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The electrochemical behaviour of cerium with ethylenediamine tetraacetic acid (Ce(IV)-EDTA),
ethylenediamine disuccinate (Ce(IV)-EDDS), nitrilotriacetic acid (Ce(IV)-NTA) and diethylenetriamine
pentaacetic acid (Ce(IV)-DTPA on a platinum electrode were investigated by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) for redox flow batteries (RFB) application. The EIS results
confirm the results from CV and were in good agreement with obtained data. Ce(IV)-DTPA results show
the least resistance and faster electron transfer compared to Ce(IV)-EDTA, Ce(IV)-EDDS, Ce(IV)-NTA. The
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diffusion coefficientof 1.1 x 10-6 cm?2 s~, rate constant of 1.6 x 10~* cms~!, electrolyte resistance of 1.2
were obtained. A single cell charge/discharge performance of Ce(IV)-DTPA shows as promise for possible
application in RFB systems, because of the higher energy and voltage achieved. Therefore, Ce(IV)-DTPA
will be a suitable RFB electrolyte compared to Ce(IV), Ce(IV)-EDTA, Ce(IV)-EDDS and Ce(IV)-NTA due to
most favoured reversibility and electrochemical properties.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The complexes of metals with aminopolycarboxylic acid have
received considerable attention in previous years [1-22]. This
interest stems mainly from the wide application of these com-
plexes in batteries, superconductors, electrochemical devices,
waste-water treatment, industrial, agricultural and analytical
applications.

Kinetic and mechanistic studies of electrolytes for redox flow
batteries are essential for the identification of suitable electrolytes
which display higher potential, upper current and electrochemi-
cal reversibility. Currently there are some challenges with the use
of redox flow batteries (RBF), namely, mixing of electrolytes, and
chemical degradation due to corrosion. An all-vanadium RFB sys-
tem [23-33] was used to solve some of these challenges due to
its various advantages such as the absence of decrease in capacity
caused by the cross mixing of the positive electrolyte and neg-
ative electrolyte. The introduction of all-vanadium implies that
there will be no energy efficiency loss during the process and no
cross-contamination of the two half cells electrolyte. Even though
these qualities exist for all-vanadium redox flow systems, the open-
circuit voltage for each single cell after full charging is about 1.4V,
which is relatively low.

A cerium couple is the most uncomplicated and simple elec-
trolyte for RFB; providing a relatively inexpensive and reliable
power source compared to vanadium. In addition it does not
cause the cross contamination of the electrolyte in the cell sys-
tem like vanadium. The oxidation of different organic compounds
using carboxylic acids with Ce(IV) has been studied extensively
and is currently receiving significant interests [1,3-6]. Abbaspour
and Mehrgardi [1] investigated the electrochemical behaviour
of Ce(Ill) ions in the presence of EDTA, and determined kinetic
parameters such as transfer coefficient and rate constants for elec-
trocatalytic oxidation of nitrite ion. Lui et al. [34] showed that
vanadium can be replaced by cerium in RFB applications. Fang
et al. [35] showed that the Ce(IV)/Ce(Ill) couple has a standard
reduction potential of 1.74V, which is higher than that of all-
vanadium RFB. Paulenova and Creager [36] evaluated the cerium
couple in a RFB because of its larger positive redox potential, and
the cell voltage was predicted to be approximately 1.9V. Glent-
worth et al. [2] investigated the kinetics of isotopic exchange
reactions between lanthanide ions and lanthanide polyaminopoly-
carboxylic acid complex ions in aqueous solutions for the chemical
effect of nuclear transformations of Ce-EDTA and Ce-DTPA
couples.

