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Abstract: CoNi and PtNi film electrocatalysts were prepared by Metal-Organic Chemical Vapour Deposition (MOCVD) and their elec-
trocatalytic activity for the oxygen reduction reaction (ORR) in 0.5 M KOH was investigated by cyclic voltammetry and Rotating Disk
Electrode techniques. Experiments included working electrodes of Co, Ni and Pt prepared also by MOCVD for comparison. The film elec-
trocatalysts were characterized by X-ray diffraction, Scanning Electronic Microscopy and Energy dispersive X-ray analysis. Films thick-
ness was about 200-250 nm and nanocrystallites were found in the range of 12 to 30 nm. In the same experimental conditions, the overpo-
tential for the ORR at a current density of 1 mA cm™ for PtNi film was 120 mV lower than the overpotential of Pt film electrocatalyst, and
an enhanced activity was observed on PtNi with respect to Pt. The electrochemical response for the oxygen reduction reaction on CoNi
film was higher than those of elemental Ni and Co films obtained by MOCVD. A good stability was obtained in a chronoamperometry test

for the PtNi electrode, only affected by oxygen flow variations.
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1. INTRODUCTION

The search for good electrocatalysts to be used as cathodes in
Fuel Cells for the oxygen reduction reaction is still a major chal-
lenge. A good electrocatalyst to be considered for being used in
Fuel Cells should have a potential close to the equilibrium poten-
tial (0.401 V at 25 °C in alkaline media) at an established current
density [1]. Extensive research has focused on the study of oxygen
reduction in acid media; still acid electrolytes are mainly used in
fuel cell systems [2]. However, alkaline fuel cells using liquid
electrolyte solutions of potassium or sodium hydroxide have ad-
vantages over all other fuel cells technologies due to their long
lifetime, the possibility of using non-noble catalysts and faster
kinetics for the oxygen reduction reaction (ORR) [3,4]. For the
ORR, platinum is the leader metal, whereas cobalt-platinum and
nickel-platinum alloys have shown interesting catalytic properties
for the ORR in acid media [5-10] and, a study has been done with
PtCo in alkaline media [11]. Some researchers have reported a
series of factors responsible of the higher performance for the
ORR using catalysts with platinum alone or in binary, tertiary
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metals or alloy surfaces and bimetallic combinations, investigated
by spectroscopic studies [12-17]. Such factors are changes in the
Pt-Pt bond distance, the number of Pt nearest neighbors, the elec-
tron density in the Pt 5d orbital, the presence of surface oxide lay-
ers and surface roughness effects. For thin Pt films it has been
found that oxygen reduction activity depends on the grain size,
specific surface area and lattice parameter [18]. For PtCo and PtNi
alloys it has been reported a higher activity for the ORR than Pt
alone associated with reduced Pt-Pt neighboring distance which
seems to be favorable for the adsorption of oxygen [9]. These re-
ported electrocatalysts have been prepared in situ by incipient
wetness, sputtering, etc. and other were acquired from suppliers
(E-TEK Corporation, Johnson-Matthey, Inc. USA, Hauner GmbH,
Germany).

Thin films have been prepared by several deposition techniques
such as spray pyrolysis [19], RF-sputtering [20], CVD (Chemical
Vapor Deposition) [21-26], electrodeposition [27,28], pulsed laser
deposition (PLD) [29], sol-gel process [30], and spin coating [31]
on a variety of substrates. Among these techniques, CVD offers
several advantages such as uniform deposition over large area,
conformal coverage and selective deposition. Also, CVD has the
advantage over other techniques to produce materials with size in
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nanometer scale.

CVD is by definition a chemical process and some parameters,
such as reaction temperature, reactor pressure and chemistry of the
precursor material, as well as the nature of the substrate, affect film
growth and microstructure. Films prepared by CVD usually have
applications in electronic, optoelectronic industry, for resistant
coating against corrosion and wear [32]. However, there have been
several proposals to prepare catalysts by using the CVD process
where nanometric materials with a high surface area to volume
ratio are required. Only some groups of researchers have worked to
prepare catalysts with noble metals by CVD due to attractive re-
sults that these nanomaterials have shown and because of the ad-
vantages of CVD upon conventional methods to prepare electro-
catalysts [32]. If the precursors used for the Chemical Vapor Depo-
sition are metal-organic materials, the technique is called MOCVD
and has the advantage over CVD that process temperatures are
lower than those employed in CVD.

