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Finely-dispersed nickel particles are electrodeposited on high surface-area perovskite-type La;_xSryNiO4
(0 <x <1)electrodes for possible use in a direct methanol fuel cell (DMFC). The study is conducted by cyclic
voltammetry, chronoamperometry, impedance spectroscopy and anodic Tafel polarization techniques.
The results show that the apparent electrocatalytic activities of the modified oxide electrodes are much
higher than those of unmodified electrodes under similar experimental conditions; the observed activity is
the greatest with the modified La; 5Sro5NiO4 electrode. At 0.550 V (vs. Hg|HgO) in 1 M KOH + 1 M CH3OH at
25°C, the latter electrode delivers a current density of over 200 mA cm~2, whereas other electrodes of the
series produce relatively low values (65-117 mA cm~2). To our knowledge, such high methanol oxidation
current densities have not been reported on any other non-platinum electrode in alkaline solution. Further,
the modified electrodes are not poisoned by methanol oxidation intermediates/products.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFCs) are promising electrochem-
ical energy converters for a variety of applications due to their
simplicity, low pollution and high efficiency [1-3]. Nevertheless,
commercialization of DMFCs suffers from two major problems,
namely, a high overpotential (1) for the methanol oxidation reac-
tion (MOR) [4,5] and methanol crossover from the anode to the
cathode [6,7]. The latter problem can be minimized by using a
low methanol concentration and employing a modified proton
exchange membrane (PEM) [8]. In order to improve the reac-
tion kinetics and lower the overpotential, considerable efforts
have recently been made towards developing new electrodes with
greatly enhanced electrocatalytic activities [9-30]. Most of these
investigations have focused on Pt-based or Pt-Ru bimetallic sys-
tems mainly in acid electrolytes. Although Pt is a very efficient
electrocatalyst for the MOR, it suffers loss in activity with time
due to accumulation of surface poisoning intermediates such as CO
formed during the oxidation reaction [5]. Moreover, noble metals
are expensive and not readily available. There is naturally a seri-
ous demand to develop inexpensive and active electrode materials
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from non-noble metals for use as anodes in alkaline DMFCs. An
alkaline electrolyte is considered superior to an acid one in respect
of both, kinetics and material stability. Amuch wider range of mate-
rials, particularly pure as well as mixed oxides, are stable in alkaline
solutions and can be used either as anodes or support materials for
the dispersion of noble and other metals.

Oxides of V, Fe, Ni, In, Sn, La, and Pb [31] as anode materi-
als have not shown any practical activity for methanol oxidation.
By contrasts graphite supported perovskite-modified Pt elec-
trodes exhibit much higher electrocatalytic activities, compared
with smooth Pt or graphite supported-Pt electrodes, towards
MOR in 1M NaOH at 25°C [32]. Recently, Raghuveer and Vish-
wanathan [33] investigated the electro-oxidation of methanol
on bulk and nanocrystalline La;gSrg,CuO4 in 1M KOH+1M
CH3OH and observed currents of 1.9 and 5.2mAcm~2 at 0.6V (vs.
Ag|AgCl (scan rate=25mVs~1), respectively. Raghuveer et al. [34]
obtained 0.38, 147 and 1.84mAcm~2 at E=0.60V (vs. Hg|HgO)
on Lal~8Sr0‘2CuO4, La1‘65r0.4Cu04 and Lal.gsro.] CUO‘gsbo.] 04 in
3M KOH+2M CH3OH. Similar studies carried out by Yu et
al. [35] gave 18.8 and 7.7mAcm~2 on Lag75Srg25CuO5_s and
Lag75Srg25C003_5 at E=0.60V (vs. Ag|AgCl) in 1M NaOH+1M
CH3OH (scan rate=20mVs~1).

Recently, Deshpande et al. [36] prepared a variety of ABO3 and
A,BO4 perovskite oxides (A =Sr, Ce, La and B =Co, Fe, Ni, Pt, Ru) by
means of aqueous solution combustion synthesis and then mea-
sured their catalytic performance for methanol electro-oxidation
by a rapid screening approach (NuVant System). They found that
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the performance of Sr-based perovskites was comparable with that
of the standard Pt-Ru catalyst. Using a similar method, Lan and
Mukasyan [37] synthesized a series of perovskites (ABO3; A=Ba,
Ca, Sr, La; B=Fe, Ru) and carried out their electrochemical char-
acterization for methanol oxidation under conditions similar to
those for DMFCs. The study demonstrated that the perovskites con-
taining ruthenium at the B-site were promising candidates for the
development of effective catalysts.

