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Characterization of Ni, NiMo, NiW and NiFe electroactive coatings as
electrocatalysts for hydrogen evolution in an acidic medium
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Abstract

The paper reports a study on the influence of alloying nickel by left-hand side transition metals (Fe, Mo, W) on the electrocatalytic activity
in hydrogen evolution in an acidic environment. A number of experimental techniques were used in research (dc and ac electrochemical
techniques, XRD, SEM, EDS, and ICP). The results clearly demonstrate that alloying nickel with Fe, Mo or W results in an increased
electrocatalytic activity in hydrogen evolution when compared to pure nickel. Two effects were found to be responsible for the observed
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ehavior; an increase in surface roughness and intrinsic activity of the material. Ni7.3Mo was found to yield the highest overall electrocatal
ctivity among the investigated materials mainly due the highest surface roughness, while Ni3.4W was found to yield the highest intrins
lectrocatalytic activity, which is explained on the basis of the modification of electron density in d-orbitals upon alloying nickel with t

t was also noticed that an increase in crystallinity can contribute to an increased electrocatalytic activity in hydrogen evolution.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen, the most abundant element on earth, is the
leanest and ideal fuel. Therefore, hydrogen is increasingly
onsidered as the fuel of the future[1–4]. Although produc-
ion of hydrogen by water electrolysis is not currently cost-
ompetitive to natural gas reforming, it represents a process
here hydrogen can be produced by true renewable and fully
nvironmentally friendly energy sources, without evolution
f the green-house gas, CO2. Industrial water electrolysis is,

or the time being, carried out using a liquid alkaline elec-
rolyte. The disadvantages of this technology are mainly re-
ated to low specific production rates, high energy consump-
ion, low efficiency, voluminous systems, and safety issues
elated to use of caustic electrolytes. However, the use of
olid polymer electrolyte membrane (PEM)-type generators
the technology very similar to the PEM fuel cell technol-
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ogy), with demineralized water as the raw material, wo
offer a viable alternative to the alkaline process, especial
residential and small scale applications. Although the in
ent advantages of the PEM technology over the alkaline
are clearly established (greater safety and reliability, hi
differential pressures, higher operating current densities
efficiency, rapid transient responses, construction simp
and maintenance, etc.), one of the main obstacles asso
with the large-scale commercial application of the PEM
drogen generator is related to high investment costs, m
due to the use of noble metals (Pt, Ir, Ru) as electroactive
alyst materials[5,6]. Therefore, there is a major need to
velop new active, efficient, stable, and cheap electrocata
for water splitting in the PEM hydrogen generator, wh
would offer low overpotentials for the hydrogen evolut
reaction (HER) at rather high current densities (1–2 A cm−2).

Research in the area of HER catalyst developmen
been mainly focused on several areas of interest: (i
trinsic nature of the reaction[7–10], (ii) electrode compo
sition [11–15], (iii) surface morphology[7–9,15–20], (iv)
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.10.029
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structural, chemical and electronic properties[11–14,21], and
(v) physical, chemical and electrochemical activation treat-
ments[7–9,22–24]. Two properties play an important role
in selecting catalytically active materials for the HER: (a)
the actual electrocatalytic effect of the material, which is di-
rectly dependent on the (over)potential used to operate the
electrolyzer at significant current densities and (b) the cata-
lyst stability.

A desired decrease in overpotential can be achieved by
choosing an electrode material of high intrinsic catalytic ac-
tivity for the HER and/or by increasing the active surface
area of the electrode. In respect to the former, several at-
tempts have been made to explain the characteristics of hy-
drogen overpotential of individual metals using various phys-
ical and/or electronic parameters, including the atomic num-
ber[25], the work function[26], the bond-strength of metals
[27], the heat of adsorption of hydrogen on metals[28] and
the electronegativity[29]. In overall, it has been concluded
that the intrinsic catalytic activity for the HER can be related
to the electronic structure of metals, although any explicit
and comprehensive explanation that can be applied as a gen-
eral rule has not yet been given. The theoretical approach to
explain the HER activity of multi-component (i.e. alloy) cat-
alysts is even more complex, and several theories have been
proposed. The alloying effect of transition metal-based alloys
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remains an issue of a cheaper catalyst material to be designed
for the use in the PEM-type hydrogen generator. Naturally,
due to the high intrinsic activity in the HER, Ni-based al-
loys should represent the best starting point for the design.
Although a number of HER studies have been done on Ni-
based alloys, the majority of them have been done in alkaline
media, but surprisingly Ni-based alloys in acidic media have
not been widely studied. This is mostly due to the fact that the
research in this area has been focused on classical alkaline
electrolyzers, and also due to the lower corrosion stability
of Ni in an acidic environment. However, since a PEM gen-
erator works at very low pH values, studies done at high
pH values cannot offer quite reliable data for the design of
PEM-catalyst. Hence, thorough investigation of possible cat-
alyst materials in an acidic environment is required in order
to support the development of the PEM hydrogen genera-
tor technology. Therefore, this paper represents an attempt to
contribute to the development of active, efficient, stable, and
cheaper nickel-based electrocatalysts for hydrogen produc-
tion by water electrolysis in the PEM hydrogen generator.
The authors’ intention was not to develop ‘industry-ready’
catalytic surfaces, but rather to investigate and point-out to
fundamental factors that could contribute to the develop-
ment of better HER catalysts in the acidic media (i.e. PEM
media).
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n both hydrogen evolution activity and catalyst stability
een discussed on the basis of the Engel–Brewer val
ond theory[21], and on the basis of the electronic struc
f alloys, in particular, the direction of electron transfer

ween constituting atoms in the alloy and its effect on
espective Fermi levels of the components[12–14,21]. The
ell-known ‘spillover’ effect in heterogeneous catalysis
lso been used to interpret the synergism of transition m
ased HER alloys[11].

With respect to the enhancement of the electrocata
ctivity by increasing the active surface area of the e

rode, Ni-based Raney-type alloys have been succes
sed to fabricate HER cathodes in classical alkaline ele
sers[8,9,20,23]. However, these electrodes are not suit
or the PEM-type hydrogen generator, due to a very lim
ontact area between the solid electrolyte membrane an
ctive catalyst layer. Therefore, direct plating of Pt, Ru

r onto the polymer membrane has been used as a ca
reparation method[5,6], i.e. fabrication of the membra
lectrode assembly (MEA). However, beside very high c
ssociated with the use of these noble metals, one of the
rawbacks of the presently used MEA preparation metho
relatively low catalyst efficiency-to-loading ratio, which
ainly due to the limited polymer electrolyte/catalyst in

ace contact area, i.e. limited three-dimensional (3D) rea
one. A possible solution to the problem is the constructio
he MEA similar to the construction used in low-tempera
ydrogen and methanol PEM fuel cells[30], which would
llow for lower catalyst loadings to be used. However, s

he state-of-the-art catalyst in the PEM fuel cell techno
s still Pt or Pt–Ru (depending on the fuel used), there
.1. Short theoretical background

The hydrogen evolution reaction (HER) is historica
ery important and has been widely studied using bo
road range of solution conditions, and electrode mate

t is well established that the HER on a metallic electrode
n acidic media, proceeds according to the following th
eaction mechanism[31]:

