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a b s t r a c t

Finely-dispersed nickel particles are electrodeposited on high surface-area perovskite-type La2-xSrxNiO4

(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 La1.5Sr0.5NiO4 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
Electro-oxidation
Direct methanol fuel cell
Perovskite electrode
C
N

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,

re not

1

i
s
c
n
t
c
l
e
t
h
g
i
t
e
d
f
a
o

S
p

f
a
o
r
s
t

a
B
t
w
M
w
o
C
A
o

0
d

urrent density
ickel particles

the modified electrodes a

. Introduction

Direct methanol fuel cells (DMFCs) are promising electrochem-
cal energy converters for a variety of applications due to their
implicity, low pollution and high efficiency [1–3]. Nevertheless,
ommercialization of DMFCs suffers from two major problems,
amely, a high overpotential (�) for the methanol oxidation reac-
ion (MOR) [4,5] and methanol crossover from the anode to the
athode [6,7]. The latter problem can be minimized by using a
ow methanol concentration and employing a modified proton
xchange membrane (PEM) [8]. In order to improve the reac-
ion kinetics and lower the overpotential, considerable efforts
ave recently been made towards developing new electrodes with
reatly enhanced electrocatalytic activities [9–30]. Most of these
nvestigations have focused on Pt-based or Pt-Ru bimetallic sys-
ems mainly in acid electrolytes. Although Pt is a very efficient
lectrocatalyst for the MOR, it suffers loss in activity with time

ue to accumulation of surface poisoning intermediates such as CO
ormed during the oxidation reaction [5]. Moreover, noble metals
re expensive and not readily available. There is naturally a seri-
us demand to develop inexpensive and active electrode materials
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© 2008 Elsevier B.V. All rights reserved.

rom non-noble metals for use as anodes in alkaline DMFCs. An
lkaline electrolyte is considered superior to an acid one in respect
f both, kinetics and material stability. A much wider range of mate-
ials, particularly pure as well as mixed oxides, are stable in alkaline
olutions and can be used either as anodes or support materials for
he dispersion of noble and other metals.

Oxides of V, Fe, Ni, In, Sn, La, and Pb [31] as anode materi-
ls have not shown any practical activity for methanol oxidation.
y contrasts graphite supported perovskite-modified Pt elec-
rodes exhibit much higher electrocatalytic activities, compared
ith smooth Pt or graphite supported-Pt electrodes, towards
OR in 1 M NaOH at 25 ◦C [32]. Recently, Raghuveer and Vish-
anathan [33] investigated the electro-oxidation of methanol
n bulk and nanocrystalline La1.8Sr0.2CuO4 in 1 M KOH + 1 M
H3OH and observed currents of 1.9 and 5.2 mA cm−2 at 0.6 V (vs.
g|AgCl (scan rate = 25 mV s−1), respectively. Raghuveer et al. [34]
btained 0.38, 1.47 and 1.84 mA cm−2 at E = 0.60 V (vs. Hg|HgO)
n La1.8Sr0.2CuO4, La1.6Sr0.4CuO4 and La1.9Sr0.1Cu0.9Sb0.1O4 in
M KOH + 2 M CH3OH. Similar studies carried out by Yu et
l. [35] gave 18.8 and 7.7 mA cm−2 on La0.75Sr0.25CuO3−ı and
a0.75Sr0.25CoO3−ı at E = 0.60 V (vs. Ag|AgCl) in 1 M NaOH + 1 M
H3OH (scan rate = 20 mV s−1).
Recently, Deshpande et al. [36] prepared a variety of ABO3 and
2BO4 perovskite oxides (A = Sr, Ce, La and B = Co, Fe, Ni, Pt, Ru) by
eans of aqueous solution combustion synthesis and then mea-

ured their catalytic performance for methanol electro-oxidation
y a rapid screening approach (NuVant System). They found that
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he performance of Sr-based perovskites was comparable with that
f the standard Pt-Ru catalyst. Using a similar method, Lan and
ukasyan [37] synthesized a series of perovskites (ABO3; A = Ba,

a, Sr, La; B = Fe, Ru) and carried out their electrochemical char-
cterization for methanol oxidation under conditions similar to
hose for DMFCs. The study demonstrated that the perovskites con-
aining ruthenium at the B-site were promising candidates for the
evelopment of effective catalysts.

