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� A comprehensive coverage on carbon materials used in redox flow batteries is given.
� The influence of nanotechnology and graphene is discussed in detail.
� The importance of studying RFB degradation mechanisms is emphasised.
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a b s t r a c t

The redox flow battery (RFB) has been the subject of state-of-the-art research by several groups around
the world. Most work commonly involves the application of various low-cost carbon-polymer com-
posites, carbon felts, cloth, paper and their different variations for the electrode materials of the RFB.
Usually, the carbon-polymer composite electrode has relatively high bulk resistivity and can be easily
corroded when the polarised potential on the anode is more positive than that of oxygen evolution and
this kind of heterogeneous corrosion may lead to battery failure due to electrolyte leakage. Therefore,
carbon electrodes with high electrical conductivity, acid-resistance and electrochemical stability are
highly desirable. This review discusses such issues in depth and presents an overview on future research
directions that may help commercialise RFB technology. A comprehensive discussion is provided on the
advances made using nanotechnology and it is envisaged that if this is combined with ionic liquid
technology, major advantages could be realised. In addition the identification of RFB failure mechanisms
by means of X-ray computed nano tomography is expected to bring added benefits to the technology.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The redox flow battery (RFB) has been reviewed comprehen-
sively several times recently [1e8] giving in depth information
about its redox chemistries (involving various different redox
couples) as well as perspectives about future research directions.
The RFB (a schematic is shown in Fig. 1 [9]), unlike other forms of
electrochemical storage, is characterised by the ability to de-couple
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power and energy, allowing significant cost savings as energy re-
quirements increase, and offering the potential for MW/MW-h
scale storage. When the capability to pump anions and cations
between electrodes is coalesced with ultra-high surface area car-
bons, it may be possible to produce low-cost batteries that can offer
320 km of travel in electric vehicles and be charged in times
equivalent to that taken to refuel with gasoline [10]. A summary of
carbon materials used in various different RFBs is provided in
Table 1 [6].

Among the RFBs, the all-vanadium, zinc/bromine, iron/chro-
mium and polysulphide/bromide (PSB) systems have been
demonstrated at a few hundreds of kW and even at multi-MW
levels [22]. Only the all-vanadium redox flow battery (VRB), how-
ever, has seen commercial testing in many countries including
China, Canada [2] and Japan [3,4].
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Fig. 1. A schematic representation of the most popular RFB system undergoing
research to date (all-vanadium). The figure has been adapted from Ref. [9], copyright
Elsevier.
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Cost must still be further reduced for the complete commerci-
alisation of VRB systems. According to the capital cost sensitivity
analysis made by Zhang and co-workers [23], the cell stack is one of
the highest cost components (this accounts for 31% of capital cost
from a base case VRB). An effective solution to decreasing the stack
cost is to increase the power density of a VRB during the charginge
discharging process, thus limiting the size of the cell stack [24]. In
order to achieve high power density and efficiency, a battery should
be able to operate at a high voltage when discharging at ultra-high
current densities (i.e., over 800 mA cm�2). Various polarisation
losses (activation, ohmic and concentration) have to be minimised,
however, to maintain acceptable efficiency. Since both activation
and concentration polarisations occur in the carbon-based elec-
trode, the optimisation of this electrode configuration becomes a
key point for cutting the cost of a VRB, and hence, any RFB system
[25].

The compression and distortion of carbon felt electrodes inside
an operating VRB rely on several parameters, such as the elastic
modulus and thickness, clamping force, the pressures of the redox
electrolyte flows, gasket material and thickness, temperature, hu-
midity and many other factors [26]. The distortion of those mate-
rials contributes significantly to the efficiency of the flow-cell
assembly and stack. If the clamping force is awkwardly small or big,
the system efficiency is decreased [27]. After being clamped
together in a RFB system, the carbon felt functions as a liquid
diffusion layer, which may be one of the components with themost
Table 1
Carbon electrode materials used for RFB applications are summarised below. NG: not giv

C material Manufacturer Thickness/mm

CF GFA-type SGL, Germany 8
C-polymer: PVA, PVDF, HDPE Entegris, USA 6
GF Le Carbonne, France NG
PAN-based GF XinXing, China 5
Cobalt coated PAN-based GF XinXing, China 5
RVC ERG, USA 1.5
GF bonded electrode assembly

with non-conducting
plastic substrate

FMI, USA NG

C paper SGL, Germany 0.41
Porous G Union Carbide, USA 2
CF Fibre Materials, USA 2.8
Cylindrical bed of C particles Sutcliffe Speakman, UK 2.5

CF ¼ carbon felt; GFA ¼ graphite soft felt application (manufactured by SGL); GF
PVDF ¼ polyvinylidene-difluoride; HDPE ¼ high density polyethylene.
deformation [26]. The alteration of permeability or the pore size
will definitely influence the power density or efficiency of the
battery [28].

Considering the significant influence of carbon-based electrodes
on the performance of RFBs, it is the need of the hour to review this
topic in sufficient detail. Not only is an overview of technological
development necessary but also a critical discussion on the influ-
ence of nanotechnology on the science is a significant requirement.
In addition, it is paramount that suitable techniques are identified
to ascertain battery degradation mechanisms at the nano-scale of
carbon-based electrodes so that operating costs could be mini-
mised. This paper aims to discuss such issues so that researchers
may be stimulated to improve the design of carbon-based elec-
trodes leading to the commercialisation of the RFB.
2. The influence of carbon-based electrodes on RFB design

The unique and competitive features of the VRB in comparison
to other RFBs such as the iron/chromium system (ICB) are due to its
long cycle life and high energy efficiencies [29]. As with all flow
battery systems, efficiency is related to good stack design and
operation. In the case of bipolar stacks, the innate existence of
shunt currents can impact battery performance. This predomi-
nantly arises in large power stack arrangements where a number of
individual cells is linked in series with mutual electrolyte mani-
folds. Unlike other types of RFBs such as the zincebromine battery
(ZBB) in which corrosion and deposition may transpire at elec-
trodes as a consequence of shunt currents, VRB systems only suffer
from power loss in stack performance, which is one of the advan-
tages of eliminating metal plating and running the systemwith the
same species in both half cells. For decent energy efficiency and
thermal management, however, shunt current minimisation is
significant.

In order to diminish the effect of shunt current on stack effi-
ciency and temperature, it is necessary to use channels with longer
lengths and smaller cross-sectional areas [29]. The longer the
channels and the smaller their cross-sectional areas are, however,
the more pumping power will be necessary to circulate the elec-
trolyte throughout the stack. As pumping systems are usually run
by the battery itself, a trade-off between pumping power and shunt
loss therefore needs to be considered in real RFB systems so that a
maximum efficiency may be realised with an optimal flow-frame
design.

Most VRB cell stacks are manufactured in a parallel-feed design,
in which the cells are linked electrically in series and the electro-
lytes are pumped into all cells in parallel [30]. The uniformity of the
single-cell operation is largely influenced by the circulation of the
en. Adapted from Leung et al. [6], copyright RSC.

Electrode polarity RFB system Ref.

Positive Zinc/Cerium (Zn/Ce) [11]
Negative Zn/Ce [11,12]
Positive and negative All-vanadium [13]
Positive Polysulphide/Bromide [14,15]
Negative Polysulphide/Bromide [15]
Positive Flowing lead acid [16]
Positive and negative All-vanadium [17]

Positive and negative All-vanadium [18]
Positive and negative Zinc/chlorine [19]
Positive and negative Zinc/Bromine [20]
Positive and negative Polysulphide/Bromide [21]

¼ graphite felt; RVC ¼ reticulated vitreous carbon; PVA ¼ polyvinyl acetate;
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electrolyte. The flow field is a crucial factor in the design of a cell
stack. It determines the uniformity of the electrolyte in the carbon-
based electrode and even directly influences the uniformity of the
current density. Excessive local current density is a key contributor
to stack performance decline. Therefore, elucidating the distribu-
tion of electrolyte velocity in the electrode and the location of
excessive local current density is important when optimising the
construction of the flow field to enhance the uniformity of the
current density. In spite of this fact, little research is emphasised on
this issue to date.

Research on other RFB systems also gave evidence of the influ-
ence of carbon-based electrodes on battery performance efficiency.
For example, early work on ICB discovered that typical carbon felts
(CFs) could sustain current densities of at least 1000 A ft�2 but at a
great disadvantage to pumping power and cell voltage [31e33].
Pumping power experiments with varying cell configurations
showed that a large percentage of the pumping power was as-
cribable to the CF electrode. Hence modified felt or non-felt type C
(carbon) electrodes were suggested to reduce this problem [5].

It has been suggested that felt strands of various diameters or
rigidity (of the precursor fibres) should be blended to harvest CF
electrodes of required characteristics [31e33]. An alternative so-
lution is to craft out a bipolar plate with an engineered, catalysed
surface structure fabricated from a multitude of small dimples or
truncated pyramids. Also “carbated” bipolar plates (0.9 mm) can
diminish contact resistance between felt structures.