Very recently [38], we have prepared perovskite-type
La,_,SrxNiO4 (0<x<1) oxides by a modified citric acid sol-gel
route and used them as anodes for the electrocatalysis of methanol
oxidation in 1 M KOH. These new electrodes have produced much
higher current densities than those already reported for other
perovskite oxides [33-35] under alkaline conditions, namely, 23.6,
473, 43.2 and 50.9mAcm~2 for electrodes with x=0, x=0.25,
x=0.5 and x=1.0, respectively, at 10mVs~! and E=0.60 V (vs.
Hg|HgO) in 1M KOH + 1M CH30H (25 °C). More importantly, these
complex oxide anodes have not shown any surface poisoning
during methanol oxidation by the intermediate products. To
improve their electrocatalytic activities, the electrodes have been
modified by dispersed nickel and have been investigated for their
electrocatalytic properties towards the MOR in 1M KOH. The
results of this investigation are described here.

2. Experimental
2.1. Electrode synthesis

2.1.1. Materials

Methanol (Merck, GR), potassium hydroxide (Merck, GR),
Ni(NO3),-6H,0 (Merck, 97%), La(NO3)3-6H,0 (Merck, 99%, GR),
Sr(NOs ), (CDH, 99.5%, AR), (CH3C0O0),;Ni-4H, 0 (Reidel, 99.5%, AR),
L-ascorbic acid (s.d.fine., AR), boric acid (Merck, 99.5%) and nickel
foil (0.25 mm thick, Aldrich 99.98%) were used as-received. Redis-
tilled water was used for preparation and dilution of all the
solutions.

2.1.2. Preparation of La,_xSrxNiO4 electrodes

Perovskite oxides, namely LazNiO4, La1_75Sr0_25Ni04,
La;5Srg5NiO4 and LaSrNiO4 were synthesized by a modified
citric acid sol-gel precursor method [39,40]. In this method,
nitrates of the constituent metals (La, Sr, Ni) of the oxides were
dissolved, as per stoichiometry, in 100 ml of distilled water (total
metal ion concentration=0.23-0.26 M) and to this solution a
slightly excess quantity of citric acid (CA=0.231-0.2605 M), 2.0 ml
of ethylene glycol (E. Merck, Germany) and finally two drops of
concentrated HNO3 were added. Vigorous stirring was carried out
while adding these ingredients. A gel was soon formed which was
heated slowly to effect decomposition. The resulting substance
was fired at 100°C to ash which was ground with an Agate pestle
and mortar and calcined at 600°C for 6h to obtain the desired
products. The oxides, thus obtained, have a tetragonal primitive
crystal structure with a crystallite size of 9-12 nm [40].

The electrodes of the oxides (i.e. Ni/La,_,SrxNiO4) were obtained
by painting a slurry containing the oxide powder and glycerol on
to a pretreated nickel plate followed by sintering at 380°C for 1.5 h.
Pretreatment of the support and electrical contact with the oxide
films were made as described previously [41]. The oxide loadings
were 4-5mgcm™2.

2.1.3. Preparation of Ni-modified La,_SrxNiO4 electrodes

Nickel was electrodeposited on Lay_,SrxNiO4 electrodes from
an acetate bath at a constant pH of 5.2 as reported elsewhere
[42]. The composition of the electrolytic bath was 0.28 M nickel
acetate +0.4043 M boric acid + 10 mg ascorbic acid + 3 drops acetic

acid. Electrodeposition was carried out at 25°C in a conventional
three-electrode, single-compartment, Pyrex glass cell at a constant
current density of 20 mA cm~2 for 300s. The auxiliary and reference
electrodes were Pt-foil and Hg|HgO, respectively. After deposition,
the complex oxide electrode (i.e., Ni/La,_,SrxNiO4/Ni) was removed
from the cell, washed with distilled water, dried in air, and then
used for the study.

2.2. Electrocatalyst characterization

2.2.1. Physicochemical

Nickel deposited on La,_,SrxNiO4 was examined by a SEM-EBSD
integrated system (Hitachi, S3400N). The mass of electrodeposited
nickel on each oxide film was determined by analyzing the elec-
trolytic bath solution before and after Ni deposition by means of an
atomic absorption spectrophotometer (AAS - PerkinElmer - 2380).
The particle size of the powders used for preparation of the oxide
electrode was measured with a particle size and shape analyzer
(ANKERSMID, Holland).

2.2.2. Electrochemical

A conventional three-electrode, single-compartment, Pyrex
glass cell, fitted with a pure Pt-foil (~8 cm?) counter electrode and
a Hg|HgO|1 M KOH reference electrode, was employed for electro-
chemical investigations. Cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS) and Tafel polarization studies were
conducted with an electrochemical impedance system (PARC, USA)
attached with a potentiostat/galvanostat (Model 273 A), a lock-in-
amplifier (5210) and a computer (COMPAQ P4). The CV of each
electrocatalyst was investigated between 0 and 0.65 V (vs. Hg|HgO)
in 1M KOH with and without methanol at 25°C. Before record-
ing the final voltammogram, each electrode was cycled for five
runs at a scanning rate (v) of 50mVs-! in 1M KOH. The anodic
polarization curves (E vs. log j) were recorded using a run program
with conditioning time =200, conditioning potential=0.35V, ini-
tial delay=pass, v=0.2mVs~!, initial potential=0.35V, and IR
interruption=10s.