+ H+ + e− ↔ M Hads(Volmer reaction) (1

Hads+ H+ + e− ↔ H2 + M (Heyrovsky reaction) (2

Hads+ M Hads↔ H2 + 2M (Tafel reaction) (3

he adsorbed hydrogen atom (MHads) plays a key role
n the mechanism and kinetics of the HER, chang
oth its thermodynamics and kinetics. Both mechani
olmer–Heyrovsky or Volmer–Tafel, require the format
nd then cleavage of MHadsbond. Hence, the reaction ra

or the HER is determined by the strength of proton ads
ion bonding to the metal surface. Consequently, the m
mum rate of hydrogen evolution will occur at interme
te values of MHadsbond strengths, resulting in a behav
haracterized by the well known ‘volcano curve’[28]. Un-
ortunately, it is clear that except noble metals (e.g. Pt,
e, Pd, Ir), other less-noble pure metals express much
ctivity in the HER[28]. In order to try to overcome this, b
esigning a material that would at least approach the ele
hemical activity in the HER similar to noble metals, m
d transition metal-based binary alloys have been stu



E. Navarro-Flores et al. / Journal of Molecular Catalysis A: Chemical 226 (2005) 179–197 181

mostly binary alloys of Ni- or Co- and some other transition
metal (e.g. Mo, Zr, Fe, etc.). Indeed, the combination of two
transition metals could result in an enhanced HER electrocat-
alytic activity, compared to their individual activities, which
is known as an electrocatalytic synergetic effect.

The present paper is divided in three major sections. In
the first section, the results on the chemical, structural and
morphological characterization of the investigated catalytic
coatings are presented, followed by the section related to dc
and ac electrochemical results. In this section the kinetics and
mechanisms of the HER is discussed in detail, while the last
section discusses the intrinsic activity of the materials used as
the HER electroactive coatings. The results presented in this
paper have served as the basis for the further development of
nano-structured Ni-based electrocatalysts for hydrogen pro-
duction, which will be reported in the forthcoming papers
[32,33].

2. Experimental

The electrocatalytic activity of Ni and NiX (X = Mo, W,
Fe) coatings in the hydrogen evolution reaction (HER) was
studied in 0.5 M H2SO4 solution at 295 K. Chemicals used in
research were purchased from Sigma–Aldrich Company and
F tion.
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Table 1
Experimental conditions used in the electrodeposition of electrocatalytic
coatings on a Cu substrate

Ni NiW-1

Current density (A m−2) 1600 Current density (A m−2) 100
Duration (min) 20 Duration (min) 30
pH 3.4 pH 10.5
NiSO4·6H2O (g L−1) 300 NiSO4·6H2O (g L−1) 80
NiCl3·6H2O (g L−1) 50 Potassium citrate (g L−1) 50
H3BO3 (g L−1) 40 Na2CO3 Excess
Sodium lauryl sulfate (g L−1) 1 Na2WO4·2H2O (g L−1) 20

NiMo-1 NiFe-1

Current density (A m−2) 1600 Current density (A m−2) 130
Duration (min) 20 Duration (min) 15
pH 10.5 pH 3.5
NiSO4·6H2O (g L−1) 79 NiSO4·6H2O (g L−1) 80
Na2MoO4·2H2O (g L−1) 48 FeSO4·7H2O (g L−1) 20
Sodium citrate (g L−1) 88 Sodium citrate (g L−1) 50
NH4OH Excess Na2CO3 (g L−1) 20

H2SO4 Until pH 3.5

NiMo-2 NiFe-2

Current density (A m−2) 1600 Current density (A m−2) 130
Duration (min) 20 Duration (min) 15
pH 10.5 pH 3
NiSO4·6H2O (g L−1) 52 NiSO4·6H2O (g L−1) 26
Na2MoO4·2H2O (g L−1) 73 FeSO4·7H2O (g L−1) 28
Sodium citrate (g L−1) 88 H3BO3 (g L−1) 12
NH4OH Excess Na2SO4 (g L−1) 3.6

H2SO4 Until pH 3

water in order to remove any residues of bath chemicals and
unattached catalyst particles. Then the electrode was placed
in the electrochemical cell, and in order to reduce any metal
oxides spontaneously formed on the catalyst surface, i.e. to
activate the electrocatalyst, the electrode was polarized at
−0.55 V (versus SHE) for 5 min, followed by the stabilization
at OCP until a steady-state OCP value was obtained (usually
less then 5 min).

Several research experimental techniques were employed:
linear Tafel polarization, electrochemical impedance spec-
troscopy (EIS), and chronopotentiometry (instrument: Auto-
lab PGSTAT 30 potentiostat/galvanostat/FRA); inductively
coupled plasma (ICP) analysis (instrument: Thermo Jarrel
Ash Trace Scan ICP); scanning electron microscopy (SEM)
analysis (instrument: FE-SEM Hitachi 4700); energy disper-
sive spectrometry (EDS) analysis (instrument: Oxford Instru-
ments X-ray detector. Model 7200); X-ray diffraction (XRD)
analysis (instrument: Riaku XRD system with a Cu rotating
anode at 40 kV and 120 mA).

To determine a NiX catalyst chemical composition, the
ICP technique was used. Catalytic coatings electrodeposited
on copper foils were dissolved in 10 mL of boiling aqua
regia (water, concentrated nitric acid and concentrated hy-
drochloric acid in a 1:1:3 volume ratio). Solutions of 50 and
100 ppm were prepared from Ni, Fe, Mo, W standard so-
l −1

a each
s

isher Scientifics, and were used without further purifica
ll solutions were prepared using nanopure water of res

ty 18 M� cm. All measurements were made in an oxyg
ree solution, which was achieved by continuous purgin
he cell electrolyte with argon gas (99.998% pure).

A standard three-electrode, two compartment cell
sed in all experiments. The counter electrode was a l
rea platinum electrode of high purity (99.99%, Alfa Aes
hich was degreased by refluxing in acetone, sealed in
lass, electrochemically cleaned by potential cycling in 0
ulfuric acid, and stored in 98% sulfuric acid. During m
urements, the counter electrode was separated from the
ell compartment by a glass frit. The reference electrode w
ommercially available mercury/mercurous sulfate elect
MSE). The working electrode was a NiX electrocatal
oating electrodeposited on a Cu substrate of surface
.69 cm2. The Cu substrate was made of a Cu rod seal
n epoxy thus giving a two-dimensional surface area a
ble for the electrodeposition of an electrocatalytic coa
efore electrodeposition, the Cu substrate was carefully
ared by mechanical wet-polishing using #600 and #1
rit sand paper, followed by thorough rinsing with distil
ater and cleaning in an ultrasonic bath for 6–7 min in
er to remove polishing residues. Subsequently, the sub
as degreased with ethanol and rinsed with nanopure

er. The formation of electroactive coatings on such prep
u substrate was done by the electrodeposition at a con
urrent from corresponding salt baths. The bath compos
nd deposition conditions are listed inTable 1. After the de
osition of the active electrocatalyst material, the elect
urface was carefully rinsed with a large amount of nano
utions (Fisher ICP standards, 1000�g mL ) to determine
calibration curve. Three measurements were run for

ample.
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Table 2
Chemical composition of electrocatalysts obtained by an ICP analysis

Notation of catalyst Formula At.%

Ni Mo W Fe

Ni Ni 100 – – –
NiMo-1 Ni7.3Mo 88 12 – –
NiMo-2 Ni3Mo 75 25 – –
NiW-1 Ni3.4W 77 – 23 –
NiFe-1 Ni4Fe 80 – – 20
NiFe-2 NiFe5.6 15 – – 85

3. Results and discussion

3.1. Composition and structural characterization

Inductively coupled plasma (ICP) was used to determine
the exact composition of the electrocatalytic coatings un-
der study. The composition of the different NiX catalysts
(X = Mo, W, Fe) is presented inTable 2in at.%. In order to
investigate the influence of the catalyst composition on the
HER, an attempt to produce two different alloy compositions
was made by changing the electroplating bath composition
(Table 1). From Table 2it can be observed that the largest
difference in the composition ratio was achieved for NiFe.
In the case of NiMo, two different alloy compositions were
obtained, however both of them were richer in nickel. For
NiW, it was possible to produce only one composition. A
significant relative increase in the W content in the bath did
not result in any significant increase in the content of W in
the coating.

