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Abstract Nickel foam and five nickel foam-based com-
posite electrodes were prepared for being used as anode
materials for the electrooxidation of methanol in KOH
solution containing 0.1 and 1.0 M of methanol. The
layered electrodes composed of nickel foam, platinum
nanoparticles, polyaniline (PANI) and/or porous carbon
(C) prepared in various assemblies. As shown by SEM
analysis, depending on the preparation conditions, the
electrodes of different morphologies were obtained.
Using the cyclic voltammetry method, the oxidation of
methanol on nickel foam electrode was observed in the
potential range 0.4 V M 0.7 V, where the Ni(OH)2/
NiOOH transformation occurred. The presence of Pt
particles in electrode gave rise to the increase in elect-
rocatalytic activity in this potential range. For electrodes
containing dispersed platinum catalyst (Ni/Pt, Ni/
PANI/Pt and Ni/C/Pt), the oxidation of methanol was
noted also in the potential range �0.5 V M 0.1 V. The
electrocatalytic activities of the examined electrodes to-
ward methanol oxidation at low potentials were in order
Ni/Pt > Ni/C/Pt > Ni/PANI/Pt, whereas at high
potentials in order Ni/PANI/Pt > Ni/Pt> Ni/C/Pt >
Ni. Among the examined electrodes, the most resistant
to cyclic poisoning appeared to be the Ni/C/Pt electrode.

Keywords Methanol electrooxidation Æ Alkaline fuel
cells Æ Nickel foam Æ Platinum Æ Polyaniline Æ Carbon

Introduction

At present, in many research centres extensive work is
being carried out on new types of electrode materials
with possible practical application in alkaline fuel cells.
One of the directions of research is focused on enhancing
the efficiency of methanol oxidation. In the electro-
chemical oxidation of methanol, the electrode material is
clearly an important parameter where a highly efficient
and stable electrocatalyst is needed [1].

Inexpensive, easily available, conveniently trans-
ported, stored and easily-refuelled methanol is consid-
ered as an attractive liquid fuel for direct fuel cells [2–5]
mainly due to the fact that methanol has a high energy
density. The process of methanol oxidation to carbon
dioxide occurs through a six-electron reaction [6]:

CH3OHþH2O ¼ CO2 þ 6Hþaq þ 6e�: ð1Þ

Platinum has been recognized as an important elect-
rocatalyst in direct oxidation of small organic com-
pounds, which may be used as a fuel, e.g. methanol [7].
For practical application, an acidic electrolyte is gener-
ally preferred and most research on platinum-based
electrocatalysts for fuel cell electrodes has focused on
catalysis in acidic media. One of the reasons for such a
situation is the progressive carbonation with CO2, which
has brought about less interest in investigation of
methanol oxidation in alkaline media. On the other
hand, hydrogen ions are the product of the process of
methanol oxidation Eq. 1 and the reaction equilibrium is
shifted to the right in alkaline solution. Moreover during
the oxidation of methanol in acidic solutions, the reac-
tion intermediate, carbon monoxide, binds strongly to
the catalyst surface and blocks the active sites [2]. In
particular, pure Pt catalyst is sensitive to this poisoning
effect. That effect can be mitigated, but not eliminated,
through the incorporation of other metals and the use of
alkaline media may be a promising avenue toward in-
creased catalytic activity by well-balanced co-adsorption
of methanol and the OH� ions at low potentials in an
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E-mail: Jan.Skowronski@put.poznan.pl
Fax: +4861-665-2571
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alkaline solution. Some studies of methanol oxidation
on Pt in alkaline media, which have demonstrated a
higher activity for methanol oxidation than in acid
media are to be noted [8–13]. Low-temperature direct
oxidation fuel cells that employ an alkaline electrolyte,
possess clear kinetic advantages over acid fuel cells.
Markovic et al. [14] have attributed the improved anode
performance to higher surface OH� coverage, resulting
in the oxidation of adsorbed CO at lower potentials.
Parsons and Noot [2] and also Nishimura et al. [15]
found that the use of alkaline solutions in fuel cell has
many advantages, such as increasing its efficiency.
Tripkovic et al. [16] showed that in alkaline solution,
smaller or negligible poisoning effects were observed.
Consequently, the kinetic studies of methanol oxidation
in alkaline solutions at different Pt-based catalysts may
provide valuable data for the development of new,
powerful catalysts.