The EIS study of the electrodes was performed in 1M KOH+1M
CH30OH with an ac voltage amplitude of 10mV at a constant
dc potential. The frequency range employed in the study was
0.1-25 x 103 Hz. The equivalent-circuit parameters were analyzed
by the software, ZSimpWin.

All electrochemical experiments were performed in argon
deoxygenated electrolytes at 25°C. The potential values reported
in the text are given against the Hg|HgO, 1 M KOH electrode.

3. Results and discussion
3.1. Morphology/particle size

Scanning electron micrograph (SEM) images of Ni as-deposited
onlLlay Ni04, La1_75 51'0.25Ni04, La1,55r0‘5 N104 and LaSrNiO4 show that
the surface of each oxide consists of highly dispersed granules. The
SEM images of two representative oxide catalysts, La;NiO4 and
La;5Srg5NiO4 with and without Ni deposition, are presented in
Fig. 1. The oxide surface unmodified with Ni seems to be some-
what less compact [38]. It is worth mentioning that all the oxide
catalysts and procedures for obtaining their films were the same as
reported elsewhere [38].

The quantity of Ni deposited on LayNiO4, Laj75Srg25NiOy,
La;5Srg5NiO4 LaSrNiOy films is 0.91, 2.79, 2.32, and 1.59 mgcm 2,
respectively.

Values of the mean particle size of powders of the oxide with
x=0, x=0.25, x=0.5 and x=1.0 are 21.41, 19.38, 0.84 and 0.8 .m,
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Fig. 1. Scanning electron micrographs of La;NiO4: (a) without and (b) with Ni deposition and of La; 5SrosNiO4: (c) without and (d) with Ni deposition.

respectively. A typical particle size histogram for La;5Srg5NiOy4 is
shown in Fig. 2.

3.2. Open-circuit potential (OCP) measurements

Prior to carrying out electrochemical investigations, each freshly
prepared electrode was dipped into the electrolyte under an argon
atmosphere and the potential of the electrode was monitored as a
function of time (t) until it reached the steady open-circuit value
(OCP). It is noted that in the case of electrodes modified with Ni,
the electrode potential, in both 1M KOH and 1 M KOH + 1 M CH30OH,
shifted gradually by about 300 mV in the noble direction with time
and finally attained the OCP value in 20-25 min. In the case of
unmodified electrodes, the OCP value is reached in 3 min, regard-
less of the immersion time and the type of electrolyte. Typical
electrode potential shifts vs. time curves for the La; 5Srg5NiO4 and
modified La; 5Srg5NiOy4 electrodes are shown in Fig. 3. The shift of
the electrode potential before reaching the OCP value with time
can be ascribed to electrode surface modifications induced by the
following reactions [43-44]:

Ni + 20H™ < Ni(OH), + 2e~ 1)

a-Ni(OH), — B-Ni(OH), (2)

=ttt - — {
10.0 100.0 1000

Size in Microns

Fig. 2. Typical particle size histogram for La; 5SrosNiO4.



R.N. Singh et al. / Journal of Power Sources 185 (2008) 776-783 779

025 4T -, -0~ 1 MKOH + 1M Ch,OH
—, 4 1 MKOH
-0.300
-0.35 L L L 1 ’
0 5 10 15 20 25 30

t/min

Fig. 3. Variation of open-circuit potential as function of immersion time for
La;5Sro5NiO4 electrode without (@, o) and with (O, A) Ni deposition (25°C).

The E° value for reaction (1) is 0.55V (vs. Hg/HgO/1 M NaOH).
The phase transformation reaction (2) takes place in the potential
region from 0.5 to 0.40V (vs. Hg/HgO/1 M NaOH).

Values of the OCPs for the modified La,_,SrxNiO4 (0 <x < 1)elec-
trodes, in 1M KOH vis-a-vis in 1M KOH +1M CH30H at 25°C, are
given in Table 1. The OCP measurements for the electrodes after
polarization were also carried out and the steady OCP values, so
obtained, are shown in Table 1. The electrode polarization was car-
ried out by running cyclic voltammograms between 0 and 0.65V
at a scanning rate of 50mVs~! for five cycles. The data in Table 1
show that the OCP values for the electrodes after polarization are
more positive than before polarization.

