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Abstract

Nanocrystalline nickel (nc-Ni) and Ni–W alloy coatings prepared by dc magnetron sputtering deposition method are very interesting materials
due to their enhanced mechanical, catalytic and corrosion properties. The XRD analysis revealed that the grain-size of the as prepared Ni-films is
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bout 10 nm. The Ni–W films exhibited microcrystalline structure in the examined composition range Ni95W5–Ni75W25. Their catalytic properties
or the hydrogen evolution reaction (HER) were investigated in an alkaline electrolyte solution and comparative measurements were conducted
n the electrodeposited Ni-electrode. The kinetic parameters deduced from linear polarization and electrochemical impedance spectroscopy (EIS)
easurements indicated outstandingly high electrocatalytic activity of Ni–W and nc-Ni films. The best performance toward the HER demonstrates

he Ni90W10 alloy in accordance with the prediction based on the electronic structure calculations and the enhanced density of states at the Fermi
evel of the 3d Ni band. Improved catalytic activity for the HER of nc-Ni in comparison with polycrystalline Ni was in accordance with 28%
ncrease in the intercrystalline volume fraction at the very small grain size of sputter deposited Ni.

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

Hydrogen evolution is one of the most investigated electro-
hemical reactions for which a modern theory of electrocatalysis
as been developed. The reason is that the reaction proceeds
hrough a limited number of steps with the only one type of
ntermediate. The well-known reaction steps in alkaline solu-
ions are:

+ H2O + e− ⇔ MHads + OH− (rate ν1) (1)

Hads + H2O + e− ⇔ M + H2 + OH− (rate ν2) (2)

Hads + MHads ⇔ H2 + 2M (rate ν3) (3)

ER starts with the proton discharge (Volmer reaction, Eq. (1)),
nd follows either the electrodesorption step (Heyrovsky reac-
ion, Eq. (2)), or the H recombination step (Tafel reaction, Eq.

∗ Corresponding author. Tel.: +385 1 4597 140; fax: +385 1 4597 139.
E-mail address: mmetik@marie.fkit.hr (M. Metikoš-Huković).

(3)). The distinction between steps (1), (2) and (3) as the rate-
controlling is usually accomplished in terms of Tafel slopes or by
calculating the rate constants of the forward and backward reac-
tions through simultaneous fitting of polarization and impedance
data. According to the general model for the HER mechanism,
if the Volmer reaction (Eq. (1)) is the rate determining step (rds),
the resulting Tafel curve should yield a slope of 118 mV dec−1

at 20 ◦C. If the Heyrovsky step is rate determining (Eq. (2)), the
measured Tafel slope would yield a value of about 40 mV dec−1,
or 30 mV dec−1 for the Tafel desorption step (Eq. (3)).

Many papers have dealt with ways of increasing effectiveness
of cathodes for the HER in alkaline solutions. Research has been
mainly focused on several areas of interest: (i) intrinsic nature
of the reaction, (ii) electrode composition, (iii) surface morphol-
ogy, (iv) structural, chemical and electronic properties and (v)
physical, chemical and electrochemical activation treatments.

The kinetics of H2 evolution from alkaline solutions has been
widely investigated on Ni, owing to its relatively good catalytic
activity and high corrosion stability. There are two possibilities
to enhance the activity of bare Ni: to increase the surface area by
381-1169/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2006.01.020
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Nomenclature

A area (cm2)
a Tafel intercept, related to the exchange current

density, j0
bc cathodic Tafel slope (mV dec−1)
Cdl double layer capacitance (�F cm−2)
Cp pseudo-capacitance (�F cm−2)
CPE constant phase element (�−1 cm2 sn)
c concentration (mol cm−3)
d grain size (cm)
E potential (V)
EOCP open circuit potential (V)
F Faraday constant 96485 (C mol−1)
f frequency (Hz)
j current density (A cm−2)
j0 exchange current density (A cm−2)
Qp parameter of CPE independent of frequency

(F cm−2 sn−1)
R gas constant, 8.314 (J K−1 mol−1)
Rct charge transfer resistance (� cm2)
Rel electrolyte resistance (� cm2)
T temperature (K)
Z impedance � cm2)
z number of electrons exchanged

Greek letters
α symmetry factor
∆ grain boundary thickness (cm)
η overpotential (V)
ν scan rate (mV s−1)
ω angular frequency (rad s−1)

various methods or to alloy Ni with other metals to obtain alloys
with optimal adsorption characteristics [1]. In recent years, there
has been a substantial effort to investigate the structural, elec-
tronic and chemical properties of bimetallic systems. Bimetallic
surfaces are extensively used in many industrial processes in the
areas of catalysis, electrochemistry and microelectronics fab-
rication. Alloys are superior over single metal counterparts in
terms of catalytic activity and/or selectivity.