X-ray diffraction (XRD) was used for the structural char-
acterization of the NiX catalysts. The resulting diffraction
patterns are shown inFig. 1. The range of variation of the
diffraction angle was 30◦ < 2� < 100◦. The spectrum recorded
on pure Ni shows that the coating is crystalline. The peaks

recorded correspond, in increasing order of 2θ, to the (1 1 1),
(2 0 0), (2 2 0), (3 1 1) and (2 2 2) reflections of the f.c.c. struc-
ture of nickel [34]. Contrary to Ni, the spectra on both
NiMo coatings show the halo pattern, indicating the exis-
tence of amorphous structure[35]. The NiMo coating with
a higher content of nickel (NiMo-1) shows broad peaks cor-
responding, in increasing order of 2θ, to the (1 1 1), (2 0 0),
(2 2 0), (3 1 1) and (2 2 2) reflections of the f.c.c. structure
of the Ni phase supersaturated with Mo[36]. Hence, NiMo-
1 can be regarded as a solid solution with an f.c.c. Ni-rich
structure (known as the� phase) with Mo atoms substitu-
tionally dissolved in Ni. NiMo-2 shows even a larger de-
gree of amorphousness, with Ni (2 2 0) reflection almost, and
(3 1 1) and (2 2 2) completely absent. The increase in a de-
gree of amorphousness (i.e. peak broadening) with the in-
crease in Mo content has also been observed by Highfield
et al.[11].

Similarly, the spectrum recorded on NiW-1 shows a single
f.c.c. Ni phase saturated with W. However, in this case the
peaks are quite defined (narrow), indicating that this coating
is a solid solution of W in Ni that consists of W atoms sub-
stitutionally dissolved in the f.c.c. structure of Ni[34]. The
spectrum also demonstrates that the coating is crystalline. In
the case of NiFe-1, somewhat broader Ni (1 1 1) peak indi-
cates the existence of an amorphous pattern, with Ni (2 0 0),
( This
i
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of NiX
Fig. 1. X-ray diffraction (XRD) patterns
2 2 0), (3 1 1) and (2 2 2) reflections completely absent.
s in contrast to the results of Cheung et al.[37] whose XRD
nalysis confirmed that a NiFe alloy of a very similar co
osition (22.2% Fe) obtained by electrodeposition was c
letely crystalline. In contrast to NiFe-1, NiFe-2 show
ell-defined Ni (1 1 1) peak, indicating that the material i
crystalline structure.
The absence of other Ni diffraction lines in all the sam

ndicates that during the preparation of the coatings the
leation of other phases did not take place. Hence, the

coatings electrodeposited on a Cu substrate.
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phase in all the coatings is the Ni f.c.c. structure, with the
second element incorporated into the structure.

3.2. Morphology of the electrodes

In order to examine the morphology of the electroactive
coatings used in research, a scanning electron microscopy
(SEM) technique was used. The SEM images inFig. 2show
significant differences in morphology of the investigated cat-
alytic coatings. Pure Ni (Fig. 2a) shows a relatively homoge-
neous surface of small roughness, which can be considered as
a quazi-two-dimensional surface. The morphology of the sur-
face is in accordance with the crystalline structure obtained
by the XRD analysis, and the micrograph taken at a higher
magnification showed polygonal forms characteristics of a
crystalline structure. On the other hand, fromFig. 2b and c
it can be observed that the NiMo coatings show a spherical
(globular) and cauliflower-like pattern, having a considerably

rougher surface than pure nickel. The size of the globules is
smaller for the NiMo-2 sample, which contains less Ni. It
can also be observed on both micrographs that some smaller
ellipsoid-shaped globules appear on top of the larger globules.
The borders of both smaller and bigger globules are circular
or quazi-circular, which is quite different than the polygonal
form of polycrystals observed on Ni, indicating the absence
of grain boundaries, thus supporting the XRD spectra that
show the amorphous structure of both NiMo coatings. The
micrograph of NiMo-1 shows that the coating is very porous
and of a three-dimensional structure, thus indicating a high
surface area available for the HER reaction (this was also
confirmed by the determination of the surface roughness us-
ing EIS, and is discussed later in the paper). The micrograph
of NiW-1 coating (Fig. 2d) shows the presence of cracks on
a relatively uniform surface, and no grains of any type could
be observed even at high magnifications. A similar uniform
surface can also be seen inFig. 2e for NiFe-1. However, in
Fig. 2. SEM micrographs showing the surface
 morphology of electrodeposited NiX coatings.
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this case small irregular grains are formed on the surface.
On the other hand, the coating with the higher content of
iron (NiFe-2,Fig. 2f) shows a quite different structure where
small, well-distributed grains can be observed on the surface.
SEM images taken at higher magnifications (not shown here)
showed that the grains are star-shaped, with the average size
of ca. 200 nm. This is in agreement with the XRD spectrum
(Fig. 1) that shows the crystalline structure of NiFe-2.

Energy dispersive spectrometry (EDS) was further used
in order to determine the chemical composition of the coat-
ings and to investigate the distribution of the elements on the
electrode surface (graphs are not shown here). All the EDS
spectra showed the characteristic peaks for Ni and the alloy-
ing elements, which is consistent with the ICP results already
discussed. The surface mapping of Ni and the alloying ele-
ments confirmed a very uniform distribution of the elements
on the surfaces of all the coatings, which is one of the major
conditions that has to be fulfilled in the design of multicom-
ponent electrocatalysts.

3.3. Linear Tafel polarization

In order to investigate the electrocatalytic activity of the
prepared catalytic coatings, Tafel linear polarization mea-
surements were made, and the corresponding electrochemi-
c trans-
f
s
t th re-
s tions
(
f d on

Ni, NiMo and NiW is ca. 40, or 130 and 220 mV for NiFe-1
and NiFe-2, respectively, more negative than the reversible
H+/H2 potential. By comparing these values to the thermo-
dynamic values related to the most negative potential related
to the oxidation of Ni, Mo, W and Fe to their first oxidation
ionic state or oxide state[38], one can get some indication
on the presence of oxide films on the catalyst surface. The
OCP values for the investigated coatings (Fig. 3) are for ca.
220 mV (Ni), 170 mV (NiMo-1 and NiMo-2), 100 mV (NiW-
1), 230 mV (NiFe-1) and 320 mV (NiFe-2) more positive of
the corresponding thermodynamic potentials related to the
oxidation of the metals to Ni2+, Mo3+, WO2, and Fe2+. This
indicates that at the OCP each coating is covered by a thin ox-
ide film of the corresponding metal(s) that protects the coating
component(s) from further dissolution (corrosion), thus mak-
ing the OCP more positive than the corresponding thermo-
dynamic oxidation potential. Similar observations have been
already reported on Ni-based catalysts[11,17,39]. From the
relative difference in the above values one can speculate that
the least compact (protective) oxide film is formed on NiW-
1, while the most protective film is formed on NiFe-2. The
cathodic polarization of the coatings may reduce some of the
oxide films completely to the metal, but the present results
do not give sufficient information to support the conclusion.

