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Abstract

In this paper, a novel platinum nanoparticle electrode was prepared by electrodeposition from a platinum salt solution onto a nickel-chromium
substrate. The electrocatalytic activity of the electrode for methanol oxidation was studied in acidic solution. Scanning electron microscope (SEM)
and cyclic voltammetry were used to characterize the electrode surface and its electrochemical behavior. The results indicated that the platinum
nanoparticle modified electrode improved the properties of the substrate material and enhanced the catalytic activity for methanol electrooxidation.
The content of platinum metal on the electrode and the cost of the prepared catalyst were remarkably reduced.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Research on the electrocatalytic properties of electrode mate-
rials has generally focused on the catalytic oxidation of small
organic molecules mainly with the purpose of developing direct
small organic molecule fuel cells. Methanol is the one being
most intensively investigated among the different small organic
molecules [1]. Compared with other cells, the direct methanol
fuel cell (DMFC) has the properties of high efficiency and lower
polluting emissions. The most active catalyst toward methanol
oxidation is platinum or platinum-based alloys in acidic solu-
tions. Numerous modifications of platinum electrodes have been
carried out in order to enhance the electrocatalytic oxidation
process. Although electrocatalysts based on Pt and Pt—Ru alloys
have been developed good activities, the costs of these materials
are often very expensive. A great deal of interest has recently
been devoted to the development of fuel cell electrocatalysts with
the aims of increasing their activity and reducing their cost.

Various multi-component platinum-based catalysts, such as
Pt/Rh/Pt [2], polycrystalline and single crystal gold [3], Pd/TiO»
nanotube [4], PtRu/C [5,6], PtRuRhNi multi-metallic nanopar-
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ticle [7], modified nickel hydroxide/glassy carbon electrode
[8], Sn-Mo-O [9], Pt-Ru catalysts supported by highly oriented
pyrolytic graphite [10], PtRu/C [11], carbon supported Pt—Co
alloys [12], Pt-Ru-W [13], Pt-TiO,/Ti [14], Ni-Ru/C [15], pla-
tinized Ti mesh [16], and the electrochemical deposition of Pt-Ru
nanoparticles on carbon nanotube electrode [17], have all been
used for methanol oxidation.

The purpose of the present work is to study the electrocat-
alytic oxidation of methanol on a nickel-chromium electrode
modified with platinum nanoparticles by an electrochemical
method, in order to obtain a less expensive and more active elec-
trocatalyst. The platinum nanoparticle electrode showed excel-
lent catalytic activity towards methanol oxidation compared with
a pure platinum electrode. Under the same conditions, the cat-
alytic activity of the former is 30 times higher than that of the
later. Moreover, the dosage of platinum metal in the catalyst is
remarkably reduced, the cost of prepared catalyst is therefore
greatly decreased, and the procedure is very simple.

2. Experimental
2.1. Instruments and reagents

Electrochemical measurements were carried out with a
CHI electrochemical workstation (Shanghai, China). A three-
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Fig. 1. Scanning electron micrographs of nickel-chromium substrate (A) and the platinum nanoparticles (B).

electrode system comprised of platinum nanoparticle working
electrode, platinum sheet counter-electrode, and a saturated
calomel electrode (SCE) as the reference electrode. A pure
platinum electrode with 2.5 mm diameter (0.049 cm?) was used
as comparative test. The scanning electron microscope (SEM)
image of the platinum nanoparticle film was obtained with an
AMRAY-1000B scanning electron microscope (AMRAY Co.,
USA).

Potassium chloroplatinate and methanol (Beijing, China)
were used. All the chemicals were analytical reagent grade, and
all solutions were prepared with doubly distilled water and stored
in the dark. All the experiments were carried out at room tem-
perature.

2.2. Electrode preparation

A nickel-chromium alloy rod with a 248 mm diameter
(0.048 cm?) and a 100 mm length was sealed in a matched glass
tube. One end was used as the electrode connection held out
of the glass tube, the other one as the working surface. The sur-
face was polished with 0.05 pwm alumina slurry and then cleaned
ultrasonically in HNOj3 (1:1) absolute ethanol, doubly distilled
water successively and then allowed to dry at room temperature.
After that, the electrochemical pretreatment was carried out in
0.007M K;PtClg + 0.5 M H,SO4 solutions by 50 times (about
2 h) successively cyclic scan from —0.2 to 0.5 V with a scan rate
of 10mV s~!. Platinum was uniformly electrodeposited onto
the surface of the nickel-chromium alloy substrate. Then, the
electrode was rinsed with distilled water before use.

