 

𝑘𝑚,𝐶𝑒3+  
mass transfer coefficient for 𝐶𝑒3+  at positive 

electrode 

3.41 × 10−5 m/s  [calculated 

using Eqn.(54)] 

𝑘𝑚,𝐶𝑒𝑂𝐻3+  
mass transfer coefficient for 𝐶𝑒𝑂𝐻3+  at positive 

electrode 

2.8 × 10−5 m/s  [calculated 

using Eqn.(54)] 
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Table 7.4. Charge numbers of dissolved species and stoichiometric coefficients for the electrode 

reactions. 

 

Species  

 

Charge 

number 

Stoichiometric coefficient (written in reduction form) 

Reaction (1) Reaction (2) Reaction (3) Reaction (4) 

Zn2+ 2 -1 0 0 0 

Ce3+ 3 0 1 0 0 

CeOH3+ 3 0 -1 0 0 

H+ 1 0 -1 -2 -4 

MSA- -1 0 0 0 0 

 

The ionic conductivity of the Nafion 117 membrane used in this study is determined via the 

following equation developed by Zawodzinski et al.208: 

𝑆[𝑆/𝑚] = (0.5139𝜆 − 0.326) exp [1268 (
1

303
−
1

𝑇
)]  (88)  

In this expression, 𝜆 is the water content (in atoms water per sulfonic acid group) in the membrane 

and has a value of 22 atom-H2O/sulfonate at temperatures in the range from 298°K to 363°K, 

which is applicable to our case where the operating temperature is 323°K.  
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The cell voltage is calculated by the following equation: 

𝑉𝑐𝑒𝑙𝑙 = 𝐸𝑝𝑜𝑠 − 𝐸𝑛𝑒𝑔 ± |𝐼𝑅𝑡𝑜𝑡𝑎𝑙| = (𝜙𝑠,𝑝𝑜𝑠 − 𝜙𝑒,𝑝𝑜𝑠) − (𝜙𝑠,𝑛𝑒𝑔 − 𝜙𝑒,𝑛𝑒𝑔) ± |𝐼𝑅𝑡𝑜𝑡𝑎𝑙| (89) 

where 𝑅𝑡𝑜𝑡𝑎𝑙 corresponds to the total ohmic resistance of the system associated with the electrodes, 

electrolytes, Nafion 117 ion exchange membrane and contact points. The 𝑅𝑡𝑜𝑡𝑎𝑙  value for our 

bench-scale flow battery was measured previously in our laboratory by electrochemical impedance 

spectroscopy.172 In Eqn.(89), the + sign applies when the battery is undergoing charge and the − 

is used during discharge.  

The battery is operated under galvanostatic conditions and so the current density to the current 

collector of the positive electrode is constant and specified as follows: 

 

The specific area of the positive electrode was determined to be 150 m-1 in the previous modelling 

study on this Zn-Ce RFB by Amini and Pritzker.39 This value was obtained by fitting the model to 

experimental data from the battery charge-discharge cycles when operated at a current density of 

25 mA/cm2 and 323°K and a charge duration of 1 hour. The fitted value of 150 m-1 is reasonable 

since the positive electrode is a 3D mesh substrate.  

The system of equations given in section 7.3 defining the operation of the Zn-Ce redox flow battery 

has been numerically solved using the COMSOL 5.4 multi-physics software package which 

utilizes the finite-element method. Meshes with 2000 elements in each compartment and 150 

elements in the membrane are used to ensure sufficient accuracy of the numerical solution. These 

rectangular-shaped elements are not equally sized and chosen to be smaller near the various 

boundaries and interfaces in the model to provide more resolution. The relative tolerance is set to 

5×10-3 and the absolute tolerance to 10-3. The total time to simulate 5 charge-discharge cycles (with 

𝑖 = 𝑖𝑐𝑦𝑐𝑙𝑒 = {
𝑖𝑎𝑝𝑝, (𝐷𝑢𝑟𝑖𝑛𝑔 𝑐ℎ𝑎𝑟𝑔𝑒)

−𝑖𝑎𝑝𝑝, (𝐷𝑢𝑟𝑖𝑛𝑔 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒)
  (90) 
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a charge duration of 1 hour each cycle) required approximately 0.5 hours on an AMD Ryzen 7 

4800HS CPU with 16 GB RAM. The calculations were done by setting the total current density to 

a fixed value and then solving the model for quantities such as the fluid velocity, concentrations 

of the various species, electrolyte potential, membrane potential and molar fluxes at each position 

as well as the partial current densities, cell voltage, potential at the positive current collector and 

electrode potentials.    

 

7.4 Results and Discussion 

7.4.1 Model validation 

The charge-discharge cycles have been conducted with a charge duration of 1 hour at a current 

density of 25 mA/cm2 and 323°K, while both the positive and negative electrolytes are being 

circulated through the battery at a flow rate of 66 mL/min. At the outset of the cycles, the battery 

is in its fully discharged state in which the negative electrolyte contains 1.5 mol/L Zn2+ in 1 mol/L 

MSA and positive electrolyte contains 0.8 mol/L Ce3+ in 4 mol/L MSA. It should be noted that 

only the first 5 charge-discharge cycles are used to fit the model to the measured data because 

CeOH3+ began to precipitate beginning during the 6th cycle and effectively reduced the total 

amount of Ce available for the positive reaction when 4 mol/L MSA was used as the positive 

supporting electrolyte. Since the model does not account for the precipitation of CeOH3+ in the 

positive electrolyte, it is obviously not appropriate to include cycles beyond the 5th one in the data 

set used to fit the model.  

The model is fitted to experimental data obtained in this study using a manual procedure outlined 

below and used to obtain numerical values of the 𝑖𝐻2,0  and the diffusion coefficients of the 5 

species in the membrane. The numerical values of these quantities obtained by fitting the model 

to the experimental data are presented in Table 7.5 shown below. The initial guesses of the 𝑖𝐻2,0 

are based on the work by Amini and Pritzker and the initial guesses of the diffusion coefficients in 

the membrane are set to be the same as the corresponding values in free electrolyte.39 An estimate 

for 𝑖𝐻2,0 is first determined using the experimental data of the evolution of the cell voltage and 

electrode potentials during the 5 charge-discharge cycles without adjusting the values of the 



 

 

148 

 

diffusion coefficients. When an approximate 𝑖𝐻2,0 value is obtained, the model is then fitted to the 

measured values of the concentrations of the various ions in both the positive and negative 

electrolytes obtained at the end of each of the 5 charge-discharge cycles to determine the diffusion 

coefficients. The estimate of 𝑖𝐻2,0 is readjusted to a new value (which turns out to be very similar 

to the original fitted value) so that the computed cell voltages and electrode potentials over the 

course of the 5 charge-discharge cycles are still in agreement with the experimental data.  

A comparison of the model-fitted cell voltage and negative and positive electrode potentials (blue) 

during 5 consecutive charge-discharge cycles with the experimental data (red and black) under the 

same operating conditions is shown in Figure 7.3. These results show excellent agreement between 

the model and experimental data over the majority of the experimental run.  

Table 7.5. Model parameters obtained in this study by fitting model to the experimental data 

Symbol Parameter Value 

𝑖𝐻2 exchange current density for HER 1.79 × 10−5  A/m2 [Fitted] 

𝐷𝑍𝑛2+
𝑚  Zn2+ diffusion coefficient in membrane 6.45 × 10−11 m²/s [Fitted] 

𝐷𝐶𝑒3+
𝑚  Ce3+ diffusion coefficient in membrane 3.60 × 10−12 m²/s [Fitted] 

𝐷𝐶𝑒𝑂𝐻3+
𝑚  CeOH3+ diffusion coefficient in membrane 2.55 × 10−12 m²/s [Fitted] 

𝐷𝐻+
𝑚  H+ diffusion coefficient in membrane 2.33 × 10−10 m²/s [Fitted] 

𝐷𝑀𝑆𝐴−
𝑚  MSA- diffusion coefficient in membrane 7.52 × 10−11 m²/s [Fitted] 
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Figure 7.3. Comparison of model-fitted values of cell voltage (A) and electrode potential (B) with 

experimental measurements over 5 consecutive charge-discharge cycles operating at a current density 

of 25 mA/cm2, 323°K temperature, negative and positive electrolyte flow rates of 66 mL/min and charge 

duration of 1 hour. The negative electrolyte initially contains 1.5 mol/L Zn2+ in 1 mol/L MSA and the positive 

electrolyte contains 0.8 mol/L Ce3+ in 4 mol/L MSA. 
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The exchange current density for HER is found to be 4.20×10-5 A/m2 when the model is fitted for 

only the first charge-discharge cycle, which is higher than the value of 1.79×10-5 A/m2 obtained 

when fitted to the experimental data over the subsequent 4 cycles. For comparison, a similar value 

of 2.21×10-5 A/m2 for 𝑖𝐻2,0 was obtained by Amini and Pritzker in their modeling study.39 The first 

cycle serves as a preconditioning step that increases the roughness of the negative electrode surface 

and tends to exhibit a lower columbic efficiency compared to the following cycles, as discussed 

previously.38,197 The higher 𝑖𝐻2,0 during the first cycle compared to the subsequent cycles has also 

been reported in other modeling studies of zinc-based batteries.209 Therefore, the 𝑖𝐻2,0 determined 

from the first cycle should not be used when describing the battery overall performance during 

later cycles. 

