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a b s t r a c t 

The vanadium flow battery (VFB) has been considered as one of the most promising large-scale energy 

storage technologies in terms of its design flexibility, long cycle life, high efficiency and high safety. How- 

ever, the high cost prevents the VFB technology from broader market penetration. Improving the power 

density of the VFB is an effective solution to reduce its cost due to the reduced material consumption and 

stack size. Electrode, as one of the main components in the VFB, providing the reactions sites for redox 

couples, has an important effect on the voltage loss of the VFB associated with electrochemical polariza- 

tion, ohmic polarization and concentration polarization. Extensive research has been carried out on the 

electrode modification to reduce polarizations and hence improve the power density of the VFB. In this 

review, state-of-the-art of various modification methods on the VFB electrode materials is overviewed 

and summarized, and the future research directions helpful to reduce polarization loss are presented. 
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Fig. 1. Schematic representation of a VFB. 
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. Introduction 

The environmental problem and energy shortage issues induced

y the consumption of fossil fuels are becoming more serious, and

he wide application of renewable energy is an inevitable choice

o achieve sustainable social and economic development. However,

ince renewable energy from sources such as wind and solar power

s intermittent, energy storage systems are required to combine

ith renewable power sources as a smart grid to improve grid re-

iability and utilization of renewable energy. Among various energy

torage technologies, redox flow batteries (RFBs) seem to be an

deal storage technology for wind and solar electricity because of

heir perfect combination of design flexibility, long cycle life, high

fficiency and high safety [1–4] . 

VFBs, proposed by Skyllas-Kazacos Maria’s group at UNSW Aus-

ralia [5] , have become the most promising technology among the

urrent flow batteries, because the same element is used in both

he anolyte and the catholyte, which can alleviate the cross con-

amination issue through the membrane compared to other flow

atteries. The electrochemical reactions during charge and dis-

harge are as following: 

Positive electrode reaction: 

O 

2+ + H 2 O − e −
charge −→ ← −

discharge 

V O 2 
+ + 2H 

+ , ϕ 

θ = 1 . 004 V (1)

Negative electrode reaction: 

 

3+ + e −
charge −→ ← −

discharge 

V 

2+ , ϕ 

θ= − 0 . 255 V (2) 

Cell reaction:

 O 

2+ + H 2 O+ V 

3+ charge −→ ← −
discharge 

V O 2 
+ + V 

2+ +2 H 

+ , ϕ 

θ= 1 . 259 V (3) 

As shown in Fig. 1 , the active species-vanadium ions, dissolved

n the electrolyte, are circulated between the electrodes and elec-

rolyte tanks by pumps. During charging/discharging, V 

2 + /V 

3 + and

O 

2 + /VO 2 
+ redox reactions take place in the surface of electrode

aterials. 

In the past few decades, VFBs technology has achieved signif-

cant progress. Up to now, many VFBs commercial demonstration

ystems at multi-MW levels have been installed in China, Japan

nd USA. However, the high cost is still one of the major factors

hat prevent the VFBs technology from broader market penetration.

mproving the power density of VFBs is an effective solution to re-

uce the installed cost of VFBs due to the reduced material con-

umption and stack size. However, the increase of power density,

hat is the increase of current density, in a VFB will increase the

olarization loss, resulting in lower energy efficiency. Therefore, to

aintain the acceptable energy efficiency, the key of improving the

ower density of VFBs is to minimize various polarization (electro-

hemical, ohmic and concentration polarization) of VFBs. 

As one of the key components, the electrode in VFBs plays a

ole of providing the active sites for vanadium ions redox reactions

nd has an important effect on the three polarizations of VFBs

6] . The electrical conductivity and thickness of the electrode will
argely affect the ohmic polarization of VFBs. The electrocatalytic

ctivity and reversibility of the electrode for vanadium ions redox

eactions determine the electrochemical polarization, and its pore

tructure and hydrophilicity have a significant impact on the con-

entration polarization. Therefore, an ideal electrode material for

FBs should possess high electrical conductivity, electrocatalytic

ctivity and reversibility, hydrophilicity and appropriate pore struc-

ure to reduce various polarizations of VFBs. In addition, the excel-

ent chemical and electrochemical stability to ensure long cycle life

nd reasonable cost are also inevitable for the electrode materials

f VFBs. 

Although some review articles on VFB technology and electrode

aterials have been published [7–10] , they put an emphasis on the

echnical trends in the electrode material selection and modifica-

ion on the improvement of electrocatalytic activity. An insightful

eview, in terms of the effect of electrode modification on vari-

us polarization (electrochemical, ohmic and concentration polar-

zation) of VFBs, has not been reported. Furthermore, the current

tate-of-the-art on the electrode materials in the recent years also

eed an update. In this review, state-of-the-art of various modifi-

ation methods on the VFB electrode materials is overviewed and

ummarized according to their contribution to the three polariza-

ions. Finally, the future research directions of high power density

FB electrode materials helpful to reduce polarization loss will be

rovided shortly. 

. Screen of electrode materials of VFBs 

Skyllas-Kazacos Maria’s group [11] initially investigated metal

lectrode materials such as Pb, Au, Pt, platinised titanium (Pt–Ti)

nd iridium oxide dimensionally stable electrodes (DSAs), and they

ound that Pb and Ti electrodes were easily passivated in the po-

ential range of VO 

2 + /VO 2 
+ redox reaction, Au electrode showed

elatively poor electrochemical reversibility for the VO 

2 + /VO 2 
+ re-

ox reaction, and only DSAs electrode exhibited good electrochem-

cal activity towards the VO 

2 + /VO 2 
+ reaction without the problem

f passivation film. However, DSAs electrode was excluded due to

he problems of reduction of the iridium oxide coating in the po-

ential range of V 

2 + /V 

3 + reaction and the high cost. After that,

arbon materials, especially carbon fiber materials, attract their

ttention for the wide operation potential range, high chemical

tability and reasonable cost. They compared two typical graphite

elts based on rayon and polyacrylonitrile (PAN) precursors and

ound that various factors such as surface functional groups, elec-

rical conductivity, surface area, microstructure and precursor ma-

erials affected their electrochemical performance [12] . PAN-based

elt exhibited the superior electrochemical performance due to the
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higher electrical conductivity and more resistance to oxidation.

