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Abstract

Redox flow batteries (RFBs) are one of the promising technologies for large-scale energy storage appli-

cations. For practical implementation of RFBs, it is of great interest to improve their efficiency and reduce

their cost. One of the key components of RFBs that can greatly influence the efficiency and final cost is

the electrode. The chemical and structural nature of electrodes can modify the kinetics of redox reactions

and the accessibility of the electroactive species to available active sites. The ideal electrocatalyst for RFBs

must have good activity for the desirable redox reaction, provide a high surface area and exhibit sufficient

conductivity and durability over repeated use. One strategy is to coat the electrode with metal and metal

oxide electrocatalysts. Metal electrocatalysts have the advantage of high conductivity, while metal oxide

catalysts are usually less expensive and so more economically attractive. In order to gain a better under-

standing of the performance of the electrocatalysts in RFBs, a comprehensive review of the progress in the

development of metal and metal oxide electrocatalysts for RFBs is provided and a critical comparison of the

latest developments is presented. Finally, practical recommendations for advancement of electrocatalysts and

effective transfer of knowledge in this field are provided.
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1. Introduction

According to the U.S. National Oceanic and Atmospheric Administration (NOAA), the hottest July on

Earth in recorded history occurred in 2019. [1] The need to decarbonize the world economy has become so

clear that, as reflected in a recent major survey conducted by the Pew Research Center, the general public in

many countries around the world has named global climate change as a major threat to their nation. [2] From

an engineering standpoint, it is apparent that any renewable energy system will require large-scale energy

storage. A reliable storage unit should be able to store the energy obtained from intermittent renewable

sources such as solar and wind power and discharge it as required. The development of efficient energy

storage systems will also enhance the performance and robustness of the electrical grid by storing the excess

electrical power when energy demand is low and releasing it during on-peak periods (i.e., load balancing). [3]
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A cost-effective energy storage device can also be used for peak shaving at industrial and commercial sites

to significantly reduce utility costs. [3] It can also serve as an uninterruptible power supply (UPS) to provide

electrical power to a load when the main power source fails. [3]

One of the most promising technologies for electrochemical energy storage devices are redox flow batteries

(RFBs). [4] In contrast to conventional batteries in which the electroactive species are stored inside the

cell and constitute the electrode, the electrochemically active species for each electrode in an RFB are

dissolved in electrolytes and stored in separate external tanks. The electrolytes are then pumped through

the cell containing the electrodes, on which the redox reactions occur. [4] The negative and positive half-cells

usually are separated into different compartments by an ion-exchange membrane to prevent cross-over of the

electroactive species. Figure 1 shows a schematic of a typical redox flow battery.
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Figure 1: Schematic of a redox flow battery.

Since the active materials in RFBs are stored in electrolytes and not internally in the electrodes, the cell

energy and power can be scaled up independently. [5] The power density of RFBs is controlled by the size of

the electrodes in the cell, while the energy density of the battery is determined by the size of the external

storage tanks and electrolyte volume. [5] Additionally, storage of the electroactive species in the electrolyte
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rather than the electrodes usually enables RFBs to operate for a longer life with less maintenance than

conventional static batteries since the electrode is not undergoing any chemical or physical change during

operation.

Among the components of the redox flow batteries shown in Figure 1, electrodes are of particular im-

portance. The positive and negative electrodes provide the active sites for the redox reactions occurring

in the battery and can alter the kinetics and the reversibility of the employed redox couples. Additionally,

the structure of the electrode can affect the concentration and activation overpotentials which directly in-

fluence the voltage efficiency of the battery. Hence, a tremendous amount of research is currently focused

on the development of stable, low resistance and inexpensive electrode materials for RFBs. [6–11] Although

RFBs based on different chemistries including iron-chromium, [12–14] zinc-bromine, [15] all-vanadium, [16–19]

zinc-cerium, [20–22] all-iron, [23] polysulfide-bromine [24] and organic-based species [25,26] have been proposed,

the majority of the studies on electrode development have focused on RFBs based on vanadium chemistry.

All-vanadium RFBs are the most popular because vanadium species are used in both half-cells and thus in the

event of cross-contamination, the solution can be regenerated by recharging or rebalancing the electrolytes. [27]

In all-vanadium redox flow batteries, graphite felt (GF) is the typical material used for both the negative

and positive electrodes. [9] GF is a low-cost electrode that has a low electrical resistance with good mechanical

and chemical stability. Nevertheless, GF exhibits low kinetic activity and poor reversibility especially on the

positive side where the VO2+/VO+
2 redox reaction occurs. [28] This adversely affects the power density of the

battery and its overall cost. Attention has thus been focused on modifying these electrodes and enhancing

their electrochemical activity for all-vanadium redox flow batteries. [29] The early modifications included acid

treatment of the electrode in concentrated and hot H2SO4 and HNO3 solutions [30] and thermal treatment

(e.g. 30 hours at 400◦C in air [31]). Subsequently, other treatment strategies were proposed to increase the

hydrophilicity of the electrode surface to enhance its wettability to the electrolyte and improve electrochemical

activity due to better solid-electrolyte contact. These methods include immersion of the electrode in a H2O2

solution containing a ferrous salt (i.e., Fenton reagent), [32] plasma [33] treatment and microwave treatment. [34]

Although effective at activating carbonaceous electrodes, these methods are difficult to apply for large scale

applications due to the use of highly corrosive and oxidative acidic solutions, requirement to heat the solutions,

which is energy intensive, and the fact that these treatments would have to be done in batches which is time-

consuming.

Another strategy to improve the electrode activity is to deposit or coat the electrode with carbon-based or

metal-based derivatives which increase the active surface area and/or provide some catalytic activity. Carbon-

based derivatives such as carbon nanoparticles, carbon nanotube, graphene and graphene oxide enhance the

surface area of the electrode and provide high conductivity. The degree of improvement depends on the syn-

thesis process, distribution, uniformity and stability of the material. A techno-economic assessment of carbon

felt and carbon fiber electrodes for RFBs [35] and summary of the application of carbon materials in RFBs [36]

have been published previously. In their review, Chakrabarti and co-workers emphasized the importance of

investigating the mechanical, thermal and electrochemical degradation of carbon-based electrodes over long
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battery operation. [36] Compared to these carbon-based materials, precious metals are superior catalysts for

the vanadium redox reactions. [37] Metal oxides have also emerged as promising electrocatalysts since they

are less expensive alternatives than precious metals. In 2015, Kim and co-workers [29] published a review of

electrodes and reaction mechanisms that discussed the progress of both carbon and metal-based electrodes

for VRFB applications. Since their review, new research papers have been published on the fabrication

and performance of metal electrocatalysts for VRFBs. At same time, the interest in the use of metal oxide

electrocatalysts has grown dramatically. This can be seen in the historical flow charts presented in the next

section (Figure 5 and Figure 6). Thus, the recent progress on both metal and metal oxide electrodes requires

an updated review. To the best of our knowledge, no prior reviews have focused on metal oxide catalysts or

a summary and comparison of the performances of metal and metal oxide catalysts for RFB applications.

Accordingly, this review is aimed at providing an overview of the recent developments in both metal and

metal oxide electrocatalysts. Additionally, a detailed comparison of the electrode performances in full cells

is provided. Since the majority of the papers published on this subject have been aimed at catalyst for the

vanadium redox system, the main focus of this review is on all-vanadium chemistry. A number of studies have

been carried out on the use of metal and metal oxide electrodes for cerium-based redox flow batteries and

so are also described here. Finally, we include a critical examination and discussion of the approaches and

assumptions that have formed the basis for the many of the published analyses of electrocatalyst performance

in RFBs. Based on this, we provide some useful recommendations for future research on this topic.

2. All-Vanadium RFB

The all-vanadium RFB takes advantage of the ability of vanadium to exist in 4 different oxidation states

(+2, +3, +4 and +5) when dissolved in aqueous solutions, a feature shared with uranium and neptunium

redox couples, [38,39] but these have other obvious drawbacks. In the negative half-cell of the VRFB, V3+ is

reduced to V2+ during charge and the reverse oxidation of V2+ to V3+ occurs during discharge:

V3+ + e−
charge−−−−−−⇀↽−−−−−−

discharge
V2+ E0 = −0.26V SHE. (1)

On the positive side, V4+ is oxidized to V5+ during charge and is reversed during discharge, i.e.,

VO2+ + H2O
charge−−−−−−⇀↽−−−−−−

discharge
VO2

+ + 2 H+ + e− E0 = +1.00V SHE. (2)

The standard open-circuit potential of the battery based on the vanadium reactions is 1.26 V at 25◦C.

Due to the negative electrode potential of the V2+/V3+ redox reaction, hydrogen evolution reaction

(HER) occurs to some extent as a side reaction on the negative electrode. It has been reported that the onset

potential of the HER is shifted to the more negative potential of -0.3 V SHE in the presence of V3+ and 2 M

sulfuric acid electrolyte. [40] Thus, the HER competes with the vanadium redox reaction on the negative side,

but V(III) reduction remains the preferred reaction. On the other hand, operation at higher temperature,
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acid concentration and state of charge can lead to a higher rate of hydrogen evolution. [41] Additionally,

oxygen evolution can occur on the positive electrode during charge:

2 H+ + 2 e−
charge−−−−→ H2 E0 = 0.00V SHE. (3)

2 H2O
charge−−−−→ 4 H+ + O2 + 4 e− E0 = +1.23V SHE. (4)

As evident in reaction 2, the positive redox reaction involves the transfer of oxygen. A reaction mechanism

for this redox reaction on a graphite surface consisting of 3 steps was first proposed by Sun and co-workers. [31]

Briefly, the first step consists of the transfer of VO2+ from the bulk solution to the surface of the electrode

followed by ion exchange with a hydrogen ion on the phenolic groups of the graphite substrate. The second

step is the electron transfer from VO2+ to the electrode and the transfer of oxygen from C−O groups to

VO2+ to form VO+
2 . The third step is the exchange of VO+

2 with H+ in the solution and the diffusion of

VO+
2 into the bulk solution. These steps are summarized in Figure 2.

Figure 2: Proposed mechanism of VO2+/VO+
2 redox reaction. [31]
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Figure 3: Proposed mechanism of V2+/V3+ redox reaction. [31]

A similar reaction mechanism was proposed for the negative V3+/V2+ redox reaction, albeit without

oxygen transfer (Figure 3). In 2010, Yue and co-workers [42] reported that the V3+/V2+ redox reaction

strongly depends on the hydroxyl functional groups present at the surface of the electrode.

Several studies have been conducted on the electrochemical reaction kinetics of both the V(II)/V(III) and

V(IV)/V(V) redox reactions to identify the limiting reaction in all-vanadium RFBs on graphite electrodes,

but have reached conflicting conclusions. Earlier studies on this subject found that the V(IV)/V(V) reaction

has a lower rate constant compared to that of V(II)/V(III) and thus V(IV)/V(V) would be expected to

limit the performance of the battery. [43–45] These earlier studies were done ex-situ using cyclic voltammetry

and Tafel analysis. However, more recent research has shown that the V(II)/V(III) reaction is actually

considerably slower than the V(IV)/V(V) reaction, [39,45–48] indicating that focus should be shifted toward

catalyzing the negative redox reaction in all-vanadium RFBs. Some of these studies determined the rate

constant of the reactions in-situ by using reference electrodes in the setup during battery operation. [45,47]

Nonetheless, many efforts to improve the kinetics of both the V(II)/V(III) and V(IV)/V(V) redox reactions

by modifying the corresponding electrode material with catalysts have been reported in the literature.

Given the conflicting reports regarding the limiting redox reaction, it is not surprising that little agreement

has been reached on the magnitude of the relative activities as measured by the ratio of the rate constant of

the positive reaction to that of the negative reaction on graphite electrodes. Ratios over a very wide range

from 0.15 to 150 have been reported. [49] To explain these discrepancies, the effect of electrode treatment

on the kinetics of the vanadium redox reaction was investigated in another study. [49] It was reported that
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the V(II)/V(III) redox reaction kinetics is improved by anodic treatment of the graphite electrode, but is

inhibited by cathodic treatment. On the other hand, the kinetics of V(V)/V(IV) redox reaction is affected in

the opposite direction with the same electrode treatment. Thus, one must be aware of the effects of anodic

and cathodic treatment of the electrode on the rates of the vanadium redox reactions when conducting kinetic

studies.

In addition to these discrepancies, conflicting results have been reported regarding the roles of hydroxyl

and carboxyl functional groups on the carbon-based surface such as carbon felt or graphite felt in improving

the vanadium redox reactions. An earlier study showed that the thermal treatment of the electrode en-

hances the efficiency of VRFBs due to the introduction of C−O and C = O groups on the electrode surface,

which were proposed to be catalytic toward the V(IV)/V(V) reaction. [31] On the other hand, another study

reported that the addition of C−O functional groups slightly inhibited the V(IV)/V(V) reaction and the

overall improvement in the battery performance is due to the higher activity of the negative electrode toward

V(II)/V(III) when graphite is modified with C−O functional groups. [50] Nevertheless, Xi and co-workers [51]

found that the introduction of C−O groups by electro-oxidation enhances the kinetics of the V(IV)/V(V)

redox reaction. A recent attempt was made to sort out these inconsistencies by employing rotating disk

electrode techniques on thermally treated carbon electrodes. [52] This study reported that the thermal acti-

vation of carbon substrates inhibits V(IV)/V(V) kinetics, but enhances the V(II)/V(III) reaction rate. The

enhancement was attributed to the presence of C−OH groups on thermally treated carbon. Several other

previous studies have also attributed improved electrocatalytic activity to an enhancement in the number

of hydroxyl and carboxyl groups on the electrode substrate. [33,53,54] Since knowledge concerning the effect

of functional groups on the rate of the vanadium redox reactions is obviously important for preparation of

electrocatalysts on both electrodes in VRFBs, further investigation on this topic is warranted.

2.1. Methods of Performance Evaluation

Electrode performance regarding the vanadium redox reactions is typically studied through full-cell and

half-cell experiments. In the majority of the full-cell experiments reviewed here, a two-compartment bench-

scale RFB has been used to evaluate electrode performance. Figure 4 shows a schematic of the battery

components typically used. They consist of end-plates, flow-frames, current collectors, positive and negative

electrodes separated by a membrane. Prepared electrocatalysts are used in the negative and positive elec-

trodes for the V(II)/V(III) and V(IV)/V(V) redox reactions, respectively. In two of the reviewed studies, the

fabricated electrocatalyst for V(IV)/V(V) was tested in a hydrogen-vanadium RFB in which the negative

V(II)/V(III) redox reaction was replaced by the H+/H2 redox reaction. [55,56] This system is called H-VRFB

and requires storage of hydrogen gas. The full-cell experiments involve investigation of the performance of

a battery operated with the modified electrode in terms of the charge, voltage and energy efficiencies. The

charge efficiency is calculated from the ratio of the discharge capacity to the charge capacity and the voltage

efficiency is defined as the ratio of the average discharge voltage to the average charge voltage. The energy

efficiency is equivalent to the product of the charge and voltage efficiencies. In all-vanadium RFBs, side
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reactions have been successfully minimized with the appropriate control of a cut-off voltage, leading to a

charge efficiency above 95%. [57] It is important to note that crossover of vanadium species from positive to

the negative half-cell can cause capacity loss and thus a lower charge efficiency. Hence, the choice of the

ion exchange membrane in the battery is also important and can affect the charge efficiency. [58] The volt-

age efficiency of the battery can be enhanced by minimizing the activation, concentration and mass-transfer

overpotentials as well as the ohmic resistance in the system. The use of a catalyst with higher conductivity,

lower charge-transfer resistance and better electrolyte accessibility will enhance the voltage efficiency.

Figure 4: Typical components of a redox flow battery. End plates (1, 9), current collectors (2, 8), flow frames (3, 7), electrodes

(4, 6) and membrane (5).

As for half-cell experiments, cyclic voltammetry (CV) has been employed in most previous studies to

investigate the kinetics of the redox reactions with and without the catalyst of interest. The separation of

the potentials corresponding to the anodic and cathodic peaks has been used as a measure of the reversibility

of the vanadium redox reactions and has been almost universally used to compare the effectiveness of modified

and unmodified electrodes. However, the use of peak separation as a criterion for electrode reaction kinetics is

based on the 1D analysis of diffusion to and from a semi-finite planar electrode. [59] As pointed out in several

publications, [60–63] use of this criterion in the case of porous electrodes can lead to erroneous conclusions due

to the differences in mass transport to/from porous and planar electrodes. For example, since an electrode

modified with a porous layer may exhibit a smaller peak separation due to improved mass transport alone,

this could be falsely interpreted as being an indication of better electrode kinetics.

Another important factor that may result in erroneous analysis of the CV results is the wettability of the

electrode. [64–66] It has been shown that CV responses can change when the hydrophobicity of the electrode

and hence its wettability are altered. Increased wettability of the electrode results in better accessibility of
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electroactive species to the reactive sites of a porous electrode that would be possible in a more hydrophobic

substrate. Thus, a higher peak current density and a smaller peak separation would be observed. [64] Again, if

the change in the wettability of the electrode after modification with the electrocatalyst is ignored, one would

falsely associate a smaller peak separation with enhanced kinetics of the electrocatalyst, when in actuality

it should be attributed to a higher effective catalyst loading. Electrochemical impedance spectroscopy (EIS)

has been reported to be more accurate method for estimation of the kinetic parameters. [64] The EIS method

is more accurate since it removes interference from diffusion [64] effects although the correct effective wetted

surface area must be considered. [65] Enhancement in the effective surface area of the electrode results in a

higher capacitance. Hence, the proper analysis of EIS spectra should take into account any changes in the

capacitance of the electrode upon modification in addition to that of the charge transfer resistance. This

would enable researchers to determine whether the enhancement in current is due simply to an increase in the

effective surface area without any improvement in the inherent kinetics of the redox reactions. Unfortunately,

researchers continue to attribute the separation of CV peaks entirely to electrocatalyst kinetic effects even

for porous electrodes and which ignores the effects of porosity and wettability changes of the electrode upon

modification with the electrocatalyst. Since the exclusion of such studies from a review of the electrocatalysis

of the vanadium redox reactions would severely reduce the breadth of the research that has been conducted,

we include them here, while being mindful of this limitation.