The higher OCP values for the La,_,SryNiO4/NiO, electrodes
after polarization can be attributed to the formation of a
Ni(OH);/NiO(OH) film [44]. Further, in 1M KOH, the freshly pre-
pared, modified oxide electrodes have significantly lower OCP
values compared with those for the unmodified electrodes. The
OCPs of fresh unmodified electrodes, in 1M KOH (not shown
in Table 1) are 0.004, 0.012, 0.040 and 0.003V for La;NiQOy,
La175Sr025Ni0y4, La1 5519 5NiO4 and LaSrNiOy, respectively. The dif-
ferences in OCP values can be attributed to the fact that prior
to immersion in the electrolyte, the former electrode (modified)
contains nickel in the reduced state on its surface, while the lat-
ter electrode (unmodified) contains the oxidized nickel species
(Ni2*/Ni3*).

It is evident from the data Table 1 that the final value of the
OCP for a La,_,SrxNiO4/NiOy electrode is the same in both 1 M KOH
and 1M KOH+1M CH30H solutions, but the electrode potential
increases more slowly in 1M KOH than in 1M KOH+1M CH30H.
This is possibly due to the adsorption of methanol molecules on the
electrode surface. In fact, the adsorbed methanol molecules consti-
tute an additional energy barrier, which increases the polarization
of the anodic and cathodic processes.

Considering the OCP data and Ni-H,0 Pourbaix diagram, pres-
ence of the dispersed zero valent nickel on the Laj_,SrxNiO4
surface seems to be unlikely and so the Ni/Lay_SrxNiO4/Ni

Nl

65.0

55.01

45.01

35.0

I/ mA

25.01

15.01~

| 1 1
0.05 0.15 0.25 0.35 0.45 0.55 0.65

E/V (Vs Hg/HgO)

Fig. 4. Cyclic voltammograms for La,_,SryNiO4/NiOy, electrode in 1M KOH with
and without CH30H at 10mV s~'(25°C). Curve, 1: x=0 in 1M KOH; curves, 2-4
correspond to x=0, x=0.5 and x =1, respectively, in 1M KOH +1M CH5;0H.

electrode system is represented by a better formalism, namely,
Ni/Lay_xSrxNiO4/NiOy.

3.3. Cyclic voltammetry

Cyclic voltammograms for the Ni/La;_,SrxNiO4 (0 <x < 1)/NiOy
electrodes in 1M KOH at 25°C were determined at scanning rate
of 10mV s~ in the potential range, 0-0.65 V. The voltammograms
exhibit two redox peaks, an anodic (Epa =496 &+ 13 mV) and a corre-
sponding cathodic (Epc =363 +4 mV) peak, prior to the onset of the
0O, evolution reaction, revealing a pseudo-capacitance due to the
Ni(III)/Ni(Il) surface redox couple [41,44]. A typical voltammogram
for the Ni/La;NiO4/NiOy electrode is shown in Fig. 4.

Voltammograms were also recorded for electrodes in 1M
KOH +1 M CH3OH. The curves obtained in each case are very simi-
lar (Fig. 4). For sake of clarity in representation, the voltammogram
for the Ni/La;75Sr925Ni04/NiOy electrode is not shown in Fig. 4.
In the presence of 1M CH30H in 1M KOH, it is seen that the
area beneath the currents increases greatly, while the anodic and
cathodic redox peaks of the Ni(IlI)/Ni(II) surface redox couple dis-
appear. It is noted that these redox peaks do not appear even when
voltammograms are recorded over scan rates of 1-100mVs~! in
the case of the Ni/La; 55rg sNiO4/NiOy electrode. This indicates that
methanol interacts strongly with the higher valence Ni(Ill) species
and reduces them almost completely under anodic conditions so
that little or no Ni(Ill) species is left for electrochemical reduction
under cathodic conditions. In other words, the rate of reduction of
Ni(IIT) species to Ni(II) species by interaction with methanol appears
to occur more rapidly compared with the maximum applied scan
rate (100mVs-1).

A comparison of voltammograms, determined in the pres-
ence and absence of methanol in the electrolyte, shows that the
onset potential for methanol oxidation (0.45-0.46V) is slightly
higher than that for the electro-oxidation of Ni(Il) to Ni(Ill)
(0.422-0.426 V). This shows that the electro-oxidation of methanol

Table 1
OCP values for modified electrodes in 1M KOH and 1M KOH +1 M CH3OH under argon atmosphere at 25°C
Electrodes OCP (V)

1M KOH 1M KOH +1M CH30H

(fresh) (fresh) (after polarization)
Ni/La;NiO4/NiO,, —0.142 + 0.026 —0.129 + 0.023 0.168
Ni/La;75Sr0.25NiO4/NiOy, —0.174 £ 0.013 —0.165 + 0.048 0.123
Ni/La;5S10.5NiO4/NiO, —-0.194 + 0.035 —0.150 + 0.004 0.134
Ni/LaSrNiO4/NiOy, —0.048 + .028 —0.142 + 0.026 0.166
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Fig. 5. Cyclic voltammograms for La;5Sro5NiO4/NiO, electrode at scan rates of 1
and 100mVs~! in 1M KOH + 1M CH3OH at 25°C.