Although the anodic process of methanol oxidation
has been studied extensively over many years, the
mechanism of the reaction is still under discussion [6, 8,
17–21]. There are many mechanisms proposed for
methanol oxidation in alkaline medium. One path of this
process is presented below [8]:

PtþOH� , Pt� ðOHÞads þ e� ð2Þ

2Ptþ CH3OH, PtHþ Pt� ðCH3OÞads ð3Þ

Pt�ðCH3OÞads þ Pt�ðOHÞads ! Pt2�ðCH2OÞads þH2O

ð4Þ

Pt2�ðCH2OÞads þ Pt�ðOHÞads ! Pt3�ðCHOÞads þH2O

ð5Þ

Pt3�ðCHOÞad þ Pt�ðOHÞads
! Pt2�ðCOÞads þ 2PtþH2O ð6Þ

Pt2�ðCOÞads þ Pt�ðOHÞads ! Pt�ðCOOHÞads þ 2Pt

ð7Þ

Pt�ðCOOHÞads þ Pt�ðOHÞads ! 2Ptþ CO2 " þH2O

ð8Þ

One of the impeding problems in the commerciali-
sation in DMFCs is perhaps the high overpotential
associated with the direct electrooxidation of methanol
[22]. Additionally, the high cost of platinum limits its
use. Thus, great effort has been devoted to the devel-
opment of fuel cell electrocatalysts with the aims of
increasing their activity, their tolerance toward poison-
ing by intermediate species occurring in the oxidation
process and reducing the amount of noble metal used
[23]. The electrocatalytic activity of platinum particles is
known to depend greatly on their dispersity and surface
properties [24–26] and consequently on the preparation
method and supporting materials used [27]. A high
degree of dispersion as well as a large surface area is

desirable also for lowering the amount of noble metal,
which is necessary for the cost reduction [28]. Therefore
a great deal of interest has recently been concentrated on
the choice of materials cheaper than platinum [29, 30]
while maintaining high catalytic activity [28, 31–33].

Many electrodes involving nickel as a component in
their manufacture can be used as a catalyst in fuel cells
[34]. El-Shafei [35] examined the reaction of methanol
oxidation on a nickel/glassy carbon composite electrode,
whereas Rahim et al. [36] studied this reaction on a
nickel/graphite composite electrode. The results re-
ported in both papers led to the conclusion that meth-
anol is oxidized with the participation of trivalent nickel
after nickel is anodically oxidized to NiOOH. From
electrochemical measurements Rahim et al. [29] con-
cluded that methanol oxidation on the modified C/Ni-
Ru electrode also begins at the potential value of the
NiOOH formation with the creation of intermediate
species. Skowroński and Wa _zny have previously found
nickel foam, a lightweight and high porous (above 95%)
material, to have a catalytic activity for methanol oxi-
dation in alkaline solutions due to its surface oxidation
properties [37]. For this reason, in the present work,
nickel foam was used as a catalyst as well as catalyst-
support during studies of methanol oxidation in alkaline
electrolytes on new composite anodes.

In recent years, the intensive investigations on new
types of electrode materials, electronically conducting
polymers, have been developed concerning the possibil-
ity of their wide practical application [38]. Electrocata-
lytic oxidation of methanol with the use of conducting
polymer and dispersed metal composites is probably the
most explored process, obviously because of the possible
application of these systems in fuel cells [39]. Polyaniline
(PANI), which can be prepared through easy chemical
and electrochemical synthetic routes and is air-stable for
convenient handling, attracts more interest than the
other polymers of this class [40]. The most important
reason for incorporating platinum particles dispersed
into a polyaniline matrix is to increase the specific area
of these materials and thus improve catalytic efficiency
[41]. The second reason is higher tolerance toward poi-
soning by intermediate species occurring in the oxida-
tion process, in comparison with the serious problem of
the poisoning effect on pure platinum electrodes.