The importance of carbon-based electrodes can be ascertained
from this section. Therefore a detailed consideration of the research
conducted so far on their employment in RFBs is given below. This
is followed by a discussion on the application of nanotechnology to
improve carbon-based electrodes for potential commercial oppor-
tunities in the future.
Fig. 2. (a) Diagram of a RFB cell with MEA (membrane-electrode assembly) elements
and bipolar plates with parallel-channel layout for flow-by distribution;(b) RFB stacks
with side fluid feedingsdseries of about 100 cells with active areas as large as
0.4 � 0.4 m are usual [4] (with permission from Elsevier).
3. Employment of carbon in various RFB configurations

As shown in Table 2, the electrode material has a large influence
on the redox reactions of both V3þ/V2þ and VO2

þ/VO2þ (the active
ions in a VRB) [30]. Therefore, a large amount of research has been
carried out on the exploration andmodification of carbon electrode
materials.

VRB electrodes may be divided into two types, metal and carbon
materials. A range of metal electrode materials such as lead, gold,
platinum, platinised titanium (PteTi), and iridium oxide dimen-
sionally stable electrodes (DSAs) has been investigated for VRBs
[30]. It has been found that the electrochemical reversibility for the
VO2

þ/VO2þ redox couple is not significant on the gold electrode,
while the lead and titanium electrodes are simply passivated in the
potential range where the VO2

þ/VO2þ redox couple reactions occur.
Table 2
Standard rate constants (k0) and diffusion constants (D) of V3þ/V2þ and VO2

þ/
VO2þreactions on various electrodes [30] (with permission from ACS).

Redox couple k0 (cm s�1) D (cm2 s�1) Electrode

V3þ/V2þ 1.7 � 10�5 1.41 � 10�6 GC (glassy carbon)
V3þ/V2þ 5.5 � 10�4 4.0 � 10�6 PG (pyrolytic graphite

or PG in the c-plane)
V3þ/V2þ 5.3 � 10�4 2.4 � 10�6 PFC (plastic formed carbon)
V3þ/V2þ 1.1 � 10�3 4.0 � 10�6 CP (carbon paper)
VO2

þ/VO2þ 7.5 � 10�4 1.4 � 10�6 GC
VO2

þ/VO2þ 1.3 � 10�4 2.4 � 10�6 PG (c-plane)
VO2

þ/VO2þ 8.5 � 10�4 3.9 � 10�6 PFC
VO2

þ/VO2þ 1.0 � 10�3 2.4 � 10�6 CP

k0 ¼ heterogeneous electrode rate constant; D ¼ diffusion coefficient of electro-
active species (in this case vanadium).
This ultimately leads to an increase in cell electric resistance. The
problem of the passivation film is successfully avoided if PteTi and
DSA are employed as electrodes; however, their high costs limit
them from widespread use.

Carbon is an ideal VRB electrode material due to its wide
operating potential range, high chemical stability and reasonable
cost [30]. Several carbon materials such as carbon felt, graphite felt,
carbon paper and graphite powder have been investigated as the
electrodes for VRBs. Among them, carbon felt and graphite felt are
preferred because of their enhanced three-dimensional network
structures and higher specific surface areas, as well as good con-
ductivity and chemical and electrochemical stability [34].

In addition, it has been discovered that several surface treat-
ments may improve reaction kinetics on carbon electrodes.
Chemical etching [35], thermal treatment [33], chemical doping [5],
carbon nanotube (CNT) addition and doping of metallic catalysts
onto the carbon fibres [36] have all been reported.

Typical cell stacks for RFBs consist of carbon materials as elec-
trodes and bipolar plates (as shown in Fig. 2). Over the last two
decades, several forms of graphite or vitreous carbon materials
(including two- and three-dimensional electrodes) have been
widely investigated in RFBs [6,37e41]. Some standard examples
include graphite or carbon felts, carbon fibre, carbon cloth, carbon
paper, thermal, hydroxylated and acid treated graphite and carbon-
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polymer composite materials, carbon nanotubes (CNTs), iridium-
modified (Ir-modified) carbon felt and graphene oxide (GNO)
nanoplatelets [5,13,18,42e47]. Porous carbons [48] are also
employed as electrode materials due to their high surface areas,
good electrical conductivity and relative inertness. Such materials
are available in diverse forms, ranging from isolated particles to
monolithic foam and felt structures [49]. As pure carbon and
graphite are brittle and usually difficult to scale-up in stacks,
composites of polymer binders and conductive particles, such as
carbon-polymer composites [50,51] and polymer-impregnated
graphite plates [52,53] are usually employed, which possess ad-
vantages of low cost, light weight and good mechanical properties
[6]. These are used in various systems, such as ZBB [52e54], VRB
[17], PSB [15,55], zinc/cerium (Zn/Ce) [11,12,56] and soluble flowing
lead/acid (Pb/H2SO4)RFBs [16,57].

Although a series of carbon and graphite felt materials is
commonly available for use in RFBs with high energy efficiencies at
current density ranges of up to 100 mA cm�2, further enhance-
ments in electrode activity may allow performance at better cur-
rent densities. The resultant increases in stack power density may
cause a reduction in electrode areas and stack sizes, allowing sig-
nificant decreases in stack costs per kWof power output [2]. Efforts
to improve effective surface area and electro-activity of carbon-
based electrodes are presently underway in China and other parts
of the world [35,37,58e61] and new composite electrode materials
are also expected to emerge in the future [2]. The following sub-
sections provide a detailed overview on various carbon- and
graphite-based electrodes and electro-catalysts studied over the
years in RFBs.

3.1. Carbon polymer

When AC/polyolefin (AC stands for activated carbon) composite
electrodes were employed in the PSB system, the potential
increased from 1.7 to 2.1 V during the charging process due to
adsorption of Br (bromine) in the AC [62]. Zhong and co-workers
[51] produced conducting polyethylene (PE) composite electrodes
with low resistivities by mingling the polymer with conducting
fillers (carbon black, graphite power and fibre) [41]. The chemical
treatment of graphite fibre-based composite polymer electrodes
with chromate-H2SO4 enhanced the surface and improved elec-
trode reactions [63]. Carbon-polypropylene (C-PP) composite
electrodes modified with rubber gave enhanced mechanical prop-
erties, lower permeability and improved overall conductivity in
comparison to the PE composite electrodes [64,65]. A VRB attained
a high voltage efficiency of 91%when it used the C-PP composites as
its functioning electrode materials.

With regard to the bipolar electrode substrate, many groups
have been developing carbon-filled polyolefin composite materials
(“conducting plastics”) that result in low cost, light weight, flexi-
bility and ease of handling [64,65]. For such materials to result in
good conductivity at high currents, however, the carbon felt has to
be heat bonded to the “conducting plastic” to enable penetration of
the carbon fibres through the surface to establish contact with the
carbon filler inside the substrate. Although these heat bonded bi-
polar electrodes perform well under normal operating conditions,
long-term overcharge can cause delamination and increased elec-
trode resistance. Good cell potential control is therefore paramount
to avoid damage to the bipolar electrodes [2].

Carbon-polymer composite materials may be held together by
polymer binders, such as PVDF, HDPE [12], PVA [56] and polyolefin
[66] by injectionmoulding,which is a low-costmethod for producing
largequantities easily [6]. Apolymer-impregnatedgraphiteplatemay
be manufactured by performing compression moulding on the
expandedgraphitewith thermoplastic polymers. Since thismoulding
technique permits the use of a higher proportion of graphite than the
injection moulding procedure, it has better electrical conductivity.
Due to the thermoplastic properties of the polymer employed in this
method, the mechanical properties, chemical resistance and thermal
stability are improved in comparison to those produced by injection
moulding. Since a longer time is necessary to cool down the mould
before each half plate can be removed, the production cycle can be
quite time consuming (typically in the rangeof 10min). Therefore, the
higher costs of this procedure could hinder its use in RFBs for large-
scale applications [67,68]. Conductivity of the aforementioned com-
positematerialsmay be achieved by adding conductive fillermaterial
[17] or AC particles [36,69].

Currently, the materials used in VRBs include polymer-
impregnated graphite plates, conductive carbon-polymer com-
posites [50,51] and polymer-impregnated flexible graphite [52,53].
The polymer-impregnated graphite plate is widely used because of
its low electronic resistance and ease of production [22]; however,
its relatively high cost and brittleness may have limited its practical
use. Conductive carbon-polymer composites, in contrast, have
become an attractive alternative for the VRB bipolar plates in recent
years due to its low cost, light weight properties and flexibility
[50,51,64,65,70,71].

3.2. CF

One of the key components in RFBs (especially for VRBs) is
carbon felt (CF), which performs as the liquid diffusion layer (LDL)
and differentiates distinctively from the gas diffusion layer (GDL) in
proton exchange membrane fuel cells (PEMFCs) such that the
thickness of the LDL is in themm range, whereas the size of the GDL
is about 1/5e1/10th of the PEMFC [26]. One reason for a signifi-
cantly thick CF is due to the enhancement of diffusion lengths for
VRB applications, which tends to minimise the associated resis-
tance. While the thickness of the LDL plays the role of stress
absorber andmaintains the conductivity and the electrical contacts,
the durability of the MEA is reasonably safeguarded.