The Ce**/Ce3* redox couple is attractive for RFB technology
because of its large positive redox potential, which can be devel-
oped into a battery with a higher cell voltage and a greater energy
storage capacity. Pletcher and Valder [37] reported the electro-
chemical behaviour of the Ce**/Ce3* redox couple in aqueous nitrite
media, and the electrochemistry of the Ce**/Ce3* couple in sul-
phuric acids solution has been widely investigated [3-7,37-39].
To improve those disadvantages and the ratio of power to weight,
alternative ligands can be used to complex cerium for example
using EDTA, EDDS or DTPA to reach an improved power level.
Previous work by Modiba and Crouch [3] used cyclic voltamme-
try and rotating disk electrodes to evaluate the electrochemical
kinetics of Ce(IV)-DTPA and Ce(IV)-EDTA complexes. Ce(IV)-DTPA
complex was found to satisfy an important requirement for RFB
electrolyte.

This work demonstrates the superior performance of Ce(IV)
with the addition of DTPA to form a Ce(IV)-DTPA complex in com-
parison with other ligands such as ethylenediamminetetraacetic
acid (EDTA), ethylenediamminedisuccinic acid (EDDS) and nitrilo-
triacetic acid (NTA), A search has revealed that there is no
electrochemical study of Ce(IV) within the presence of DTPA, EDTA,

EDDS, NTA using electrochemical impedance spectroscopy (EIS)
for redox flow batteries application. In this paper, we report the
study of the Ce(IV) redox system using EDTA or DTPA as a ligand
for complexes to be used in redox flow batteries.

2. Experimental
2.1. Materials and reagents

All reagents were of analytical reagent grade unless stated oth-
erwise. ethylenediaminetetraacetic acid (EDTA), ethylenediamine
disuccinate (EDDS), nitrilotriacetic acid (NTA) and diethylenetri-
amine pentaacetic acid DTPA were obtained from (Fluka-Riedel-de
Haen) sulphuric acid, potassium ferricyanide (K3Fe(CN)g), potas-
sium nitrate (KNO3) sodium hydroxide, cerium (IV) sulphate
[Ce(SO4)2] were purchased from Sigma-Aldrich (Steinheim,
Germany).

2.2. Preparation of Ce(IV) with DTPA, NTA, EDDS and EDTA

Cerium (IV) sulphate [Ce(SO4),] and Ce(IV)-EDTA solutions
were prepared as described in the literature [6]. Preparation of the
Ce(IV)-DTPA solutions, DTPA was added in the solution instead of
EDTA as per literature procedure [6,40] and dissolved in 1 M H,SO4
solutions. The solution was filtered, and then poured in a small
designed cyclic voltammetry glass cell. Deionized water was pre-
pared by passing distilled water through a Millipore (Bedford, MA,
USA) Milli Q water purification system.

2.3. Instrumentation

Cyclic Voltammetry (CV) measurements were performed using
a BAS 100B voltammetric System from Bio-analytical Systems Inc.,
West Lafayette, Indiana, USA. Electrochemical impedance spec-
troscopy (EIS) measurements were recorded with VoltaLab PGZ 402
(Radiometer Analytical, France) instruments.

2.3.1. Electrochemical measurements

The electrochemical behaviour of Ce(IV) ion in the presence
of EDTA, NTA, EDDS and DTPA compound was investigated with
cyclic voltammetry and electrochemical impedance spectroscopy.
A three-electrode system was used to perform all electrochemical
experiments, using platinum electrode with a diameter of 3 mmasa
working electrode, Ag/AgCl (3 M NaCl type) as a reference electrode
and a platinum wire as a counter electrode.

Impedance measurements were performed in the frequency
range from 100kHz to 100 MHz at potential step from 800 to
1300 mV with applied amplitude of 10 mV. All experiments were
performed at room temperature and EIS results were recorded
using platinum as working electrode. In all experiments, alumina
powder on micro-polish and polishing pads (Buehler, IL, USA) was
used for polishing the electrode. The electrodes were sonicated for
15 min in water, followed by air-drying before use.