Very recently [38], we have prepared perovskite-type
a2−xSrxNiO4 (0 ≤ x ≤ 1) oxides by a modified citric acid sol–gel
oute and used them as anodes for the electrocatalysis of methanol
xidation in 1 M KOH. These new electrodes have produced much
igher current densities than those already reported for other
erovskite oxides [33–35] under alkaline conditions, namely, 23.6,
7.3, 43.2 and 50.9 mA cm−2 for electrodes with x = 0, x = 0.25,
= 0.5 and x = 1.0, respectively, at 10 mV s−1 and E = 0.60 V (vs.
g|HgO) in 1 M KOH + 1 M CH3OH (25 ◦C). More importantly, these
omplex oxide anodes have not shown any surface poisoning
uring methanol oxidation by the intermediate products. To

mprove their electrocatalytic activities, the electrodes have been
odified by dispersed nickel and have been investigated for their

lectrocatalytic properties towards the MOR in 1 M KOH. The
esults of this investigation are described here.

. Experimental

.1. Electrode synthesis

.1.1. Materials
Methanol (Merck, GR), potassium hydroxide (Merck, GR),

i(NO3)2·6H2O (Merck, 97%), La(NO3)3·6H2O (Merck, 99%, GR),
r(NO3)2 (CDH, 99.5%, AR), (CH3COO)2Ni·4H2O (Reidel, 99.5%, AR),
-ascorbic acid (s.d.fine., AR), boric acid (Merck, 99.5%) and nickel
oil (0.25 mm thick, Aldrich 99.98%) were used as-received. Redis-
illed water was used for preparation and dilution of all the
olutions.

.1.2. Preparation of La2-xSrxNiO4 electrodes
Perovskite oxides, namely La2NiO4, La1.75Sr0.25NiO4,

a1.5Sr0.5NiO4 and LaSrNiO4 were synthesized by a modified
itric acid sol–gel precursor method [39,40]. In this method,
itrates of the constituent metals (La, Sr, Ni) of the oxides were
issolved, as per stoichiometry, in 100 ml of distilled water (total
etal ion concentration = 0.23–0.26 M) and to this solution a

lightly excess quantity of citric acid (CA = 0.231–0.2605 M), 2.0 ml
f ethylene glycol (E. Merck, Germany) and finally two drops of
oncentrated HNO3 were added. Vigorous stirring was carried out
hile adding these ingredients. A gel was soon formed which was
eated slowly to effect decomposition. The resulting substance
as fired at 100 ◦C to ash which was ground with an Agate pestle

nd mortar and calcined at 600 ◦C for 6 h to obtain the desired
roducts. The oxides, thus obtained, have a tetragonal primitive
rystal structure with a crystallite size of 9–12 nm [40].

The electrodes of the oxides (i.e. Ni/La2−xSrxNiO4) were obtained
y painting a slurry containing the oxide powder and glycerol on
o a pretreated nickel plate followed by sintering at 380 ◦C for 1.5 h.
retreatment of the support and electrical contact with the oxide
lms were made as described previously [41]. The oxide loadings
ere 4–5 mg cm−2.
.1.3. Preparation of Ni-modified La2−xSrxNiO4 electrodes
Nickel was electrodeposited on La2−xSrxNiO4 electrodes from

n acetate bath at a constant pH of 5.2 as reported elsewhere
42]. The composition of the electrolytic bath was 0.28 M nickel
cetate + 0.4043 M boric acid + 10 mg ascorbic acid + 3 drops acetic
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cid. Electrodeposition was carried out at 25 ◦C in a conventional
hree-electrode, single-compartment, Pyrex glass cell at a constant
urrent density of 20 mA cm−2 for 300 s. The auxiliary and reference
lectrodes were Pt-foil and Hg|HgO, respectively. After deposition,
he complex oxide electrode (i.e., Ni/La2−xSrxNiO4/Ni) was removed
rom the cell, washed with distilled water, dried in air, and then
sed for the study.

.2. Electrocatalyst characterization

.2.1. Physicochemical
Nickel deposited on La2−xSrxNiO4 was examined by a SEM–EBSD

ntegrated system (Hitachi, S3400N). The mass of electrodeposited
ickel on each oxide film was determined by analyzing the elec-
rolytic bath solution before and after Ni deposition by means of an
tomic absorption spectrophotometer (AAS – PerkinElmer – 2380).
he particle size of the powders used for preparation of the oxide
lectrode was measured with a particle size and shape analyzer
ANKERSMID, Holland).

.2.2. Electrochemical
A conventional three-electrode, single-compartment, Pyrex

lass cell, fitted with a pure Pt-foil (∼8 cm2) counter electrode and
Hg|HgO|1 M KOH reference electrode, was employed for electro-

hemical investigations. Cyclic voltammetry (CV), electrochemical
mpedance spectroscopy (EIS) and Tafel polarization studies were
onducted with an electrochemical impedance system (PARC, USA)
ttached with a potentiostat/galvanostat (Model 273 A), a lock-in-
mplifier (5210) and a computer (COMPAQ P4). The CV of each
lectrocatalyst was investigated between 0 and 0.65 V (vs. Hg|HgO)
n 1 M KOH with and without methanol at 25 ◦C. Before record-
ng the final voltammogram, each electrode was cycled for five
uns at a scanning rate (�) of 50 mV s−1 in 1 M KOH. The anodic
olarization curves (E vs. log j) were recorded using a run program
ith conditioning time = 200 s, conditioning potential = 0.35 V, ini-

ial delay = pass, � = 0.2 mV s−1, initial potential = 0.35 V, and IR
nterruption = 10 s.