As discussed in Chapter 5, we measured the concentrations of the various species in the two 

compartments during battery operation. Due to its high concentration in both electrolytes, H+ 

should be the primary ionic charge carrier in the system and move to the negative side during 

battery charge and back to the positive side during battery discharge. However, due to the fact that 

the Nafion membrane is not perfectly selective to 𝐻+  ions, concentration gradients and the 

requirement to maintain electroneutrality drive both a larger amount of H+ beyond the minimum 

just to meet the demand from the applied current as well as crossover by Zn2+, Ce3+, CeOH3+ and 

MSA- through the membrane. These phenomena are detrimental to the efficiency of Zn-Ce RFB, 

which leads to the imbalance of electroltyes and capacity fade over repeated cycling. As discussed 

in Chapter 5, the net crossover of H+ from the positive electrolyte enhances the HER on the 

negative side and eventually results in the precipitation of CeOH3+ on the positive side due to the 

reduction in the H+ concentration when 4 mol/L MSA is used as the supporting electrolyte.32 

Moreover, the decrease of the Zn2+ and Ce3+/CeOH3+concentrations in their respective 

compartments caused by this crossover reduces the overall battery efficiency.  

As shown in Figure 7.4A – E, comparison of the experimental and model-fitted Zn2+ and total Ce 

concentrations in the positive and negative electrolytes and the H+ concentration in the negative 

electrolyte after each charge-discharge cycle shows good agreement. Since the colometric titration 

method described in the Experimental section could not be used to measure the H+ concentration 

in the positive electrolyte due to its yellowish colour, only a comparison of the H+ concentration 

in the negative electrolyte is included in Figure 7.4E. Figure 7.4F shows the H+ concentration in 



 

 

151 

 

the positive electrolyte determined from the model. It should be noted that experimental data for 

the total Ce concentration in the negative electrolyte at the end of the first 2 cycles are not shown 

in the plot simply because the concentration of Ce in the negative electrolyte is too low and below 

the detectable limit of the ICP-OES method. Some discrepancy between the model-fitted and 

experimental values of the total Ce concentration in the negative electrolyte at the end of cycles 3 

and 4 might be due to errors associated with the ICP-OES measurements since the Ce levels are 

very low and close to the detection limit. In addition, the model does not account for the osmosis 

of a small amount of water across the membrane during battery operation. This would not affect 

the accuracy of the model in the case of the relatively high Zn2+ concentrations in the negative and 

positive electrolytes, Ce concentration in the positive electrolyte and H+ concentration in the 

negative electrolyte, but could affect the accuracy of the very low Ce concentrations on the positive 

side.     
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Figure 7.4. Comparison of experimental and model-fitted concentrations of (A) Zn2+ in the negative 

electrolyte, (B) Zn2+ in the positive electrolyte, (C) total Ce in the negative electrolyte, (D) total Ce in the 

positive electrolyte, (E) H+ in the negative electrolyte. The H+ concentration in the positive electrolyte as 

determined by the model is shown in (F).  
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The excellent agreement between the experimental and model-fitted data presented here indicates 

that the model can reliably compute the cell voltage, positive and negative electrode potentials and 

concentrations of the various species in the two compartments of the Zn-Ce battery during charge-

discharge cycling. Based on this result, we can use the validated model to provide insight into 

various phenomena occurring in the Zn-Ce system that cannot be directly measured and to predict 

the behaviour of this battery under different operating conditions. 

 

7.4.2 Use of validated model to investigate battery behaviour  

With the model now validated, it can be used to investigate the battery behaviour in more detail 

and provide further insight into phenomena that cannot be directly observed or measured during 

operation.  

The model is able to successfully capture the observation that the battery operation is limited by 

the positive half-cell reaction during the 1st cycle, but shifts to control by the negative half-cell 

reaction from the 2nd to the 5th cycle. As shown in Figure 7.3B, the positive electrode potential 

drops rapidly near the end of battery discharge in the 1st cycle, indicating the depletion of reactant 

CeOH3+ ions near the surface of the positive electrode. During the subsequent cycles, an abrupt 

rise of the negative electrode potential is observed near the end of discharge, indicating that the 

zinc layer deposited during battery charge has been completely removed by the end of battery 

discharge and that some CeOH3+ still remains unreacted in the positive electrolyte. This finding is 

supported by Figure 7.5A and B which show the surface density of the deposited zinc layer on the 

negative electrode and surface concentrations of Ce3+ and CeOH3+ ions over time during the 5 

cycles. During battery charge, Zn2+ in the negative electrolyte is reduced to zinc metal on the 

negative electrode surface, whereas the Ce3+ ions are oxidized to CeOH3+ ions at the positive 

electrode surface. A surface density of  ~ 0.16 mol/m2 zinc metal remains on the negative electrode 

at the end of the 1st discharge (Figure 7.5A), whereas the surface CeOH3+ concentration has 

dropped to 0 mol/L (Figure 7.5B), although the bulk CeOH3+ concentration still remains at ~0.1 

mol/L in the positive electrolyte (Figure 7.5C). At this point, it is the complete depletion of CeOH3+ 

at the electrode surface that causes the positive electrode potential to abruptly drop (Figure 7.3B) 

and the criterion for termination of discharge (cell voltage < 0.5 V) to be reached. This is an 
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indication that mass transfer of CeOH3+ from the bulk to the electrode surface is the limiting step 

during the first discharge cycle and that improvement of its mass transfer could potentially boost 

battery performance. However, this situation soon changes. Both the HER and OER side reactions 

occur during charge, but HER occurs to a much greater extent, as shown in Figure 7.5E and F. 

Since these reactions are irreversible, this generates an imbalance in which the stoichiometric 

amount of Zn deposited on the negative electrode during charge is less than the amount of Ce3+ 

converted to CeOH3+ at the positive electrode. The negative electrode was stripped of Zn before 

the concentration of CeOH3+ on the positive side was sufficiently reduced to cause mass transfer 

limitation, which eventually leads to the negative reaction being the limiting reaction during 

discharge. In fact, by the 2nd cycle, it has become more dominant than CeOH3+ mass transfer to 

the positive electrode so that all of the zinc deposit has been removed and the surface CeOH3+ 

concentration at the positive electrode no longer drops to zero during discharge (Figure 7.5A and 

B). This trend holds as the operation proceeds through the subsequent cycles, leading to a gradual 

(and essentially linear) rise in both the bulk and surface CeOH3+ concentrations and concomitant 

drop in the Ce3+ concentration at the end of each cycle. This finding from the model mirrors 

experimental observations reported in Chapter 4. The changes in the H+ concentrations in both the 

negative and positive electrolytes obtained from the model are also plotted in Figure 7.5D. These 

show the steady decrease of the H+ concentration in the positive electrolyte and rise in the negative 

electrolyte.  
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Figure 7.5. Variation of the (A) surface density of zinc deposit on the negative electrode, (B) surface Ce3+ 

and CeOH3+ concentrations in the positive electrolyte, (C) bulk Ce3+ and CeOH3+ concentrations in the 
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positive electrolyte, (D) H+ concentrations in the positive and negative electrolytes, (E) current density of 

OER and (F) current density of HER over the 5 consecutive charge-discharge cycles. The charge-discharge 

cycles were conducted at a current density of 25 mA/cm2, temperature of 323°K and charge duration of 1 

hour and positive and negative electrolyte flowrates of 66 mL/min. The negative electrolyte contains 1.5 

mol/L Zn2+ in 1 mol/L MSA and the positive electrolyte contains 0.8 mol/L Ce3+ in 4 mol/L MSA at the start 

of the 1st cycle. 

 

7.4.3 Effect of applied current density on molar fluxes  

The model has been used to investigate the behaviour of the Zn-Ce RFB during charge-discharge 

cycles at different current densities ranging between 5 and 70 mA/cm2. The simulations are carried 

out such that the charge duration is kept fixed at 1 hour for all current densities. To better 

understand the effect of current density on the mechanisms driving the transport of each species 

across the membrane, the breakdown of the average overall molar flux of each species across the 

membrane according to diffusion and migration during the 3rd charge-discharge cycle is plotted in 

Figure 7.6. No contribution to the flux across the membrane comes from convection due to the 

assumption that the velocity of the electrolyte at the electrolyte/membrane interfaces is zero. Note 

that a positive molar flux signifies that ions are transported from the negative to the positive half-

cell through the membrane, whereas a negative flux indicates transport in the reverse direction. 

For our purposes here, the fluxes at a single instant during charge (i.e., 30 minutes after the start 

of charge during the 3rd cycle) and a single instant during discharge (i.e., 30 minutes after the start 

of discharge during the 3rd cycle) are shown here. Similar results are obtained if the analysis is 

based on the average molar fluxes calculated over the entire 3rd cycle.  
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Figure 7.6. Breakdown of computed diffusional and migrational molar fluxes of each species across the 

membrane obtained at t = 30 min during charge (A, C and E) and t = 30 min during discharge (B, D and F) of 

the 3rd cycle computed using the model for battery operation at 323°K, charge duration of 1 hour and 

positive and negative electrolyte flowrates of 66 mL/min. The negative electrolyte contains 1.5 mol/L Zn2+ 

in 1 mol/L MSA and the positive electrolyte contains 0.8 mol/L Ce3+ in 4 mol/L MSA at the start of the 1st 

cycle. 