Typical RFB CF electrode materials have a porosity around 0.8, a
fibre diameter of approximately 10 mm and a permeability of
20 � 10�8 cm2 [63]. A qualitative estimate of the surface area
variation with fibre diameter can be determined using a filament
equivalent model which involves estimating the number of cylin-
ders N of a given diameter df that possess a specified porosity ε

(cm3/cm3), then calculating the specific surface area a1,2 (cm2/cm3)
of N cylinders. A simple formula for this relationship is described by
Carta and co-workers as [72]

a1,2 ¼ 4 � (1 � ε)/df

Two-dimensional CF electrodes were reported to be chemically
unstable for the redox reactions of VO2

þ/VO2þ(the positive redox
couple of a VRB) [21,73e77] and Ce3þ/Ce4þ(the positive redox
couple of the Zn/Ce flow battery) [11,78] due to the evolution of CO2
[79]. Since these reactions occurred at highly positive potentials
and the local current density at the planar electrode surface un-
derneath the CF was very high, physical deterioration of the elec-
trode surface was observed [6]. It was found, however, that by
mechanically compressing the CF onto the carbon-based current
collector used in the positive electrode, the VRB and the Zn/Ce
systems operated at a projected current density of 0.5 mA cm�2

with a voltage efficiency of over 75% [11,75].
Some researchers further improved the catalytic properties and

the conductivity of CFs by depositing metals on the electrode sur-
face [43,80]. For instance, Sun and Skyllas-Kazacos [80] modified CF
electrodes through impregnation with ions such as Pt4þ, Au4þ, Ir3þ

and several others [6]. In terms of the electrocatalytic activity and
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stability, a modified Ir3þ electrode was discovered to give the best
performance when it was used as the positive electrode in a VRB. In
another study, Fabjan and co-workers [81] reported that Ru oxide
(RuO2) improved the reaction rate and decreased the side reactions
such as gaseous evolution. More recently, non-precious Bi [82] and
manganese oxide (Mn3O4) [83] were also found to improve elec-
trocatalytic activity after modification of the CF [6].

A recent study describes a new Ni plated CF and the effect of
plating thickness on mechanical, electrical and morphological
properties [26]. Experimental results show that the nickel coated
CF prepared by electro-less plating is successfully applied and a
drastically reduced area specific resistance of 50% can be obtained
under 40% compression, while the stressestrain curve, residual
strain and porosity basically remain unchanged. The nickel coated
CF appears to be a promising electrode material for VRB applica-
tions. Future work involves applying these plated CFs to the actual
VRB and the investigation of the relation of enhanced conductivity
and the electrical contacts.

3.3. GF

Novel modifications of graphite felt (GF) materials were carried
out by numerous researchers (especially for the VRB system) [84e
88]. For instance, the GF was modified by treating it with H2SO4
followed by heat treatment [73,74,80]. During the acid treatment,
surface functional groups, such as eCaO and eCOOH, were formed
on the electrode surface, which was found to significantly increase
the chemical activity in the highly acidic media [6]. Further details
are provided in the following paragraphs.

Despite the fact that GFs have a wide operating potential range,
good stability and low cost, they are plagued with serious disad-
vantages such as low surface area and electrocatalytic activity (poor
kinetics and reversibility). Therefore, it is of critical importance to
develop GFmaterials with high electrocatalytic activity towards the
redox reactions in the VRB system [89]. To address this issue,
various approaches including heat treatment, acidic oxidation and
modification with metals have been pursued by several research
groups [42,60,82,88,90e94].

Sun and Skyllas-Kazacos [73] employed heat treatment at
400 �C for 30 h to improve the electrochemical activity of GFs. An
improvement in energy efficiency of VRBs from 78 to 88% was re-
ported [22]. The increased activity was ascribed to the improved
surface hydrophilicity and the formation of the functional groups of
CeOeH and CaO on the surface of the GF. The authors suggested
that the CeO groups on the electrode surface behaved as active
sites and catalysed the reactions of the vanadium species. Despite
that, it was found that a strongly acidic carboxyl group was formed
at room temperature after the carbon was treated with sodium
hypochlorite, potassium permanganate or ammonium persulfate
solutions [22]. Sun and Skyllas-Kazacos [74] investigated the elec-
trochemical properties of the GF after it was treated with concen-
trated H2SO4 or HNO3. A significant improvement in both
coulombic and voltage efficiencies of the VRBwas achievedwith GF
treated by means of concentrated H2SO4. The improved activity of
the VRB was once again ascribed to the increased concentrations of
surface functional groups that formed during acidic treatment [22]
as in the case for thermal treatment [73]. These functional groups
not only led to an increase in the hydrophilicity of the GF but also
behaved as active sites for the electrochemical reactions [22].

Another method involved a combination of chemical and ther-
mal treatments of GF. The GF was treated initially in 98 wt.% H2SO4
for 5 h and then kept at 450 �C for 2 h [22]. The synergistic effects of
acid and heat from the process increased the eCOOH functional
groups on the GF surface and its surface area from 0.31 to
0.45 m2 g�1. As a result, the electrode activity was significantly
improved, which was mainly accredited to the increase of the e

COOH groups that behaved as active sites, catalysing the reactions
of the vanadium species and accelerating both electron and O2
transfer processes [1,2,22].

Electrochemical oxidation was employed recently to modify the
GFs to improve their activity towards the electrochemical reactions
between vanadium species in VRBs [22]. Li et al. [58,95] investi-
gated the characteristics of GF oxidised electrochemically for VRBs
while Tan et al. [96] studied the activation mechanisms of
electrochemically-treated GF. The studies indicated that eCOOH
functional groups formed on the GF surfaces, leading to both
increased surface areas as well as O/C ratios [97]. AC impedance
data showed a reduction in resistance to the reactions of the va-
nadium species. The mechanism of the improvement in the elec-
trochemical activity of GF was accredited to the formation of a Ce
OeV bond, which enhanced the electron transfer for the reactions
on both positive and negative electrodes and the O2 transfer for the
reactions on the positive electrode [22].

In recent years [22], the deposition of metals on the surface of GFs
wasused to significantly enhance their electrochemical performance,
mainly through the improvementof electrical conductivity. The initial
studies proposed metallization by impregnation or ion exchange
with solutions containing Pt4þ, Au4þ, Ir3þ or other ions. The best
electrocatalytic behaviour for vanadium redox couples in an H2SO4
solutionwas obtained using materials modified with Ir3þ [80]. Other
studies investigated the distribution of metals (antimony, arsenic,
selenium or iridium) or alloys (PtRu) on the surface of carbon mate-
rials after they had been subjected to different treatments such as
thermal reduction [98]orelectrodedeposition. In the formercase, the
carbon material was immersed in a solution containing the metallic
ions and then it was thermally treated in air at high temperatures. In
the latter case, the metal was electrodeposited from a galvanic bath
onto the surface of the carbon material through the application of an
arbitrary current. In both cases the main objective was to reduce the
concentration of metal on the surface of the electrodes [82].

González and co-workers [82] also performed separate in-
vestigations upon the electrochemical behaviour of a GF modified
with thermally reduced Bi as positive electrode material in a VRB.
Although this metal was successfully used to measure concentra-
tions of trace metals [99e101], as an alternative to commonly
employed toxic mercury, this was the first time that Bi was applied
to the VRB. Additional advantages of the research carried out in the
work included the low cost of Bi in comparison to other metals like
Pt, Au or Ir as well as the low metal concentration requirement on
the surface of the GF [82].

Several methods to produce vapour grown carbon fibres
(VGCFs) on GF as electrodes for VRBs have been reported recently
[102]. The experiments include GF preparation and VGCF produc-
tion onto graphite fibre in the GF. Various attempts have beenmade
using Ni and cobalt (Co) catalyst coatings on the GF. The Ni catalyst
has come from nickel nitride solution. It has been prepared by
dipping GF into the solution prior to thermal decomposition. Co
nanoparticles have been sprayed onto the GF. Both experiments
have resulted in the growth of CNTs and VGCFs onto graphite fibres
in the GF. The experimental results have shown that VGCFs and
CNTswith the size range of 20e70 nm in diameter have been grown
in the GF using different catalysts. The encouraging results have
also indicated that the single VRB cell using new electrodes can
increase the charge/discharge efficiency by more than 12% in
comparison to conventional GF electrodes.

3.4. PAN-based CF or GF

To date, the PAN-based GF is the most common electrode ma-
terial used in the VRB [14,103]. The PAN-based GF has advantages of



Fig. 4. Average potential profiles for a packed-bed electrode RFB with a range of
separator materials. Taken from Sawyer and co-workers [113], with permission from
Springer.
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a wide potential range, good electrochemical activity, high chemi-
cal stability and low cost [6].

Compared with the negative electrode, the kinetics of the VO2
þ/

VO2þ redox reaction is significantly slower when rearranging the
coordination structures of the vanadium ions, which consequently
become the electrochemical rate limiting step [104] thereby
affecting the energy efficiency. In spite of that, the conventional
PAN-based CF electrode demonstrates poor kinetic reversibility
[43], due to which, developing a promising electrode is imperative
for a VRB system [103].

A novel method of hydrothermal ammoniated treatment of the
PAN-based GF for the VRB has been reported recently [88]. The GF
has been treated in a Teflon-lined stainless steel autoclave for
different times at 180 �C. The content of nitrogen in the PAN GF has
changed from 3.803 to 5.367 wt.% by adjusting the treatment time
to 15 h in ammonia solution, while Fourier transformation infrared
(FT-IR) results indicate that nitrogenous groups have been intro-
duced [105]. The electrochemical properties of these GFs have been
characterised by cyclic voltammetry (CV), electrochemical imped-
ance spectroscopy (EIS) as well as cell charge and discharge tests
[88]. The energy efficiency of the treated GF has reached 85% at a
current density of 20 mA cm�2. The corresponding coulombic and
voltage efficiencies are 95.3% and 75.1%, respectively. The
improvement of the electrochemical properties for the treated GF
has been attributed to the increase in polar nitrogenous groups on
the carbon fibre surface, which has facilitated charge transfer be-
tween the electrode and vanadium ions.