The hydrogen evolution reaction is one of the most important
electrochemical reactions, whereby proton from solution com-
bine with electron at an electrode first to form hydrogen atoms
chemisorbed at the electrode surface and then H2 gas. The ability
of a given metal to catalyze the HER is usually measured by the
exchange current density, which is the rate of hydrogen evolution
per surface area at the equilibrium electrode potential. Different
metals have different exchange current densities. The hydrogen
chemisorption energies have been used to understand the trends
in the exchange current for HER. Volcano curves were obtained
when measured exchange currents are plotted as a function of
the calculated hydrogen adsorption energies [2–4].

The present work aims to investigate the electrocatalytic
activity of sputter-deposited nanocrystaline Ni and binary Ni–W

alloy coatings as catalyst for the HER in a 1 M NaOH at 30 ◦C
by using the polarization and electrochemical impedance spec-
troscopy measurements. Particular attention was paid to the
electrocatalytic behavior of investigated catalysts in dependence
of the surface area and intrinsic properties of investigated cata-
lysts in relation to a chemical disorder introduced by alloying Ni
with W or a structural disorder introduced by grain boundaries
in the nanostructured catalyst.

2. Experimental

Nc-nickel thin films were deposited by a dc magnetron sput-
tering onto alumina ceramic substrates at room/ambient temper-
ature. The substrates rotated during deposition in order to avoid
formation of a preferential stress axis. Base pressure in the pro-
cess chamber was 10−6 to 10−5 Pa, and the working gas was
argon at 10 mTorr in a continuous flow (30 sccm). Deposition
rate was about 7–8 nm/min, and the film thickness was about
400 nm. The XRD analysis revealed that the grain-size of the
as-prepared Ni-films is about 10 nm.

Binary Ni–W (5–25 at.% W) alloy films have been prepared
by codeposition of pure nickel (99.99%) and pure tungsten
(99.95%) in a multisource sputtering system CMS-18 supplied
by Kurt J. Lesker Co. The base pressure in the process chamber
was about 10−6 Pa, which increased a few times with cryopump
throttled. High purity argon at 5 mTorr in a continuous flow mode
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as used as a working gas. Nickel target was mounted onto a
agnetron source designed for sputtering of magnetic materi-

ls. Cathode power for nickel was kept the same (300 W) for
ll alloy compositions, while for tungsten cathode it was varied
n the range of 17–102 W in order to cover the examined com-
osition range. Deposition rate was about 15–20 nm/min and
he final film thickness was in the 250–310 nm range. Circu-
ar (1 cm diameter) alumina ceramic substrates (and substrates

ade of other materials) were used. In order to obtain lateral
ompositional homogeneity of the alloys, the substrate holder
otated (10 rpm) during deposition. Substrates were not cooled,
nd probably attained somewhat higher temperature than the
oom temperature.

Electrodeposited nickel (ed-Ni) has been deposited on the
arbon fibre microelectrode (CFM). The carbon microdiscs sur-
ace (0.014 cm2) exposed to the electrolyte was thoroughly pre-
ared by mechanical abrasion and subsequent polishing with
lumina powder. The final cleaning was done by ultrasonica-
ion in redistilled water to remove polishing residues. In order
o achieve a reproducible and active electrode surface, the elec-
rode was anodically polarized in 0.5 M H2SO4 at 3.2 V against
CE for 25 s [5]. Nickel was deposited from 0.14 M solution of
iCl2 at 55 ◦C by potentiostatic pulse technique. The potential
f deposition was −1.170 V versus Ag/AgCl/3 M KCl electrode.