The first reported study on different electrode materials for VRFB systems was reported by Rychcik and

co-workers [67] in 1987. At the time of this study, it was known that graphite tends to disintegrate under the

oxidizing environment of the positive half-cell leading to the formation of a carbon suspension in the positive

electrolyte. Although graphite exhibited adequate reaction rates for the V(IV)/V(V) reaction, this finding

immediately shifted much of the research focus to its replacement with metal electrodes. However, subsequent

studies showed that it is possible to prevent the degradation of carbon-based electrodes and achieve long cycle-

life by carefully controlling the cut-off potential during charge. [29] As a result, the focus shifted from metal

electrodes back to modification of carbon-based electrodes with the aim of increasing their reversibility toward

the vanadium redox reactions. Consequently, several metal and metal oxide electrocatalysts have been added

to carbon-based substrates with the goal of improving the catalytic performance of such electrodes, enhancing

their conductivity and incorporating advantageous functional groups on the surface of the electrode. In this

paper, an electrode modified with a metal or metal oxide is referred to as metal-modified and metal oxide-

modified electrode, respectively (e.g. Ir-modified graphite felt for the graphite felt electrode decorated with

iridium). In Figures 5 and 6, historical flow charts of the previous studies on metal and metal oxide catalysts

for VRFB application are presented. As can be seen, metal oxides in particular have recently gained a great

deal of attention. In the following sections, we first summarize the general methods used in these studies to

modify the electrodes and then review the results in more detail.
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Figure 5: Historical flow chart for research on metal electrodes and metal electrocatalysts for VRFBs.
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Figure 6: Historical flow chart for research on metal oxide electrocatalysts for VRFBs.
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2.2. Approaches for Modification with Metals and Metal Oxides

A wide variety of methods have been employed to modify electrodes with metal and metal oxide electro-

catalysts for use in all-vanadium RFBs. These approaches are summarized in Tables 1 and 2 for metals and

metal oxide catalysts, respectively.

Modification of electrodes with metal electrocatalysts has been done through a variety of approaches

including electrodeposition, impregnation/drying and direct addition of the metal ions into the battery elec-

trolyte. In electrodeposition, the unmodified electrode is immersed in an electrolyte containing the desired

metal ions and current is then applied to plate the metallic ions onto the electrode. The advantage of this

method is that the grain size, mass and thickness of the metal electrocatalyst layer can be closely controlled

by altering the electrodeposition operating parameters such as the deposition time, current and electrolyte

composition. [68] Additionally, the electrodeposition procedure is easily scalable and does not involve any

post-treatment steps such as annealing, which makes it a facile and simple procedure. [69] However, it has

been shown that electrodeposition of nano-sized particles has some limitations with respect to the possible

morphologies and size ranges that can be achieved. [70,71]

Impregnation entails soaking an unmodified electrode in an aqueous solution containing the water-soluble

precursor of the desired metal. [72] The most common metal precursors are metal chlorides, sulfates and

nitrates. During immersion of the electrode in the precursor solution, metal-containing species either adsorb

onto the substrate (ion adsorption) or undergo ion exchange with moieties on the substrate. [72] Subsequently,

the electrode is washed and dried to remove the excess solvent. Finally, an activation step is conducted

to convert the deposited metal compound to an active phase. This final step usually involves calcination

to form a metal oxide and a reduction step to reduce the metal oxide to the corresponding metal catalyst.

Impregnation is a well-studied and straightforward procedure for electrode modification. However, this

method tends to produce low metal loadings on the surface of the electrode. It is possible to achieve higher

metal loadings by eliminating the washing step and directly drying the electrode to maintain all the precursor

on the electrode surface, [72] though the mechanical durability of these catalysts is unclear.

In the above-mentioned methods, modification of the electrode with catalysts occurs prior to battery

operation. In order to avoid the long and complex pretreatment steps, the approach in some studies has been

to add the metallic ion of the desired catalyst directly to the electrolyte in the battery itself. [73–76] The metallic

ions must have an electrode potential that allows them to be deposited on the electrode surface during charge

before the V(II)/V(III) or V(IV)/V(V) redox reactions can begin. Depending on the electrode potential of the

catalyst, the metal may dissolve back into the electrolyte during discharge. Since the deposition of the catalyst

occurs in-situ during the battery operation, part of the current applied to the battery is used to deposit the

catalyst layer rather than charging the vanadium species. Consequently, during discharge, part of the output

current comes from the dissolution of the catalyst species. Although this method is ingeniously simple, it

is only applicable to certain types of metal catalysts with standard electrode potentials for deposition close

to the electrode potentials of the vanadium redox reactions. Another possible drawback with this method is

that agglomeration can lead to the growth of large catalyst particles on the substrate, which may dislodge
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and form a suspension of large particles in the electrolyte. Also, when catalyst is introduced as an additive to

the electrolyte, its performance will depend additionally on the ease of deposition/dissolution of the catalyst

over repeated charge/discharge cycles of the battery.
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Table 1: Summary of modification approaches employed in previous studies for fabrication of metal catalysts for all-vanadium

RFBs

Material Modification approach Reference

Pb, Pt-Ti, Ti No modification [67]

Ir-rGo, Pt-rGo, In-rGo, Pd-rGo

Te-rGo, Au-rGo, Mn-rGo

Electrochemical oxidation and partial reduction of

graphite fiber followed by impregnation of the electrode

with the desired metal

[77]

Ir-CF
Impregnation of a thermally-treated PAN CF in H2IrCl6

and ethanol solution followed by vacuum drying and thermal treatment at 450◦C

[78]

Ir-G
12 hours of vigorous stirring of homogeneous mixture of GO, IrCl3.3H2O,

DI water and NaBH4 followed by filtration, drying and calcination at 400◦C

[79]

Pt-MWCNT

Thermal-reflux method at 80◦C with mixture

of a well-dispersed MWCNT media, H2PtCl6.H2O, NaOH, methanol and CTAB

followed by filtration, washing, drying and calcination at 300◦C

[80]

Pt-C-CF

Impregnation method with H2PtCl6.6H2O precursor mixed

with carbon black and NaOH at pH of 10-11 followed by addition of CH3OH,

filtration, washing and drying.

[81]

Pt-C-GF Polyol process [82]

In-CP

Impregnation of a thermally treated carbon paper in a solution of

InCl3 + HCl for 1 hour followed by drying and thermal treatment

at 450◦C

[83]

Bi-GF

Impregnation of a Ryon-based graphite felt in solution of Bi2O3

and HCl in vacuum followed by subsequent thermal treatment at

450◦C

[84]

Bi-GF Addition of BiCl3 directly to the battery electrolyte [85]

Bi-GF

Electrodepositon of bismuth on a thermally treated

Ryon-based GF using in Bi(NO3)3+ 1.0 M HNO3 electrolyte

followed by thermal treatment at 450◦C

[86]

Bi-CF
Impregnation method with BiCl3 precursor in HCl and

ethanol followed by drying and thermal treatment at 600◦C

[87]

Bi-CF

Bi-GF

Impregnation method with Bi2O3 precursor in ethylene glycol and

ethanol followed by washing and drying

[88]

Bi-CF
Addition of BiNO3 directly to the battery electrolyte

(KOH-etched carbon felt electrode was used)

[73]

Bi-GF
Hydrothermal method with a suspension of of Bi2O3,

ethylene glycol and ethanol at 200◦C

[89]

Bi-CC Addition of BiCl3 directly to the battery electrolyte [90]

Sb-GF Addition of SbCl3 directly to the battery electrolyte [74]

Sn-GF Addition of SnCl2 directly to the battery electrolyte [75]

Cu-GF Addition of CuSO4 directly to the battery electrolyte [76]
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In the case of metal oxide electrocatalysts, most previous studies have made use of hydrothermal proce-

dures, [91] although the aforementioned methods used for metal catalysts have also occasionally been used. In

this approach, chemical reactions are carried out in a heated autoclave at high temperatures and pressures

to synthesize a metal oxide compound. [92] The advantage of this method is that the crystal size, morphology

and composition of the resulting electrocatalyst can be controlled by manipulating the temperature, pressure,

pH and concentration of the aqueous solution. [91] In some of the studies listed in Table 2, the hydrothermal

procedure is followed by calcination or heat treatment. Calcination is carried out to purify the metal oxide

compounds and heat treatment helps with the adherence of the catalyst to the electrode surface.

Electrospinning is another method that has been utilized to synthesize metal oxide catalysts for all-

vanadium RFBs. In this approach, an electric field is applied to produce a solid polymeric fiber from a

viscoelastic polymeric liquid. [93] In the case of metal oxide catalysts, the polymeric liquid also contains

soluble metal salts. Following the electrospinning procedure, the collected fabric is subject to a calcination

step to form the metal oxide compound and burn off the polymeric template. Electrospinning is a versatile

method for producing fibers and is adaptable to different materials. [93] However, some experimental challenges

exist in the case of metal oxides. Most notably, mixing the polymeric liquid with metal salts can dramatically

change the conductivity of the solution which directly affects the electrospinning process and may make fiber

thickness difficult to control. [94]
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Table 2: Summary of modification approaches employed in previous studies for fabrication of metal oxide catalysts for all-

vanadium RFBs

Material Modification approach Reference

Mn3O4-CF
Hydrothermal method with manganese acetate at 200◦C followed

by heat treatment at 500◦C
[95]

Mn3O4-MWCNT
Dissolution of Mn(AC)2.4H2O precursor in pre-treated MWCNT suspension

and solvothermal reaction at 180◦C
[96]

Mn3O4-CNF Electrospinning method with a blend of Mn(OAc)2.4H2O and PAN in DMF [97]

N-rGO-Mn3O4
Simultaneous reducing of GO, KMnO4 mixed with hydrazine hydrate and refluxed at 95◦C

followed by centrifugation, washing and drying
[98]

PDA-Mn3O4-GF
Impregnation of a heat-treated GF with dopamine hydrochloride followed

by impregnation in Mn3O4 suspension with subsequent carbonization
from room temperature to 900◦C and annealing at 900◦C

[99]

Mn3O4-CC Electrodeposition of MnOOH nanoflakes on CC followed by heat-treatment at 600◦C [100]

MnO2-GF Hydrothermal method with KMNO4 and HCl at 150◦C [101]

PbO2-GF
Pulse electrodeposition of PbO2 from alkaline lead solution on the bare GF

followed by pulse electrodeposition of PbO2 from acidic lead solution
[55]

WO3-SAC
Evaporation of a homogenous mixture of (NH4)6W7O24.6H2O and SAC under stirring

at 80◦C followed by heat-treatment at 550◦C
[102]

WO3-GF
Hydrothermal method with Na2WO4.2H2O

precursor mixed with HCl and H2C2O4 at 180◦C
[56]

Nb-doped h-WO3 NWs
Hydrothermal method with Na2WO4.2H2O precursor mixed with NbCl5 and

ethanol, HCl and (NH4)2SO4 at 180◦C
[103]

WO3 NWs -G
Hydrothermal treatment subjected to a mixture of Na2WO4.2H2O, HCl, H2WO4

and (NH4)2SO4 at 180◦C followed by ultrasonication/stirring with
GO, addition of L-ascorbic acid and freez-drying/annealing

[104]

WO3-MWCNT-GF
Electrodeposition of WO3 onto MWCNT/GF using a solution of Na2WO4.2H2O

mixed with hydrogen peroxide
[105]

N-WO3-CF
Hydrothermal method with a solution of urea at 180◦C

followed by a second hydrothermal reaction in Na2WO4.2H2O and HCl at 180◦C
[106]

W18O49-GF
Hydrothermal method with a solution of WCl6 and ethanol at 180◦C for 12 hours

followed by keeping the sample at 450◦C for 2 hrs
followed by annealing in H2/Ar atmosphere at 450◦C for 2h

[107]

CeO2-GF
Impregnation of a heat-treated GF with Ce(NO3)3.6H2O

and thermal treatment at 70◦C for 12 hours followed by calcination at 600◦C for 2 hours
[108]

CeO2-ECNF Electrospinning method with a blend of Ce(NH4)2(NO3)6, PAN and DMF [109]

CeZrO2 −GF
Hydrothermal method with Ce(NO33.6H2O)

and ZrOCl2.8H2O precursors at 200◦C followed by calcination at 800◦C
[110]

ZrO2-GF
Impregnation of a thermally-treated GF with the precursor solution of Zr(NO3)4.5H2O

and NH3.H2O followed by heat-treatment at 500◦C for 5 hours
[111]

ZrO2-CNF Electrospinning method with blend of Pan, DMF and ZrOCl2.8H2O [112]

TiO2-CB
Sol-gel preparation method following hydrothermal,

condensation and calcination steps with tetra-n-butyl titanate precursor and
subsequent mixing with carbon black

[113]

TiO2-CP
Impregnation of a CP with the precursor solution of tertabutyl titanate

and HCl followed by heat treatment at 500◦C for 1 hours
[114]

H-TiO2-GF
Hydrothermal method with titanium butoxide and HCl at 100◦C

followed by annealing at 500◦C in presence of hydrogen
[115]

TiO2-GF
Impregnation method with α-TiO2 and DMF for 3 hours

and drying at 80◦C for 8 hours
[116]

N-TiO2-CF Hydrothermal method with titanium butoxide and HCl at 100◦C followed by nitridation [117]

Nb2O5
Hydrothermal method with ammonium niobium oxalate at 443 K

followed by calcination at 773 K
[118]

TiNb2O7-GF
Hydrothermal method with niobium ethoxide,

titanium isopropoxide and acetic acid at 200◦C followed by annealing at 900 ◦C
[119]

TiNb2O7-rGO
Hydrothermal treatment subjected to a mixture of niobium

ethoxide, titanium isopropoxide and acetic acid at 200◦C followed by calcination,
mixing with GO suspension, addition of L-ascorbic acid and freez-drying/annealing

[120]

NiO-GF
Impregnation of a GF electrode with nitrate hexahydrate precursor

followed by drying and heat-treatment
[121]

NiCoO2/GF
Hydrothermal method with cobalt(II) nitrate hexahydrate,

nickle(II) chloride hydrate and ethanol at 80◦C followed by heat-treatment
[122]

MoO3-CP
2 methods:

1- Impregnation of a heat-treated CP with ammonium molybdate solution followed by calcination
2 - Addition of MoO2−

4 directly into the solution

[123]

SnO2-CF
Hydrothermal method with SnCl4.5H2O,

NaOH and ethanol at 150◦C followed by heat-treatment
[124]

Nd2O3-CF
Impregnation with neodymium(III) nitrate hexahydrate

precursor followed by drying and annealing
[125]

RuO2-MWCNT Electrodeposition of RuO2 onto MWCNT/SSM using RuCl3 containing solutions [126]

Cr2O3-GF
Impregnation with Cr(NO3)3.6H2O precursor followed by

ultrasonication and heat treatment
[127]

Ta2O5-GF Hydrothermal method with Ta2O5 at 240◦C [128]
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2.3. Metal Electrocatalysts

Metals, especially those classified as being transition or noble, are extensively used as electrocatalysts

due to their large activity, which is attributed to their outer electron configuration. [129] For example, the

catalytic activity of transition metals is reported to be related to their partially filled d orbital, which enables

them to either donate or accept electrons. [130] Additionally, metal electrocatalysts are attractive materials

for use in redox flow batteries due to their excellent electrical conductivity. In addition, noble metals are

very stable and inert in the highly acidic environment of all-vanadium RFBs. Unfortunately, many of the

metals including those in the category of noble and rare-earth metals are not practical for large-scale RFBs

due to their high cost. Despite this, the early study by Rychcik and co-workers focused on metals [67] because

graphite had been found to degrade severely under the oxidizing environment of the positive half-cell and

cause the formation of a carbon suspension in the positive electrolyte. Thus, the main focus at the time

was to replace carbon-based electrodes with more stable all-metal electrodes in spite of their higher cost.

Rychcik and co-workers [67] evaluated lead, titanium, platinized titanium and iridium oxide dimensionally

stable anode (DSA) electrodes. Cyclic voltammetry studies on titanium and lead electrodes revealed that

they were passive and showed no activity in the potential range where V(IV)/V(V) occurs (∼ 1.00 V SHE)

and thus are not suitable materials. On the other hand, platinized titanium and iridium oxide DSA showed

good reversibility for both V(II)/V(III) and V(IV)/V(V) redox reactions. Bench-scale VRFBs operated

with both platinized titanium electrode as well as iridium-oxide DSA showed no sign of surface change or

disintegration and remained stable in the highly oxidizing environment of the positive half-cell.

As mentioned earlier, although carbon-based electrodes disintegrate under the highly oxidizing environ-

ment of the positive half-cell, later studies showed that it is possible to resolve this problem and achieve a

long cycle-life with correct control of the potential cut-off during the charging process. [29] This resulted in the

shift from metal electrodes to modified carbon-based electrodes with the goal of enhancing their reversibility

toward the vanadium redox reactions. This would significantly reduce the cost of the electrode since metal

catalysts would be incorporated onto less-expensive carbon-based substrates. One of the early studies on

modification of carbon-based electrodes with metal ion compounds for the vanadium-based RFBs was re-

ported in 1991 by Sun and co-workers. [77] The behavior of the electrodes was studied by cyclic voltammetry

and the peak separation and peak current density were used as criteria for the kinetics and reversibility of

the reaction, albeit this is not the best practice for porous electrodes. Graphite electrodes modified with

Pt4+ and Pd2+ showed significantly higher peak current and reversibility of the V(IV)/V(V) reaction com-

pared to that of unmodified graphite. However, the peaks associated with the reduction of V(IV) to V(II)

and oxidation of V(II) to V(III) disappeared completely and were replaced with that for hydrogen evolution

which began at more positive potentials on these surfaces. Based on these results, graphite modified with

Pt4+ and Pd2+ were deemed to not be suitable for the negative half-cell of VRFBs. On the other hand, it

was found that Mn2+, Te4+, In3+, Ir3+ modified graphite electrodes exhibited the best performance for both

the V(II)/V(III) and V(IV)/V(V) reactions. Comparison of the CV results showed that the In3+-modified

graphite exhibited the smallest peak separation for the V(IV)/V(V) redox reaction and hence the highest
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electrochemical reversibility. On the other hand, the Ir3+-modified electrode showed the highest peak current

for V(IV) oxidation and demonstrated the largest enhancement in electrochemical activity of the graphite

substrate. With the success of this initial work, many other researchers followed it up with more detailed

studies on modification of carbon-based electrodes for all-vanadium RFBs with iridium, platinum and in-

dium catalysts. Additionally, in order to reduce cost, the use of other metal-based catalyst options has been

explored. This research is summarized in the following sections.

2.3.1. Iridium-based catalysts

Iridium is a transition metal belonging to the platinum family of metals. It is widely used as a catalyst

in both acidic and basic media due to its large range of oxidation states from -3 to +9 and its excellent cor-

rosion resistance. [131] Moreover, the beneficial effects of modification with Ir3+ on the V(IV)/V(V) reaction

was demonstrated in the aforementioned study by Sun and co-workers. [77] Thus, Wang and co-workers [78] in-

vestigated the performance of iridium-modified carbon felt electrodes toward the V(IV)/V(V) redox reaction.

Since iridium is highly conductive, it is expected that decoration of graphite felt with iridium would signif-

icantly decrease the cell resistance and the battery overpotential. Sure enough, the subsequent polarization

and impedance spectroscopy experiments demonstrated a 63% reduction in the overpotential. However, the

slope of the Warburg impedance, which gives a measure of the resistance associated with ionic diffusion of

electroactive species (i.e., V(IV) and V(V)) through the electrode was greater in the case of the Ir-modified

felt. The authors speculated that this lower diffusivity was caused by the obstruction of the felt pores with

Ir-containing species. Nevertheless, charge/discharge experiments in a bench-scale VRFB with Ir-modified

positive felt showed an approximately 11% increase in the energy efficiency of the battery at 60 mA cm−2.