3.5. AC

AC particles are widely used as sorbents; in addition to a high
surface area, the materials show a microporous structure, the
ability to adsorb a wide spectrum of species and a high surface
reactivity [69]. Such properties are exploited in electro-sorption
experiments, where a bed of AC particles (or felt) under potentio-
static control is used to remove metallic ions or dissolved organic
species [106e109]. AC particles have been intensively characterised
in terms of their surface, pore size distribution and activity
[110,111]. Electrodes for filter-press cells (including RFBs) can be
manufactured from ACepolymer particles [69].

Fig. 3 illustrates the overall cell voltage of a mono-polar PSB
with AC/polyolefin pressed electrodes divided by a Nafion� 115
membrane containing 5 mol dm�3 NaBr as anolyte and
Fig. 3. Cell potential against time during charge/discharge cycles at a current density
of 40 mA cm�2 for a PSB mono-polar test cell with AC-polyolefin pressed plates as
electrode materials [1,6,66] (with permission from Elsevier).
1.2 mol dm�3 Na2S as a catholyte [66]. During the charging cycle for
30 min at 40 mA cm�2 the cell voltage climbs sharply from 1.7 to
2.1 V [6]. This behaviour is explained by the different overpotentials
created within the cell and the adsorption of Br on the AC. During
the discharge cycle at the same current, the plot shows a charac-
teristic critical point at which the voltage drops, indicating com-
plete discharge. AC adsorbs Br giving easily available reactants and
the discharge process only becomes mass transport controlled at
high reactant conversion levels. Operation of RFBs under deep
discharge and high fractional conversion conditions demands
improved mass transport of the electro-active species. Under these
circumstances, high electrolyte flow velocity, effective turbulence
promoters and roughened electrode surfaces become significant
factors in attaining a satisfactory performance [2,6].

Radford and co-workers [69] successfully characterised AC
particles for PSB applications by using a laboratory-scale thin-layer,
shallow packed-bed electrode cell reactor. High surface area ACs
were used in an effort to make up for the slow kinetics of the
chemical-electrochemical reaction and to classify the essential
factors affecting the operation of candidate electrode materials for
RFBs. The reactor was employed as a tool for the selection of AC
particles used as raw materials for planar, moulded C-polymer
composite electrodes in a similar manner to work reported in
earlier publications [6,112].

The particles were affixed to a circular section (area ¼ ca.
0.80 cm2) on the shallow packed bed of 2.5 mm thickness in the
direction of electrolyte flow (mean linear flowvelocityz 6mm s�1)
[69]. CV in de-aerated, 1 mol dm�3 H2SO4 at 295 K gave a specific
capacitance in the range of 50e140 F g�1. Linear sweep voltammetry
and galvanostatic step investigations in an alkaline sodium poly-
sulphide electrolyte (1.8 mol dm�3 Na2S2.11) gave marked differ-
ences amongst several types of ACs. Such differences were
highlighted during the galvanostatic chargeedischarge cycling of
half-cell electrodes in the Na2S2.11 electrolyte.

In earlier investigations, the application of packed-bed carbon
electrodes in a flow type Zn/alkaline/manganese dioxide battery
was discussed [10]. It was determined that increasing the separa-
tion between the anode and cathode had a negative impact, raising
electrolyte flow had a positive impact and the presence of an
intensely basic ion exchange resin between the anode and cathode
had a positive impact on the cell potential [113]. Based on these
results, a recent study [114] investigated applications of other
materials between the carbon electrodes, effect of inter-electrode
distance as well as the influence of electrolyte flow direction
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(anode-to-cathode, cathode-to-anode) on the battery performance.
The cathode consisted of 30 wt.% manganese (IV) oxide (60e230
mesh, �99%), 35 wt.% G and 35 wt.% 4K-AC.

Based on the results of using acidic and basic ion exchange
resins as separatingmaterials in the RFB it was decided to scrutinise
the use of an ALL-CRAFT-AC as the separating material in an RFB
[113]. ACs were known to contain both acidic and basic reactive
sites. ACs were used as catalyst supports in packed-bed reactors
and thus were not expected to cause an issue when employed in-
side the packed-bed RFB.

A comparison of the RFB operation when employing the ALL-
CRAFT-AC in comparison to the stock Amberlyst A-26(OH) as well
as against a decreased particle size Amberlyst A-26(OH) is shown in
Fig. 4 (where the Amberlyte and Amberlyst are liquid chromatog-
raphy resin beads) [113]. The ALL-CRAFT 4K-AC operates better and
a similar sized Amberlyst A-26(OH) gives worse performance than
the stock Amberlyst A-26(OH), thereby ruling out particle size as a
reason for the operational gain of the 4K-AC.

The RFB performance results suggest that the ALL-CRAFT 4K-AC
improves system operation by displaying a greater basicity than the
Amberlyst A-26(OH) [113]. The basicity may be innate in the ma-
terial structure or it may be a result of electrolyte acceptance into
the pores of the AC by means of absorption that behaves as an
electrolyte reservoir. Both solid-phase surface area and ionic site
density benefit the ability of solid materials in the separator to
reduce ion-ohmic overpotentials [115]. The data in Fig. 4 are
consistent with a solid-phase ion transport mechanism that is
robust at high current densities.

3.6. RVC

Due to the large volumetric surface areas, typically 240e
400 cm2 cm�3 and 5e70 cm2 cm�3 for the CF [116] and the RVC
foam [117], respectively, three-dimensional carbon-basedmaterials
have been employed in various RFB systems [6]. RVC electrodes
have also been employed in ZBB [117] and soluble Pb/H2SO4 RFBs
[16]. The porosity of this material is useful in retaining the solid
complex of bromide during charging of a ZBB system [118], while
the rough surface of the scraped RVC in the soluble Pb/H2SO4 RFB
allows sticky deposits to be formed within the compressed foam
structure [16].
Fig. 5. RFB potential vs. time for a cell with RVC positive and negative electrodes
separated by a 4 mm inter-electrode gap in 1.5 mol dm�3 Pb(CH3SO3)2 þ 0.9 mol dm�3

CH3SO3H þ 1 g dm�3 Ni(II) þ 1 g dm�3 Na ligninsulfonate [6,126] (with permission
from Elsevier). Mean linear flow rate of 10 cm s�1 was employed.
The Pb/H2SO4 RFBs have been studied in several electrolytes;
perchloric acid [119e121], HCl, hexafluorosilicic acid, tetra-
fluoroboric acid [122e125] and more recently in methanesulfonic
acid (CH3SO3H) [16,126e128]. Fig. 5 illustrates the cell potential
against time response during the charge/discharge cycles of a sol-
uble Pb/H2SO4 RFB in CH3SO3H at two different current densities
[126]. The experiments have been performed in an undivided RFB
containing positive and negative electrodesmade of 70 ppi RVC and
40 ppi reticulated Ni, respectively [6]. The RFB has a 4 mm inter-
electrode gap and the electrodes have been prepared by pressing
them onto a carbon powder/high density PE back plate current
collector of an area of 2 cm2. The electrolyte contains 1 g dm�3 of
sodium ligninsulfonate as an additive to decrease the roughness of
the Pb deposit thereby avoiding the formation of dendrites. This
tends to improve the kinetics of the Pb(II)/PbO2 couple. The plots in
Fig. 5 display constant potential during charge and slow potential
drop during discharge. The overpotential is higher when the
applied current is 40 mA cm�2 in comparison to 20 mA cm�2. The
charge and energy efficiencies at a current density of 20 mA cm�2

are 79% and 60% while at 40 mA cm�2 they are 65% and 46%,
respectively. The response of cell potential vs. time for two sets of
15 min charge/discharge experiments at 20 mA cm�2 is shown in
Fig. 6. The low overpotentials seen during the second cycle of the
charging process has been explained by the occurrence of insoluble
Pb(II) remaining in the positive electrode during the reduction of
PbO2. During the 79e84th cycles the shape of the plot remains the
same but lower overpotentials during the discharge process can be
seen [1,2,6].
3.7. GF bonded electrode assembly with conducting plastic
substrate

Some manufacturers are currently employing polymer-filled
expanded graphite board products, however, these materials
happen to be very fragile andmore expensive than the “conducting
plastic” composites [2]. As they tend to be cumbersome to handle in
large sizes, some stack developers have preferred to design and
manufacture smaller stacks with electrode areas less than
1000 cm2 and output power less than 7 kW. Each scalable system
integrates energy storage and power management in 175 kW
Fig. 6. Potential against time plots for 1e6 and 79e84 charge/discharge cycles at
20 mA cm�2 during 15 min charge of the soluble Pb/H2SO4 RFB. The cell consisted of a
Ni foam negative electrode and an RVC positive electrode with 4 mm of inter-electrode
gap in 1.5 mol dm�3 Pb(CH3SO3)2 þ 0.9 mol dm�3 CH3SO3H þ 1 g dm�3

Ni(II) þ 1 g dm�3 Na ligninsulfonate. Mean linear flow rate of electrolyte was 10 cm s�1.
Open circuit potential VO.C., shown in the figure, was 1.86 V [6]. Taken from Hazza et al.
[126], copyright Elsevier.