The electrocatalytic activity of as-prepared nanocrystaline Ni
nd Ni–W specimens for the HER was studied by using quasi-
otentiostatic polarization and electrochemical impedance
pectroscopy (EIS) techniques. Prior to each measurement, the
urface of the working electrode (A = 0.283 cm2) exposed to the
lectrolyte was degreased with ethyl alcohol and rinsed with
edistilled water several times. A standard three-electrode cell
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was utilized. The cell was a water-jacket version connected to
a constant-temperature circulator. The counter electrode used
in all measurements was a platinum sheet and the reference
electrode to which all potentials in this paper were referred was
Ag/AgCl; 3 M KCl electrode (EAg/AgCl = 0.203 V versus SHE
at 30 ◦C). The measurements were carried out at 30 ◦C in a 1 M
NaOH solution, deoxygenated by bubbling for 30 min with N2
and then N2 was passed over the solution. The experimental
setup consisted of an EG&G PAR model 273A potentio-
stat/galvanostat and an EG&G PAR lock in amplifier, Model
5315. Quasi-potentiostatic polarization curves were recorded
by sweeping the electrode potential from the reversible H+/H2
potential (Erev(H+/H2) = −1.01 V versus Ag/AgCl electrode) in
the cathodic direction at the scan rate of 1 mV s−1. The solution
resistance between the tested electrode and the reference
electrode was determined by ac impedance measurement.
Ohmic drop corrections, based on this resistance, were applied
in all polarization measurements. The impedance spectra were
recorded in a frequency region from 100 kHz to 50 mHz using
5 mV peak to peak amplitude. The applied dc potentials were
located mainly in the linear portion of Tafel plots.

3. Results and discussion

3.1. Composition and structural characterization
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Fig. 1. The XRD patterns of Ni–W films deposited onto monocrystalline silicon.

3.2. Polarization measurements

Nickel and Ni-alloys are well known as good electrocatalysts
to the HER and play an important role in various electrochemical
processes [6–11]. The electrocatalytic performance of nc-Ni and
Ni–W (5–25 at.% W) electrodes as a cathode material of long life
stability in terms of hydrogen evolution in an alkaline solution
was investigated using linear voltammetry and EIS techniques
in an oxygen-free 1 M NaOH solution at 303 K. Comparative
investigation has been performed on ed-Ni electrodes under the
same experimental conditions. Quasi-potentiostatic polarization
curves were recorded in the HER overpotential range between
0.0 and −0.4 V at the scan rate of 1 mV s−1. Figs. 2 and 3 show
typical results presented in log j against η coordinates which
are suitable for the Tafel analysis based on the validity of the
Butler-Volmer equation [12]:

j = j0 exp
αηF

RT
= j0 exp

η

bc
(4)

where j is the current density, j0 the exchange current density,
α the charge transfer coefficient (used value was 0.5), η the
overpotential, η = Ej − Er, F the Faraday constant, R the gas

F
a

Nanocrystalline Ni-film thickness was about 400 nm. The
RD analysis showed that the grain-size of the as-prepared
i-films is about 10 nm. Chemical composition of the prepared
i–W alloys is given as a nominal atomic fraction throughout

he paper. It was estimated from the ratio of the deposition rates
f pure nickel and pure tungsten, respectively, assuming bulk
alues for the density of deposited pure metals. It is well known
hat the deposition rate in a magnetron sputtering deposition
s almost linear with the discharge power. However, it might
lightly vary in (a prolonged) time due to the development of
rosion tracks at the surface of the cathode.

The structure of the prepared films was examined by the
RD method, using Philips PW 1820 vertical goniometer
ith monochromatized Cu K�-radiation. However, in order

o avoid the interference with the diffraction pattern of the
lumina substrate, the Ni–W films deposited simultaneously
nto monocrystalline silicon were used to investigate the film
tructure. The same samples on Si-substrates were used in the
utherford backscattering nuclear analysis of chemical com-
osition of the as-prepared Ni–W alloys. Ni–W alloys are
omposed of solid solution of tungsten in the fcc-nickel and
small admixture of fine-grain phase of unresolved compo-

ition. The Ni(W) solid solution crystallites are preferentially
1 1 1) oriented in a direction perpendicular to the film plane.
t the actual working gas pressure (5 mTorr), the prepared films

re compressively stressed in a direction parallel to the film
urface. Increased incorporation of somewhat greater tungsten
toms into the fcc-Ni grains and at the crystallites bound-
ries adds to the compressive stress, which is partially released
hrough the expansion of the (1 1 1) interplanar spacing shown in
ig. 1.
ig. 2. Tafel polarization curves recorded on Ni coatings in 1.0 M NaOH solution
t 30 ◦C. The scan rate was 1 mV s−1.
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Fig. 3. Tafel polarization curves recorded on binary Ni–W alloy coatings in
1.0 M NaOH solution at 30 ◦C. The scan rate was 1 mV s−1.

