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Abstract

Methanol electro-oxidation is investigated at graphite elec-
trodes modified with various platinum and nickel nano-
particle deposits using cyclic voltammetry. The modified
electrodes are prepared by the simultaneous electrodeposi-
tion of metals from their salt solutions using potentiostatic
and galvanostatic techniques. They show enhanced catalytic
activity towards methanol oxidation in KOH solution. The
catalytic activity of platinum nano-particles is found to be
significantly affected by the presence of relatively small
amounts of nickel deposits. A comparison is made between
the electrocatalytic activity of Pt/C and (Pt-Ni)/C electro-
des. The results show that the methanol electro-oxidation
current increases with an increase in the nickel content. In
particular, the highest catalytic activity is achieved for plati-

1 Introduction

The electro-oxidation of methanol is a research topic of
great importance to the development of high performance
methanol fuel cells. The direct alcohol fuel cell appears to be
a promising system because the methanol or ethanol used is
not reformed into hydrogen gas, but is oxidized directly in
the cell. Obviously, in direct methanol fuel cells, the appropri-
ate choice of catalyst is of the utmost importance for the oxi-
dation process. Fundamental worldwide research efforts are
currently directed towards the development of anode electro-
catalysts with high catalytic activity [1, 2]. Pt metal [3] is con-
sidered to be the most active catalyst for the electro-oxidation
of methanol, but the reaction on Pt is retarded by strongly
adsorbed intermediates such as CO [4]. The oxidation of these
intermediates can be enhanced at certain platinum based bin-
ary/ternary systems [5] and in some cases quaternary sys-
tems [6]. It is known that the incorporation of a second metal
can significantly affect the catalyst behaviour, due to the for-
mation of alloys. They exert a promoting effect on the reac-
tant, blocking metal migration as well as creating mixed

num to nickel deposits of 95%:5% (wt.-%), in other cases the
catalytic activity decreases. It is found that Ni enhances the
catalytic activity of Pt by increasing the number of active
sites, as well as through an electron donation process from
Ni to Pt. This process takes place once the nickel hydroxide
(Ni(OH);)/nickel oxy-hydroxide (NiOOH) transformation
begins. The effect of the methanol concentration on the
methanol oxidation reaction is investigated. The order of
reaction, with respect to methanol, at the modified (Pt-Ni)/C
electrode is found to be 0.5.

Keywords: Alkaline Media, Electrocatalyst, Methanol Fuel
Cells, Nano-Particles, Platinum-Nickel

active sites [7, 8]. In addition, this reduces the cost of the elec-
trocatalyst [9]. As examples: Ru [6, 10], Mo [11], and Cu [12]
have been used as catalysts together with Pt.

The process of modifying Pt electrodes using various
metals has been carried out in different ways, including alloy-
ing [6], dispersing metal particles on electronically conduct-
ing polymer supports [13, 14] or on carbon supports [15, 16],
using a zeolite support [10, 17], etc. Recently, Okada et al. [18]
developed a new class of low cost electrocatalysts based on
platinum and organic metal complexes supported on graph-
ite powder. Of late, numerous attempts have been made to
prepare other catalysts, not based on Pt. These were found to
have a good promoting effect for methanol oxidation, e.g.,
iron-ruthenium modified activated carbon [15] and nickel-
modified manganese oxide [19].

It is well established that nickel, as well as nickel-plati-
num, can be used as a catalyst for the electro-oxidation of
alcohols. In alkaline solutions, a nickel anode polarized ano-
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dically is covered with a high valency nickel oxy-hydroxide
species (NiOOH), which is commonly believed to act as a
redox mediator between the substrate and electrode. A plati-
nized Ni electrode is more active than simple nickel or plati-
nized platinum electrodes for methanol oxidation in NaOH
solution [20]. It was recently reported [21] that Ni, dispersed
on graphite, showed catalytic activity towards methanol oxi-
dation in KOH solution. In the present paper, the aim is to
investigate the catalytic properties of platinum-nickel
dispersed on a graphite electrode towards this reaction.
Special attention is paid to the effect of the relative amount of
Pt-Ni simultaneously electrodeposited potentiostatically and
galvanostatically.

