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Abstract—Nanostructured nickel coatings on a well-developed surface of porous alumina offer improved per-
formance in hydrogen evolution (cathodic) reactions owing to an increased contact area with an electrolyte.
Data for the morphology, surface chemical constitution, and cathodic properties of such coatings obtained
by magnetron sputtering are presented. It has been shown that the morphology of coatings depends on sub-
strate porosity parameters that are optimal for efficient hydrogen-evolving porous coatings are presented.
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INTRODUCTION

The search for and development of cheap and reli-
able cathode materials is currently a topical problem
[1]. The primary property of such cathodes is catalytic
activity [2]. Nickel and its compounds are cheaper
than materials containing noble metals (Pt, Pd), are
more abundant in nature, and offer good catalytic
activity and high corrosion resistance. Because of this,
they have found wide application as cathodes in labo-
ratory and space-borne devices for hydrogen evolution
[3—12].

The efficiency of hydrogen evolution and, as a
result, the amount of evolved hydrogen depend not
only on cathode material but also on active surface
area [13—15]. Materials with a well-developed surface
usually have a large surface area. For example, we
showed earlier that porous anodic alumina (PAA) can
be successively used as a coating with a well-developed
surface for different materials [16—18]. Under certain
preparation conditions, the parameters of PAA (pore
diameter, center distance between pores, thickness of
walls between pores [19]) are typical of a hexagonally
ordered porous structure and may vary over wide lim-
its depending on synthesis conditions [20].

Over the last 10—15 years, various teams of scien-
tists investigated nickel nanostructures obtained using
PAA. Specifically, electrodeposited nickel nanostruc-
tures were studied in [21—23]. It should be noted how-
ever that the use of such structures as cathodes for
electrolysis in alkaline electrolytes is inappropriate,
since the PAA matrix dissolves in alkalies and the elec-
trode degrades. Using thermal deposition or magne-
tron sputtering of coatings, one can obtain not only a
well-developed surface with a morphology governed

by the surface structure of the porous matrix but also
protect the surface against cracking [16, 17]. As a con-
sequence, electrodes with such a coating may be in use
sufficiently long. Therefore, the goal of our study was
to collect structural, morphological, and electron
spectroscopic data for nickel coatings applied by mag-
netron sputtering on the surface of PAA with different
porosity before and after hydrogen evolution reac-
tions.

1. EXPERIMENTAL

PAA films were applied by one-stage anodic depo-
sition [24]. High-purity (99.99%) aluminum sheets
measuring 25 X 25 X 0.5 mm were preannealed in air
in a muffle furnace at 450°C for 12 h to relieve
mechanical stresses and increase grain size. Then, the
sheets were electrochemically mirror-polished in a
solution of chromium VI oxide (CrO;, 185 g/L) and
phosphorous acid H;PO, (1480 g/L) kept at 80°C.
After that, the sheets were successively rinsed in an
ultrasonic acetone bath and in distilled water. Anodiz-
ing was carried out by a two-electrode cell filled with a
0.3 M solution of oxalic acid (COOH), at a fixed volt-
age (40, 80, 120 V). A stainless steel wire was used as a
cathode. During anodizing, the electrolyte was stirred
and its temperature was kept accurate to 2—4°C. Since
the anodizing rate is voltage-dependent [19], porous
films about 50 um thick were prepared by anodizing
initial sheets for 24 h at 40 V (samples AAO_40), (ii) 12 h
at 80 V (samples AAO_80), and (iii) 8 h at 120 V (sam-
ples AAO_120).

Nickel coatings were deposited in a VUP-5 univer-
sal vacuum station equipped with a MAG-2000 dc
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Fig. 1. Electrochemical cell.

magnetron sputtering system 50 mm in diameter
(PROTON MIET Co.) Nickel targets (99.99% pure
GIRMET), 3 mm in thickness, were applied. Coatings
were deposited cyclically (20 cycles, 5 min each) at a
magnetron current of 150 mA, In between cycles the
magnetron was water-cooled for 10 min. The thick-
ness of deposited coatings was measured interferomet-
rically on a witness sample applied on glass. It was
equal to 1.2 = 0.1 um. The resistivity of all coatings,
which was measured by the two-point probe method,
was low (less than 10 Q/cm?).

The structural state was identified by the X-ray dif-
fraction method in the scan range 20 = 30°—120°
(CoK,, radiation) with a step of 0.05° using a Rigaku
MiniFlex500 diffractometer (Japan).