Fig. 8. Charging and discharging time against number of cycles for a 2.5 M V-bromide
RFB using C material bonded to conductive plastic sheets separated by a Nafion� 112
cationic membrane. The charge/discharge current density was 20 mA cm�2 and the cell
operated at 20 �C. Obtained from Weber et al. [5] with permission from Springer.

Fig. 9. Charge/discharge performance of carbon plastic electrodes in the VRB at 35 �C
[50] (copyright ECS).
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modules of up to 10MWof capacity and 60MWh of storage.With a
focus on MW-scale grid storage applications, however, scale-up to
50 kW stack sizes is important for ease of system assembly and
integration [63].

Both Kashima-Kita Electric Power Corporation and Sumitomo
Electric Industries (SEI) have successfully developed and tested 40e
50 kW stacks with demonstrated overall energy efficiencies of 80%
and cycle life as high as 270,000 in large-scale VRB field trials in
Japan and elsewhere [2,129], while Innogy successfully designed a
100 kW stack for the Regenesys� PSB (see Fig. 7). In each case,
however, conducting plastic graphite composites have been used as
the bipolar electrode substrate material, allowing large electrode
areas to be employed. The development of novel and flexible,
oxidation resistant bipolar electrode substrate materials therefore
has allowed the production of large stacks that are resistant to
overcharged conditions with greater ease of operation [2].

Vanadiumebromide (V/Br) systems have also used electrodes
made of CF or GF bonded onto plastic or conductive plastic sheets
[130,131]. A series of charge and discharge curves of the RFB at a
current density of 20 mA cm�2 is displayed against time in Fig. 8.
Generally, the coulombic efficiency increases with increasing cur-
rent density due to lower self-discharge through the membrane;
however, it decreases as temperature rises due to faster diffusion of
vanadium and polybromide ions through the membrane [5].

3.8. Carbon plastic

Carbon plastic sheets were employed as current collectors in a
VRB system as early as 1988 [50]. They were referred to as a
graphite impregnated PE plates (0.26 mm thickness) and were heat
bonded to GF electrodes. An overall energy efficiency of 84% was
obtained at a charge and discharge current density of 30 mA cm�2

(charge/discharge curves are shown in Fig. 9). Other workers [81]
also demonstrated similar performance for the VRB employing
polyacrylonitrile (PAN) modified CF electrodes that were pyrolysed
and heat-treated at 1900 �C prior to use. Later a Zn/Ce RFB system
containing carbon plastic anodes and platinised Ti mesh cathodes
of 100 cm2 geometrical area separated by a (non-specified type of)
Nafion� membrane was patented in 2004 [132].

3.9. Carbon or graphite cloth

The PSB system was tested with carbon cloth [15] but not in as
much detail as for VRBs [13,30,77,81,97,133,134]. Details of cell
Fig. 7. Interior view of Innogy’s 12 MW Regenesys� plant at Little Barford in the UK.
Figure was reproduced with kind permission from the Department for Business,
Innovation and Skills, Government of U.K. and the ECS [2].
testing for the VRB were provided by Kaneko and co-workers [77].
Two types of carbon cloth electrodes (GF-20, BW-309) were eval-
uated in depth. They were made from different carbon precursors
(GF-20 PAN type and BW-309 cellulose type) but had similar sur-
face structure. The electromotive force (EMF), current density and
total energy efficiency of the small-scale cell of V-V-H2SO4 system
were 1.4 V, 1.4 A cm�2 and 87.3%, respectively and these results
were better than those obtained by Kazacos and Skyllas-Kazacos
[50] earlier using thick GF electrodes.

Matsuda and co-workers [135] also used carbon fibre cloth
electrodes to evaluate the performance of an all-organic redox flow
battery based on acetonitrile. For a single pass system, an overall
energy efficiency of 18% was achieved. Recently, researchers in
M.I.T. [136] have used a commercial carbon cloth gas diffusion
anodewith 0.5mg cm�2 of platinum (60wt.% supported on carbon)
to operate a membrane-less hydrogen bromine laminar flow bat-
tery (HBLFB) with reversible reactions and a peak power density of
0.795 W cm�2 at room temperature and atmospheric pressure. The
power density reported by the authors represented the highest
value ever observed in a laminar flow electrochemical cell by a
factor of three. Similar results were only observed by the University
of Tennessee using carbon paper electrodes [137].
3.10. Carbon paper

To enhance the electrochemical performance of electrodes in
the VRB, carbon paper electrode was treated with an H2O2 and



Fig. 10. CV obtained at a GC electrode in 1 M VOSO4e2 M H2SO4 solution; scan rates:
(1) 100, (2) 200, (3) 300, (4) 400, and (5) 500 mV s�1. Reproduced from Yang et al. [22],
copyright ACS as well as from Fang et al. [151], copyright Springer.
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H2SO4 solution, according to the hydrothermal acid oxidation
method, in a Teflon-lined stainless steel autoclave over varying
time periods at 180 �C [137]. The water contact angle test showed
that the contact angle of treated carbon paper samples changed
from 120 to 100.8 �C by adjusting the treatment time from 6 to 18 h.
Furthermore, a treatment time of 12 h resulted in the lowest con-
tact angle observed, indicating that the wetting property of the
carbon paper had been improved under these treatment condi-
tions. FT-IR spectroscopy results showed that oxygen-containing
groups, such as the carbonyl and carboxyl groups, had been suc-
cessfully introduced to the carbon papers. Scanning electron mi-
croscopy (SEM), CV, EIS and chargeedischarge tests were carried
out to characterise the surface topography and electrochemical
properties of the carbon papers. The treated samples displayed high
activity for the redox reactions of V(IV)/V(V) or VO2þ/VO2

þ. A single-
RFB employing carbon paper was applied for 12 h as an electrode
and exhibited an excellent performance. The energy efficiency
reached 80% at a current density of 30mA cm�2. The corresponding
coulombic and voltage efficiencies were 96% and 84%, respectively
[137].

Recently, a VRBwith a peak power density of 557mWcm�2 [18],
which is over five-fold higher than that of other conventional
published systems [50,138e140], has been demonstrated and re-
ported by the University of Tennessee [141]. This high power
density is obtained with a no-gap-serpentine architecture similar
to fuel cells with carbon paper electrodes. The “no-gap” structure
and thin carbon paper electrodes enables lower ohmic resistances
in the cell due to better contact between components and lower
charge transfer distances across the cell. In addition, the application
of a serpentine flow channel greatly enhances the mass transfer in
the porous electrode by distribution of the electrolyte across the
entire membrane surface area. Nonetheless, additional perfor-
mance enhancement of the VRB is considered possible through
advanced architecture and material engineering. It is envisaged
that performing similar pre-treatments to the carbon paper elec-
trode as for CFs and GFs may improve the performance of the VRB
significantly [73,74]. This is because carbon and graphite materials
have a neutral wettability to water [142] which prevents the
spreading of electrolyte over the electrode surface [5]. The trapped
air pockets resulting from incomplete wetting reduce the electro-
active surface area owing to the CassieeBaxter effect. Other re-
searchers also report similar results [143,144].

The application of carbon paper electrodes in hydrogen/bromine
RFBs results in excellent performance (including a peak power
density of 1.4 W cm�2, a 91% voltaic efficiency at 0.4 W cm�2

constant-power operation and a fast responding system) [145].
Also cycling performance appears to be good but with some
reversible decay.

3.11. Miscellaneous

Many carbon-based materials have been used as VRB electrode
materials, such as CFs [43], carbon cloth [77], graphite powder
[146], carbon black [69] and so on. These materials, however, have
shown poor electrochemical activity towards the redox couples
[43]. So it has been considered important to develop novel elec-
trodes with high electrochemical activity. Graphite oxide (GO) is a
graphite-based material which contains plenty of oxygen func-
tional groups on basal planes and sheet edges [147e149] and shows
exciting catalytic properties for the VRB redox couples [150]. The
GO has been used as an electrode reaction catalyst when it is added
into the graphite to obtain a novel graphite/GO composite electrode
[46]. The composite electrode is suitable to be used as positive and
negative electrodes in VRB electrolytes, which displays better per-
formances with a higher peak current density and a lower charge
transfer resistance of the electrode reactions in comparison with a
single graphite electrode. The improvement of the electrochemical
activity of the electrode can be associated to the existence of oxy-
gen functional groups and extra specific surface areas induced by
the GO. The enhanced electrochemical activity of the electrode is
expected to increase the energy efficiency of VRBs in future studies.

The CV obtained at a GC electrode in a 1 M VOSO4/2 M H2SO4
solution at different scan rates is displayed in Fig. 10 [151]. The
anodic peak at about 1000e1100 mV corresponds to the oxidation
of VO2þeVO2

þ [22]. The corresponding reduction peak occurs at
about 700 mV during a negative scan. The anodic peak at
about �400 mV and the cathodic peak at about �750 mV corre-
spond to the oxidation and reduction of the redox couple of V2þ/
V3þ, respectively. The large peak separation between anodic and
cathodic peaks (>200 mV even at a low scan rate of 100 mV s�1)
suggests a slow kinetics for the electrochemical reactions of both
the VO2

þ/VO2þ and V3þ/V2þ redox couples. Thus, electrodes are
often optimised to maximise the electrochemical activity of redox
electrolytes. One study also shows that the VO2

þ/VO2þ reaction
changes from irreversible to reversible when the exchange current
density increases by 2 orders of magnitude at a GF electrode
[152,153]. The reduction of di-oxo-vanadium (5þ) ion (VO2

þ) has
fundamentally been investigated recently using glassy carbon
rotating disk electrodes (GC RDEs) as a model of the carbon elec-
trodes of VRBs [154]. The enrichment of oxygen-containing func-
tional groups on the GC surface is performed by means of
electrochemical oxidation. The enrichment enhances the VO2

þ

reduction and changes the Tafel slope from �0.161 to �0.087 V
decade�1, indicating the reduction mechanism alteration. The Tafel
slope is explained by a multi-step reaction mechanism, in which
the reduction of the quinone-like functional group generates the
hydroxylic functional group that serves as the reaction site and
coordinates to the oxo/di-oxo-vanadium (4þ/5þ) species.