constant, T the absolute temperature, and b the Tafel slope [12].
The open circuit potential (EOCP) of nc-Ni and ed-Ni is about
−0.9 V, while for all investigated Ni–W alloys is about −0.5 V.
Accordingly, EOCP of the Ni–W system is more positive than the
reversible potential of the HER, and also than that of correspond-
ing thermodynamic potentials related to the oxidation of Ni and
W: Erev(NiO/Ni) = −1.16 V and Erev(WO2/W) = −1.17 V [13].
This point to the fact that at the EOCP each of Ni–W electrodes
is covered by a thin spontaneously formed oxide film [13], so
called “natural” oxide which protect metal (alloy) against further
dissolution (corrosion). During the cathodic polarization some
of the “natural” oxide films formed on the surface of transition
metals can be completely reduced [14,15], but the present results
do not give sufficient information about that.

According to the general model for the HER mechanism, if
the Volmer reaction step, Eq. (1), is rate determining, the result-
ing Tafel curve should yield a slope of 118 mV dec−1 at 20 ◦C.
For nc-Ni and all investigated Ni–W alloy coatings the rela-
tively high Tafel slopes (145–160 mV dec−1) were obtained (see
Table 1). The Tafel slope greater than 2.3 × 2RT/F = 118 mV is
frequently observed for the HER proceeding on “natural” oxide-
covered valve metals such as Al [16] or other valve metals (Ta,
Nb, Ti, W, Zr, . . .) [17]. Similar observation has been reported
on Ni-based catalysts [6,18,19]. Thus,

∂η = 2.3RT ≡ Tafel slope (5)
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Table 1
Kinetic parameters for the HER on nc-Ni and ed-Ni electrodes in 1.0 M NaOH
solution at 30 ◦C deduced from (A) polarization curves and (B) electrochemical
impedance spectroscopy measurements

A B

−bc (mV) j0 (�A cm−2) −bc (mV) j0 (�A cm−2)

Nc-Ni 160 307 157 57
Ed-Ni 105 11 105 11

Table 1(A) and 2(A) summarize the kinetic parameters, the Tafel
slope, bc, and the exchange current density, j0, obtained from
polarization measurements. Current densities which character-
ize the rate of the HER on nc-Ni, ed-Ni and Ni–W films, have
been calculated using the geometric area of the each investigated
electrode. The highest exchange current densities (j0) presented
in Tables 1 and 2, determined on the nc-Ni electrode and on the
Ni90W10 alloy, point that these catalysts are the most active for
the HER among the catalysts investigated. Compared to ed-Ni
electrode as well as to pure polycrystalline Ni [6,20] all investi-
gated Ni–W alloys yielded better catalytic performance towards
H2 evolution.

3.3. Impedance spectroscopy measurements

The impedance data were collected at selected potentials
located mainly in the linear portion of the Tafel plots, at over-
potentials ranging from −0.05 to −0.20 V.

Fig. 4 shows impedance spectra recorded on the nc-Ni elec-
trode and Fig. 5 impedance spectra recorded on the Ni90W10
electrode, presented in the form of Nyquist and Bode plots
(the logarithm of overall impedance modulus, log |Z| and the
phase angle, Θ against the logarithm of frequency, log f). In
Bode plots, at intermediate frequencies a linear dependence of
log |Z| against log f and the well-defined maximum observed
i
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∂ log j αzF (1 − ∂ηf/∂η)

here ηf is the fraction of the total overpotential, η which oper-
tes across the electronically conducting oxide film. The Tafel
lope of 160 mV dec−1 yields ηf = 0.26η for α = 0.5 and z = 1.
his is, in turn, related to the symmetry factor, α, the value
f which then decreases, assuming that the reaction mecha-
ism does not change. Note that for the Volmer step as the
DS, the symmetry factor, α, is equal to the transfer coeffi-
ient, αa. For the ed-Ni electrode, the “intrinsic” Tafel slope
f about 105 mV dec−1 slightly deviates from the theoretical
alue. The corresponding αa = 0.58 suggests an improvement of
harge transfer kinetics of the HER at overpotentials ranging
rom 0 up to 0.20 V on the freshly prepared Ni-electrodeposit
n the phase angle, Θ against log f plots, indicate a capacitive
ehavior of the electrode. The Faradaic resistance RF dominates
t lowest frequencies and can be determined from the low fre-
uency impedance plateau (Rel + RF) where Rel is the electrolyte
esistance (cca 1 � cm−2). It should be noted that the Faradaic
esistance continuously decreases with increasing overpotential,
s follows from Figs. 4 and 5 and Tables 3 and 4.