The Tafel curve recorded on pure Ni (Fig. 3) shows a
c ER
o an
b
η

s ,
a den-
s

F 4 at 29
( 290 m
< .
al parameters (Tafel slope, exchange current density,
er coefficient) were derived from the recorded curves.Fig. 3
hows a set of Tafel curves recorded in 0.5 M H2SO4 on all
he coatings investigated. The curves are corrected wi
pect to the reversible HER potential at the given condi
Erev =−0.015 versus SHE in 0.5 M H2SO4, pH = 0.25) and
or the IR-drop. The first observation is that OCP recorde

ig. 3. Tafel polarization curves recorded on NiX coatings in 0.5 M H2SO
NiMo-2) −40 to−100 mV, (NiW-1)−50 to−100 mV, (NiFe-1)−170 to−
−180 mV, (NiW-1) <−170 mV, (NiFe-1) <−350 mV, (NiFe-2) <−350 mV
lassical Tafelian behavior, clearly indicating that the H
n Ni is a purely kinetically controlled reaction that c
e described using the Tafel equation,η =a+b log j, where
(V) represents the applied overpotential,j (A cm−2) the re-
ulting (measured) current,b (V decade−1) the Tafel slope
nda (V) the intercept related to the exchange current
ity j0 (A cm−2) through equationa= (2.3RT)/(βnF) × log j0.

5 K. The scan rate was 0.5 mV s−1. Region I: (NiMo-1)−50 to−110 mV,
V, (NiFe-2)−240 to−300 mV; Region II: (NiMo-1) <−140 mV, (NiMo-2)
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The other parameter of interest isβ, the symmetry fac-
tor, which can be calculated from the Tafel slope as
b= (2.3RT)/(βnF), andn represents the number of electrons
exchanged,F (= 96485 C mol−1) is the Faraday constant, and
R (= 8.314 J mol−1 K−1) is the gas constant.

Since the Ni curve inFig. 3 does not show any signifi-
cant change in the slope, the same HER reaction mechanism
should be valid through the entire overpotential region in-
vestigated. The value of the Tafel slope is 147 mV decade−1.
According to the general models for the HER mechanisms
in acidic media[31,40,41], if the Volmer reaction step, i.e.
adsorption of hydrogen (Eq.(1)), is rate determining, the re-
sulting Tafel curve should yield a slope of 116 mV decade−1

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

for the Tafel desorption step, i.e. chemical desorption (Eq.
(3)). Hence, the Ni curve inFig. 3clearly demonstrates that
the HER on Ni is controlled by the Volmer reaction step,
i.e. by the rate of adsorption of hydrogen to form NiHads.
It could also be noticed that the measured Tafel slope value
slightly deviates from the theoretical value in a positive di-
rection. This phenomenon has already been reported in the
literature[17,22,42], but the fundamental explanation of the
reason of its appearance has not been always given. As pre-
v ered
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coefficient,α, indicates better electrocatalytic activity, which
is often used as a comparison parameter.

In contrast to pure Ni, the polarization curves recorded
on the bicomponent electrocatalysts (Fig. 3) display two
potential-dependent regions of the HER behavior. At low
overpotentials the curves display a well-defined Tafelian be-
havior, with an exception of NiFe-2 which also shows two
regions of different behavior, but a high-overpotential region
is more defined in terms of the Tafelian behavior. Neverthe-
less, all the curves demonstrate that at higher overpotentials
a significant deviation from the low-overpotential Tafelian
behavior was recorded, i.e. there is a change in the Tafel
slope. These two regions are named as “Region I” and “Re-
gion II” (seeFig. 3caption), and the electrochemical param-
eters derived from the curves are presented for each alloy in
Table 3for the both regions. The deviation from the Tafe-
lian behavior at high overpotentials or even the existence of
two-Tafel-regions has already been reported in the literature
[11,18,36,39,43–46], for similar HER electrocatalytic mate-
rials. This point will be discussed shortly in the text in relation
to the behavior observed at high overpotentials (Fig. 3, Re-
gion II).

The curves presented inFig. 3 show that in the low cur-
rent density region (Region I), Tafel slope values for NiMo-
1, NiMo-2 and NiW-1 are between 38 and 43 mV decade−1.
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his thin surface oxide film could be related to the increa
afel slope value (Fig. 3). Since Ni-oxide is a semiconduct

ts electronic conductivity is lower than the conductivity
ure metallic Ni, i.e. the electron transfer rate thorough
i-oxide film is slightly impeded. This is, in turn, related

he symmetry factor,β, the value of which then decreas
his results in an increase in Tafel slope, assuming the

ion mechanism does not change. Note that for the Vo
tep as the rds, the symmetry factor,β, is equal to the tran
er coefficient,α, while for the Heyrovsky step as the r
he transfer coefficient isα = 1 +β [31]. Basically, due to th
ecrease in the electron conductivity through the thin o

ayer formed on the Ni surface, the external energy inve
hrough the application of overpotential is used not only
he HER, but also to overcome a low electron transfer
ier located inside the thin oxide film (band gap). This co
n the account of a smaller decrease in the HER activ
nergy, which ultimately gives a lower transfer coeffic
alue,αNi =βNi = 0.39 (Table 3). From this it is obvious tha
he ratio of the invested energy that is distributed betw
he HER and electron transfer inside the oxide film dep
n the electric/dielectric properties of the film, and also

hickness. Metikos-Hukovic and Jukic[15] have reported a
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f the presence of a thick barrier-type Zr-oxide film on
atalyst surface. However, much lower values have bee
orted on Ni and Ni-based alloys[17,22,42]. From the abov
iscussion one can conclude that a higher value of tra
imilar values were also obtained on sputter-deposited N
nd NiW electrodes in a highly basic medium[36] and NiMo
lectrodes prepared by arc-melting[11] in a highly acidic
edium. According to the previous discussion of the

ation between a Tafel slope value and the correspon
ds reaction step, it appears that the Heyrovsky desor
tep Eq.(2) controls the HER kinetics on NiMo-1, NiMo
and NiW-1 at low overpotentials, while the Volmer st
q. (1), then proceeds at a significant rate. For NiFe-1
iFe-2, the Tafel slope at low overpotentials is of a hig
agnitude, 94 and 86 mV decade−1, respectively. These va
es are slightly lower than the value that characterize
olmer reaction as the rds (116 mV decade−1), but signifi-
antly higher than the value that characterizes the Heyro
tep (40 mV decade−1). The corresponding transfer coe
ients are 0.62 and 0.67. Larger values of a transfer c
ient would indicate better electrocatalytic activity, butFig. 3
hows that a large overpotential is required to start evo
ydrogen on the NiFe catalysts, while all other coating
uire much lower overpotentials. This was already discu

n terms of the existence of an oxide film on the NiFe
ace, which inhibits the electron transfer, and consequ
arger overpotentials are required for the HER to occu
ddition, the EIS measurements showed that the NiFe

ngs express different impedance behavior than the othe
oatings, which is most likely influenced by the existenc
n oxide film on the coating surface (this will be discus

ater in the text). Taking this discussion into account it se
hat the rds on the NiFe coatings is the Heyrovsky step.
s also supported by results published in[18], where two
afel regions were also recorded. However, the slope o
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Table 3
HER kinetic parameters obtained by the analysis of the Tafel curves presented inFig. 3

Catalyst Region I Region II

b (mV decade−1) j0 (�A cm−2) α b (mV decade−1) α

Ni 147 −2.6 0.39 119 0.49
NiMo-1 38 −20.5 1.53 118 0.49
NiMo-2 40 −12.4 1.45 123 0.47
NiW-1 43 −10.3 1.35 116 0.50
NiFe-1 94 −2.0 0.62 160 0.36
NiFe-2 86 −0.4 0.67 146 0.40

low-overpotential Tafel region was ca. 40 mV decade−1, in-
dicating the Heyrovsky step as the rds for the HER on NiFe.
However, it has to be emphasized that the measurements pre-
sented in[18] were done at very high pH values (1 M KOH).