2.3.2. Charge/discharge

In this study, systems that were found to exhibit fast kinetics
were tested for their charge/discharge characteristics in a small
specially fabricated sandwich cell. A Nafion 117 membrane was
used as a separator. At the beginning of the charge/discharge, test
20 ml of a solution 0of 0.1 M Ce(SQO4); and 0.03 M DTPAin 1 M H,S0O4
was pumped into the cathode side. In addition, a 20 ml of solution
of 0.1 M Ce(SO4), with 0.03 M DTPA in 2 M H,SO,4 was pumped into
the anode side. Measurements were recorded at a current density
of 20mAcm—2.
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3. Results and discussion
3.1. Cyclic voltammetry

A cyclic voltammogram of Ce(IV) in the presence of EDDS at plat-
inum electrode showed anodic and cathodic peaks around 1232
and 490 mV respectively in Fig. 1(a). The anodic peak potential
gradually increased from 1228 to 1244 mV with an increase in
scan rate. From the standard electrochemistry literature [41,42],
Randles-Sevcik equation (1), states that the peak potential is
directly proportional to the scan rate, when the scan rate increases
the peak potential also increases. The peak current, ip, is described
by the Randles-Sevcik equation as follows:

ip = (2.69 x 10°)n*/2ACD!/2y1/2 (1)

where n is the number of moles of electrons transferred in the reac-
tion, A is the area of the electrode, C is the analyte concentration
(in molcm=3), D is the diffusion coefficient, and v is the scan rate of
the applied potential [41,42].

A corresponding cathodic peak potential decrease was observed
from 500 to 484mV with an increase of scan rate from 20 to
300mVs~! as shown in Fig. 1(b). These changes indicate that the
potentials of the anodic and cathodic peaks are dependent upon
their scan rates. The symmetric shape of anodic and cathodic peaks
reveals good electron transfer but the potential separation (AE)
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shows poor reversibility between the anodic peak and the cathodic
peak. The anodic peak current of the Ce(IV)-EDDS complex is larger
than the cathodic peak and a variable change from the Ce(IV) is
observed. The anodic peak shows a marked increase, whereas there
was a slight increase in the cathodic peak current. This means that
the addition of EDDS to Ce(IV) was not predominately involved in
the chemical reaction.

Rao[11] studied the kinetics of EDTA, DTPA and its analogues by
Ce(IV) in sulphuric acid medium using spectrophotometric meth-
ods. No electrochemical study has been presented for Ce-DTPA.
Rao [11] confirmed that the rate constant depends on the nature of
amino groups i.e. tertiary > secondary > primary. This implies that a
ligand like NTA, EDTA and EDDS will be less vulnerable to attack by
an oxidizing agent like Ce(IV) in sulphuric acid than DTPA. There-
fore the Ce(IV)-DTPA complex will be more stable and EDTA.

The Ce(IV)-EDDS results follow the same trend as the
Ce(IV)-EDTA results reported earlier [3]. The complexes of
Ce(IV)-EDDS and Ce(IV)-EDTA were both electrochemically irre-
versible, the surface processes are slightly limited and poor linear
response encounter by both complexes.

A voltammogram of Ce(IV) in the presence of NTA (Ce(IV)-NTA)
is shown in Fig. 2(a). The anodic peak is observed around 1139 mV
and the cathodic peak at around 942 mV. The Ce(IV)-NTA complex
is electrochemically active, showing a quasi-reversible electro-
chemical behaviour. The peak current increases with scan rate as
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Fig. 1. (a) Cyclic voltammograms of 0.1 M Ce(SO4), solution in 1M H,SO4 with 0.03 M EDDS with a platinum electrode at a scan rate of 100mV's~! and (b) at scan rates 20,

50, 100, 150, 200, 250 and 300 mV s~', respectively.
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Fig. 2. (a) Cyclic voltammograms of 0.1 M Ce(SO4); solution in 1M H,SO04 with 0.03 M NTA with a platinum electrode at a scan rate of 100mVs~! and (b) at scan rates 20,