Numerous publications have been devoted to carbon
material used as catalytic support which exerts an
important influence on fuel cell efficiency. The methods
of preparation of the Pt nanoparticles and less expensive
alloy nanoparticles, e.g., Pt/Ni, Pt/Ru/Ni [42] on the
carbon support have attracted much interest in view of
their superior electrocatalytic activity for fuel cell
applications [29, 30, 43–48]. Because of their interesting
properties, nanometer size and high surface area, carbon
materials have been receiving increasing attention in
recent years for their application as catalyst support for
methanol oxidation [49–51].

The purpose of the present study was to make an
attempt to prepare various types of nickel foam-based
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composite catalysts for methanol oxidation, containing
platinum particles dispersed (1) directly on nickel sub-
strate, (2) in PANI matrix deposited on nickel substrate,
(3) on nickel substrate followed by covering with carbon
layer produced by heat treatment of PANI film depos-
ited, (4) on carbon layer produced on nickel substrate by
heat treatment of PANI film. In this paper, we show the
results of our preliminary studies of the electrocatalytic
properties of these nickel-based composite electrodes
discussed from the point of view of individual and syn-
ergistic effects of the electrode constituents.

Experimental

All electrochemical measurements were carried out in a
three-electrode system with a potentiostat-galvanostat
PGSTAT30 Autolab (EcoChemieB.V.). The working
electrodes were made of materials depicted in Table 1.
Nickel foam (Fig. 1a) with thickness 1.6 mm, density
500 g/m2 and porosity higher than 95% (produced by
Nitech) was modified to prepare these electrodes. The
geometrical area of all the electrodes was 1 cm2. The
counter electrode was the nickel sintered electrode filled
with cadmium hydroxide. As the reference electrode was
employed the Hg/HgO/6 MKOH system (E=+0.098 V
vs. SHE; standard hydrogen electrode). The electrolyte
was 6 M KOH solution either without or with CH3OH
(0.1 M or 1 M). Catalytic activity of all the electrodes in
the reaction of methanol oxidation was measured by
cyclic voltammetry (CV) method in the potential range
�0.65 M 0.7 V at a scan rate of 50 mV/s. All measure-
ments were performed in unstirred electrolyte at a
temperature of 20 �C. Using the CV technique, some
nickel foam electrodes were coated with polyaniline film
(Ni/PANI) (Fig. 1b) at a temperature of 25 �C. Depo-
sition of polyaniline on various substrates was made in
freshly prepared solution composed of 0.1 M H2SO4 +
0.1 M aniline, purged with argon to remove oxygen. For
each electrode, twenty-five oxidation/reduction cycles
were made in the potential range: �0.66 V M 0.50 V
versus Hg/Hg2SO4/1M H2SO4 (E=+0.674 V vs. NEW)
at a scan rate of 10 mV/s. Lead sheet was used as a
counter electrode.

The platinum particles were dispersed on nickel foam
(Ni/Pt) and on/in PANI film (Ni/PANI/Pt) (Fig. 1c) by
galvanostatic reduction of chloroplatinic acid (0.03%) in
0.1 M H2SO4 for 2 h at current density of 1 mA/cm2.
Some electrodes were modified by heat treatment in

argon, starting at room temperature with a heating rate
of 20 �C/min upto 500 �C. The electrode were kept at
this temperature for 5 min. In such a way three types of
the carbon-coated electrodes were obtained. Thermal
treatment of the Ni/PANI composite electrode resulted
in Ni/C composite (Fig. 1d), whereas the Ni/Pt/PANI
composite electrode was transformed into Ni/Pt/C
composite due to heat treatment. Electrochemical
deposition of platinum on the surface of Ni/C electrode
provided Ni/C/Pt composite (Fig. 1e). Prior to deposi-
tion of Pt particles, some Ni/Pt and Ni/C/Pt electrodes
were potentially cycled in the region of hydrogen evo-
lution in methanol-free KOH. This treatment was made
according to the following procedure. Starting from the
rest potential of electrode with a scan rate 0.1 mV/s, the
potential was changed in the positive direction to reach
�0.05 V and after the reversal of polarization the po-
tential was reduced until the cathodic current of 4 mV
was attained. At this moment the direction of polariza-
tion was again reversed and the potential sweep was
terminated at the starting potential.