The EIS study of the electrodes was performed in 1 M KOH + 1 M
H3OH with an ac voltage amplitude of 10 mV at a constant
c potential. The frequency range employed in the study was
.1–25 × 103 Hz. The equivalent-circuit parameters were analyzed
y the software, ZSimpWin.

All electrochemical experiments were performed in argon
eoxygenated electrolytes at 25 ◦C. The potential values reported

n the text are given against the Hg|HgO, 1 M KOH electrode.

. Results and discussion

.1. Morphology/particle size

Scanning electron micrograph (SEM) images of Ni as-deposited
n La2NiO4, La1.75Sr0.25NiO4, La1.5Sr0.5NiO4 and LaSrNiO4 show that
he surface of each oxide consists of highly dispersed granules. The
EM images of two representative oxide catalysts, La2NiO4 and
a1.5Sr0.5NiO4 with and without Ni deposition, are presented in
ig. 1. The oxide surface unmodified with Ni seems to be some-
hat less compact [38]. It is worth mentioning that all the oxide

atalysts and procedures for obtaining their films were the same as
eported elsewhere [38].
The quantity of Ni deposited on La2NiO4, La1.75Sr0.25NiO4,
a1.5Sr0.5NiO4 LaSrNiO4 films is 0.91, 2.79, 2.32, and 1.59 mg cm−2,
espectively.

Values of the mean particle size of powders of the oxide with
= 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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ith Ni deposition and of La1.5Sr0.5NiO4: (c) without and (d) with Ni deposition.
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Fig. 1. Scanning electron micrographs of La2NiO4: (a) without and (b) w

espectively. A typical particle size histogram for La1.5Sr0.5NiO4 is
hown in Fig. 2.

.2. Open-circuit potential (OCP) measurements

Prior to carrying out electrochemical investigations, each freshly
repared electrode was dipped into the electrolyte under an argon
tmosphere and the potential of the electrode was monitored as a
unction of time (t) until it reached the steady open-circuit value
OCP). It is noted that in the case of electrodes modified with Ni,
he electrode potential, in both 1 M KOH and 1 M KOH + 1 M CH3OH,
hifted gradually by about 300 mV in the noble direction with time
nd finally attained the OCP value in 20–25 min. In the case of
nmodified electrodes, the OCP value is reached in 3 min, regard-

ess of the immersion time and the type of electrolyte. Typical
lectrode potential shifts vs. time curves for the La1.5Sr0.5NiO4 and
odified La1.5Sr0.5NiO4 electrodes are shown in Fig. 3. The shift of

he electrode potential before reaching the OCP value with time
an be ascribed to electrode surface modifications induced by the

ollowing reactions [43–44]:

i + 2OH− ↔ Ni(OH)2 + 2e− (1)

-Ni (OH)2 → �-Ni (OH)2 (2)
 Fig. 2. Typical particle size histogram for La1.5Sr0.5NiO4.
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ig. 3. Variation of open-circuit potential as function of immersion time for
a1.5Sr0.5NiO4 electrode without (�, �) and with (©, �) Ni deposition (25 ◦C).

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

Values of the OCPs for the modified La2−xSrxNiO4 (0 ≤ x ≤ 1) elec-
rodes, in 1 M KOH vis-a-vis in 1 M KOH + 1 M CH3OH at 25 ◦C, are
iven in Table 1. The OCP measurements for the electrodes after
olarization were also carried out and the steady OCP values, so
btained, are shown in Table 1. The electrode polarization was car-
ied out by running cyclic voltammograms between 0 and 0.65 V
t a scanning rate of 50 mV s−1 for five cycles. The data in Table 1
how that the OCP values for the electrodes after polarization are
ore positive than before polarization.
The higher OCP values for the La2−xSrxNiO4/NiOy electrodes

fter polarization can be attributed to the formation of a
i(OH)2/NiO(OH) film [44]. Further, in 1 M KOH, the freshly pre-
ared, modified oxide electrodes have significantly lower OCP
alues compared with those for the unmodified electrodes. The
CPs of fresh unmodified electrodes, in 1 M KOH (not shown

n Table 1) are 0.004, 0.012, 0.040 and 0.003 V for La2NiO4,
a1.75Sr0.25NiO4, La1.5Sr0.5NiO4 and LaSrNiO4, respectively. The dif-
erences in OCP values can be attributed to the fact that prior
o immersion in the electrolyte, the former electrode (modified)
ontains nickel in the reduced state on its surface, while the lat-
er electrode (unmodified) contains the oxidized nickel species
Ni2+/Ni3+).