 

As expected, the net flux of H+ is in the direction of the negative electrode during battery charge 

regardless of the current density applied (Figure 7.6A). The diffusional flux of H+ across the 

membrane remains almost constant regardless of the current density because the concentration 

gradient driving diffusion and the composition of the electrolytes at the start of battery operation 

are the same. Although the bulk composition of the electrolytes changes during subsequent cycles, 

it is small enough not to significantly affect the diffusion flux. Migration drives H+ in the same 

direction as diffusion during charge, although its magnitude increases more strongly with the 

applied current density than does diffusion since it is proportional to the electric field. As a result, 

the overall flux of H+ from the positive to the negative electrolyte during battery charge increases 

more than three-fold as the current density is raised from 5 mA/cm2 to 70 mA/cm2. When the 

battery operation shifts to discharge and the cell polarity changes, the effect of the current density 

on the overall flux of H+ becomes more complicated since diffusion and migration of H+ now 

operate in opposite directions (Figure 7.6B). Diffusion still drives H+ from the positive electrolyte 

to the negative electrolyte, as it does during charge, since the concentration gradient is not affected 

by the change in polarity. On the other hand, the migrational flux changes with the cell polarity to 

drive H+ from the negative side to the positive side. As during charge, the magnitude of the current 

density has little effect on the diffusional flux, but a large effect on the migrational flux. The 

combination of these effects results in diffusional flux dominating at low current densities and the 

net flux of H+ being directed toward the negative side and the migrational flux being dominant at 

high current densities so that the net direction of H+ is reversed toward the positive side. The 

change in the direction of the flux occurs when the applied current density becomes slightly larger 

than 25 mA/cm2. It is important to note that at high current densities the magnitude of the net flux 

of H+ toward the positive side during battery discharge remains smaller than the net flux toward 
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the negative side during battery charge, leading to the gradual increase of the H+ concentration in 

the negative electrolyte and the negative impacts discussed previously.  

When the battery is operated at higher current density, the final H+ concentration in the negative 

electrolyte at the end of the 5 cycles becomes lower, as shown in Figure 7.7. For example, the final 

concentration of H+ is 1.84 mol/L when the battery is operated at a current density of 70 mA/cm2, 

which is lower than 2.01 mol/L when the applied current density is 5 mA/cm2. Since the net 

direction of the H+ flux during charge is opposite from that during discharge, the difference of the 

H+ concentration at the end of each charge and discharge becomes more obvious when the battery 

is operated at higher current densities (i.e., 50 and 70 mA/cm2 shown in blue and red in Figure 7.7). 

Compared to the magnitude of the Zn2+ and Ce fluxes across the membrane, the H+ flux is much 

larger due to its much higher diffusivity and concentration in the cell. It should be noted that the 

charge duration instead of the state-of-charge of the battery are kept the same when operated at 

different current densities. Therefore, the number of Coulombs that pass through the battery is 

larger at higher current densities and smaller at lower current densities, which leads to different 

amounts of H+ transferring across the membrane to maintain the electroneutrality of the system. 

This could potentially affect the composition of the electrolytes and the diffusion flux that driven 

by concentration gradient, although this effect is shown to be very small as shown in Figure 7.6. 
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Figure 7.7. Variation of H+ concentration in the negative electrolyte over 5 consecutive charge-discharge 

cycles when the Zn-Ce RFB is operated at different current densities. 

 

As shown in Figure 7.6C and D, diffusion moves Zn2+ toward the positive electrode during both 

charge and discharge since the initial concentrations of Zn2+ in the negative and positive 

electrolytes are 1.5 mol/L and 0 mol/L, respectively. As is the case with the H+ ions, migration 

moves Zn2+ ions toward the negative electrode during charge at a rate that increases with current 

density. Therefore, the net flux of Zn2+ during charge is toward the positive electrolyte until the 

current density reaches ~70 mA/cm2 whereupon the migrational flux exceeds the diffusional flux 

and the direction of Zn2+ is reversed. During battery discharge, the situation is more 

straightforward since diffusion and migration operate in the same direction and transport Zn2+ 

toward the positive side. The initial concentration of Ce3+ is 0.8 mol/L in the positive electrolyte 

and 0 mol/L in the negative electrolyte. Subsequently, diffusion drives both Ce species toward the 

negative electrolyte during both battery charge and discharge (Figure 7.6E and F). Migration also 

moves both Ce3+ and CeOH3+ in the same direction during battery charge, but in the opposite 

direction during discharge. Consequently, these species are driven to the negative side during 
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charge regardless of the applied current density. During battery discharge at current densities up to 

70 mA/cm2, the magnitude of the migrational flux always remains less than that of diffusion so 

that these species always move from the positive side to the negative side.  

Taken together, these results show that the applied current density affects the magnitude of the net 

flux of the various species differently. In cases where diffusion and migration operate in the same 

direction (i.e., H+ during charge, Zn2+ during discharge and Ce3+ and CeOH3+ during charge), the 

magnitude of the overall flux increases with current density. On the other hand, when diffusion 

and migration oppose each other (i.e., H+ during discharge, Zn2+ during charge and Ce3+ and 

CeOH3+ during discharge), increasing the current density tends to reduce the magnitude of the 

overall flux until high values are reached whereupon the flux reverses in direction and begins to 

rise in magnitude.  

   

7.4.4 Effect of flow rate 

The flow rates of the two electrolytes through the battery are important factors influencing its 

performance since they affect the concentration polarization by controlling the supply and removal 

of electroactive species between the electrode surface and bulk electrolyte. It should be noted that 

a change in the electrolyte flowrate affects the model in several ways. Obviously, it affects fluid 

flow directly through the Navier-Stokes equations and the Darcy’s law (Eqns.(32) and (34)). 

Secondly, it influences the Nernst-Planck transport equations Eqn.(35) and (42) for the various 

species in the negative and positive electrolyte. Finally, the mass transfer of Ce3+ and CeOH3+ to 

and from the Pt-Ti positive electrode depends on the electrolyte flowrate through Eqns.(54) – (57). 

Accordingly, we have used the validated model to investigate the effect of the electrolyte flowrate 

on the performance of the Zn-Ce RFB. Figure 7.8A shows the variation of the cell voltage during 

the 1st charge-discharge cycle when the battery is operating at 33 mL/min, 66 mL/min, 132 mL/min 

and 330 mL/min  at an applied current density of 25 mA/cm2. The experiments were conducted at 

66 mL/min, so these flow rates correspond to 0.5f, f, 2f and 5f where f corresponds to the original 

flowrate. The volumetric flow rates of the positive and negative electrolytes were the same in both 

experiments and simulations. As shown in Figure 7.8A, the discharge time is reduced from 35.0 

min to 26.1 min when the flow rate is decreased to half of the original value, corresponding to a 
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drop in the coulombic efficiency from 58.3% to 43.6%. Examination of the variation of the 

concentrations of the electroactive species during charge and discharge (Figure 7.8B and C) reveals 

that the reduction in the discharge time at the lowest flowrate is caused by complete depletion of 

CeOH3+ at the positive electrode surface much earlier during discharge than at the other flowrates 

(compare the blue curve with the others in Figure 7.8C). A reduction in the flow rate leads to slower 

mass transfer of CeOH3+ from the bulk to the electrode surface and therefore a lower surface 

concentration throughout the entire battery discharge. On the other hand, the amount of zinc 

deposited on the negative electrode surface is still abundant and available for battery discharge at 

the end of the cycle as shown in Figure 7.8D, indicating that the positive electrode reaction limits 

discharge during this 1st cycle. Although not shown here, it should be noted that a significant 

amount of CeOH3+ (0.14 mol/L) remains in the bulk positive electrolyte at the end of discharge, 

indicating that the available capacity on the positive side has not been fully utilized at this low 

flowrate. The discharge capacity can be increased and higher efficiency attained if mass transfer 

of CeOH3+ to the electrode surface is improved such as by raising the electrolyte flowrate. This is 

clearly shown when the flowrate is raised from 0.5f to f, 2f and 5f (compare black, red and green 

curves with blue curve in Figure 7.8A). As shown in Figure 7.8C, the CeOH3+ surface 

concentration drops to zero by the end of discharge when the flowrate is 0.5f and f, but becomes 

non-zero when the flowrate reaches 2f and 5f, reflecting that the positive reaction no longer limits 

the discharge capacity. This effect is further confirmed by examination of the effect of the flowrate 

on the surface density of the zinc deposit on the negative electrode in Figure 7.8D. Some zinc 

deposit remains at the end of discharge at flowrates of 0.5f and f, but not at 2f and 5f, which 

signifies that the negative reaction now limits discharge at the higher flowrates. However, 

examination of Figure 7.8A shows that the improvement in the columbic efficiency when the 

flowrate is raised from f to 2f is relatively small and negligible with a further increase to 5f, 

reflecting that the reactions at the negative electrode are kinetically controlled and not limited by 

mass transfer. 
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Figure 7.8. Effect of electrolyte flowrate on (A) cell voltage, surface concentration of (B) Ce3+ and (C) 