Fig. 3 shows that with the increase in overpotential the
Tafel slope changes on all the bimetallic electrocatalysts stud-
ied. In the high overpotential region (Region II), NiMo-1,
NiMo-2 and NiW-1 electrocatalysts yielded a Tafel value of
ca. 120 mV decade−1 (seeTable 3), which is in a very close
agreement with values obtained on sputter-deposited NiMo
and NiW electrodes in a highly basic medium (1 M NaOH)
[36] and arc-melted NiMo electrodes in an acidic medium
[11]. The values reported on the NiFe catalysts (Table 3) are
somewhat higher, which is in accordance with the previous
discussion related to the Tafel behavior in Region I. On the
other side, the Tafel value obtained on pure nickel decreased
to 119 mV decade−1, which indicates that the thin Ni-oxide
film that is present on the catalyst surface at OCP and low
overpotentials was removed (reduced) during the cathodic
polarization to high overpotentials, thus increasing the sym-
metry factorβ (or transfer coefficient,α, in this case since for
Ni α =β, Table 3). Similar observations were also reported
in [11].

The change (decrease) of the Tafel slope value with
polarization has also been reported in the literature
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Table 4
Comparison of the electrocatalytic activity of the investigated catalyst coatings in terms of (a) the overpotential and power input needed for a fixedhydrogen
production rate determined by the current density of 1 mA cm−2, and of (b) the resulted production rate at a fixed energy input (fixed overpotential of−150 mV)

Catalyst j = 1 mA cm−2 η =−150 mV

η (mV) Power (mW cm−2) j (A cm−2) Volume of H2 (L h−1)

Ni −379 0.379 −27.0×10−6 6.0
NiMo-1 −65 0.065 −56.4×10−3 12638
NiMo-2 −75 0.075 −22.9×10−3 5136
NiW-1 −85 0.085 −10.4×10−3 2341
NiFe-1 −257 0.257 −62.0×10−6 14.0
NiFe-2 −284 0.284 – –

Considering the exchange current density values (j0) pre-
sented inTable 3, we can see that the highest value is obtained
on NiMo-1, indicating that this catalyst is thermodynami-
cally the most active among the catalysts investigated. The
other two bimetallic catalysts, NiMo-2 and NiW-1, also show
a better performance when compared to pure Ni, while the
NiFe catalysts seem to be less active. Although the value of
the exchange current density is very frequently used for the
characterization of the electrocatalytic activity, it has been
reported that a value of Tafel slope in the low-overpotential
region, Region I (i.e. a high value of a transfer coefficient) is
as, or even more, important than a favorable exchange cur-
rent density value,j0 [18]. This is due to the fact that the
HER reaction does not occur at a reversible potential (i.e. zero
overpotential), but at certain overpotential is required for the
reaction to proceed at a measurable rate. Hence, in order to
better compare the electrocatalytic activity of the catalysts in
Fig. 3, one can fix a current density value (i.e. a hydrogen
“production” rate) and compare the resulting overpotentials
required to reach the give current density. This would give an
indication on the amount of energy (overpotential) that has
to be invested to produce a fixed amount of hydrogen, since
the current is directly related to the amount of hydrogen pro-
duced (through the Faraday’s law). Overpotential values for
each catalyst measured at fixed current density 1 mA cm−2
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pure Ni is used. In conclusion, the trend in the electrocat-
alytic activity presented inTable 4is the same as the trend
already observed using the exchange current density values
related to the equilibrium condition (Table 3), and shows
that the HER electrocatalytic activity of the investigated cata-
lysts decreases in the direction of NiMo-1 > NiMo-2 > NiW-
1 > NiFe-1 > Ni > NiFe-2. This procedure is commonly used
in the literature for the comparison of HER catalysts.

The information obtained from the Tafel polarization data
demonstrates that all the investigated bimetallic NiX catalysts
are very active for the HER, showing a superior overall cat-
alytic activity over pure Ni. NiMo-1 has shown to be the best
overall catalyst. However, since the Tafel curves presented in
Fig. 3are normalized to the geometric area of the catalyst, not
to the real electrochemical area, the results discussed above
cannot offer a definite conclusion if the observed electro-
catalytic activity is either a result of the increased surface
area of the catalysts, or better intrinsic (electronic) electro-
catalytic properties of the catalyst material, or the combi-
nation of the two. Therefore, in order to investigate which
of the electrocatalysts is intrinsically the best material for
the HER, the curves presented inFig. 3 should be normal-
ized to the true electrochemically active surface area of the
electrocatalyst. Some initial conclusions can be made on the
basis of the SEM images presented inFig. 2, where it is
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ower values. From the table it is obvious that Ni requ

he largest energy input for the given hydrogen produc
ate (−379 mV or 0.379 mW cm−2), while NiMo-1 requires
he lowest energy input (−65 mV or 0.065 mW cm−2), i.e.
lmost six times lower then on pure nickel.

Another common way of comparing the electrocatal
ctivity of HER electrocatalysts is to fix overpotential (
rgy input) and compare the resulting current densities

he amount of hydrogen that would be produced by each
lyst. In order to better illustrate the difference between
lectrocatalysts investigated, the calculations for the hy
en production at fixed overpotential−150 mV in an imagi
ary PEM hydrogen generator of 50 membranes, each2

f geometric surface area, operating at standard cond
re also presented inTable 4. Again, similarly to the behav

or obtained at a fixed current density, NiMo-1 yields the
lectrocatalytic activity. The amount of hydrogen that co
e produced using NiMo-1 is ca. 2100 times larger tha
bvious that the NiMo-1 surface shows the highest su
oughness. This is also consistent with the results pres
n Fig. 3. However, an increased electrode surface area
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nvestigated.
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3.4. Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS)
technique was applied to further investigate the elec-
trode/electrolyte interface and the corresponding processes
that occur at the electrode surface. To ensure a complete
characterization of the electrode/electrolyte interface and cor-
responding processes, EIS measurements were made over
six frequency decades, from 10 kHz to 10 mHz at selected
overpotentials over the whole overpotential range covered
with Tafel plots (ca. from the OCP to overpotential OCP –
500 mV).Fig. 4 shows an example of EIS spectra recorded
on NiW-1 at several selected overpotentials. The presenta-
tion of the data in a form of a Bode impedance plot (Fig. 4b)
clearly reveals the presence of two time constants, namely
the high-frequency (HF) time constant,τ1, and the low fre-
quency (LF) time constant,τ2. In order to demonstrate that
all the investigated catalytic coatings express the two-time
constant behavior seen inFig. 4, a Nyquist plot of each cata-
lyst is presented inFig. 5. The plots in the figure show that the

two-time constant response is clearly visible either as a defi-
nite appearance of two semicircles (NiMo-1, NiMo-2, NiW-1
and NiFe-1) or as a broadened (distorted) semicircle on Ni
and NiFe-2. The zoomed insets inFig. 5are added to demon-
strate this more clearly, while in the case of Ni and NiFe-2, a
simulated one-time constant response is presented as a solid
line for the same purpose. At the moment it is important to
remember that the HER response on all the investigated cata-
lysts clearly shows the existence of two time constants, which
is later used as a basis for the modeling of the EIS spectra.
The relation of the two observed time constants to specific
surface processes will be discussed shortly.