Thus PAN based carbon fiber materials such as carbon felt (CF) and

graphite felt (GF) became the first choice of electrode material for

VFBs due to their three-dimensional network structure, large spe-

cific surface area, as well as high conductivity, until now. 

After entering 21th century, with the renewable energy rising,

VFBs, as a promising candidate for the large scale EES, attract more

researchers into this field. A large range of modification meth-

ods based on CF or GF electrode materials have been investigated.

Nevertheless, most of studies have been focused on enhancing

electrocatalytic activity of the electrode and lowering activation

over-potential in this period. 

In the recent years, to improve the power density of VFBs, elec-

trode modification related to reducing ohmic polarization and con-

centration polarization was investigated as well, for example, re-

ducing the thickness of the electrode, designing the hierarchical

pore structure. These specific advances will be reviewed in more

detail below. 

3. Modification of electrode materials 

As mentioned above, physicochemical properties of electrode

material have a significant influence on the electrochemical per-

formance. To reduce the polarization of VFBs, various modifi-

cation methods on the electrodes have been investigated. This

review clarified them according to their effect on the various po-

larizations. 

3.1. To reduce electrochemical polarization of VFBs 

Although carbon based electrode materials themselves have

some catalytic activity, the modification of the electrode ma-

terials is necessary to improve the electrocatalytic activity and

electrochemical reversibility, especially for VFBs operated at the

higher current density. A variety of modification methods, such as

introduction of surface functional groups, optimization of mi-

crostructure, increase of active surface area and introduction of

electrocatalyst, have been carried out, and their effectiveness on

the improving electrochemical activity of vanadium ions redox re-

actions has been validated. 

3.1.1. Introduction of surface functional groups 

As the earliest proposed modified strategy, the electrocatalytic

effect of oxygen functional groups has been validated by Skyllas-

Kazacos’s group in the early 1990s [13,14] . They introduced oxy-

gen functional groups onto the surface of graphite felt by ther-

mal or acid treatment. Compared with the pristine graphite felt,

significant improvement in electrocatalytic activity and energy ef-

ficiencies of VFB single cells were observed for the thermal or

acid treated graphite felt. The increased electrocatalytic activity of

the treated graphite felt was attributed to the increased amounts

of oxygen functional groups like C–OH and C = O on the surface

of carbon fiber. After that, various surface modification methods,

such as electrochemical oxidation [15,16] , wet-chemical treatment

[17,18] , plasma treatment [19–21] , gamma irradiation [21] , corona

discharge [22] , modified Hummers method [23] , microwave treat-

ment [24] , have also been investigated, and the electrochemical

performance of the treated carbon materials was improved due to

the introduction of oxygen functional groups. Among these meth-

ods, plasma and microwave treatment methods are thought to be

promising ones for the electrode materials of VFBs due to their en-

vironmental friendly, economic, and highly effective features. 

Although oxygen functional groups can improve the hy-

drophilicity of carbonaceous surface and behave as the active sites

for the vanadium ions redox reactions, overoxidation will reduce
he electrical conductivity and strength of carbon electrode mate-

ials, and hence cause a decrease of electrochemical performance

or VFBs. Di Blasi et al. [25] investigated the effect of the con-

ent of oxygen functional groups on the electrochemical perfor-

ance of several graphite based electrodes, and found that an oxy-

en species content of about 4 %–5% exhibited good electrochemi-

al performance and an appropriate electrical conduction. Higher

mount of oxygen functional groups led to an increase of the

hmic and charge transfer resistance then to a decrease of the

lectrochemical performance. 

The influence of types of oxygen functional groups on the elec-

rochemical performance is also a major concern of researchers in

rder to introduce the specific groups with the highest activity

o reduce electrochemical polarization of VFBs. C–O, C = O and O–

 = O groups are usually thought to be able to improve the electro-

atalytic activity of the carbon electrode materials. While Estevez

t al. [26] , recently, tuned the type of oxygen functional groups on

raphite felt electrodes by varying the oxidative techniques, and

llowed for the direct comparison of the effect of specific oxygen

roups on the electrochemical performance of the VFB cell. They

ound that O–C = O groups can facilitate the vanadium redox reac-

ion and improve the VFB cells performance whereas the C–O and

 = O groups degrade it. Nevertheless, such conclusions still need to

e verified in other carbon materials. 

For avoiding the negative effect of O groups on the electrical

onductivity of carbon materials, nitrogen doping was paid atten-

ion since the five valence electrons of nitrogen atoms could con-

ribute the extra charge to the bond in graphene layers, which en-

ances the electrical conductivity of nitrogen-doped carbon [27] .

urthermore, the high negative charge density of the incorporated

itrogen due to its strong electronegativity could facilitate the ad-

orption and coordination of vanadium ions on negatively charged

itrogen atoms [28] , which results in a high electrocatalytic activ-

ty. Shao et al. [27] firstly investigated the electrochemical perfor-

ance of nitrogen-doped mesoporous carbon materials (N-MPC),

hich is prepared by heat-treating mesoporous carbon in NH 3 

or VFBs. The electrocatalytic kinetics and the reversibility of the

edox couple VO 

2 + /VO 2 
+ were significantly enhanced on N-MPC

lectrode compared with MPC and graphite electrodes. Other re-

earchers [29–32] employed hydrothermal method to introduce N

roups to carbon materials such as GF, carbon paper or carbon

loth, and found that these modified electrodes exhibited the im-

roved hydrophilicity and electrochemical performance in VFBs. 