able 2
inetic parameters for the HER on Ni–W alloys in 1.0 M NaOH solution at
0 ◦C deduced from (A) polarization curves and (B) electrochemical impedance
pectroscopy measurements

(at.%) A B

−bc (mV) j0 (�A cm−2) −bc (mV) j0 (�A cm−2)

5 162 25 175 29
7.5 161 43 175 45
0 154 50 172 56
2.5 146 26 172 32
5 163 25 177 31
0 155 17 156 22
5 158 30 179 16
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Table 3
Impedance parameters for the HER in a 1 M NaOH solution

η (mV) 106 × Cdl (F cm−2) 106 × Qp (�−1 cm2 sn) np Rct + Rp

(� cm2)

Nc-Ni
−50 1950 1210 0.827 96

−100 1360 871 0.860 64
−150 1070 1080 0.905 29
−200 920 3060 1.000 11

Ed-Ni
−50 3.00 168 0.694 493

−100 2.90 145 0.704 153
−150 2.50 129 0.705 61
−200 2.00 105 0.723 30

Rel = 2 � cm2.

Table 4
Impedance parameters for the HER on nc-Ni and Ni–W electrodes in a 1 M
NaOH solution

η (mV) 106 × Cdl (F cm−2) 106 × Qp (�−1 cm2 sn) np Rct + Rp

(� cm2)

Ni95W5

−50 0.91 2610 0.948 225
−100 0.94 1790 0.961 148
−150 0.90 1330 0.959 81
−200 0.98 1190 0.950 36

Ni92.5W7.5

−50 0.49 3510 0.940 156
−100 0.50 2450 0.942 85
−150 1.70 1790 0.943 46
−200 0.84 1580 0.941 25

Ni90W10

−50 1.07 3690 0.927 119
−100 0.52 2960 0.929 64
−150 1.19 2460 0.925 33
−200 1.79 2260 0.921 17

Ni87.5W12.5

−50 1.47 2140 0.937 197
−100 1.71 1560 0.947 117
−150 1.70 1230 0.946 64
−200 1.89 1140 0.937 29

Ni85W15

−50 2.29 2370 0.941 207
−100 1.48 1710 0.944 128
−150 1.77 1280 0.944 71
−200 1.77 1180 0.936 32

Ni80W20

−50 2.21 1530 0.926 264
−100 1.97 1210 0.932 136
−150 1.39 1050 0.922 66
−200 2.29 940 0.921 28

Ni75W25

−50 1.09 259 0.793 362
−100 1.21 239 0.842 246
−150 1.11 254 0.861 136
−200 1.33 298 0.883 52

Rel = 2 � cm2.

Fig. 4. Impedance spectra (Bode plots) of the nc-Ni electrode for the HER in
1.0 M NaOH solution at various overpotentials.

Experimental data were modeled by the electrical equivalent
circuit (EEC) Rel(Cdl(Rct(CpRp))) proposed by Armstrong and
Henderson [21], where Rct is the charge transfer resistance, Cdl
is the double layer capacitance, Rp is the resistance related to
the hydrogen adsorption, usually called the pseudo-resistance,
and Cp is the pseudo-capacitance. The Faradaic impedance Zf
is defined as:

Zf = Rct + Rp

1 + jωτp
(6)

where ω is the frequency and τp = RpCp is the time constant
related to the relaxation process when the overpotential is
changed [22].

In order to obtain better fitting, a parameter Qp of the constant
phase element, CPE was used instead of Cp. The data were fitted
using the complex non-linear least squares (CNLS) fit analysis
software written by Boukamp [23]. Table 3 contains the values of
impedance parameters for all investigated electrodes. A standard
deviation χ-quadrate was in the order of 10−5, and the relative
error of each element was less then 5% suggesting a very good
agreement between experimental and theoretical data.

At all selected potentials the sum of Rct + Rp represents the
total Faradaic resistance of the working electrode, RF, and
its reciprocal is directly related to the HER current density
at the corresponding potential. For all investigated catalysts a
linear relationship E versus log(R + R )−1 is observed (see
ct p
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Fig. 5. Impedance spectra (Bode plots) of the Ni90W10 electrode for the HER
in 1.0 M NaOH solution at various overpotentials.