2 Experimental

In a previous study [22] it was revealed that the catalytic
activity of a bimetallic catalyst towards methanol oxidation is
strongly dependent on the method of catalyst preparation.
Also, the use of the simultaneous electrodeposition method
for preparing the bimetallic catalyst was recommended. In
the present investigation, electrochemical measurements
were performed on spectroscopically pure crystalline graph-
ite disc electrodes, with an apparent surface area of 0.37 cm?,
modified with platinum and simultaneously electrodeposited
with platinum and nickel. Before the electrodeposition of the
platinum and nickel, the graphite electrode was mechanically
polished using metallurgical papers of various grades and,
subsequently, it was degreased with acetone, rinsed with dis-
tilled water, and dried with soft tissue paper. The electrode
surface was then activated using potentiostatic polarization
at 1,400 mV for 5 minutes. This was followed by cyclic polar-
ization from the potential of hydrogen evolution (-800 mV)
to a potential beyond oxygen evolution (1,400 mV) in
1.0 M H,S0,, at a scan rate of 50 mV s~ for 50 cycles.

The catalyst particles were deposited on the graphite
substrate by electrochemical deposition from an aqueous
solution. The platinum was deposited potentiostatically at
-1,000 mV vs. Hg/HgSO,4/1.0 M H,SO, (MMS) in 1.0 M H,50,
solution containing 8 mM H,PtCle. Similarly, platinum and
nickel were electrodeposited simultaneously in H,SO, solu-
tion containing 8 mM H,PtCl, and different concentrations of
NiSO,. Three electrodes were prepared with different Pt to
Ni ratios. This was achieved by changing the molar ratios of
the platinum and nickel salts in the deposition bath. The first
electrode was prepared potentiostatically at a Pt to Ni molar
ratio of 1:1 by the simultaneous deposition of Pt and Ni from
a solution of 8 mM H,PtClg and 8 mM NiSO,. The second
electrode was prepared at a Pt to Ni molar ratio of 1:8 from a
solution of 8 mM H,PtCls and 64 mM NiSO,. Finally, the
third was prepared at a Pt to Ni molar ratio of 1:16 from a
solution of 8 mM H,PtClg and 128 mM NiSO,. Some deposi-
tion experiments were carried out galvanostatically at
1.0 mA cm™. After the electrodeposition of the Pt and Ni par-
ticles, the electrode was removed from the deposition bath,

washed with distilled water, and dried in a jet of air. No
further electrode pretreatment was necessary to avoid
changes to the substrate surface. The electrode was then
transferred to the electrochemical cell containing the test solu-
tion, ready for the electro-oxidation of methanol.

The electrochemical measurements were performed using
cyclic voltammetry. Details of the electrochemical equipment,
as well as the electrolytic cell, are described elsewhere [23].
EDX and SEM analyses were also carried out for the composi-
tional and morphological characterization of the modified
electrode, respectively. The reference electrode, to which all
potentials are referred, was the Hg/HgO/1.0 M NaOH
(MMO) and a Pt sheet was used as the counter electrode. The
electrochemical measurements were carried out in aerated
1.0 M KOH at room temperature (30 + 0.2 °C). Methanol was
used as received without further purification. Triply distilled
water was used throughout for the preparation of solutions.

3 Results and Discussion

The electrochemical oxidation of methanol was carried out at
the modified Pt/C and (Pt-Ni)/C electrodes in an aqueous solu-
tion of 1.0 M KOH using cyclic voltammetry. The (Pt-Ni)/C
modified electrode used in this study was prepared by the
simultaneous electrodeposition of Pt and Ni from a
deposition bath containing 8 mM K,PtCle + 64 mM NiSO; in
1.0 M H,SO,. After preparation, a scanning electron micro-
graph was recorded to examine the electrode surface. The micro-
graph, shown in Figure 1, shows a homogeneous distribution of
both the platinum and nickel particles. Platinum particles were
deposited as small particles in the range from 100 to 300 nano-
metres, while the Ni was in the form of clusters. Under the
experimental conditions of the present paper, it was found that
the electrodeposited Pt particles were smaller in size than the Ni

preparation. (The dimension bar <> is equivalentto 1 um.)
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Fig. 2 Cyclic voltammogram of the (Pt-Ni)/C electrode in 1.0 M KOH so-
lution. (The electrode was prepared in a solution of metal ions with a Pt-Ni
molar ratio of 1:8)

