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Abstract. The vanadium redox flow batteryisan electrochemical storage system which allows 
energy to be stored in two solutions containing differentredox couples. Unlike commercially 
available batteries, all vanadium redox flow batteries have uniqueconfigurations, determined by the 
size of the electrolyte tanks.This work reviews anddiscusses the progress on electrodes and their 
reaction mechanisms as key components of thevanadium redox flow battery. 

1. Introduction 

Exploration and development of renewable energy sources, likesolar and wind energy, are 
among the hottest topics of our times.However, to be competitive with coal, natural gas, oil and 
nuclearpower, the renewable energy needs to be cost effective and reliable.Energy storage, and 
especially large-scale energy storage, isthe key technology to achieve this. [1] In combination 
withrenewable resources, energy storage can increase the quality andthe stability of e.g. 
photovoltaic (PV) and wind-generated electricity.Energy storage can be considered as any 
technology thatcan convert and store electricity to overcome the mismatchbetween generation and 
end-use. Also, energy storage can efficientlyincrease the value of electric power by correcting for 
powerfluctuations in very short time. Fig. 1 clearly shows the differentstorage requirements for 
electric power utility applications [2].  

As one kind of energy storage technique, the vanadium redoxflowbattery (VRFB) is well-suited 
for large-scale utility applicationsdue to its attractive features such as its long life, active 
thermalmanagement and independence from energy and power ratings. 

2. The vanadium redox flow battery 

2.1 The structure of VRFBs 
The VRFB is an electrochemical system that can realize theconversion between chemical energy 

and electrical energy. Asshown in Fig. 2, VRFBs have two electrolyte tanks containingactive 
species of vanadium in different valence states. All active species are dissolved ina sulfuric acid 
medium. The concentrations of vanadium ionsand sulfuric acid are in the range of 1–3 M and 1–2 
M, respectively.During charge–discharge processes, the active species areoxidized or reduced to 
achieve conversion between chemicalenergy and electrical energy.Two half cells, two solid 
electrodes and one IEM are the maincomponents of a VRFB single cell. The reactions occur on 
thesurface of solid electrodes during charge and discharge. Highsurface area carbon materials are 
normally used as electrodes inVRFB, the materials operate in a certain range of voltage 
potentialswith minimal hydrogen and oxygen gas evolution. TheIEMs in between isolate both 
electrolytes, but allow protons tomigrate. 

2nd International Workshop on Materials Engineering and Computer Sciences (IWMECS 2015) 

© 2015. The authors - Published by Atlantis Press 303



2.2 The pr
Featured

fromother 
lithium-ion
their posit
shipmentan
themigratio

The cha
Negative

Positive 

2.3 The ap
VRFB, 

attention 
time,deep-
and more m
manageme
vehicle cha

3. Electrod

An idea
properties,
oxidizing m
metallic m
they do no
the metalli
lead to uns
usedthey a

rinciple of V
d by the d
batteries s

n batteries.V
tive and ne
nd storage 
on of proton

F
arge-dischar
e electrode 

 electrode 

pplication o
as propose
in energy 
discharge c
mature and

ent (load le
argingstatio

de materia

al electrode
 and strong
media. Typ

materials.Car
ot undergo d
icelectrodes
stable redox
are generally

VRFBs 
dissolved re
storing the 
VRFBs hav
egative elec
of electroly
n across a m

Fig. 2 Schem
rge reaction

of VRFBs 
ed by the S

storagetha
capability, a
dfinds exten
eveling and
ons and com

ls for the V

e material 
g chemicalre
pical electro
rbon-based 
dissolution 
s can dissolv
x potentials 
y based on n

Fig. 1 Th

edoxspecies
energy in

ve a unique 
ctrolytesare
yte more sim
membrane se

matic illustr
ns of the VR

Skyllas–Kaz
anks to it
and low poll
sive applica

d peak shav
mmunication

VRFB 

should pro
esistance, be
odes used i

electrodes 
or formatio
ve into the 
anddisturb 
noble metal

he structure 

s in the rec
n electrode 

advantage 
e identical 
mple and in
eparating th

ration of the
RFB are: 

zacos group
ts long cy
lutant emis
ations in di
ving),emerg
n base statio

ovide a hig
e of reasona
in RFBs ar

are more 
on ofoxide 
electrolyte 
the chemis

ls, which ha

of single ce

circulated s
structures,

over other 
in their di

nexpensive.
he electrolyt

 
e redox reac

p fromAust
ycle life, 
sionNowad
ifferent area
gency and 
ons. 