This improvement stems from the enhancement in voltage efficiency of the battery. On the other hand, when

their data are examined, the charge efficiency was actually lower with iridium-modified graphite felt at this

current density of 60 mA cm−2. This shows that the presence of iridium can enhance the evolution of oxygen

during charge on the positive side at higher current densities. The catalytic activity of iridium toward oxygen

evolution has been mentioned in the previous literature. [132] In addition, no tests to assess the stability of

Ir-modified felt were reported in this study.
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Figure 7: Agglomeration of individual layers of graphene sheet (restacking).

The enhancement of the V(IV)/V(V) electrochemical activity by Ir led to another study by Tsai and

co-workers in 2012. [79] In this study, graphene was employed instead of graphite felt and decorated by irid-

ium. Graphene consists of a thin layer of carbon atoms with sp2 hybridization arranged in a honeycomb

lattice. [133] Due to this structure (see Figure 7), graphene has better conductivity and charge carrier proper-

ties than graphite. Tsai and co-workers [79] suggested that the addition of iridium would prevent restacking

of the graphene into graphite since the iridium nanoparticles would act as a spacer. Restacking occurs by the

agglomeration of individual layers of graphene due to strong Π-Π interactions and is not desirable since it re-

duces the available electrode surface area (Figure 7). They conducted only CV experiments to investigate the

electrochemical performance of the catalyst and found that the peak separation for V(IV)/V(V) was smaller

when graphene was decorated with iridium, which they attributed to its higher reversibility. However, as

discussed previously, the use of CV alone is insufficient to reach definitive conclusions regarding the role of

the catalyst in improving electrode kinetics. Nevertheless, the authors did acknowledge that electrode mod-

ification caused a significant increase in the effective surface area of the decorated electrode. This electrode

was not tested in a bench-scale vanadium redox flow battery to investigate the operational performance and

stability of the electrode. It would also have been interesting to compare the performances of Ir-modified

graphene and the previously mentioned Ir-modified carbon felt electrodes in actual VRFBs. Given these

questions and the conflicting effects on the charge and voltage efficiencies obtained in these studies, further

research on the effect of iridium on the battery performance is warranted.
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2.3.2. Platinum-based catalysts

Platinum is a precious metal with widespread catalytic applications due to its resistance to oxidation

and high temperatures. In an early study, platinum was used as a catalyst for the V(IV)/V(V) redox

reaction in an acidic solution. [134] As noted earlier, platinum-modified graphite electrodes also were shown

to significantly enhance the V(IV)/V(V) redox reaction although the peaks associated with the reduction of

V(IV) to V(II) and thus oxidation of V(II) to V(III) were entirely masked by the HER. [77] Huang and co-

workers [80] coated platinum/multi-walled carbon nanotubes (Pt/MWCNT) on the surface of pristine graphite

felt and tested the electrode for the V(IV)/V(V) and V(III)/V(IV) redox reactions (as explained above, Pt-

modified electrodes are unsuitable for the V(II)/V(III) reaction due to excessive HER). This electrode was

assembled in two types of batteries. The first one differed from commercial VRFBs in that the negative

reaction involved the V(III)/V(IV) redox couple rather than V(II)/V(III). Based on the electrode potential

values, this battery could provide an open-circuit voltage of 0.66 V at most. The battery showed low energy

efficiencies of 39.5% at 12 mA cm−2 and 23.11% at 20 mA cm−2 due to low voltage efficiencies. The second

charge/discharge experiment was conducted in a conventional VRFB where the negative and positive redox

reactions are V(II)/V(III) and V(IV)/V(V), respectively. Higher charge and voltage efficiencies were achieved

when Pt/MWCNT was used as the positive electrode compared to pristine graphite felt or MWCNT with

no Pt loading. However, when we compare the performance of these VRFBs with those of other electrodes

reported by other groups (see Table 3), the efficiencies reported in this study (at 30 mA cm−2) were very

low. From the data provided, it appears that the low energy efficiency of the battery stems primarily from

the poor coulombic efficiencies although no explanation was given for the coulombic loss. However, given

that low CE values were obtained regardless whether or not a Pt catalyst was present, it is likely that that

severe vanadium crossover may have contributed significantly to this loss. It would also be useful to perform

stability tests to investigate the adherence of platinum on the electrode surface over repeated charge-discharge

cycles.

Due to the promising effect of platinum on the V(IV)/V(V) redox reaction, Tseng and co-workers [135]

investigated the performance of Pt particles deposited on a carbon black catalyst (Pt/C) at different platinum-

to-carbon ratios. The motivation behind the use of carbon black as opposed to MWCNTs used in the previous

work was not discussed by the authors. However, previous work showed that CNTs have significantly higher

conductivity and are more resistant to electrochemical oxidation with and without platinum compared to

carbon black. [136,137] On the other hand, carbon black tends to form a finer-structured morphology that

results in a dense catalyst layer. [138] The effect of three different catalyst loadings 5, 10 and 15 wt% Pt/C

was investigated in this work. The charge/discharge experiments showed that a higher storage capacity can be

achieved at higher Pt loading. At the same time, the voltage efficiency rose at higher Pt/C ratios (Figure 8).

Additionally, the current efficiency increased upon raising the metal content from 5 to 10 wt%, demonstrating

the activity of Pt toward the V(IV)/V(V) redox reaction. However, the current efficiency remained almost

unchanged with any further increase in Pt content, possibly due to its concomitant effect in enhancing oxygen

evolution since this metal is known to also be a good catalyst for this reaction. Nevertheless, the overall
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energy efficiency at 15 wt% Pt/C was higher due to the enhanced voltage efficiency.

In a later study, Jeong and co-workers [82] investigated whether the method of preparation of Pt/C

nanoparticles has any influence on the VRFB performance. Stabilizers are commonly added as part of

catalyst preparation to prevent the aggregation of Pt metal particles and control their distribution on the

surface of the electrode. For this reason, organic stabilizers are added during the process of metal impregna-

tion. [139] These stabilizers must then be removed from the catalyst surface to provide access of electroactive

species to the surface of the catalyst. The removal is usually done by heat treatment. An alternative method

is to deposit the metal via the polyol process. In this process, a reducing agent ethylene glycol is readily

oxidized to glycolic acid and donates an electron to reduce a metal ion to its elemental form. In addition,

glycolic acid (in the form of glycolate anion) can act as a stabilizer. Thus, ethylene glycol is used both

to reduce the metal ions and stabilize the resulting catalyst. These organics are then removed by heating

the catalyst to temperatures less than 160◦C. In their study, Jeong and co-workers [82] synthesized Pt/C

catalyst using the polyol process and then used it to modify a graphite felt electrode for evaluation as the

positive electrode of a VRFB. XRD and TEM measurements showed that the Pt/C prepared using the polyol

method was 34% smaller in particle size and more uniformly distributed over the electrode surface compared

to commercially prepared Pt/C. Charge/discharge experiments in a bench-scale VRFB showed that the use

of Pt/C prepared by the polyol method resulted in a higher voltage efficiency (∼ 10%) compared to that of

commercial Pt/C electrode. The enhancement in the voltage efficiency was attributed to the smaller particle

size and better distribution of the Pt particles in the polyol-based Pt/C graphite felt electrodes although no

specific experiments were done to confirm this proposal. Although the battery containing the commercial

Pt/C electrode achieved slightly better current efficiency, the enhancement in voltage efficiency of the bat-

tery containing Pt/C prepared by the polyol method was more than compensated for this effect so that the

overall energy efficiency of the latter was higher. Further studies on the role of electrocatalyst particle size

and distribution in enhancing the voltage efficiency of the battery would be beneficial.
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Figure 8: Comparison of charge/discharge profiles of unmodified carbon felt with that of carbon felt electrodes modified with

platinum deposited on a carbon black support at Pt/C loading levels of 5, 10 and 15 wt% at a current density of 20 mA cm−2.

Extracted from [135] with permission.

2.3.3. Indium-based catalysts

Indium belongs to the post-transition metal groups and has been more widely used in the semi-conductor

field. Indium is capable of increasing the hydrogen evolution overpotential and thus reducing the HER

rate. [140] As mentioned previously, the early CV experiments conducted by Sun and co-workers [77] showed

that the peak separation for the V(IV)/V(V) redox reaction was smallest on indium-modified graphite felt.

This motivated Xiang and co-workers [83] to investigate the performance of an indium-modified carbon paper

electrode in catalyzing the V(IV)/V(V) redox reaction but no experiments on the V(II)/V(III) redox reaction

were reported with the modified electrode. EDS analysis estimated that 6.84 wt% indium was deposited on

the electrode via impregnation which was much smaller than the amount of metal dopant required when

the electrode was decorated by iridium, which is attractive from the point of view of battery cost. CVs

revealed that the modification of carbon paper with indium metal (InTCP) increased the oxidation and

reduction peak currents of V(IV)/V(V) redox couple compared to that of thermally treated (TCP) and

as-received carbon papers (CP). EIS experiments also showed that the charge transfer resistance had the
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lowest value when InTCP was used. As shown in Figure 9, the wettability of the electrode was also enhanced

upon modification with indium. As mentioned previously, the improved wettability of an electrode can

reduce the separation and raise the currents of CV peaks by increasing the effective surface area. Hence,

the improvement observed in the electrochemical response of the modified electrode cannot be completely

associated with greater electrochemical activity since larger hydrophilicity and higher effective surface area

may have also contributed to the enhancement. When the modified electrode was subjected to repeated

cyclic voltammetry scans (100 cycles) to evaluate its stability, no sign of degradation of InTCP was observed.

Charge/discharge experiments were not conducted with this electrode and the stability of the electrode under

the flow of electrolyte in an operating RFB was not investigated. Given that indium is much more economical

compared to platinum and iridium, it would be useful to further study the performance of this catalyst in an

operating RFB.

Figure 9: Cross-sectional view of water droplet from a) carbon paper (b) thermally-treated carbon paper (c) thermally-treated

carbon paper modified by indium. Reprinted from [83] with permission.

2.3.4. Bismuth-based catalysts

Bismuth is a post-transition metal that has a relativity high density and so is considered a heavy metal.

Heavy metals such as lead and mercury are often highly toxic for the environment and are damaging. On

the other hand, bismuth has low toxicity and its salts are reported to be less toxic than even conventional

table salt. [141] Due to its low corrosive and non-toxic nature, it has been widely used as a catalyst in organic

reactions. [141] Apart from the above advantages, bismuth is less expensive than iridium, platinum and indium

catalysts. For these reasons, Gonzalez and co-workers [84] suggested the use of bismuth-modified graphite

felts for vanadium RFBs. The CVs obtained using bismuth-modified graphite felt exhibited a smaller peak

separation and higher cathodic and anodic peak current densities for the VO2+/VO+
2 reaction than that

of an unmodified felt in 1 M H2SO4 + 0.5 M VOSO4. The repetition of CV for 100 cycles did not affect

the current peaks heights or separation, indicating good electrode stability. Since cyclic voltammetry was

the only electrochemical method used to investigate the performance of the modified electrode, it cannot

be definitively concluded whether the improvement was due to the catalytic effect of bismuth or simply to

an increase in the effective surface area. The electrode was not evaluated in an operating vanadium RFB.

Nevertheless, it showed that the dispersion of a low concentration of bismuth on the surface of graphite has

a positive effect on the VO2+/VO+
2 reaction.
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Figure 10: Electrode potentials versus standard hydrogen electrode (SHE) of a number of redox couples studied for their

electrocatalytic activity for the V2+/V3+ and VO2+/VO+
2 reactions.

Bismuth-modified graphite felt was the subject of another study by Li and co-workers. [85] Instead of

pretreating the electrode with bismuth particles in advance of the operation, bismuth was added to the

electrolyte in the form of a soluble BiCl3 salt. As shown in Figure 10, the electrode potential for Bi3+/Bi

is 0.308 versus SHE. This suggests that Bi3+ may be reduced to elemental form and electroplated on the

surface of the graphite felt prior to the reduction of V3+ to V2+ during charge of the negative half-cell.

However, bismuth will remain in the form of Bi3+ during charge on the positive side of the battery if present.

Interestingly, the cyclic voltammetry experiments showed that the addition of Bi3+ had almost no effect on

the V(IV)/V(V) redox reaction, which is not consistent with that of the previously reported study, albeit the

electrode was modified with bismuth in a different manner. This discrepancy was not discussed by Li and co-

workers. However, an explanation was later provided by Yang and co-workers [87] detailed later in this section

that supports these observations. The addition of bismuth to the negative electrolyte resulted in a significant

improvement in the separation of the peaks for the V(II)/V(III) reactions although it would be appropriate to

further investigate the possible contributions of increased wettability and surface area and enhanced porosity.

Full-cell experiments in a single-cell VRFB showed that the addition of Bi3+ nanoparticles to the negative

solution enabled the battery to operate at a significantly larger current density of 150 mA cm−2. In the

absence of bismuth, the voltage efficiency dropped to ∼ 68% at mA cm−2 while it could be maintained at

80% in the presence of 0.01 Bi3+. A level of 0.01 M Bi3+ was found to be the optimum concentration. Higher

concentrations caused agglomeration of large particles of bismuth on the surface of the graphite felt, which

could be dislodged into the electrolyte as large suspended particles. As shown in Figure 11, less catalyst was

retained on the electrode substrate after cycling when 0.02 M BiCl3 was added to the negative electrolyte.
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Figure 11: FESEM images of the negative electrode of an all-vanadium RFB after cycling with electrolyte containing (a) 0.01

M Bi3+ and (b) 0.02 M Bi3+. Reprinted with permission from. [85] Copyright 2019 American Chemical Society.

Following this study, Suarez and co-workers [86] further investigated bismuth-modified graphite felt elec-

trodes and proposed a mechanism for the role of bismuth in enhancing the V(II)/V(III) redox reaction. The

electrode was subjected to 1500 cyclic voltammetry scans in 0.05 M VOSO4 + 1.0 M H2SO4 solution to

investigate the stability of the modified electrode. No noticeable change in the anodic and cathodic peaks

were observed after the repetitive cycles. On the other hand, thermally treated graphite felt with no bis-

muth loading exhibited capacity fade with cycling. Authors proposed that this fade was caused by the

electrochemical reduction of oxygen functional groups and that bismuth plays a role in preventing the loss

of oxygenated groups. Additional experiments were done to investigate whether the improved performance

of the V(II)/V(III) redox reaction in the presence of bismuth was due to the higher overpotential of the

HER in the presence of bismuth particles or to a more complex electrocatalytic mechanism. Linear sweep

voltammetry experiments were conducted on a bismuth-modified GF electrode in an acidic solution with

no vanadium species. The potentials were scanned to very negative values to reach the hydrogen evolution

region. Surprisingly, it was observed that the hydrogen overpotential on a bismuth-modified GF was actually

lower and the corresponding current response was higher than on a thermally modified GF electrode. Thus, it

was concluded that a different explanation for the improvement of vanadium performance in the presence of

bismuth nanoparticles must exist. According to the mechanism proposed by Suarez and co-workers (Figure

12), when bismuth is loaded on the graphite felt, the reduction of H+ ions occurs on the surface of the bismuth

metal rather than the carbon surface. This results in the formation of BiHx compounds, which then react

with V3+ to produce V2+. Since Bi is not a good catalyst for H2 evolution, this pathway proceeds without

H+ being reduced to H2 gas. Also, since the reduction of H+ is relocated to the bismuth surface from the

carbon surface, the oxygenated functional groups are not slowly reduced and thus the electrode should be
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stable for long times. Based on the above mechanism, one would expect the charge efficiency of the battery

to improve in the presence of bismuth nanoparticles since part of the efficiency loss in conventional VRFBs

arises due to the HER side reaction. In this work, no full-cell experiments were done. However, Suarez and

co-workers [86] observed no improvement in the charge efficiency of the battery in the presence of bismuth

nanoparticles. This may be due to the limited charge efficiency of the positive half-cell. In any event, it

would be useful to perform more detailed studies on the battery performance in light of this mechanism.

Figure 12: Proposed mechanism of V2+/V3+ redox reaction on bismuth-modified electrode. [86]

As mentioned above, Gonzalez and co-workers [84] reported an improvement in the redox reaction of

VO2+/VO+
2 in the presence of bismuth, but this was not supported by the later study of Li and co-workers. [85]

Thus, Yang and co-workers [87] conducted a study on the role of bismuth in enhancing the V(IV)/V(V) and

V(II)/V(III) reactions by modifying carbon felt electrodes with bismuth. In this study, the electrode was

modified by bismuth prior to the battery operation. The SEM images of Bi-modified carbon felt at different

charge/discharge stages indicated that all of the Bi3+ particles disappeared from the surface of the carbon

felt after the first charge. This was expected since the standard potential of Bi3+/Bi is +0.308 V, whereas

the V(IV)/V(V) electrode potential is higher at +1.00 V (Figure 10). Thus, Bi should be oxidized to Bi3+

prior to the oxidation of V(IV) to V(V) and is not available on the felt surface to catalyze the reaction.

Additionally, dissolved Bi3+ in the electrolyte showed no catalytic activity toward the V(IV)/V(V) redox

reaction. Similar to the previous studies, a VRFB operated with a bismuth-modified carbon felt negative

electrode exhibited a larger voltage efficiency especially at high current densities and thus an improved energy

efficiency. The current efficiency, however, did not change in presence of bismuth, as was previously reported
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by Li and co-workers. [85] The cell subjected to 300 cycles at 140 mA cm−2 showed an energy efficiency of

80.9% with no apparent fluctuations.

In the above-mentioned studies, graphite or carbon felt electrodes were modified with bismuth nanopar-

ticles and their performance compared with that of unmodified electrodes. In a another study, Liu and co-

workers [88] compared the performances of Bi-modified carbon felt and Bi-modified graphite felt electrodes.

The wettability or change in the effective surface area upon modification with bismuth was not considered

when the cyclic voltammetry and EIS data were analyzed. The cyclic voltammetry experiments showed that

the use of an unmodified carbon felt electrode led to lower peak separations and higher peak currents for both

the V(II)/V(III) and V(IV)/V(V) reactions compared to that obtained using the unmodified graphite felt,

especially in the case of the former reaction. When modified with bismuth, almost no change was observed

in the peak current and separation potential for V(IV)/V(V), supporting the conclusion that bismuth is

not catalytic toward the VO2+/VO+
2 reaction. As for the V(II)/V(III) redox reaction, the peak separation

and currents for the modified graphite felt electrode were enhanced significantly and appeared very similar

to those obtained using the bismuth-modified carbon felt electrode. Thus, the unmodified carbon felt elec-

trode appeared to perform significantly better than graphite felt electrode, but when modified with bismuth,

the performance of Bi-GF toward the V(II)/V(III) reaction was enhanced significantly and matched that

of Bi-CF. From polarization experiments and Nyquist plots (Figure 13), it was concluded that the largest

component contributing to the resistance for graphite felt electrodes was the charge transfer resistance. Thus,

they concluded that modification with the bismuth catalyst which reduced the charge transfer resistance sig-

nificantly should enhance the voltage efficiency. On the other hand, the largest contribution to polarization

loss in the case of carbon felt came from ohmic resistance (ionic and electronic resistances in the porous

electrode and contact resistances) and so again it was not surprising that the addition of bismuth catalyst

did not significantly improve the voltage efficiency of the battery operating with this electrode.