particles (this is according to our previous study [21]). Figure 2
shows the cyclic voltammetric behaviour of the modified
(Pt-Ni)/C electrode in 1.0 M KOH, at a scan rate of 10 mV s
As seen in Figure 2, anodic and cathodic peaks are detected,
reflecting the features of both nickel and platinum. The peaks
appearing at—625 mV (I,) and =750 mV (1) in the anodic and the
cathodic directions, respectively, are associated with the adsorp-
tion and desorption of bound hydrogen atoms on the platinum
surface [24]. A very broad anodic peak (II,) was observed in the
range between —400 and 450 mV. The formation of monolayer
platinum hydroxide was previously reported in the same poten-
tial range [25, 26]. The cathodic peak at-380 mV (Il.) is related to
platinum hydroxide reduction in the negative sweep [27]. Oxy-
gen evolution starts at about 700 mV (MMO). In addition to the
characteristic features of platinum, a redox couple, (III,) and
(II1,), appears in Figure 2 at 590 and 350 mV in the anodic and
cathodic directions, respectively. These peaks correspond to the
oxidation of Ni(OH), to NiOOH, in accordance with the reaction
[28,29]:

Ni(OH), + OH & NiO(OH) + H,O + e~

The voltammetric response of the (Pt-Ni)/C electrode
(Pt to Ni molar ratio of 1:8) in KOH solution containing 0.5 M
methanol at a scan rate of 10 mV s is represented in Fig-
ure 3, in addition to that of the Pt/C electrode, for compari-
son. The voltammogram for the Pt/C electrode shows an
increase in the anodic current, starting at about -0.52 V, lead-
ing to an anodic peak at about 0.98 V, which corresponds
with methanol oxidation. The modification of the Pt/C elec-
trode by the co-deposition of platinum with nickel (to form
(Pt-Ni)/C) enhances the anodic peak current density for
methanol oxidation by about 2.6 times. In addition, the
anodic peak potential was slightly shifted towards a less posi-
tive value. At both electrodes, the methanol oxidation reac-
tion starts at -0.52 V, after hydrogen adsorption, and is linked

with OH,q4s layer formation, where the onset of the reaction

coincides with the beginning of OH,q4s layer formation and

takes place in the potential region associated with OH" elec-
trosorption [30]. The reaction reaches a maximum rate at the
peak potential +0.965 V, which is located close to the end of

OH adsorption. The oxidation rate decreases beyond this

potential value, which is probably due to oxide layer forma-

tion [31] and the decrease in the surface coverage of metha-
nol. In addition, methanol oxidation recommences in the
reverse scan at about -0.175 V, reaching its maximum rate at

-0.225 V. T.-C. Wen et al. [32] conclude that methanol oxi-

dizes again in the reverse scan after the partial reduction of

monolayer-like Pt(OH),, which commences at about 0.00 V

(MMO).

In the present results, the cyclic voltammograms for
methanol oxidation, obtained on both modified electrodes
(Pt/C and (Pt-Ni)/C), are the same shape. This led to the con-
clusion that Pt atoms represent the main active sites for the
oxidation reaction. Therefore, the enhanced electrocatalytic
activity of the (Pt-Ni)/C electrode may result from one or
both of the following:

(i) The increase in electroactive platinum species, due to the
increase in the defects in the Pt deposit, caused by the
introduction of nickel [32]. In other words, Ni, like Sn
[33, 34], facilitates the adsorption of oxygen containing
species, such as OH,q4s, so, the adsorbed Pt-OH reacts
with the organic poison.

(ii) It has been reported that enhanced methanol oxidation
on Pt-based nano-particles that have been alloyed with a
transition metal such as nickel, which has a lower electro-
negativity than platinum, can be attributed to a change in
the electronic properties of platinum [35, 36].

Experiments were carried out to estimate the true surface
area of both modified electrodes. the Hydrogen adsorption
measurements can be used to estimate the true surface area.
The charge due to hydrogen adsorption on both electrodes
was evaluated. This charge was then used to estimate the sur-
face area, as in the method cited in reference [37 (and
33 herein)]. Values of 124.9 cm? and 104.6 cm® were esti-
mated for the true surface area of the Pt/C and (Pt-Ni)/C
electrodes, respectively. According to these values, the higher
currents for methanol oxidation observed at the modified
(Pt-Ni)/C electrode, compared to that obtained at the Pt/C
electrode, Figure 3, could possibly be due to the first reason
stated above. It is proposed that further enhancement could
arise through electron donation from nickel to platinum,
modifying its electronic properties, improving the electroca-
talytic activity, and preventing the adsorption of the poison-
ing intermediates on the Pt surface. The electron donation
process takes place once the nickel hydroxide (Ni(OH),)/
nickel oxy-hydroxide (NiOOH) transformation has taken
place. It is noted that this transformation commences at 0.5 V,
Figure 2. Figure 4 represents a relation derived from the vol-
tammograms in Figure 3. It relates changes in the methanol
oxidation current with potential (dI/dE) and the correspond-
ing polarization potential (E). It is clear from this figure that