gh electrica
able price a
remade of c
common th
during chem
during disc
try of the R
ave goodele

 
ell 

solution, the
 such asle
flowbatteri
scharged st
Electrical b
tes. 

tion mechan

      

  

ralia in 198
flexible d

ays, the VR
as, such as 
back-up po

alconductiv
nd have a lo
carbon-base
han their m
mical oxida
charge andc
RFBs.[4] If m
ectrochemic

e flow batt
ead-acid ba
ies due to th
tates. [3] T
balance is a

nism 

         

         

84, has rec
design, fas
RFB is beco
renewablee
ower statio

vity, good 
ong cycle li

ed composit
metalliccoun
ation. Meta
corrosion, w
metallic ele

cal stability 

tery differs
atteries and
he fact that
This makes
achieved by

      (1)

      (2)

ceived wide
t response

oming more
energy, grid
ns, electric

mechanical
ife inhighly
tes or inert

nterparts, as
l ions from

which could
ectrodes are
or catalytic

s 
d 
t 
s 
y 

) 

) 

e 
e 
e 
d 
c 

l 
y 
t 
s 

m 
d 
e 
c 

304



property. S
used to fac
3.1 Carbo

A carb
Skyllas-Ka
Thiscan b
configurati
oxygen co
the VRFB
PAN-type 
voltammet
greater rea
PAN-type 

3.2 Carbo
Carbon 

lowelectric
surface are
been widel
carbon pap
incorporati
WO3nanop
could not 
however, 
electrochem
3.3 Carbo

Althoug
carbon–po
substrate.In
of binder m
the electro
a high vo
electrodesw
reported th
electrode, 
of acompo
performanc
Wang et al
of 81.5%,th
3.4 PAN-ty

Ever sin
been the m
known to 

Some meta
cilitate the d
n cloth elec

bon clothel
azacos in 19
be attribute
ion, whichw

o-evolution 
B in 1991 

carbon cl
try (CV). It
activity inb
carbon clot

Fig.

n paper ele
paper (Fi

cal resistanc
ea and high
ly used in 
per as theel
ion into th
particles an
beused ind
the electr

micalreactiv
n–polymer

gh not suita
lymer com
n fact, the e
materials, as
de.In practi

oltage effic
were condu
he electroch
and Huang 
osite electr
ce was obta
l., porous g
hanks to low
ype carbon
nce theinitia

most widely
have alarge

allicelectrod
desired react
ctrode 
lectrode m
987, but a h

ed to the 
would limit
during char
by Kaneko
lothand BW
t was found
both the an
th electrode

. 3 Material
(a) carbo

ectrode 
g. 3b) has
ce, which m
h activation
the VRFB 

lectrode for
he carbon 
nd activated
dependently
rical condu
vity for the 
r composite
ablefor use

mposite ele
electrochem
s well as the
ice, by appl
ciency of 9
ucted in the 
hemical stab
et al. repor

rode compo
ainedwhen t
graphite com
wer charge 
n felt or gra
al developm

y used electr
e specific s

de materials
tions and av

material wa
high rate of
low surfac
diffusion o

rging. Carb
o et al., wh
W-309 cel
d that the B
nolyte and
.  

l of current c
on cloth ele

s promising
make it a po
novervoltage

to date. Ow
the VRFB
paperelectr

d carbon on
y because 
uctivity co
V redox rea

e electrode 
e as the ele
ctrodes ha

micalpropert
e compositi
ying the op
91%could b
initial stag

bility and d
rted good re
osed of car
the ratio of 

mposite elec
transfer res

aphite felt e
ment of the 
rode materi

surface area

s with high
void siderea

as first eva
fmechanical
ce area of 
of vanadium
bon clothwa
ho compar
llulose-type
BW-309 ce

d the catho

commercial
ectrode, (b) 

gproperties 
otential cand
e losses com
wing to its 

B were initia
rode was a
n the surfa
of its low 

ould beeffe
actions in th

ectroactive 
ave beende
ties of the e
ion,mechan

ptimized car
be attained

ges of the d
degradation
eversibilitya
rbon black
graphite po

ctrodescoate
sistance. 
electrode. 
VRFB, PA
ial for theV
a and high 

h overpoten
actions. 