In order to obtain a physical picture of the elec-
trode/electrolyte interface and the processes occurring at the
electrode (catalyst) surface, experimental EIS data were mod-
eled using non-linear least-squares fit analysis (NLLS) soft-
ware[48] and an electrical equivalent circuit (EEC). Three
different EEC models[9,17,22,49–51]have been mostly used
to explain the ac impedance of the HER on nickel-based elec-
trodes (Fig. 6): (1) the one-time constant model (1T), (2) the

F
a

ig. 4. (a) Nyquist and (b) Bode plots for NiW-1 coating recorded in 0.5 M H2SO4 a
nd (�) −110 mV. Symbols are experimental data and solid lines are modele
t 295 K at various overpotentials; (©) −35 mV, (	) −60 mV, (�) −85 mV
d data.
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Fig. 5. Nyquist plots for NiX coatings recorded in 0.5 M H2SO4 at 295 K at overpotentials (Ni) 45 mV, (NiMo-1) 45 mV, (NiMo-2) 45 mV, (NiW-1) 35 mV,
(NiFe-1) 160 mV, and (NiFe-2) 225 mV. The plots show a two-time constant response. Insets represent a zoomed part of a spectrum at high frequencies. Symbols
are experimental data, while solid lines on the two plots represent a response of a system characterized by one-time constant, and are shown only to aidthe
visual distinction of two time constants on experimental plots.

Fig. 6. EEC models used to explain the EIS response of the HER on nickel-
based electrodes: (a) one-time constant model (1T), (b) two-time constant
parallel model (2TP), and (c) two-time constant serial model (2TS).

two-time constant parallel model (2TP), and (3) the two-time
constant serial model (2TS). In the absence of a response re-
lated to the hydrogen adsorption, the 1T model is used to
describe the response of the HER on relatively smooth sur-
faces[15], or surfaces containing narrow and wide cylindrical
pores[50,52]. The same model was also used by Savadogo
and Ndzebet[53] to model EIS spectra for the HER on a
Pt–Co alloy supported on carbon and electro-activated by
SiW12O40

4−. The 2TP model (Fig. 6b), which represents a
slightly modified model originally proposed by Armstrong
and Henderson[54], has been used to describe the response
of the HER on both porous[18,50,55]and smooth electrodes
[56,57]. It reflects the response of a HER system charac-
terized by two time constants, both of them related to the
kinetics of the HER. It has been postulated that the first time
constant,τ1 (CPE1-R1 Fig. 6b), is related to the charge trans-
fer kinetics, while the second time constant,τ2 (CPE2-R2),
is related to the hydrogen adsorption. Both time constants
change with overpotential. The 2TS model (Fig. 6c) has also
been used to describe a response of the HER on porous elec-
trodes[17,40,50]. Similarly to the 2TP model, it reflects a
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response of a HER system characterized by two time con-
stants, but only one of them (τ1, CPE1-R1) is related to the
kinetics of the HER. This time constant changes with overpo-
tential. The second time constant (τ2, CPE2-R2) is related to
the porosity of an electrode surface, and does not change with
overpotential. Hence, from the discussions outlined above it
can be concluded that the suitability of a specific EEC to
model experimental data can be used as a criterion to pre-
scribe EEC parameters to the specific processes (i.e. charge
transfer kinetics, surface porosity or hydrogen adsorption).

Fig. 4shows an example of EIS spectra recorded on NiW-
1 at several selected overpotentials, and both the Nuquist and
Bode plots clearly show the response of a system charac-
terized by two time constants. Therefore, in order to model
the experimental data on NiW-1 both two-time constant EEC
models, i.e. the 2TP and 2TS models (Fig. 6), were tested.
Fig. 4shows that a very good agreement between the exper-
imental data (symbols) and simulated data (solid lines) was
obtained when the parallel EEC (2TP) model was used. The
use of the serial model (2TS) resulted in a large disagree-
ment between the experimental and simulated data for Ni,
NiMo-1, NiMo-2 and NiW-1, but it was successfully used to
model EIS spectra on NiFe-1 and NiFe-2. The EEC param-
eters obtained by modeling of the investigated catalysts are
presented inTable 5. The fitting procedure showed that a bet-
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the trend in overpotential behavior. This is quite necessary
in order to explain the situation reflected by the recorded
EIS spectra, i.e. to relate the two time constants to specific
physical phenomena (charge transfer kinetics, hydrogen ad-
sorption, surface porosity). Studies of the HER on solid elec-
trodes[17,40,50]have shown that when the radius of the HF
semicircle (Figs. 4 and 5, smaller semicircle) is potential-
independent, it can be related to the electrode surface poros-
ity response, while the potential-dependent LF semicircle
(Figs. 4 and 5, larger semicircle) can then be related to the
charge transfer resistance process. In such a case, the lower
value time constant (HF constant) represents the response of
surface pores, while the higher value time constant (LF con-
stant) is related to the HER kinetics. On the other hand, when
both semicircles, i.e. both time constants change with over-
potential, the one-time constant is related to the response of
hydrogen adsorbed on the electrode surface, while the other
one represents the HER kinetics[18,50,55–57]. In such a
case, one time constant is related to the charge transfer resis-
tance is usually much smaller than the time constant related
to the adsorbed hydrogen. Hence, the response of the for-
mer appears in the high-frequency region while the response
related to the adsorbed hydrogen appears at low frequencies.

The EEC parameter values presented inTable 5show that
both time constants,τ1 ≡ CPE1-R1 andτ2 ≡ CPE2-R2 or C-
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o the distribution of the relaxation times as a result of in
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evel[58,59], such as the surface roughness/porosity[60,61],
dsorption[62,63], or diffusion[64]. The CPE approach w
sed to fit EIS experimental spectra on the bicomponen
lysts (NiMo, NiW and NiFe), while the fitting procedure
i showed that the exponent of CPE2 element (Fig. 6b) gave

he value of unity. Hence, in this case the CPE2 element wa
eplaced by the pure capacitance, C.