It is evident from the data Table 1 that the final value of the
CP for a La2−xSrxNiO4/NiOy electrode is the same in both 1 M KOH
nd 1 M KOH + 1 M CH3OH solutions, but the electrode potential
ncreases more slowly in 1 M KOH than in 1 M KOH + 1 M CH3OH.
his is possibly due to the adsorption of methanol molecules on the
lectrode surface. In fact, the adsorbed methanol molecules consti-
ute an additional energy barrier, which increases the polarization

f the anodic and cathodic processes.

Considering the OCP data and Ni–H2O Pourbaix diagram, pres-
nce of the dispersed zero valent nickel on the La2−xSrxNiO4
urface seems to be unlikely and so the Ni/La2−xSrxNiO4/Ni

e
o
h
(

able 1
CP values for modified electrodes in 1 M KOH and 1 M KOH + 1 M CH3OH under argon at

lectrodes OCP (V)

1 M KOH
(fresh)

i/La2NiO4/NiOy −0.142 ± 0.026
i/La1.75Sr0.25NiO4/NiOy −0.174 ± 0.013
i/La1.5Sr0.5NiO4/NiOy −0.194 ± 0.035
i/LaSrNiO4/NiOy −0.048 ± .028
ig. 4. Cyclic voltammograms for La2−xSrxNiO4/NiOy electrode in 1 M KOH with
nd without CH3OH at 10 mV s−1(25 ◦C). Curve, 1: x = 0 in 1 M KOH; curves, 2–4
orrespond to x = 0, x = 0.5 and x = 1, respectively, in 1 M KOH + 1 M CH3OH.

lectrode system is represented by a better formalism, namely,
i/La2−xSrxNiO4/NiOy.

.3. Cyclic voltammetry

Cyclic voltammograms for the Ni/La2−xSrxNiO4 (0 ≤ x ≤ 1)/NiOy

lectrodes in 1 M KOH at 25 ◦C were determined at scanning rate
f 10 mV s−1 in the potential range, 0–0.65 V. The voltammograms
xhibit two redox peaks, an anodic (Epa = 496 ± 13 mV) and a corre-
ponding cathodic (Epc = 363 ± 4 mV) peak, prior to the onset of the
2 evolution reaction, revealing a pseudo-capacitance due to the
i(III)/Ni(II) surface redox couple [41,44]. A typical voltammogram

or the Ni/La2NiO4/NiOy electrode is shown in Fig. 4.
Voltammograms were also recorded for electrodes in 1 M

OH + 1 M CH3OH. The curves obtained in each case are very simi-
ar (Fig. 4). For sake of clarity in representation, the voltammogram
or the Ni/La1.75Sr0.25NiO4/NiOy electrode is not shown in Fig. 4.
n the presence of 1 M CH3OH in 1 M KOH, it is seen that the
rea beneath the currents increases greatly, while the anodic and
athodic redox peaks of the Ni(III)/Ni(II) surface redox couple dis-
ppear. It is noted that these redox peaks do not appear even when
oltammograms are recorded over scan rates of 1–100 mV s−1 in
he case of the Ni/La1.5Sr0.5NiO4/NiOy electrode. This indicates that

ethanol interacts strongly with the higher valence Ni(III) species
nd reduces them almost completely under anodic conditions so
hat little or no Ni(III) species is left for electrochemical reduction
nder cathodic conditions. In other words, the rate of reduction of
i(III) species to Ni(II) species by interaction with methanol appears

o occur more rapidly compared with the maximum applied scan
ate (100 mV s−1).
nce and absence of methanol in the electrolyte, shows that the
nset potential for methanol oxidation (0.45–0.46 V) is slightly
igher than that for the electro-oxidation of Ni(II) to Ni(III)
0.422–0.426 V). This shows that the electro-oxidation of methanol

mosphere at 25 ◦C

1 M KOH + 1 M CH3OH
(fresh) (after polarization)

−0.129 ± 0.023 0.168
−0.165 ± 0.048 0.123
−0.150 ± 0.004 0.134
−0.142 ± 0.026 0.166
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ig. 5. Cyclic voltammograms for La1.5Sr0.5NiO4/NiOy electrode at scan rates of 1
nd 100 mV s−1 in 1 M KOH + 1 M CH3OH at 25 ◦C.

ccurs only on the Ni(III) surface. Further, a change in the scan
ate (1–100 mV s−1) does not influence the rate of oxidation of
ethanol. Two representative cyclic voltammograms, recorded at
= 1 and 100 mV s−1 in 1 M KOH + 1 M CH3OH at 25 ◦C, are shown

n Fig. 5. It is considered that electro-oxidation of CH3OH pro-
eeds through a mechanism that involves fast electrosorption of
he CH3OH molecule followed by fragmentation into intermediates
n the surface sites towards the final oxidation products. The elec-
rosorption of CH3OH may be very fast and the surface becomes
ermanently saturated with adsorbed species in such a way that
hatever the scan rate, and perhaps the concentration, the faradaic

urrent remains the same.