Building on the aforementioned studies, Lv and co-workers [73] combined the KOH-etched pretreatment

with bismuth deposition to enhance the uniform distribution of bismuth nanoparticles on the surface of a

carbon felt electrode. The use of KOH as a chemical agent to develop a well-defined pore size on the surface

of carbon-based materials is a well-established method. [142,143] In this method, a PAN-based carbon felt was

immersed in a KOH solution to make a uniform crust of KOH on the substrate and then vacuum-dried for

24 hours before calcining the KOH/carbon felt mixture at 800◦C. After rinsing with HCl and deionized

water, bismuth nanoparticles were deposited on the surface of the KOH-etched carbon felt. In addition to an

unmodified carbon felt (CF), a bismuth-modified carbon felt (named CF-Bi) that was not etched with KOH

was also prepared for comparison. From the SEM images, the positive effect of KOH-etched pretreatment

was clear. As shown in Figure 14, the KOH-etched bismuth-modified carbon felt (named CFE-Bi) exhibited

a uniform distribution of bismuth particles over its surface whereas evidence of the agglomeration of the

bismuth nanoparticles was apparent when the KOH pretreatment was foregone. Lv and co-workers used

the Randles-Sevcik equation to interpret the CV results although it is applicable for the diffusion of an

electroactive species to a planar electrode in a semi-infinite domain to participate in a 1-electron transfer
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Figure 13: Polarization analysis of all-vanadium redox flow battery with various electrodes. Extracted from [88] with permission.

reaction. [144] Hence, the use of this expression for a carbon felt electrode that is highly porous is questionable

given the restricted diffusion into the depth of the fibrous electrode. [145] Nevertheless, the charge/discharge

experiments indicated that the CFE-Bi electrode showed lower overpotential and thus higher voltage efficiency

than the CF-Bi, demonstrating the advantage of KOH pretreatment of CF-Bi electrodes.

The stability of VRFBs over a wide range of temperatures is an important question for their practical

application in different locations and seasons. Thus, the catalytic effect of bismuth modified graphite felt

over temperatures of -10, 10, 30 and 50◦C was recently studied by Liu and co-workers. [89] Cyclic voltammo-

grams revealed that at the low temperature of -10◦C and high temperature of 50◦C, the reduction peak for

V(III)/V(II) disappeared in the case of thermally treated graphite felt (TGF) electrodes while it appeared

when TGF was modified with bismuth. This once again demonstrated the enhanced electrochemical activity

of Bi-GF electrodes at low and high temperatures compared to the unmodified felts. At the temperatures

studied in this work, the hydrogen evolution overpotential was always higher on the bismuth-modified elec-

trodes than on the unmodified ones. These researchers also conducted charge/discharge experiments on a

bench-scale VRFB at 100 mA cm−2 at temperatures from -10 to 50◦C and observed that the charge efficiency

at higher temperatures dropped possibly due to the higher rate of vanadium crossover and/or side electrode
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Figure 14: Carbon felt electrode modified with bismuth (a) without KOH and (b) with KOH pre-treatment. Reprinted from [73]

with permission.

reactions. The energy efficiency, on the other hand, increased with temperature due to higher voltage effi-

ciency values. The enhancement in VE was attributed to lower ohmic resistance and higher reaction kinetics

at higher temperatures. The same charge efficiency was achieved at each temperature regardless whether or

not the electrode was modified with bismuth. Also, at 150 mA cm−2 and 50◦C, Bi-TGF electrodes exhibited

stable energy efficiency over 260 charge-discharge cycles, while the energy efficiency started to decrease after

200 cycles when TGF was not modified with Bi.

In a recent study by Jiang and co-workers, [90] a density functional theory (DFT) first-principle calculation

revealed that the adsorption energy of bismuth rises 20 times on a surface with C = O groups compared to

its adsorption to a pristine graphite surface. Based on this analysis, incorporation of the oxygen-functional

groups on the surface of the electrode should enable a more uniform distribution and stability of bismuth

nanoparticles on the substrate. Since thermal treatment of the CC substrate (TCC) should introduce oxygen-

containing functional groups (as confirmed by their XPS analysis), a more uniform bismuth deposition on

TCC is expected than on a CC substrate. This prediction was confirmed by comparing the SEM images

of the bismuth deposited on a carbon cloth electrode (CC) and thermally treated CC substrate. The SEM

images showed reduced particle sizes and uniform bismuth deposition on TCC electrode compared to the CC

substrate. A VRFB with TCC negative electrode and 0.005 M Bi+3 ion present in the negative electrolyte

could be operated at a high current density of 480 mA cm−2 with voltage efficiency of ∼ 73%, which is among

the highest current densities ever applied to a VRFB (see Table 3). The battery was also stable over 200

cycles at a current density of 320 mA cm−2.

2.3.5. Antimony-based catalysts

Antimony is a metalloid that is attractive for electrocatalysis applications due to its corrosion-resistant

properties, low cost and large overpotential for gas evolution reaction. [74] As in the procedure used by Li and

co-workers [85] to modify graphite with bismuth, Shen and co-workers [74] took a relatively simple approach

by adding antimony directly to the negative electrolyte of a VRFB as SbCl3 salt and depositing the metal on
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a PAN-based graphite felt electrode during battery charge without any complicated pretreatment procedures

and investigated the resulting electrochemical performance with regard to the V(II)/V(III) reaction. As

shown in Figure 10, the Sb3+/Sb reaction has a standard electrode potential of 0.214 V versus SHE and so

should deposit on the electrode substrate before the reduction of V3+ to V2+ during charge and the metal

should oxidize back to Sb3+ after oxidation of V(II) to V(III) during discharge. However, field emission SEM

examination showed that some Sb particles may be left on the surface of the negative electrode after discharge

since the applied potential is not high enough for complete removal of the metal. The antimony catalyst

may therefore accumulate and build up on the electrode surface over the course of many charge-discharge

cycles and so the possibility of metal deposits aggregating and detaching into the solution requires further

study. Cyclic voltammetry and EIS studies were employed to evaluate the catalytic effect of antimony on

the V(II)/V(III) reaction. From the decrease in the charge-transfer resistance in the presence of antimony,

the authors concluded that the modified electrode has higher catalytic activity toward vanadium species.

However, their EIS data showed that the modification had also enhanced the capacitance which implies that

the wetted surface area of the electrode also increased. Hence, one cannot conclude that the smaller peak

separation or higher peak current density found from CV occurred entirely due to the catalytic activity of

antimony. The charge/discharge cycles with and without antimony ions were compared and a higher discharge

capacity and power density was achieved in the presence of antimony. Over several cycles, the charge efficiency

of the battery remained the same with and without antimony ions, whereas the voltage efficiency increased

in the presence of antimony. The performance of the battery with antimony ions in the negative electrolyte

was not compared with the previously discussed VRFB modified with bismuth. However, the data in Table

3 show that bismuth-modified electrodes delivered higher efficiencies than the antimony-modified electrodes.

2.3.6. Tin-based catalysts

Tin is a relatively inexpensive and non-toxic metal. It has been widely used in the semi-conductor field

and as a catalyst in lithium-ion batteries. [146] It is also relatively resistant to corrosion and can increase the

wettability of the electrode. [75] For these reasons, Mehboob and co-workers [75] adopted a similar approach

that Li and co-workers [85] had previously used for Sb and added either Sn2+ (as SnCl2 salt) or Sn4+ (SnCl4)

to both the negative and positive electrolytes of a VRFB and investigated their effect on the electrochemical

performance of the V(II)/V(III) and V(IV)/V(V) reactions. As shown in Figure 10, the standard electrode

potential of the Sn/Sn2+ couple is -0.13 V SHE, which is close to that of V2+/V3+ (-0.26 V SHE). CV

experiments revealed that the cathodic peak associated with tin deposition aligns closely with the reduction

peak for V2+/V3+ and that the cathodic peak in this potential region increased significantly in the presence

of Sn2+ ions. During the reverse anodic scan, Sn dissolution occurred first at ∼ -0.19 V SHE followed by

oxidation of V(II) to V(III). The improvement in the performance of the VO2+/VO+
2 reaction in the presence

of Sn2+ ions was less significant than that on the negative side. This could be due to the fact that Sn dissolves

back into the solution prior to the VO2+/VO+
2 redox reaction and is not able to modify the electrode. The

experiments with Sn4+ showed that it had less impact on both the positive and negative redox reactions
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than Sn2+. A bench-scale VRFB with carbon felt positive and negative electrodes was operated with Sn2+

present in both the positive and negative electrolytes. The addition of 0.01 M Sn2+ to the negative electrolyte

resulted in a reduction of the overpotential (i.e., higher voltage efficiency) and enhancement of the specific

capacity, especially at higher current densities. The energy efficiency obtained in this study was comparable

to that reported by Li and co-workers [85] on the use of bismuth as the additive. The current efficiency

decreased slightly in the presence of Sn2+ compared to the case with no additive, but the reason behind

this was not further discussed by the authors. The effect of the addition of Sn2+ to the negative electrolyte

was compared to its effect on the positive electrolyte. Again, its presence on the negative side had a much

larger effect on improving battery performance. Further investigation led to the conclusion that the small

improvement observed when Sn2+ was added to the positive electrolyte could be attributed to crossover of

Sn2+ from the positive to negative side and the subsequent catalysis of the negative reaction.

2.3.7. Copper-based catalysts

Copper is an excellent electrical conductor and has catalytic properties which make it attractive for a wide

variety of electrochemical processes. [147] Additionally, copper is widely available and relatively inexpensive.

Wei and co-workers [76] recently investigated the effect of copper nanoparticles in another attempt to improve

the V2+/V3+ redox reaction using the similar approach of synchronous deposition of a metal during charge

to avoid electrode pretreatment. As illustrated in Figure 10, Cu2+/Cu has a standard electrode potential of

0.34 V SHE, which is well above the electrode potential of V2+/V3+. Thus, copper should electrodeposit on

the surface of the graphite felt before V3+ is reduced to V2+ during charge and oxidized back to copper ions

after V2+ is oxidized to V3+ during discharge. Cyclic voltammetry showed a reduction in the separation of

the V2+/V3+ peaks upon addition of copper ions. Copper ions had no effect on the V(IV)/V(V) reaction

since copper metal had already been stripped off the electrode before the positive vanadium reaction begins

during charge. No studies were done to investigate the possible effect of copper on electrode wettability.

As for full-cell experiments, a bench-scale VRFB was operated at very high current densities (up to 300

mA cm−2). In presence of only 0.005 M Cu2+, the overpotentials were reduced significantly by 193 and 313

mV during charge and discharge, respectively. Additionally, the energy efficiency at 300 mA cm−2 was 80.1%

and stability tests showed a sustained energy efficiency of 84% after 50 cycles at 200 mA cm−2. The current

densities tested in this study (200-300 mA cm−2) were higher than those employed with other metal-based

electrocatalysts and the efficiencies reported are significantly better (see Table 3). However, in contrast

to this study, a more recent work revealed the detrimental effect of copper on the performance of VRFBs

due to its acceleration of hydrogen evolution in the negative half-cell and thus a loss in capacity. [148] The

purpose of their study was actually to investigate the effect of crack formation in the bipolar plates which

can cause copper in the current collector to leach through into the electrolyte. Their study showed that the

leaching of copper into the negative electrolyte leads to a higher rate of hydrogen evolution. The higher rate

of hydrogen evolution in the presence of copper could also be inferred from the CV obtained by Wei and

co-workers, [76] although this point was not discussed in their analysis. Additionally, they mentioned that the
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charge efficiency decreased slightly (0.1-0.5%) in the presence of copper nanoparticles but they attributed

this effect to the consumption of current by the deposition of copper during charge. However, it is likely that

the higher rate of hydrogen evolution in presence of copper also contributed. Given that the VRFB tested by

Wei and co-workers showed significantly high efficiencies at high current densities, it would be very beneficial

to study this system further, particularly with regard to the possible effect of copper in reducing the battery

charge efficiency and capacity.

2.4. Metal Oxide Electrocatalysts

Metal oxides have gained a great deal of attention for use as electrocatalysts in a variety of electrochemical

devices. [149,150] The cationic and anionic groups present on the metal oxide lattice surface can act as acid

or base sites that donate or accept protons. Heterolytic dissociative adsorption of ions from the electrolyte

onto the metal oxide lattice is also facilitated by the ionic nature of the adsorbent surface. [151] The ionicity

of the surface also enhances the interaction with the polar molecules due to the interaction between dipole

moments of the polar molecules and the electric field of the surface. [151] In addition, the cations often can

exhibit several oxidation states which leads to the possibility of undergoing oxidation and reduction reactions

and creating cationic and anionic vacancies. The majority of the metal oxides reviewed here are transition

metal oxides, which are made of transition metal cations and oxygen anions. These transition metal cations

often variable oxidations states and can easily undergo oxidation and reduction. These properties are reported

to be desirable for selective catalysis. [151] Additionally, metal oxides are low cost, especially in comparison to

metal-based catalysts which is a very critical factor for large-scale energy storage systems such as redox flow

batteries. In addition to their low cost, metal oxide catalysts are generally abundant and remain relatively

stable even in oxygen-evolving environments. [152] Nevertheless, they suffer from low electronic conductivity.

Since electrocatalysts must permit charge to transfer to their active sites, low conductivity hinders the

current flow and thus limits battery performance. The problem of low conductivity can be solved by using

an electrocatalyst support with high conductivity such as carbon-based nanomaterials. Thus, metal oxide

electrocatalysts with conductive supports have great potential for use in redox flow batteries. Many studies

have been conducted to identify candidates with suitable electrocatalytic activity toward the vanadium redox

reactions and are reviewed in this section.

2.4.1. Mn3O4-based catalysts

Mn3O4 catalysts have shown to be electrocatalytic for several redox reactions due to their polymorphism

and existence as a mixed-valence species. [153] In addition to these advantages, Kim and co-workers [95] carried

out a pre-screening test to compare the energy efficiency of VRFB operated with different metal oxide-

modified electrodes (i.e., Mn, Ni and Co oxides) and found that the use of Mn3O4 yielded the highest

improvement. Thus, the authors proposed the use of Mn3O4 to improve the performance of VRFB systems

and published their results as a short communication paper in 2012. In this work, they showed that the

adhesion between carbon felt and Mn3O4 was so weak that Mn3O4 was easily washed away by the flowing

electrolyte. However, by subjecting Mn3O4-modified carbon felt to a heat pretreatment at 500◦C for 5 hours
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under an Ar atmosphere, they found that the problem of weak adhesion was mitigated. Charge/discharge

experiments were carried out at a current density of 40 mA cm−2, which is somewhat smaller than that

applied in the aforementioned studies on metal-based catalysts possibly due to the lower conductivity of

Mn3O4. Nevertheless, the enhancement in voltage and current efficiency in the presence of this Mn3O4

catalyst was clearly evident. The enhanced performance of the Mn3O4-modified carbon felt was attributed

to the higher hydrophilicity of the electrode surface upon modification that could reduce the activation

barrier for the vanadium redox reactions and increase the charge transfer rate. The long-term stability and

durability of the catalyst over repeated battery charge-discharge cycles were not investigated in this study.

This question should be further examined, particularly given that the adhesion between Mn3O4 and the

carbon substrate was initially low.

As mentioned previously, the problem with Mn3O4 and most other metal oxides is their low electrical

conductivity, especially compared to that of metal-based catalysts. In order to minimize this problem, He

and co-workers [96] investigated the performance of Mn3O4 particles anchored to carbon nanotubes. Carbon

nanotubes have high electrical conductivity and have been shown to have a positive catalytic effect toward

both the V(II)/V(III) and V(IV)/V(V) redox reactions. [154,155] Most importantly, the MWCNTs provide the

required conductive network to bridge the Mn3O4 particles. Exchange current densities and rate constants

were calculated for the modified and unmodified electrodes. However, similar to many other studies, the

possible change in the effective surface area upon modification was not considered. The charge/discharge

tests were done in a static cell with no flow. The tests were done at low current density of 20 mA cm−2

compared to 150 mA cm−2 - 300 mA cm−2 used in metal-based electrocatalysts. Although a higher discharge

capacity and energy efficiency were obtained for the case of a Mn3O4-MWCNT composite compared to the

pristine graphite felt, the capacity retention after 50 cycles was smaller than that in pristine graphite felt.

This was attributed to the instability of the Mn3O4-MWCNTs composite on the surface of the graphite felt,

albeit it is unclear why presence of lower composite material on the graphite felt has resulted in a capacity

retention lower than the pristine graphite felt.

In another study by Blasi and co-workers, [97] a Mn3O4 catalyst was incorporated into carbon-based

nanofibers. The idea was to fabricate a Mn3O4-carbon nanofiber (CNF) electrode that was mechanically

flexible and self-supporting, with good conductivity and catalytic activity toward both the positive and

negative vanadium redox reactions. A comparison of the CVs obtained on CNF and Mn3O4-CNF electrodes

immersed in 0.2 M VOSO4 + 4 M H2SO4 showed an enhancement in the rate of the VO2+/VO+
2 reaction

when Mn3O4 was incorporated into the electrode (Figure 15). However, as also shown in Figure 15, hydrogen

evolution at the cathodic end of the scan was also enhanced when the electrode was modified with Mn3O4,

although this point was not discussed by the authors. The enhancement in the rate of the VO2+/VO+
2 reaction

was attributed to the increase in the oxygen content of the electrode upon modification with Mn3O4. BET

analysis showed an increased surface area of the Mn3O4-CNF electrode compared to bare CNF which should

provide a larger number of active sites. Mn3O4 has a normal spinel structure with many lattice defects that

can act as binding sites. Thus, it is likely that the improved performance found by modifying the electrode
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with Mn3O4 was at least partly due to the enhanced effective surface area and not only due to improved

electrode kinetics. The charge efficiency of the battery assembled with positive and negative Mn3O4-CNF

electrodes operating at 40 mA cm−2 and 80 mA cm−2 decreased slightly (1%), which could be due to the

enhanced rate of side reactions. The origin of this decrease in charge efficiency requires further investigation.