300 © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 3 Voltammetric behaviour of Pt/C and (Pt-Ni)/C electrodes (Pt-Ni
molar ratio of 1:8) in 1.0 M KOH solution in the presence of 0.5 M
methanol.
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Fig. 4 Variation of (dI/dE) for methanol oxidation at the (P+-Ni)/C elec-
trode (P+-Ni molar ratio of 1:8) with the polarisation potential.

the presence of nickel in the modified electrode enhances the
catalytic activity of platinum and that a more enhancing effect
is achieved starting from 0.5V (the inflection point of the
(Pt-Ni)/C curve in Figure 4), the potential at which the
Ni(OH),/NiOOH transformation commences. This assump-
tion is in agreement with the work of Toda et al. [36], who
also attributed the enhanced electrocatalytic activity of a
Pt/C electrode, after the introduction of nickel, to the action
of the redox couple Ni(II) /Ni(Ill), which promotes the forma-
tion of an electroactive hydroxyl Pt(I) species. This hydroxyl
platinum species is an intermediate between Pt(0) and Pt(II).
The effect of the amount of platinum and nickel, deposited
on graphite, on the methanol oxidation reaction was investi-
gated. Three modified (Pt-Ni)/C electrodes, differing in the
Pt:Ni ratios, were prepared. Different ratios were achieved by
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Fig. 5 EDX spectra of the modified (P-Ni)/C electrodes. The molar con-
centrations of platinum and nickel ions in the deposition baths were

{a) 1:1, (b) 1:8, and (c) 1:16, respectively.

changing the relative concentration of the Pt and Ni salt solu-
tions in the deposition bath. As mentioned in the experimen-
tal, the electrodeposition of platinum and nickel was con-
ducted in 1.0 M H,SO, solution, containing 8 mM K,PtCle
and 8, 64, or 128 mM NiSQOy,, i.e., the molar ratios of plati-
num:nickel ions were 1:1, 1:8, and 1:16, respectively. Figure 5
shows the EDX spectra recorded for the three electrodes pre-
pared potentiostatically at —1,000 mV (MMO) for 30 minutes.
The compositions (Pt:Ni ratio, by weight) of the three elec-
trodes were found to be 98.09%:1.91%, 94.98%:5.02%, and
94.45%:5.55%, respectively. The ratios obtained from the EDX
analyses are not an exact match for the molar concentrations
of metal ions in the deposition solution. However, there is an
indication that the Ni content in the modified electrodes
increases as the concentration of Ni ions in solution increases.
The variation of the oxidation peak current density values, as
well as peak potentials, for methanol oxidation with deposi-
tion time for the various modified electrodes prepared in the
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Fig. 6 Variation of peak current densities (a) and peak potentials (b) for methanol oxidation at various modified electrodes with deposition time. (Metals
are simultaneously deposited potentiostatically and the P-Ni ratios indicated are molar ratios).

deposition baths of different Pt-Ni molar ratios are shown in
Figure 6. It is observed that, for all modified electrodes, the
oxidation peak current densities increase with increasing
deposition time (Figure 6). On the other hand, a potential
shift towards more positive values was observed for deposi-
tion times up to about 10 minutes, after which a slight
increase in peak potential was observed in all cases except for
the (Pt-Ni)/C electrode prepared in the bath of molar ratio
1 Pt:8 Ni, where a slight decrease in peak potential was ob-
served with increasing deposition time (Figure 6b). The intro-
duction of small amounts of nickel, up to about 5% (see EDX
analyses in Figure 5), enhances the methanol oxidation reac-
tion. This may be attributed to the increase in the number of
electroactive platinum species with the increase in the defects
in the Pt deposit, due to the presence of nickel [32]. When the
nickel content is greater than 5%, i.e., in the case of an elec-
trode prepared in a deposition bath with a Pt to Ni molar
ratio of 1:16, a decrease in the current density for methanol
oxidation is observed (see Figure 6a). Increasing the Ni con-
tent beyond 5% may facilitate the formation of a passive and
irreducible f-Ni(OH)2 film, which inhibits the methanol oxi-
dation process.

