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a  b  s  t  r  a  c  t

Zinc–cerium  redox  flow  batteries  (ZCBs)  are  emerging  as  a very  promising  new  technology  with  the
potential  to  store  a large  amount  of energy  economically  and  efficiently,  thanking  to  its  highest  thermo-
dynamic  open-circuit  cell  voltage  among  all the  currently  studied  aqueous  redox  flow  batteries.  However,
there  are  numerous  scientific  and  technical  challenges  that must  be  overcome  if this alluring  promise  is
to turn  into  reality,  from  designing  the battery  structure,  to optimizing  the  electrolyte  compositions  and
elucidating  the  complex  chemical  reactions  that  occur  during  charge  and  discharge.  This  review  article  is
eywords:
nergy storage
inc–cerium redox flow batteries
are earths
lectrolyte

the first  summary  of the most  significant  developments  and  challenges  of cerium  half-cell  and  the  current
understanding  of  their  chemistry.  We  are  certain  that  this  review  will  be of  great  interest  to audience
over  a  broad  range,  especially  in  fields  of energy  storage,  electrochemistry,  and  chemical  engineering.

© 2012 Elsevier Ltd. All rights reserved.
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. Introduction

The environmental concerns over the use of fossil fuels and
heir resource constraints, combined with energy security con-
erns, have spurred great interest in generating electric energy
rom renewable sources. Among them, solar [1] and wind [2,3]

electrical energy requirements. While advances in technology are
still needed to harvest renewable energy economically, solar and
wind power technologies have grown quickly. However, solar and
wind are not constant and reliable sources of power. The variable
nature of these renewable sources causes significant challenges for
the electric grid operators because other power plants (usually fos-
nergies are among the most abundant and potentially readily
vailable. Capturing a small percentage of potential solar and
ind energies could contribute significantly to meeting the world’s

∗ Corresponding author. Tel.: +86 431 85262235.
E-mail address: xbzhang@ciac.jl.cn (X. Zhang).

013-4686/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2012.12.066
sil fueled power plants) need to compensate for the variability. A
further concern is the fact that the renewable resources are local-
ized and are often away from load centers. To this end, thanks

to its high energy density, simplicity and reliability, electrochem-
ical energy storage (EES) [4,5] has become an issue of strategic
importance as it will play a critical role in clean energy generation
and use.

dx.doi.org/10.1016/j.electacta.2012.12.066
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:xbzhang@ciac.jl.cn
dx.doi.org/10.1016/j.electacta.2012.12.066
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Fig. 1. (A) Front view of the unit Zn/Ce redox flow cell. (B) Vertical view of the unit
Zn/Ce redox flow cell. (a) Zinc negative electrode. (b) Carbon felt positive electrode.
(c)  Nafion 115 ion-exchange membrane. Volume of each tank, 25 mL;  flow rate,
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couple in various acid media. It can be clearly found that the kinetics
of Ce3+/Ce4+ electrode process are quite different in different sup-
1.5  cm min−1.

Redox flow battery (RFB) energy storage systems [6–8] use
wo soluble redox couple as electroactive species that are oxi-
ized or reduced to store or deliver energy. In the divided mode
9], the electrodes are separated by an ion exchange membrane
hile the reactants contained in separate storage tanks are recir-

ulated through the redox flow battery where the electrochemical
eactions (reduction and oxidation) take place. There are various
ypes of redox flow batteries, such as bromine/polysulphide [10], all
anadium [11–19],  zinc/bromine [20–24],  zinc/cerium [25–29] and
oluble lead-acid [30–35],  all vanadium-acac (acac, acetylaceton-
te) [36], all chromium–EDTA (EDTA, ethylenediaminetetraacetic
cid) [37], all chromium-acac [38], all manganese-acac [39],
ll ferrum-bpy (bpy, bipyridine) [40], all ruthenium-acac [40],
anadium/bromine [41], ferrum/bromine [42], chromium/ferrum
43,44], vanadium/cerium [45], lead/tiron [46], zinc/nitroso [47],
admium/chloranil [48], Cu/PbO2 [49] batteries, which are in the
ifferent stage of development. Compared to other electrochemi-
al storage batteries [50–80],  electrically rechargeable redox flow
ystems hold many advantages, including long cycle life, high over-
ll energy efficiency, capability of deep discharge, and especially,
he power and energy capacity of the system can be separated –
he power of the system is determined by the number of cells in
he stack and the size of the electrodes whereas the energy stor-
ge capacity is determined by the concentration and volume of
he electrolyte. Both energy and power can be easily varied from
0 kWh/10 W to 100 MWh/10 kW.

Among all the proposed aqueous RFB systems, zinc–cerium
edox flow battery (ZCB) [81–86],  consisting of Zn/Zn2+ and
e3+/Ce4+ redox couples, holds the highest theoretical cell volt-
ge (ca. 2.50 V). The standard cell voltage of all-vanadium redox
ow battery is only 1.26 V. The higher cell capacity and power
an result from a higher cell voltage under a certain concentration
f electrolyte. In methanesulfonic acid (MSA) media, the formal
e3+/Ce4+ potentials vary from the lowest value 1.543 V vs.  NHE

n 5 mol  L−1 MSA  at 293 K to 1.629 V vs.  NHE in 1 mol  L−1 MSA  at
13 K ([Ce3+] = [Ce4+] = 0.002 mol  L−1).[81] As shown in Fig. 1, simi-

ar to other RFB systems, ZCB are based on the combination of two
lectrochemical half-cells (the negative half-cell and the positive
alf-cell). In detail, negative zinc electrolyte and positive cerium
lectrolyte are stored in two separated reservoirs and are circulated
uring the operation. Negative and positive electrolyte compart-
ents are separated by a membrane (denoted as the separator)

nd arranged in a “bipolar” cell stack of alternating negative and
ositive half-cells.
The fundamental battery chemistry [87] during
harge/discharge inside the ZCB is as follows:
cta 90 (2013) 695– 704

Anode

Zn2+ + 2e− Charge
�

Discharge
Zn (−0.76 V vs. NHE) (1)

Cathode

2Ce3+ − 2e− Charge
�

Discharge
2Ce4+ (between + 1.28 and + 1.72 V vs. NHE)

(2)

Cell:

Zn2+ + 2Ce3+ Charge
�

Discharge
Zn + 2Ce4+ (3)

In this review article, Section 2, the bulk of the article, summa-
rizes the current developments and main limiting factors of the
cerium half-cell. Section 3 introduces the current understanding
of its chemistry. Section 4 concludes the information provided in
this article and describes the key areas for future research from the
perspective of the authors.