It should be noted that, not the nitrogen doping level but the

itrogen type in the carbon materials determines the catalytic

ctivity [28] . Among four types of nitrogenous groups, including

yridinic-N, pyrrolic-N, quaternary-N and oxidic-N, oxidic-N can be

onverted to pyridinic-N in an acidic environment, and nitrogen

n pyridinic-N and pyrrolic-N configurations bears a higher neg-

tive charge density than quaternary nitrogen, which is more fa-

orable for the adsorption of positively charged ions in solutions.

owever, the protonation reaction of these three nitrogen species

n an acidic environment may make them inactive for vanadium

ons redox reaction ( Fig. 2 (a)). While the quaternary nitrogen is

ore stable in an acidic environment since it is less suscepti-

le to protonization. Therefore, the quaternary nitrogen can be-

ave as active sites for the vanadium ions redox reaction. Jin et al.

28] proposed a mechanism of nitrogen-doped graphene (NGS) for

he VO 

2 + /VO 2 
+ redox reaction, as shown in Fig. 2 (b). The possible

ormation of an N–V transitional bonding state, which facilitates

he charge transfer between the electrode and vanadium ions, was

hought to be a key step for its high electrocatalytic activity. 

Apart from O and N functional groups, doping of P [33] also

emonstrated the improved electrocatalytic activity. In the recent

ears, the co-doping of multi heteroatoms [34–40] was attempted

o further improve the electrocatalytic activity of carbon electrode
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Fig. 2. (a) Protonation reaction of different nitrogen species in an acidic environ- 

ment, (b) proposed catalytic mechanism of NGS for the VO 2 + /VO 2 
+ redox reaction 

[28] . 
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aterials. Lee et al. [35] treated graphite felt by thermal oxidation

nder air followed by thermal annealing with melamine as the ni-

rogen source. They found that the oxygen functional groups facil-

tate nitrogen doping in the carbon framework. A higher nitrogen

ontent and pyridinic-N are observed when nitrogen is doped on

he oxidized graphite surface using melamine compared to that of

ristine graphite felt. As a result, the treated graphite felt (GFO + N)

xhibits the higher electrocatalytic activity compared with GFO

nd GFN in VFBs ( Fig. 3 (a)). It exhibits a VE of 77.0% at a cur-

ent density of 150 mA/cm 

2 while VEs of pristine graphite felt

nd oxidized graphite felt are only 62.8% and 73.2%, respectively

 Fig. 3 (b)). In addition, co-doping of N/S [38] and B/N [40] in car-

on structures has also been investigated, and the higher elec-

rochemical performance ascribed to the synergistic effect of the

eteroatoms compared with pristine carbon electrode or N-doped

arbon has been demonstrated. 

.1.2. Optimization of microstructure 

It is well known that the structure of PAN-based carbon

bers can be described by interlinked turbostratic layers with

ayer spacings significantly larger than graphite and rather small

rystalline domains. Compared with basal plane, the edge plane

ites of graphite exhibit the higher electrocatalytic activity to-

ards V 

2 + /V 

3 + and VO 

2 + /VO 2 
+ reactions because the increase

f edge sites leads to a higher density of states at the Fermi

evel and thereby reduces an electrode-sided reaction limitation

41–44] . Pour et al. [45] proved that edge carbon sites provide

aster kinetics for V 

2 + /V 

3 + and VO 

2 + /VO 2 
+ redox reaction than

asal carbon, especially at low vanadium concentrations, through

yclic voltammetry and symmetric flow cell measurements on

electively masked graphite foil and highly oriented pyrolytic

raphite electrodes. As shown in Fig. 4 , edge-exposed electrodes

blue) had more symmetric oxidation and reduction peaks, with

mall voltage separation between oxidation and reduction peaks,

hile basal-exposed electrodes (red) exhibited greater peak sepa-

ation and more asymmetric oxidation and reduction currents for

oth V 

2 + /V 

3 + and VO 

2 + /VO 2 
+ redox in comparison to unmasked

raphite foil electrodes. The onset currents of oxidation peaks

ere shifted to lower voltages, while those of reduction peaks

ere shifted to high voltages for the edge-exposed electrodes in

omparison to unmasked and basal-exposed electrodes. The un-

asked electrodes were found to have combined responses from

op-exposed and edge-exposed electrodes. Therefore, increase the
atio of edge-plane to exposed surface is beneficial to improve the

lectrocatalytic activity of carbon fiber based electrode materials. 

To form more edge-plane sites, Maruyama et al. [46] carried out

ne etching of the graphitized carbon fiber surface by coating the

urface with a metal-containing carbonaceous thin film and ther-

al oxidation. They found that the finely etched surface possessed

ubstantially enriched edge planes and an enhanced activity for

he positive and negative electrode reactions of the VFB. The flow

ell test with the carbon fiber electrodes after the tuned etching

howed a significant decrease in the overpotential and an increase

n the efficiency as well as stable cycling performance. 

.1.3. Increase of active surface area 

Increasing the surface area, especially electrochemically active

urface area, of carbon electrode materials is an effective approach

o reduce the electrochemical polarization. For the conventional

arbon fiber-based electrode materials, the specific surface area is

elatively low (0.1–1 m 

2 g −1 ) due to the large diameter of carbon

ber which is usually 10–20 μm. To enlarge the specific surface

rea of electrode materials, many groups [47–51] attempted to ac-

ivate the carbon fiber based electrode materials by physical acti-

ation and chemical activation methods. 