occurs only on the Ni(Ill) surface. Further, a change in the scan
rate (1-100mVs~1) does not influence the rate of oxidation of
methanol. Two representative cyclic voltammograms, recorded at
v=1and 100mVs~! in 1M KOH+ 1M CH3OH at 25°C, are shown
in Fig. 5. It is considered that electro-oxidation of CH3OH pro-
ceeds through a mechanism that involves fast electrosorption of
the CH30OH molecule followed by fragmentation into intermediates
on the surface sites towards the final oxidation products. The elec-
trosorption of CH30H may be very fast and the surface becomes
permanently saturated with adsorbed species in such a way that
whatever the scan rate, and perhaps the concentration, the faradaic
current remains the same.

3.4. Chronoamperometry

Chronoamperograms of electrodes recorded for nearly 5h at
a fixed anodic potential (E=0.5) in 1M KOH+1M CH30H are
given in Fig. 6. With the passage of time, the current resulting
from electro-oxidation of methanol initially increases, attains a
maximum, decreases slightly, and remains constant. The nature
of the current-time transient curves does not indicate any sig-
nificant electrode poisoning by intermediates formed during
the oxidation of CH30H in 1M KOH. Further, the electrode,
Ni/La; 5519 5NiO4/NiOy has the greatest apparent electrocatalytic
activity whereas Ni/LaSrNiO4/NiOy has the lowest.

2.0

10%s

Fig. 6. Chronoamperograms for La;_4SryNiO4/NiO, electrode at E=0.5 V (vs.
Hg|/HgO0) in 1M KOH +1M CH30H (25°C). Curves 1-4 correspond to x=0, x=0.25,
x=0.5 and x = 1.0, respectively.

6
Z ./ Qcm?2

Fig.7. Nyquist plots for Ni/La; NiO4/NiO, electrode at25°Cin 1 MKOH +1 M CH30H:
E=(0)0.475 and (@) 0.485 V; in 1M KOH: E=0.45V (inset).

On completion of the chronoamperometric experiments, BaCl,
solution was added to the cell solution and showed the presence
of carbonate as one of the products of the oxidation reaction.
The electro-oxidation of methanol was carried out in a two-
compartment (anodic and cathodic) cell. A gas sampler (~10 ml
capacity) was connected to the anodic compartment to collect the
CO gas. However, in a test of over 5h at 0.50V in 1M KOH+1M
CH30H at 25 °C, no CO formation was observed. This indicates that
no gaseous product is formed. One cannot exclude, however, that
beside CO32~, non-gaseous products might form, such as formalde-
hyde or formate.

3.5. Electrochemical impedance spectroscopy (EIS)

In order to investigate the influence of the methanol
electro-oxidation kinetics on impedance diagrams, impedance
measurements at varying potentials (methanol oxidation region)
were carried out on Ni/La,_,SrxNiO4/NiO, electrodes in argon-
deoxygenated 1 M KOH +1 M CH30H at 25 °C. Before recording each
El spectrum at a pre-selected dc potential, the working electrode
was kept at this potential for 300 to equilibrate. The features of
the spectra obtained for each oxide anode are very similar.

The spectra for a Ni-modified La;NiO4 electrode at different
potentials are shown in Fig. 7. There is a small potential-
independent impedance in the high-frequency region (25 kHz to
20Hz) that is followed by an intermediate, low-frequency arc.
The diameter of this arc is observed to shrink with increasing E.
This result indicates that the low frequency arc is associated with
methanol electrooxidation [45-47] that is further confirmed by
determining the Nyquist plot for the Ni/La;NiO4/NiOy electrode in
1M KOH without CH3O0H. The latter curve (shown in the inset of
Fig. 7) does not indicate the formation of a semicircle at the low
frequency-end, instead, it shows capacitive behaviour. As already
observed by de Silva et al. [48] for IrO, +TiO, ceramic film, a
distorted small semi-circle is observed at high frequencies. This
semi-circle was attributed to processes occurring in the more inter-
nal, porous part of the oxide layer.

Fig. 8. Equivalent electrical circuit used to fit the experimental data of impedance
spectra.
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It is known [49-50] that when a granular oxide thin film comes
into contact with a liquid electrolyte, the latter wets instanta-
neously the total surface of the powder. So, the developed surface
can be reasonably considered to act like a planar surface. We,
therefore, used a planar electrical equivalent-circuit composed of
three capacitive/resistive elements in series so as to model the
Ni/La,_,SrxNiO4/NiOy/electrolyte system. The equivalent-circuit is
shown in Fig. 8 and is similar to that earlier reported by Priyantha
etal. [51].

