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Abstract: Sputtering method was used to prepare Ni-Mo alloy electrodes for hydrogen production in alkaline solution. The
influences of the working pressure during deposition and the substrate temperature on the electrochemical behavior of electrode were
characterized by steady-state polarization plot and Tafel polarization curve measurements. And the physical properties of electrodes
were characterized by XRD, SEM, AFM and EDS. It is found that the overpotential is significantly influenced by the working
pressure which affects critically the electrode surface morphology, and two Tafel regions are observed for each sample. The
overpotential value does not change very much with the substrate temperature. The XRD results indicates that the electrodes should
be considered nanocrystalline. Thornton model for the microstructure of sputter-deposited electrodes is referred to explain the

observed microstructure change.
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1 Introduction

Many transition metal alloys with binary and
ternary compositions have been studied as hydrogen
evolution reaction electrodes in water electrolysis[1-0].
The activity of such metal alloys for the hydrogen
evolution reaction depends on at least two factors, i.e. the
synergistic effect of alloy constituents and the surface
area. As for the synergistic effect, JAKSIC[7-9] reported
that, based on the Brewer-Engel valence bond theory,
when metals of the left half of the transition series with
empty or half-filled vacant d-orbital are alloyed with
metals of the right half of the series with internally
paired d-electron, there arises a well-pronounced
synergism in electrocatalysis for the hydrogen evolution
reaction. In some reports[5,10,11], the synergistic effects
were actually verified to function, and the large surface
area supported by such metal alloy electrodes is proved
to be an important factor for the high catalvtic activity.
Among the materials, nickel and nickel based alloys

[12,13], particularly Ni-Mo[14—-18], have high catalytic
activity.

Ni-Mo electrode is one of the best binary metal
alloys for the hydrogen evolution reaction and can be
fabricated by the methods such as electrolytic deposition
[19-21], sputtering[15], alloying.
Sputtering is a relatively controllable method to prepare
electrodes and the
considered to depend on various sputtering parameters.

In this study, NiMo alloy thin films were deposited
by RF magnetron sputtering under different conditions.
The influence of the working pressure during deposition
and the substrate temperature on the electrochemical
behavior and microstructure of the electrode were
studied. The properties were characterized by
steady-state polarization plot, Tafel polarization curve,
XRD, SEM, AFM and EDS.

and mechanical

electrode characteristics are

2 Experimental

The Ni-Mo samples were prepared by RF magne-
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tron sputtering from a Ni-Mo alloy target which is 76.4
mm in diameter, 3 mm in thickness and 99.99% in purity.
The molar fractions of Ni and Mo are all 50%. The
sputtering parameters of working pressure (1-6 Pa)
during deposition and substrate temperature (150—250
‘C) were changed for studying their effects on the sample
preparation. The vacuum chamber was pumped to a
pressure of less than 4X 107 Pa with diffusion pump
before sputtering. Then a pre-sputtering process (10 min)
was conducted to clean the target surface and remove
any possible contamination. The RF power was kept at
200 W. Nickel foil was used as a substrate for the
electrochemical measurements, and Si wafer substrate
for other characterizations.

The compositions of the fabricated samples were
determined with EDS which was equipped with SEM
(JEM-6301F). The phase compositions of the samples
were measured by X-ray diffraction(XRD) using a
D/max-RB X-ray diffractometer (RIGAKU, Japan) with
filtered Cu K, radiation and wavelength of 1.540 6 A.
The surface morphology was characterized by AFM
(Quesant-Scope™ 250) experiments. The
chemical measurements were carried out in a

electro-

three-electrode cylindrical electrochemical cell with
Luggin capillary in order to minimize the IR drop of the
solution resistance, which consists of a standard calomel
reference electrode(SCE) and a Pt counter electrode, as
shown in Fig.1. All tests were conducted with a well
defined electrode area of 1 cm® in 1 mol/L potassium
hydroxide (KOH) prepared using deionized water. The
data were acquired at room temperature.

Electro-
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computer

Fig.1 Schematic diagram of experimental set-up: 1 Working
electrode; 2 Reference electrode; 3 Luggin capillary; 4 Electro-
chemical cell; 5 Magnetic stirrer; 6 Counter electrode

3 Results and discussion

Fig.2 shows the relationship of the Mo content with
working pressure and substrate temperature. With
increasing working pressure, the Mo content increases.
On the contrary, with increasing substrate temperature,
the Mo content decreases.

Fig.3 shows the relationship of the hydrogen evolu-
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Fig.2 Variations of Mo content with sputtering condition:

(a) Working pressure; (b) Substrate temperature

tion reaction overpotential value with the working
pressure and substrate temperature. It is seen that
increasing working pressure (i.e. the increase of Mo
content) enhances the hydrogen evolution reaction
activity. The overpotential increases with the increase of
substrate temperature. While the influence of working
pressure on the hydrogen evolution overpotential is much
greater than that of substrate temperature.