No examination of the electrode durability and stability over repeated charge-discharge cycles was considered

in this work. Given that the adhesion of Mn3O4 to the electrode surface was reported to be a challenge in

previous studies, this is another important topic warranting further attention.
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Figure 15: Cyclic voltammetry of Mn3O4-CNF electrode compared to unmodified CNF electrode in 0.2 M VOSO4 + 4 M H2SO4

solution at a scan rate of 30 mV s−1. Extracted from [97] with permission.

In another attempt to improve the performance of Mn3O4 catalysts, Ejigu and co-workers [98] fabricated

an N-doped reduced graphene oxide (rGO)-Mn3O4 (N-rGO-Mn3O4) catalyst for VRFB systems. N-doping

and the incorporation of rGO in electrodes have been previously proposed as effective methods to introduce

functional groups and catalytic binding sites for the vanadium redox reactions. [156,157] Characterization

studies demonstrated the importance of rGO in dispersing the Mn3O4 particles since extensive aggregation

of Mn3O4 particles was observed in its absence. No full-cell experiments were carried out in this study and

the typical approach of using CV peak separation and current as determinants of electrode kinetics was
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employed without taking into account the possible change in the effective surface area upon modification.

To investigate its stability, Ejigu and co-workers subjected the fabricated electrode to repeated CV scans

and observed that the activity of the electrode was preserved even after 2000 cycles. It should be noted that

these experiments were conducted under quiescent conditions. Since the flow of electrolyte can affect the

adherence of the catalyst to the electrode, it would be useful to investigate the adherence and stability of the

electrode under flowing battery conditions.

As noted in Table 2, the fabrication procedure of N-rGO-Mn3O4 involves the use of concentrated acids

and strong oxidizers. Ji and co-workers [99] fabricated polydopamine (PDA)-Mn3O4 electrocatalyst in an

attempt to bind Mn3O4 nanoparticles to the graphite felt electrode via a simpler and more environmentally

friendly procedure. Polydopamine (PDA) is produced by oxidation of dopamine and is an excellent polymer

for coating surfaces [158] and binding nanoparticles. [159] In addition to these properties, PDA (carbonized

by pyrolysis) exhibits high electrical conductivity. [160] Ji and co-workers [99] proposed that the catecho and

quinone groups present on the self-polymerized PDA surface can bind to Mn3O4 nanoparticles. The nitrogen-

doping provided by PDA on the surface of the carbon is also beneficial since nitrogen functional groups have

been shown to enhance the electrochemical performance of vanadium species. [156,157] The electrochemical

performance of V(IV)/V(V) redox reaction was higher on PDA-Mn3O4 GF electrode compared to that on

either PDA-GF or Mn3O4-GF alone. Ji and co-workers [99] proposed a mechanism for the synergistic effect of

PDA and Mn3O4 (Figure 16). According to this mechanism, N-containing groups of the PDA-Mn3O4 catalyst

are oriented toward the electrolyte. Positively charged VO2+ ions strongly adsorb to these groups during

charge. This adsorption leads to the formation of a transitional N-V moiety and the release of an electron

from the anti-bonding orbital of VO2+ to the electrode. A water molecule then coordinates with the empty

orbital of VO2+ to form VO+
2 which is still attached to the N-containing group on the catalyst surface and

two protons. Finally, the VO+
2 undergoes ion exchange with an H+ and is released into the solution. Stability

tests showed that the amount of Mn leached from the electrode after 210 minutes of immersion yielded a

concentration of 135.3 ppb in the electrolyte. They compared this value to the 100 ppm level reported by

Kim and co-workers [95] on Mn3O4 catalyst alone to show the better stability of PDA-Mn3O4 electrodes. It

must be pointed out that the exposure time of the Mn3O4 catalyst in the study of Kim and co-workers [95] was

not indicated. Comparison of the performance of a bare graphite felt with that of a PDA-Mn3O4 modified

electrode in full-cell experiments showed that their charge efficiencies were almost the same, while the use of

the modified electrode led to a higher voltage efficiency. At 150 mA cm−2, the EE was found to be 61.1%

for PDA-Mn3O4 electrodes which was higher than 55.9% reached using bare graphite felts. The effect of

carbonized PDA on the V(II)/V(III) reaction was not investigated since it is known to promote higher rates

of hydrogen evolution. [161]

The aforementioned studies on Mn3O4 catalysts focused mostly on the V(IV)/V(V) reaction occurring on

the positive side of VRFBs. As mentioned previously, recent studies indicated that the negative V(II)/V(III)

redox reaction is slower than V(IV)/V(V) and so limits the overall VRFB performance. Thus, further

improvement to battery performance will only be possible if the kinetics of the negative half-cell of VRFBs
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Figure 16: Proposed mechanism of VO2+/VO+
2 redox reaction on PDA-Mn3O4 graphite felt electrode. [99]

is enhanced. Motivated by this reasoning, Zeng and co-workers [100] turned their attention to the effect of

Mn3O4-modified electrodes on the V(II)/V(III) redox reaction. They evaluated carbon cloth (CC) modified

by Mn3O4 as both the negative and positive electrodes in a bench-scale VRFB. The polarization overpotential

was found to decrease significantly when Mn3O4-CC was used as the negative half-cell while only a very slight

change was observed when it was used as the positive electrode. Although Mn3O4-modified electrodes were

previously shown to enhance the V(IV)/V(V) redox reaction, they provided no explanation for this difference

in the effect of Mn3O4-CC. As with most of the studies reviewed here, the authors concluded that the modified

electrode improved the kinetics of the V(II)/V(III) redox reaction based on their observation of a reduction

in CV peak separation and lower charge-transfer resistance from EIS experiments. However, analysis of their

EIS data shows that the capacitance increased by an order of magnitude after Mn3O4 was modified with

CC, indicating that the effective surface area of the catalyst had increased substantially. Once again, the

improvement in performance of the modified electrode was at least partly due to the enhanced surface area

of the electrode. Full-cell experiments revealed that a significant improvement in the voltage efficiency of the

battery was achieved when Mn3O4-CC was used as the negative electrode. An energy efficiency of 88% was

attained at a high current density of 100 mA cm−2, which is higher than the values reported previously for

metal oxide catalysts in VRFBs at the same current density (Figure 4). Even at a very high current density

of 400 mA cm−2, an EE of 71.2% was obtained which was considerably higher than the level of 55.6% found

for bare CCs. As indicated in Table 4, 400 mA cm−2 is the highest current density that has been applied

to metal oxide catalysts in VRFBs. Short-term stability tests (500 cycles at 100 mA cm−2) indicated stable
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cyclability. More experiments on the role of Mn3O4 in improving electrode performance should be conducted

(e.g., distinguishing between kinetic effects or change in the electrode surface area). Additionally, a detailed

study is needed to address the above-mentioned discrepancy regarding the role of Mn3O4 in improving the

V(IV)/V(V) redox reaction. Finally, an investigation of the electrode morphology change and retention of

the electrocatalyst to the carbon support after being subjected to many charge-discharge cycles would be

very useful.

2.4.2. MnO2-based catalysts

Another form of manganese oxide is manganese dioxide, which can be formed by oxidation of Mn3O4.

Similar to Mn3O4, MnO2 is a low-cost, environmentally friendly metal oxide which is used as a catalyst in wide

variety of systems. [162] Ma and co-workers [101] studied the catalytic activity of MnO2-GF toward V(IV)/V(V).

A prior study on MnO2-modified graphene foam for super-capacitors showed that the morphology of MnO2

can be controlled by the solution pH. [163] Without the addition of HCl, MnO2 tends to exhibit a homogeneous

reticular morphology on graphene. However, when HCl is present, morphologies of crumpled flower-like,

regular flower-like or nano-bush of uniform hollow MnO2 nanotubes can be produced depending on the

amount of acid added. [163] Thus, in this work, Ma and co-workers [101] fabricated MnO2-modified graphite

felt using the previously described hydrothermal procedure with the only difference that 0.2 M HCl was added

to the precursor solution (low pH). SEM images showed that MnO2 particles tended to aggregate without

this acid treatment, while the GF-MnO2 particles formed from the HCl-containing solution were finer in

size and more uniformly distributed over the graphite felt surface. The battery operating with GF-MnO2

(synthesized from HCl solution) as the positive electrode attained an EE of ∼ 77.5% at 150 mA cm−2 and

was able to retain more than 80% of this initial amount after 120 charge-discharge cycles. The performance

of the battery was only compared to the pristine GF positive electrode, however given that the comparison

of the SEM images of GF-MnO2 fabricated with and without acid treatment showed a more uniform and

better distribution of catalytic particles on the GF substrate with acid treatment, it can be concluded that

hydrothermal procedure with acid treatment could be beneficial for preventing aggregation of MnO2 particles.

2.4.3. PbO2-based catalysts

PbO2 has a high electric conductivity compared to most other metal oxide electrocatalysts, including

MnO2 discussed in the previous section. Additionally, it is less expensive than noble metals while being resis-

tant to corrosion. Tetragonal β-PbO2 which is the form usually used as the anode electrode due to its lower

resistivity can be formed through deposition in acidic conditions. However, Wu and co-workers [55] reported

that β-PbO2 does not adhere strongly to many substrates. On the other hand, orthorhombic α-PbO2 formed

by deposition from alkaline solutions is more compact and thus has a better contact between the particles

and adheres to most surfaces. Thus, in their work, Wu and co-workers [55] used pulse electrodeposition to first

deposit α-PbO2 on bare graphite felt in an alkaline solution to form an adherent layer. Then, the graphite felt

was transferred into an acidic solution and deposition occurred to form a β-PbO2 layer on top of the α-PbO2

layer. SEM examination showed that the resulting electrocatalyst was compact and well distributed over the
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graphite felt surface (Figure 17). X-ray diffraction confirmed the presence of a mixture of α- and β-PbO2

phases. Larger anodic and cathodic current densities for the V(IV)/V(V) reaction were observed in the CVs

carried out on this electrode, albeit the possible change in the effective surface area of the electrode upon

modification was not investigated. A single H-VRFB cell (operating with hydrogen evolution occurring at the

negative electrode and V(IV)/V(V) at the positive electrode) with a positive PbO2-modified GF electrode

was operated at relatively low current densities (40 - 80 mA cm−2). At 70 mA cm−2 a voltage efficiency of

82.4% was achieved with PbO2-modified GF, which was moderately higher than 79.8% achieved using the

unmodified GF.

Figure 17: SEM image of (a) bare GF and (b) PbO2-modified GF fabricated through pulse electrodeposition in alkaline solution

and subsequently in acidic solution. Reprinted from [55] with permission.

2.4.4. WO3-based catalysts

WO3 is a metal oxide with unique optical properties and sensing capabilities that have been employed

in a variety of systems including gas sensors, catalysts and semi-conductors. [164] Additionally, WO3-based

catalysts are reported to be stable in sulfuric acid media and can be prepared using a straightforward proce-

dure. [102] Although WO3 is less expensive than metal-based electrocatalysts, it has a very low conductivity

and thus cannot be used alone as an electrode. Yao and co-workers [102] fabricated a composite WO3-super

activated carbon (SAC) to be used in VRFB systems. SAC has a very high surface area and good electrical

conductivity, making it suitable for use in combination with WO3. Their CV experiments indicated that

both the V(II)/V(III) and V(IV)/V(V) redox reactions improved when WO3-SAC was employed although

the current peak separation and peak heights were obtained from CV curves only for the V(IV)/V(V) redox

reaction. Again, the possible effect of increased wettability or enhanced surface area was not taken into

account. A bench-scale VRFB was operated with the fabricated composite electrode at relatively low current

densities for VRFB systems (30 - 60 mA cm−2). The discharge voltage and battery capacity achieved on the

WO3-SAC electrode were superior than that obtained using bare carbon paper or SAC alone.

Following this study, Shen and co-workers [56] replaced SAC with graphite felt as the support electrode

for the WO3 catalyst. However, the performance was only compared to that of bare graphite and no direct

comparison was made to the previous study that made use of SAC. Also, a higher current density of 70
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mA cm−2 was applied rather than 50 mA cm−2, as in the work of Yao and co-workers, [102] while the battery

operated with hydrogen reduction as the negative electrode reaction during charge (i.e., H-VRFB). This

battery was cycled at 70 mA cm−2 for 20 cycles and the energy efficiency shown to be stable. However, in

order to better investigate the durability and adhesion of WO3 to graphite felt electrode, longer cycle tests

should be done.

In more recent work, Kabtamu and co-workers [103] modified a graphite felt electrode with hexagonal

tungsten (h-WO3) nanowires and doped it with niobium. The idea behind these Nb-doped h-WO3 nanowires

was to combine the catalytic activity of transition metal oxides with that of a deposited metal. The TEM

images of this material showed a distortion in the lattice fringes of h-WO3 which was attributed to the

intercalation of the large Nb5+ ions into the WO3 lattice. These structural defects in the WO3 network

should provide active sites for the V(IV)/V(V) redox reaction. This could also have led to a higher surface

area. A higher range of current density (40 -160 mA cm−2) was employed in this study compared to the

previous studies on WO3-modified electrodes. At 160 mA cm−2, an energy efficiency of 65.83% was obtained

although it can be inferred from their data that the electrolyte utilization (defined as the ratio of actual

charge capacity to the theoretical charge capacity) decreased.

The same group published another study on tungsten trioxide catalyst for VRFB applications in 2017. [104]

In this work, Kabtamu and co-workers [104] fabricated a three-dimensional graphene sheet foam (GSF) mod-

ified with WO3 nanowires. As explained previously, graphene is particularly advantageous due to its large

surface area. The 3D graphene sheet consisted of 2D graphene groups self-assembled to form a 3D architec-

ture in a well-defined manner. Such a structure provides a conductive network that supports other materials

such as metal oxide catalysts (WO3 in this case). These researchers proposed that the formation of W-O-C

bonds between WO3 and the 3D graphene sheet had a synergistic effect on the fabricated catalyst. A battery

operated with these fabricated electrodes exhibited an energy efficiency of 79.49% at 80 mA cm−2. The

battery was also operated at a high current density of 160 mA cm−2 and attained an EE of 67.6% which was

higher than the level obtained previously using the Nb-WO3 GF electrode fabricated by the same group.

Tungsten trioxide-modified electrodes were the subject of another study by Faraji and co-workers. [105] In

this study, composite WO3-multi-walled carbon nanotubes (MWCNT) were fabricated and used to modify a

graphite felt electrode for use on the positive side of a VRFB. The combination of WO3 and functionalized

MWCNTs provided high surface area, beneficial carboxyl groups and catalytic sites for the VRFB system.

The half-cell studies showed an enhancement in the performance of the V(IV)/V(V) redox couple when WO3-

MWCNT was employed compared to either the WO3-GF or MWCNT-GF electrodes, which was attributed

to both enhanced electrode surface area and the catalytic activity of WO3. No full-cell experiments were

done in this study.

Hosseini and co-workers [106] evaluated another approach of modifying carbon felt with nitrogen and WO3

groups. Surface characterization showed that the WO3 particles tended to agglomerate on the surface of the

activated carbon paper without nitrogen modification (Figure 18). The addition of N groups also enhanced

the hydrophilicity of the electrode surface, which enabled a more uniform coverage of the electrode by WO3
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particles. On the basis of EIS experiments that indicated a lower charge transfer resistance (Rct) for the

N-WO3 decorated CF electrode, these authors concluded that the modification enhanced the electrocatalytic

activity of the electrode. However, if one analyzes their EIS data more closely, it becomes very clear that

the capacitance and hence the electrode surface area have increased as well. This is also true for N-WO3

decorated CF compared to N-doped CF with no WO3 electrocatalyst, which shows that the enhanced per-

formance cannot be attributed to enhanced electrocatalytic activity of the WO3 alone. The charge/discharge

experiments at a high current density of 200 mA cm−2 (larger than in previous studies on WO3-modified

electrodes) revealed an energy efficiency of 67% and very high electrolyte utilization of 51%. By comparison,

the EE and electrolyte utilization were 51% and 38%, respectively, for WO3-modified CF electrodes without

N groups.

Figure 18: Morphology of different modified carbon felt electrodes. (a) Heat-treated CF (b) nitrogen-doped heat-treated CF (c)

WO3-modified CF and (d) nitrogen-doped WO3-modified CF. Reprinted from [106] with permission.

Recently, Bayeh and co-workers [107] presented a novel approach by synthesizing and evaluating a non-

stoichiometric tungsten oxide W18O48 (WO2.72) as a catalyst for the V(IV)/V(V) redox reaction. As reported

previously in the literature, [165] the reduction of WO3, which has a perfect crystalline structure with stacked

layers of corner-sharing WO6 octahedra (see Figure 19), to W18O48 nanowires yields a crystalline structure

with oxygen-containing defects that consist of many hexagonal channels. It was suggested that the presence of

these defects in the crystalline structure of W18O48 would lead to a superior catalyst compared to electrodes
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decorated with WO3. The authors further annealed the W18O48NW-modified GF with H2 and Ar gas to

produce more surface defects (named H-W18O48NW). The enhancement in the number of oxygen-containing

vacancies (point defects in which the number of oxygen atoms expected in a compound is less than what

it would be in its perfect crystal lattice) after annealing was confirmed by XPS results. The performance

of this positive H-W18O48NW-GF electrode in a VRFB was compared only to that of W18O48NW-GF and

unmodified GF electrodes, although unfortunately no direct comparison was made with a WO3-modified

electrode. Nevertheless, at 160 mA cm-2 a voltage efficiency of 69% was achieved, which compares very well

with that achieved with a WO3-NW-GF electrode at the same current density. [104]

(a) (b)

Figure 19: The crystalline structure of (a) WO3 and (b) W18O48. Reprinted from. [165]

2.4.5. CeO2-based catalysts

Cerium is the most abundant rare earth element [166] and CeO2 is a very common naturally occurring

compound of cerium. CeO2 is formed synthetically by the calcination of cerium hydroxide or cerium oxalate

and its most important application is as a three-way catalysts. A three-way catalyst is used to simultaneously

convert three types of exhaust pollutants namely, carbon monoxide, hydrocarbons and nitrogen oxides to

harmless products. Zhou and co-workers [108] suggested that CeO2 provides many oxygen vacancies that are

beneficial for promoting the VO2+/VO+
2 redox reaction. From CV and EIS studies, a lower peak separation

and charge-transfer resistance were found for CeO2-modified electrodes compared to unmodified substrates,

which was used as the basis to conclude that the CeO2 catalyst is catalytic for VO2+/VO+
2 reaction. However,

their contact angle measurements (Figure 20) also showed an enhancement of the wettability of the substrate

upon modification with CeO2, as was pointed out by the authors themselves. The higher wettability enhances
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the utilization of the surface area. The electrochemical activity of the electrode was only evaluated for the

V(IV)/V(V) reaction. An electrode with a loading of 0.2 wt% CeO2\GF was found to be optimum since the

conductivity decreased with further addition of CeO2. The resulting energy efficiency from operation of the

battery with this electrode was 64.7% at a high current density of 200 mA cm−2.