50, 100, 150, 200, 250 and 300 mV s~!, respectively.
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Fig. 3. Cyclic voltammetry at a scan rate of 100mVs~' (a) CV of 0.1 M Ce(S04); in
1M H;,SO04, (b) CV of Ce(IV)-NTA with 0.03 M NTA, (c) CV of Ce(IV)-EDTA with 0.03 M
EDTA, (d) CV of and Ce(IV)-EDDS with 0.03 M EDDS and (e) CV of Ce(IV)-DTPA with
0.03 M DTPA.

seen in Fig. 2(b). Such changes indicate that the potentials of the
anodic and cathodic peaks are independent of the scan rate, and the
potential separation (AE,) is more than 59 mV. If the potential sep-
aration (AEp) is greater than 59 mV the electrochemical reaction is
considered to be quasi-reversible. The electrochemical process will
be quasi-reversible since the separation between the forward and
reverse potential peak (AEp) is greater than 59 m but less than 270,
and the potential of the forward peak is independent of the scan
rate, according to electrochemistry literature [41,42]. These facts
show that the Ce-DTPA is a one electron transfer system according
to the well known electrochemical theory [41,42].

A similar cyclic voltammetry shape than that of the Ce(IV)-NTA
complex was observed for the Ce(IV)-DTPA complex [3]. Both com-
plexes have good reversible redox reaction, one electron transfer
reaction which is mass transfer controlled and diffusion limited in
the system.

3.2. Comparison of Ce(1V) with various ligands (EDTA, EDDS, NTA,
DTPA)

Ce(IV)-DTPA studies have shown that this complex has promis-
ing electrochemical properties; therefore comparison of this
complex to others was investigated [3]. A comparison of the cyclic
voltammograms for Ce(IV)-DTPA with Ce(IV) as an uncomplexed
species, as well as various aminopolycarboxylate ligands (EDTA,
EDDS, and NTA), is illustrated in Fig. 3. From forward reaction to the
reverse reaction the Ce (IV)-DTPA has a higher potential compared
to other complexes. It indicates that the electrochemical reversibil-
ity is better than Ce(IV)-EDTA, Ce(IV)-EDDS, Ce(IV)-NTA and Ce(IV)
uncomplexed species as shown in Fig. 3. The Ce(IV)-DTPA cyclic
voltammograms illustrate a quasi-reversible 1e-transfer reaction

electrode process with a potential separation (AEp,) of greater
than 59 mV, this is the indication of a reversible electrochemical
behaviour stated in the literature [41,42].

The Ce(IV)-DTPA complex at various scan rates gave a linear
correlation between the peak current (Ep) and the square root
of the scan rate, showing that the kinetics of the overall process
was diffusion-controlled. Summary of electrochemical parameters
and kinetics of the processes is shown in Table 1. The peak ratios
of anodic and the cathodic peak for all electrolytes are more
than 1, indicating that the anodic reaction is more favourable
than the cathodic reaction. The peak potential decrease from
Ce(IV)-DTPA > Ce(IV)-NTA > Ce(IV)-EDTA > Ce(IV) > Ce(IV)-EDDS.
While the current trend is as follows: Ce(IV)-DTPA > Ce(IV)-NTA
> Ce(IV)-EDTA > Ce(IV)-EDDS > Ce(IV). The author [11] confirmed
that the rate constant depends on the nature of the amino groups
i.e. tertiary > secondary > primary. This implies that a ligand like
EDTA and EDDS will be less vulnerable to attack by oxidizing
agents like Ce(IV) in sulphuric acid than DTPA and NTA. In addition
the Ce(IV)-DTPA complex and Ce(IV)-NTA complex species have
higher (k) values than Ce(IV)-EDTA, Ce(IV)-EDDS and Ce(IV)
uncomplexed species, meaning that the redox reaction will be
faster when DTPA and NTA complexes are used rather than EDTA
and EDDS. Therefore, the Ce(IV)-DTPA and Ce(IV)-NTA complex
will be more stable and more suitable for redox reaction for
flow batteries. However, Ce(IV)-NTA has the lowest current and
potential compare to Ce(IV) with other complexes used in this
study, hence it will not be suitable as a storage electrolyte for RFB,
this is also confirmation from previous results [6].