2. Developments and challenges

Since ZCB is first proposed by Clarke and co-workers in 2004
[88,89], the electrochemical properties and the characterization
of ZCB have been identified. During charge/discharge cycles
at 50 mA  cm−2, the coulombic and voltage efficiencies of the
zinc–cerium redox flow battery are reported to be 92 and 68%,
respectively [83]. Very recently, a membraneless (undivided)
zinc–cerium system based on low acid concentration electrolyte
using compressed pieces of carbon felt positive electrode is pro-
posed, and the discharge cell voltage and energy efficiency are
reported to be approximately 2.1 V and 75%, respectively. With
such undivided configuration (single electrolyte compartment),
self-discharge is relatively slow at low concentrations of cerium
and acid [90].

Although significant improvements have been achieved, ZCB
is still in the primary development stage and there are numer-
ous scientific and technical challenges that must be overcome if
this alluring promise is to turn into reality. We  will summarize the
developments and the most significant limiting factors of cerium
half-cell, from optimizing their electrolyte compositions, to inves-
tigating the electrode.

2.1. Electrolyte

The electrochemical reaction active material of cerium half-cell
is dissolved in the electrolyte supporting medium, so the electrolyte
is the electric energy carrier and its performance play a crucial role
on the performance of ZCB. For example, the solubility of active
material is highly supporting medium dependent, which would
significantly affect the special power and the energy conversion
efficiency of a ZCB. To date, most of the studies about electrolyte are
focused on the positive side of ZCB, including single acid medium,
mixed acid media, additives, and mixed electrolyte.

2.1.1. Single acid medium
The kinetics of the Ce3+/Ce4+ in single acid media such as

sulfuric acid [91–95,45,96–105], nitric acid [105–108], perchloric
acid [91,92,102], methanesulfonic acid [81–83,102] and sulfamic
acid [84], as well as the solubility (or stability) [81,86] of the
Ce3+/Ce4+ electrolyte in different single acid media, are investi-
gated. Table 1 illustrates the kinetic parameters of the Ce3+/Ce4+
porting media. For example, the standard rate constant varied from
5.0 × 10−5 cm s−1 in 1 mol  L−1 NH2SO3H [84] to 2.0 × 10−3 cm s−1



Z. Xie et al. / Electrochimica Acta 90 (2013) 695– 704 697

Table 1
Kinetic parameters of the Ce3+/Ce4+ redox reaction in different single acid media at platinum electrode.

Supporting medium H2SO4 [100] CH3SO3H [81] HNO3 [105] NH2SO3H [84]

Exchange current density jo/103A cm−2 – 1.32 – 0.60
Standard rate constant ko/104 cm s−1 2.96 0.55 20 0.50
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Cathodic transfer coefficient/˛ 0.155 

Anodic transfer coefficient/  ̌ 0.197 

Ce3+ Diffusion coefficient/106 cm2 s−1 – 

n 1 mol  L−1 HNO3 [105] medium. The diffusion coefficient of
e3+ changed from 5.37 × 10−6 cm2 s−1 in 2 mol  L−1 CH3SO3H [81]
o 8.8 × 10−6 cm2 s−1 in 1 mol  L−1 HNO3 [105]. Leung et al. [82]
eported a different value, 5.0 × 10−7 cm2 s−1, of Ce3+ diffusion
oefficient in CH3SO3H media. The difference of Ce3+ diffusion
oefficient between the two literatures [81,82] partly resulted
rom the different concentrations of Ce3+ and CH3SO3H in the
lectrolyte. In addition, the kinetics of the Ce3+/Ce4+ electrode
rocess is significantly affected by the acid medium concentra-
ion. In sulfuric acid [103] medium, the peak potential separation
hanged from 400 mV  in 4 mol  L−1 H2SO4 to almost 1200 mV  in

 mol  L−1 H2SO4 at 293 K. In methanesulfonic acid [81] medium,
he peak potential separation for the redox reactions decreases
rom 207 to 141 mV  with the increase of CH3SO3H concentra-
ion from 1 to 3 mol  L−1. The larger peak splittings indicate a

ore sluggish interfacial electron transfer process. Wei  et al. [105]
roposed that high proton concentration promotes the electron
ransfer of the Ce3+/Ce4+ couple, which is probably because the
ctivated complex can be involved in a protonation or deproto-
ation equilibrium. As shown in Table 2 [105], the standard rate
onstant of Ce3+/Ce4+ electrode reaction changed from 4.0 × 10−3

o 2.6 × 10−2 cm s−1 with the increase of proton concentration from
 to 6 mol  L−1. It is worthy noting that the NO3

− ion possibly has
 positive effect on the kinetics of the Ce3+/Ce4+ charge transfer
rocess, which is supported by the fact that the standard rate
onstant of the Ce3+/Ce4+ couple is 4.0 × 10−3 cm s−1 in a solu-
ion containing 1 mol  L−1 HNO3 and 5 mol  L−1 NaNO3, whereas it
s 2.0 × 10−3 cm s−1 in a solution containing only 1 mol  L−1 HNO3.
enerally, the diffusion coefficient of the Ce3+/Ce4+ decreases with

he increase of supporting medium concentration. For example, the
iffusion coefficient of Ce3+ ion is 8.8 × 10−6 cm2 s−1 in 1 mol  L−1

NO3 solution whereas it is 6.9 × 10−6 cm2 s−1 in 6 mol  L−1 HNO3
olution and 5.5 × 10−6 cm2 s−1 in a solution containing 1 mol  L−1

NO3 and 5 mol  L−1 NaNO3. With the increase of nitrate ion con-
entration, there are more large-size electroactive species (e.g.,
Ce(NO3)2]+) in the solution, leading to the increase of duffusion
esistance.