CeOH3+ during the 1st charge-discharge cycle and (D) surface density of the zinc deposit at the end of the 

1st discharge cycle. The charge-discharge cycles are conducted at a current density of 25 mA/cm2, 

temperature of 323°K, charge duration of 1 hour and at various flow rates of the positive and negative 

electrolytes. The negative electrolyte contains 1.5 mol/L Zn2+ in 1 mol/L MSA and positive electrolyte 

contains 0.8 mol/L Ce3+ in 4 mol/L MSA at the start of the cycle. 
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When higher flow rates are used, the charge voltage decreases very slightly, whereas the discharge 

voltage increases to a larger extent as shown in Figure 7.8A. This is beneficial since this means 

that a lower voltage is required to charge the battery at the applied current and the battery can 

generate a higher voltage when it is being discharged, which corresponds to a higher voltage 

efficiency. Ce3+ is the principal reactant for the positive electrode reaction during battery charge, 

whereas CeOH3+ is the reactant for the positive electrode reaction during discharge. The increase 

in voltage efficiency as flowrate is increased can be attributed to the lower overpotential during 

battery charge arising from the rise in the Ce3+ surface concentration (Figure 7.8B) and the lower 

overpotential during discharge arising from the rise in the CeOH3+ surface concentration (Figure 

7.8C) due to enhanced mass transfer of both Ce3+ and CeOH3+. As shown in Figure 7.9, the 

decrease in overpotential with flowrate is only very small during charge, but very significant 

during discharge.  
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Figure 7.9. Effect of positive and negative electrolyte flowrates on the overpotential of Ce3+/CeOH3+ 

reaction. Charge-discharge cycle is conducted at current density of 25 mA/cm2, temperature of 323°K 

and charge duration of 1 hour. The negative electrolyte contains 1.5 mol/L Zn2+ in 1 mol/L MSA and positive 

electrolyte contains 0.8 mol/L Ce3+ in 4 mol/L MSA at the start of the cycle. 

 

The mass transfer of Zn2+ on the negative side is also improved by raising the flowrate. As shown 

in Figure 7.10A, the profiles of the Zn2+ concentration at the half-cell height (H/2) are plotted 

across the negative compartment at different flow rates after 30 minutes of battery charge (solid 

lines) and 30 minutes of discharge (dash lines). During battery charge, Zn2+ ions are deposited as 

metallic zinc at the negative electrode, which results in a decrease of the Zn2+ concentration near 

the electrode. Conversely, the zinc deposit re-dissolves into the electrolyte as Zn2+ ions during 

battery discharge, leading to a higher Zn2+ concentration at the surface than in the bulk due to mass 

transfer limitations. The concentration gradients across the boundary layer close to the electrode 
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surface (x = 0) are reduced by a small amount during both charge and discharge when the flow rate 

is increased from 0.5f to 5f. A higher surface concentration is beneficial for the battery coulombic 

efficiency since it improves the reaction rate of the Zn/Zn2+ redox couple (see Eqn.(67)). To 

confirm this, the effect of the flowrate on the amount of zinc deposited during battery charge is 

plotted in Figure 7.10B. Although the total amount of the deposited zinc for each case is similar, 

an increase of the flowrate from 0.5f to f leads to a small increase (3.1%) in the amount of deposited 

zinc from 2.89 mol/m2 to 2.98 mol/m2, which confirms the improved mass transfer at the higher 

flow rate. A further increase in the flowrate causes only a minimal increase (0.65%) in the amount 

of zinc deposited on the electrode surface. This is an indication that zinc deposition is largely 

kinetically controlled rather than mass-transport controlled. During battery discharge, higher flow 

rates enable a more efficient removal of Zn2+ ions from the electrode surface as they are generated 

by the dissolution of the zinc deposit, leading to a reduction in the concentration gradient as shown 

by the dash lines in Figure 7.10A. Further examination of the current density for zinc deposition 

and the HER obtained from the model in Figure 7.11 confirms that the zinc deposition reaction is 

benefited by the increased flow rates. As shown in Figure 7.11A, the current density due to zinc 

deposition increases while the current density due to the HER decreases as the flowrate rises, 

although the effect is quite small. 
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Figure 7.10. (A) Effect of electrolyte flowrate on the Zn2+ concentration profiles across the negative 

compartment at a height of H/2. The solid lines correspond to the profiles during charge and dash lines 

to the profiles during discharge. The data is taken at the 30 min from the start of battery charge and 30 

min from battery discharge. (B) Effect of electrolyte flowrate on the surface density of the zinc metal 

deposit on the negative electrode surface after charge. Charge-discharge cycle is conducted at current 

density of 25 mA/cm2, temperature of 323°K and charge duration of 1 hour. The negative electrolyte 

contains 1.5 mol/L Zn2+ in 1 mol/L MSA and positive electrolyte contains 0.8 mol/L Ce(III) in 4 mol/L MSA 

at the start of the cycle. 
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Figure 7.11. Effect of electrolyte flowrate on current density for (A) zinc deposition and (B) HER. Charge-

discharge cycle is conducted at current density of 25 mA/cm2, temperature of 323°K and charge duration 

of 1 hour. The negative electrolyte contains 1.5 mol/L Zn2+ in 1 mol/L MSA and positive electrolyte 

contains 0.8 mol/L Ce3+ in 4 mol/L MSA at the start of the cycle. 

 



 

 

169 

 

0 50 100 150 200

0.0

0.5

1.0

1.5

2.0

2.5

3.0
C

e
ll 

V
o

lt
a

g
e

 (
V

)

Current density (mA/cm2)

  33 mL/min (0.5f)

  66 mL/min (1f)

  132 mL/min (2f)

  330 mL/min (5f)

 

Figure 7.12. Effect of the electrolyte flowrates on the discharge polarization curves of the Zn-Ce RFB. 

These polarization simulations are conducted by first charging the battery at 50 mA/cm2 for 45 minutes 

to reach an SOC of 50%, followed by battery discharge for 20s at different current densities ranging from 

1 to 175 mA/cm2 until a point is reached where cell voltage drops to the discharge termination criterion 

of 0.5 V.  

 

Polarization curves of the Zn-Ce system obtained from the model for different flowrates are plotted 

in Figure 7.12. These polarization simulations are conducted by first charging the battery at 50 

mA/cm2 for 45 minutes to reach an SOC of 50%, followed by battery discharge for 20s at different 

current densities ranging from 3 to 175 mA/cm2 until a point is reached where cell voltage drops 

to the discharge termination criterion of 0.5 V. The cell voltages plotted in Figure 7.12 are the 

specific values obtained at the end of the 20s discharge and the polarization curve is generated by 

discharging first at the lowest current density of 3 mA/cm2, then at 5 mA/cm2 and then by 

increasing at intervals of 5 mA/cm2 thereafter.  

When the Zn-Ce RFB is operated at a flow rate of f, its discharge is limited by mass transfer of 

CeOH3+ to the positive electrode at a current density of ~80 mA/cm2 (Figure 7.12). When the flow 

rate is reduced to 0.5f, the mass transfer of CeOH3+ begins to limit discharge at a lower current 
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density of ~ 50 mA/cm2. An increase in flowrate to 2f and 5f facilitates mass transfer so that current 

densities up to ~110 mA/cm2 and ~160 mA/cm2, respectively, can be applied before battery 

operation becomes limited. It is worth noting that the portions of the polarization curves in Figure 

7.12 at low current density are virtually identical to each other due to the fact that the total 

resistance is the same in all cases and unaffected by the electrolyte flowrate.  

 

7.4.5 Effect of positive electrode geometry and specific surface area 

In this section, the model is used to investigate the effect of the geometry and specific surface area 

of the Pt-Ti positive electrode on battery performance at an applied current density of 25 mA/cm2. 

The geometry of the electrode is an important lever when designing the battery because it directly 

affects the mass transfer of the electroactive species from the bulk to the electrode surface and 

determines the number of electrochemically active sites for the redox reactions to occur. For this 

reason, Arenas et al conducted experimental studies on Zn-Ce RFBs operating with Pt-Ti positive 

electrodes spanning a wide range of porosities and specific surface areas.195,210 Photographs of 

these electrodes are shown in Figure 7.13, while their geometrical dimensions obtained from these 

studies are listed in the table below. A photograph of the Pt-Ti electrode used in this work to obtain 

the experimental data is shown in Figure 3.1 (Chapter 3). The properties of these electrodes are 

used in the model to simulate the charge-discharge cycles of the Zn-Ce RFB obtained with each 

of these positive electrodes.   
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Table 7.6. Properties of the different positive electrode evaluated in the model simulations. 

  Fibre diameter (mm) Porosity Specific surface area (m-1) 

Pt-Ti originala 1.5 0.745 150 

Pt-Ti mesh 3 0.71 386.67 

Pt-Ti micromesh 0.2 0.53 9400.00 

Pt-Ti felt 0.067 0.8 12012.01 

aPositive electrode used in the experiments throughout the work. 