Figs. 6 and 7). The intercepts of these lines at the 0 over-
potential yield the exchange current densities, j0 tabulated in
Tables 1(B) and 2(B), together with the Tafel slopes, bEIS. Tafel
slopes for Ni–W alloys (Table 2(B)) are slightly higher than
those obtained from the quasi-potentiostatic dc measurements
(Table 2(A)). This difference could be influenced by experimen-
tal conditions. Namely, during potentiostatic EIS measurements
the electrode is kept ca. 15 min at a selected potential due to

Fig. 6. (Rct + Rp)−1 against η relationships for the HER on nc-Ni, ed-Ni and
N ◦

Fig. 7. (Rct + Rp)−1 against η relationships for the HER on Ni–W alloys in 1.0 M
NaOH solution at 30 ◦C, obtained from data in Table 3.

the data collection in the wide range of frequencies and dur-
ing this period the hydration of electrodes takes place. The
“natural” oxide partially transforms to a hydride which further
suppresses H adsorption. In terms of the exchange current den-
sity, j0, determined from dc and ac measurements (Table 1) it is
clear that the Ni90W10 alloy and nc-Ni yield the highest intrinsic
electrocatalytic properties for the HER. All investigated Ni–W
alloys are also very active catalysts, showing a superior catalytic
activity for the HER when compared to pure polycrystalline Ni
[6] or electrodeposited Ni [20]. A general explanation of cat-
alytic activity of transition metal-based alloys for H2 evolution
is related to the electronic structure of both the host metal and
alloying component. The most active alloy coating is exactly the
one that gives the highest electron density for the HER. The d-
band has been claimed as crucial in electrocatalysis of the HER
(it represents both bonding and adsorptive band), while the over-
all kinetics of the HER has been, on the other hand, influenced
by the electronic density of states at the Fermi level.

3.4. The effect of alloying

The mechanism for electrolytic evolution of hydrogen is usu-
ally discussed in terms of various physical and/or electronic
parameters.

The theoretical approach to explain the HER catalytic activ-
i
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a
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i90W10 alloy in 1.0 M NaOH solution at 30 C, obtained from data in Table 3.
ty of alloys is complex, and several theories have been pro-
osed. The theory of alloying effect of transition metal-based
lloys has been discussed by Jakšić [24,25] on the basis of
he Engel–Brewer valence-bond theory, as a generalized Lewis
cid–base reaction model that is frequently cited in literature
26]. It has been postulated that the intermetallic combination of
ransition elements, having partially or half-filled d-orbital (e.g.

o, W, V, etc.), with transition metals, having internally paired
-electrons (e.g. Ni, Pd, Pt, Co, etc.), results in a significant
hange in their bonding strength, and, consequently, increased
ntermetallic stability, whose maximum usually coincides with
ptimal d8-electrons for the synergism and maximal activity for
he HER. The theory (concept) proposed by Jakšić has been sup-
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ported by a number of experimental studies related to the HER
electrocatalysis [1,25,27]. Another theory (concept) related to
the synergism of the HER on bimetallic catalysts has been pos-
tulated by Ezaki et al. [28–30]. Ezaki’s concept was based on
experiments on the hydrogen overpotential and its interpretation
using the electronic structure calculated by the DV–X� cluster
method [31].

The main difference between these two concepts is in the
direction of electron transfer between a base metal and an alloy-
ing element. Namely, if the alloying element is less electroneg-
ative (for example Mo, W) than the host metal (for example Co,
Ni), the charge transfer occurs from the alloying element to the
host metal. In this case, excess of electrons is located near the
host metal atoms creating electronic configuration suitable for
electron adherence and transference during the HER. The hydro-
gen overpotential of the alloy is close to that of the host metal.
Accordingly, Ni–Mo, Ni–W, Ni–Ti alloys would, in principle,
offer the best catalytic properties toward hydrogen evaluation.

In order to gain a decisive insight into the mechanism of
the HER and the ways how it may be facilitated, the electronic
structure of metal and its change due to various alloying con-
stituents are of interest. Some of the most revealing theoretical
and experimental data, concerning the electronic structure of
metals and alloys result from the density functional theory cal-
culations [32,33] and the magnetization measurements [34–38].
A somewhat different view from above discussed concepts is
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to obtain more active electrodeposited Ni-alloy catalyst for the
HER, the threshold concentration of Mo should be 15 at.% and
for W 19 at.%. It is noteworthy that the “threshold” values can
be influenced by the inherent limitations of the electrodeposition
process and pH value. The influence of alloying Ni with left-hand
side transition metals (Fe, Mo, W) on the electrocatalytic activ-
ity for the HER was investigated in an acid environment [20].
Ni–Mo (12 at.% Mo) and Ni–W (20 at.%) W) electrodeposits
were found to yield the highest intrinsic electrocatalytic activ-
ity, which was explained with modification of electron density
of d orbitals by alloying Ni with Mo and W.