3. Results and discussion

3.1. Distribution of platinum nanoparticles on the substrate
surface

The properties of electrode materials intensively affect the
electrochemical reaction. The nickel-chromium alloy is a very
hard metal. Itis corrosion-resistant, has few crystal irregularities,
has a high mechanical strength, wide electrochemical potential
windows and good stability. Because of its higher resistivity,
the nickel-chromium alloy shows inertia to many electrochem-
ical reactants when used as a working electrode. The alloy
materials cannot serve as the working electrode directly for

methanol oxidation. However, experiments proved that the elec-
trochemical properties of the nickel-chromium substrate can
be changed by electrodeposition of highly dispersed platinum
nanoparticles on its surface. Fig. 1A shows the SEM image of
the nickel-chromium substrate. It can be seen that there are some
regular grooves on the substrate. Its surface is mainly composed
of a nickel-chromium solid solution, and NiCr,O spinels by X-
ray diffraction (XRD) spectral analysis. Fig. 1B shows the SEM
image of the platinum deposited on nickel-chromium substrate.
The round-shaped, white spots are the platinum nanoparticles.
Obviously, the distribution of the platinum nanoparticles on the
nickel-chromium surface is uniform. Repeating the electrode-
position process under the same conditions, the results are the
same, indicating that the platinum nanoparticles deposited on
the nickel-chromium substrate had a good reproducibility.

3.2. The electrochemical characteristic of platinum
nanoparticle electrode

The electrochemical properties of the platinum nanoparti-
cle electrode were examined by cyclic voltammetry in 2.0 mM
K4[Fe(CN)g] + 1.0M KNO3 solutions. Fig. 2 shows the cyclic
voltammograms of K4[Fe(CN)g] measured with different elec-
trodes. At the nickel-chromium electrode, only the oxida-
tion peak of K4[Fe(CN)g] appears at about 0.5V without
a corresponding reduction peak (curve a), indicating that
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Fig. 2. Repetitive cyclic voltammograms of K4[Fe(CN)g] on the base electrode
before and after electrodeposited platinum: (a) before electrodeposition and (b)
after electrodeposition. Scan rate, 200 mV g1 ; K4[Fe(CN)gl, 2 x 1073 M; sup-
porting electrolyte, 1.0 M KNOs.
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Fig. 3. The cyclic voltammograms of methanol oxidation on different electrodes. (a) Pt nanoparitcle electrode at 0.5 M HClOy; (b) (a) + 0.1 M methanol; (c) bare
nickel-chromium electrode + 0.1 M methanol; (d) pure platinum electrode at 0.1 M methanol. Ccu,on, 0.1 M; v, 100 mV s~1: base electrolyte, 0.5 M HCIO4.

the oxidation of K4[Fe(CN)g] at the nickel-chromium elec-
trode exhibits irreversible electrode process. A pair of well-
defined oxidation-reduction peaks were observed at the plat-
inum nanoparticle electrode (curve b) under the same conditions.
The oxidation peak potential appears at 0.28 V and the reduc-
tion peak at 0.22'V, respectively. The potential difference of
both peaks approaches 60 mV, and the ratio of the oxidation
to reduction peak currents equals 1, which is a characteristic of
a totally reversible electrode process [18]. Compared with the
bare nickel-chromium electrode, the oxidation peak potential of
the Pt nanoparticle electrode negatively shifted to 220 mV. These
results reveal that the electrochemical properties of the platinum
nanoparticle electrode are quite similar to pure platinum elec-
trode. Indicating that the platinum nanoparticles deposited on the
nickel-chromium substrate can be used as working electrode.
According to the Randles—Sev¢ik equation [18], calculating the
true surface area of the platinized platinum electrode equals
0.066cm? by five times successively cyclic potential scans,
while the geometric area is 0.048 cm”. The result is the same
as calculated from the charge for a monolayer formation of
adsorbed hydrogen in 1.0 M H,SOy solution using 210 wC cm ™~
as the conversion factor.