A titanium plate with carbon films (TPCF) prepared by electro-
deposition in a LiCleKCleK2CO3 melt was used as the electrode for
VRBs [155]. The electrochemical behaviour of V2þ/V3þ and VO2þ/
VO2

þ redox couples on a TPCF electrode was investigated by CV,
potentiodynamic polarisation and impedance techniques. The re-
sults showed that the V2þ/V3þ redox couple displayed a quasi-
reversible process on the TPCF electrode, but, the VO2þ/VO2

þ

redox couple presented an irreversible process. The carbon atoms
on surface of the TPCF electrode could be oxidised when the
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potential reached 1.5 V, which meant that the TPCF electrode had
lower corrosion resistance than graphite electrodes.

Lopez-Atalaya and co-workers [156] investigated the behaviour
of the Cr3þ/Cr2þ reaction on gold/graphite electrodes and
concluded that the use of gold as a catalyst for Cr3þ/Cr2þ in an ICB
was unnecessary for the acceptable behaviour of the RFB [22].
Carbon-based electrode materials were used in PSBs [15,55] and
ZBBs [157] as well but no commercial success was ever reported
[22].

Non-woven carbon base layer (gas diffusion layer) has been
employed in VRBs to rebalance the cells. Whitehead and Harrer
[158] have also used carbon paper electrodes loaded with
2.5 mg cm�2 of PteRu catalyst as well for the same purpose. Their
results show that the application of CF reduces the amount of
catalyst loading and gives similar performance. Charge balance
ensures better electrolyte utilisation.

4. Advances in nanotechnology and the application of GN in
RFBs

More recently, CNTs, especially single walled CNTs (SWCNTs)
have been intensively studied [159,160], but such materials are
associated with disadvantages of very high cost, difficulties in
preparation, problems in the reproducibility of surface structure/
chemistry and limited purity. In contrast, graphene (GN) [161e165]
has shown much promise due to its unique physical, chemical and
thermal properties [166]. Among such properties, a high electrical
conductivity, a high surface area, a widely applicable electro-
chemical activity and its relatively low production costs make GN
an ideal material for application in greener and more energy-
efficient storage/generation devices such as supercapacitors [167],
lithium-ion batteries [168] or fuel cells [169]. Despite the increasing
interest in GNs for electrochemical applications, the use of these
materials as electrodes in RFBs has seen limited investigations
[37,150].

The typical electrode materials used in VRBs showed poor ki-
netic reversibility towards the electrode reactions, so much atten-
tion was paid to their modification to improve the electrochemical
activities [36,73,74]. In this regard, multi-walled CNTs (MWCNTs)
and functional MWCNTs [170e175] were recently used as an elec-
trode reaction catalyst by Li and co-workers [176] and their per-
formances were investigated for the VO2

þ/VO2þ redox couple for
VRBs. The electrochemical activities of the redox couple were
greatly increased over those of modified GC electrodes and the
electrocatalytic kinetics of the redox reactions were in the order of
carboxyl MWCNTs > hydroxyl MWCNTs > pristine MWCNTs. The
peak currents of the redox reactions (63.8 and �51.1 mA for
oxidation and reduction processes, respectively) on the electrode
modified by carboxyl MWCNTs were about three times higher than
those for the other electrodes. The battery showed excellent storage
efficiency when the carboxyl MWCNTs were used as positive
electrode reaction catalysts, suggesting that the oxygen functional
groups, especially the carboxyl, could significantly facilitate the
VO2

þ/VO2þ redox reactions.
Recent studies have also shown that electrochemical activity

of the FSWCNTs-modified electrodes (functionalised SWCNTs
with large numbers of oxygen-containing groups) for the Br�/
Br3� redox couple reactions (for the V/Br RFB) is greatly
increased relative to graphite and other CNT-modified elec-
trodes and the electrochemical kinetics of the redox reactions
are in the order of FSWCNTs > SWCNTs > MWCNTs > graphite
[177]. This result suggests that the oxygen functional groups
significantly facilitate the electron transfer processes, by
providing active sites for the reactions and enhancing the
effective carbon electrode area.
Other previous studies identified carbon fibres [42], nitrogen-
doped mesoporous carbon (N-MPC) [36] and carbon black [69] as
carbonaceous materials suitable for VRB electrodes. GN was
considered a favourable electrode material because of its large
surface area (2630 m2 g�1) [178e181], which enhanced quantities
of ionic adsorption and improved the electrochemical performance
of any redox reaction.

Two GN-like materials suitable for use as positive electrodes in a
VRBwere obtained by thermal exfoliation and reduction of GO [37].
After thermal reduction, the electrocatalytic activity of thermally
reduced and exfoliated graphene oxide (GNO) at 700 �C and
1000 �C, respectively (TRG700 and TRG1000) towards the redox
reactions associated with VO2

þ/VO2þ was markedly enhanced with
respect to the use of GNO only. In particular, TRG1000 showed a
very good electrochemical performance in terms of peak current
densities (30.54 and 30.05 mA cm�2 for the anodic and cathodic
peaks at 1 mV s�1, respectively) and reversibility, reaching a peak
potential separation value (DEp) of 0.07 mV. These excellent results
were attributed to the restoration of carbon’s sp2 domains after
thermal treatment, which implied the production of a GN-like
material with a high electrical conductivity and accessible surface
area [162]. Moreover, the residual functional groups, eOH, behaved
as active sites towards the vanadium redox reactions. This repre-
sented a significant step forward in the development of highly
effective VRB electrode materials.

Furthermore, Ir nanoparticles can be deposited onto GN to
prevent it from restacking, thereby increasing its electrochemical
performance [103,182]. A new study has been performed in the
preparation of an Ir-decorated GN (Ir-GN) electrode by conducting
synchronous reduction. GO and iridium chloride hydrate
(IrCl3$3H2O) have been utilised as precursors of GN and Ir,
respectively, and Na borohydride (NaBH4) is used as the reducing
agent. The physicochemical properties are characterised using X-
ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).
Transmission electron microscopy (TEM) and CV are employed to
assess the morphology and electrochemical behaviour of all sam-
ples. The results have revealed that Ir-GN electrodes may sub-
stantially enhance the level of electrochemical activity, because of
the presence of an Ir decoration and is a promising electrode for
implementation in future VRB studies.

Tsai et al. [61] describe the preparation of GN-modified graphite
(GMG) composite electrodes with various weight ratios of GNe
graphite. The authors have found that the use of the GMG com-
posite electrodes can provide substantial improvements in the level
of electrochemical activity as a result of the presence of GN andmay
be superior to conventional PAN-based GF electrodes in VRBs [183].
The addition of 3 wt.% GN in particular, produces a well-dispersed
morphology within the graphite matrix, which is observed using
field emission SEM [61]. A 30% improvement in the peak current
densities of both oxidation and reduction in comparison to those of
pristine graphite are ascribed to the presence of GN with excep-
tional electrochemical properties and residual oxygen-containing
functional groups. The findings of Tsai and co-workers indicate
that the use of GMG composite materials may be beneficial for the
fabrication of electrodes in VRBs [16,184].

Nitrogen-doped carbon nanostructured materials have been
shown to exhibit higher electrocatalytic activity in many electro-
chemical devices such as fuel cells [185e190] and biosensors [191].
In a new study the electrochemical redox behaviour of the VO2þ/
VO2

þ couple on nitrogen-doped mesoporous carbon (N-MPC) elec-
trode is shown to give much higher performance than the widely
used graphite [36]. The MPC was prepared using a soft-template
method and doped with nitrogen by heat-treating MPC in
ammonia. The electrocatalytic kinetics of the redox couple VO2þ/
VO2

þ was significantly enhanced on N-MPC electrodes compared
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with MPC and graphite electrodes on their own. The reversibility of
the redox couple VO2þ/VO2

þ was greatly improved on N-MPC (0.61
for N-MPC vs. 0.34 for graphite), which was expected to increase
the energy storage efficiency of RFBs. Nitrogen doping improved
the electron transfer on electrode/electrolyte interface for both
oxidation and reduction processes. N-MPC was a promising mate-
rial for RFBs. This result also opened up new and wider applications
of nitrogen-doped carbon materials.