The temperature also significantly affects the kinetics of the
e3+/Ce4+ electrode reaction. For example, in a 6 mol  L−1 HNO3
105] solution, the standard rate constant of the Ce3+/Ce4+ couple
s 2.6 × 10−2 cm s−1 at 298 K whereas it is 4.6 × 10−2 cm s−1 at

33 K (Table 3). The diffusion coefficient of Ce3+ ion changes from
.9 × 10−6 to 1.31 × 10−5 cm2 s−1 when temperature increases
rom 298 to 333 K. In 2 mol  L−1 CH3SO3H [81], the peak potential
eparation of the Ce3+/Ce4+ couple decreases from 203 to 151 mV

able 2
inetic parameters for the Ce3+/Ce4+ couple in nitrate solutions [105].

HNO3 + NaNO3

(mol L−1)
Ce3+Diffusion coefficient
(106 cm2 s−1)

Standard rate constant
(104 cm s−1)

1 + 5 5.5 40
3 + 3 6.2 110
5 + 1 6.8 230
6 + 0 6.9 260
1 + 0 8.8 20
1 + 1 8.7 30
1 + 3 7.3 30
– – –
– – –
5.37 8.8 5.93

when the temperature ranging from 293 to 333 K; meanwhile,
anodic peak current increases from 5.559 to 8.080 mA, cathodic
peak current increases from 4.963 to 7.059 mA. In 1 mol  L−1 H2SO4
[45] solution, the anodic and cathodic peak currents increase from
1.05 to 1.98 mA  and from 0.47 to 0.89 mA,  respectively; while the
peak potentials separation decreases from 261 to 148 mV.  The
increase of peak current is mainly caused by the increase of dif-
fusion coefficient, while the decrease of peak potential separation
mainly by the decrease of the Ce3+/Ce4+ charge transfer resistance.

The solubility of cerium salt is quite different in different sin-
gle acid medium. Generally, in HNO3 [108], CH3SO3H [81,86], and
CF3SO3H media, cerium salt holds good solubility, while the solubil-
ity of cerium salts in sulfuric acid [103] media is relatively low. We
have studied the stability of Ce3+/Ce4+ electrolyte in methanesul-
fonic acid medium [81,86].  The solubility of Ce(CH3SO3)3 is found to
decrease continuously with increasing methanesulfonic acid con-
centration. For example, the solubility of Ce(CH3SO3)3 changed
from 2.230 to 1.123 mol  L−1 as the methanesulfonic acid concentra-
tion ranged from 1 to 3 mol  L−1 at 293 K. Higher methanesulfonic
acid concentration favors the precipitation of Ce3+ ions, but sta-
bilizes Ce4+ ions. After 12 days, precipitation can be found in a
solution containing 1 mol  L−1 Ce(CH3SO3)4 and 1 mol L−1 CH3SO3H,
whereas no precipitate appeared in a solution containing 1 mol  L−1

Ce(CH3SO3)4 and 3 mol L−1 CH3SO3H even after 30 days at 333 K
(Table 4). The rate of thermal precipitation increases with increas-
ing temperature but decreases with increasing acid concentration.
At elevated temperatures for extended periods, Ce4+ can slowly
precipitate from solution, the extent and rate of which being
dependent on cerium and methanesulfonic acid concentrations,
temperature as well as state of charge.

The solubility of cerium sulfates in 0.1–4.0 mol  L−1 H2SO4 at
293–333 K is investigated by Paulenova [103].  As shown in Table 5,
the solubility of both ceric and cerous sulfates decreases continu-
ously with rising sulfuric acid concentration. It can be explained by
the well known “common ion effect”. According to “common ion
effect”, increase of SO4

2− ion concentration will lead to the decrease
of the solubility of both cerium sulfates. At sulfuric acid concentra-
tions less than 2 mol  L−1, the effect of temperature on the solubility
of both sulfates is most significant, and is almost negligible in
4–6 mol  L−1 H2SO4. For example, in 1 mol  L−1 H2SO4 medium, the
solubility of Ce2(SO4)3 decreases from 0.151 to 0.068 mol  L−1 with
temperature ranged from 293 to 333 K; that of Ce(SO4)2 decreases
from 0.426 to 0.232 mol  L−1. However, in 4 mol  L−1 H2SO4 medium,
the solubility difference of cerium sulfates is only 5 mmol L−1 as

temperature increases from 293 to 333 K. Increase of temperature
would result in a decrease in cerous sulfate solubility, indicating
that the dissolution of cerous sulfate is exothermic reaction. The

Table 3
Kinetic parameters of the Ce3+/Ce4+ couple in 6 mol L−1 HNO3 at various tempera-
tures [105].

Temperature (K) Diffusion coefficient
(106 cm2 s−1)

Standard rate constant
(104 cm s−1)

298 6.9 260
313 9.2 370
333 13.1 460
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Table 4
Stability of cerium salts in methanesulfonic acid for 30 days.

CH3SO3H + Ce(CH3SO3)3 (mol L−1) Temperature (K) State of charge (%)

0 50 70 80 90 100

3 + 1 293 NPT NPT NPT NPT NPT NPT
3  + 1 313 NPT NPT NPT NPT NPT NPT
3  + 1 333 NPT NPT NPT NPT NPT NPT
1  + 1 293 NPT NPT NPT NPT NPT NPT
1  + 1 313 NPT NPT NPT NPT NPT NPT
1  + 1 333 NPT NPT NPT NPT NPT 12d
1  + 2 293 NPT NPT – – – –
1  + 2 313 NPT NPT – – – –
1  + 2 333 NPT 18d – – – –

Note. NPT means no precipitation.

Table 5
Concentrations of cerium in saturated solutions of Ce2(SO4)3 and Ce(SO4)2 in sulfuric
acid medium.

H2SO4 (mol L−1) Ce3+/103 (mol L−1) Ce4+/103 (mol L−1)

293 K 313 K 333 K 293 K 313 K 333 K

0 – – – 703 962 299
0.1  207 122 85 757 910 238
0.5  – – – – 629 –
1  151 97 68 426 421 232
2 89 80 52 276 264 277
3  – – – 155 154 167
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Table 7
Kinetic parameters for the Ce3+/Ce4+ couple at platinum electrode in mixed acid
medium [85].