Liu et al. [47] fabricated a kind of carbon paper (CP) with super-

igh electrocatalytic activity via a universal and simple CO 2 activa-

ion method, as shown in Fig. 5 . After activation, a large amount

f macropores at several hundreds of nanometers level are evenly

istributed on the surface of carbon fibers, and hence the BET spe-

ific surface area of CP increased dozens of times. Furthermore, the

mounts of carbon edge atoms (defective carbon) and –OH group

lso increased. Therefore, the charge transfer resistance of a VFB

ith CP electrode after CO 2 activation decreased dramatically from

70 to 120 m � cm 

2 . Accordingly, the energy efficiency of a VFB

ith activated carbon paper as the electrode increased by 13% as

ompared to one without activation and reaches nearly 80% when

he current density is 140 mA cm 

−2 . 

Apart from CO 2 , other activation agents such as steam [49] ,

OH [50–53] , NiO [54] were also used to activate carbon fiber

ased electrode materials, and apparent improvement on the ele-

rocatalytic activity was observed. Compared with chemical activa-

ion, physical activation on the carbon fiber based materials is a

imple, environmental friendly, time-efficient and potentially cost-

ffective activation method for commercial production because it

oes not need any chemical salts and time-consuming processing

teps. 

.1.4. Introduction of electrocatalyst 

Carbon based electrocatalyst : Similar to forming pores on the

urface of carbon fiber by activation, addition of carbon-based ma-

erial with high specific surface area on the supporting electrode

lso can increase overall electrode surface area. Therefore, a large

mount of carbon nano materials such as carbon nanoparticles

55,56] , carbon nanotube (CNT) [57–63] , carbon nanofiber (CNF)

64–67] , graphite oxide [68,69] , graphene oxide (GO) nanosheet

70,71] , thermal reduced graphite/graphene oxide [69,72–74] , have

ttracted many researchers’ attention due to their high specific

urface area, electrical conductivity and stability in acid media.

nd all of them demonstrated the high electrocatalytic activity to-

ard vanadium ion redox reactions, especially functionalized car-

on nano materials [28,60,75–78] and hybrid carbon nano ma-

erials such as graphene oxide nanosheets/multi-walled carbon

anotubes (GO/MWCNTs) [79,80] , and carbon nanotubes/carbon

anofibers (CNTs/CNFs) [81] . For example, electrodes based on

ingle GO nanosheets suffered from low rate capability because

f their rather poor electrical conductivity, thus the energy effi-

iency and power capability were severely limited. Therefore, in

rder to improve the electron and ion transport capability, Han
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Fig. 3. (a) Cyclic voltammograms of GF, GFO, GFN and GFO + N electrodes in 0.1 M VOSO 4 + 3.0 M H 2 SO 4 electrolyte at a scan rate of 5 mV s −1 with potential window 

of 0.0 V to 1.0 V vs. Hg/Hg 2 SO 4 , (b) charge–discharge curves of VFBs employing different graphite felts as negative and positive electrodes at a constant current density of 

150 mA cm 

−2 . The upper voltage limit was set to 1.6 V for charging, and the lower voltage limit was set to 0.8 V for discharging [35] . 

Fig. 4. (a) Schematic of carbon basal plane and edge plane, (b) steady-state CVs measured in 0.5 M VO 2 + in 2 M H 2 SO 4 electrolyte. Graphite foil (GF) electrodes: unmasked 

(dashed-black line), edge- (blue line), and basal-exposed (red line) GF electrodes with schematics and scanning He-ion microscope images in the insets. All CV were collected 

at a scan rate of 20 mV/s from a three-electrode cell setup, with graphite foil and SCE used as the counter and reference electrodes, respectively [45] . 
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et al. [79] fabricated a GO nanosheets/multi-walled carbon nan-

otubes (GO/MWCNTs) hybrid on a glassy carbon electrode (GCE)

by an electrostatic spray technique after efficient ultrasonic treat-

ment. The results showed that GO nanosheets and MWCNTs form

an electrocatalytic hybrid carrying a mixed conducting network

after the introduction of MWCNTs. Compared with the pure GO

nanosheets and MWCNTs, GO/MWCNTs hybrid exhibited a much

better electrocatalytic redox reversibility towards VO 

2 + /VO 2 
+ redox

couples. 

Regarding the loading methods of carbon based electrocatalyst

on the supporting electrode, in the early stage, Li et al. [57,59] used

dip-coating method to coat SWCNT or MWCNT on the surface of

carbon felt and obtained improved VE and EE at the current den-

sity of 20 mA cm 

−2 . However, the major disadvantage associated

with this method is the fact that attachment between the high-

surface-area materials and the carbon fiber surfaces relies on weak

Van der Waals forces. Flowing electrolyte can easily destroy or dis-

rupt the attachment, causing a severe problem in durability. 

Afterward, several groups have reported to synthesize CNTs,

CNFs or graphene directly on the carbon fiber surfaces via chem-

ical vapor deposition (CVD) processes, aiming to connect the high

surface area material with carbon fiber surfaces via covalent bonds

[67,81,82] . For instance, Park et al . [81] grew CNF/CNT composite

catalysts on carbon felt (CF) through the thermal decomposition

of acetylene gas over Ni catalysts ( Fig. 6 (a)). The electrode with
he composite catalyst prepared at 700 °C (denoted as CNF/CNT-

00) demonstrates the best electrocatalytic properties toward the

 

2 + /V 

3 + and VO 

2 + /VO 2 
+ redox reactions. Moreover, this composite

lectrode in a VFB single cell exhibits improved energy efficiency

y about 25% at 100 mA cm 

−2 compared to untreated CF electrode

ue to the enhanced surface defect sites of exposed edge plane in

NF and a fast electron transfer rate of in-plane side wall of the

NT. However, complex and tedious preparation process of CVD

ethod hinder its mass production significantly. 

