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Abstract

A novel Cé+/Cet—v2+/v3+ redox flow cell has been designed. The electrochemical responses of higher concentriti@lete

couple in BSOy solution were investigated via cyclic voltammetry. The normal potential and the kinetic parameters for anodic oxidation
of Ce** and cathodic reduction of @& were measured. The results showed the surface of platinum electrode was fully covered with type |

oxide that inhibited the reduction of ¢& The reversibility of the C&/Ce*t couple improved with the increase 0§80, concentration.
Different electrochemically active substances existed at various state of charge (SOC) and the reversibility’of@e Ceouple at the

carbon electrode was superior to platinum.
© 2003 Published by Elsevier B.V.

Keywords: Redox flow cell; Cyclic voltammogram; ¢&/Ce*+ couple

1. Introduction

The Cé+/Ce*t couple was chosen as the positive elec-
trolyte of cerium (Cé&+/Ce*t)—vanadium (\/V3t) redox
flow cell [1,2] mainly for the high potential of C&/Ce*+
couple. If it was matched with a possible negative elec-
trolyte, such as ¥"/V3*, the theoretical open circuit voltage
would be 1.96, 1.87, 1.7, 1.54V (versus SHE) in HgIO
HNOs, H,SO4 and HCI solutions, respectively, thoroughly
satisfying the requirements of practical batteries. Also its
open circuit voltage is higher than the conventional redox
flow cells, such as Fe—(B] (1.18V versus SHE), Fe-Ti
[4] (0.67V versus SHE) and all vanadiu#s] (1.26 V ver-
sus SHE) redox flow cells. Because of its high potential,
Cée*t was often used in the oxidative titration of&e[6],

I~ [7], the oxidation of the organic molecular in waste wa-
ter [8], the oxidation of Ct to Cl, in chloralkali industry
[9] and the oxidation of KO to O, [10]. The reduction of
Ceé*t at Pt, Au, Ir[11,12] highly boron-doped conductive
diamond electrodefl2,13] and the oxidation of C& on
Au, GC [14,15] PbG [16,17] SnG [8] electrodes were
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investigated. Klekens et dlL8] reported that the reduction
of Ce*™ was independent of the electrode materials; the
charge-transfer coefficientrY and the heterogeneous rate
constant K;) were similar for different electrodes, for in-
stance, at Pt, Au, GC electrodes tgavas 37x 104 cms?!
[19], 48 x 10*cms 1 [20], 3.8 x 104cms 1 [19], and
a was 0.21]19], 0.35[20], 0.28[19], respectively. But as to
the oxidation of C&", the various electrodes had different
effects on the reaction of & — Ce*t + e,

Here bSOy was chosen as the acid media mainly be-
cause:

(1) In HCIO4 or HNO;s solution, the potential of C&/Ce*t
couple is high, and far above the overpotential for oxy-
gen evolution, and the ¢&/Ce* couple is not stable
in HCIO4 or HNO;3 solution[21,22] Although the po-
tential of the C&"/Ce** couple is also high in k50,
solution, Kunz[23] proved that Ce(Sg), could stably
exist in bSOy solution, redox reaction seldom took
place and the stability of the electrochemical active ma-
terial is especially important in a redox flow cell.

ClO4~ and NG~ cannot form stable complexes with
Cé*t and Cé* (this is also the reason that the potential
of this couple is higher than that in,80, solution),

)
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2. Experimental
Nomenclature
A the surface area of the working electrode 2.1. Apparatus and experiment steps
cjf the bulk concentration of specigs
D; the diffusion coefficient of specigs The curves of current versus potential were recorded in
Ep the peak potential a 3-compartment cell, with Pt (0.2&y GC (0.16 crd),
Epa and and Gr (1.13 crf) as inert working electrodes, respectively,
Enc the anodic and cathodic peak potential the auxiliary electrode was a platinum sheet. All potentials
AEp the difference between cathodic and were expressed relative to the Hg4$$ electrode, which
anodic peak potential was connected with the electrochemical cell through a salt
Ip the peak current bridge full of H SOy electrolytic solution. The electrolytic
m the total numbers of scanning solutions used were 0.5, 1.25, and 2 moldhnid, SOy, the
n the number of electrons involved in cerium salts (analytical grade), including Ce(4H,0
the rate-determining step and Ce(SOy)3, were used as received. The cyclic voltam-
soC the state of charge mogram was measured by the CHI660 electrochemical sta-
tion (CH Corporation, USA).
Greek letters To get reproducible experimental data, the Pt elec-
o, 13 the cathodic and anodic transfer trode was pretreated as follows: a 10 min ultrasonification
coefficient (JY92-2D ultrasonic cell pulverizer) was followed by po-
v the potential scan rate tential cycling for 20 min at 50 mVvs' between 1.80 and
—0.6V, then a potential program (Scheme 1[19]) was