CH3SO3H + H2SO4

(mol L−1)
Ce4+ Diffusion coefficient
(106 cm2 s−1)

Standard rate constant
(104 cm s−1)

2 + 0 2.56 0.79

SO4
2− ions and thus allowing the solubility of Ce2(SO4)3 to increase.

As shown in Table 9, a 1 mol  L−1 Ce mixed-acid solution containing
2 mol  L−1 CH3SO3H and 0.5 mol  L−1 H2SO4 at any state of charge is
a perfectly stable system at temperatures up to 313 K.

Table 8
The effect of MSA  concentration on the saturation ion product of cerous sulphate at
298 K [85].
4 20 19 15 76 76 81
6  – – – 25 27 32

omplex temperature dependence of the Ce(SO4)2 solubility with
aximum at 313 K possibly results from hydroxysulfate complexa-

ion reaction that resulted in a different reaction enthalpy of disso-
ution. The exothermic reaction of dissolving of Ce(SO4)2 in water
s investigated by Jones and Soper [109], who suggested that ceric
ulfate exists either as the complex sulfatoceric acid, H4Ce(SO4)4,
r as the product of the hydrolysis of this acid, H4[CeOx(SO4)4−x].

.1.2. Mixed acid media
To further improve the stability of electrolyte with high con-

entration active material and the kinetics of half-cell reaction, and
educe the cost of ZCB, mixed acid media is proposed to meet these
hallenges.

We  systematically investigated the electrochemical behavior of
he Ce3+/Ce4+ couple in mixed acid media containing CH3SO3H and
2SO4, the stability of electrolyte, as well as performance of Zn/Ce

edox flow battery [85]. It is found that the Ce3+/Ce4+ electrode
eaction is more reversible in mixed-acid supporting electrolyte.
s shown in Table 6, the peak potential separation of the Ce3+/Ce4+

ouple are no less than 462 mV  in sulfuric acid [100] medium
ith concentrations no more than 2 mol  L−1, and it is 141 mV  in

 mol  L−1 CH SO H [81]. However, the peak potential separation
3 3
s only 103 mV  in a mixed acid [85] media containing 1 mol  L−1

H3SO3H and 1 mol  L−1 H2SO4. Compared with single acid medium,
he mixed-acid media have their special advantages. As illustrated

able 6
eak potential separations of the Ce3+/Ce4+ couple on platinum electrode at
0  mV s−1.

Supporting media �Ep (mV)

0.5 mol  L−1 H2SO4 622 [100]
1.25 mol  L−1H2SO4 522 [100]
2  mol  L−1 H2SO4 462 [100]
1  mol  L−1 CH3SO3H 207 [81]
2  mol  L−1 CH3SO3H 157 [81]
3  mol  L−1 CH3SO3H 141 [81]
1  mol  L−1 CH3SO3H + 1 mol  L−1 H2SO4 103 [85]
2  + 0.25 8.27 1.18
2  + 0.50 6.96 1.43
2  + 0.75 5.87 1.48

in Table 7, the diffusion coefficient of Ce4+ ion in mixed acid sup-
porting electrolyte is higher than that in single acid (CH3SO3H),
which is out of the expectation; and the standard rate constant of
the Ce3+/Ce4+ couple in mixed acid media is also higher than that
in methanesulfonic acid.

As shown in Table 8, the solubility of cerium salt in mixed acid
supporting electrolyte is much higher than that in sulfuric acid.
The total SO4

2−/HSO4
− concentration can only reach 1.51 mol L−1

before a slight precipitation appears in a 0.5 mol  L−1 Ce3+ solution
without methanesulfonic acid at 298 K. That is to say, the approxi-
mant of saturation ion product is 0.86 evaluated from expressions

Ksip = [Ce3+]
2
([SO4

2−] + [HSO4
−])

3
. However, total SO4

2−/HSO4
−

concentration can reach 2.88 mol  L−1 for a 0.5 mol dm−3 Ce3+ mixed
acid solution with 4 mol  L−1 CH3SO3H. The value of saturation ion
product is approximately 5.97, markedly larger than 0.86. The
CH3SO3H can improve the solubility of Ce2(SO4)3, which is mainly
due to the increase of proton concentration. Proton can promote
the transformation of SO4

2− into HSO4
−, resulting in the decrease of
MSA  (mol L−1) Ce3+ (mol L−1) Total SO4
2−/HSO4

− (mol L−1) Ksip

No ppt Slight ppt

0 0.5 1.51a 1.54b 0.86
1  0.5 2.02a 2.05b 2.06
2  0.5 1.98a 2.02b 1.94
3 0.5  2.23a 2.27b 2.77
4  0.5 2.88a 2.92b 5.97
5  0.5 2.52a 2.55b 4.00

Note. Total SO4
2− and HSO4

− concentration is calculated according to the amount
of  sulfuric acid consumed. The values (a) are calculated according to the amount
of  sulfuric acid consumed before a precipitation emerged (but very close to the
saturation state), which had a negative deviation from the saturation value. The
values (b) are calculated according to the amount of sulfuric acid consumed until
a  slight precipitation emerged, which had a positive deviation from the saturation
value. The value of saturation ion product (Ksip) is calculated according to value (a),
so  it also had a negative deviation from the true value.
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Table 9
Stability of 1 mol  L−1 cerium in a mixed-acid solution containing 2 mol  L−1 CH3SO3H and 0.5 mol dm−3 H2SO4 at different temperatures and states of charge [85].

Electrolyte State of charge (%) Precipitation time (days)

293 K 313 K 333 K

100%Ce3+ 0 No ppt after 30 No ppt after 30 No ppt after 30
30%Ce3+ + 70%Ce4+ 70 No ppt after 30 No ppt after 30 No ppt after 30
20%Ce3+ + 80%Ce4+ 80 No ppt after 30 No ppt after 30 18
10%Ce3+ + 90%Ce4+ 90 No ppt after 30 No ppt after 30 6
100%Ce4+ 100 No ppt after 30 No ppt after 30 3

N ution. The mixed acid initially involved 2 mol L−1 CH3SO3H and 0.5 mol  L−1 H2SO4 and is
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Table 10
Effect of various additives on Ce3+/Ce4+ electrolyte stability and kinetics of Ce3+/Ce4+

electrode reaction.