To seek for a suitable for industrial production and economic

eposition method, electrophoretic deposition [83] and passive

eposition (also known as flowing deposition) [84,85] methods

ere reported recently for the VFB electrode preparation. Gonza-

ez et al . [83] prepared a graphene-modified graphite felt from a

aw graphite felt and a graphene oxide water suspension by means

f electrophoretic deposition (EPD). The remarkably enhanced elec-

rocatalytic performance of the resultant hybrid material, in terms

f electrochemical activity and kinetic reversibility towards the

O 

2 + /VO 2 
+ , and mainly the markedly high energy efficiency of

he VFB single cell (ca. 95.8% at 25 mA cm 

−2 ) can be achieved

ue to the 3D-architecture consisting of fibers interconnected by

raphene-like sheets. Aaron et al . found that reduced graphene ox-

de (rGO) or Vulcan carbon black (XC-72R) can be passively de-

osited on the carbon felt supporting electrode by adding a sus-

ension of rGO or XC-72R to the electrolyte reservoirs. Addition
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Fig. 5. (a) Schematic principle of electrode preparation, (b) SEM images of CP activated by CO 2 at 1300 °C; electrochemical performance of VFB single cells with CP as 

received and activated by CO 2 as electrodes, respectively: (c) CE and VE, (d) EE [47] . 

Fig. 6. (a) Schematic view for the synthesis of CNF/CNT grown on carbon felt surface on Ni nanoparticle seeds via C 2 H 2 gas decomposition above 500 °C, SEM image of 

(b) untreated CF and (c) CNF/CNT grown CF surface prepared at 700 °C; Electrochemical performance of VFB employing CNF/CNT-T electrodes at room temperature: (d) 

charge–discharge voltage profiles of untreated and as-prepared electrode at 40 mA cm 

−2 , (e) rate performance with increasing the current rate from 40 to 100 mA cm 

−2 

[81] . 
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of rGO flakes or XC-72R enables a tripling of current density at

the same 80% voltage efficiency compared with pristine carbon felt

electrodes. Moreover, despite that the surface area enhancement

ascribed to the addition of rGO or XC-72R is expected to partially

wash out over time, the flowing deposition treatment could poten-

tially be reapplied to recover optimal performance without open-

ing the cell. 

Metal based electrocatalyst : In the early 1990s, Skyllas-Kazacos’s

group [11] has investigated the electrochemical behavior of met-

allized graphite fiber electrode prepared by impregnation or ion-

exchange with solutions containing Pt 4 + , Pd 

2 + , Au 

4 + , Mn 

2 + , Te 4 + ,
In 

3 + and Ir 3 + in VFBs. The cyclic voltammetry results showed that

electrodes modified by Pt 4 + , Pd 

2 + and Au 

4 + are unsuitable due

to the increased hydrogen evolution rates, while the electrodes

treated with Mn 

2 + , Te 4 + , In 

3 + and Ir 3 + exhibited the significantly

improved electrochemical activity compared with the untreated

fiber electrode. Among of them, the electrode modified by Ir 3 + ex-

hibited the best electrochemical behavior for the various vanadium

redox species. Afterward, Wang and Wang [86] studied the per-

formance of the graphite felt modified by pyrolysis of Ir reduced

from H 2 IrCl 6 . AC impedance and steady-state polarization mea-

surements showed that the Ir-modified materials have improved

activity and lowered overpotential of the desired VO 

2 + /VO 2 
+ re-

dox process. Furthermore, a decrease of 25% in cell resistance was

observed for a cell with Ir-modification of graphite felt as the elec-

trodes compared to the cell using non-modified felt due to the en-

hanced electro-conductivity. 

Among various metal electrocatalysts, bismuth (Bi) has received

the most attention due to its low cost, non-toxicity, and high hy-

drogen evolution overpotential [87–91] . Gonzalez et al . [87] firstly

investigated the electrochemical behavior of a GF modified with

thermally reduced bismuth as positive electrode in a VFB. Despite

the low metal content (1 at%) on the surface of carbon fiber, the Bi

modified GF showed an excellent electrocatalytic activity and sta-

bility for the VO 

2 + /VO 2 
+ redox reaction. Therefore, they believed

that bismuth nanoparticles on the carbon surface can act as stable

active sites for the VO 

2 + /VO 2 
+ redox reaction. After that, Li et al .

[88] found that, as shown in Fig. 7 , by employing electrolytes con-

taining Bi 3 + , bismuth nanoparticles can only be electrodeposited

onto the surface of a graphite felt negative electrode during op-

eration of a VFB and facilitate the redox reaction between V 

2 + 

and V 

3 + . Furthermore, Bi nanoparticles significantly improve the

electrochemical performance of VFB single cells by enhancing the

kinetics of the sluggish V 

2 + /V 

3 + redox reaction, especially under

high power operation. The energy efficiency is increased by 11% at

150 mA cm 

−2 owing to faster charge transfer as compared with

one without Bi, as shown in Fig. 7 (d). In view that Bi nanopar-

ticles cannot be electrodeposited on the surface of carbon fibers

for the positive electrode CF during operation of the VFB, it can-

not be concluded that Bi nanoparticles have no positive effect on

the VO 

2 + /VO 2 
+ redox reaction. Zhang’s group [91] prepared Bi-

modified CF by traditional high-temperature H 2 reduction method

and investigated the effect of Bi nanoparticles for both VO 

2 + /VO 2 
+ 

and V 

2 + /V 

3 + redox couples. Results showed that, due to the rela-

tively low standard redox potential of Bi 3 + /Bi redox couple, all of Bi

was oxidized to Bi 3 + with no electrochemical activity before VO 

2 + 

transforming into VO 2 
+ . Therefore, Bi has no electrocatalytic ac-

tivity for VO 

2 + /VO 2 
+ redox reaction and can only be used as the

electrocatalyst for V 

2 + /V 

3 + redox reaction. 