The results presented in Fig. 8 show how the electrocatalytic
activity of investigated Ni–W alloys for the HER depends on
the W content in the Ni–W alloy. The exchange current density,
j0 rises with increasing W content in the alloy and becomes
maximal at c(W) = 10 at.%. A comparison of this trend with
the calculated and experimental saturation magnetization val-
ues in Co–W alloys, as a function of W content, has shown that
the theory adequately describes the effect of chemical disor-
der (introduced by alloying) on the catalytic activity of Ni–W
alloys. It should be stressed that the main contribution to the
density of states and magnetic moments comes from d-electrons.
According to the results of the TB-LMTO, ASA method used to
calculate the electronic structure of the transition metal alloys,
based on the local density-functional theory, the highest activity
for the HER can be expected at the alloy composition of about
1
N
i
T
d
s
T
w
o
f

i

F
(

ffered by the theoretical results calculated by the tight-binding
inear muffin-tin-orbital (TM-LMTO), atomic sphere approxi-

ation (ASA) method [39] that has been successfully applied to
are earth and transition metals and, in particular, to some alloys
f special interest for the HER. To our knowledge, this method
as not been applied to the Ni–W system, but some parallels
ay be drawn with the Co–W system as its functional analog.
zapunar et al. [32] provided the results of calculations for the
o–W and Ni–P systems in the form of: the spin polarized and

ocalized density of states at and around the Fermi level, satura-
ion magnetization and magnetization contributions of the local

oments of all s, p and d electrons. Correlation of calculated
esults with the magnetization experimental data is well docu-
ented, but contrary to rigid band theory, the negligible charge

ransfer has been calculated, e.g. of 0.03 and 0.06 electrons for
0 wt.% and 20 wt.% W, respectively. Hence, detailed calcula-
ions reveal a more complex mechanism than the Brewer–Engel
heory would predict indicating that the increase in the electro-
hemical activity should be ascribed to the overall modification
f the density of states of the host metal rather than to the electron
ransfer.

The saturation magnetization measurements and electronic
tructure calculation demonstrated that d-band vacancy of Ni
n Ni–Mo and Ni–W alloys decreases with addition of Mo or

and becomes nearly 0 at about 11 at.% Mo and 8 at.% W.
his was in good agreement with the fact that the optimum
urface composition of both sputter deposited alloys for the
ER activity in 1 M NaOH was that of about 10 at.% Mo or
[40]. Ezaki et al. [41] have demonstrated a continuous rise of

ER activity with increasing Mo content from 0 to 10 at.% in
i–Mo UFP electrodes. According to Kawashima [40], in order
0 at.% W. The optimal catalytic activity for the HER on the
i–W alloy containing 10 at.% W coincides with an increase

n the density of states at Fermi level D(EF) of the 3d Ni band.
he increased electron density around Ni-sites influences proton
ischarge at the Ni–W surface according to the Eq. (1) and Ni-
ites can serve as a hydrogen source for the neighboring W sites.
ungsten sites in Ni–W alloys act as the “traps” for hydrogen
here the ion/atom recombination and molecular hydrogen des-
rption, Eq. (2), is promoted more efficiently. The H-trapping
unction of W also protects the alloy from deactivation [18].

Here a brief comment on surface composition of the exam-
ned alloys is due. It seems that the forces governing the surface

ig. 8. The dependence of the exchange current density, j0 obtained from EIS
�) and polarization (�) measurements on the content of W in the coating.
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segregation in the solid solutions of tungsten in nickel are del-
icately balanced (ref. [42]). Thus, a very few available experi-
mental results (by the XPS method) are inconclusive: the results
presented in (ref. [40]) indicate depletion of tungsten in the
surface layer of Ni-(19–60)at.%W alloys prepared by cosput-
tering, while investigation of the Ni-7%W solid solution under
a well-controlled conditions (ref. [42]) has shown an intrinsic
tendency (enhanced by oxygen adsorption) of tungsten to seg-
regate to the free surface. The surface composition of the actual
Ni(5–25 at.%W) sputter-deposited solid solutions has not been
examined separately. However, assuming that the most active
Ni–W alloy is exactly the one that gives the highest electron
density (at the Fermi level) for the HER, a simple comparison
between the calculated (ref. [43]) total electron density at EF, and
bulk Ni–W alloy composition at which the highest HER activity
was observed, might suggest/indicate a tungsten segregation at
the surface of the Ni-10 at.%W bulk alloy.