For observing the morphological changes of elec-
trodes resulting from the electrochemical and thermal
treatment the scanning electron microscopy (SEM)
analysis was carried out using a Tescan-Vega 5135 with
the acceleration voltage of 15 kV.

Results and discussion

Figure 1a shows SEM micrographs for nickel foam. As
seen from this Figure, the nickel skeleton is composed of
holed cells linked to each other. The arch ribs of these
cells with sharp edges are non-porous. Only grain
boundaries are visible at a high magnification (see inset).
CV curves recorded in 6 M KOH for nickel foam elec-
trode are shown in Fig. 2. During the forward sweep,
starting at the rest potential of electrode, an asymmetric
anodic peak (A2), associated with the oxidation reaction
b-Ni(OH)2 fi (b,c)-NiOOH [36, 37, 52–56], is recorded
at the potential of about 0.4 V. This peak is responded
by cathodic peak appearing at 0.3 V during the back-
ward sweep. During the following cycles, peak A2 splits
into two peaks, due to the formation of two forms of
NiOOH, b and c and, an increase in the peak current
takes place.

After addition of 0.1 M methanol to KOH solution
(Fig. 3), only a small anodic peak A2 is recorded in
the first cycle at the potential corresponding to
the b-Ni(OH)2 fi (b,c)-NiOOH transformation. On
increasing the potential further, the peak current raises
violently to form a broad peak A3 at about 0.6 V, which
is responded by an anodic peak a3, corresponding to the
reactivation of the catalytic sites present on the electrode
surface. Both these effects are indicative of the oxidation
of methanol catalyzed by Ni(III) ions present in NiOOH
formed at the nickel foam surface [37, 53, 57, 58]. In the
next cycles, peak A3 becomes much more shaped (CV

Table 1 A list of examined nickel-based composite electrodes

Electrode symbol Electrode composition

Ni Nickel foam
Ni/Pt Nickel/platinum
Ni/PANI/Pt Nickel/polyaniline/platinum
Ni/C Nickel/carbon
Ni/Pt/C Nickel/platinum/carbon
Ni/C/Pt Nickel/carbon/platinum
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curve for the tenth cycle is presented in Fig. 3). For the
tenth cycle, a sharp and relatively high peak A2 is re-
sponded by proportionally higher cathodic peak. This
result means that the amount of Ni(III) on the Ni elec-
trode increases upon cycling. Simultaneously, the elect-
rocatalytic activity towards methanol oxidation
decreases a little (the decrease in peak A3). One of the
reasons, which should be concerned, to elucidate such
behavior is an exhaustion of methanol at the electrode/
electrolyte interface upon cycling. This reason has its
origin in both a low concentration of methanol in KOH
solution and the difficulty in methanol transportation
from the bulk of electrolyte to the electrode surface in an
unstirred solution.