Transition metal oxides can be applied as electrocatalysts due

to their abilities to change between their various valency states

and to absorb reactive species as active center. It has been re-

ported that PbO 2 [92] , MoO 2 [93] and CeO 2 [94,95] , can enhance

the kinetic rate of VO 

2 + /VO 2 
+ redox reaction, TiO 2 [96] can accel-

erate the V 

2 + /V 

3 + reaction, while WO 3 [97,98] , ZrO 2 [99] , Mn 3 O 4 

[100,101] , and Nb 2 O 5 [102] have been reported to improve the
lectrocatalytic activity towards vanadium ion redox reactions. Es-

ecially WO 3 , ZrO 2 , Mn 3 O 4 , and Nb 2 O 5 can be used as the electro-

atalysts for both positive and negative electrodes. 

In the recent years, transition mental nitrides (TMN) and transi-

ion metal carbides (TMC) such as TiN [103–105] and TiC [106] at-

racted researchers’ attention due to their remarkably higher elec-

rical conductivity than transition metal oxides. Zhao’s group

105] prepared a highly catalytic and stabilized titanium nitride

TiN) nanowire array-decorated graphite felt electrode for VFBs.

iN nanowires are synthesized by a two-step process, as shown in

ig. 8 (a), in which TiO 2 nanowires are first grown onto the surface

f carbon fiber via a seed-assisted hydrothermal method and then

onverted to TiN through nitridation reaction. The results showed

hat the rutile TiO 2 could be completely converted to cubic TiN af-

er annealing in NH 3 at a temperature of 800 °C ( Fig. 8 (b)). The

repared TiN nanowire decorated graphite felt electrode enabled

he energy efficiency of a VFB single cell to be 77.4% at a current

ensity of 300 mA cm 

−2 , which is correspondingly 15.4% higher

han that of single cell assembled with a pristine GF electrode

 Fig. 8 (c)). The superior performance is ascribed to the significant

mprovement in the electrochemical kinetics and enlarged active

ites toward V 

2 + /V 

3 + redox reaction. 

In addition, it should be noted that the exploitation of syn-

rgistic interactions between the electrocatalyst and electrocata-

yst support is becoming a promising trend in electrocatalyst de-

elopment. Such interactions result from the presence of dual ac-

ive sites at the electrocatalyst/support interface [107–110] . Ejigu

t al . [107] investigated electrocatalytic synergism in an N-doped

GO/Mn 3 O 4 composite electrocatalyst for VO 

2 + /VO 2 
+ electrochem-

stry. Electrochemical analysis shows that, as shown in Fig. 9 , the

lectrocatalytic activity of the composite electrocatalyst is signifi-

antly higher than those of the individual components due to syn-

rgism between the Mn 3 O 4 nanoparticles and the carbonaceous

upport material. Furthermore, electrocatalysis of the redox reac-

ion is most effective when nitrogen is present within the support

ramework, demonstrating that the metal–nitrogen–carbon cou-

ling is the key to obtain the high electrocatalytic activity for

O 

2 + /VO 2 
+ redox reaction. 

.2. To reduce ohmic polarization of VFBs 

Ohmic polarization of a VFB, that is the internal resistance of

 VFB, consists of the resistance to ionic transport through the

lectrolyte and membrane, electrical resistance in the electrodes

nd bipolar plates, and contact resistance between cell compo-

ents. The currently commercialized VFB usually adopts a flow-

hrough structure, as shown in Fig. 10 (a), in which the electrolyte

s pumped through the porous electrode such as CF or GF via

ow channels in the electrode frame. The resistance of the elec-

rode and contact resistance of the bipolar plate and electrode

argely depend on the electrode compression, and both of them

ecrease as the electrode compression increases [111–114] . Never-

heless, the increase of electrode compression also leads to a de-

rease of porosity of the electrode, which is detrimental to elec-

rolyte transport. The trade-off between these two effects leads to

n optimized compression ratio of 20% to achieve the highest en-

rgy efficiency [111] . 

Despite that, CF or GF electrode of conventional VFB with flow-

hrough structure has to be relatively thick (3–6 mm), since the

ay-out of the flow channels restricts the thickness of the electrode

rame to be larger than 3 mm usually. As a result, the ohmic re-

istance of the VFB is still relatively high, which limits the VFB

o an operating current density lower than 150 mA cm 

−2 under

he premise of keeping EE not lower than 80%. It has been re-

orted that the proportion of ohmic polarization of a VFB, em-

loying CF or GF, accounting for about 64% of all the polarizations
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Fig. 7. (a) STEM image of Bi nanoparticles in the anolytes resulting after cycling, (b) cyclic voltammograms with glassy carbon as working electrode in solutions of 2 M 

VOSO 4 + 5 M HCl with or without 0.01 M BiCl 3 at a scan rate of 50 mV s −1 ; Electrochemical performance of VFBs employing electrolytes containing different Bi 3 + concen- 

trations as a function of charge/discharge current density: (c) CE and VE, (d) EE [88] . 

Fig. 8. (a) Schematic diagram of the two-step growth process for preparing TiN nanowires on the surface of graphite felt, (b) TiO 2 nanowires annealed in NH 3 at temperature 

of 800 °C, (c) energy efficiency as a function of cycle number at different current densities [105] . 