Additives Kinetics Stability

Sulfosalicylic acid Positive effect Positive effect
EDTA Positive effect Positive effect
DTPA Positive effect Positive effect
Phthalic anhydride Positive effect Positive effect
Sulfocarbamide No effect Positive effect
Carbamide Negative effect No effect
Sodium citrate Negative effect No effect
Sodium tetraborate Negative effect No effect

At this potential range, the distinct anodic peak could not be
ote. Stability refers to time taken (in days) for a slight precipitate to appear in sol
ot  analyzed after charging.

As illustrated in Fig. 1 [85], the total volume of the cell
s 3 cm × 5 cm × 3 cm,  which is separated into two  equal parts
f 3 cm × 5 cm × 1.5 cm by a Nafion 115 membrane (DuPont,
ilmington, DE). The electrolytes were stored in two  external

eservoirs (each 25 mL). The electrolyte was pumped (flow rate of
1.5 cm min−1) through the electrode where the electrochemical
eactions occurred. The electrodes were immersed in solution to a
epth of 2 cm.  Porous carbon felt (5 cm in width and 3 mm in thick-
ess, LZC Works, China) thermally treated at 723 K for 16 h was used
s a positive electrode. A titanium sheet was used as a current col-
ector. A zinc sheet (5 cm in width and 1 mm  in thickness) negative
lectrode was polished and washed with water before experiments.
oulombic and energy efficiencies of the zinc–cerium redox flow
ell using mixed-acid electrolyte are both higher than those using
ingle CH3SO3H electrolyte. As shown in Fig. 2, the time taken for
harging the cell using 2.5 mol  L−1 CH3SO3H as positive suppor-
ing electrolyte media is 19 min, corresponding to 65.6% extent of
harge. It is 21 min  for 3 mol  L−1 CH3SO3H, corresponding to 72.5%
xtent of charge. For mixed acid containing 2 mol  L−1 CH3SO3H and
.5 mol  L−1 H2SO4, it is 22.5 min, reaching a 77.7% extent of charge.
igh extent of charge indicates high utilization rate of the elec-

rolyte. It helps to improve the practical capacity of the cell. In
ddition, from this plot, the coulombic and voltage efficiency val-
es are calculated as 85.1% and 80.3% for (a) 2.5 mol  L−1 CH3SO3H,
5.7% and 84.1% for (b) 3 mol  L−1 CH3SO3H, 86.7%, and 84.5% for (c)

 mol  L−1 CH3SO3H + 0.5 mol  L−1 H2SO4, respectively.

.1.3. Additives
In order to further improve the stability of the electrolyte
nd/or the kinetics of the half-cell reaction, some additives in elec-
rolyte are studied. We  have systematically investigated the effect
f various additives, such as sulfosalicylic acid (SSA), ethylene-
iaminetetraacetic acid (EDTA), diethylenetriaminepentaacetate
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ig. 2. The typical charge–discharge curves of the Zn/Ce cell using different sup-
orting electrolytes at 293 K [85]. Positive electrolyte (18 mL): 0.3 mol  L−1 Ce3+ in
he following acid solutions, (a) 2.5 mol  L−1 MSA; (b) 3 mol  L−1 MSA; (c) 2 mol  L−1

SA  + 0.5 mol  L−1 H2SO4. Negative electrolyte (18 mL): 0.3 mol L−1 ZnSO4 solution.
Silver nitrate Positive effect Negative effect
Lead acetate Negative effect Negative effect
Cobalt acetate Positive effect No effect

(DTPA), phthalic anhydride, sulfocarbamide, carbamide, sodium
citrate, sodium tetraborate, silver nitrate, lead acetate and cobalt
acetate, on kinetics of Ce3+/Ce4+ electrode reaction and stabil-
ity of Ce3+/Ce4+ electrolyte [86,110]. Interestingly, as shown in
Table 10,  when sulfosalicylic acid, EDTA, DTPA and phthalic anhy-
dride are added into the cerium electrolyte, both the kinetics of the
Ce3+/Ce4+ electrode reaction and stability of Ce3+/Ce4+ electrolyte
are improved. On the other hand, sulfocarbamide has positive effect
on the stability of the Ce3+/Ce4+ electrolyte and no effect on the
kinetics of the Ce3+/Ce4+ electrode reaction, while silver nitrate has
positive effect on the kinetics of the Ce3+/Ce4+ electrode reaction
and negative effect on the stability of the Ce3+/Ce4+ electrolyte.

As shown in Fig. 3, the cathodic and anodic peaks for the
Ce3+/Ce4+ redox couple are located between 1.2 and 1.4 V vs.  SCE.
observed for the oxidation of sulfosalicylic acid. Furthermore, the
voltammetry of sulfosalicylic acid lacks the return peak. Hence, the
increase in peak current for Ce3+/Ce4+ redox couple in the presence
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Fig. 3. Effect of SSA on cyclic voltammogram for Ce3+/Ce4+ redox couple. Concen-
tration: [Ce3+] = [Ce4+] = 5 mmol L−1, [SSA] = 0.5 mmol L−1. [H2SO4] = 1 mol  L−1. (a) in
the presence of SSA; (b) in the absence of SSA; (c) for 0.5 mmol L−1 SSA in 1 mol  L−1

H2SO4 solution without cerium. Scan rate: 10 mV s−1. SSA, sulfosalicylic acid.
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Table 11
Effect of sulfosalicylic acid(SA) on stability of Ce3+/Ce4+ electrolyte.