 

The specific surface area of the electrodes can be calculated from knowledge of the fibre diameter 

𝑑𝑓 and porosity 𝜀 using the following equation211: 

𝑎 =
4(1 − 𝜀)

𝑑𝑓
 (91) 
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Figure 7.13. Optical photographs of (A) Pt-Ti mesh, (B), Pt-Ti micromesh, and (C) Pt-Ti felt (reproduced with 

permission).195,210  
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Figure 7.14. (A) Cell voltage, (B) Ce3+ surface concentration, (C) CeOH3+ surface concentration and (D) zinc 

deposit remaining on the negative electrode at the end of 1st charge-discharge cycle using the different 

positive electrodes.  

 

It can be seen from Figure 7.14A that both the coulombic and voltage efficiencies are improved 

when the Zn-Ce RFB is operated with positive electrodes that have higher specific surface area. 

The voltage efficiency of the battery using the original Pt-Ti positive electrode is 79.3%, whereas 

it increases to 84.3% when operated with the Pt-Ti mesh electrode that has a specific surface area 
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~2.5 times larger. Since the only changes are the specific area of the electrode and porosity that 

affects the electrolyte flow rate, this increase in voltage efficiency can be attributed to the enhanced 

mass transfer of the Ce3+ and CeOH3+ ions. As shown in Figure 7.14B, the surface concentration 

of Ce3+ is much higher during battery charge when electrodes with larger specific surface area are 

used, which reduces the concentration overpotential of the electrode reaction and therefore enables 

a lower cell voltage over the 60 minutes of charge. For example, the overpotential of the Ce 

reaction is 0.078 V after 30 min of battery charge when using the original positive electrode, 

whereas it decreases to 0.034 V when using Pt-Ti mesh electrode. The use of the Pt-Ti micromesh 

and Pt-Ti felt electrodes that have even higher surface area further reduces the overpotential to 

~0.001 V. During battery discharge, a much higher CeOH3+ surface concentration is obtained using 

the Pt-Ti mesh electrode compared to the originally used electrode (Figure 7.14C). This higher 

CeOH3+ surface concentration again reduces the concentration overpotential and enables the 

battery to be discharged at a higher voltage and achieve a higher voltage efficiency. The 

overpotential of the Ce reaction after 30 min of discharge is -0.178 V and decreases to -0.044 V 

when the positive electrode is changed from the original to Pt-Ti mesh electrode. A further increase 

of the positive electrode surface area by using the Pt-Ti micromesh leads to an even higher voltage 

efficiency. As before, this improvement is due to the higher surface concentrations of Ce3+ and 

CeOH3+ ions during battery charge and discharge, which lead to lower overpotentials. The 

overpotentials again are reduced to -0.001 V when using Pt-Ti micromesh and Pt-Ti felt as positive 

electrodes. However, although the specific surface area of the Pt-Ti micromesh electrode is ~24 

times higher than the Pt-Ti mesh electrode, the improvement on the voltage efficiency is not 

proportional to the rise in the specific surface area. The voltage efficiency only improves from 

84.3% to 87.3% when the Pt-Ti mesh is replaced by the Pi-Ti micromesh. This is an indication that 

the surface area of the positive electrode is becoming less important for improvement of the battery 

voltage efficiency. In other words, mass transfer of Ce3+ and CeOH3+ ions from the bulk to the 

surface is becoming fast enough to keep up with the rate of consumption by the electrode reactions 

at the surface. Therefore, the concentration gradients of the Ce3+ and CeOH3+ ions close to the 

surface of the positive electrode disappear and can be considered equal to each other, as shown in 

Figure S2 and Figure S3 in the Apendix. Unsurprisingly, the even higher surface area provided by 

the Pt-Ti felt positive electrode does not improve the battery performance any further and the cell 

voltage profile coincides entirely with the curve obtained when the Pi-Ti micromesh is used 
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(Figure 7.14A). In addition, the surface concentrations of Ce3+ and CeOH3+ ions are almost 

identical to those when Pi-Ti micromesh is used as the positive electrode. However, it should be 

noted that pumping cost is expected to increase when using electrodes with finer mesh to achieve 

the same flow rate, although the analysis of pumping cost is outside the scope of this present 

work.212 

The coulombic efficiency improves from 58.3% to 64.1% when the original Pt-Ti positive 

electrode is replaced with the Pt-Ti mesh electrode having larger surface area. When the battery is 

operated using the original Pt-Ti electrode, the Ce3+/CeOH3+ reaction is the limiting reaction since  

~0.25 mol/m2 of the zinc deposit still remains on the negative electrode surface at the end of 

discharge (Figure 7.14D). As discussed previously, this is attributed to the slow mass transfer of 

the CeOH3+ from the bulk to the surface, which results in its complete depletion at the positive 

electrode surface during discharge. It should be noted that the bulk concentration of CeOH3+ is 

still ~0.2 mol/L, which is not available for battery discharge. When the battery is operated with the 

Pt-Ti mesh electrode, a much higher CeOH3+ ion concentration can be maintained at the electrode 

surface during battery discharge and therefore enables the battery to discharge for a longer time. 

As shown in Figure 7.14C and Figure 7.14D, the CeOH3+ concentration is ~0.05 mol/L whereas 

the zinc deposit on the negative electrode has been completely removed by the end of battery 

discharge. Therefore, the negative electrode reaction becomes the limiting half-cell reaction at this 

point. Any further increase of the positive electrode surface area and CeOH3+ surface concentration 

resulting from the use of the Pt-Ti micromesh and felt electrodes has no effect on the coulombic 

efficiency since the battery is now controlled by the negative electrode reaction. 

Figure 7.15 shows the discharge polarization curves of the Zn-Ce RFB using the different positive 

electrodes operated at 50°C and a flow rate of 66 mL/min. The open-circuit voltage of the battery 

when using the different positive electrodes remains the same at 2.42 V in all cases. For the battery 

operating with the original Pt-Ti electrode, the battery becomes mass transfer-limited at a current 

density of ~80 mA/cm2. When the Pt-Ti mesh electrode is used, a much higher current density of 

~200 mA/cm2 can be applied during discharge before the battery becomes mass transfer-limited. 

This improved mass transfer can be attributed to the increase of the positive electrode surface area 

since it is the only parameter that has been changed. When the battery is operated with the Pt-Ti 

micromesh and Pt-Ti felt electrodes that have an even larger electrode surface area, the mass-
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transfer limiting region of the polarization curve disappears entirely. The surface areas of these 

positive electrodes are high enough that mass transfer-limiting conditions are not reached even at 

a current density as high as ~380 mA/cm2. In these cases, the decrease in the cell voltage as the 

applied current density increases is mainly caused by the ohmic losses. High current density-

operation (>300 mA/cm2) is a critical feature for a RFB to be technically feasible for commercial-

scale applications, as shown in a report by Reed et al. of the Pacific Northwest National 

Laboratory.213 Thus, the results shown in these polarization curves reveal the great promise and 

need for the use of an electrode such as Pt-Ti micromesh or felt in a commercial-scale RFB.  
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Figure 7.15. Polarization curves of the Zn-Ce RFB obtained at 323°K and a flow rate of 66 mL/min when 

operated using the original Pt-Ti, Pt-Ti mesh, Pt-Ti micromesh and Pt-Ti felt electrodes. The polarization 

simulation was conducted by first charging the battery at 50 mA/cm2 for 45 minutes to reach an SOC of 

50%, followed by battery discharge for 20s at each of the applied current densities. 

 

7.4.6 Effect of negative electrode thickness 

In the course of our investigation into flow battery performance, we found that the internal 

electrical resistance of the system plays an important role in the efficiency of the battery. For 
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example, a higher resistance increases the required voltage for battery charge and reduces the 

output voltage during battery discharge, which reduces the voltage efficiency. Another 

consideration is that a higher internal resistance leads to a higher energy loss in the form of joule 

heating which is proportional to the resistance. Although our model is developed under the 

assumption that the battery operates under isothermal conditions and the effect of heat generation 

is neglected, the temperature rise during the operation of large-scale RFBs is an important 

consideration that requires the use of a thermal management module to prevent overheating and 

accelerated degradation of the battery components.214 Therefore, minimization of the battery 

internal resistance is beneficial for improving its overall efficiency, power output and battery life-

cycle, all of which are essential for cost-effective energy storage systems. Accordingly, we have 

used the model to investigate approaches to reducing the internal resistance of the system. In order 

to do so, a slight modification to the model is required. As the model has been defined to this point, 

the ohmic resistance in the battery is lumped together as a single term 𝑅𝑡𝑜𝑡𝑎𝑙 in Eqn.(89). The value 

of this overall resistance was taken from the work of Amini and Pritzker.39 In order to investigate 

the various contributions to the overall ohmic resistance, it is necessary to break it down into its 

components: PVE negative electrode, negative electrolyte, membrane, combined positive Pt-Ti 

electrode/electrolyte and other miscellaneous contact points, connections and current collector. 

The ohmic resistance of the PVE negative is given as 

𝑅𝑃𝑉𝐸 =
𝐿𝑃𝑉𝐸
𝜎𝑃𝑉𝐸

 (92) 

where 𝐿𝑃𝑉𝐸 and 𝜎𝑃𝑉𝐸  are the thickness (m) and electrical conductivity (S/m) of the PVE electrode, 

respectively.   