The chemical composition and electron structures
of coatings were examined by X-ray photoelectron
spectroscopy (XPS) using a SPECS spectrometer
(Germany). Spectra were excited by AlK, radiation
(E., = 1486.6 eV), and the surface was etched to take

concentration profiles by Ar" ions at an accelerating
voltage of 4 keV and a current of 30 HA. The spectra
were processed using the CasaXPS program package.
The surface morphology of coatings was examined
under an FEI Inspect S50 scanning electron micro-
scope (SEM).
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Fig. 2. Typical X-ray diffraction pattern for Ni coatings on
porous alumina. Shown also are line diagrams for Ni and
Al phase identification.

The cathodic behavior of coatings was studied in a
10% solution of NaHCO; (pH 8.7) using an EkolLab
2A-500 potentiometer. A sample (working electrode)
was fixed in a three-electrode compression-type cell
(Fig. 1) where a platinum electrode was applied as a
counter (auxiliary) electrode and an Ag/AgCl elec-
trode was used as a reference one. The solution was
aerated by passing argon through a hermetically sealed
cell during the experiment.

2. RESULTS AND DISCUSION

The identification of the nickel coating structure by
X-ray diffraction revealed the presence of fcc phases of
nickel and substrate aluminum (Fig. 2). Nickel lines
are considerably broadened, which indicates a small
size of coherent scattering regions.

The SEM micrographs of the porous alumina
matrix taken at anodizing voltages of 40, 80, and 120 V
(Fig. 3) show that PAA synthesized at voltages of 80
and 120 V, unlike that synthesized at 40 V, has a disor-
dered pore arrangement. The reason is that each elec-
trolyte of a certain composition has its own voltage
range in which a well-developed pore structure forms.
This is due to limitations imposed on the migration
rate of aluminum and oxygen ions in a barrier layer
between an electrolyte and a metal [25]. Therefore, to
provide an ordered arrangement of pores at anodizing
voltages of 80 and 120 V, one has to take an electrolyte
of another composition. Since our aim was to obtain
coatings with a well-developed surface, the regular
arrangement of pores was of minor significance. It
should be noted that pores in sample AAO_120 are
finer than in sample AAO_80. This is due to the fact
that in the case of high anodizing voltages, the voltage
was smoothly increased from 0 to 120 V for 1 min to
prevent electrical breakdown, which could take place
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Fig. 3. SEM micrographs of PAA films obtained at anodizing voltages of 40, 80, and 120 V (samples AAO_40, AAO_80, and

AAO_120, respectively).

Fig. 4. SEM micrographs taken of the surface of nickel coatings on PAA matrices (a) before and (b) after the cathodic reaction of

hydrogen evolution.

at a sharp (stepwise) voltage rise. Since the pore diam-
eter on the surface is rather small, the mean distance
between pores corresponds to a value that must be at
120-V anodizing voltage [19].

The SEM micrographs taken of nickel-covered
PAA matrices before (Fig. 4a) and after (Fig. 4b) the
hydrogen evolution (cathodic) reaction show that
matrices formed at 40 and 120 V are covered by coat-
ings made up of nanoparticles with a characteristic
size of 30—40 nm, pores in the matrix being com-
pletely closed. This suggests that nanoparticles of
which coatings form condense in the interporous area
of the matrix, step-by-step “healing” the pores. This
mechanism activates when the pore size becomes
smaller than the thickness of walls between pores (cf.
with PAA surface micrographs in Fig. 3) [26]. Coat-
ings on matrices obtained at an anodizing voltage of
80 V seem to form propagating from the boundary of
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pores toward their center [26]; however, since the pore
diameter is much greater than the thickness of walls
between pores (Fig. 3, central part of the PAA micro-
graph), the nickel surface has a pronounced pore
structure on the surface.

The cathodic performance of nickel coatings on
PAA matrices versus cathodic polarization curves for
nickel films on glass and polished aluminum is shown
in Fig. 5. The cathode current value is a measure of
hydrogen evolution efficiency: the higher the cathode
current, the greater amount of evolved hydrogen with
the voltage being the same. Coatings on the AAO 120
matrix demonstrate a maximal cathode current,
whereas those on the AAO_40 matrix have a minimal
current. The current of coatings on the AAO 80
matrix is slightly lower than that of coatings on the
AAO 120 matrix. The difference between cathode
currents of AAO_40 and AAO_120 samples is large in
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Fig. 5. Cathodic polarization curves for nickel coatings on samples (/) AAO_40, (2) glass, (3) polished aluminum, (4) AAO_80,

and (5) AAO_120.

spite of comparable sizes of nanoparticles, which may
be associated with different chemical states of nickel
on the surface: oxide arising on the AAO_40 surface is
thicker, as follows from XPS data.