used to record polarization curves for producing a layer of
constant platinum oxide thickness.
however, S@G#~ can form a complex with C¥, in By the above pretreatment the type | platinum oxide would
the form of CeS@*t, Ce(SQ), and CQSO4)§* [13]. reach an apparently limiting covered thickness. The glassy
Because of the formation of a stable complex, it was carbon electrode was cycled between 1.3-add V (versus
generally accepted that the €eand C&é* would not SCE) for 10min at a scan rate of 0.03 Vsafter which
undergo hydrolysis in k5O solution. it was held successively at 0.5 and OV (versus SCE) for
(3) Iftrying to take HCl as the acid media, then‘¢avould 5 min. According to the above treatment, a reproducible GC
oxidize CI~ to Cl. Mills [9] used the Ru, Ir oxide as €electrode surface could be obtainfkB]. Solutions were
the catalyst to accelerate this reaction, which demon- de-aerated 15min by bubbling with nitrogen before each
strated that the G&/Ce** couple was unstable in HCI ~ measurement.
solution.
2.2. The mathematical treatment of results
Previous work was chiefly focused on electroanalysis, and
the concentration of the ¢&/Ce** couple used was quite The peak current and the peak potential have the relation-
low, mmoldn13, but since the electroactive materials are ship as follows[13]:
used in redox flow cell, the concentrate should be large,
therefore in this paper the concentration of €and C&* Ep = constant- <£> Inv, T =298K (1)
were both above 0.1 mol dm. From the cyclic voltammo- 20k
gram response of a ¢&/Ce*t couple at an inert working
electrode, we investigated the reversibility of the couple in Ip = 299%an
St i sddton, e kel paramelrs O P wnereE, i e ek ottt th tanster oefien
various electrodes have been obtained by rotating disk elec-gtte evrm‘ranbgie(:] tizlescé;?]nrsa;nv?h\;edelgktcﬁr;:tn:dtﬁ;eggrmg
trode (RDE) and rotating ring-disk electrode (RRIES]. facs,area I(D)f the working elgactrodgk the bulk éoncentra-
'I_'he Op“m”m Qe(S@z conce_n.tr_ation was obtained t_hrough tion of specieg andD; the diffusionfcoefficient of species
the CA1GS sysiem was also proposed by means of he I+ FIOMEG: (1) the values of, (e cathodic and anodic
electrical impedance spectroscopy (EIS) technidé The rransfer. coefficient) can be obtal.ned by the pIoEpfversus
CeétH/Cet —V2+ V3 redox cell was set up and the coulom- - l;Jsmg t:i\e Vagjel/%&’ A %btalged, a(;)ropslglrtlonal rlela-
bic efficiency remained around 90% and the discharge volt- ggneaglvy\/leoebtgir?gd v can be observed, an; can aiso
age stabilized between 1.5 and 1.4)]. Therefore as a : .
completely new power system, the @¢Ce** redox cou- The peak current may be expressed26:
ple is an attractive system and can be used in a redox flow
cell.

)M2ACt D212 2)

Ip = 0.22TFACK° exp|:— <%> (Ep— EO’)} (3)
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A plot of In(ip) versus(Ep — EY), determined by differ-
ent scan rates, should thus have a slope proportional to
and an intercept proportional 8. The formal potential of
the electrode EY) was estimated from the results of cyclic
voltammogran{27]:

Z Epa+ Epc

2m
whereEp, andEpc are the anodic and cathodic peak poten-
tial, andm the total numbers of scanning.