The example shown inFig. 4 demonstrates that the i
rease in overpotential results in a significant chang
he impedance response. At low overpotentials the Ny
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Table 5
EEC parameters obtained by fitting EIS experimental spectra recorded at various overpotentials on the investigated electrocatalytic coatings using the EEC
models presented inFig. 6

η (V) Rel (�) CPE1 (F sn−1 cm−2) n1 R1 (� cm2) CPE2 (F sn−1 cm−2) n2 R2 (� cm2) τ1 (s) τ2 (s)

Ni
−0.045 2.06 1.66E−04 0.89 6183.1 6.93E−03 1.00 3456.9 5.8E−01 2.4E+01
−0.060 2.11 1.59E−04 0.90 5558.4 1.45E−03 1.00 1529.0 5.2E−01 2.2E+00
−0.085 2.11 1.62E−04 0.90 4588.5 2.05E−03 1.00 1054.3 4.4E−01 2.2E+00
−0.110 2.09 1.62E−04 0.90 3884.5 4.75E−03 1.00 1045.0 3.7E−01 5.0E+00
−0.135 2.09 1.61E−04 0.90 3216.1 3.11E−03 1.00 375.3 3.1E−01 1.2E+00
−0.185 2.08 1.64E−04 0.90 1642.2 1.39E−02 1.00 105.6 1.6E−01 1.5E+00
−0.235 2.09 1.64E−04 0.90 445.6 1.01E−02 1.00 32.0 4.4E−02 3.2E−01
−0.285 2.10 1.52E−04 0.91 126.0 4.34E−03 1.00 15.6 1.2E−02 6.8E−02
−0.335 2.17 1.55E−04 0.91 44.3 1.72E−02 1.00 5.6 4.3E−03 9.6E−02

NiMo-1
−0.045 4.04 1.56E−01 0.76 1.601 1.53E−01 0.98 90.02 2.3E−01 1.9E+01
−0.060 3.91 8.07E−02 0.93 0.727 2.71E−01 0.87 23.08 7.0E−02 7.5E+00
−0.085 3.84 8.79E−02 0.94 0.519 3.73E−01 0.85 5.59 5.5E−02 2.4E+00
−0.110 3.79 8.92E−02 0.93 0.432 4.84E−01 0.83 2.09 4.5E−02 1.1E+00
−0.135 3.83 1.16E−01 0.90 0.437 4.98E−01 0.95 0.97 5.4E−02 6.4E−01
−0.185 3.83 8.64E−02 0.96 0.312 5.96E−01 0.88 0.53 3.4E−02 3.6E−01
−0.235 4.16 8.17E−02 0.99 0.279 5.26E−01 1.00 0.35 3.2E−02 2.6E−01
−0.285 4.03 7.37E−02 0.99 0.234 5.37E−01 1.00 0.27 2.4E−02 2.1E−01
−0.335 3.97 7.92E−02 1.00 0.231 8.70E−01 0.93 0.23 2.7E−02 2.5E−01
−0.435 4.02 8.99E−02 0.96 0.249 2.78E+00 1.00 0.11 2.8E−02 4.4E−01

NiMo-2
−0.045 2.67 5.11E−02 0.92 10.90 4.88E−02 0.95 99.15 6.7E−01 6.9E+00
−0.060 2.67 4.86E−02 0.93 7.62 5.66E−02 0.92 44.32 4.5E−01 3.5E+00
−0.085 2.65 4.95E−02 0.94 4.24 8.11E−02 0.89 11.80 2.6E−01 1.2E+00
−0.110 2.63 5.19E−02 0.94 2.70 1.11E−01 0.87 4.10 1.7E−01 5.5E−01
−0.135 2.61 4.35E−02 0.99 1.54 1.27E−01 0.82 2.19 9.4E−02 2.7E−01
−0.185 2.54 5.73E−02 0.92 1.21 2.67E−01 0.74 0.57 8.0E−02 1.1E−01
−0.235 2.55 5.93E−02 0.91 0.89 3.37E−01 0.66 0.24 5.7E−02 3.6E−02
−0.285 2.55 6.23E−02 0.90 0.78 2.96E−01 0.70 0.19 4.9E−02 2.5E−02
−0.335 2.59 4.58E−02 0.95 0.56 5.26E−01 1.00 0.08 3.1E−02 6.3E−02
−0.435 2.61 7.77E−02 0.83 0.44 − 2.6E−02

NiW-1
−0.035 3.25 1.11E−02 0.89 10.76 3.09E−02 0.91 150.97 1.1E−01 6.2E+00
−0.060 2.79 1.41E−02 0.81 10.11 3.57E−02 0.87 36.28 9.1E−02 1.7E+00
−0.085 2.80 1.63E−02 0.80 7.53 5.43E−02 0.87 8.45 7.6E−02 5.6E−01
−0.110 2.54 1.83E−02 0.78 5.73 8.76E−02 0.91 2.26 5.9E−02 2.5E−01
−0.135 2.69 1.89E−02 0.80 4.16 1.95E−01 0.92 0.68 4.9E−02 1.6E−01
−0.185 2.56 2.19E−02 0.78 2.58 – – – 3.1E−02 –
−0.235 2.44 2.15E−02 0.78 1.65 – – – 1.9E−02 −
−0.285 2.47 2.03E−02 0.80 1.18 – – – 1.3E−02 –
−0.335 2.41 2.59E−02 0.75 0.91 – – – 9.7E−03 –
−0.435 2.44 3.13E−02 0.73 0.59 – – – 6.2E−03 –

NiFe-1
−0.150 0.89 1.31E−03 0.92 162.01 4.73E−02 0.22 9.47 1.7E−01 1.1E−01
−0.160 1.13 1.29E−03 0.92 136.00 3.59E−02 0.25 7.09 1.4E−01 1.6E−02
−0.185 1.46 1.26E−03 0.92 85.08 2.73E−02 0.29 6.02 8.8E−02 5.9E−03
−0.210 1.75 1.29E−03 0.91 50.28 1.75E−02 0.35 5.01 5.2E−02 2.1E−03
−0.235 1.90 1.38E−03 0.90 30.04 1.26E−02 0.38 4.27 3.0E−02 1.0E−03
−0.285 2.06 1.72E−03 0.86 12.16 6.23E−03 0.46 0.32 1.2E−02 2.6E−06
−0.335 2.14 2.38E−03 0.81 5.57 3.34E−03 0.51 2.47 5.4E−03 1.2E−04
−0.385 2.26 3.38E−03 0.76 2.87 1.88E−03 0.57 1.93 2.7E−03 6.6E−05
−0.435 2.51 4.73E−03 0.66 2.19 2.89E−04 0.77 1.03 1.1E−03 3.9E−05

NiFe-2
−0.225 2.25 8.77E−04 0.94 44.83 8.48E−03 0.59 6.30 3.8E−02 1.2E−02
−0.230 2.21 1.18E−03 0.90 32.38 1.07E−02 0.56 4.91 2.8E−02 8.9E−03
−0.235 2.20 1.13E−03 0.87 29.33 1.37E−02 0.54 2.97 2.0E−02 4.7E−03
−0.260 2.22 1.32E−03 0.82 20.63 1.17E−02 0.57 1.02 1.0E−02 7.6E−04
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Table 5 (Continued)

η (V) Rel (�) CPE1 (F sn−1 cm−2) n1 R1 (� cm2) CPE2 (F sn−1 cm−2) n2 R2 (� cm2) τ1 (s) τ2 (s)