The objective of this study was to use the MOCVD technique to
prepare film electrocatalysts of CoNi, PtNi, Co, Ni and Pt to evalu-
ate their performance for the oxygen reduction reaction in 0.5 M
KOH.

2. EXPERIMENTAL

CoNi and PtNi films as well as Co, Ni and Pt films were pre-
pared on amorphous glass slides (2 cm length, 1 cm wide and 0.1
cm thick) and glassy carbon rods (0.5 cm in diameter and 1.0 cm
length) in a horizontal hot-wall MOCVD apparatus reported before
[32] using metal-acetylacetonates as precursors [33]. Prior to depo-
sition, the glassy carbon rods were wet-abraded up to 1000 grit
emery paper, ultrasonically cleaned in acetone, distilled water and
isopropanol and then dried. The best reaction conditions deter-
mined experimentally for the deposition of the of metallic films
were as follows; briefly, the precursors were mechanically mixed
in 1:1 weight ratio and evaporated together at 460-545 K, the va-
pors were carried to the reactor chamber using argon gas at a con-
stant flow rate of 180 ml min™. Deposition temperature (Tqep) Was
varied from 673 to 723 K and total pressure (Py,) was kept constant
at 1 torr. Depositions were performed for 20 min. Films crystalline
structure was investigated by X-ray diffraction (XRD, Siemens
D5000 diffractometer) using a monochromatic Cu-K,; radiation
and the average crystallite size was estimated by the Scherrer equa-
tion using the (111) plane [34]. Micrographs were obtained by
scanning electron microscopy (JEOL JSM-6300) and chemical
analysis of films was carried out by energy dispersive X-ray analy-
sis (EDAX). The electrocatalytic activity of the elemental and bi-

Table 1. Particle size, thickness and EDAX analysis of films
deposited by MOCVD

Particle size Thickness EDAX analysis
film -
nm nm atomic %
Co 28 190 Co34 066
Ni 29 240 Ni50 050
CoNi 12 225 Co2l Ni32 047
Pt 30 240 Pt100
PtNi 18 210 Pt28 Ni27 045
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Figure 1. XRD patterns of a) Co b) Ni and ¢) CoNi films.

metallic films was investigated in a 0.5 M KOH solution at con-
stant temperature by cyclic and linear voltammetry. A typical three-
electrode electrochemical cell was coupled to a potentio-
stat/galvanostat EG&G PAR model 273A and a rotating disk elec-
trode (RDE). Films deposited on glassy carbon rods (geometric
area: 0.196 cm?®) were used as working electrodes, reference elec-
trode was Hg/HgO (0.194 V vs. NHE) and a platinum gauze was
employed as counter electrode. The cyclic voltammetry was per-
formed at 50 mVs™, all curves reported are those for the 50™ cycle
after which subsequent changes in voltammograms became negligi-
ble. Prior to the measurements, N, was bubbled through the solu-
tion during 30 minutes. After electrode activation, electrolyte solu-
tion was saturated with high purity oxygen and RDE measurements
were performed at a scan rate of 20 mV s™ with a rotation speed of
100-1600 rpm. An oxygen atmosphere was maintained over the
electrolyte solution during RDE experiments and temperature was
kept constant at 298 K. All potentials reported in this study are
referred to the normal hydrogen electrode (NHE).

3. RESULTS AND DISCUSSION

Table 1 presents particle size, thickness and EDAX analysis of
the films deposited by MOCVD. As expected, crystallite sizes were
lower or equal to 30 nm for all deposited samples, in accordance
with those merits mentioned about CVD process. Film thickness
was in the range of 200-250 nm in accordance with reported values
elsewhere (150-300 nm) [35]. Since the top surface of a film be-
comes oxidized due to exposure to air, the EDAX analysis shows
the presence of oxygen in all films, except for platinum. In the
limits of EDAX technique for Ni, a NiO surface can be deduced. In
all other films a mixture of oxides should be present. Paranjape et
al. [35] reported that for cobalt deposits in similar conditions there
was a surface layer (extending 5 nm or slightly more) revealed as
an oxide layer by Secondary Ion Mass Spectrometry (SIMS).