EY = 4)

3. Results and discussion

3.1. The effect of preoxidation at the surface of Pt
electrode on the Ce**/Ce3+ couple

Due to the high potential of G&/Cet couple, the metal
electrode even including the noble metal, such as Pt, Au,
etc. could not avoid being oxidized. Frofig. 1, it is easy

to observe that the cathodic and the anodic current peaks

are located between 0.4 and 0.9 V. Another small reduction
peak current between 0 and0.2V is the result of plat-
inum oxide reduction. To investigate the effect of this oxide
on the C&t/Ce*t couple, the sweep width ranged from 0
to 1.4V (Fig. 2) to —0.2 to 1.4V Fig. 3. Fig. 2 showed
clearly that the existence of platinum oxide inhibited the ox-
idation of C&*, especially while the sweep rate was fast,
the distinct anodic peak could not be observed, which was
attributed to the oxygen-evolution reaction. Compared with
Fig. 2 in the cyclic voltammogram scanning from0.2 to
1.4V (Fig. 3), the surface oxide of platinum metal could be
partly eliminated (under high potential conditions, there was
no way to completely reduce the platinum oxide, even if it
could be achieved, while scanning toward the anodic direc-
tion, the platinum oxide could be produced again). Due to
the similarity of the oxygen-evolution current and potential
to the two different scan widths, this difference cannot be
attributed to the oxygen-evolution reaction which made the
anodic current peak of Gé disappear.
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Fig. 1. Plot of cyclic voltammogram in 0.3 mol dri Ce(SOy)» +
2moldnm3 H,S0y solution, sweep rate is 0.05V5 at Pt electrode.
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Fig. 2. Plot of cyclic voltammogram in 0.3moldr Ce(SOy)2 +

1.25moldnT3 H,S0O, solution; sweep rate: (a) 0.25V% and (b)
0.05Vs? (between 0 and 1.4V).
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Fig. 3. Plot of cyclic voltammogram in 0.3moldri Ce(SOy)2 +
1.25moldn3 H,SO; solution; sweep rate: (a) 0.25V5 and (b)
0.05Vs?! (between—0.2 and 1.4V).
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This can only be attributed to the inhibition by platinum
oxide to the oxidation of C&, which makes the anodic re-
action move toward more positive values until it enters the
oxygen-evolution area. While the sweep rate was low, the
anodic peak current of & could be observed and its peak
potential was higher than in the sweep widtf.2 to 1.4V
under the same sweep rate condition, the peak current de-
creased slightly. One possible reason was that the conduc- ] N
tivity of platinum oxide formed at the surface of platinum 0
was poor, which would add the resistance of the transfer
of electrons. Another reason perhaps was that the platinum
oxide occupied some active position on the surface of plat- fFig- 4}-3tp'(|)t3t0fdca_th01dgspealk dr%“:egt VS-A??FO“C??;%F?” Olitai”ed
H . H H H H or a electroae In 1. mo solution wi Iiferent scan
inum; 'FhIS wo_uld redgce the effective reaction sites at the rates: (A) 0.05VsL, (B) 0.01Vs af]d(z“c) 0.005Vst, at 25°C.
same time as increasing the apparent surface area. Of course,
it was also a possibility that the existence of platinum ox-
ide changed the interfacial double layer structure betweenrelationship could be obtained, which proved that the re-
the solution and metal, causing a change of inner potential, duction current was only dependent on the reduction re-
which changed the electric field across the interface, and di-action of C&T + e= — Ce*". On the other hand, the
rectly affected the transfer rate of electrons. oxygen-evolution current was almost invariant when the con-

Kuhn and Rand|¢19] have reported that the type | plat- centration of C&" changed, which proved that the existence
inum oxide existed in the form of PtQand was a good elec-  of Ce&* had no effect on the evolution of oxygen.
tronic conductor; its conductivity was the same as platinum
metal, but specific conductance of chemically prepared PtO 3.3 The effect of different state of charge (SOC) on the
powder was 10°Q~*cm™! and behaved like semiconduc-  cet/Ce3* couple
tors. However, the specific conductance of type | platinum