SA (mmol  L−1) MA  (mol L−1) Ce3+ (mol L−1) Temperature (K) State of charge (%)

50 70 90 100

0 3 1 293 30 days 30 days 30 days 30 days
0.5  3 1 293 30 days 30 days 30 days 30 days
0  3 1 313 30 days 30 days 30 days 30 days
0.5  3 1 313 30 days 30 days 30 days 30 days
0 3  1 333 30 days 30 days 30 days 30 days
0.5  3 1 333 30 days 30 days 30 days 30 days
0  1 1 293 30 days 30 days 30 days 30 days
0.5  1 1 293 30 days 30 days 30 days 30 days
0  1 1 313 30 days 30 days 30 days 30 days
0.5  1 1 313 30 days 30 days 30 days 30 days
0 1 1 333  30 days 30 days 30 days 12 days
0.5  1 1 333 30 days 30 days 30 days 20 days
0 1  2 293 30 days – – –
0.5  1 2 293 30 days – – –
0  1 2 313 30 days – – –
0.5  1 2 313 30 days – – –
0  1 2 333 18 days – – –
0.5  1 2 333 25 days – – –
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2.2. Electrode

Normally, in a redox flow battery system, inert mate-
rial is used as electrode. An ideal electrode should possess
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ote. Day number in the table means no precipitation in this period.

f sulfosalicylic acid is not caused by the oxidation and reduction
f sulfosalicylic acid, but due to the improvement of kinetics of the
e3+/Ce4+ redox couple by sulfosalicylic acid. The diffusion coeffi-
ient of Ce3+ is 6.5 × 10−6 cm2 s−1 and the standard rate constant
f the Ce3+/Ce4+ redox reaction is 3.2 × 10−4 cm s−1 in the presence
f sulfosalicylic acid, which are all larger than those in the absence
f sulfosalicylic acid (3.6 × 10−6 cm2 s−1, 2.0 × 10−4 cm s−1) [110].
he explanation is not given about the change of diffusion coef-
cient and the standard rate constant in the literature. Generally,
he diffusion coefficient of the Ce3+/Ce4+ should decrease with
he increase of component in the electrolyte. The above result is
ot consistent with the expectation, which needs further study.
s shown in Table 11,  precipitation can be found after 12 days

n a solution containing 1 mol  L−1 Ce3+ and 1 mol  L−1 CH3SO3H
t 100% state of charge at 333 K; whereas it took 20 days for
recipitation appearing in a solution containing 0.5 mmol  L−1

ulfosalicylic acid, 1 mol  L−1 Ce3+ and 1 mol  L−1 CH3SO3H at 100%
tate of charge at 333 K. So addition of sulfosalicylic acid can lead
o the improvement of Ce3+/Ce4+ electrolyte stability.

.1.4. Mixed electrolyte
Theoretically, to increase the special energy of ZCB, concentra-

ion of the active materials in the electrolyte should be further
ncreased. To this end, compared with above-mentioned electrolyte
ystems such as single acid medium and mixed acid medium with
r without additives, mixed electrolyte seems to be more powerful.
ixed electrolyte means that an electrolyte contains no less than

wo redox couples. Up to now, two kinds of mixed electrolyte have
een investigated: [86] cerium & Nitroso-R-salt (NRS, 1-Nitroso-
-naphthol-3,6- disuphonic acid disodium) and cerium & ferrum.
n a zinc cerium & NRS redox flow cell, Ce3+/Ce4+ & NRS mixed
lectrolyte is used as positive electrolyte. In alkaline solution, the
lectrode reaction of NRS [47] exhibits sluggish electrode kinetics.
n the contrary, with rising acid concentration, it exhibits faster
lectrode kinetics and a diffusion-controlled process. As shown
n Fig. 4, with the increase of pH, the peak potential difference
ncreases and the peak current is significantly reduced. When the
H of solutions reaches 14, a weak oxidation peak appears on the

oltammogram without the corresponding reduction peak. This
ndicates that the oxidation product of NRS is difficult to be reduced
n strongly alkaline solutions of pH up to 14. In acidic solution of pH
, NRS is favorable for the application of NRS in redox flow battery.
In a zinc cerium & ferrum redox flow cell, positive elec-
trolyte is a solution containing Ce3+/Ce4+ & Fe2+/Fe3+ couples.
Kinetics of Fe2+/Fe3+ electrode process is faster than that of
Ce3+/Ce4+ electrode process. The exchange current density is
3.92 × 10−3 A cm−2 for Fe2+/Fe3+ electrode process on platinum
[86], which is larger than that of Ce3+/Ce4+. The diffusion coeffi-
cient is 6.62 × 10−6 cm2 s−1 for Fe2+ ion; 3.62 × 10−6 cm2 s−1 for
Fe3+ ion. Charge–discharge capacities of zinc–ceriurm & nitroso cell
as well as zinc–cerium & ferrum redox flow cell are larger than
that of zinc–cerium redox flow cell. Performance of zinc–cerium
& ferrum redox flow cell is better than that of zinc–cerium &
nitroso redox flow cell at large charge–discharge current. As
shown in Fig. 5, using mixed electrolyte as positive electrolyte,
there appears two charge platforms and two  discharge plat-
forms. Platform a corresponds to the oxidation process of NRS,
b to the oxidation process of Ce3+ ion, c to the reduction pro-
cess of Ce4+ ion, d to the reduction process of the product
from the NRS oxidation process. However, there is only one
charge platform and one discharge platform for zinc–cerium redox
cell.
Potenti al vs.SCE   (V)

Fig. 4. Influence of pH on the cyclic voltammograms for 50 mmol L−1 NRS solution
at  a platinum electrode. NRS, 1-Nitroso-2-naphthol-3,6-disuphonic acid disodium.
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Fig. 5. Performance of zinc–cerium & NRS redox flow cell. Positive electrolyte: (A)
0.1  mol  L−1 Ce(CH3SO3)3 + 1 mol  L−1 CH3SO3H + 0.5 mol  L−1 H2SO4; (B) 0.1 mol  L−1

Ce(CH3SO3)3 + 0.025 mol L−1 NRS + 1 mol  L−1 CH3SO3H + 0.5 mol  L−1 H2SO4. NRS,
1-Nitroso-2-naphthol-3,6-disuphonic acid disodium. (a) charging platform corre-
s
p
d

h
c
(
e
[
b
i
t
t
w
e
a
t
B
s
t
i

P
2
i
c
[
t
f
s
a
t

T
K

ponding to NRS, (b) charging platform corresponding to Ce3+,  (c) discharging
latform corresponding to Ce4+, (d) discharging platform corresponding to the oxi-
ized NRS.