3.3. Electrochemical impedance spectroscopy

Based on the cyclic voltammetry results, further studies were
orientated towards determination of electrolyte resistance using
electrochemical impedance spectroscopy. Resistance studies of the
five electrolytes Ce(1V), Ce(IV)-EDTA, Ce(IV)-EDDS, Ce(IV)-NTA
and Ce(IV)-DTPA were performed and their application in RFB was
assessed. In RFB low resistance and fast electron transfer of the elec-
trolyte is favoured. Therefore an electrolyte that has low resistance
has superior impedance properties.

3.3.1. Electrochemical impedance spectroscopy of Ce(IV)

The impedance studies of Ce(IlI)/(IV) redox couple is shown
in Fig. 4. The Nyquist plot Fig. 4(a) for the Ce(IV)/Ce(IIl) couple
at different potential from 0.9V to 1.3V measured at frequen-
cies of 10~! to 10° Hz, displays single semicircles that represent
the electron transfer resistance at the electrode surface between
the electrolyte/electrode surface from the higher frequency to the
lower frequency. This resistance controls the electron transfer
kinetics of the redox process at the electrolyte/electrode inter-
face. The highest resistance is normally observed before the redox
reaction (1.1V) in this case at potentials 1.0 and 1.2 V. The capac-
itance is also lower at 1.1V where the electron transfer is the
fastest. Fig. 4(b)-(c) shows corresponding Bode-magnitude plots,
Bode-phase plot and the equivalent electrical circuit model used
to determine the resistance. The results fit using the equivalent
circuit Fig. 4(d) are presented in Table 2. The higher resistance (R1)

Table 1
Electrochemical parameters and kinetics of Ce(IV) in the presence of aminopolycarboxylate ligands with a Pt-electrode.
Electrolyte Epc (mV) Epq (mV) Ipc (A) Ipa (A) AE=E;, —E. (mV) Ipa/lpe D x 10°% (cm?s1) kx10* (cm™1)
Ce(IV) 1002 1252 —8.94 x 102 1.22 x 107! 249 1.36 24 1.6
Ce-EDTA 982 1192 —3.37x10! 0.81x 10! 210 24 13 1.9
Ce-EDDS 490 1223 —1.49x 10! 3.44x 101 733 23 1.5 2.1
Ce-NTA 957 1127 —0.57 x 107! 0.97 x 101 170 1.69 1.2 2.6
Ce-DTPA 1080 1264 —7.03 x 10! 1.02 184 14 1.1 3.1
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Fig. 4. (a) Nyquist impedance plot of Ce(IV)/Ce(IIl) couple at different potential from 0.9V to 1.3V, (b) Bode-magnitude plot, (c) Bode-phase plot and (d) a equivalent circuit

diagram used for fitting the impedance data for the Ce(IV) electrolyte.

between the electrolytes and electrodes was observed at the poten-
tialof 1.2 V,R2 is also high from0.9Vto 1.1 Vand from1.2Vto 1.3 V.
The % error from 0.18 to 13.79 and the Ce(IV)-EDDS has a higher
% error of 9.52 in Warburg diffusion element (W1). This is also a
confirming by the satisfactory % error of the fitting in Table 2, and
all the fitted values were obtained after several circles.