oxide was much lesg]-2) x 103 Q~1cm™1]. As aresult, Results of reduction 0.4 mol dm Ce(SQ); in 1.25mol
type | platinum oxide does not inhibit the charge-transfer gm-3 H,S0, solution to 75 and 50% SOC, respectively,
process but type Il platinum oxide may do so. In this paper yere shown infable 1 From the cathodic reaction rate con-
pretreatment only produces type | platinum oxide, without stant ), it was easy to observe that while the total concen-
type Il platinum oxide (a type of platinum oxide which can - tration of cerium ions kept constant, the valuekeffirstly
only be produced by oxidize for more than 15min at 1.7 V). decreased from 100 to 75% SOC, then increased from 75
Therefore, the inhibition of platinum oxide to the oxidation to 50% SOC, which showed that the po|arizing resistance
of Ce*" was not due to the existence of type Il platinum ox- of 7596 SOC electrolyte was much larger, while that of 50
ide. It was possible that the €eabsorbed on the surface of  and 1009% SOC was relatively smaller. According to conven-
platinum through the oxygen bridge and occupied the active tional hypothesis, with the increase of &econcentration
position of surface, inhibiting the transfer of €efrom the and the decrease in the concentration ofCehe normal
bulk solution, as a result making the anodic overpotential potential £ should decrease, but here it was controversial.
Increase. The value ofE? under 75% SOC increased to 0.76 V, almost
The reduction of C&, while the surface of platinum  the same as that of 0.3 mol dfCe(SQ), in 0.5 mol dnt3
was covered with type | platinum oxide, is apparent in H,S0, solution, and the value af = 0.153 was similar to
Fig. 2 The peak current was almost constant while the that in the solution mentioned abowe £ 0.157).
peak potential moved toward the cathodic direction, which |t seems that the electroactive substances may exist in dif-
demonstrated that although the charge-transfer was inhib-ferent forms in 0.5 and 1.25 mol drd H,SO, solutions. The
ited somehow (peak potential moved toward the cathodic kjnetic parameters of 75% SOC (0.4 moldinCe(SQ)»
direction), it could still reach the diffusion-controlling lim- iy 1.25 mol dnt3 H,SOx solution) were similar to those in

iting current. It was generally accepted thaf€evould not .5 mol dnT3 H,SQ, solution with the same concentration
absorb on the surface of the electrode, so the increase of ca-

thodic overpotential was possible because of the inhibition

[

> o n
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00 01 02 03 04
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by platinum oxide to the charge transfer. Table 1
The kinetic parameters of 0.4moldrh Ce(SQ), in 1.25molcnt3
3.2. Effect of initial Ce* concentration on the Ce+/Ce3+ H250 solution under various SOC
couple SOC (%)  E° (V) o B ke x 10* ka x 10*
(cms™ (cms)
Fig. 4 shows the relation of cathodic peak current with 100 0.68 0.132 4.1
the concentration of G in 1.25 moldnr3 H,SO, solu- I 0.76 0153 0230 218 3.13
50 0.74 0.155  0.197  2.99 2.93

tion. While the sweep rate i50.05Vs 1, a proportional
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of Ce*t, therefore it was reasonable to believe that the elec-
troactive substances of 75% SOC in 1.25 motdri,SOy
solution were different from those in 100% SOC but just
the same as the electroactive substances in 0.5 nmofdm
H>SO, solution. As a result, it was reasonable to think that

the electroactive substances changed from 100 to 75% SOC

were not simply due to the difference of &econcentration.
Because when the concentration of*Celecreased from
0.4 t0 0.3, 0.2 moldm?3 in 1.25 mol dnr3 H,S0y solution,

EY was 0.68, 0.682, 0.634V, respectively, i.e. almost invari-
able, alsdc; was similar, too: 4L x 104, 4.03 x 10* and
3.6 x 10*cms1, respectively. These results proved that
the reactant in the reduction of tein different concentra-
tion of HoSOy solution was the same. Therefore, the vari-
ation of E9 andk; at different SOC can only be attributed
to the variation of C&". When Cé&* absorbed on the sur-
face of the oxide, it would make the oxidation ofemore
difficult, and even lead to the anodic peak potential shifting
positively more than 0.1V when changing from 100 to 75%
SOC with the same sweep rate.

3.4. The effect of different H,S04 solution concentration
on the Ce*t/Ce3t couple

Because the C¢ undergoes hydrolysis when the con-
centration of HSOy solutions is below 0.5 mol dn?, the
concentration of HSOs solution used here was above
0.5mol dnt3. Additionally, the purpose of this paper was
to investigate the C&/Ce*+ couple used in a redox flow
cell, and to improve the specific energy of electroactive
substances in a unit volume, the concentration of CgJSO
was as large as possible. But it was still an accepted fact
that the solubility of Ce(Sg). decreases with the increase
of H,SOy concentration. Therefore, the maximum concen-
tration of bSO, used here was 2 mol dm.