igh electric conductivity and long cyclic life in acid solution
ontaining concentrated and oxidizing tetravalent cerium ion
Ce4+). The electrochemical behaviors of Ce3+/Ce4+ on differ-
nt electrodes such as gold [92,96,99],  diamond [98], graphite
81,85,100], platinum [82,84,85,91,97,99–101,110], glassy car-
on [95,99,100,102,103,105–107], carbon felt [83,108] have been

nvestigated. As illustrated in Table 12,  k0 values are reported
o be between 2.0 × 10−6 and 4.0 × 10−2 cm s−1. It is well known
hat electrochemical reactions are heterogeneous in nature
ith the reaction kinetics controlled by the properties of the

lectrode–electrolyte interface and the concentration of reactant
vailable at this interface. Hence, the physical, chemical, and elec-
ronic properties of the electrode surface are of critical importance.
esides the type of electrode, the surface chemistry of electrode
ignificantly affects the electrochemical performance of the elec-
rode. To this end, the pretreatment of the electrode is crucial and
s electrode materials-dependent.

To compare the kinetic parameters for Ce3+/Ce4+ system at
latinum and graphite electrode, a model electrolyte containing

 mol  L−1 methanesulfonic acid, 0.25 mol  L−1 each of Ce3+ and Ce4+

s employed. Prior to test, in order to make it ready for the electro-
hemical measurement, the electrodes are pretreated as follows:
81] after ground with emery paper 1000 grade, the graphite elec-
rode is washed by ultrasonic cleaning in doubly distilled water

−1
or ten minutes; the platinum electrodes are cycled in 1 mol  L
ulfuric acid solution between −0.3 and 1.8 V vs. SCE for 25 min
t a scan rate of 15 mV  s−1. As listed in Table 12,  it is found that
he Ce3+/Ce4+ redox reaction exhibits a faster kinetics at graphite

able 12
inetic parameters for Ce3+/Ce4+ system at different electrodes.

Electrode Exchange current
density (mA  cm−2)

Standard rate
constants (104 cm s−1)

Platinum [81] 1.32 0.55
Graphite [81] 9.8 4.06
Gold [96] – 1.8–2.1
Iridium [96] – 3.2–4.3
Glassy carbon [96] – 2.4–3.2
Platinum [97] – 0.035–0.121
Highly boron-doped

diamond [98]
0.0019–0.015 0.02–0.16

Platinum [100] – 2.18–4.1
Platinum [101] – 1.6–3.1
Glassy carbon [105] – 20–260
Glassy carbon [106] – 330 ± 70
cta 90 (2013) 695– 704 701

electrode than at platinum electrode. In detail, the exchange cur-
rent density is calculated to be 1.32 mA  cm−2 at platinum electrode
[81], whereas it is 9.8 mA  cm−2 at graphite electrode [81]. Kiekens
et al. [96] studied and compared the electrochemical performances
of gold, iridium and glassy carbon electrode, wherein a standard
metallographic procedures are employed for polishing the gold,
iridium and glassy carbon electrodes; finally polished with 0.05 �
alumina on Buehler microcloth to a mirrorlike finish; then rinsed
with water and electrochemically pretreated in separate vessels
containing 1 mol  L−1 H2SO4. The gold electrode is oxidized at 1.5 V
vs. SCE for 3 min, followed by reduction at −0.3 V vs. SCE for the
same time; then the potential is cycled between 1.5 and −0.3 V
vs. SCE at a scan rate of 100 mV s−1 until reproducible curves are
obtained. A same pretreatment is used for the iridium electrode
between 1.3 and −0.15 V vs. SCE. The glassy carbon electrode is
cycled between 1.3 and −1.0 V vs. SCE for ten minutes at a scan
rate of 30 mV  s−1 after which it is held successively at −0.5 and 0 V
vs. SCE for 5 min. Nitrogen is passed through the solution during
the pretreatment. As shown in Table 12,  the standard rate constant
for Ce3+/Ce4+ system in 1 mol  L−1 H2SO4 is 3.2–4.3 × 10−4 cm s−1 at
iridium electrode, 2.4–3.2 × 10−4 cm s−1 at glassy carbon electrode,
1.8–2.1 × 10−4 cm s−1 at gold electrode, indicating that iridium
electrode has the best activation.

Randle and Kuhn [97] reported the oxidation and reduction
kinetics of the Ce3+/Ce4+ redox reaction at a Pt electrode in sul-
phuric acid. In contrast to previously reported studies, the thickness
of platinum oxide on the electrode surface was  standardized. The
pretreatment of electrode is as following: the platinum electrode is
chemically cleaned initially (H2SO4/HNO3) and subsequently, at the
commencement of each experimental session, by potential cycling
between 1.800 and −0.600 V vs.  Hg/HgSO4 for 20 min at 50 mV s−1.
Adsorption of Ce3+ on oxidized platinum reached a maximum at
1.6 V vs. NHE [97]. At high overpotentials the reduction reaction
is first order in Ce4+. Oxidation current at any potential continues
to increase with decreasing pH. The half-wave potentials are inde-
pendent of pH below 1.32, indicating a zero-order dependence on
H+.

Liu et al. [100] pretreated the platinum electrode using a ten
minutes ultrasonication followed by potential cycling for 20 min at
50 mV  s−1 between 1.80 and −0.6 V vs. Hg/HgSO4 electrode, then a
potential program is used to record polarization curves for produc-
ing a layer of constant platinum oxide thickness. The glassy carbon
electrode is cycled between 1.3 and −1.0 V vs. SCE for 10 min  at a
scan rate of 30 mV  s−1 after which it is held successively at 0.5 and
0 V vs. SCE for 5 min. By the above pretreatment, the type I platinum
oxide would reach an apparently limiting covered thickness. Type
I platinum oxide existed in the form of PtO2, is a good electronic
conductor; its conductivity is the same as platinum metal. Judged
by the peak potentials difference, the reversibility of the Ce3+/Ce4+

couple at the graphite electrode is the best, then the glassy carbon
electrode, and the platinum electrode is the poorest. Because of no
adsorption of Ce3+ or Ce4+ and formation of oxides on the surface of
glassy carbon and graphite electrodes, these carbon electrodes are
more suitable for the Ce3+/Ce4+ system than a platinum electrode.