Figure 20: Contact angle measurements for CeO2-modified and unmodified GF substrate. Reprinted from [108] with permission.

Following this work, Jing and co-workers [109] suggested the use of electrospun carbon nanofibers embedded

with CeO2. Electrospun carbon nanofibers (ECNFs) have a very large surface area and good conductivity.

Nevertheless, their low hydrophilicity prevents good utilization of the electrode surface area (low electro-

chemical surface area - ECSA). Since CeO2 enhances the wettability and hydrophilicity of the electrode

surface (as discussed in the previous work), its embedding into the nanofibers should enhance the ECSA.

It should be noted that Jing and co-workers [109] have been one of the rare groups to actually acknowledge

that the enhancement due to the addition of CeO2 (and other metal oxide nanoparticles) could be due to

the enhancement in the effective surface area as well as the electrochemical activity of the redox reaction.

They used a small-amplitude potential step technique to measure the effective surface area of modified and

unmodified electrodes. By applying small-amplitude overpotentials (5 mV), it is possible to prevent electro-

chemical reactions from occurring and measure currents that are solely due to charging of the double layer,

from which the capacitance and the effective surface area can be directly determined. This analysis showed

that modification with CeO2 led to a more than 4-fold increase in the effective surface area of the carbon

nanofiber electrode. Thus, the authors concluded that the higher peak current densities observed in the

CVs obtained when CeO2 was incorporated into the electrode were due to the enhanced surface area and

not the catalytic activity of CeO2. Furthermore, they argued that the separation of the CV peaks should
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be studied to determine if the CeO2 catalyst has any activity toward the vanadium redox reactions since

this effect is unrelated to the effective surface area. However, this statement is in conflict with the findings

of several previous studies that show that the separation of CV peaks obtained on porous electrodes is a

poor indicator of electrocatalytic activity since any change in porosity, hydrophobicity and roughness of the

electrode can alter the peak separation. [62,64,65] Jing and co-workers also conducted contact angle measure-

ments and observed significant enhancement in the wettability of the carbon fiber surface upon modification

with CeO2, which could also enhance the electrochemical response of the system. Nevertheless, even on the

basis of the peak separation, they concluded that CeO2 exhibited no electrocatalytic activity toward the

V(IV)/V(V) reaction and the enhancement observed in the current response of the positive redox reaction

on the CeO2-ECNF electrode was due entirely to the significantly higher ECSA. Since the separation of the

negative V(II)/V(III) CV peaks was reduced slightly on CeO2-ECNF, the authors concluded that CeO2 may

have some electrocatalytic activity toward the V(II)/V(III) reaction.

2.4.6. ZrO2-based catalysts

The use of zirconium dioxide as a catalyst has grown rapidly for a variety of applications such as ethanol

electro-oxidation [167] and reduction of carboxylic acid to aldehydes. [168] Motivated by the abundant oxygen-

containing functional groups provided by ZrO2 and its unsaturated Lewis acid-base Zr4+-O2− pairs, Zhou

and co-workers [111] investigated the possible role of ZrO2 in enhancing the V(II)/V(III) and V(IV)/V(V)

redox reactions. The incorporation of zirconium nanoparticles into graphite felt caused the wettability of

the electrode surface to improve and led to a reduction in separation of the CV peaks and increase in the

peak current densities for both redox reactions on ZrO2-GF compared to that of unmodified GF. Given that

the peak separation and charge-transfer resistance values were used as a basis to characterize the catalytic

activity of ZrO2, further detailed analysis is necessary to determine whether ZrO2 has any catalytic activity

toward the vanadium redox reactions in addition to enhanced wettability. A VRFB assembled with ZrO2-

GF as both negative and positive electrodes showed improved voltage and energy efficiencies. The voltage

efficiency was 71.9% and 65.7% at 200 mA cm−2 and 250 mA cm−2, respectively. The previous study with

CeO2-GF. electrode obtained a voltage efficiency of 69.8 at mA cm−2, which is slightly lower than the values

reported for ZrO2-GF.

Recently, He and co-workers [112] fabricated a ZrO2-modified carbon nanofiber (CNF) electrode using

the electrospinning method. They suggested that this method would lead to better adhesion between the

catalyst and the substrate than the impregnation method used in the previous study. [111] The fabricated

ZrO2-CNF was only evaluated with regard to the negative V(II)/V(III) redox reaction. The applied current

densities in this study were in the range of 60-100 mA cm−2, which is lower than that used in the previous

study with ZrO2-GF (200-250 mA cm−2). [111] A battery assembled with a ZrO2-CNF negative electrode

exhibited a voltage efficiency of 74% at 100 mA cm−2 and was stable over the 50 charge/discharge cycles

tested in this study. To better assess the stability of the electrospun electrodes compared to those fabricated

via impregnation, battery performance must be compared directly over more cycles and at higher current
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densities.

2.4.7. CeZrO2-based catalysts

Since the incorporation of CeO2 and ZrO2 particles was separately found to have positive effects on

VRFB performance, Yu and co-workers [110] investigated the performance of mixed cerium-zirconium oxides

(CexZr1−xO2) on both the negative and positive sides of a VRFB. This mixed oxide has been used widely

as a three-way catalyst in the energy field. [169] It is known that the incorporation of zirconia into the CeO2

structure causes its specific surface area to decrease. However, ceria-zirconia mixed oxide has been shown

to have a very high oxygen storage capacity which is a measure of the ability of the catalyst to donate

oxygen to a reaction and accept oxygen following completion of the reaction. [169] Given the participation

of oxygen-containing groups in the vanadium redox reactions, the decision of Yu and co-workers [110] to use

ceria-zirconia mixed oxides is well-founded. Similar to earlier results, the wettability of the electrode increased

upon incorporation of CeO2. Again, it is not clear whether the catalysts had any catalytic activity toward the

vanadium redox reactions or whether the enhanced battery performance upon modification was due only to

the enhanced wettability of the electrode. Nevertheless, the authors proposed a mechanism for the catalytic

reaction. A schematic depicting the mechanism for the positive reaction is shown in Figure 21. According to

this mechanism, the -OH and -COOH functional groups on the electrode surface act as active sites for VO2+

and V3+ where ion exchange occurs. A VRFB with CeZrO2 −GF electrodes employed on both the negative

and positive sides showed higher energy and voltage efficiencies compared to one where CeZrO2 −GF was

used only in one of the half-cells (either positive or negative) or when only bare GF electrodes were employed.

The energy efficiency obtained by a VRFB operating with CeZrO2 −GF on both sides was comparable to

the level reported in the previous study with ZrO2. [111]
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Figure 21: Proposed mechanism for catalytic reaction of the CeZrO2 − GF towards V(IV)/V(V) redox reaction. The presence

of -OH and -COOH functional groups is proposed ot be beneficial for the redox reaction. [110]

2.4.8. TiO2-based catalysts

TiO2 is an n-type semi-conductor with high stability in both acidic and alkaline environments that has

been employed in a variety of applications including solar cells, photocatalysts and sensors. [170] Additionally,

it is reported that TiO2 can increase the wettability of the catalyst layer and is also chemically stable. [171]

Motivated by these advantages, Tseng and co-workers [113] prepared a TiO2-carbon black composite material

as the negative electrode for a VRFB. Their CV experiments showed that hydrogen evolution is significantly

inhibited on this TiO2-modified electrode, making it promising for inhibition of the HER side reaction in the

negative half-cell of VRFBs (see Figure 22). This TiO2-modified electrode also was more hydrophilic and

wettable than an unmodified carbon felt electrode. In separate studies, a VRFB with a TiO2-carbon black

composite negative electrode and carbon felt positive electrode was operated at a low current density of 20

mA cm−2 [81] as well as a high current density of 200 mA cm−2. [113] At the high current density, the charge

efficiency improved by 5% compared to a battery with an unmodified carbon felt due to the inhibition of

hydrogen evolution in the negative half-cell. Additionally, this battery attained a VE of 73% which is slightly

better than voltage efficiencies found previously with CeO2 and ZrO2 catalysts at the same current density.

At low current density of 10 mA cm−2, an energy efficiency of 72.3% was achieved which was 39.57% higher

than the cell with raw carbon felt.
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Figure 22: Cyclic voltammetry plot of (a) unmodified carbon felt and (b) TiO2-modified carbon felt electrode in a solution of

0.01 M V(IV) + 0.01 M H2SO4 with a scan rate of 0.005 V s−1. Extracted from. [113]

Recently, Hou and co-workers [114] used a similar approach to decorate a carbon paper electrode with

TiO2. Not surprisingly, this modification improved the wettability of the electrode. Additionally, their EIS

data showed that this modification increased the capacitance by two orders of magnitude, demonstrating a

significant rise in the effective surface area of the electrode. Nevertheless,this point was not taken into account

in the interpretation of the CVs and reduction in peak separation upon modification was only attributed to the

improved catalytic activity of TiO2 for the V(II)/V(III) reaction. The battery assembled with TiO2-modified

carbon paper achieved an energy efficiency of 72.2% at 100 mA cm−2.

Following this study, Vazquez-Galvan and co-workers [117] grew hydrogen-treated rutile (a polymorph of

titanium dioxide) on graphite felt for use as the negative electrode of VRFBs. The purpose of the hydrogen

treatment was to generate oxygen vacancies in the TiO2 lattice. This was confirmed by the optical response

of the hydrogen-treated TiO2, which showed absorption over both the UV and visible ranges up to 800 nm

in contrast to untreated TiO2, which absorbed only in the UV range. The enhancement in the absorption

range was attributed to the change in electronic distribution caused by the formation of oxygen vacancies.

As in the aforementioned studies, the TiO2-modified electrode significantly inhibited the HER. The low HER

rate was attributed to the high energy of adsorption of hydrogen atoms onto TiO2 sites, as shown below in

the volcano plot in Figure 23 which shows the relationship between the binding energy (HBE) of hydrogen

onto the intermediate hydrate state and the exchange current density for the HER. Since the HBE (which

is endothermic) is very high in the case of TiO2, the rate of adsorption of hydrogen atoms onto this surface
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would be expected to be low. The VRFB of Vazquez-Galvan and co-workers [117] fabricated with a hydrogen-

treated rutile-based graphite felt negative electrode achieved a higher energy efficiency and specific capacity

than one containing a TiO2-modified graphite felt that had not received hydrogen treatment. The charge

efficiency and specific capacity were also higher than that obtained in the cell of Tseng and co-workers which

included a TiO2-carbon black composite negative electrode [113] (discussed previously in this section). On

the other hand, the energy efficiency at 200 mA cm−2 of 61% was slightly lower than that of Tseng and

co-workers. Vazquez-Galvan and co-workers published another study on TiO2 catalysts, [115] in which they

nitrided a carbon felt electrode with NH3 gas at high temperature after growing TiO2 nanorods on its surface.

Upon nitridation, TiO2 was partially transformed to TiN, as confirmed by XRD. The authors suggested that

the presence of N groups on the carbon felt and TiO2 surface provided more active sites for the V(II)/V(III)

reaction. From their EIS spectra, we observe that the capacitance increased by two order of magnitudes,

indicating a much larger electrode surface area after modification. A battery with a nitrided TiO2 negative

carbon felt electrode was assembled and achieved an energy efficiency of 71% at the highest current density

of 150 mA cm−2 applied, higher than the 66.1% value obtained with non-nitrided hydrogen-treated TiO2

graphite felt at the same current density.

Figure 23: Hydrogen-binding energy (HBE) versus exchange current density (volcano plot). Extracted from. [117]

As mentioned above, the rutile form of TiO2 was used by Vazquez-Galvan and co-workers. [117] Cheng

and co-workers [116] compared the effect of the polymorphic form of TiO2 on its catalytic performance toward

the V(II)/V(III) redox reaction. Specifically, they compared the electrochemical properties of rutile and

anatase. Perhaps the most important difference between these two forms is that anatase is a semiconductor
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whereas rutile is not. The rutile form is more expensive than anatase and is commonly utilized as a coating

material, while anatase is used as a photocatalyst material due to its semiconducting properties. [172] Based

on the smaller CV peak separation and higher peak current densities and lower charge-transfer resistance

measured from EIS analysis for anatase compared to that of rutile and an unmodified GF electrode, Cheng

and co-workers [116] concluded that anatase has higher electrocatalytic activity toward the V(II)/V(III) redox

reaction. Consequently, they evaluated an anatase TiO2-GF negative electrode in a VRFB, but its perfor-

mance was only compared to that of a cell with unmodified graphite felt electrode. It would have been useful

to also assess the performance of rutile TiO2 in the full-cell experiments. Nevertheless, they found a slight

decrease in the charge efficiency of the battery upon modification but enhancement in the battery voltage

efficiency. The energy efficiency achieved at 100 mA cm−2 was 7.5% higher than that obtained using an

unmodified GF negative electrode. The authors attributed the loss in charge efficiency to more severe ion

crossover and side effects in the cell that contained the anatase-GF negative electrode. However, they did

not discuss the nature of these side effects upon modification.

2.4.9. Nb2O5-based catalysts

Nb2O5 is a transition metal oxide and an n-type semiconductor that has high stability in acidic aque-

ous media. Its use as a catalyst was investigated by Li and co-workers [118] for both the V(II)/V(III) and

V(IV)/V(V) reactions. FE-SEM images of prepared samples showed agglomeration of the Nb2O5 nanorods

on the surface of the GFs especially at high Nb concentrations. By adding tungsten to the electrolyte (in the

form of ammonium paratungstate), they were able to promote the precipitation of the catalyst on the surface

of the electrode and thus reduce the extent of agglomeration. On the basis of fast Fourier transform (FFT)

analysis, they proposed that the addition of the ammonium paratungstate led to the formation of tungsten-

doped Nb2O5 single crystal nanorods rather than a mixture of WO3 nanorods and Nb2O5 nanorods. The

possibility that modification had enhanced the surface area was not considered and the improved electrochem-

ical performance observed in their CVs was attributed to improved electrode kinetics. A battery assembled

with the W-doped Nb2O5-modified GF attained an energy efficiency of ∼ 76% at 150 mA cm−2 and spe-

cific discharge capacity of 14.4 Ah L−1. Further studies are needed to identify the role of this Nb2O5-based

catalyst in promoting the vanadium redox reactions.

2.4.10. TiNb2O7-based catalysts

As evident from these previous studies, modification of the electrodes with oxides based on titanium

and niobium resulted in improved VRFB performance. Thus, Kabtamu and co-workers [119] suggested the

use of titanium niobium oxide (TiNb2O7) catalyst for this application. The (TiNb2O7) has a monoclinic

layered structure, in which Ti4+ and Nb5+ are each coordinated to 6 oxygen atoms to form TiO6 and

NbO6 groups at the edge-sharing and corner-sharing octahedral sites, respectively. Since TiNb2O7 is a poor

electronic conductor, Kabtamu and co-workers [119] fabricated an electrode by combining it with graphite

felt. The TiNb2O7-modified graphite felt was only tested with respect to the V(IV)/V(V) redox reaction.

Contact angle measurements showed improvement in the wettability of the electrode upon modification with
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the catalyst. A single cell assembled with the positive electrode modified in this way exhibited an energy

efficiency of 70.32% at 160 mA cm−2, comparable to the efficiency obtained using a TiO2-modified electrode

described in the work of Vazquez-Galvan and co-workers, [117] albeit the current density was slightly lower at

150 mA cm−2 in the previous work.

This oxide was also used by Bayeh and co-workers [120] in a TiNb2O7-modified reduced graphene oxide

electrocatalyst that was assessed for both the V(II)/V(III) and V(IV)/V(V) reactions. In the absence of

the reduced graphene sheets, significant aggregation of TiNb2O7 nanoparticles occurred. However, when

graphene is present, the TiNb2O7 nanoparticles tend to anchor themselves to the sites provided by rGO so

that aggregation is suppressed. Additionally, the TiNb2O7 particles act as a spacer and prevent the restacking

of the rGO. The energy efficiency reported for a single cell assembled with TiNb2O7-rGO modified positive

and negative electrodes was slightly higher than that reported previously by Kabtamu and co-workers [119]

using TiNb2O7-modified GF electrodes.

2.4.11. NiO-based catalysts

Nickle oxide is an abundant and low cost semiconducting material that has been used as an electrocatalyst

for oxygen evolution. [173] The use of composites of nanostructured NiO particles with carbon materials is re-

ported to be beneficial for enhancing the inherent low conductivity of NiO and thus increasing charge transfer

rates. [174] The strong interaction between the NiO nanoparticles and carbon fibers was reported to prevent

the agglomeration of NiO nanoparticles and maintains a uniform catalyst particle size. [121] Additionally, the

hydrophilicity of NiO-modified GF was found to be higher than that of pristine GF. Yun and co-workers [121]

measured the specific surface area of the electrode via the BET method and found that NiO-modified GF

had a much higher surface area than unmodified GF. The stability of this electrode was also demonstrated

in experiments that showed very little change in the current response over 12000 successive CV cycles. The

anodic peak current density dropped marginally from 474 to 447 mA cm−2 over the course of these cycles.

A VRFB with NiO-modified GF negative and positive electrodes exhibited energy efficiencies of 74.5% and

72% at 125 and 150 mA cm−2, respectively.

In another study, Xiang and co-workers [122] used a mixed oxide of nickel and cobalt (NiCoO2) as the

positive electrode for VRFBs since it was reported to be more conductive than either NiO or CoO alone.

The hydrophilicity of thermally treated GF, NiO-GF, CoO-GF and NiCoO2-GF were all higher than that of

pristine GF. A VRFB cell assembled with NiCoO2-GF exhibited an energy efficiency of 72.5% at 150 mA cm−2

which was higher than the levels of 69.2% and 57% reported for CoO-GF and GF electrode, respectively.

These authors did not assemble a battery with NiO-GF electrodes for comparison. However, comparison

of the performance of the NiCoO2-GF electrodes with that reported by Yun and co-workers [121] shows that

both achieve similar energy efficiencies at 150 mA cm−2. Nevertheless, the voltage efficiency of the battery

operating with NiCoO2-GF electrodes was 81% which was notably higher than 72% reported for NiO-GF at

150 mA cm−2. The lower charge efficiency in the cell fabricated by Xiang and co-workers could be attributed

to the high rate of vanadium crossover in their cell, since low CE values were obtained regardless whether or
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not a NiCoO2 catalyst was present.

2.4.12. MoO3-based catalysts

Molybdenum oxide is highly stable in acidic solutions and has been used as a catalyst in polymer electrolyte

fuel cells. [175] MoO3 has an orthorhombic structure and is non-conductive (less that 10−10 S cm−1), [176] but

becomes conductive when electrochemically reduced to HxMoO3 (as high as 20 S cm−1). [176] Additionally,

the surface of the MoO3 contains abundant oxygen vacancies and has a large overpotential for oxygen evolu-

tion. [123] Motivated by these advantages, Cao and co-workers [123] suggested the use of this catalyst on both

the negative and positive sides of VRFBs. In their work, MoO3 was decorated on the carbon paper (CP)

electrode. A single cell VRFB operated with MoO3-modified CP exhibited better performance than ther-

mally treated CP. Examination of the electrode morphology showed that the shape of the MoO3 particles on

the CP electrode changed from micro-flakes to ultra-thin nanosheets and the amount of catalyst remaining

had declined after 140 charge/discharge cycles with the MoO3-modified CP electrode. It was proposed that

some of the catalyst had washed away from the electrode surface. The reasons behind the transformation of

the catalyst surface and the mechanism behind this phenomenon require further investigation.