1300 T. Liu et al. / Journal of Energy Chemistry 27 (2018) 1292–1303 

Fig. 9. (a) CVs recorded at N-rGO-Mn 3 O 4 -, N-rGO-, and Mn 3 O 4 -modified GC elec- 

trodes at 30 mV s −1 in 1.0 M VOSO 4 /2.0 M H 2 SO 4 by cycling the potential between 

−0.7 V (initial) and 1.3 V for both N-rGO-Mn 3 O 4 and N-rGO, and between −0.9 V 

(initial potential) and 1.3 V for free Mn 3 O 4 . (b) Nyquist plots obtained using the 

electrodes indicated in panel A. The measurements were carried out at an ampli- 

tude of 5 mV in the frequency range from 100 mHz to 100 kHz and at an applied 

potential of 0.95 V. The main frame shows the high-frequency region of the plots 

shown in the upper right inset [107] . 

Fig. 10. Schematic of a VFB structure. (a) Flow-through structure without flow 

fields, (b) flow-by structure with single serpentine flow field [56] . 
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90] . Furthermore, because the ohmic overvoltage is proportional

o the operating current, the ohmic loss can be expected to be-

ome more serious when operating at a high power/current region

115] . Therefore, to improve the power density of VFBs, the thick-

ess of the electrode should be decreased as possible to reduce the

hmic polarization. 

In this regard, some researchers [116–120] introduced the zero-

ap structure used in the fuel cell into the VFB structure design.

hey replaced graphite felt electrodes to a thinner carbon paper

r carbon cloth cooperating with the flow-by mode as shown in

ig. 10 (b). This novel cell configuration, exhibiting a much smaller

rea specific resistance (ASR) of 50 0–60 0 m � cm 

2 , enables the

FB to achieve a significantly improved power density compared

ith conventional flow-through structure [117] . However, the re-

uction in the surface area of the electrode with the decrease of

he electrode thickness, will lead to a large electrochemical polar-

zation. Mench’s group [117] found that stacking 3 layers thermally

reated carbon paper together as the electrode, along with the use

f Nafion 212 membrane, can obtain the highest peak power den-

ity of 767 mW cm 

−2 . 

To minimize the ohmic polarization of the VFB, the thickness

f the electrode was further reduced by Xu et al . [121] using

he electrospun carbon nanofiber web (ECNFW) with the thickness

f only 50 μm as the elelctrode independently. As expected, the

SR of the VFB single cell with ECNFW electrodes is only around

50 m � cm 

2 , which is almost a half of that of the VFB with car-

on paper electrodes. However, the huge concentration polariza-

ion due to the small pore size in a VFB with ECNFW electrodes

aused a significant decline of the charge/discharge performance

EE is only 74.1% at 40 mA cm 

−2 ). Therefore, to improve the mass

ransfer ability of active species in ECNFW, the pore size of ECNFW

as enlarged by blending electrospinning method, which will be

escripted in the following section. 

In short, reducing the thickness of the electrode will shorten

oth ion transport and electron transport distances, resulting in

 decrease of the ohmic polarization. On the other hand, it will

lso reduce the surface area and the hydraulic permeability of

he electrode, corresponding to an increase of the electrochem-

cal polarization and concentration polarization. Therefore, it is

ecessary to determine the optimum electrode thickness for vari-

us electrode materials with the different electrocatalytic activities

nd pore structures by the trade-off among these three effects to

chieve the best battery performance. 

.3. To reduce concentration polarization of VFBs 

Insufficient mass transport of active species is also a main lim-

ting factor in the development of the VFBs with high power den-

ity because the faster reaction rate requires more active species.

t is well known that increasing flow rate of electrolyte can en-

ance the mass transport and decrease concentration polarization,

ut this method increases the energy consumption of pump simul-

aneously, hence lowering the overall energy efficiency of the VFB

ystem. Therefore, to increase the electrode permeability by opti-

izing the porous structure, such as pore sizes, pore distributions

nd pore shapes, of the electrode is a better solution strategy [122–

25] . 

For the conventional VFBs with flow-through structure, the con-

entration polarization is not large compared with other two po-

arizations due to the low flow resistance caused by the adoption

f thick electrode material and high porosity of CF or GF (usually

 90% under the compression of 20%). Even though, the use of suit-

ble flow channels can improve flow distribution through the elec-

rodes and reduce flow resistance, hence reducing the energy con-

umption of the pumps. Bhattarai et al . [124] compared four types

f electrodes with different channels with a conventional electrode
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Fig. 11. (a) Schematic of the laser perforation process, (b) the flow cell setup with laser-perforated electrodes, (c) polarization curves for perforated electrodes with varying 

pore sizes [123] . 

Fig. 12. (a) The schematic of the conventional carbon-fiber based electrode and the proposed dual-scale porous carbon electrode, (b) the comparison of the performance of 

VFBs with DPCE-0.5/1/2 and those in the open literature [120] . 
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ithout channels and found that the overall energy efficiency in-

reased by 2.7% at 80 mA cm 

−2 by the adopt of interdigitated open

hannels due to the improvement in flow distribution and pump

ower reduction. Nevertheless, the CNC machining channels on the

elt electrode material are not suitable for the large-scale produc-

ion in terms of the difficult processing and economy. 