Figs. 1, 3 and Showed the cyclic voltammogram behavior
of Ce(SQ), in 2, 1.25 and 0.5 mol dr? H,SO, solution.
From the values of normal potential obtained from the
catrodic and anodic peak potential, the distinct differences in
0.5, 1.25 and 2 mol dm? H,SQy solutions are apparent. This
demonstrated that in 1.25 and 2 mold#rH,S0y solutions
Ce*t existed in the same form of complex, but they were
different from the complex ions in 0.5 mol df H,SOy
solution, and the complex in the former solution was more
stable than that in the latter solution, the freéCeas also
low in the former solution so its normal potential was higher
than that in the latter. In $80y solution, the C&" could
form the following complexes with S£3—:

Cé™ + HSO;~ = CeSQ?t + H* (5)
CeSQ?" + HSO;™ = Ce(SOy)2 + HT (6)
Ce(SOy)2 + HSOy™ = Ce(S0y)32~ ©)

where the equilibrium constants are 3500, 200 and?®)

for reactions (5)—(7), respectively. While the concentration 0>
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Fig. 5. Plot of cyclic voltammogram in 0.3moldrd Ce(SOy)2 +
0.5moldnT3 H,SO4 solution; sweep rate: (a) 0.25V5 and (b)
0.05Vst,

of HySO; was 0.5 moldm?3, [Ce*t]/[Ce®F] = 3/11, the
parts of C&¢SOy)32~ of the complexes were lower, and ac-
cordingly the free C& would be higher. But in 1.25 and
2 mol dnT 3 H,S0y solutions the ratio of [CE]/[Ce3t] <
1/6, the three kinds of complexes could all exist in solution
but the free C& may be correspondingly less.

From Table 2 it is clear that the reversibility of the
Ceé*t/Cet couple improved with increase of280; con-
centration. As theAEp decreased with the increase of
H>SO4 concentration, the above two points showed that the
Ce*t/Cet couple was not simply an one-electron transfer

reaction:
Cét +e - cett (8)

but the reactant and product were concerned with’S@nd
H*, Randle[11] reported that the possible reactions may be

Ce(SQn), + pSQu”™ — Ce(SQu)g4p + € ©)
Table 2

Effect of H,SOy concentration orAE, values of C&F/Ce* couple at
various sweep rates

HoSOy Sweep rate (Vs?)
(mol dm3)
0.25 0.1 0.05 0.01 0.005
2 0.664 0.54 0.462 0.32 0.262
1.25 0.706 0.594 0.522 0.374 0.316
0.849 0.697 0.622 0.382 0.34
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Fig. 6. Plot of cyclic voltammogram at Gr electrode in 1.25motdm
H,SOy solution, [Cé1] = 0.3mol dnT3, [Ce*"] = 0.1 mol dnT3 (sweep
rate is 0.005Vsh).

or the kinetically indistinguishable mechanism:
Ca(SQy), + pSOs*~ — Ce(SQy)4y, (fash
Ce(SOn)g+p — C(SOn)g+) + €

The participating sulfate species may be HSQand not
SOs%.

(10)

(slow) (12)

3.5. The effect of different inert working electrodes on the
cett/ce’t couple

Figs. 3, 6 and Tvere the cyclic voltammogram results of
the Cé+/Ce** couple at Pt, GC and Gr electrodes. Judge

by the difference of anodic and cathodic peak potentials, the

reversibility of the C&+/Ce** couple at the Gr electrode was

the best, then the GC electrode, and the Pt electrode was the
poorest. It was clear that, at the surfaces of GC and Gr elec-

trodes, while the sweep rate0.05Vs1, Epc, little varied,
when the sweep rate0.005 V s1, the values oEp, varied

little, too. This proved that there was no absorption on the

Y. Liu et al./Journal of Power Sources 130 (2004) 299-305

by Eq. (3) Within the scanning width of cyclic voltammao-
gram (<1.3V), it was impossible to produce oxide on the
surface of GC and Gr electrodes, so there was no inhibition
to the oxidation of C&". But in the rotating ring disk elec-
trode experimenf24], while the potential was above 1.5V,

a layer of oxidation film at the surface of GC electrode was
produced.

4. Conclusions

Some conclusions can be surely drawn as follows. The
type | platinum oxide with a specific conductance of
106Q~1cm™? fully covered the surface of the electrode
and inhibited the redox reaction to some extent. The forms
of electroactive substances that existed in the solution var-
ied a bit with different SOC of the C&/Ce*+ system. In
addition, the HSOy concentration had an apparent effect
on the reversibility of C&"/Ce** system, which could be
clearly seen here with the increase of30,; concentration
from 0.5 to 2 mol dm3—the reversibility of the system vis-
ibly improved. Finally, because of no adsorption of‘Cer
Ce*t and formation of oxides on the surface of GC and Gr
electrodes, these carbon electrodes were more suitable for
the Cét/Ce*+ system than a platinum electrode. In short,
the cyclic voltammogram results have demonstrated the
feasibility of replacing V+/V4* with a very high concen-

g tration of Cé+t/Ce** to produce a completely novel redox

cell.
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