Wang and co-workers [89] have successfully grown N-CNTs on
GF by a chemical vapour deposition method. The ideal porous GF
substrate provides a superior porous framework for the growth of
CNTs (un-doped and doped with nitrogen). The CNTs (or N-CNTs)
on the surface of GF significantly improves the electrochemical
surface area of the carbon materials due to their relatively small
size (w30 nm in diameter and several mm in length), thus resulting
in higher performance in VRBs as shown in Fig. 11 [89]. The
enriched porous structures of CNTs or N-CNTs on GF facilitate the
diffusion of electrolyte in the VRB system. In addition, the N-doping
enhances the electrode and thus battery performance because of
the modified electronic and surface properties of CNTs on GF. The
enriched porous structure of N-CNTs on GF facilitates the diffusion
of electrolyte, while the N-doping significantly contributes to the
enhanced electrode performance. Specifically, the N-doping (i)
modifies the electronic properties of CNTs and alters the chemi-
sorption characteristics of the vanadium ions, (ii) generates defect
sites that are electrochemically more active, (iii) increases the ox-
ygen species on CNT surfaces, which is a key factor influencing the
VRB performance and (iv) makes the N-CNT electrochemically
more accessible than the CNT on its own.

A newmethod was proposed to modify CF electrodes in order to
stabilise the carboxyl MWCNTs on the carbon fibres. This was also
accompanied by a procedure to improve catalytic properties of
Nafion so that it could serve as an agglomerant for attaching
carboxyl MWCNTs onto the CF to form an integer composite elec-
trode [47]. In this way, the stability of the MWCNTs on the carbon
fibres in flowing electrolytes was guaranteed by Nafion. The com-
posite electrode was tested in the VRB practically and displayed
excellent electrochemical activity and durability. The VO2

þ/VO2þ

and V3þ/V2þ redox couples showed the best reversibility on the
modified CF with MWCNT content of 4.47 wt.%. The advanced ac-
tivities were mainly attributed to the catalytic properties of the
carboxyl groups towards the redox reaction and the high electrical
conductivity of the MWCNTs [173]. In addition, the loading of the
MWCNTs in flowing electrolyte remained stable due to the
Fig. 11. SEM image and charge/discharge curves for CNT grown GFs employed in VRBs.
Obtained from Wang et al. [89], with permission from ACS.
adhesive properties of Nafion. Other catalysts were also introduced
onto the surface of carbon fibres in a similar manner. The
improvement in the performance of CF modified electrodes in VRBs
was expected to enhance its commercial potential [47].

GNO nanoplatelets (GONPs) demonstrated a more favourable
electrocatalytic activity for VO2

þ/VO2þ and V3þ/V2þ redox couples
than pristine graphite for the VRB. It was found that the V3þ/V2þ

redox reaction strongly depended on the formation of surface
active functional groups of CeOH and COOH [5,150].

To take advantage of the superior electrical conductivity and
mechanical properties of CNTs, several researchers [146,176] sug-
gested a graphiteecarbon nanotube composite for the VRB. Despite
the significant advantages of CNTs, the sole use of CNTs in a vana-
dium reaction was found to give poor reversibility and activity
compared to pure graphite [6]. In order to benefit from both
graphite and CNTs, a composite of graphite with 5 wt.% CNTs was
introduced that exhibited good reversibility and electrical con-
ductivity. In another work, a GONP electrodewas suggested for VRB
by Han et al. [150]. This material did not require tedious synthesis
procedures and had good catalytic property for both V2þ/V3þ and
VO2

þ/VO2þ redox reactions due to the presence of CeOH and COOH
functional groups on the electrode surface [6]. Polarisation of the
GONP was further reduced after thermal treatment at a tempera-
ture of 120 �C. Furthermore, the authors prepared a GNO nano-
sheet/MWCNT hybrid electrode by an electrostatic spray tech-
nique and found that the electrode showed excellent electro-
catalytic redox reversibility towards the VO2

þ/VO2þ couple,
especially for the reduction from VO2

þ to VO2þ [192].
Friedl and co-workers [193] presented a novel way to determine

the charge transfer kinetics of redox reactions on porous MWCNT
electrodes and detected a catalytic behaviour of surface functional
groups towards the Fe2þ/Fe3þ reaction. This was, however, not the
case for the VO2þ/VO2

þ redox couple. Therefore it was concluded
that polar molecules played no role in the redox reaction and a
proposition was made that such molecules actually slow down the
reaction by decreasing the mobility of the vanadium ions. The
described method made it possible to compare the suitability of
various electrode materials for their applicability in RFBs, without
having to know the exact surface area, electrode geometry and
porosity.

A recent study [194] has focused on the characteristics and
performance of a novel electrode for the cathodic reaction of a VRB
based on:

(i) Chemical activation of 2D GN electrode material using CuPt3
nanocube bimetallic nanoparticles, chosen as a preliminary
stoichiometric combination, morphology and size whose
effect has been compared with that of Pt nanocubes [28].

(ii) Thermal activation under NH3/O2 (1:1) atmosphere in
different temperatures and times applied to a 3D PAN-based
graphite felt electrode. Large amounts of N- and O-contain-
ing groups have been introduced onto the surface electrode
[167].

Both activations applied to carbon materials lead to modify the
electron-donor properties of the surface enhancing the oxygen
transport processes involved in the reaction for V(IV)/V(V) [66];
this causes a fast faradaic redox reaction (i.e., accelerates the oxy-
gen and electron transfer processes in the electrode/electrolyte
interface by the presence of oxygen-containing groups at the sur-
face of the electrode) [194]. The modified electrodes show good
morphological properties and large electrochemical surface area.
Furthermore, the performance and longevity of the VRB single-cell
prototype using dPAN (500, 24) electrode have been evaluated
showing an energy efficiency of 84% (85% of voltage and 99% of



Table 3
Details of C and C-based electrodes employed in different RFBs. OCP stands for open circuit potential. Some parts may be similar to the authors’ previous review [2] (with permission from ECS).

Ref. Redox system Electrode materials used OCP
(V)

Charge/discharge current
density (mA cm�2)

Charge/discharge
efficiency (%)

[55] PSB Activated C (AC)/polyolefin pressed electrodes or Ni foam/CF materials. 1.7e2.1 40 77.2
[57] Soluble Pb/H2SO4 Positive and negative electrodes made of 70 ppi RVC

and 40 ppi reticulated Ni were employed, respectively.
1.62 20 60e66 (overall)

[73,74] VRB GF electrodes heat bonded on C-filled polyethylene (PE)
conducting plastic bipolar substrates were employed
initially. Afterwards thermally and chemically treated
GFs were used.

1.6 10e130 83

[130] V-Polyhalide Glassy carbon (GC) sheets were used as current collectors
and GF was employed as the electrode material in both half cells.

1.3 20 66.4

[195e198] ICB Early studies used 1/8 in. C felt (CF) electrodes with traces
of Pb (100e200 mg cm�2) and gold (Au) (12.5 mg cm�2)
deposited on the Cr electrode. Later on, reticulated vitreous
C (RVC) pre-treated with methanol was employed. Much
later work ensured the use of thermally treated graphite felt (GF).

1.18 21.5 95 (coulombic)

[199e202] Iron/Titanium (Fe/Ti) G foil electrodes were compared with platinised platinum
(Pt) foil and a Ti-based chlorine anode. G foil gave better efficiencies.

1.19 14 44e50 (overall)

[135] [Ru(bpy)3](BF4)2a C fibre cloth electrodes were employed in a flow-by
configuration. For more information on flow-through
or flow-by porous electrode assemblies, the reader is
referred to publications by Langlois and Coeuret [203].

2.6 3 V to 50% SOC (charge) 18 (overall)
5 (discharge)

[204] V/Br CF or GF bonded onto conductive plastic sheets were employed. 1.4 20 74
[205] Magnesium/V Polyacrylonitrile (PAN) based CF or spectral pure G electrodes were employed. 1.66 20 63
[206] Zn/Ce C plastic anodes and platinised Ti mesh cathodes of 100 cm2 geometrical area. 2.45 50 98 (coulombic)
[206,207] V/Ce C fibres of 10 mm diameter as negative electrodes were filled inside a

cylindrical membrane. 4 bundles of the C fibres were arranged evenly
around the outside of the membrane to act as positive electrodes.

1.5 22 90 (coulombic)

[208] V-glyoxal (O2) G plates and porous GFs were used as current collectors and
electrodes, respectively.

1.2 20 66 (coulombic)

[209] V-cystine (O2) 2.5 mm thick GFs (dimension: 25 mm � 20 mm) were contacted
against G plates that served as current collectors.

1.3 20 58 (overall)

[210] V acetylacetonate GF electrodes 2.2 2.2 (charge) 47 (coulombic)
0.2 (discharge)

[211] ZBB Two C electrodes of 60 cm2 with a 5 mm inter-electrode gap were employed. 1.6 15 80
[212,213] All-Neptunium c-Plane C of pyrolytic G and plastic formed C. 1.3 70 99.1 (predicted via

mathematical modelling)
[214,215] All-Cr (aqueous) GF electrodes were thermally pre-treated at 500 �C in a muffle

furnace to reduce its hydrophobic nature.
2.11 30 (during charge) 15% with stationary H-type cell

2.5 (during discharge) 7% with undivided RFB
[216] All-Cr (organic) e used

in H-type cell
GF electrodes 3.4 0.14 (charge) 20

0.014 (discharge)
[217] Manganese

acetylacetonate
GF electrodes 1.1 0.14 (charge) 21

0.014 (discharge)
[218] Tirona A GF (10 mm thick) contacted against one G plate was used as the

working electrode. Pb and a saturated calomel electrode (SCE) were
used as the counter and reference electrodes, respectively.