Fig. 1 shows XRD patterns of Co, Ni and CoNi films. It can be
observed widened reflections indicating nanometric size. XRD
patterns were compared with Powder Diffraction Files 15-0806 and
04-0850. The average crystallite size, reported in Table 1, was
estimated (for all the electrocatalysts prepared in this study) by
using the Scherrer equation. For these calculations, the wavelength
of X-ray (Cu K,, AKa; = 1.5418 A), the maximum angle of (111)



PtNi and CoNi Film Electrocatalysts Prepared by MOCVD for the Oxygen Reduction Reaction in Alkaline Media 83
/J. New Mat. Electrochem. Systems

Figure 2. SEM images of MOCVD films; a) Cross-sectional view
of Ni on glass slide, b) PtNi on glassy carbon, ¢) Ni on glassy car-
bon.
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Figure 3. Cyclic voltammograms for Pt and PtNi films in Np-
saturated 0.5 M KOH at a sweep rate of 50 mV s™.

peak and the half peak broadening in radians were employed.

Fig. 2 shows SEM images of MOCVD films. Fig. 2a) is a typical
cross-sectional SEM image of a Ni film at 20000X deposited on a
glass slide, the thickness of the film is approximately 240 nm. Mi-
crograph b) of Fig. 2 shows a SEM image of PtNi film at 1000X
upon glassy carbon, it has a rough surface with the shape of the
carbon substrate used for the deposition. Micrograph c) corre-
sponds to the image of a Ni film deposited upon glassy carbon; in
this figure particles from 60-180 nm in size are observed. Other
images of CoNi and Pt films (not shown) also displayed roughed
surfaces. It has been reported that the resulting film shape is influ-
enced by the type of substrate, i.e. different substrates can lead to
very different microstructures [34]. In this work the glassy carbon
substrates were only polished as reported before and it was ob-
served that the surface roughness of the films was influenced con-
sequently.
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Figure 4. Cyclic voltammograms for Co, Ni and CoN:i films in
0.5 M KOH.
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Figure 5. Polarization curves for ORR on Pt film in O,-saturated
0.5 M KOH at a sweep rate of 20 mV s™".

Fig. 3 shows cyclic voltammograms of Pt and PtNi films in alka-
line media. The Pt cyclic voltammograms is typical with two hy-
drogen adsorption peaks at -0.4 and -0.5 V vs. NHE, a desorption
hydrogen peak at -0.56 V and the Pt oxide reduction peak at 0.0 V.
The cyclic voltammogram of PtNi film is similar to the one of Pt
film, but the adsorption hydrogen peaks are very smoothed and
shifted to more positive potentials. This could be attributed to the
presence of nickel and differences in the oxidation state of the film
electrodes.

Fig. 4 shows cyclic voltamograms of Co, Ni and CoN:i films in
0.5 M KOH. Only a few peaks of redox reactions are observed on
each surface film. The Co film has an anodic peak at ca 0.2 V
which represents the formation of the Co (II) hydroxide, according
to Pourbaix [36] and Burke et al.[37,38] the Co(OH), should be
formed before CoO. The cathodic peak at ca -0.09 V is the hydrox-
ide reduction. The Ni film has a cathodic peak at ca -0.1 V corre-
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Figure 6. Polarization curves on rotating disk electrodes of Pt, Co,
Ni, CoNi and PtNi films at 1600 rpm in 0.5 M KOH saturated with
oxygen at 298 K.
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Figure 7. Tafel plot of Pt, Co, Ni, CoNi and PtNi films for the
ORR in 0.5 M KOH saturated with oxygen at 298 K.

sponding to the reduction of nickel oxides to Ni(OH), as reported
elsewhere [36].