The electrocatalytic activity of the electrode toward
methanol oxidation considerably increases in the

above-mentioned potential range (about twofold higher
intensity of peak A3) for Ni/Pt electrode (solid line in
Fig. 4). This increase can be attributed to the catalytic
action of Pt particles dispersed on the nickel surface. The
anodic peak appearing during the forward sweep fol-
lowed by the reactivation anodic peak during the
backward sweep have been previously found, in
the potential range close to that discussed here, for the
reaction of methanol oxidation occurring on smooth Pt
foil and on porous unsupported Pt electrodes in 6 M
KOH [17]. As compared to Ni/Pt electrode, much higher
peak A3 is observed in Fig. 4 for a sandwich-like elec-
trode consisting of three layers: Ni/PANI/Pt (dashed
line) (Table 1). The increase in current density of peak
A3 occurs in parallel with the increase in both the anodic
peak A2, corresponding to the oxidation reaction

Fig. 1 SEM micrographs for
nickel foam (a), Ni/PANI (b),
Ni/PANI/Pt (c), Ni/C (d), Ni/
C/Pt (e)
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Ni(OH)2 fi NiOOH, and the cathodic response from
this reaction on the backward sweep. The existence of
the peaks arising from methanol oxidation promoted by
Ni(III) ions show that PANI film is sufficiently porous to
make the diffusion of both the OH� ions and methanol
molecules to the nickel surface possible. A better

electrocatalytic activity of Ni/PANI/Pt electrode in the
potential range 0.4 V M 0.7 V indicates that Pt nano-
particles are dispersed not only on the porous PANI
surface (Fig. 1c) but also in the PANI interior down to
the PANI/Ni interface. It is likely that the Pt-Ni inter-
action on the nickel foam surface is responsible for a
higher efficiency of the Ni(OH)2 fi NiOOH transfor-
mation. Due to this reaction occurring on the Ni surface,
the Ni-Pt sites change into NiOOH-Pt ones. Apart from
the peaks observed in Fig. 4 in the potential range 0.4 V
M 0.7 V, a new pair of peaks (A1-a1), associated with the
oxidation of methanol, is recorded for the Ni/Pt and Ni/
PANI/Pt electrodes in the potential range �0.5 V M

0.1 V. Because in this potential range, NiOOH does not
exist due to the precedent reduction occurring during the
negative scan, the restored Ni-Pt sites take part in the
reaction of methanol oxidation. As seen from Fig. 3,
peaks (A1-a1) do not appear in this potential range for
platinum-free electrodes. From this discussion one can
infer that in the case of nickel foam-based electrodes
coated with dispersed Pt, the process of methanol oxi-
dation develops consecutively in two potential ranges
involving the reaction occurring at low potentials with
the assistance of Ni-Pt catalyst (peak A1) and the reac-
tion catalyzed by NiOOH-Pt at high potentials (peak
A3). The peaks positioned at low potentials have been
recently reported for the oxidation of methanol taking
place in alkaline solutions at the carbon-supported Co-
Pt nanoparticles [51] and carbon-supported Au-Pt
nanoparticle catalysts [59]. The peaks (A1-a1) in Fig. 4
are higher for Ni/Pt (solid line) than for a ternary Ni/
PANI/Pt (dashed line), in which Pt particles are dis-
persed on/in the PANI matrix coating the nickel surface
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(Fig. 1c). This result seems to be striking in the light of
fact that the latter electrode is more active in the oxi-
dation reaction of methanol occurring at high potentials
within the peaks (A3-a3). This discrepancy vanishes,
however, if it is distinguished that different catalytic
sites, Ni-Pt existing in a low potential range and NiO-
OH-Pt existing in a high potential range, are involved in
the reactions corresponding to peaks A1 and A3,
respectively.

CV curves recorded for electrodes modified in such
a way that PANI film was transformed into carbon
layer due to heat treatment are shown in Fig. 5. As
seen from this Figure, carbon layer coating the nickel
surface of Ni/C electrode results in almost complete
inactivation of nickel toward methanol oxidation (da-
shed line). Similar effect is observed for Ni/Pt/C elec-
trode, in which Pt particles are sandwiched between
nickel substrate and carbonized layer of polyaniline
(solid line). The morphology of the nickel surface
coated with carbon layer is shown in Fig. 1d. As can
be seen from the image recorded at a higher magnifi-
cation (see inset in Fig. 5), the outer surface of carbon
layer is porous. This observation must not mean that
some metal surface is unoccupied by carbon, because
carbon sponge could grow on the thin and nonporous
carbon layer strictly adhering to metal. In such a case
the loss of electrocatalytic activity of Ni and Pt in Ni/
C and Ni/Pt/C composite, respectively, can be inter-
preted assuming that a tight carbon layer makes an
access of electrolyte to the metal surface impossible.
For electrodes not completely coated with carbon layer