The experimental data were analyzed by ZSimpWin Software
using the above equivalent-circuit. Sub-circuits (R;Q;), (R,C>) and
(R3C3) were used to account for contributions from the com-
plex oxide (Lay_xSrxNiO4) mass, Lay_xSrxNiO4/NiOy interface and
electrode (NiOy)lelectrolyte interface, respectively. Symbols Rs,
Ri, R, and R3 are used to represent the electrolyte, bulk oxide
(Lap_xSrxkNiO4), oxide|NiOy interface, and charge-transfer resis-
tance, respectively. Symbols Q1, C; and C3 represent constant phase
element (CPE), capacitance of the oxide|NiO, interface and the
double-layer capacitance (Cyq;) of the electrode|electrolyte interface,
respectively. It is seen that the best fit of the experimental data
is obtained only if an inductance, L, is included in the equivalent-
circuit; the value of L is of the order of ~1 wH. The source of this
inductive element is unclear, but wiring, measuring equipment
components and heating sources may make possible contribu-
tions [48,52]. Based on the proposed circuit model, the EIS spectra
obtained agree reasonably well with the experimental curves as
shown for the Ni/La;NiO4/NiOy, electrode in Fig. 9. Estimates of the
equivalent-circuit parameters are shown in Table 2, which also con-
tains values of the electrode roughness factor (Rg). These values
were estimated, as earlier [38], using the relation, Rg =(Cy; of test
electrode)/(Cqy of a smooth oxide surface)=60 wFcm~2. The data
in Table 2 show that the charge-transfer resistance (R3) value at
any electrode decreases, and hence the rate for methanol oxida-
tion increases with increasing applied potential. Further, with the
exception of the Ni/LaSrNiO4/NiO, electrode, all electrodes have

Table 2
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Fig. 10. Tafel plots for La,_,SrxNiO4/NiO, electrodes (scan rate=0.2mVs~')in 1M
KOH+1M CH30H (25°C). Curves 1-4 correspond to x=0, x=0.25, x=0.5 and x=1,
respectively.

almost similar values of the charge-transfer resistance for methanol
oxidation. However, this would be clear from the study of Tafel
polarization.

It is observed that when the surface of the electrodes,
La,_,SrxNiO4 is modified by dispersed Ni, the double-layer capac-
itance, and hence the roughness factor of the electrode, is greatly
enhanced. This can be judged from the Cy; values of 1.52, 1.02, 0.93
and 0.52 x 1072Fcm~2 already observed for La,_,SrxNiO,4 elec-
trodes with x=0, 0.25, 0.5 and 1.0, respectively (at E=0.45 V vs.
Hg|/HgO in 1 M KOH + 1 M CH50H at 25 °C) [38].

3.6. Electrocatalytic activity

To test the electrocatalytic activity of oxide electrodes mod-
ified by dispersed nickel towards methanol oxidation in 1M
KOH+1 M CH30H at 25 °C, ohmic (IR)-drop-compensated, steady-
state, anodic polarization (E vs. log j) curves have been determined
at a slow scanning rate of 0.2mVs~!, as shown in Fig. 10. The
curves have not been corrected for background current (i.e., current
produced in similar experiments carried out in 1M KOH with-
out containing methanol), because the values of the latter are less
than 0.2mA cm~2 in the potential region employed in the study
(0.40-0.60V). The nature of the plot for each modified oxide elec-
trode, regardless of Sr content, is almost similar; the initial Tafel
slopes (at low potentials) range between 20 and 40 mV decade~1.
Tafel slope values at the higher potentials are not well-defined,
but appear to be greater than 80 mV decade~!. The apparent elec-
trocatalytic activities (j;) of the modified oxide electrodes at two
potentials, E=0.55 and 0.60V are given in Table 3.

Based on the apparent electrocatalytic activities (j;) for
methanol oxidation, the Ni/La;5SrgsNiO4/NiOy, electrode is found
to be the most active (Table 3). Also, the true current density, j;
(=ja/RE), of this electrode appears to be the greatest for methanol
oxidation. The electrode, Ni/LaSrNiO4/NiOy, has the lowest appar-
ent, as well as the true, catalytic activity. This finding corroborates

Values of equivalent-circuit parameters for Ni/La_xSrxNiO4/NiO, electrodes in 1 M KOH +1M CH30H at 25°C, at E=0.475 and 0.485V (vs. Hg|HgO)

Electrode (x) E(mV) Rs(Q2cm?) R;(Qcm?) Q; x10%2(Fs"'cm2) n Ry (2cm?) G x 102 (Fem™2)  R3 (Qcm?) (3 x 102 (Fem™2)  Rp=10° C3/60
0 475 2.3 5.4 4.58 0.68 0.11 6.12 2.67 5.76 1005 + 70