To evaluate the performance for the oxygen reduction reaction of
the MOCVD films, typical polarization curves were obtained at six
rotation rates between 100 and 1600 rpm, with a scan rate of 20
mV s in a 0.5 M KOH oxygen saturated solution. The rotational
speed increased the limiting currents due to the high oxygen diffu-
sion to the electrode surface. Fig. 5 presents the rotating disk elec-
trode data for oxygen reduction upon Pt film.

Fig. 6 shows the standard polarization curves for the oxygen
reduction reaction on rotating disk electrodes of PtNi and CoNi
films at 1600 rpm in 0.5 M KOH oxygen saturated at 25 °C. Pt, Co,
and Ni films are included, as well as Co and Ni rods for compari-
son.

CoNi film showed a higher current density than Co and Ni films
obtained by MOCVD, and its onset potential for ORR is shifted to
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Figure 8. Chronoamperometry plot of PtNi film electrode in KOH
0.5M at 298 K, 100 rpm and -0.2 V vs. NHE, during 20h.

more positive potentials, although only for 40 mV. This perform-
ance could be attributed to a synergetic effect on the CoNi alloy.

PtNi film shows a higher activity for the ORR than Pt film and,
at 1600 rpm at a current density of 1 mA cm™ and a lower overpo-
tential of 120 mV was observed. This overpotential value is in the
range of others reported in the literature. For example, Toda et al.
[39] reported a lower overpotential of 150 mV on sputtered PtNi in
0.1 M HCIOy in relation to Pt prepared at the same conditions.
Drillet et al. [40] found a reduction of about 80 mV for a PtNi disc
electrode in H,SO4/CH;0H solution also compared to Pt disc ob-
tained at the same experimental conditions. Pt film shows a small
current decay at high overpotential, prior to the hydrogen evolution
reaction. Evidently, the number of surface sites which are needed
for O, to undergo reduction is decreasing due to hydrogen electro-
sorption [41].

Fig. 7 shows the Tafel plot of Pt, Co, Ni, CoNi and PtNi films for
the ORR in 0.5 M KOH saturated with oxygen at 298 K, which
was used to determine the kinetic parameters shown on Table 2. As
mentioned before, it can be seen that PtNi had the lowest overpo-
tential and the exchange current densities followed the order for
Co > Ni > CoNi > Pt > PtNi which was not consistent with data of
overpotential. Tafel slope for Co, Ni and CoNi films were higher
than the expected value of 120 mV dec™, equal to 2RT/F, when the
control step for the ORR pathway corresponds to the first electron

Table 2. Kinetic parameters for films prepared by CVD

E, b I Potential / V
Electrocatalyst V/ENH V dec! mA om? i: _0_5%/\ ni?
Co 0.216 0.200 0.295 9.97 x 107 -0.149
Ni 0.207 0.244 0.242 2.67 x 107 -0.175
CoNi 0.236 0230 0256 1.9x10° -0.131
Pt 0244  0.121 0489 7.14x10* 0.076
PtNi 0.251 0.103  0.570 3.54 x10* 0.088
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transfer. Those high Tafel slope values could be attributed to ox-
ides in electrode surface or to reduction of formed peroxide causing
a slower kinetics for the ORR [42]. Fig. 8 shows a plot of the sta-
bility of PtNi film electrode in KOH 0.5 M at 298 K, 100 rpm and -
0.2 V vs. NHE during 20 h in oxygen atmosphere. A good and
stable response in current density was observed for 14 h. Small
variations correspond to changes in oxygen flow. The drop of cur-
rent density at 5.5 x 10* s was due to an interruption of oxygen flow
occurred overnight and the low current density observed at the end
of the graph could be attributed to a low oxygen flow in the electro-
lytic cell.

4. CONCLUSION

PtNi and CoNi films prepared by metal-organic chemical vapour
deposition showed to be crystalline and with nanometric size. Both
films had a surface oxide layer according to EDAX. CoNi film
showed a higher current density than Co and Ni films obtained by
MOCVD, and its onset potential for ORR is shifted to more posi-
tive potentials. PtNi film electrode showed the lowest overpotential
for the oxygen reduction reaction in KOH 0.5 M among all electro-
catalysts prepared by MOCVD in this study. The PtNi electrocata-
lyst was stable for the oxygen reduction reaction.
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