While for the VFBs with zero-gap structure, the concentration

olarization becomes relatively apparent due to the adoption of

hin electrode material such as carbon paper or carbon cloth and

heir low porosity of about 80%. To improve the electrolyte acces-

ibility, Mayrhuber et al . [123] created macro-scale pores of dif-

erent sizes and distributions in the carbon paper electrode as the

ransport channels by a CO 2 laser-perforation method, as shown

n Fig. 11 . Such macropores provided a more facile route for elec-

rolyte to enter and permeate through the electrode, thus im-

rove the supply of reactants to the active surface area of the

aterial, and obtained a 30% increase in peak power density for

he laser perforated electrode with 234 mm diameter holes and

52.8 holes cm 

−2 compared to the raw unperforated electrode. 
However, excessive perforation of the carbon paper electrode

ill lead to a reduced active surface area, which causes a larger ac-

ivation loss and limits the increase in cell performance. To resolve

uch conflict, Zhao’s group [120] prepared a dual-scale porous car-

on electrode (DPCE) by KOH activation of carbon paper, which

ossesses two types of pores: the large pores ( ∼10 μm) formed be-

ween carbon fibers serve as the transport pathways for electrolyte,

hile the small pores ( ∼5 nm) formed on carbon fiber surfaces

ct as active sites for rapid electrochemical reactions, as shown in

ig. 12 (a). The battery with the optimum DPCE exhibited the EE of

2% at the current density of 400 mA cm 

−2 , which is the highest

ell performance reported to date ( Fig. 12 (b)). 

Recently, a novel method to fabricate the large pores elec-

rode materials was reported by Xu et al . [125] . They prepared

 free-standing carbon nanofiber web with large pores through

he horizontally-opposed blending electrospinning of PAN and

olyvinyl pyrrolidone (PVP) and the following removal of PVP fiber.

ith the employment of such electrode material, the concentra-

ion polarization of the VFB was effectively reduced due to the
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larger pore size and higher porosity, and the VE obtained an in-

crease over 10% at 60 mA cm 

−2 . 

4. Conclusions and perspective 

The vanadium flow battery (VFB) has been considered as one

of the most promising large-scale energy storage technologies in

terms of its design flexibility, long cycle life, high efficiency and

high safety. However, the high cost prevents the VFB technology

from broader commercialization. Improving the power density of

the VFB is an effective solution to reduce its cost due to the

reduced material consumption and stack size. Various electrode

modification researches have been carried out to reduce polariza-

tion loss and improve the power density of the VFB. 

Up to date, most study focused on improving the electrocat-

alytic activity of the electrode materials to reduce the electro-

chemical polarization, by introducing surface functional groups,

optimizing the microstructure of carbon materials, enlarging the

surface area and loading electrocatalysts. O groups can improve

the hydrophilicity and electrocatalytic activity of carbon materi-

als in the VFB, but reduce their electrical conductivity. Thus the

trade-off of these two effects needs to be considered. It is attrac-

tive for N groups since they can simultaneously improve the hy-

drophilicity and electrocatalytic activity, as well as the electrical

conductivity. Nevertheless, the more efficient and environmental-

friendly N-doping method is necessary for industrial production.

Increasing the edge carbon sites in the carbon electrode, enlarging

the electrochemical active surface area by forming pores on the

carbon fiber surface or loading carbon nanomaterials with high

surface area, and introducing high efficient metal-based electro-

catalysts can all improve the electrocatalytic activity of carbon

electrode materials and obtain the higher battery performance.

Furthermore, the synergistic effect of multi functional groups or

various modification methods has been preliminarily demonstrated

to obtain the higher electrocatalytic performance compared with

only one functional group or modification method. In the future

study, it is necessary to further study the synergistic effect be-

tween multi functional groups, or electrocatalyst and supporting

materials, or various modification methods, on the carbon elec-

trode materials, and find a more optimized combination to fur-

ther improve the electrochemical performance of the electrode. In

addition, the study on the negative electrode reaction should be

emphasized because more and more reports showed that the per-

formance of a VFB is limited by the poor reaction kinetics and high

activation losses in the negative half-cell. 

Thin electrode has become the development trend of electrode

for VFBs with higher power density because it can reduce the

ohmic polarization of VFBs to a large degree. However, it simulta-

neously reduces the actual surface area per apparent surface area

and increase flow resistance, leading to increased electrochemical

and concentration polarizations. Therefore, the electrode material

with the higher electrocatalytic activity and proper pore structure

need to be developed. In addition, the employment of zero-gap

structure must collocate with the bipolar plate with flow field.

At present, graphite plate with flow field was usually used as the

bipolar plate in the open reports. However, the brittle nature and

high cost restrict its industrial application. Therefore, the develop-

ment of carbon plastic composite bipolar plate with high electrical

conductivity is the key of the industrial application of such struc-

ture. 

For the concentration polarization, less attention was paid on

the reduce of the concentration polarization of VFBs since the con-

centration polarization of VFBs with CF or GF as the electrodes is

not large. With the thickness of electrode decreases, the flow re-

sistance increases, accordingly concentration polarization increases.

Except designing the flow channels on the surface of bipolar plate,
ptimizing the porous structure, such as pore sizes, pore distribu-

ions and pore shapes, of the electrode to increase the electrode

ermeability is a better solution strategy. Especially the designing

f hierarchical pore structure, can effectively resolve the issues, in-

luding high flow resistance, low porosity and active surface area,

hat caused by the thin electrode. In the following study, the opti-

ization of pore size of hierarchical pore, including the large pores

erve as the transport pathways for electrolyte and small pores act

s active sites for redox reactions, is essential to further reduce the

oncentration polarization. 

In addition, to provide the guideline for the design of the high-

erformance electrode material for VFBs, fundamental studies on

he electrocatalytic mechanism of various functional groups and

lectrocatalysts toward vanadium ion redox reactions should be

ursued. More investigations and assessments had better be per-

ormed according to the unified standard, including preparation

f working electrode, assembling of battery and test condition, to

ake the electrochemical performance data obtained by various

esearch groups comparable. 

In general, it is promising to develop the high-performance

lectrode material, which is easy for industrial production, to im-

rove the power density of VFBs and to make VFBs more commer-

ially competitive. 
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