0 485 23 3.8 4.58 0.68 0.10 7.83 1.77 6.46

0.25 475 0.7 3.0 14.76 0.27 0.82 2.65 2.89 3.21 591 + 56
0.25 485 0.7 23 10.59 0.32 0.66 3.07 1.79 3.88

0.5 475 2.1 2.2 14.97 046 0.06 0.05 2.18 5.92 964 + 24
0.5 485 2.0 1.7 32.47 0.28 0.25 5.30 1.87 5.64

1.0 475 1.35 6.05 2.92 0.50 0.89 3.07 3.24 4.17 707 + 12
1.0 485 1.42 432 2.89 0.51 0.93 2.133 2.21 431
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Table 3

Electrocatalytic activities of La;_SryNiO4 (0 <x <1) electrodes, modified by dispersed Ni, in 1M KOH+1M CH30H (25°C)

R.N. Singh et al. / Journal of Power Sources 185 (2008) 776-783

Electrodes Dispersed Ni mass (mgcm~2) Ry j(mAcm~2)atE (V vs. Hg|HgO)

0.55 0.60

Ja Je Ja Je
Ni/La;NiO4/NiOy 0.91 ~1005 117 +£23 0.12 194 +30 0.19
Ni/Lay 75Sr025NiO4/NiOy 2.79 ~591 90+30 0.15 150+40 0.25
Ni/Lay5Sro5NiO4/NiOy, 2.32 ~964 202 +4 0.21 300+0 0.31
Ni/LaSrNiO4/NiOy, 1.59 ~707 65+20 0.09 125+22 0.18
Ni/Lay 55105 NiO4/NiO, 29 - 13 - 181
Ni/Lay5Sro5NiO4/NiOy, 8.2 - 106 - 168

the results of the impedance study wherein the charge-transfer
resistance (R3) value for methanol oxidation was highest on the
latter electrode. On normalizing the electrode roughness as well
as the mass of the dispersed Ni, however, the Ni/La;NiO4/NiOy
electrode is found to be the most active, whereas the remaining
modified complex oxide electrodes of the series have relatively low
and more or less similar electrocatalytic activities (i.e., true cur-
rent densities). For instance, at E=0.60V in 1M KOH+1M CH3;0H
at 25°C, estimates of the true current density, ji (=j:/m, where m
is the mass of Ni deposited on the oxide) are 0.21, 0.09, 0.13 and
0.11 mAcm~2 mg~'.Thus, Sr substitution adversely affects the elec-
trocatalytic activity of the dispersed Ni overlayer towards methanol
oxidation.

To investigate the effect of the mass of dispersed Ni on the
electrocatalytic activity of the electrode towards electro-oxidation
of methanol, two more electrodes of Ni/La;5Srg5NiO4 contain-
ing higher amounts of dispersed nickel (2.9 and 8.2 mgcm~2)
were studied for electro-oxidation of methanol in 1M KOH+1M
CH3O0H at 25°C. The results, given in Table 3, show that the
higher mass of the deposited Ni on the Ni/La; 551y 5NiO4/NiOy, elec-
trode is somewhat detrimental to the electrocatalysis of methanol
oxidation.

A comparison of the apparent electrocatalytic activities of dif-
ferent similar complex oxide anodes in alkaline solution shows
that the present electrodes modified by dispersed Ni are more
active than other unmodified electrodes reported in literature
[33-35,38]. For instance, Raghuveer et al. [34] observed j=0.38,
1.47 and 1.87mAcm2 (at E=0.6V vs. Hg|HgO) on La; gSrg,CuOy,
La;Srg4Cu04 and La;gSrg;CuggSbg104, respectively, in 3M
KOH +2 M CH30H (25 °C). Raghuveer and Vishwanathan [33] have
further examined the electrocatalytic activities of bulk and nano-
crystalline La;gSrg,CuO4 in 1M KOH+1M CH30H and found
j=1.83 and 4.90mAcm~2 at E=0.701 V (vs. Hg|HgO), respectively.
Similar oxides (Lag75Srg25C003_g) were investigated by Yu et al.
[35] in 1M KOH+1M CH3O0H for which j=7.7-18.8 mAcm2 at

20 -0 047V

log(J/mA cm-2)

-8.0 -0.6 -0.4 -0.2 0.0 0.2
log ([kOH]/M)
Fig. 11. Plot of log j vs. log [KOH] at constant potential for electro-oxidation of

methanol at Ni/La;5Sro5NiO4/NiOy electrode in alkaline solutions (25°C); E=0.45
(0),0.46 (A) and 0.47 (O)V; =15 and [CH3;0H]=1.5M.