.4. Chronoamperometry

Chronoamperograms of electrodes recorded for nearly 5 h at
fixed anodic potential (E = 0.5) in 1 M KOH + 1 M CH3OH are

iven in Fig. 6. With the passage of time, the current resulting
rom electro-oxidation of methanol initially increases, attains a

aximum, decreases slightly, and remains constant. The nature
f the current–time transient curves does not indicate any sig-

ificant electrode poisoning by intermediates formed during
he oxidation of CH3OH in 1 M KOH. Further, the electrode,
i/La1.5Sr0.5NiO4/NiOy has the greatest apparent electrocatalytic
ctivity whereas Ni/LaSrNiO4/NiOy has the lowest.

ig. 6. Chronoamperograms for La2−xSrxNiO4/NiOy electrode at E = 0.5 V (vs.
g|HgO) in 1 M KOH + 1 M CH3OH (25 ◦C). Curves 1–4 correspond to x = 0, x = 0.25,
= 0.5 and x = 1.0, respectively.
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ig. 7. Nyquist plots for Ni/La2NiO4/NiOy electrode at 25 ◦C in 1 M KOH + 1 M CH3OH:
= (©) 0.475 and (�) 0.485 V; in 1 M KOH: E = 0.45V (inset).

On completion of the chronoamperometric experiments, BaCl2
olution was added to the cell solution and showed the presence
f carbonate as one of the products of the oxidation reaction.
he electro-oxidation of methanol was carried out in a two-
ompartment (anodic and cathodic) cell. A gas sampler (∼10 ml
apacity) was connected to the anodic compartment to collect the
O gas. However, in a test of over 5 h at 0.50 V in 1 M KOH + 1 M
H3OH at 25 ◦C, no CO formation was observed. This indicates that
o gaseous product is formed. One cannot exclude, however, that
eside CO3

2−, non-gaseous products might form, such as formalde-
yde or formate.

.5. Electrochemical impedance spectroscopy (EIS)

In order to investigate the influence of the methanol
lectro-oxidation kinetics on impedance diagrams, impedance
easurements at varying potentials (methanol oxidation region)
ere carried out on Ni/La2-xSrxNiO4/NiOy electrodes in argon-
eoxygenated 1 M KOH + 1 M CH3OH at 25 ◦C. Before recording each
I spectrum at a pre-selected dc potential, the working electrode
as kept at this potential for 300 s to equilibrate. The features of

he spectra obtained for each oxide anode are very similar.
The spectra for a Ni-modified La2NiO4 electrode at different

otentials are shown in Fig. 7. There is a small potential-
ndependent impedance in the high-frequency region (25 kHz to
0 Hz) that is followed by an intermediate, low-frequency arc.
he diameter of this arc is observed to shrink with increasing E.
his result indicates that the low frequency arc is associated with
ethanol electrooxidation [45–47] that is further confirmed by

etermining the Nyquist plot for the Ni/La2NiO4/NiOy electrode in
M KOH without CH3OH. The latter curve (shown in the inset of
ig. 7) does not indicate the formation of a semicircle at the low

requency-end, instead, it shows capacitive behaviour. As already
bserved by de Silva et al. [48] for IrO2 + TiO2 ceramic film, a
istorted small semi-circle is observed at high frequencies. This
emi-circle was attributed to processes occurring in the more inter-
al, porous part of the oxide layer.

ig. 8. Equivalent electrical circuit used to fit the experimental data of impedance
pectra.
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ig. 9. Typical Nyquist plots (experimental + simulated) for Ni/La2NiO4/NiOy elec-
rode at E = 0.485 V in 1 M KOH + 1 M CH3OH (25 ◦C).

It is known [49–50] that when a granular oxide thin film comes
nto contact with a liquid electrolyte, the latter wets instanta-
eously the total surface of the powder. So, the developed surface
an be reasonably considered to act like a planar surface. We,
herefore, used a planar electrical equivalent-circuit composed of
hree capacitive/resistive elements in series so as to model the
i/La2−xSrxNiO4/NiOy/electrolyte system. The equivalent-circuit is

hown in Fig. 8 and is similar to that earlier reported by Priyantha
t al. [51].