In order to investigate the electrocatalytic activity of
the prepared polarization
measurements were made. Two Tafel regions are

coatings, Tafel curve

observed for every sample, as shown in Fig.4. It was
discussed that the change of Tafel slope from the low
overpotential range to high one could be due to the
increase of hydrogen on surface[11]. By the polarization
of the investigated bimetallic catalytic electrode to high
overpotential, a large amount of atomic and molecular
hydrogen are generated, which are then absorbed into the
catalyst layer close to the electrolyte interface. Due to the
combination of the right-hand side transition metal with
almost-filled d-orbital (Ni) with the left-hand side metal
with half-filled or almost-empty d-orbital (Mo), the
binding energy for an M—H bond increases, and the
strong bonding between metal and absorbed hydrogen
atoms becomes a barrier to hydrogen evolution. So the
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modification of the electronic and structural property of
the coating in the near-surface region causes the decrease
in the Tafel slope and increase in hydrogen overpotential
at high current densities. Therefore, the formation of
hydrides at high overpotentials seems to be the major
reason for the change of the Tafel slope.

The XRD results are shown in Fig.5, and it can be
seen that there is only one broadened diffraction peak at
26=43.29" and with the change of sputtering conditions
(working pressure and substrate temperature) the peak
pattern changes slightly. The broadened diffraction peak
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Fig.3 Variations of overpotential with sputtering condition:
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Fig.4 Tafel polarization curve of Ni-Mo alloy electrode

indicates that the crystal lattice distortion is possibly
caused by codeposition of Ni with Mo. By Scherrer
formula, the grain size can be calculated to be 2.3 nm.
This shows that the grain size is very small. It is also
found that the diffraction peak shape of the electrode is
different from that of the amorphous state, so it could be
considered nanocrystalline. The surface atoms on the
nanocrystalline alloy possess higher reaction activity
because of their higher surface energy, so the nano-
crystalline NiMo electrode has specific electrochemical
properties.

Working  Substrate
pressure temperture

/Pa /'C
a 1 250
b 3 250

150

L L L

20 40 60 80 100 120

26/(%)
Fig.5 XRD patterns of Ni-Mo alloy electrode

The AFM images in Fig.6 show significant
differences in morphology of the investigated electrodes
prepared at different working pressures. The sample
prepared at 1.0 Pa has a featureless flat surface while the
sample prepared at 6.0 Pa has a granular structure. It is
apparent that the latter sample has a larger surface area
than the former. The variation in the overpotential value,
which is observed by changing the working pressure, is
considered to be mainly due to the change of surface
morphology.

The change in the surface morphology by the
working pressure could be explained by the Thornton
model for the microstructure of sputter-deposited
films[22]. In this model, it is expected that the electrode
which is composed of fine columns with many gaps is
formed in the Zone 1 with high working pressure and
low substrate temperature (Fig.7). On the other hand, the
dense films made of packed fibrous columns are formed
in the Zone 2 with low working pressure and low
substrate temperature. It would be considered that the
sputtering conditions applied to the samples on Figs.6(a)
and (b) correspond to Zone 2 and Zone 1, respectively.
The AFM observation for the samples prepared at 6.0 Pa
and higher substrate temperature up to 250 ‘C does not
show obvious changes in the surface structure (Fig.8 and
Fig.6(b)). This is in accordance with the fact that the
overpotential value does not change very much with the
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Fig.6 AFM 3D-images of surface morphologies for Ni-Mo alloy electrodes at substrate temperature of 150 ‘C: (a) Working pressure
of 1 Pa; (b) Working pressure of 6 Pa
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Fig.8 AFM 3D-images of surface morphology for Ni-Mo alloy electrode deposited at working pressure of 6 Pa and substrate
temperature of 250 ‘C
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substrate temperature.
4 Conclusions

1) The NiMo alloy electrodes are deposited by RF
magnetron sputtering with different parameters. The
working pressure is the main factor affecting the physical
and electrochemical properties of the films. The higher
working pressure critically affects the film surface
morphology. The electrochemical behavior is enhanced
by increasing Mo content.

2) Two Tafel regions are observed. The over-
potential value does not change very much with the
substrate temperature.

3) The XRD pattern indicates that the electrodes
should be considered nanocrystalline. The AFM, SEM
experimental results are in accordance with Thornton
model for the microstructure of sputter-deposited
electrodes. NiMo nanocrystalline alloy is a promising
hydrogen evolution reaction electrode.
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