E=0.701V vs. Hg|HgO. However, recently Abdel Rahim et al. [44]
found an enhanced current density for methanol oxidation on the
graphite electrode modified by electro-deposited Ni, for which
j was 63mAcm~2 at E=0.6V vs. Hg/HgO (v=10mVs~1). On the
other hand, glassy carbon modified by cobalt hydroxide produced
onlyj=1.67mAcm2 at E=0.551V (vs. HglHgO) in 1 M KOH + 0.5 M
CH30H (v=50mVs~1)[3]. Thus, the electrocatalytic activities of all
the above electrodes are reported to be low compared with those
observed in the present study.

To investigate the influence of KOH and CH30H concentra-
tions, E vs. log j curves for the Ni/La;s5Srg5NiO4/NiOy electrode
were determined for variation in KOH concentration while main-
taining the methanol concentration (1.5 M) and the ionic strength
of the medium (u=1.5) constant. The latter was achieved by
using KNO3 as an inert salt. To obtain the reaction order in
OH~ concentration (poy), log j vs. log [KOH] curves at three
constant potentials at 25°C were constructed as shown in
Fig. 11. All three plots are straight lines with approximately
the same slope, i.e., the same order with respect to KOH
concentration (poy ~2). By contrast, the effect of methanol con-
centration on the rate of reaction is complex, as shown in
Fig. 12.

3.7. Mechanism

Considering the results of cyclic voltammetry, Tafel polarization
and oxidation product analyses, we propose the following sequence
of steps for methanol electro-oxidation on Lay_,SrxNiO4 modified
by dispersed Ni in KOH solutions:

Ni(Ill) + OH™ < Ni(Ill)-OH + e~ (3)
Ni(Ill) + CH30H < Ni(Ill).CH;0H (4)
Ni(IIT)-CH3 OH-+Ni(Il)-OH-+OH~— Ni(Ill)-CH,0 -+ Ni(Ill)+2H,0+e~

(5)

30

25}

20

151

J/ mAcm-=2

10

0 1 1 1 1 |
0 0.2 0.4 0.6 0.8 1.0
[Ch,OH] /M

Fig. 12. Effect of methanol concentration on rate of methanol oxidation at
Ni/La15SrosNiO4/NiOy electrode at three different potentials in 1M KOH (25°C).
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Ni(IIT) - CH, 0 + Ni(Ill) - OH + OH‘f—;Product (6)
as

The involvement of OH and C—H—O species as intermediates
in the electro-oxidation of methanol has been proposed in else-
where ([9] and references therein). Taking reaction (5) as the
rate-determining step (rds) and assuming that the total surface cov-
erage is mainly by adsorbed OH and CH3OH molecules (6r), the
overall current density expression for methanol electro-oxidation
can be written as:

FE
= anSGOHQCI'hOHCOH* exp (%)

—.
|

_ an5K3K4CCH30HC(2)H_e(lJrﬂ)FE/RT (7)
(1 + K3Cop-eFE/RT 4+ KaCenzon)”

where 6oy and Ocy, o are the surface coverages by OH and CH3OH
molecules, respectively, and can be obtained by considering reac-
tions (3) and (4) under quasi equilibrium conditions; K3 and K, are
the equilibrium constants for reactions (3) and (4), respectively;
ks is the rate constant for the rate-determining step (5). All other
symbols used in Eq. (7) have their usual meaning.

When OH and CH30H molecules are sparsely adsorbed on the
electrode surface, Eq. (7) becomes:

J = nFksK3K4C2,,_Ceponel HAFE/RT (8)

Eq. (8) gives 8= 40 mV decade~! assuming B~ 0.5, where 8 is the
symmetry coefficient for the anodic reaction and pcy,on = 1 and
Pon = 2. Similar values of the observed Tafel slope and the order in
OH~ concentration are also found for the reaction. When, however,
the OH molecule is weakly adsorbed on the electrode surface, the
rate equation becomes:

. an5K3K4CCH3OHCSH, e(1+B)FE/RT
] =
(1 + KaCepzon )

This equation explains fairly well the observed dependence of cur-
rent density on methanol concentration (Fig. 12).

9)

4. Conclusions

The study has demonstrated that the electrocatalytic activities
of Lay_,SrxNiO4 (x=0, 0.25, 0.5 and 1) electrodes for methanol
oxidation in alkaline solutions are greatly enhanced in the pres-
ence of Ni particles dispersed on their surfaces. Further, these
modified electrodes do not suffer from poisoning by the intermedi-
ates/products of methanol oxidation. Among the oxide electrodes
investigated, La;5Srg5NiO4 modified by dispersed Ni exhibits the
best electrocatalytic activity. Adherence of the electrode materials
to the Ni support is also very good.
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