Fig. 5(a) shows the Nyquist plot of a Ce(IV) couple in the pres-
ence of EDTA (Ce-EDTA) at different potentials from 0.9V to 1.3 V.
Within the measured frequency range of from 10-! to 10°Hz a
single semicircle in the high frequency region is observed. The
semicircle presented at high frequency represents the charge trans-
fer process, which is usually described by the charge transfer
resistance R2. The response at low frequency is related to the diffu-
sion process due to the Ce-EDTA layer that delays the access of the
oxidizing species to the surface. At the potential of 1.2V and 1.3V
the arcs increased with an increase in potential become wider at
the high frequency region than at 0.9-1V at the lower frequency
region. At higher frequency the impedance was dominated by the
electrolyte resistance, while at low frequency the surface electrode
resistance (polarization resistance) was dominating as shown in
Fig. 5(b) and (c). Table 3 summarizes the values of the important
parameters from equivalent circuit fitting in Fig. 5(d), it was found
that the R1 value at 1.2 V was the highest than other potentials, R2,
C1 and W1 was also higher than other potentials used. The % error

of resistance is from 0.15 to 8.48 and the Ce(IV)-EDDS has a higher
% error of 9.52 in Warburg diffusion element (W1).

3.3.2. Electrochemical impedance of Ce(1V)-DTPA complex

The Nyquist plot of Ce(IV)/Ce(III) couple in the presence of DTPA
atdifferent potential from 0.9V to 1.3 V appears to be a perfect Ran-
dles circuit equivalent Fig. 6(a). In the measured frequency range
of 10~ to 10° Hz, a single semicircle in the high frequency region
and a straight line in the low frequency region for all spectra are
observed, except at the potential of 1.3V where a depressed arc
appeared without a straight line. The equivalent circuit is shown
in Fig. 6(b) and (c). The corresponding data derived from the mea-
surements of the equivalent circuits is presented in Table 4. The
% error of 0.28-8.89 and the Ce(IV)-EDDS has a higher % error of
9.52 in Warburg diffusion element (W1). The lowest resistance (R1)
between the electrolytes and electrodes was observed at a poten-
tial of 1.2V, R2 is also low at the potential of 1.2V, except all other
remaining potential, C1 and W1 values are also high as shown in
Table 4. Further study was done to verify that Ce(IV)-DTPA complex
shows promise as an electrolyte for redox flow battery. Therefore
EIS was used in this work for a more detailed study of the electron
transport properties of the electrolyte, given that EIS is the best
technique to determine the Ce(IV)-DTPA electrochemical parame-
ters that are reliable.

Table 2

Electrical parameters from circle fitting for the Ce(IV) electrolyte.
E (V) R1(82) Error % R2(Q2) Error % C1(Fcm™2) Error % W1 () Error %
0.9 1.332 0.83 2.078 0.74 2.6x10°6 5.18 143.46 2.67
1.0 1.267 0.25 2.348 0.56 2.5%x10°6 8.62 101.53 7.84
1.1 1.254 0.85 1.018 2.27 23x10°6 11.25 783.5 5.81
1.2 1474 0.92 3.404 0.25 34x10°6 2.51 213.86 3.23
13 1.242 0.58 1.036 0.18 2.7x10°6 4.27 143.76 13.79

R1: bulk solution resistance, and electrode resistance, C1: the capacitance at the contact interface between the electrode and the electrolyte solution (described as a capacitive
constant phase element), R2: charge transfer resistance in parallel with C1, W1: Warburg diffusion element W1 attributable to the diffusion of ions.
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Fig. 5. (a) Nyquist impedance plot of Ce(IV)-EDTA complex at different potential from 0.9V to 1.3V, (b) Bode-magnitude plot, (c) Bode-phase plots and (d) a equivalent
circuit diagram used for fitting the impedance data for the Ce(IV)-EDTA electrolyte.