 

Of these quantities, we have measured the resistances of the PVE negative electrode, negative 

electrolyte and combined positive electrode/electrolyte directly while the value for the membrane 

is available in the literature. The ohmic resistance of the miscellaneous contact points and 

connections is obtained from the difference between the overall resistance as measured by Amini 

and Pritzker39 and the sum of the other components above. 
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Figure 7.16. Breakdown of the contribution of the different components in the Zn-Ce RFB to its total ohmic 

resistance based on measurements and the model. 

 

Table 7.7. Ohmic resistances of the different components of the Zn-Ce RFB based on measurements and 

the model. 

Symbol Component 
Area resistance 

(ohm-m2) 

𝑅𝑡𝑜𝑡𝑎𝑙 Total 4.50 × 10−4 

𝑅𝑃𝑉𝐸 PVE negative electrode 3.85 × 10−4 
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𝑅𝑛𝑒𝑔 Negative electrolyte 3.87 × 10−6 

𝑅𝑚𝑒𝑚 Membrane 1.27 × 10−5 

𝑅𝑝𝑜𝑠 Combined positive electrode + 

positive electrolyte 
3.45 × 10−6 

𝑅𝑟𝑒𝑠𝑡 Miscellaneous components, contact 

points, current collectors 
4.47 × 10−5 

 

As shown in Figure 7.16, the PVE negative electrode is by far the largest contributor to the overall 

resistance of the Zn-Ce RFB used in our experiments by accounting for 86% of the total. This 

stems from its relatively low electrical conductivity and its thickness of 6 mm. The ohmic 

resistances of the negative electrolyte, Nafion 117 membrane and combined positive 

electrode/electrolyte listed in Table 7.7 combine for only ~ 4.4% of the total battery resistance. 

The resistance Rrest from other sources such as the connecting wires, contact resistance between 

electrodes and current collectors make up ~ 10% of the total.  

The purpose of the PVE negative electrode is to conduct electricity and provide a substrate for zinc 

deposition to occur. Therefore, an ideal negative electrode should have proper mechanical strength 

with superior conductivity to minimize undesired voltage loss. Based on Figure 7.16, the simplest 

and most effective way to minimize the overall resistance of the Zn-Ce RFB would be to reduce 

the resistance of the PVE electrode. Given that the original PVE electrode is unnecessarily thick 

(6 mm), a lower electrode resistance can be easily achieved by using a thinner PVE electrode. The 

cell voltage of a single charge-discharge cycle of the Zn-Ce RFB has been determined using the 

model for the cases when the battery is operated with PVE electrodes having the original 6 mm-

thickness, a thickness that is a factor of 0.5 of that of the original and a thickness that is a factor of 

0.1 of the original electrode. The resistance of the PVE negative electrodes with different thickness 
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is calculated according to Eqn.(92). The variation of the cell voltage for a battery operated with 

PVE electrode having different thicknesses (denoted as Original PVE, 0.5 PVE and 0.1 PVE) are 

plotted in Figure 7.17.  
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Figure 7.17. Effect of the thickness of the negative PVE electrode on the cell voltage obtained during 

charge and discharge of the Zn-Ce RFB. The charge-discharge cycles are conducted at a current density 

of 25 mA/cm2, temperature of 323°K, charge duration of 1 hour, electrolyte flow rate of 66 mL/min. The 

negative electrolyte contains 1.5 mol/L Zn2+ in 1 mol/L MSA and the positive electrolyte contains 0.8 

mol/L Ce3+ in 4 mol/L MSA at the start of the cycle.  

 

Not surprisingly, the results in Figure 7.17 show that the charge voltage of the battery is the highest 

and the discharge voltage is the lowest when the original PVE electrode is used. As the thickness 

of the PVE electrode decreases from the original to ×0.1 thickness, the charge voltage decreases 
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by 0.082 V to a value of 2.498 V. At the same time, the average discharge voltage obtained when 

the thinnest PVE electrode is used is found to be 2.138V, which is 0.087 V higher than when the 

original PVE is used in the battery. The voltage efficiencies of the battery operating with the PVE 

negative electrode that is 0.5× and 0.1× of the original thickness are 82.7% and 85.6% respectively, 

compared to 79.3% with the original thick PVE electrode. This improvement in voltage efficiency 

by simply reducing the thickness of the PVE negative electrode is viable and cost-effective. Since 

PVE is sufficiently sturdy, the use of a thin PVE electrode that is 0.6 mm thick would be strong 

enough to withstand the compression when assembling the Zn-Ce RFB. Since the only change of 

the battery is the thickness of the PVE electrode and the associated resistance, this improvement 

in battery voltage efficiency could solely be attributed to the improved PVE electrode design that 

has lower electrical resistance. As expected, the results of the simulations in Figure 7.17 show that 

the coulombic efficiency of the battery is not affected by the thickness of the PVE electrodes that 

has no influence on factors such as electrode reaction kinetics or mass transport.  

The polarization curves of the Zn-Ce RFB when the PVE negative electrodes with the different 

thicknesses are used have been simulated and plotted in Figure 7.18. Not surprisingly, the battery 

becomes mass transfer-limited at ~80 mA/cm2 in all cases since mass transfer of species within 

the cell is unaffected by the thickness of the negative electrode. However, it is clearly seen that the 

ohmic loss is reduced when thinner PVE with lower resistance is used as the negative electrode. 

When the Zn-Ce RFB is operated at a current density of 50 mA/cm2, the discharge cell voltage is 

2.18V when using PVE with ×0.1 of the original thickness, which is higher than 2.10V and 2.00V 

achieved using PVE with ×0.5 and the original thickness, respectively. This is beneficial to battery 

performance since a higher cell voltage, lower energy loss and larger power output can be achieved 

during discharge at the same applied current density. 
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Figure 7.18. Effect of negative PVE electrode thickness on the discharge polarization curves of the Zn-Ce 

RFB operating at 323°K. The polarization simulation is done by first charging the battery at 50 mA/cm2 for 

45 minutes to reach an SOC of 50%, followed by battery discharge for 20s at each of the applied current 

densities.  

   

The use of another material that is inexpensive and has high chemical and mechanical stability, 

electroactivity and conductivity as the negative electrode is obviously also worth investigating. 

For instance, the cell voltage of the Zn-Ce RFB when using Ti sheet as the negative electrode 

material with a thickness equivalent to that of 0.1 PVE (denoted as 0.1 Ti) has been modeled under 

the otherwise identical conditions to those used to generate the plots shown in Figure 7.17 and 

Figure 7.18. The evolution of the cell voltage during the 1st charge-discharge cycle and polarization 

curves obtained for RFBs containing the original PVE and 0.1 PVE are determined under the 

assumption that all other properties of the battery such as electrode kinetics and flow rate remain 

the same. As shown in Figure 7.19, the overall battery resistance is the lowest when the Ti sheet is 

used as the negative electrode and any further decrease of the resistance can come only from other 

components such as the membrane and wire connections. The model calculations show that the 

voltage efficiency is further increased to 86.3% compared to 85.6% achieved using PVE with ×0.1 

of the original thickness. This is only a small improvement despite the fact that the conductivity 
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of Ti (2.0 × 106 S/m) is much higher than that of PVE (15.58 S/m). Examination of the data from 

the model simulations provides an explanation for this small effect. The ohmic resistance of the 

negative PVE electrode is a significant contributor to the overall ohmic resistance and voltage 

losses when its thickness is 6 mm, but not when it is 0.6 mm. Thus, the shift from PVE to Ti as the 

negative electrode when both have a thickness of 0.6 mm has only a small effect on the overall 

performance of the battery. Other factors such as the activation and concentration overpotentials 

at the two electrodes would have to be addressed in order to achieve significantly higher voltage 

efficiency. For the same reason as above, the polarization curve of the battery that employs a Ti 

negative electrode is virtually identical to the one obtained when 0.1PVE is used (Figure 7.18). 
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Figure 7.19. Resistance of different negative electrodes. 
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Chapter 8 Conclusions and Recommendations for Future Work 

 

8.1 Conclusions 

This work focused on the improvement of the performance of redox flow batteries that are based 

on Zn(0)/Zn(II) and Ce(III)/Ce(IV) chemistries. The thesis contains 8 chapters in total. Chapter 1 

is an overview of the flow battery technology and the research objectives of this work. In Chapter 

2, a comprehensive literature review of the development of redox flow batteries are presented and 

redox flow batteries that utilize different redox couples have been introduced. Particular attention 

has been focused on the evaluation of the kinetics of negative and positive electrode reactions and 

the overall performance of Zn-Ce RFBs. In addition, the challenges that the Zn-Ce system is 

currently facing have been identified, which need to be satisfactorily addressed for further battery 

performance improvement. The previous research on the modeling of redox flow batteries at 

different levels such as market-level, stack-and-system level, cell-level and material-level is 

reviewed. Chapter 3 described the details of the full-cell and half-cell experiments used in this 

study and the battery performance metrics used in this work. 