The simultaneous electrodeposition of nickel and platinum
metals on a graphite electrode was carried out using the
galvanostatic method, at a constant current density of
1.0 mA cm™. For comparison, a Pt/C electrode was prepared
by the electrodeposition of platinum on a graphite electrode
at the same current density. The same behaviour was ob-
served compared to electrodes prepared via the potentiostatic
technique. However, lower oxidation current density values
are observed. This could be attributed to the effect of the
deposition technique on the metal particle growth rate. The
galvanostatic deposition technique produces relatively large
particles [21], of lower actual surface area, which approach
the behaviour of the bulk metal and with their tendency to
inhibit methanol adsorption.

A set of experiments was carried out at different methanol
concentrations. The methanol concentrations used ranged
from 0.10 to 0.75 M in 1.0 M KOH. A modified (Pt-Ni)/C
electrode, of ratio 1:8, prepared via the potentiostatic tech-
nique at —1,000 mV (MMS) for 1 hour was used for these
experiments. Figure 7 shows the dependence of the peak cur-
rent density (Figure 7a) and peak potential (Figure 7b) for
methanol oxidation at the (Pt-Ni)/C electrode on the bulk
methanol concentration. It can be seen from this figure that
both the methanol oxidation peak heights and peak potentials
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Fig. 7: Variation of peak current densities (a) and peak potentials (b) for
methanol oxidation with its concentration at the (Pt-Ni)/C electrode.
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Fig. 8 Relation between the logarithm of methanol concentration and the
logarithm of its oxidation peak current density at the (P+-Ni)/C electrode.

increase linearly with increasing methanol concentration over
the full concentration range studied. Increasing the methanol
concentration tends to increase the electrode surface coverage
of methanol adsorption intermediates, thus increasing the
oxidation current density and in turn the adsorbed hydroxyl
species coverage will decrease. As a result, the assumed
magnitude of the hydroxyl species current densities may only
be reached by increasing the oxidation potentials. This may
explain the shift in the oxidation peak potentials towards
more positive values with increasing methanol concentration
(see Figure 7b). The logarithmic plot of the peak current
density vs. the bulk methanol concentration, in Figure 8,
shows a straight-line relation for the slope close to 0.5, which
represents the order of reaction with respect to methanol at
the modified (Pt-Ni)/C electrode.

With repeated potential sweeps, up to 50 cycles at
50 mV s, the height of the methanol oxidation peak
decreases to 85% with respect to its value in the first cycle

Fig. 10 Scanning electron micrograph for the (Pt-Ni)/C electrode after
potentiostatic polarisation at 1,000 mV (MMO) for 2 hours in KOH solu-
tion containing 0.5 M MeOH. (Pt:Ni molar ratio of 1:8) (The dimension
bar < is equivalentto 1 um.)

compared to 78% in the case of the Pt/C electrode (see Figur-
es 9a and 9b). The (Pt-Ni)/C electrode shows good stability
with multi-potential cycling in the presence of Ni, which
proves the role of Ni in enhancing the electrocatalytic activity
of Pt. The deviation from 100% efficiency, upon repeated
potential cycling, could be due to the partial flaking of both
Pt and Ni from the electrode surface during the process, as
confirmed by a scanning electron micrograph (Figure 10).
The micrograph was recorded for the (Pt-Ni)/C electrode
after methanol oxidation in KOH solution containing
0.5 M MeOH at the peak potential for 2 hours. It was ob-
served that, after methanol oxidation, the electrode exhibited
deposits that differed in morphology from those recorded in
Figure 1, due to the formation of Ni(OH),.
For the Pt/C electrode, the loss in activity
for the methanol oxidation reaction, after

| —— 1™ cycle — 1™ oyele

200

"
2

150

I/mA cm
I/mA cm

100 -

0+ S— a3

potential cycling, may be attributed to the
coverage of the active sites by poisoning spe-
cies, such as CO. It forms quite slowly and
irreversibly replaces the reactive intermedi-
ates, which are less strongly adsorbed [36].
Therefore, it is CO,qs that actually plays the
role of catalyst poison. The carbon monoxide
formed in alkaline media is bound to the pla-
tinum surface in both linear and bridged
forms [38], where the formation of linearly
bound CO is favoured at high surface cover-
age and high positive potentials. Conversely,