3.3. The electrocatalysis oxidation of methanol

The electrocatalytic activity of the Pt nanoparticle electrode
on methanol oxidation was investigated by cyclic voltammetry.
Typical cyclic voltammograms are shown in Fig. 3. Curve a rep-
resents the voltammogram of Pt nanoparticle electrode in 0.5 M
HCIOy solution without methanol. It can be seen that there are
two pairs of oxidation—reduction peaks at about —0.1V, which
are attributed to the adsorption/desorption of hydrogen in acid
solution. The formation of platinum oxide appears at 0.7 V and
its reduction peak potential at 0.56 'V, respectively. The figure
is similar to that represented by Breiter [19] and Feltham and
Spioro [20]. The oxidation—reduction peaks of methanol are
observed at 0.64 and 0.52 V (curve b in Fig. 3). Compared with
curve a, the adsorption/desorption peaks of hydrogen at —0.1 V
are decreased, obviously. This is mainly because the competitive
absorption of methanol at Pt nanoparticle surface decreases the

adsorption quantity of hydrogen. The oxidation peak at 0.64 V is
attributed to the oxidative removal of adsorbed/dehydrogenated
methanol fragments by oxygen-containing species PtOH. Dur-
ing this process, CO, CO,, HCOOH, HCOH and HCOOCH;
are formed and CO molecules readsorb, poisoning the electrode
surface [1]. The peak current at 0.52'V is attributed to the re-
oxidation of CO and other adsorbed species.

The curve c in Fig. 3 is the voltammogram of nickel-
chromium electrode in 0.5 mol L~! HCIO, containing 0.1 M of
methanol. No current signal of methanol oxidation is observed,
indicating that the nickel-chromium electrode is inert for
methanol electrooxidation. Curve d in Fig. 3 shows the voltam-
mogram of pure Pt electrode under the same conditions. From
curve d, it can be seen that the adsorption/desorption peaks of
hydrogen appear at —0.1V, the oxidation—-reduction peaks of
methanol oxidation at 0.64 and 0.52'V, respectively. But, the
current density of pure Pt electrode for methanol oxidation is
lower than that of the Pt nanoparticle electrode. All of these
indicate that Pt nanoparticles possesses many active locations
and excellent catalytic capability to methanol electrooxidation.

The peak current, i, is proportional to the square root of
scan rate v (Fig. 4) indicating that the electrochemical oxidation
reaction of methanol is a diffusion-controlled process.
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Fig. 4. Relationship of the current density of methanol oxidation with the square
of the scan rate. Other conditions as in Fig. 3.
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Fig. 5. Cyclic voltammograms of electrodeposited platinum on a
nickel-chromium substrate in 0.007M K,PtClg+0.5M H;SO4 solu-
tion; scanning rate, 10mVs~!. a—y cyclic scanning degrees increase in
turn.

3.4. Size effects of Pt nanoparticles on methanol
electrocatalyzing

The size of the Pt nanoparticles deposited on the
nickel-chromium substrate affected the current density of
methanol oxidation. Generally, small particle size and high dis-
persion of the catalyst may result in a large active catalyst
surface area for methanol oxidation. The mean size of the Pt
nanoparticles increased with increasing the amount of platinized
platinum [21]. This implied that the size of Pt nanoparticles
depended on the potential, cyclic time or cycle number, and
the deposition potential range. Experiments proved that the
optimization deposition potential range was —0.20 and 0.50 V.
The amount of Pt nanoparticle deposited was increased with
increasing of the cyclic scan time. Fig. 5 shows the succes-
sive cyclic voltammograms of electrodeposited platinum at the
surface of nickel-chromium from —0.2 to 0.5 V. No distinct
adsorption/desorption peaks of hydrogen can be observed at
the beginning. This is because Pt nanoparticles deposited at the
nickel-chromium surface are very few at first. Then, two pairs of
oxidation—reduction peaks, which are the adsorption/desorption
peaks of hydrogen, appeared at —0.1 V. The peak currents were
increased with increasing cycle number, and their peak potentials
do not change with successive cyclic scans. This indicates that
Pt nanoparticles can be steadily formed on the nickel-chromium
substrate in a given potential scan period.