1.1 10 82

[219,220] Ruthenium (Ru) acetylacetonate GF electrodes in undivided flow-through electrochemical reactor 1.76 0.28 (charge) 5
0.056 (discharge)

[221] Ni(bpy)3/Fe(bpy)3a GF electrodes 2.25 0.8 88.1
[222] TEMPOa/N-methylphthalimide GF electrodes 1.6 0.35 90
[223e225] CuCl2 dissolved in deep

eutectic solvent (ethalinea)
C cloth 0.77 7.5 62

[226] Semisolid lithium flow cell (SSFC) Anode is a lithium foil material while the cathode is a G plate 4.7 2 and 4.4 V 22
[227] Iron-ion/Hydrogen redox flow cell Platinum/Carbon anode and CF cathode with G current collector blocks 0.75 25 40e80

a [Ru(bpy)3](BF4)2 ¼ tris(2,20-bipyridine) Ru (II) tetrafluoroborate; Tiron ¼ 4,5-dihydroxy-1,3-benzenedisulfonic acid, disodium salt monohydrate; Ni(bpy)3/Fe(bpy)3 ¼ Ni and Fe tris(2,20-bipyridine); TEMPO ¼ 2,2,6,6-
tetramethyl-1-piperidinyloxy; Ethaline ¼ deep eutectic solvent formed from the hydrogen bond of choline chloride and ethylene glycol.
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current efficiencies respectively) at a current density of 20mA cm�2

up to 30 cycles, leading to a step forward towards scaling-up the
VRB.

5. Conclusions

Carbon-based electrodes have been applied in RFBs since the
1970s. A range of different carbon- and graphite-based architec-
tures has been studied over the years and the performance of such
electrodes in RFBs have been summarised in Table 3 (in terms of
energy efficiencies only). Varying reports are given in the literature
regarding RFB energy efficiencies and power densities. However, it
is clear from Tables 2 and 3 that mainly carbon paper and graphite
felt electrodes result in optimum performance in terms of high
redox rate constants and energy efficiencies, respectively.

In addition, it is reported that several surface treatments can
lead to improved reaction kinetics on carbon electrodes. Chemical
etching, thermal treatment, chemical doping, CNT or GN addition
and application of metallic catalyst sites to carbon fibres have all
been studied in depth. Besides catalytic activity, the carbon- and
graphite-based electrode materials have good electrical conduc-
tivity, chemical stability and robustness in the reaction environ-
ment. This explains their widespread application in the RFB till date
(the main variants studied are CF, GF, PAN-based GF, GF bonded
with conducting plastic, AC, RVC, carbon paper, carbon or graphite
cloth and a range of other miscellaneous assemblies such as CNTs or
GN-modified carbon electrodes).

6. Challenges and opportunities

Overall, the combination of the right electrode materials with a
proper electrolyte can successfully increase both the energy stored
by the device and its power, but no perfect active material exists
and no electrolyte suits every material and every performance goal
[228]. However, today, many materials are available, including
porous activated, carbide-derived, and templated carbons with
high surface areas and porosities that range from the sub-nm scale
to just a few nm. If the pore size is matched with the electrolyte ion
size, those materials can provide high energy density. Exohedral
nanoparticles, such as carbon nanotubes and onion-like carbon, can
provide high power due to fast ion sorption/desorption on their
outer surfaces. Due to its higher chargeedischarge rates compared
with activated carbons, graphene has attracted increasing atten-
tion, but graphene has not yet shown a higher volumetric capaci-
tance than porous carbons [229].

Although aqueous electrolytes, such as sodium sulphate, are the
safest and least expensive, they have a limited potential window
[228]. Organic electrolytes, such as solutions of tetraethyl ammo-
nium tetrafluoroborate in acetonitrile or propylene carbonate, are
the most common amongst non-aqueous devices [219,220,230].
Researchers are increasingly interested in non-flammable ionic
liquids. These liquids have low vapour pressures, which allow them
to be used safely over a temperature range from �50 to at least
100 �C and over a larger voltage window, which results in a higher
energy density than other electrolytes. However, most of the work
reported on ionic liquids in combination with carbon-based elec-
trodes has been limited to areas outside the scope of RFBs to date.
The main reports on RFBs, in this regard, have been from Sandia
National Laboratories [231,232], Tianjin University [233] Aalto
University [224] and the University of Malaya [223,225,234,235].

In order for RFB to find a place commercially, it is paramount
that the costs and benefits associated with both purchasing and
maintaining a system are as attractive as possible. Recent research
by Moore et al. [236] in this regard has shown that many of the key
costs associated with RFB systems are directly related to the initial
procurement costs of materials used to construct the system,
including electrodes. Therefore, without developing new materials
for RFB systems, the next most cost-effective method of reducing
initial expenditure is to improve overall cell performance. It is here
that carbon-based electrodes can play a significant role. Conse-
quently, an improvement in cell performance would deliver a
reduction in stack size and its associated costs while meeting the
same power requirements [140,237e240].

In this regard, an unexplored area with immediate application
would be to understand how three sources behind overpotential
losses (i.e., ion convection, counter-ion counter-diffusion and
boundary layer diffusion) can be overcome. Ideally, higher levels of
charge flux for pumping anion/cations between carbon-based
electrodes would help mitigate these effects but is currently not
understood [9]. Furthermore, the dependence of the VO2

þ/VO2þ

couple on the carbon electrode material has also not been well
studied [5]. Additionally, the production of carbon-based electrodes
with much lower contact resistances than conventional electrodes
[136] may be possible through harnessing of ionic liquid func-
tionalisation of GNs and CNTs, produced through exfoliation of
graphite [161,241,242]. This would result in improving RFB effi-
ciencies and power densities.

The aptitude to predict cell degradation is a challenge because
for different RFB systems the mechanisms are usually diverse
[6,243]. For instance, Thompson and co-workers [243] have found
that environmental oxygen and water tends to result in side re-
actions that affect the performance of non-aqueous VRBs adversely.
Additional experimental data on the degradation mechanisms of
other RFB systems (especially work that focus on carbon-based
electrodes), however, are not reported so extensively as for the
non-aqueous VRB, due to which, quantitative cause-and-effect re-
lationships between observation and degradation pathways are
arduous to acquire.

During a lifetime of operation, carbon-based electrodes may
suffer from mechanical, thermal, or electrochemical sources of
degradation. Mechanical separation would result in the loss of
active surfaces, block pores and may increase stresses in other
parts of the carbon electrode. Thermal differences would affect
mechanical and thermal expansion of carbon, chemical reaction
rates and concentration profiles. Electrochemically depending on
load, differences in localised current densities within the carbon
microstructure could affect concentration profiles, may induce
heating and couple with mechanical/thermal processes at work.
The dominant mechanism behind degradation for each case in
turn will depend on the operating conditions of the RFB. The
presence of localised inhomogeneities (e.g. current densities)
driven through microstructural differences within the electrode
may also accentuate failure in particular regions of the electrode
given sufficient time. As is evident, decoupling and understanding
the cause behind observed degradation effects is therefore
difficult.

Recent progress in three-dimensional (3D) imaging/tomogra-
phy techniques can provide insight into the nano/micro structure of
electrodes that can help deconvolute some of these effects [244].
Once the actual 3D microstructure is captured it is possible to un-
derstand spatial relationships of particles/phases/fibres/thick-
nesses with each other and how these change in a quantitative
manner under a controlled set of conditions. Furthermore struc-
tures captured in this manner offer the potential to be cycled and
re-analysed (so called 4D time resolved data) or used as real geo-
metric input for models to correlate with observed behaviour
[244e247].

Unfortunately, experimental procedures for determining 3D
microstructural information have been reported in-depth for
lithium batteries or fuel cells [244e252]. Two familiar techniques



Fig. 12. (a) Graphite anode microstructure (A: 3D MCMB or mesocarbon microbead based battery anode microstructure using 3D tomography; B: Microstructure of an agglom-
eration of smaller particles segmented from the bulk reconstruction); (b) original reconstructed slice from X-ray nano computed tomography; (c) segmented MCMB structure
following feature extraction; (d) rendering of the 3D battery anode microstructure following segmentation [260] (with permission from Elsevier).
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employed in most cases involve high resolution X-ray compu-
terised tomography and focused ion beam tomography [253e259].

Collectively, therefore the 3D imaging work on carbon-based
materials has shown an ability to quantify surface areas, volumes,
particle sizes, porosity, identify different phases, determine tortu-
osity and flow characteristics of complex structures [260e262]. All
of the structures captured can also be used as geometric inputs to
model cell behaviour (as illustrated in Fig. 12). It is therefore
remarkable, that, to date there have been little 3D reconstructions
of a carbon-based RFB electrode presented in the literature.

Some of the works reported so farutilise X-ray tomography to
model the effect of concentration, overpotential and charge density
within a RFB [263]. This has been developed further by Qui et al.
[264] who have demonstrated the effects of real pore/electrode
morphology acquired using X-ray tomography on electrochemical
performance. They have reported cell voltage to rise with
increasing electrolyte flow rate as a result of decreasing concen-
tration gradients. Their simulations suggest a detrimental effect on
RFB performance in the event of fuel starvation/low flow rates/low
electrolytic concentrations. Therefore while little work in this area
has been carried out to date, it is likely to provide insights impor-
tant for cell performance that are currently not known and presents
a gap in the body of literature.

Further work is necessary in this regard to quantify and thereby
understand the effects of micro/nano structure on RFB degradation
mechanisms. This enables better battery electrodes to be developed
that can improve cell performance so that such progress may help
the technology reach commercial success.
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