aluated for
l degradatio

carbon cl
m ions, lead
as, however
edthe elect

e carbon c
ellulose-typ
olyte of VR

lized electro
carbon pap

such as h
didate for th
mpared wit
otheradvan

ated in the 
also studie

ace.Despite 
electrical 

fectively im
he VRFB. 

material fo
veloped fo
electrode ar
ical propert

rbon–polym
d. [5] A fe
evelopment

n behavior o
and reactivi

k, graphitep
owder to ca
ed with Co 

 
AN-based ca
VRFB.The P

electrical c

ntials for ga

r the VRF
on was obse
loth materi
ding to incr
r, investiga
trochemical 
cloth electr
e carbon cl
RFBs comp

odes for the
er electrode

high porosi
heVRFB. B
h carbon fe

ntages, how
late 2000s. 

ed by Zhan
its promisi
conductivit

mproved, l

or the VRF
or use as 
re highly de
ties, and ele

mercomposit
ew investig
tof the VRF
of a carbon
ity towards 

powder, and
rbon black 
showed a h

arbon or gra
PAN-type c
conductivity

as evolution

FB by Ry
erved durin
ials and th
reasedpolar

ated as anel
l properties
rodes by 
loth electro

mpared with

 
e VRFB 
e 

ity, low de
Because of i
elt material

wever, effort
The effect

ng et al. 
ing catalyti
ty. Ifused 
leading to 

FB electrod
the VRFB

ependent on
ectrical cond
te electrode
gations on 
FB. Haddad
n-polyolefin

the V redo
d a binder
was 3: 1.A

high voltage

aphitefelt el
carbon felt e
y, as well a

nhave been

ychcik and
ng charging.
he flow-by
rization and
lectrode for
s of GF-20
usingcyclic

ode showed
h theGF-20

ensity, and
ts very low

ls, ithas not
ts to utilize
of catalyst

by coating
ic effect, it
with SAC,

enhanced

dereactions,
B electrode
nthe choice
ductivity of
 in VRFBs,
composite

di-Als et al.
n composite
ox reactions
r. The best
ccording to
e efficiency

ectrode has
electrode is
as excellent

n 

d 
. 

y 
d 
r 
0 
c 
d 
0 

d 
w 
t 
e 
t 
g 
t 
, 

d 

, 
e 
e 
f 
, 
e 
. 
e 
s 
t 
o 
y 

s 
s 
t 

305



stability in both chemical and electrochemicalenvironments. As with other types of carbon and 
graphitematerials, however, the low hydrophilicity of the PAN-typecarbon felt electrode requires 
improvement to enhance itsreactivity towards the V redox reactions in aqueous solution.Thermal 
treatment of carbon materials – by heating theirsurface – is a traditional approach developed 100 
years ago,and even now, it is the most common and easy way to integrateabundant oxygen 
functional groups onto the surface of thecarbon materials. 
3.5 Graphene or graphene oxide (GO) electrode 

Graphene, atwo-dimensional graphitic material with sp2-hydridized carbon atoms arranged in a 
hexagonal lattice, has a large specific surface area and excellent electrical conductivity, and thanks 
toits intrinsic properties, it can be utilized in a variety of fields. Compared toa graphite electrode, 
the graphite–graphene composite electrode with graphene as filler showed noticeable reactivity in 
the VRFB catholyte.Graphene oxide nanoplatelet (GONP) materials have alsobeen investigated as 
electrodes for the VRFB. The GONP electrodeoxidized at 50℃was found to give the best 
performance in boththe anolyte and the catholyte of the VRFB. The electrochemicalenhancement of 
GONP is mainly attributed to the large amountof C–OH and COOH functional groups formed 
during theoxidation process. Despite the excellent electrochemical reactivityof GONP, however, it 
has the shortcoming of comparativelylow rate capability due to its low electrical conductivity. 

4. Summary 

A detailed historical review is presented here to elucidate thetechnical trends in electrode 
materials research for the VRFB.To further enhance the electrochemical properties ofcarbon based 
electrodes various surface treatments wereproposed. The early studies focused on attaching various 
oxygen functionalgroups to the surfaces of the electrodes. Later on, certainOH-functional groups 
were widely accepted as providing activereaction sites for the vanadium redox couple 
reactions,enhancing the reactivity and wettability of the carbon electrodes.Carbon and graphite will 
continue to form the basis of theelectrode material for the VRFB, but future research will focuson 
the use of thin carbon cloth or paper as part of “zero-gap”cell architecture for a high-power-density 
VRFB stack. 
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