In addition, eight two and three-dimensional electrodes (7 cm ×
5 cm × 0.2 cm platinized titanium, 7 cm × 5 cm × 0.6 cm graphite,
7 cm × 5 cm × 0.6 cm carbon-polyvinylester, 4.5 cm × 2 cm × 2 cm
30 ppi reticulated vitreous carbon, 4.5 cm × 2 cm × 2 cm 100 ppi
reticulated vitreous carbon, 4.5 cm × 2 cm × 0.8 cm Alfa Aesar car-
bon felt, 4.5 cm × 2 cm × 0.8 cm Sigratherm® carbon felt, four
4.4 cm × 1.6 cm × 0.25 cm platinized titanium mesh welded on a
7 cm × 5 cm × 0.2 cm platinized titanium plate) were tested by

Leung et al. [83] under both constant current density and con-
stant cell voltage discharge. They found that carbon felt and the
three-dimensional platinized titanium mesh electrodes exhibited
superior performance over the 2-dimensional electrodes.
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. Reaction mechanism

It is crucial to understand the half-cell reaction mechanisms in
he acid medium. In sulfuric acid solution [97,100], the Ce4+ could
orm the following complexes with SO4

2−:

e4+ + HSO4
− � CeSO4

2+ + H+ (4)

eSO4
2+ + HSO4

− � Ce(SO4)2 + H+ (5)

e(SO4)2 + HSO4
− � Ce(SO4)3

2− + H+ (6)

The equilibrium constants are 3500, 200 and 20 for reactions
4)–(6),  respectively. The Ce3+/Ce4+ electrode process is not simply

 one-electron transfer reaction:

e4+ + e → Ce3+ (7)

The possible half-cell reaction may  be:

e(SO4)3−2q
q + pSO4

2− → Ce(SO4)4−2q−2p
q+p + e (8)

In nitric acid medium [98], the Ce4+ could form the following
omplexes with NO3

−:

e4+ + NO3
− + H2O = [Ce(NO3)(OH)]2+ + H+ (9)

In HClO4 solution [98], the Ce3+ could form the following com-
lexes with H2O:

e3+ + H2O = CeOH3+ + H+ (10)

CeOH3+ = (Ce − O − Ce)6+ + H2O (11)

The equilibrium constants for reactions (10) and (11) have been
eported to be 5.2 and 16.5, respectively. In CH3SO3H solution
86,102], the Ce3+/Ce4+ redox couple can also exist as methanesul-
onate complexes (However, the equilibrium constants for 12 and
3 are not given in the literatures):

e4+ + CH3SO3
− � [Ce(CH3SO3)]3+ (12)

Ce(CH3SO3)]3+ + CH3SO3
− � [Ce(CH3SO3)2]2+ (13)
The possible half-cell reaction may  be:

Ce(CH3SO3)]3+ + e � [Ce(CH3SO3)]2+ (14)

Ce(CH3SO3)2]2+ + e � [Ce(CH3SO3)2]+ (15)

Fig. 6. Protonation and configuration transformation of cerium complex ion.
cta 90 (2013) 695– 704

We  have proposed a proton-effect model related to the
Ce3+/Ce4+ electrode process [86]. According to the valence bond
theory, complex ion exists in a certain spatial configuration, which
can make the system energy reach the lowest point. For exam-
ple, [Ag(NH3)2]+, [AgBr2]−, [Cu(NH3)2]+ and [Ag(CN)2]− are linear
species; [HgI3]− is triangular species; [BeF4]2−, [BF4]−, [HgCl4]2−

and [Zn(NH4)]2− are normal tetrahedral configuration. As shown
in Fig. 6, it is an assumption that Ce3+/Ce4+ complex ion has a
tetrahedral configuration. The cerium ion lies in the center of
the tetrahedral configuration. The Ce3+/Ce4+ ions must approach
the electrode as possible as they can in order to donate/receive
electron; hence, cerium complex ion experiences a configura-
tion transformation before the Ce3+/Ce4+ charge transfer process.
After configuration transformation, the position of the cerium ion
changed from the center of the normal tetrahedron to the top of the
cone. The active energy of configuration transformation is propor-
tional to bond energy of coordinating bond. Protonation of ligand
can weaken the coordinating bond and thus higher proton concen-
tration would benefit the charge transfer process.

4. Conclusions and perspective

This review first summarizes the methods to improve the kinet-
ics of cerium half-cell and/or the cell capacity: (i) using the single
acid medium, in which the cerium salt has a good solubility,
(ii) using mixed acid, (iii) using additives, and (iv) using mixed
electrolyte. These methods, especially the idea, will benefit the
improvement of other redox flow battery, even many other bat-
teries.

Zinc–cerium redox flow batteries have received increasing
attention as possible batteries for energy storage applications.
Although significant developments have been achieved, the ZCB
is still at an embryo stage and there are numerous scientific and
technical challenges that must be overcome. From the viewpoint
of the authors, the key areas for future research are as follows:

(1) The evolution of oxygen in cerium half-cell during charging
process. The oxidation of Ce3+ to Ce4+ takes place at a very pos-
itive potential range (1.2–1.7 V vs. NHE). Hence, the evolution
of oxygen during charging is a noticeable vice-reaction.

(2) Design and synthesis of positive electrode material with high
chemical stability in the electrolyte containing strong acid
medium and oxidized Ce4+. The life time of ZCB is significantly
affected by the chemical stability of positive electrode material.
The Ce3+/Ce4+ electrolyte has strong oxidisability, which makes
the chemical stability of positive electrode material become a
most important requirement in ZCB system.

(3) Zinc deposition on negative electrode in acid medium. To this
day, there is no detailed report about the investigation of zinc
deposition in acid medium.

In addition, it is necessary for understanding of the com-
plex chemical reaction mechanisms that occur during charge and
discharge, including the logistics balance mechanism, electrochem-
ical performance degradation mechanism and stability regulation
mechanisms of ZCB in the long term operation.

The scientific and technical impediments facing development of
practical ZCB open up an exciting opportunity for researchers with
different backgrounds to utilize their unique knowledge and skills
to bridge the knowledge gaps that exist in the field of the ZCB.
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