The experimental data were analyzed by ZSimpWin Software
sing the above equivalent-circuit. Sub-circuits (R1Q1), (R2C2) and
R3C3) were used to account for contributions from the com-
lex oxide (La2−xSrxNiO4) mass, La2−xSrxNiO4/NiOy interface and
lectrode (NiOy)|electrolyte interface, respectively. Symbols Rs,
1, R2 and R3 are used to represent the electrolyte, bulk oxide
La2−xSrxNiO4), oxide|NiOy interface, and charge-transfer resis-
ance, respectively. Symbols Q1, C2 and C3 represent constant phase
lement (CPE), capacitance of the oxide|NiOy interface and the
ouble-layer capacitance (Cdl) of the electrode|electrolyte interface,
espectively. It is seen that the best fit of the experimental data
s obtained only if an inductance, L, is included in the equivalent-
ircuit; the value of L is of the order of ∼1 �H. The source of this
nductive element is unclear, but wiring, measuring equipment
omponents and heating sources may make possible contribu-
ions [48,52]. Based on the proposed circuit model, the EIS spectra
btained agree reasonably well with the experimental curves as
hown for the Ni/La2NiO4/NiOy electrode in Fig. 9. Estimates of the
quivalent-circuit parameters are shown in Table 2, which also con-
ains values of the electrode roughness factor (RF). These values
ere estimated, as earlier [38], using the relation, RF = (Cdl of test

−2
lectrode)/(Cdl of a smooth oxide surface) = 60 �F cm . The data
n Table 2 show that the charge-transfer resistance (R3) value at
ny electrode decreases, and hence the rate for methanol oxida-
ion increases with increasing applied potential. Further, with the
xception of the Ni/LaSrNiO4/NiOy electrode, all electrodes have

m
t
(
o
e

able 2
alues of equivalent-circuit parameters for Ni/La2−xSrxNiO4/NiOy electrodes in 1 M KOH +

lectrode (x) E (mV) RS (� cm2) R1 (� cm2) Q1 × 102 (F sn−1 cm−2) n1 R

475 2.3 5.4 4.58 0.68 0
485 2.3 3.8 4.58 0.68 0

.25 475 0.7 3.0 14.76 0.27 0

.25 485 0.7 2.3 10.59 0.32 0

.5 475 2.1 2.2 14.97 0.46 0

.5 485 2.0 1.7 32.47 0.28 0

.0 475 1.35 6.05 2.92 0.50 0

.0 485 1.42 4.32 2.89 0.51 0
ig. 10. Tafel plots for La2−xSrxNiO4/NiOy electrodes (scan rate = 0.2 mV s−1) in 1 M
OH + 1 M CH3OH (25 ◦C). Curves 1–4 correspond to x = 0, x = 0.25, x = 0.5 and x = 1,
espectively.

lmost similar values of the charge-transfer resistance for methanol
xidation. However, this would be clear from the study of Tafel
olarization.

It is observed that when the surface of the electrodes,
a2−xSrxNiO4 is modified by dispersed Ni, the double-layer capac-
tance, and hence the roughness factor of the electrode, is greatly
nhanced. This can be judged from the Cdl values of 1.52, 1.02, 0.93
nd 0.52 × 10−2 F cm−2 already observed for La2−xSrxNiO4 elec-
rodes with x = 0, 0.25, 0.5 and 1.0, respectively (at E = 0.45 V vs.
g|HgO in 1 M KOH + 1 M CH3OH at 25 ◦C) [38].

.6. Electrocatalytic activity

To test the electrocatalytic activity of oxide electrodes mod-
fied by dispersed nickel towards methanol oxidation in 1 M
OH + 1 M CH3OH at 25 ◦C, ohmic (IR)-drop-compensated, steady-
tate, anodic polarization (E vs. log j) curves have been determined
t a slow scanning rate of 0.2 mV s−1, as shown in Fig. 10. The
urves have not been corrected for background current (i.e., current
roduced in similar experiments carried out in 1 M KOH with-
ut containing methanol), because the values of the latter are less
han 0.2 mA cm−2 in the potential region employed in the study
0.40–0.60 V). The nature of the plot for each modified oxide elec-
rode, regardless of Sr content, is almost similar; the initial Tafel
lopes (at low potentials) range between 20 and 40 mV decade−1.
afel slope values at the higher potentials are not well-defined,
ut appear to be greater than 80 mV decade−1. The apparent elec-
rocatalytic activities (ja) of the modified oxide electrodes at two
otentials, E = 0.55 and 0.60 V are given in Table 3.