Table 3

Electrical parameters from circle fitting for the Ce(IV)-EDTA electrolyte.
E (V) R1(R2) Error % R2 (2) Error % C1(Fcm™2) Error % W1 () Error %
0.9 1.442 0.52 2.642 0.82 2.4x10°6 8.88 135.39 5.81
1.0 0.966 0.83 1.9052 1.38 23x10°6 4.62 101.35 3.94
1.1 1.125 0.66 2.723 5.62 22x10°6 5.25 792.41 9.52
1.2 1.582 0.74 3.562 1.58 2.1x10°6 1.82 225.15 2.89
1.3 1.032 0.15 2.968 8.48 2.5x10°6 3.56 143.57 8.54
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Fig. 6. (a) Nyquist impedance plot of Ce(IV)-DTPA complex at different potential from 0.9V to 1.3V, (b) Bode-magnitude plot, (c) Bode-phase plots and (d) a equivalent
circuit diagram used for fitting the impedance data for the Ce-DTPA electrolyte.

Table 4

Electrical parameters from circle fitting for the Ce(IV)-DTPA electrolyte.
E(V) R1(82) Error % R2 (R2) Error % C1(Fcm™2) Error % W1 (Q) Error %
0.9 1.203 1.12 1.950 0.52 2.6x10°° 2.26 157.28 6.04
1.0 1.198 0.52 1.715 0.38 2.5%x10°6 5.42 112.35 5.93
1.1 1.197 1.02 1.802 2.08 23 %107 1.25 829.8 3.02
1.2 1.173 3.04 1.687 2.12 23x10°° 8.12 705.5 8.89

13 1.205 0.98 1.925 5.06 2.7x10°° 9.82 162.88 6.22
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Fig. 7. (a) Nyquist impedance plot for Ce(IV) with (EDTA, EDDS, NTA and DTPA), (b) Bode-magnitude plot, (c) Bode-phase plots and (d-f) equivalent circuit diagrams used
for fitting the impedance data (d) Ce-DTPA, (e) Ce(IV), Ce-EDTA, and (f) Ce-EDDS & Ce-NTA.

3.3.3. Electrochemical impedance studies of the different
complexes of Ce(1V) with EDDS, NTA, EDTA and DTPA

Perfect Randle circuits equivalent circuits characterized by a
single semicircle and a straight line appears for all the elec-
trolytes compared, excluding the Ce(IV)-EDDS and Ce(IV)-NTA. A
semicircle and a straight line in the electrochemical impedance
spectroscopy is shown for Ce(IV)-DTPA and Ce(IV)-EDTA in
Fig. 7(a), a single semicircle in the high frequency region and a long
straight line with a slope of about 45°C in the lower frequency
region was observed. This is an indication of an electrochemical
process that is controlled by an electrochemical reaction and a
diffusion step for the Ce(IV)-DTPA complex. Corresponding Bode
magnitude plots (logarithm of impedance versus logarithm of fre-
quency) for all complexes are presented in Fig. 7(b) and (c). Data
fitting using the circuits depicted in Fig. 7(d)—(f) is summarized in
Table 5, with the fitting % error of 0.25-9.52 and the Ce(IV)-EDDS
has a higher % error of 9.52 in Warburg diffusion element (W1), all
the fitted values were obtained after several circles. Ce(IV)-DTPA
has the lowest electrolyte resistance (R1) and charge transfer resis-
tance (R2), C1 and W1 values are also lower than other in other

complexes. Xue et al. [43] pointed out that when the resistance is
low the potential will be high, and suggested that when the resis-
tance of the electrolyte is higher, the conductivity of the electrolyte
will not be suitable. Based on the above mention finding, the low
resistance in Ce(IV)-DTPA will yield higher potential than other
complexes used in this study.