3.5. Nanocrystalline nickel (nc-Ni)

Nanocrystalline nickel electrode demonstrates better elec-
trocatalytic performance toward the HER than the bulk [6] or
electrodeposited Ni electrode (see j0 values in Table 1), and
comparable catalytic properties to that of the Ni90W10 alloy
(see j0 values in Table 2). Explanation lies in the difference
b
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that a structural disorder introduced by grown boundaries in
the nanostructured Ni-alloys has little effect on their saturation
magnetization.

4. Conclusions

Binary Ni–W alloy (5–25 at.%) coatings (250–310 nm) on
alumina ceramic have been prepared by dc magnetron sput-
tering codeposition. The composition of the prepared films is
determined by the Rutherford Backscattering nuclear analysis.
It was found that up to the 15 at.% tungsten content, the mea-
sured chemical composition of the film is within a fraction of the
atomic percent of the nominal tungsten content. Only at higher
tungsten concentrations a noticeably departure was found: nomi-
nal 20 at.% W corresponds to 21.2 at.% by the RBS, and nominal
25 at.% W corresponds to 27.5 at.% as determined by the RBS.

The XRD analysis revealed that prepared Ni–W films exhibit
predominantly microcrystalline structure in the examined com-
position range. The XRD analysis revealed that the grain-size
of the nc-Ni films is about 10 nm.

The kinetic parameters, indicative for the high HER activity,
were determined using the linear polarization and the electro-
chemical impedance spectroscopy techniques. Presented results
clearly demonstrate that alloying nickel with tungsten causes an
increase in the electrocatalytic activity for the HER in compar-
ison to pure polycrystalline bulk and electrodeposited nickel.
T
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etween microstructure of nanocrystalline materials and their
onventional polycrystalline and amorphous counterparts. This
s mainly due to the increase in the intercrystalline volume
raction, especially at the very small grain sizes [44–46]. The
ntercrystalline volume (the product of the total grain bound-
ry area and the grain boundary thickness) corresponds to the
olume of the material that is affected by the structural disor-
er associated with grain boundaries. Assuming a regular 14
ides tetra decahedron as a grain shape, the intercrystalline vol-
me fraction (fic) can be calculated from the following equation
44]:

c = 1 −
[

(d − ∆)

d

]3

(7)

here d is the grain size and ∆ the grain boundary thickness.
It has been shown that the several physical properties of

anocrystalline materials exhibit significant difference [44,45]
n comparison to their conventional counterparts.

Double layer capacitance, Cdl as well as pseudocapacitance,
p (Qp) for the nc-Ni electrode and the ed-Ni electrode, pre-

ented in Table 3, differ markedly. Cdl for the nc-Ni electrode is
three orders of magnitude higher than Cdl for the ed-Ni elec-

rode (see Table 3, η = −100 mV). Drastic increase in the double
ayer capacitance and pseudocapacitance can be related to the
8%-ig increase of the intercrystalline volume fraction in the
anocrystalline Ni material having the grain size of 10 nm. In
he ed-Ni material with grain size >100 � the intercrystalline
olume fraction equals 0%.

In the frame of above discussion concerning drastic change
f magnetization of transient metal alloys by a chemical dis-
rder introduced by alloying Ni with Mo(W) it is noteworthy
he Ni 10 W alloy was found to yield the highest intrinsic
lectrocatalytic activity, which was explained by modifying the
lectron density of states at the Fermi level of Ni upon alloying
t with tungsten. It was also pointed that the synergistic effect
an contribute to an increased electrocatalytic activity. A simple
ooperative functioning of the alloy components occurs via the
pillover process.

Nanocrystalline Ni-electrode demonstrated almost the same
atalytic performance toward the HER as the Ni90W10 alloy.
mproved catalytic activity for the HER of nanocrystalline Ni
n a comparison with polycrystalline Ni was explained with

icrostructural characteristics of nano-materials.

cknowledgements

The financial support of Ministry of Science (Projects 015
11/014) and EU-INCO Project “Prometheas” (Contract No:
CA2-CT-2001-10037) is gratefully acknowledged.

eferences
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