Different values of current density in films grown
on flat surfaces of glass and aluminum can be
explained by different contact resistances in the case of
cathodic potential application: the contact area
between aluminum and the contact pad of the working
electrode is greater than that of a jumper connecting
the nickel surface and back side of the sample. This is
also the reason for why nickel on glass remains incom-
pletely oxidized (Fig. 6d) in contrast to the case of
coatings on PAA (Figs. 6a—6c¢).

As has been mentioned above, XPS data shed light
on the chemical state of nickel. From Ni2p;, spectra
(Fig. 6) it follows that before the coating experiences a
hydrogen evolution reaction, the spectrum is typical of
the nickel surface after its short-term low-temperature
oxidation in air. The sample has an ultrathin oxide
film with a thickness less than the XPS analysis depth
(E, = 856 eV), and the spectrum has the line of pure
nickel (~853 eV). A shake-up satellite peak in the range
861—862 eV is a characteristic sign of chemical state
Ni?* of bivalent nickel [27].

After the hydrogen evolution reaction, the metallic
nickel component in the spectrum almost disappears:
the surface contains mainly nickel compounds with a
degree of oxidation of 2+. When the cathode poten-
tial, which is initially equal to —0.72 eV relative to the

hydrogen electrode, grows during potentiodynamic
studies, Ni(OH), hydroxide forms on the nickel sur-
face according to [28]. It is not surprising, since in the
course of the cathodic reaction of electrolysis, water
molecules dissociate into hydrogen ions H*, which
combine near a catalytic surface to form hydrogen gas
and hydroxyl ions (OH)~, which oxidize the nickel
surface. Nickel is reduced during the back reaction at
the same potential.

After the cathodic reaction was completed, we took
spectra from the etched surface. The surface was
etched by 1-keV Ar" ions. From these spectra, we
managed to compare the thicknesses of resulting Ni2*-
based layers using the metal nickel-to Ni?* ion inten-
sity ratio. It is seen that this intensity ratio is the least
and the greatest in the spectra taken of coatings on the
AAO 40 and AAO_120 matrices, respectively. This
agrees well with maximal current values in cathode
polarization curves. In other words, nickel on the
AAO 40 surface oxidizes more rapidly, as a result of
which the resistivity of samples and, as a consequence,
the cathodic current drop.

CONCLUSIONS

Based on experimental data for nickel coatings
magnetron sputtered on a well-developed PAA sur-
face, the following conclusions can be drawn.

(i) Depending on the matrix (substrate) morphol-
ogy, either crystalline fcc nickel coatings consisting of

TECHNICAL PHYSICS  Vol. 65 No.3 2020
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Fig. 6. XPS spectra of Ni2p3 , for Ni coatings (/) before the cathodic reaction, (2) after the cathodic reaction, and (3) after the
cathodic reaction and subsequent surface etching by 1-keV Ar' ions for 1 min: (a) AAO_40 matrix, (b) AAO_80 matrix,

(¢) AAO_ 120 matrix, and (d) glass substrate.

nanoparticles 30—40 nm across (AAO_40 and
AAO 120 matrices) or porous nickel films duplicating
the substrate porosity (AAO_80) form. This is associ-
ated with different coating formation mechanisms on
Al,Oj; substrates with different pore diameter-to-pore
distance ratios.

(ii) Coatings on AAO_80 and AAO_ 120 matrices
demonstrate the highest efficiency of the hydrogen

TECHNICAL PHYSICS  Vol. 65 No.3 2020

evolution cathodic reaction (the highest current den-
sity) at a cathode potential of —1.4 V.

(iii) After the cathodic reaction is completed, the
nickel surface is completely oxidized to nickel state
Ni?*. The thickness of the oxidized layer is maximal in
samples with a low efficiency of hydrogen evolution
(coating on the AAO_40 matrix) and minimal in the
sample with the highest cathodic efficiency (coating
on the AAO_ 120 matrix).
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