2.4.13. SnO2-based catalysts

SnO2 is an n-type semiconducting oxide material with a wide band gap and good corrosion resistance [177]

which has widely been used as a catalyst support and in energy storage technologies. Mehboob and co-

workers [124] investigated the performance of SnO2 decorated on carbon felt electrode as both the negative

and positive electrodes in VRFB systems. They analyzed their CVs using the Randles-Sevick equation and

calculated the electrode surface area before and after modification from the slope of a plot of current density

versus the square root of the scan rate. This analysis showed modification with SnO2 had increased the

surface area of the electrode. As discussed previously, this method for calculation of the surface area may

not be accurate since the Randles-Sevick equation is applicable only to planar electrodes involving semi-finite

diffusion of the electroactive species and is not applicable to porous electrodes. Nevertheless, the battery

operated at 150 mA cm−2 achieved a VE and EE of 79.7% and 77.3%, respectively, comparable to the values

obtained previously at this current density when a Sn metal catalyst was used at both electrodes by the same

group [75] (see section 2.3.6)

2.4.14. Nd2O3-based catalysts

Neodymium is reported to be an excellent oxygen binder that has a low electronegativity and high Nd-O

binding strength. [178] Fetyan and co-workers [125] suggested the use of Nd2O3 to catalyze both the V(II)/V(III)

and V(IV)/V(V) reactions. The smaller peak separation and higher current densities observed in their CVs

were attributed to the higher electrochemical activity of the Nd2O3 for the vanadium redox reactions although

the possible contribution of the enhanced surface area upon modification was also mentioned. Fetyan and

co-workers proposed a mechanism for the catalytic activity of Nd2O3-CF for V(IV)/V(V) during charge,

which was in line with the previously mentioned mechanism for CeZrO2. [110] The Nd2O3 particles first bind
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to SO2 groups of H2SO4 (background electrolyte) and form Lewis acids. Then, the Lewis acids interact with

OH− groups of water to form Bronsted acids. Following this step, VO2+ ions from the electrolyte undergo

ion exchange with oxygen functional groups of CF and are converted to VO+
2 . Finally, these ions are released

and transferred into the electrolyte bulk. The battery tested with Nd2O3-CF positive and negative electrode

yielded an energy efficiency of ∼ 70%. The authors did not disclose whether this efficiency was attained at

a current density of 100 or 50 mA cm−2.

2.4.15. RuO2-based catalysts

Despite its high cost, RuO2 has been widely used as an electrocatalyst (e.g. oxygen evolution reaction [179])

due to its high stability in acidic environments. It has been reported that the electrochemical characteristics of

ruthenium oxide depends on its oxidation and hydration states. RuO2 and other tetravalent ruthenium oxides

are reported to be suitable materials for electrode components in many electrochemical systems. [126] Thus,

Gobal and co-workers [126] suggested the use of RuO2 to enhance the V(IV)/V(V) reaction and fabricated

a catalyst by incorporating the oxide into MWCNTs supported by a stainless steel mesh (SSM) substrate.

The RuO2-MWCNT completely covered the surface of the SSM substrate to prevent its corrosion by the

electrolyte. CVs obtained on the RuO2-MWCNT-SSM electrode in half-cells exhibited smaller peak separa-

tion and higher currents for the VO2+/VO+
2 reaction compared to the RuO2-SSM and the MWCNT-SSM

electrodes. This improvement could be partly due to a higher surface area and partly due to the catalytic

activity of RuO2. No full-cell experiments were done with this electrode. Nevertheless, half-cell galvanostatic

charge/discharge cycles showed that 91% of the initial specific discharge capacity of the RuO2-MWCNT-

SSM electrode was still preserved after 10 days (Figure 24). The possibility of corrosion of RuO2 to RuO4 in

the acidic environment of the battery [180] was not discussed, but warrants future research. Additionally, a

full-cell analysis of this battery is required. Given that the RuO2 is more expensive than many of the other

metal oxides tested, the performance of the battery with RuO2 must be more significantly better than that

achieved with the others to make this catalyst a feasible option.
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Figure 24: Half-cell galvanostatic charge/discharge of V(IV)/V(V) redox reaction on RuO2-MWCNT-SSM electrode for the first

and 10th days. Extracted with permission from. [126]

2.4.16. Cr2O3-based catalysts

Chromium (III) oxide is a low-cost material that has been used as an electrocatalyst for water splitting [181]

and electroreduction of N2. [182] The activity of this catalyst for the VO2+/VO+
2 reaction was studied by

Xiang and co-workers. [127] Contact angle measurements confirmed the enhancement of the wettability of

the electrode upon modification with Cr2O3. As with most studies on other systems, the enhancement

(lower peak separation, higher peak current density) observed in the half-cell CV experiments could at least

be partly due to the rise in the effective surface area of the electrode. A VRFB with Cr2O3-TGF positive

electrode showed a VE and EE of 75.9% and 67.6% at 150 mA cm−2, which is comparable to the performance

of TiO2-based and NiO-based electrocatalysts tested at the same current density. [115,121]

2.4.17. Ta2O5-based catalysts

Tantalum peroxide has been used in PEM fuel cells due to its high stability in acidic media, corrosion

resistance and promotion of the catalytic activity of platinum. [183] In addition to these advantages, its low

cost and strong adhesion to the surface of the electrode motivated Bayeh and co-workers [128] to decorate a

graphite felt electrode with commercial Ta2O5 powder. XPS studies showed that the content of the oxygen-

containing functional groups increased upon loading Ta2O5 powder onto the GF electrode. The XPS results

showed that the peaks associated with -OH and Ta=O increases tremendously upon modification with Ta2O5.

This was attributed to the breaking of the C=O bonds to form -OH and Ta=O bonds, which can act as

precursors for charge transfer associated with the VO2+/VO+
2 reaction. In fact, the four Ta=O bonds and

52



two Ta-O bonds in Ta2O5 were proposed to provide more oxygen-containing groups on the substrate that

can act as the active sites for the VO2+/VO+
2 redox couple. Another reason for the improvement was the

increased surface area of the electrode due to the formation of small Ta2O5 nanoparticles on the GF surface.

The energy efficiency of a VRFB fabricated with a Ta2O5-GF electrode remained stable over 100 cycles at

80 mA cm−2.

2.5. Summary of metal and metal oxide electrocatalysts employed in the VRFB system

A summary of all the metal and metal oxide electrocatalysts used in full-cell VRFBs is provided in Tables

3 and 4, respectively. The tables list the efficiencies of the battery at the highest reported current density

in each study. If the efficiencies were not reported by the authors of these studies, we have extracted them

from their charge/discharge plots and denote them in the tables with a ’∼’ next to the values. It should be

mentioned that the charge efficiency of VRFBs is affected by the membrane type employed in the battery

because one source of charge loss in VRFBs is the crossover of vanadium species from the positive half-cell to

the negative half-cell, which is affected by the battery membrane type. Hence, it would be more meaningful

to compare the voltage efficiencies of the systems. Note that at higher current densities, the voltage efficiency

drops to lower values due to the increase in ohmic resistance and mass transfer limitations. The electrode with

the best performance (high current density tested with good efficiencies) is highlighted in yellow. The green

color highlights materials that provide good efficiencies, albeit at lower current densities or lower efficiencies.

Among the metal-based catalysts, the battery with Bi-CC electrodes is operated at the highest current density

applied among these systems (480 mA cm−2) and could deliver a high voltage efficiency of 73.3%. The battery

with Cu-GF negative electrode could also maintain a good voltage efficiency at a high current density of 300

mA cm−2. Nonetheless, the possible effect of copper in enhancing the hydrogen evolution side reaction and

thus reducing the charge efficiency of the battery must be further investigated to assess the practicality of this

electrocatalyst for the negative half-cell of VRFBs. As for metal oxide materials, the highest current density

tested was 400 mA cm−2 for a battery operated with Mn3O4-CC negative and positive electrode materials.

It would be very useful to carry out further studies to better understand the role of Mn3O4 in improving

the performance of the electrode and to determine whether the modification with Mn3O4 solely increases the

surface area or exhibits catalytic activity toward the vanadium redox reactions. Additionally, the adherence

of the Mn3O4 particles to the electrode substrate must be investigated over long-term battery cycling.
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Table 3: Summary of metal-based electrocatalysts employed in a vanadium redox flow battery to date. The yellow color highlights the electrode with the best performance. A is the

electrode surface area, Q is the flow rate, i is the current density used for a single cycle test, CE, VE and EE refer to the charge, voltage and energy efficiencies of the cell operated

over one cycle. istability is the current density used for stability tests and cycle number refers to the number of cycles that electrode maintained a stable performance at istability.

Negative electrode Positive electrode Electrolyte
A

(cm2)

Membrane

type

Q

(ml min−2)

i

(mA cm−2)

CE% VE% EE%
istability

(mA cm−2)

Cycle

number

Year

CF Ir-CF
Positive: 0.5 M V(IV) + 0.25 V(V) + 2 M H2SO4

Negative: 0.5 M V(IV) + 0.5 V(V) + 2 M H2SO4

10 Nafion 117 - 60 67.1 87.2 58.5 60 50 2007 [78]

GF Polyol-Pt-C 1 M V(IV) + 1 M H2SO4 9 Nafion 117 - 40 87.0 81.6 71.0 40 10 2013 [82]

GF Pt-MWCNT 1 M V(IV) + 1M H2SO4 25 Nafion 117 20 30 53.5 81.0 43.3 - - 2012 [80]

CF Pt-CF 1 M V(IV) + 1M H2SO4 25 Nafion 117 20 20 82.8 85.6 70.7 - - 2013 [135]

Bi-GF

(Bi is added to the solution)

GF 2 M V(IV) + 5 M HCl + 0.01 M Bi3+ 10 Nafion 115 20 150 ∼97.8 80.4 ∼78.6 50 50 2013 [118]

Bi-CF Bi-CF 1.5 M V(IV) + 3 M H2SO4 48 Nafion 115 40 160 ∼95.0 ∼83.2 79.0 - - 2015 [88]

Bi-GF Bi-GF 1.5 M V(IV) + 3 M H2SO4 48 Nafion 115 40 160 ∼94.9 ∼79 ∼75.0 - - 2015 [88]

Bi-CF Bi-CF 1.5 M V(IV) + 3 M H2SO4 48 Nafion 115 40 160 93.3 84.7 79.0 140 300 2017 [87]

Bi-CC

(Bi is added to the solution)

Bi-CC

(Bi is added to the solution)

1.5 M V(IV) + 3 M H2SO4 + 0.005 M Bi3+ 4 Nafion 212 46 480 ∼99.0 ∼73.3 72.6 320 200 2019 [90]

Bi-CF

(Bi is added to the solution)

CF 1.5 M V(IV) + 3 M H2SO4 + 0.005 M Bi3+ 4 Nafion 212 40 200 ∼98.0 ∼75.5 ∼74.0 80 100 2017 [73]

Bi-GF GF 1.5 M V(IV) + 2 M H2SO4 25 Nafion 115 60
150 ∼95.0 ∼83.1 78.9

150 600 2018 [89]

400 ∼99.0 ∼59.3 58.7

Sb-GF

(Sb is added to the solution)

Sb-GF

(Sb is added to the solution)
1.2 V(IV) + 3 M H2SO4 + 0.005 M Sb3+ 30 Perfluorinated IEM 500 120 95.4 70.3 67.1 60 50 2015 [74]

Cu-GF

(Cu is added to the solution)

GF 1.0 M V(IV) + 3 M H2SO4 + 0.005 M Cu2+ 4.7 Nafion 212 36 300 ∼97.0 ∼82.5 80.1 200 50 2016 [76]

Sn-CF

(Sn is added to the solution)

Sn-CF

(Sn is added to the solution)

1.5 M V(IV) + 3 M H2SO4 + 0.01 Sn2+ 25 Nafion 117 50 150 ∼98.4 ∼78.5 77.3 50 70 2017 [75]
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Table 4: Summary of metal oxide electrocatalysts employed in a vanadium redox flow battery to date. A is the electrode surface area, Q is the flow rate, i is the current density

used for a single cycle test, CE, VE and EE refer to the charge, voltage and energy efficiencies of the cell operated over one cycle. istability is the current density used for stability

tests and cycle number refers to the number of cycles that electrode maintained a stable performance at istability.

Negative electrode Positive electrode Electrolyte
A

(cm2)
Membrane

type
Q

(ml min−2)
i

(mA cm−2)
CE% VE% EE%

istability
(mA cm−2)

Cycle
number Year

Mn3O4-CF Mn3O4-CF 2 M V(IV) + 2 M H2SO4 - - - 40 ∼80.1 ∼91.5 ∼73.2 40 20 2012 [95]

GF Mn3O4-MWCNT 1.2 M V (IV) 9 Nepem 1110 Static 20 93.5 90.5 84.7 20 50 2015 [96]

Mn3O4-CNF Mn3O4-CNF 1 M V(IV) + 4 M H2SO4 5 Fumasep F-930-RFD 50
40 84.0 96.0 81.0

- - 2017 [97]
80 92.0 88.0 81.0

T-GF PDA-Mn3O4-GF 0.726 M V(V) + 2.5 M H2SO4 9 Sulfonated poly(ether ether ketone)-TiO2 60
50 98.1 86.2 84.6

50 50 2017 [28]100 98.9 74.5 73.7
150 99.3 61.5 61.1

Mn3O4-CC Mn3O4-CC 1 M V(IV) + 3 M H2SO4 4 - -
100 ∼95.8 ∼92.2 88.3

200 500 2018 [100]
400 ∼97.8 ∼72.8 71.2

GF MnO2-GF 0.75 M V(III) + 0.75 M V(IV) + 3 M H2SO4 4 - -
100 ∼96.2 ∼83.1 ∼80.0

150 120 2018 [101]
200 ∼97.9 ∼68 ∼66.6

WO3-SAC WO3-SAC 1.5 M V(IV) + 3 M H2SO4 9 Nafion 115 - 60 95.1 81.8 78.1 30 50 2012 [102]

- WO3-GF
Positive 1 M V(IV) + 2 m H2SO4,

Negative Hydrogen 12
CCM (Positive Nafion 1135 -

Negative Platinum Carbon Diffusion Layer) 500 70 99.1 88.7 87.9 70 20 2014 [56]

WO3-Nb-GF WO3-Nb-GF 1.6 M V(IV) + 2.5 M H2SO4 5 Nafion 117 30
80 93.2 83.8 78.1

80 30 2016 [103]
160 95.3 69.1 65.8

WO3-NW-GF WO3-NW-GF 1.6 M V(IV) + 2.5 M H2SO4 25 Nafion 117 30
80 95.0 83.7 79.5

80 50 2017 [104]
160 98.2 68.9 67.6

GF W18O49-NW-GF 1.6 M V(IV) + 3 M H2SO4 25 Nafion 117 8.33
80 94.2 85.0 80.1

80 100 2019 [107]
160 95.7 69.0 66.1

T-CF N-WO3-CF 1.8 M V(IV) + 3 M H2SO4 3 Nafion 117 - 200 96.3 67.9 65.4 - - 2018 [106]

- PbO2-GF
Positive 0.5 M V(IV) + 3 M H2SO4 ,

Negative Hydrogen 12
CCM (Positive Nafion 1135 -

Negative Platinum Carbon Diffusion Layer) -
50 98.4 88.9 87.5

50 30 2014 [55]
80 99.7 78.3 78.1

ZrO2-GF ZrO2-GF 2 M V(IV) + 4.5 M H2SO4 25 Nafion 115 -
200 93.7 71.9 67.4

100 200 2016 [111]
250 94.6 65.7 62.1

ZrO2-CF GF 0.8 M V(III) +0.8 M V(IV) + 3 M H2SO4 9 Nepem-1110 -
80 98.0 78.8 77.2

80 50 2019 [112]
100 98.0 74.0 73.3

CeO2-GF CeO2-GF 1 M V(III) + 1 M V(IV) + 2 M H2SO4 25 Nafion 115 - 200 ∼93.0 ∼69.6 64.7 100 100 2014 [108]

CeO2-ECSNF CeO2-ECSNF 0.85 M V(III) + 0.85 M V(IV) + 3 M H2SO4 28 Nafion 212 40 100 - - ∼73.0 100 50 2016 [109]

CeZrO2-GF CeZrO2-GF 2 M V(IV) + 2 M H2SO4 25 Nafion 115 60
150 ∼92.5 ∼77.8 71.9

150 300 2018 [110]250 ∼93.7 ∼66.1 ∼62.0
300 ∼94.4 ∼58.3 ∼55.0

Nb2O5-GF Nb2O5-GF 2 M V(IV) + 5 M HCl 5 Nafion 115 20 150 ∼97.5 ∼78.0 ∼76.0 150 50 2013 [118]

Nd2O3-CF Nd2O3-CF 0.816 M V(III) + 0.784 M V(IV) + 2 M H2SO4 10 Nafion 117 100 100* 95.0 ∼73.6 ∼70.0 100* 50 2018 [125]

H-TiO2-GF GF 1 V(IV) + 3 M H2SO4 4 Nafion 117 10 200 95.8 63.7 61.0 150 100 2017 [117]

α-TiO2-GF GF 0.5 V(III) + 0.5 V(IV) + 3 M H2SO4 9 Nepem-1110 - 100 ∼99 ∼72.5 ∼72 50 50 2019 [116]

TiO2-CP GF 1.6 M V(IV) + 3 M H2SO4 16 - - 100 99.5 ∼72.5 72.2 60 50 2018 [114]

N-TiO2-CF T-CF 1 M V(IV) + 3 M H2SO4 4 Nafion 117 10 150 ∼95.0 ∼74.7 71.0 150 50 2019 [115]

TiNb2O7-rGO TiNb2O7-rGO 1.6 M V(IV) + 2.5 M H2SO4 25 Nafion 117 30 160 97.5 74.1 72.7 120 200 2018 [120]

TiNb2O7-GF TiNb2O7-GF 1.6 M V(IV) + 2.5 M H2SO4 25 Nafion 117 30 160 97.0 72.5 70.3 80 100 2018 [119]

MoO3-CP MoO3-CP 1.6 M V(IV) + 4.2 M H2SO4 10.24 Perfluorosulfonic Acid 20 150 - 78.0 - - - 2017 [123]

Cr2O3-GF Cr2O3-GF 1 M V(IV) + 2.5 M H2SO4 4 GN-114C 20 150 89.1 75.9 67.6 100 50 2018 [127]

Ta2O5-GF Ta2O5-GF 1.6 M V(IV) + 2.5 M H2SO4 25 Nafion 117 30 80 94.8 78.1 73.7 80 100 2018 [128]

SnO2-CF SnO2-CF 1.5 M V(IV) + 3 M H2SO4 - Nafion 117 50 150 97.0 79.7 77.3 50 50 2018 [124]

NiO-GF NiO-GF 2 M V(IV) + 3 M H2SO4 16 Nafion 117 50 150 96.8 ∼74.4 ∼72.0 100 300 2018 [121]

NiCoO2-GF NiCoO2-GF 1 M V(IV) + 2.5 M H2SO4 4 GN-114C 20 150 89.4 81.2 72.5 100 50 2019 [122]
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3. Cerium-Based RFBs

Although RFBs based on all-vanadium chemistry have emerged on the commercial market, research on

other chemistries for redox flow batteries is on-going. One of the main limitations of all-vanadium RFBs is

its relatively low open-circuit voltage (OCV) of 1.4 V, [184] which results in lower energy and power density

at any current density. Among half-cell reactions, the Ce(III)/Ce(IV) redox reaction occurs at very positive

potentials. In fact, its standard electrode potential is 1.64 V SHE in methanesulfonic acid solution (common

electrolyte used to dissolve cerium for energy storage applications). When cerium is combined with another

redox couple that preferably has a very negative electrode potential, high cell voltages can be achieved.