their inactivation might be ascribed to the gas prod-
ucts evolved during the carbonization process of
PANI, which are adsorbed at the Ni and Ni-Pt sites
resulting in their poisoning. The poisoning of catalysts
in fuel cells by CO is well known. For the tenth cycle
a considerable increase in current density of Ni/Pt/C
and only a small increase of Ni/C electrode were noted
in the potential range 0.4 V M 0.7 V (see inset in
Fig. 5). This feature shows that the Ni electrode onto
which platinum particles are deposited is much more
effectively reactivated. In contrast to Ni/C and Ni/Pt/
C electrodes, Ni/C/Pt electrode exhibits a high elect-
rocatalytic activity in the reaction of methanol oxida-
tion. It is worth noting that for this electrode Pt
particles were deposited on a porous carbon layer
covering the nickel foam surface (dotted line in
Fig. 5). This electrode is active not only in the po-
tential range 0.4 V M 0.7 V, where the reaction is
catalyzed by Ni(III) but also in the potential range
�0.5 V M 0.1 V, where the reaction is controlled by
Ni-Pt catalysts. It suggests that during the cathodic
process of Pt deposition on the carbon surface, Ni
sites coated with carbon film are uncovered. In con-
trast to Ni/C/Pt, for Ni/Pt/C no anodic peak is re-
corded at about �0.1 V. The lack of this peak proves
that in the latter electrode Pt particles cannot take into
reaction with methanol because they are encapsulated
in a tight and non-porous carbon shell. The problem
of the electrochemical reactivation of catalyst by the
cathodic treatment is discussed below.

As can be seen from Fig. 6, Ni/Pt/C electrode is the
only one, which upon cycling demonstrates an increas-
ing catalytic activity in the potential range 0.5 V M

0.7 V. Concerning the electrocatalytic behavior of Ni/
C/Pt electrode, in which Pt particles are present on/in
carbon layer instead under this layer (as for Ni/Pt/C
electrode), one can notice that in comparison with the
best Ni/Pt and Ni/PANI/Pt electrodes in the potential
range 0.5 V M 0.7 V, the electrocatalytic activity of Ni/
C/Pt electrode is a little worse in the first cycle but is
significantly better in the tenth cycle. This result indi-
cates that there is an access of methanol to Ni sites. Ni/
C/Pt electrode is the most resistant against the cyclic
poisoning among all the examined electrodes. Such a
behavior may be related to a porous structure of the
carbon layer, which enables both a fast transportation
of methanol-admixed electrolyte to the nickel surface
and homogeneous dispersing of Pt nanoparticle catalyst
on porous carbon surface (Fig. 1e). From comparison
of Figs. 5 and 4, the conclusion can be drawn that Ni/
C/Pt electrode is more active toward methanol oxida-
tion in the potential range �0.5 V M 0.1 V than elec-
trode Ni/PANI/Pt but less active than electrode Ni/Pt
(Table 2). Tentative explanation for the best electro-
catalytic activity of Ni/Pt electrode may be synergic
interaction of Pt particle with Ni sites on the nickel
foam surface. The improvement of the electrocatalytic
activity of platinum nanoparticles in the reaction of
methanol oxidation due to synergic effect has been
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recently reported for carbon-supported bimetallic Co-
Pt [51] and Au-Pt [59] catalysts. It is interesting to note
that the electroactivity of Ni/Pt electrode (expressed as
the anodic peak current; see Table 2) is 70% higher in
the first cycle and only 30% higher in the tenth cycle as
compared to that of Ni/C/Pt electrode. On the other
hand, cyclic inactivation proceeds the most rapidly for
Ni/PANI/Pt electrode. This fact may be related to
chemical degradation of polyaniline layer at high
potentials.