Based on the apparent electrocatalytic activities (ja) for

ethanol oxidation, the Ni/La1.5Sr0.5NiO4/NiOy electrode is found

o be the most active (Table 3). Also, the true current density, jt
=ja/RF), of this electrode appears to be the greatest for methanol
xidation. The electrode, Ni/LaSrNiO4/NiOy, has the lowest appar-
nt, as well as the true, catalytic activity. This finding corroborates

1 M CH3OH at 25 ◦C, at E = 0.475 and 0.485 V (vs. Hg|HgO)

2 (� cm2) C2 × 102 (F cm−2) R3 (� cm2) C3 × 102 (F cm−2) RF = 106 C3/60

.11 6.12 2.67 5.76 1005 ± 70

.10 7.83 1.77 6.46

.82 2.65 2.89 3.21 591 ± 56

.66 3.07 1.79 3.88

.06 0.05 2.18 5.92 964 ± 24

.25 5.30 1.87 5.64

.89 3.07 3.24 4.17 707 ± 12

.93 2.133 2.21 4.31
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Table 3
Electrocatalytic activities of La2−xSrxNiO4 (0 ≤ x ≤1) electrodes, modified by dispersed Ni, in 1 M KOH + 1 M CH3OH (25 ◦C)

Electrodes Dispersed Ni mass (mg cm−2) RF j (mA cm−2) at E (V vs. Hg|HgO)

0.55 0.60

ja jt ja jt

Ni/La2NiO4/NiOy 0.91 ∼1005 117 ± 23 0.12 194 ± 30 0.19
Ni/La1.75Sr0.25NiO4/NiOy 2.79 ∼591 90 ± 30 0.15 150 ± 40 0.25
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N 07
N –
N –

t
r
l
a
e
m
a
r
a
i
0
t
o

e
o
i
w
C
h
t
o

f
t
a
[
1
L
K
f
c
j
S
[

F
m
(

E
f
g
j
o
o
C
t
o

t
w
t
o
u
O
c
F
t
c
c
F

3

a
o
b

N

i/La1.5Sr0.5NiO4/NiOy 2.32 ∼9
i/LaSrNiO4/NiOy 1.59 ∼7
i/La1.5Sr0.5NiO4/NiOy 2.9
i/La1.5Sr0.5NiO4/NiOy 8.2

he results of the impedance study wherein the charge-transfer
esistance (R3) value for methanol oxidation was highest on the
atter electrode. On normalizing the electrode roughness as well
s the mass of the dispersed Ni, however, the Ni/La2NiO4/NiOy

lectrode is found to be the most active, whereas the remaining
odified complex oxide electrodes of the series have relatively low

nd more or less similar electrocatalytic activities (i.e., true cur-
ent densities). For instance, at E = 0.60 V in 1 M KOH + 1 M CH3OH
t 25 ◦C, estimates of the true current density, jt (=jt/m, where m
s the mass of Ni deposited on the oxide) are 0.21, 0.09, 0.13 and
.11 mA cm−2 mg−1. Thus, Sr substitution adversely affects the elec-
rocatalytic activity of the dispersed Ni overlayer towards methanol
xidation.

To investigate the effect of the mass of dispersed Ni on the
lectrocatalytic activity of the electrode towards electro-oxidation
f methanol, two more electrodes of Ni/La1.5Sr0.5NiO4 contain-
ng higher amounts of dispersed nickel (2.9 and 8.2 mg cm−2)

ere studied for electro-oxidation of methanol in 1 M KOH + 1M
H3OH at 25 ◦C. The results, given in Table 3, show that the
igher mass of the deposited Ni on the Ni/La1.5Sr0.5NiO4/NiOy elec-
rode is somewhat detrimental to the electrocatalysis of methanol
xidation.

A comparison of the apparent electrocatalytic activities of dif-
erent similar complex oxide anodes in alkaline solution shows
hat the present electrodes modified by dispersed Ni are more
ctive than other unmodified electrodes reported in literature
33–35,38]. For instance, Raghuveer et al. [34] observed j = 0.38,
.47 and 1.87 mA cm−2 (at E = 0.6 V vs. Hg|HgO) on La1.8Sr0.2CuO4,
a1.6Sr0.4CuO4 and La1.9Sr0.1Cu0.9Sb0.1O4, respectively, in 3 M
OH + 2 M CH3OH (25 ◦C). Raghuveer and Vishwanathan [33] have

urther examined the electrocatalytic activities of bulk and nano-

rystalline La1.8Sr0.2CuO4 in 1 M KOH + 1 M CH3OH and found
= 1.83 and 4.90 mA cm−2 at E = 0.701 V (vs. Hg|HgO), respectively.
imilar oxides (La0.75Sr0.25CoO3−ı) were investigated by Yu et al.
35] in 1 M KOH + 1 M CH3OH for which j = 7.7–18.8 mA cm−2 at

ig. 11. Plot of log j vs. log [KOH] at constant potential for electro-oxidation of
ethanol at Ni/La1.5Sr0.5NiO4/NiOy electrode in alkaline solutions (25 ◦C); E = 0.45

�), 0.46 (�) and 0.47 (©) V; � = 1.5 and [CH3OH] = 1.5 M.