In Chapter 4, we show that the use of 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid as the supporting 

positive electrolyte has good promise for improving the long-term operation of Zn-Ce RFBs. This 

can be attributed to the fact that less H+ is transported from the positive side to the negative side 

due to a smaller H+ concentration gradient, which leads to less of the undesired H2 evolution side 

reaction at the negative electrode and a higher acidity in the positive electrolyte throughout battery 

operation. Furthermore, the higher Ce(IV) solubility in 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid 

enables a higher Ce(IV) concentration to exist in the positive electrolyte for battery discharge. This 

also explains the observation the positive electrode reaction is no longer the limiting half-cell 

reaction during discharge when 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid is used as the positive 

supporting electrolyte. This leads to much less polarization during charge and discharge, 

particularly at the positive electrode. In addition, battery performance remains much more stable 

over the course of 40 charge-discharge cycles with much less capacity fade than in the case when 

the cell is operated with 4 mol/L MSA in the positive electrolyte. Therefore, a Zn-Ce RFB 

operating with 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid positive supporting electrolyte would 
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be expected to outperform a Zn-Ce battery operating with the original 4 mol/L MSA in a 

commercial grid-scale energy storage cell. 

In Chapter 5, the crossover of different electroactive species across the Nafion 117 membrane in a 

Zn-Ce redox flow battery operated with 4 mol/L MSA and 2/0.5 MA mixed acid supporting 

electrolytes at 25 mA/cm2 is monitored for the first time over 30 consecutive charge-discharge 

cycles. These measurements reveal that the gradual battery capacity decay is caused by the 

crossover of Zn(II) from the negative to the positive electrolyte and H+ from the positive to the 

negative electrolyte. Therefore, we intentionally add Zn(II) to both positive supporting electrolytes 

at the outset of battery operation with the intention of reducing ion crossover. The crossover of 

Ce(III), Ce(IV) and Zn(II) and H+ has been studied in detail during the course of 30 consecutive 

charge-discharge cycles at 25 mA/cm2 when the Zn-Ce redox flow battery was operating with 

positive electrolytes containing 0.8 mol/L Ce and each of the following supporting components: 4 

mol/L MSA, with 0.6 mol/L Zn(II) in 4 mol/L MSA, 2/0.5 MA and 0.4 mol/L Zn(II) in 2/0.5 MA. 

Our results show that the net transfer of each ion over the cycle is mainly determined by its own 

concentration gradient across the membrane and not affected by the flux of other ions. The addition 

of Zn(II) ions is found to be beneficial for both MSA and MSA-H2SO4 mixed acid supporting 

electrolytes by reducing the extent of Zn(II) crossover from the negative side to the positive side 

and enabling the Zn(II) concentration in the negative electrolyte to remain at higher levels. This 

makes Zn(II) reduction more competitive relative to H2 evolution during charge than otherwise 

possible and leads to higher columbic and voltage efficiency during battery operation and a 

considerably slower degradation in battery performance over successive charge-discharge cycles. 

Furthermore, CV experiments reveal that the addition of Zn(II) ions improves the reaction kinetics 

of the Ce(III)/Ce(IV) redox couple and suppresses O2 evolution on the positive electrode. The 

maximum energy efficiency of 62.5% is achieved at 25 mA/cm2 by adding 0.4 mol/L Zn(II) to the 

2/0.5 MA positive electrolyte, compared to 56.4% when no Zn(II) is added. In the case of 4 mol/L 

MSA positive supporting electrolyte, the energy efficiency of the battery increases from 38% to 

57.7% when 0.6 mol/L Zn(II) is added to the electrolyte. The use of this simple and effective 

method to reduce undesired ion crossover can also be applied to other systems to mitigate the non-

ideal behaviour of the ion exchange membranes. Although the addition of Zn(II) to both MSA and 

MSA-H2SO4 mixed acid leads to higher battery efficiency at lower current densities based on the 

efficiencies obtained over 30 cycles, polarization experiments reveal that the advantage of the use 
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of these Zn(II)-containing positive electrolytes disappears at high currents when the battery 

operates under mass-transfer conditions likely due to their high viscosities.  

In Chapter 6, we investigate two methods to regenerate the positive electrolyte by converting 

Ce(IV) that accumulates in the positive electrolyte to Ce(III) with the goal of improving the overall 

battery efficiency. The first regeneration method utilizing RuO2 as a catalyst improves the voltage 

efficiency from 71.1% to 77.8% over 16 charge-discharge cycles. However, the coulombic 

efficiency declines from 74.1% to 57.8% due to the leakage of RuO2 catalyst through the porous 

filter into the positive electrolyte. On the other hand, the use of H2O2 to regenerate the positive 

electrolyte shows excellent promise for the Zn-Ce RFB system. The H2O2 is introduced simply to 

the positive electrolyte using a pipette, which is much easier to operate and control compared to 

the complications associated with the additional catalytic bed and electrolyte circulation system 

required for the RuO2 method. Charge-discharge cycle experiments show that the coulombic 

efficiency improves from 63.7% to 68.3%, due to the implementation of this regeneration method. 

This improvement mainly occurs over the last 15 charge-discharge cycles when the positive 

reaction is the limiting reaction. Compared to coulombic efficiency, the voltage efficiency due to 

regeneration is improved even more from 56.8% to 76.1%, with no apparent drop in voltage 

efficiency over the course of the 30 charge-discharge cycles. It is worth noting that these two 

positive electrolyte regeneration methods can also be seamlessly applied to other Ce-based RFBs 

such as V-Ce and Br-Ce RFBs. In addition, due to the simplicity and efficient nature of the 

regeneration method that use H2O2, this method should be very promising for extending the 

lifespan of the positive electrolyte in real-life applications and reducing the overall operating costs. 

In Chapter 7, a transient 2-D model accounting for the crossover of different electroactive species 

through the membrane is developed. This model includes all three modes of transport (migration, 

diffusion and convection) coupled with the electrode kinetics of the Zn/Zn(II) and Ce(III)/Ce(IV) 

redox couples as well as the HER and OER side reactions. An extensive set of experimental data 

consisting of the evolution of the cell voltage, negative electrode potential, positive electrode 

potential and the concentrations of the various dissolved species in the two compartments over the 

course of 5 consecutive charge-discharge cycles of the RFB obtained in our laboratory is used to 

validate the model. The validated model is then used to simulate the battery behaviour over 5 

charge-discharge cycles and provide detailed information such as the evolution of the electrode 
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overpotential and the concentrations of the dissolved species over time and the molar flux of each 

species through the membrane at different current densities. In addition, the performance of a Zn-

Ce battery operating with positive electrodes that have higher surface area and finer pore structure, 

thinner negative electrodes and various electrolyte flow rates has been investigated. It is found that 

higher flow rates enable a more efficient supply of reactants and removal of products between the 

bulk electrolyte and electrode surface, which reduces electrode overpotential and improves voltage 

efficiency. The voltage efficiency increases from 79.3% to 87.3% when the positive electrode is 

changed from the original Pt-Ti mesh to a Pt-Ti felt that has larger surface area due to the reduction 

in the overpotential in both the anodic and cathodic directions of the Ce(III)/Ce(IV) reaction.  More 

importantly, the model calculations show that a high surface area positive electrode such as a 

micromesh or felt material is required in order for the battery to operate at the high current densities 

required for commercial-scale energy storage applications. The use of a highly conducting and 

mechanically strong material such as stainless steel or a titanium sheet as the negative electrode is 

a simple and effective method to improve battery performance. To the best of our knowledge, the 

comparison between experimental data and model calculations carried out in this study is the most 

extensive one for a RFB system that has been reported to date. The model should serve as a useful 

basis for the future design of Zn- or Ce-based RFBs with the aim of further improving their 

performance. 

 

8.2 Future work 

8.2.1 Inhibition of HER 

As shown in Chapter 4, the parasitic HER occurring on the negative electrode surface during 

battery charge is detrimental to battery performance by reducing the coulombic efficiency and 

accelerating the accumulation of Ce(IV) in the positive electrolyte that leads to capacity decay. 

Therefore, inhibition of the HER is one of the most critical challenges that must be addressed to 

ensure the success for Zn-Ce RFBs. A promising method is the modification of the negative 

electrode itself by coating the high conductivity electrode bulk material with a surface that have 

low catalytic activity for HER. For example, Tian et al. found that the HER in acidic electrolyte 

media could be inhibited by coating stainless steel with polypyrrole.215 Also, the addition of soluble 
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organic reagents such as sodium dodecyl sulfate (SDS), dimethyl sulfoxide (DMSO) and 1,2-

dimenthoxyethane (DME) to aqueous electrolyte was also found to effectively suppress the 

HER.216 Therefore, studies on the addition of HER inhibitors to the negative electrolyte and the 

modification of negative electrode surface are highly recommended for improving overall battery 

performance. 