-0.5 0.0 .5 1.0 -0.5 0.0
E/V (MMO)

Fig. 9 Repeated cyclic voltammograms of methanol oxidation at the (Pt-Ni)/C electrode (a)
and at the Pt/C electrode (b) at a scan rate of 50 mV s™'. ((Pt-Ni)/C electrode is of Pt to Ni

molar ratio of 1:8, respectively).

E/V (MMO)

at low levels of surface coverage and low
potentials, bridge-bonded CO is observed
[39]. With platinum in the presence of nickel,
the poisoning species can be further oxidized
at higher potentials by the action of the

0.5 10 1.5

FUEL CELLS 07, 2007, No. 4, 298-305

www.fuelcells.wiley-vch.de

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 303

(*]
=
@
=
>
F
)
m
("]
m
>
~
(o]
=
>
v
m
~




&
"
-
a
x
v
o
g
]
(]
|
o
mll
g
=
o
-
o

Fu el Cel IS Abdel Rahim et al.: Graphite Electrodes Modified with Platinum-Nickel Nano-Particles for Methanol Oxidation

nickel as oxygen containing species (OH,qs), according to the
following mechanism [40]:

Pt + CO — PtCO,q4s

PtCO,q4s + PtOH_4s + OH™ — 2 Pt + CO, + H,O + €~
Or in a more simple form [41]:

CO,qs + OH,ags = CO, + H + €7

The instability can also be explained as the change of the
surface structure after repeated cycling [42]. In general, the
electro-oxidation of methanol at platinum proceeds much
more favourably in alkaline rather than in acidic media, due
to the absence of poisoning intermediates other than CO [43],
where the intermediate products are not adsorbed on the
electrode surface. Therefore, the surface concentration of
adsorbed hydroxyl radicals would increase, thus increasing
the oxidation rate [44]. Many authors have stated that the
deactivation of the oxidation reaction at graphite based plati-
num electrodes modified with metal oxides is not due to the
formation of CO itself but other CO like poisoning species
[45]. Platinum-nickel catalysts show the best tolerance for car-
bon monoxide, where their performance was unquestionably
superior to that of Pt-Ru catalysts. Platinum-nickel catalysts
showed good stability, high corrosion resistance, and low
polarizations in the presence of CO. This effect may be related
to the strength of chemisorbed carbon monoxide bonding to
the catalyst surface [46]. The bonding of hydroxyl ions is
faster on a nickel surface than on platinum because of the
greater bonding energy of this oxygen containing species on
the nickel metal due to its ability to form lower valency
hydroxides at cathodic potentials [47]. Therefore, the
presence of nickel enhances the electro-oxidation of carbon
monoxide, thus enhancing the oxidation rate of methanol and
other organic compounds.

4 Conclusion

Graphite electrodes modified with dispersed Ni and Pt
nano-particles showed good catalytic activity towards metha-
nol oxidation in 1.0 M KOH solution. The modification of the
Pt/C electrode by the co-deposition of about 5% nickel with
platinum enhanced the methanol oxidation peak current den-
sity by about 2.6 times. The results showed that the perfor-
mance of the (Pt-Ni)/C electrode and its stability with poten-
tial cycling were much better than that of the Pt/C electrode.
The catalytic activity was found to depend on the relative
Pt:Ni ratio. If the nickel content in the modified electrode was
above or below 5% with platinum a relatively lower catalytic
activity was observed. The electrochemical deposition of Ni
and Pt, either potentiostatically or galvanostatically, showed
almost the same catalytic behaviour, but relatively low oxida-

tion current densities were obtained in the case of electrodes
prepared using the galvanostatic method. It was concluded
that nickel enhanced the catalytic activity of platinum
through an electron donation process that takes place once the
nickel hydroxide (Ni(OH),)/nickel oxy-hydroxide (NiOOH)
transformation begins. The reaction order for methanol oxi-
dation at the (Pt-Ni)/C electrode was estimated to be 0.5 with
respect to methanol concentration.
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