N

N

F
N

202 ± 4 0.21 300 ± 0 0.31
65 ± 20 0.09 125 ± 22 0.18

113 – 181
106 – 168

= 0.701 V vs. Hg|HgO. However, recently Abdel Rahim et al. [44]
ound an enhanced current density for methanol oxidation on the
raphite electrode modified by electro-deposited Ni, for which
was 63 mA cm−2 at E = 0.6 V vs. Hg|HgO (� = 10 mV s−1). On the
ther hand, glassy carbon modified by cobalt hydroxide produced
nly j = 1.67 mA cm−2 at E = 0.551 V (vs. Hg|HgO) in 1 M KOH + 0.5 M
H3OH (� = 50 mV s−1) [3]. Thus, the electrocatalytic activities of all
he above electrodes are reported to be low compared with those
bserved in the present study.

To investigate the influence of KOH and CH3OH concentra-
ions, E vs. log j curves for the Ni/La1.5Sr0.5NiO4/NiOy electrode
ere determined for variation in KOH concentration while main-

aining the methanol concentration (1.5 M) and the ionic strength
f the medium (� = 1.5) constant. The latter was achieved by
sing KNO3 as an inert salt. To obtain the reaction order in
H− concentration (pOH), log j vs. log [KOH] curves at three
onstant potentials at 25 ◦C were constructed as shown in
ig. 11. All three plots are straight lines with approximately
he same slope, i.e., the same order with respect to KOH
oncentration (pOH ≈ 2). By contrast, the effect of methanol con-
entration on the rate of reaction is complex, as shown in
ig. 12.

.7. Mechanism

Considering the results of cyclic voltammetry, Tafel polarization
nd oxidation product analyses, we propose the following sequence
f steps for methanol electro-oxidation on La2−xSrxNiO4 modified
y dispersed Ni in KOH solutions:

i(III) + OH− ↔ Ni(III)·OH + e− (3)
i(III) + CH3OH ↔ Ni(III)·CH3OH (4)

i(III)·CH3OH+Ni(III)·OH+OH−→ Ni(III)·CH2O + Ni(III)+2H2O+e−

(5)

ig. 12. Effect of methanol concentration on rate of methanol oxidation at
i/La1.5Sr0.5NiO4/NiOy electrode at three different potentials in 1 M KOH (25 ◦C).
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i(III) · CH2O + Ni(III) · OH + OH−−→
fast

Product (6)

The involvement of OH and C H O species as intermediates
n the electro-oxidation of methanol has been proposed in else-

here ([9] and references therein). Taking reaction (5) as the
ate-determining step (rds) and assuming that the total surface cov-
rage is mainly by adsorbed OH and CH3OH molecules (�T), the
verall current density expression for methanol electro-oxidation
an be written as:

= nFk5�OH�CH3OHCOH− exp

(
ˇFE

RT

)

= nFk5K3K4CCH3OHC2
OH- e(1+ˇ)FE/RT

(1 + K3COH− eFE/RT + K4CCH3OH)2
(7)

here �OH and �CH3OH are the surface coverages by OH and CH3OH
olecules, respectively, and can be obtained by considering reac-

ions (3) and (4) under quasi equilibrium conditions; K3 and K4 are
he equilibrium constants for reactions (3) and (4), respectively;
5 is the rate constant for the rate-determining step (5). All other
ymbols used in Eq. (7) have their usual meaning.

When OH and CH3OH molecules are sparsely adsorbed on the
lectrode surface, Eq. (7) becomes:

= nFk5K3K4C2
OH− CCH3OHe(1+ˇ)FE/RT (8)

q. (8) gives ˇ ∼= 40 mV decade−1 assuming ˇ ≈ 0.5, where ˇ is the
ymmetry coefficient for the anodic reaction and pCH3OH = 1 and
OH = 2. Similar values of the observed Tafel slope and the order in
H− concentration are also found for the reaction. When, however,

he OH molecule is weakly adsorbed on the electrode surface, the
ate equation becomes:

=
nFk5K3K4CCH3OHC2

OH− e(1+ˇ)FE/RT

(1 + K4CCH3OH)2
(9)

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

. Conclusions

The study has demonstrated that the electrocatalytic activities
f La2−xSrxNiO4 (x = 0, 0.25, 0.5 and 1) electrodes for methanol
xidation in alkaline solutions are greatly enhanced in the pres-
nce of Ni particles dispersed on their surfaces. Further, these
odified electrodes do not suffer from poisoning by the intermedi-

tes/products of methanol oxidation. Among the oxide electrodes
nvestigated, La1.5Sr0.5NiO4 modified by dispersed Ni exhibits the
est electrocatalytic activity. Adherence of the electrode materials
o the Ni support is also very good.
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