 

8.2.2 Optimization of positive electrolyte composition 

Further experiments aimed at optimizing the positive electrolyte composition are warranted. This 

includes the determination of the actual solubility of Ce(III) and Ce(IV) in the 2 mol/L MSA-0.5 

mol/L H2SO4 mixed acid electrolyte and changes in Ce(III) and Ce(IV) concentrations during the 

course of long-term battery operation. In addition, future experiments can be conducted to 

investigate the use of other MSA-H2SO4 mixed acid compositions as positive supporting 

electrolyte that exhibit even higher Ce(III)/Ce(IV) solubility and lead to faster Ce(III)/Ce(IV) 

reaction kinetics with lower acidity. The possibility of other acid choices such as phosphoric acid 

and hydrochloric acid should also be considered and evaluated via half-cell and full-cell 

experiments. It would also be helpful to measure the exchange current density and standard rate 

constant for the Ce(III)/Ce(IV) redox couple in the above mentioned electrolytes to obtain more 

quantitative knowledge of the electrochemical reaction properties. 

 

8.2.3 Minimization of undesired ion crossover 

Our focus in Chapter 5 was on the positive electrolyte composition and so we made no effort to 

modify and/or optimize the other components of the battery such as the electrodes, membrane or 

negative electrolyte composition. Given the success of adding Zn(II) to the positive electrolyte, 

future work should focus on the addition of Ce(III) to the negative electrolyte to reduce its 

crossover from the positive electrolyte and maintain the total soluble Ce concentration in the 

positive electrolyte at higher levels.  
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The results of Chapter 5 also point to the critical role that ion crossover plays in battery operation 

and underscores the need to develop highly selective membranes. Currently, Nafion membranes 

are the most popular membrane used in RFBs for their superior mechanical and electrochemical 

durability in highly acidic and oxidizing conditions, although the selectivity of Nafion membranes 

is moderate. Therefore, the development of durable cation exchange membranes with better ion 

selectivity would be very beneficial for the improvement of battery efficiency and reduce battery 

capacity decay, especially over long-term operation. In addition, the use of anion exchange 

membrane to replace cation exchange membranes could also benefit the battery efficiency by 

reducing the transfer of H+ from the concentration electrolyte to the diluted one. Our preliminary 

results as well as the work published by Amini and Pritzker showed that the use of anion exchange 

membrane can reduce the transfer of H+ from the positive to the negative electrolyte and therefore 

improve coulombic efficiency of the battery.38 However, these anion exchange membranes were 

not designed to be operated in such highly acidic and oxidizing conditions as in the positive 

electrolyte and so they were permanently damaged early during operation. Therefore, the 

fabrication of durable anion exchange membranes would also be critical to achieve better 

performance and slower capacity decay. 

 

8.2.4 Further improvement of multi-physics model 

In Chapter 7, the crossover of electroactive species such as Zn(II), Ce(III) and Ce(IV) was 

incorporated into the model, which provided more information regarding the performance of Zn-

Ce RFB. However, the model was fitted to data for only the first 5 of the 30 charge-discharge 

cycles conducted in our experiments using 4 mol/L MSA in the positive electrolyte due to the 

precipitation of Ce(IV) which began to occur during the 6th cycle. It would obviously be desirable 

to validate the model against a larger experimental data set obtained over many more cycles so 

that it can be used to simulate long-term battery performance. In addition, the phenomena of 

osmotic and electro-osmotic transfer of water across the membrane and Ce(IV) precipitation in the 

electrolyte should be incorporated into the model particularly since their effects on battery 

performance become increasingly more important as the duration of battery operation is further 

extended. It would also be useful to validate the model against other experimental data collected 
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in this study such as when 2 mol/L MSA-0.5 mol/L H2SO4 mixed acid was used in the positive 

electrolyte and Ce(IV) precipitation did not occur.  

 

8.2.5 Regeneration of positive electrolyte 

Charge-discharge cycle experiments showed that the coulombic efficiency was improved from 

63.7% to 68.3% due to the implementation of positive electrolyte regeneration using H2O2. The 

voltage efficiency has improved from 56.8% to 76.1% and no apparent decrease in voltage 

efficiency was found throughout the 30 charge-discharge cycles. However, a decrease in the 

coulombic efficiency was observed during the cycles immediately after electrolyte regeneration. 

This shows that the system was negatively affected when the battery operation was paused in order 

to measure the Ce(IV) concentration and regenerate the positive electrolyte.  

Therefore, the development of an electrolyte regeneration method that can be implemented without 

pausing battery operation is desirable. One solution to solve this problem is to use another 

electrolyte reservoir for the electrolyte regeneration reaction to occur without the requirement to 

pause the charge-discharge cycle. The Ce(IV) concentration would first be measured and the 

required volume of H2O2 estimated based on the Ce(IV) concentration near the end of battery 

discharge. Then the battery would proceed to the next charge cycle without pause. During the 

subsequent battery charge, a certain portion of the positive electrolyte in the electrolyte tank could 

be transferred to the regeneration reservoir and a small amount of H2O2 added to reduce Ce(IV) 

back to Ce(III). The addition of H2O2 would be immediately stopped when the electrolyte in the 

reservoir becomes colourless to prevent the addition of any excess amount of H2O2 to the reservoir. 

Then the electrolyte in the reservoir would be transferred back to the electrolyte tank, followed by 

the transfer of a new portion of untreated positive electrolyte from the tank. This process would be 

repeated several times until the total required volume of H2O2 is completely added. In this way, 

the regeneration process could be operated without the need to pause the battery, while ensuring 

that H2O2 is introduced into the positive electrolyte. Another possible method to avoid the need of 

pausing for electrolyte regeneration relies on the use of equipment that enables the real-time 

measurements of Ce(IV) ions in the electrolyte, such as ion-selective electrodes and portable 

spectrophotometry-based devices. Once the Ce(IV) concentration in the electrolyte can be 
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determined at short time intervals (i.e. every 10 mins) regardless of battery charging or discharging, 

the amount of H2O2 solution needed to rebalance the electrolyte could be estimated accordingly 

and added to the electrolyte after each measurement. As such, the Ce(IV) concentration in the 

positive electrolyte can be precisely controlled throughout the battery operation to make sure no 

precipitation occur and the oxygen bubbles will not be likely to enter the cell and disturb electrode 

reaction due to small volume of H2O2 to be added. 

In our studies, battery operation was also paused prior to positive electrolyte regeneration to ensure 

that the reaction was completed within the electrolyte tank and that O2 bubbles generated during 

regeneration did not accumulate in the positive electrolyte and inhibit transfer of reactants and 

products to and from the positive electrode surface. This problem was exacerbated by the relatively 

small volumes of the negative and positive electrolyte (30 mL each) in our RFB, which were used 

partly for convenience to reduce the total number of charge-discharge cycles before changes in its 

capacity would become evident. Fortunately, this will not be a concern in a commercial-scale 

operation where the battery is operated with a high electrolyte volume-to-electrode surface area 

ratio. When a commercial-scale battery with a large electrolyte volume is operated, the Ce(IV) 

concentration will still be measured and the volume of H2O2 solution needed estimated near the 

end of battery discharge prior to regeneration, as was done in the current study. However, 

regeneration of the electrolyte in the positive reservoir tank could now be conducted during the 

charge step of the subsequent cycle without the need to pause the battery operation. Since the 

regeneration reaction is extremely fast and the total volume of the electrolyte is large, the reaction 

will be completed and the added H2O2 will be totally consumed before the electrolyte reaches the 

positive compartment of the battery. In this way, any disruption due to electrolyte regeneration 

would be avoided. 

 

8.2.6 Low-cost positive electrode material 

The Ce(III)/Ce(IV) redox couple exhibits good kinetics on Pt-Ti mesh and carbon felt electrodes. 

However, the high cost of platinum and low stability of carbon felt are major challenges for their 

use in commercial-scale applications. Therefore, the development of positive electrode materials 

that have both high electrochemical activity for the Ce(III)/Ce(IV) redox couple and excellent 
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stability in a highly acidic and oxidizing environment would be very beneficial for the commercial 

application of Ce-based RFBs. The commercially available material termed Ebonex® with the 

general formula of TinO2n-1 (3<n<10) has been shown to exhibit high conductivity, chemical 

stability and catalytic activity.118 It has also been shown that Ebonex® coated with only 2 mg/cm2 

of Pt can achieve similar electrochemical activity for a number of redox couples as does a pure Pt 

electrode.120 Consequently, a 3-D mesh electrode made with pure Ebonex® or Ebonex® coated with 

only a minimal amount of Pt could be very promising to replace the Pt-Ti mesh electrodes with a 

Pt loading of 7 mg/cm2 to reduce the total cost when used for large-scale applications. In addition, 

since Ebonex® is a mechanically strong and hard material similar to a ceramic material, it can be 

manufactured into a micromesh structure with very high specific surface area, which is promising 

for use as positive electrode in Ce-based RFBs. 
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Appendix 

 

Figure S1. Effect of zinc(II) methanesulfonate addition on the cyclic voltammograms for the oxygen 

evolution reaction in (A) 4 mol/L MSA and (B) 2/0.5 MA in the absence of Ce(III)/Ce(IV) ions. 

Scan rate = 50 mV/s. 
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Figure S2. Comparison of computed surface and bulk Ce(III) concentrations in the positive 

compartment when Pi-Ti micromesh positive electrode is used. 
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Figure S3. Comparison of computed surface and bulk Ce(IV) concentrations in the positive 

compartment when Pi-Ti micromesh positive electrode is used. 

 