Figure 7 presents the influence of the methanol con-
centration on the kinetics of the oxidation reaction of
methanol for the Ni/Pt and Ni/C/Pt electrodes. A par-
ticular attention in this Figure is paid to the reaction
proceeding in low potential range. From a comparison
of CV curves recorded in the electrolyte containing
0.1 M (curves (a’) and (b’) presented in insets) and
1.0 M (curves a and b) of methanol, it is clear that the

reaction rate of both electrodes considerably increases
for higher concentration of methanol. However, the in-
crease in anodic peak positioned at about �0.1 V is
much more marked for Ni/Pt electrode (20-fold increase
in the first cycle; solid line) than for Ni/C/Pt electrode
(tenfold increase in the first cycle; dashed line). A char-
acteristic property of the curves recorded in 6 M KOH
admixed with 1 M methanol is the appearance of dis-
tinctly pronounced anodic peak at about �0.35 V dur-
ing the backward sweep. The existence of this peak is
generally accepted as an evidence for the occurrence of
methanol oxidation on the reactivated catalyst surface.
In the tenth cycle a shoulder appears at the left side of
the anodic peak during the forward sweep. This feature
can be related to bi-functional performance of Ni/Pt
catalyst arising from the contribution of electrocatalytic
activity of each component to the oxidation reaction of
methanol.
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Fig. 6 Effectiveness of various
electrodes in the reaction of
methanol oxidation estimated
by comparison of anodic
charges calculated based on CV
curves recorded in (Figs. 1, 2,
3). Potential range: 0.5 V M

0.70 V

Table 2 Electrochemical data measured based on cyclic voltammograms for various types of nickel-based composite electrodes recorded
in 6 M KOH containing 0.1 M CH3OH

Electrode symbol Cycle number A1-forward scan A2-forward scan A3-forward scan a3-backward scan

Peak
potential,
E (mV)

Peak
current,
i (mA/cm2)

Peak
potential,
E (mV)

Peak
current,
i (mA/cm2)

Peak
potential,
E (mV)

Peak
current,
i (mA/cm2)

Peak
potential,
E (mV)

Peak
current,
i (mA/cm2)

Ni 1 – – 458 14.5 590 36.2 559 31.6
10 – – 430 21.7 590 31.9 550 29

Ni/Pt 1 �109 22.5 440 24.7 590 74.1 561 58.4
10 �192 16.3 422 38.3 590 42.8 542 33.1

Ni/PANI/Pt 1 �126 10.8 432 26 590 87.1 578 50.7
10 �191 3 413 36.4 590 44.5 560 25.9

Ni/C 1 – – – – 590 9.7 – 13.8
10 – – – – 590 8.3 – 15.1

Ni//Pt/C 1 – – – – 590 9.7 540 5.7
10 – – 430 11.4 590 21.5 558 16

Ni/C/Pt 1 �85 13.2 445 27.1 590 72 576 47.7
10 �132 12.3 427 22.8 590 52.1 576 38.9
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The effect of cathodic treatment of nickel foam and
Ni/C composite, prior to the Pt deposition, on the
activity of Ni/Pt and Ni/C/Pt electrodes in the reaction
of methanol oxidation is shown in Fig. 8. This treatment
associated with hydrogen sorption exerts no influence on
the electrocatalytic activity of Ni/Pt electrode, whereas
the activity of the cathodically-treated Ni/C/Pt (dashed
line) is 1.8 times higher as compared to untreated elec-
trode (dotted line). This improvement might be attrib-
uted to the following effects: (a) the reduction of a non-
conductive passive layer existing between the nickel
surface and adjacent carbon layer, (b) the removal of
surface functional groups from the carbon surface
resulting in enhanced activity of the carbon-supported
Pt sites, (c) the development of the carbon layer poros-
ity, via the opening of pores, allowing an easier pene-
tration of both the PtCl6

2� ions to the nickel surface to
form a binary Ni-Pt sites upon electrochemical deposi-
tion, and methanol molecules to these sites in the course
of its electrooxidation.