For example, zinc-cerium RFB, first developed by Plurion Inc. in 2011 [20] has gained attention due to its

very high open-circuit potential which can be up to 2.4 V. [185] Nevertheless, the benefit of operating at

high cell voltages comes with some challenges. During charge, hydrogen and oxygen evolution occur as side

reactions on the negative and positive electrodes, respectively. In order to inhibit hydrogen evolution on

the negative side, the focus of previous studies was on modifying the negative electrolyte, for example, with

the help of additives [186] or mixed electrolytes. [187,188] Additionally, due to the highly oxidative environment

of the positive half-cell, the choice of electrode material for the Ce(III)/Ce(IV) reaction becomes critical.

Consequently, this has been the focus of much of the research related to the positive side. Although the use

of the cerium redox reaction is highly attractive, the development of low-cost and efficient electrode materials

and electrocatalysts for RFBs based on this chemistry has received much less attention than VRFBs . In

the following section, a summary of the studies on metal- and metal oxide-based electrode materials used for

cerium-based RFBs is presented.

The aim of the early studies relating to the Ce(III)/Ce(IV) reaction was to facilitate cerium-mediated

electrosynthesis of compounds. One such study focused on screening different metal electrodes and metal

oxide plates for the cerium redox reaction in methanesulfonic acid base electrolyte: Pt, PbO2, RuO2 − Ti and

IrO2 − Ti. [189] Experiments were conducted in a reactor with the anode oxidation of Ce(III) to Ce(IV) on

one side and hydrogen evolution reaction at stainless steel substrates on the other side. The highest current

efficiency and conversion were obtained for PbO2 and Pt electrodes. The use of IrO2 − Ti and RuO2 − Ti

resulted in lower conversion of cerium and current efficiency, respectively. The order of their effectiveness for

cerium conversion was related to the oxygen overpotential, with PbO2 having the largest oxygen overpotential

and RuO2 − Ti the lowest. Higher current densities with better efficiencies could be achieved with the use

of reticulated electrodes. For example, a current efficiency of 85% at 600 mA cm−2 was obtained using a

reticulated RuO2 − Ti electrode. Another study on cerium redox reaction for naphtaquinone electrosynthesis

showed that the use of Pt-Ebonext and Pt-Ti electrodes yielded higher efficiencies than IrOx electrodes. [190]

As for energy storage applications, Leung and co-workers [185] evaluated and compared the performances

of 6 different electrode materials including platinized titanium, a platinized titanium mesh stack, graphite,

carbon polyvinylester (PVE), 30 ppi reticulated vitreous carbon, 100 ppi reticulated vitreous carbon, Alfa

Aesar carbon felt and Sigratherm carbon felt electrode on the positive side of a zinc-cerium RFB at 50◦C

in a methanesulfonic acid (MSA) background electrolyte. On the negative side, the Zn/Zn(II) redox reac-
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tion occurred on a polyvinyl ester (PVE) carbon electrode. Each battery was evaluated by subjecting it to

charge/discharge cycles at 50 mA cm−2 for a total charge duration of 4 hours. The highest cerium conversion

was obtained using the Sigratherm carbon felt electrode. All the other carbon-based electrodes either exfoli-

ated or expanded due to corrosion of carbon in the presence of the highly oxidizing Ce(IV) species. Platinized

titanium-based electrodes were indeed stable and showed good conversion when used in the form of mesh

stack (as opposed to a planar plate), albeit lower than that obtained using the carbon felt electrodes. The

change in the charge and discharge potential of the Ce(III)/Ce(IV) reaction on the Sigratherm carbon felt

electrode was only 0.07 V, whereas it was 0.29 V on platinized titanium. This showed the higher reversibility

of cerium redox reaction on carbon felt electrodes. Despite the better performance of the carbon felt elec-

trode, it did not adhere well to the graphite plate due to the instability of the carbon adhesive and thus could

not remain stable over longer battery cycles. Based on these durability problems, Leung and co-workers

recommended that platinized-titanium be used on the positive side of zinc-cerium redox flow batteries.

Nikiforidis and co-workers [191] also studied the performance of Pt and Ir-Pt electrodes for the cerium redox

reaction in a three-electrode cell system. Not surprisingly, they found that at current densities higher than

the mass transfer limiting value, the voltage efficiency dropped due to the higher rate of oxygen evolution.

This decrease in voltage efficiency could also partly be attributed to the higher ohmic resistance at higher

current densities. Additionally, electrodes with higher platinum loading achieved higher voltage efficiencies.

The samples with mixed platinum-iridium metal performed similarly to the platinum-only samples especially

when tested at higher temperatures. No full-cell experiments were performed in this study.

Recently, Na and co-workers [192] fabricated a SnO2-modified graphite felt electrode for use as the positive

electrode material for the cerium redox reaction. Half-cell CV experiments conducted in 0.05 M Ce(III)-

methanesulfonate and 1.0 M methanesulfonic acid showed a smaller peak separation and anodic/cathodic

current ratio closer to 1 (better reversibility) for the cerium redox reaction when carried out on SnO2-modified

graphite felt electrodes compared to an unmodified GF and acid-treated GF. The electrode was also tested

in a redox flow battery although the battery operated with lead deposition as the negative half-cell reaction

rather than zinc deposition. A lead-cerium redox flow battery was capable of producing a cell voltage of 1.85

V. A solution containing 1.5 M Pb(II) in 1.0 M MSA was used on the negative side, while 0.5 M Ce(III) in

1.0 M MSA was employed as the positive electrolyte. A charge/discharge experiment at a constant current

density of 10 mA cm−2 showed higher voltage and charge efficiency for the SnO2-modified GF compared to

the pristine GF electrode. At 30 mA cm−2, an energy efficiency of 66.3% was achieved which was 41.2%

higher than attained using pristine GF. The same authors published another study in which graphite felt was

modified with WO3 nanowall arrays and used in a lead-cerium redox flow battery. [193] The positive electrolyte

contained 1.0 M MSA and 1.0 M Ce(III) methanesulfonate. At 30 mA cm−2, an EE of 65.1% was achieved

which was significantly higher than that in pristine GF, but slightly lower than the value reported with

SnO2-modified GF in their previous work. In both of these studies, no comment was made on the corrosion

of the carbon in the presence of cerium. It is important to note that cyclic voltammetry tests carried out in

solutions containing Ce(III) produce only small concentrations of Ce(IV) over one cycle and may not lead to
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corrosion of the carbon electrode that occurs in the presence of higher concentrations of Ce(IV). Corrosion

would likely be observed during continuous battery operation once sufficient amounts of Ce(IV) have been

produced. In the aforementioned study, the battery was cycled up to 200 cycles. Unfortunately, the duration

of each charge or the conversion percentage was not disclosed in the paper. It is likely that carbon corrosion

was not severe due to the low concentrations of Ce(IV) produced. Based on previous literature (Figure 25),

the solubility of Ce(IV) in 1.0 M MSA solution is less than 0.1 M. [194] Thus, if a higher amount of Ce(III) was

converted to Ce(IV) in these studies, the precipitation of CeO2 should also occur although no observation of

cerium precipitation during battery operation was reported by Na and co-workers. [192] It is obviously very

important to thoroughly study the corrosion of the positive electrode material specifically when carbon-based

materials are employed for redox flow batteries that involve the cerium redox reactions.
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Figure 25: The solubility of (a) Ce(III) and (b) Ce(IV) ions in aqueous methanesulfonic acid. Data extracted from. [194]

4. Conclusions and Recommendations for Future Work

Redox flow batteries are promising energy storage devices that have the potential to store energy over

a long period of time. One pathway to reduce the cost and improve the power and energy output of the

system is to develop efficient and inexpensive electrode materials. In this review paper, a detailed sum-

mary of the metal and metal oxide electrocatalysts developed for redox flow batteries (mainly all-vanadium

RFBs) has been provided. The performances of these electrodes employed in the full-cell experiments were

extracted for comparison of the charge, voltage and energy efficiencies. Many studies in the literature have

focused on metal oxide electrodes such as oxide forms of manganese due to their lower cost compared to the

metal-based materials. Nevertheless, low cost metal electrocatalysts such as bismuth and copper are also

available and have shown great potential to facilitate the vanadium redox reactions. In order to enhance

the practicality of the developed electrocatalysts and accelerate the transfer of knowledge, we provide the

following recommendations:

1. In most electrocatalytic studies in the RFB field, cyclic voltammetry experiments are conducted and

the separation between the anodic and cathodic peaks and the peak current densities obtained using the

modified and unmodified electrodes are measured. In most cases, smaller peak separation and higher

peak current density are taken as indicators of enhanced kinetic activity of the electrode. However, this
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assumption may lead to erroneous conclusions since the criteria of a low peak separation and high peak

current density are based on 1-dimensional diffusion to and from a semi-finite planar electrode and thus

are not applicable to high surface area porous electrodes. Several previous studies have shown that any

change in the wettability, porosity, roughness and effective surface area of the electrode can result in

lower peak separation and higher peak current density without any change in the inherent electrode

kinetics. Thus, solely from CV results, no conclusive decision can be made regarding the kinetic

activity of the electrocatalyst toward the studied redox reaction when porous electrodes are tested.

Also, the Randles-Sevick equation which is commonly used in conjunction with the cyclic voltammetry

experiments to deduce the kinetic parameters of the system is again applicable only for 1-dimensional

transport to a planar electrode and should not be used for kinetic study of porous electrocatalysts.

It is important to note that electrochemical tests on modified electrodes provide information regarding

the product of the effective surface area and the exchange current density, i.e., the exchange current. [60]

When comparing a modified and unmodified electrode material, the change in the effective surface area

of the electrode must be taken into account to determine if the enhancement in the performance of the

battery is due to the electrocatalytic activity of the electrode or only higher electrode active area or both.

The Brunauer-Emmett-Teller (BET) is one of the methods used for the measurement of the specific

surface area, which is based on the adsorption of gas molecules on a solid substrate. [195] The surface

area measured using the BET method (SBET) is the surface area available for the adsorption of the gas

molecules and is different from the electrochemically active surface area [196] since gas adsorbs uniformly

on all surfaces not such catalyst sites. Additionally, the SBET usually depends on the probe molecule

that is used, i.e. the SBET measured using N2 gas molecules may be lower than that with H2O. [196]

This is an important point with regard to porous electrodes since the size of the probe molecules

affects the accessibility to inner surfaces of the porous structure. [196] Nevertheless, this method can

be used for the initial assessment of the effective surface area particularly for small SBET. However,

it has been reported that for very high surface area carbons with SBET above 1200 – 1500 m2 g−1,

the BET method overestimates the accessible surface area. [195] Another common method to determine

the effective surface area makes use of measurements of both the double-layer capacitance (F) and

geometric capacitance of the electrode material (F cm−2). Several methods can be used to measure

the double-layer capacitance, the most common one being cyclic voltammetry. In the CV technique,

current is measured over a narrow potential region at different scan rates. The potential range is

selected so that the obtained current is solely capacitive in nature and not due to a faradic reaction.

Under this condition, a linear relation between the current and the scan rate should exist and the

slope of this line yields the double-layer capacitance. The surface area is then obtained by dividing the

measured double-layer capacitance by the geometric capacity of the electrode. The geometric capacity

of the electrode is a reference value that is usually based on an ideal planar surface. [197] Additionally,

the potential dependence of the double-layer capacitance must be taken into account when using this

technique. [198] This method is best suited for situations where the aim is to qualitatively compare the
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surface areas of different samples of the same metal rather than to precisely determine their surface

areas since the geometric capacity is based on an ideal surface and will not generally be the same as

the true geometric capacity of the real samples. [197] Nevertheless, this method should work well for the

studies covered in this review where the objective was to determine the effect of modification on RFB

electrode performance.

When a comparison is made between the catalytic activity of different electrode materials, a technique

based on EIS and developed by Friedl and coworkers can be used. [60,199] In this method, the inverse

of the charge transfer resistance R−1
CT extracted from the EIS data (Equation 5) is combined with the

double-layer capacitance CDL (Equation 6) to yield a linear relation between R−1
CT and CDL (Equation

7), i.e.,

R−1
CT =

nFj0A

RT
(5)

CDL = 2πεrεθ
l

ln( r+tDL

r )
= εrεθAtDL (6)

R−1
CT =

nFtDL
RTεrεθ

j0CDL (7)

In these expressions, tDL is the thickness of the double layer, εθ is the dielectric constant, εr is the relative

permittivity, j0 is the exchange current density and A is the electrode surface area. By conducting EIS

experiments on disk electrodes of different diameters (but the same composition), a series of R−1
CT and

CDL values can be obtained. The exchange current density for a reaction on an electrode can then be

determined from the slope of the best fitting straight line plot of R−1
CT versus CDL. When an electrode

is modified by a catalyst, the resulting change in the slope of R−1
CT versus CDL can be compared to that

of an unmodified electrode. Of course, this approach relies on the assumption that all the terms on the

right hand side of Eqn 7 (except for j0) are unaffected by the modification. It is important to note that

the true values of tDL, εθ and εr must be known to obtain an accurate value of j0. However, normally

we are more interested in whether j0 is increased or reduced by modification. In this case, knowledge

of the true values of tDL, εθ and εr is not necessary and the slopes obtained from Equation 7 can be

directly compared for different samples.

2. The electrocatalyst is a critical component of a redox flow battery and its stability ultimately determines

the lifetime of the entire device. Thus, research on the development of any type of electrocatalyst

for RFB systems should include a thorough study of the possible degradation or instability of the

electrode material. In most previous studies, when the question of electrode stability has been addressed,

attention has mainly been paid to determining the stable energy efficiency of the battery over a certain

number of cycles. However, in most of these studies, the duration of each charge cycle or the total time

of the life-cycle analysis tests has not been reported. It is important to report whether the stability

test was conducted over the course of hours, days or months. The degradation of the electrode catalyst

may be strongly affected by the duration of its contact with the flowing electrolyte and thus conducting

stability tests over short time durations may not be the most useful for assessing stability. The typical
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procedure in many studies has been to apply large current densities only during experiments involving

a single charge/discharge cycle, but only relatively small currents during long-term multi-cycle stability

tests. When a low current density is combined with a low charge duration, the concentration of the

electroactive species produced during oxidation and reduction on the positive and negative electrodes,

respectively, will be low. If, as is often the case, a species produced particularly during charge has the

ability to attack and degrade the electrode catalyst or other cell components, this potential problem

will not be revealed by stability tests that involve short periods of charge at low current densities

during each cycle. Additionally, the electrode microstructure should be characterized before and after

the stability tests to identify any morphology changes or loss of electrocatalyst. Moreover, since RFBs

are operated under flowing conditions and the flow of electrolyte can affect the electrocatalyst stability,

the flow rate value used for life-cycle analysis is important and should also be reported. Stability tests

done in half-cells are often conducted by repeating CV cycles under unstirred conditions. Due to the

possible effect of electrolyte flow on electrode stability, such a procedure is not likely sufficient to show

if the modified electrode can withstand the flowing environment typical of RFBs and remain stable.

3. The majority of the previous studies compared the performance of a modified GF or modified CF elec-

trode with pristine GF or CF material, respectively. It would be very beneficial if all of these modified

electrodes could be compared under the same experimental condition as the state-of-the-art electrode

materials to enable easier comparison. For example, although seven different studies on Mn3O4-modified

electrodes for all-vanadium RFB systems have been reported, each was done under different experimen-

tal conditions (different membrane material, current density, flow rate and electrolyte), which makes

comparison between these materials difficult. The establishment of standard experimental procedures

or protocols for evaluating electrocatalyst performance in redox flow batteries would be highly valuable,

similar to what has been done in the case of PEM fuel cell research and development.

In addition to the above recommendations, future RFB research should also focus on the optimization

of the local porosity distribution within the electrodes. Factors such as the distribution of the electrolyte

throughout a porous electrode, the effective reaction area and the potential drop across the electrode which are

critically important to RFB performance all depend on the electrode porosity distribution. [200] For example,

the use of an electrode which has lower porosity in the inlet region where the incoming electrolyte first makes

contact with it appears to improve the mass transfer and enhance the energy efficiency of the RFB at high

current density regions compared to a design with uniform porosity. [200] Other important aspects to address

are the development of electrodes with structures and components that better resist chemical degradation

and agglomeration of electrocatalyst particles during operation. Such electrode structures and porosities

would enhance the power density of the battery and reduce the required power to pump electrolyte through

the cell.

Better fundamental knowledge regarding the reaction mechanisms and the role of different electrocatalysts

in improving the specific redox reactions used in RFBs is also vital for the field. Development of electrodes that

can withstand a highly oxidative environment would also be extremely beneficial. As mentioned previously,
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RFBs based on zinc-cerium chemistry have the advantage of a higher open-circuit cell voltage than that

possible in all-vanadium RFBs. Nevertheless, the benefit of operating at higher cell voltages comes with the

challenge of more electrode degradation, particularly on the positive side due to its more severe oxidative

environment. Thus, fabrication of electrocatalysts for redox reactions with large positive electrode potentials

and development of highly corrosion-resistant and low-cost electrodes will pave the way to exploit the benefits

of RFBs that can operate at higher cell voltages.
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13 2011, 1379–1382. doi:10.1016/j.elecom.2011.08.017.

[85] B. Li, M. Gu, Z. Nie, Y. Shao, Q. Luo, X. Wei, X. Li, J. Xiao, C. Wang, V. Sprenkle, W. Wang, Nano

Lett. 13 2013, 1330–1335. doi:10.1021/nl400223v.
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