For obtaining platinum deposits, a procedure described in
references [22,23] was used. The platinum electrodeposits was

Table 1
Parameters of platinum electrodeposit on the polished Pt electrode
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Fig. 6. The relationship between peak currents of methanol oxidation and the
cyclic scan time of depositing platinum. Other conditions as in Fig. 3.

characterized by calculating the following parameters such as
the true surface (Siys, cmz), the specific surface (Ssp = Strue/Mpt,
m? g’1 ), the roughness factor (¥ =Syue/Sgeom), the platinum
loadings (my, ig) and the average diameter of platinum parti-
cles (d =6my/ pSyue (nm), where p is platinum specific density,
21.4 gcm™3). The platinum loadings were determined from the
charge during the sweep provided that the coulombic efficiency
was 100%. The true surface area of the Pt nanoparticle electrode
was calculated from the reduction charge of absorbing hydrogen
and the oxidation charge of ferrocyanide. These parameters are
summarized in Table 1.

It can be seen from Table 1 that the platinum electrode-
posit has the largest true surface and the appropriate size, and
the best electrochemical response for methanol electrooxidation
was also observed at Pt nanoparticle electrode with the electrode-
posit of 30 cyclic potential scans.

The cyclic time of platinized Pt nanoparticles and the elec-
trocatalytical properties on methanol oxidation were examined
(Fig. 6). As shown in Fig. 6, the current density of methanol
oxidation increased with increasing cycle time, indicating that
the coverage of Pt nanoparticles on the nickel-chromium sur-
face increased with increasing cyclic scan time, which led to an
increase of the peak currents for methanol oxidation. According
to theory [24], it is considered that the metal platinum elec-
trodeposition is a crystal growth process. The configuration
and surface structure of platinum crystals are controlled by the
experimental conditions, especially the potential range of depo-
sition. It can be seen from Fig. 6 that the current density rapidly
increases and then decays to a limiting value within 14,000 s.
When the time for depositing platinum particles approaches

Number of Platinum loading Roughness factor True surface (cm?) Specific surface Particles diameter
potential cycles (pgem™2) (62 (m? g1 (nm)
5 0.54 1.4 0.066 11.22 229
20 1.28 4.7 0.226 17.66 15.9
30 4.88 7.3 0.350 7.17 39.1
50 9.92 6.8 0.324 3.27 85.8
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5000-7000s (about 30-50 cyclic potential scans), the oxida-
tion current density of methanol is the highest. This implies
that the coverage of platinum crystal on the substrate surface
reaches a maximum value, and the reaction rate of methanol
electrooxidation also rapidly reaches a maximum value. As the
cyclic scan time exceeds 7500s, or exceeds 50 cyclic poten-
tial scans, the peak current of methanol oxidation was rapidly
decreased, indicating that the catalytic activity of the electrode
and reaction rate decreased. This is because the size of deposited
platinum grows into a bulk material and loses the property
of a Pt nanoparticle electrode interface. Therefore, in order
to get uniform Pt nanoparticle crystals, the electrodeposition
potential range and cyclic time, or times, should be carefully
controlled.

4. Conclusion

Highly dispersed Pt nanoparticles were electrodeposited onto
a nickel-chromium substrate by cyclic voltammetry from —0.2
to 0.5V in 0.5M H,SO4 solutions with potassium chloro-
platinate. The electrochemical properties of the Pt nanopar-
ticle electrode were examined in 2 mM Ky4[Fe(CN)g]+1.0M
KNOj3 aqueous solution and the electrocatalytical properties
for methanol electrooxidation were investigated by voltam-
metry in a 0.5M HClOy4 solution. The corresponding results
showed that the Pt nanoparticle electrode exhibited a better
electrocatalytic activity than a pure Pt electrode. The cat-
alytic activity is 30 times higher than that of a pure platinum
electrode under the same experimental conditions. Moreover,
the cost of preparing a Pt nanoparticle catalyst was greatly
reduced.
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