Conclusions

The reaction of methanol oxidation in alkaline solution
was studied by cyclic voltammetry using a series of new
nickel foam based composite electrodes. It was shown
that the process at nickel foam electrode occurs via the
oxidation reaction Ni(OH)2 fi NiOOH in the potential
range 0.5–0.7 V. The electrocatalytic activity of the
electrode toward methanol oxidation increases signifi-
cantly after dispersing the platinum nanoparticles on the
nickel surface. For this electrode, the second region of
methanol oxidation was also revealed at low potentials
ranging between �0.5 V and 0.1 V. The reaction taking
place in this potential range can be related to the first
step of methanol oxidation at the Pt nanoparticles.
However, to explain in detail the mechanism of a two-
step reaction of methanol oxidation further investiga-
tions are needed. The oxidation of methanol in the two
zones was also observed for the Ni/PANI/Pt and Ni/C/
Pt composite electrodes. The character of CV curves
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Fig. 7 Cyclic voltammograms recorded for methanol oxidation on
nickel-based composite electrodes in 6 M KOH containing 1.0 M
CH3OH (a), (b) and in 6 M KOH containing 0.1 M CH3OH (a¢),
(b¢). Scan rate: 50 mV/s. Potential range: �0.65 V M 0.70 V. Cycle
1 (solid line), cycle 10 (dashed line)
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Fig. 8 Cyclic voltammograms recorded for methanol oxidation on
a Ni/Pt electrode, b Ni/C/Pt electrode exposed to cathodic
treatment prior to Pt deposition, c Ni/C/Pt electrode in 6 M
KOH containing 0.1 M CH3OH. Scan rate: 50 mV/s. Potential
range: �0.65 V M 0.70 V
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suggests that the Ni-Pt and NiOOH-Pt interactions can
play a role in determining the electrocatalytic activity of
the composite electrodes in the low and high potential
range, respectively.

In the first cycle, the electrocatalytic activities of the
examined electrodes toward methanol oxidation in
the potential range �0.5 V M 0.1 V are in order
Ni/Pt > Ni/C/Pt > Ni/PANI/Pt, whereas in the po-
tential range 0.5 V M 0.7 V in order Ni/Pt > Ni/PANI/
Pt > Ni/C/Pt > Ni. Among the examined electrodes,
the most resistant to cyclic inactivation appeared to be
Ni/C/Pt electrode. After ten cycles the loss in activity for
this electrode was 7.3%, whereas for Ni/Pt electrode (the
most active electrode in the first cycle) it was 38.0%. It is
worth noting that for a long-term cyclic oxidation of
methanol, the Ni/Pt/C electrode demonstrated the most
pronounced increase in activity. Its anodic charge
changed from 193 mAs for the tenth cycle to 284 mAs
for the hundredth cycle. Despite such an improvement,
the latter value was still lower than that of the Ni/C/Pt
electrode; 383 mAs.

All the examined electrodes exhibited enhanced
electrocatalytic activity on increasing the methanol
concentration in KOH solution. The increase in activity
varied depending on the type of electrode. For example,
the anodic peak current at about �0.1 V increased 19.8
times for the Ni/Pt electrode and 7.6 times for Ni/C/Pt
electrode as the methanol concentration changed from
0.1 M to 1.0 M.

The preliminary studies showed that the electrocata-
lytic activity of Ni/C/Pt catalyst can be improved if the
binary Ni/C electrode is electrochemically treated in the
region of hydrogen sorption followed by the deposition
of Pt nanoparticles on the modified carbon surface. The
results of measurements not reported here show that the
effectiveness of such a treatment depends on the exper-
imental conditions (e.g., the potential of hydrogen evo-
lution, the number of cycles and the cycling mode).
Based on this, one can expect further improvement of
the catalyst activity owing to the optimization of this
method.
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cik G, Młynarek G, Kołata J, Skowroński JM (1999) J Power
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