3.4. Charge/discharge performance of cerium redox battery
system

A typical charge/discharge diagram of cerium redox flow bat-
teries that contains Ce(IV) and Ce(IV)-DTPA electrolytes, which
are stored in separate electrolyte tanks, and are pumped into the
cell. As the cell assembled, it was first charged for 18 h and then
discharge as shown in Fig. 8. The current from 10 to 90 mA was
appropriate to be utilized, during the discharge process to pre-
vent the cell voltage from dropping rapidly to zero. The current
versus time results for the charge/discharge cycles of Ce(IV)-DTPA
are shown in Fig. 9. The applied voltage of 0.1-0.9 V was used. From
the results it is seen that during charging the current increases with
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Table 5

Electrical parameters from circle fitting for various electrolytes.
E (V) R1(Q2) Error % R2 (R2) Error % C1(Fcm™2) Error % W1 (2) Error %
Ce(IV) 1.474 0.58 3.404 0.35 3.4x10° 2.25 213.86 6.23
Ce(IV)-NTA 1.351 0.32 3.002 0.38 23x10°6 5.52 188.94 8.12
Ce(IV)-EDTA 1.582 0.62 3.562 0.58 2.1x10°6 9.12 225.15 3.05
Ce(IV)-EDDS 1.435 0.94 3.284 0.85 3.2x10°¢ 7.98 208.52 9.52
Ce(IV)-DTPA 1.173 0.25 1.687 0.52 2.5x10°6 3.58 705.51 413
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Fig. 8. A typical charge/discharge diagram of Ce(IV) and Ce(IV)-DTPA.
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Fig.9. Charge/discharge curves of the single cell with Ce(IV)-DTPA as redox couples
at a current density of 20 mA cm~2.

time from 10 mA to 90 mA and during discharging process the cur-
rent is gradually decreases from 90 to up to 5 mA. The percentage
efficiencies of the Ce(IV), Ce(IV)-EDTA and Ce(IV)-DTPA complex
electrolytes used are compared as shown in Table 6, which was

Table 6
Efficiencies of the redox flow battery electrolytes.
Efficiencies (%) Ce(IV) Ce(IV)-EDTA Ce(IV)-DTPA
Coulombic 95 81 92
Voltage 63 45 93
Energy 59 36 85

previously reported [5]. Therefore from this results it is evident that
the percentage energy efficiency for Ce(IV)-DTPA is higher (85%)
than other electrolytes used which are Ce(IV), Ce(IV)-EDTA. The
coulombic efficiency percentage of Ce(IV) and Ce(IV)-DTPA are the
highest than Ce(IV)-EDTA. The Ce(IV)-DTPA system is compara-
ble to the acceptable redox couple currently used in practical RFB
systems, without the disadvantages associated with multiple high
oxidation state species.

4. Conclusions

In this study, the electrochemical behaviour of cerium with
Ce(IV)-EDTA, Ce(IV)-EDDS, Ce(IV)-NTA and Ce(IV)-DTPA with
a platinum electrode were investigated by cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) for use in
redox flow batteries (RFB). The reversibility from the CV results
was more favourable when Ce(IV) complexed with DTPA ligand
compared to the EDTA, EDDS and NTA ligands. Electron trans-
fer was also faster for the Ce(IV)-DTPA complex compared to the
other systems calculated from the electron diffusions and stan-
dard rate constants. The AC impedance spectra of these redox
couples have been analyzed and equivalent circuits were pro-
posed. Equivalent circuit modelling for the Ce(IV)-DTPA complex
illustrates that the process taking place is a charge transfer pro-
cess that is facilitate by a combination of kinetics and diffusion
processes. Furthermore the EIS studies have also confirmed the
results obtained from CV. The Ce(IV)-DTPA showed the least
resistance and faster electron transfer compared to Ce(IV)-EDTA,
Ce(IV)-EDDS and Ce(IV)-NTA. Therefore, Ce(IV)-DTPA is a suit-
able RFB electrolyte compared to Ce(IV), Ce(IV)-EDTA, Ce(IV)-EDDS
and Ce(IV)-NTA due to better electrochemical reversibility, lower
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resistance, higher potential, kinetics, diffusion control and mass
transfer.
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