−0.285 2.26 1.66E−03 0.77 14.70 6.34E−03 0.65 0.45 6.4E−03 2.2E−04
−0.310 2.27 1.95E−03 0.74 10.90 2.63E−03 0.76 0.24 4.2E−03 9.8E−05
−0.335 2.28 2.10E−03 0.72 8.26 8.81E−04 0.89 0.14 2.9E−03 6.1E−05
−0.385 2.36 2.30E−03 0.70 4.88 9.78E−04 1.00 0.06 1.5E−03 7.9E−05
−0.435 2.34 2.94E−03 0.66 3.02 4.08E−03 1.00 0.17 8.3E−04 9.8E−04
−0.535 2.29 2.04E−03 0.70 1.57 - – – 3.3E−04 –
−0.635 2.30 1.78E−03 0.70 0.97 – – – 1.6E−04 –

second time constant on NiFe,τ2, is lower than the first time
constant,τ1, which is opposite to the situation observed on Ni,
NiMo and NiW. From all these observations it follows that on
NiFe the LF time constant,τ1, represents the response of the
HER kinetics, and that the response of the HF time constant,
τ2, cannot be related to the adsorbed hydrogen. On the other
hand, although the use of the 2TS model that takes into ac-
count the impedance response of surface pores resulted in an
excellent agreement between the experimental and simulated
data,Table 5shows that the HF time constant,τ2, changes
with overpotential, which is not consistent with a typical be-
havior related to the response of pores, which is commonly
observed in the literature on HER[17,40,50]. Current results
do not allow us to make a definite conclusion on the physical
meaning of the HF time constant, but the overpotential trend
of CPE2, n2 andR2, and their absolute values indicate that
the observed HF response could be related to a response of
some fast transfer processes (most likely charge, rather than
mass) in a thin semiconducting oxide film layer formed on
the NiFe surface. This might be supported by the fact that
both NiFe coatings showed the highest overpotential corre-
sponding to the onset of hydrogen evolution (Fig. 3), and the
lowest transfer coefficient (Table 3), which was explained by
the presence of a thin oxide film on the electrode surface.

Although EIS and Tafel techniques are two quite differ-
ent experimental techniques (ac versus dc), results obtained
by both of them should be, at least qualitatively, comparable.
The Tafel technique gives the dependence of the overall HER
rate (measured by current density) on the applied overpoten-
tial. Knowing that the HER proceeds in two steps (hydro-
gen adsorption and subsequent desorption to form molec-
ular hydrogen, Eqs.(1)–(3)), it is then obvious from the
presented EIS analysis that the overall rate of the HER is
related to both the charge transfer resistance,R1, and hy-
drogen adsorption resistance,R2, (except on NiFe). Hence,
combining these two resistances in a series (R1 +R2) and us-
ing the Ohm law it is possible to plot the semi-logarithmic
dependence of the HER rate, log(1/(R1 +R2)) versus applied
overpotential (Fig. 7) and compare it to the Tafel plots pre-
sented inFig. 3. In the case of NiFe, only the charge trans-
fer resistance,R1, was used to plot the curve, since the re-
sistanceR2 is not related to the HER kinetics. It is obvi-
ous that the EIS plots inFig. 7 follow the trend obtained
by dc polarization (Fig. 3). Ni coating displays the lowest
activity, while NiMo-1 coating again shows the highest ac-
tivity, followed in a decreasing order of activity by NiMo-
2, NiW-1, NiFe1 and NiFe-2. Also, the bimetallic coatings
again indicate the presence of two Tafel regions, and the

F kinetics by m
c

ig. 7. Logarithmic dependence of the resistance related to the HER
orresponding EIS spectra and are presented inTable 5.
on overpotential for different NiX electrodes. The data are obtainedodeling
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Table 6
Double layer capacitance, real surface area and corresponding surface rough-
ness values for the investigated catalytic coatings calculated from the EIS
data obtained in the entire overpotential region investigateda

Catalyst CDL (F) Areal (cm2) σ

Ni (4.4± 0.2)× 10−5 2.2 3.2
NiMo-1 (5.2± 0.5)× 10−2 2608 3779
NiMo-2 (2.8± 0.2)× 10−2 1416 2052
NiW-1 (4.6± 0.4)× 10−3 232 336
NiFe-1a (4.8± 0.1)× 10−5 21 35
NiFe-2a (3.3± 0.8)× 10−5 16 24

a As discussed in the text, due to the decrease in the available surface
area for the HER on the NiFe coatings at high overpotentials, the double
layer capacitance determination was done at low overpotentials: (NiFe-1)
−150 mV to−210 mV, and (NiFe-1)−225 mV to−260 mV.

shape of the curves is very similar to the Tafel curves in
Fig. 3.

3.5. Intrinsic electrocatalytic activity

Besides the information on the kinetics of the HER, EIS
results can also be used to estimate the real surface area of
electrocatalytic coatings. This is important since by know-
ing the real electrochemically active area of a catalyst, it is
possible to conclude on the intrinsic activity of the material
in the HER, by subtracting for the surface area effect. As
already mentioned before, there are several techniques tha
can be used to determine a true surface area of a catalyst
but the EIS technique was proposed as the most appropri-
ate for electrochemical systems[15,16,18]. Using this tech-
nique, the real surface are can be estimated form the double
layer capacitance. This is then the true electrochemically ac-
cessible surface area on which hydrogen can adsorb. Taking
that the average double layer capacitance of a smooth metal
surface is 20�F cm−2 [65,66], the real surface area can be
calculated asAreal=CDL/20 (cm2), and then the roughness
factor, that characterizes the real-to-geometrical surface area
ratio, can be calculated asσ =Areal/Ageometric. As previously
defined, the double layer capacitance is described by the con-
stant phase element CPE1 and its exponentn1. However, al-
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the catalyst surface to the electrolyte remains constant. Only
in the case of the NiFe coatings the double layer capacitance
gradually decreased, indicating the blockage of the surface,
most likely by adsorbed hydrogen. Hence, the calculation of
the real surface area of the NiFe coatings was based on the ca-
pacitance values obtained at low overpotentials. The constant
value of the double layer capacitance on Ni, NiMo and NiW
also confirmed that the change in the Tafel slope inFig. 3 is
not a result of a decreased surface area, but the formation of
hydrides, which was already discussed previously.

Obviously, in order to design a good electrocatalyst one
of the major goals it to achieve a large true surface area per
geometric area ratio, i.e. the roughness factor. As it can be
seen fromTable 6, pure Ni is the catalyst with the lowest
roughness factor value, while NiMo-1 is the catalyst with
the highest roughness (compare toFig. 2). Similar values
of surface roughness for Ni were also obtained for polished
polycrystalline Ni electrodes[7,15,16]and electrodeposited
Ni coatings[68], while for bimetallic and Raney-type alloys
much higher values were obtained; 300 for NiZr[15], 1000
for NiZn [65], 2800 for NiFe[18], 5500 for NiZnP[16],
and 7000 for NiAl[9]. Considering that high surface area
Raney-type electrodes for the HER are usually obtained by
a chemical treatment of an electrode surface (coating), i.e.
by leaching a more active component out of the alloy (e.g.
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re presented inTable 6. The table shows that the double la
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ith overpotential, which indicates that the accessibilit
t
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n from a NiZn alloy), and comparing the surface roughn
f NiMo-1 coating to the values obtained on the Raney-
lectrodes outlined above, it could be said that a very si
and still non-optimized) electrodeposition method used
ives very comparable results to the more complex me

or the production of Raney-type electrodes. However
urface roughness obtained on the other four electrod
ower than on NiMo-1 (Table 6), which could be partially du
o the difference in the intrinsic mechanism of nucleation
rowth of the coatings, and partially due to the fact tha
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o obtain the highest possible surface roughness for a
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Now, knowing the real electrochemically accessible
f the studied coatings it is easy to compare their intri
atalytic activity. For this purpose the Tafel plots prese
n Fig. 3 were normalized to the true surface area divid
he current density by the corresponding roughness fa
able 7lists values of the exchange current density and
urrent recorded at overpotential−150 mV for the electro
atalysts used in the research. Due to the large overpot
or the onset of the HER on NiFe-2, it was not possibl
etermine the HER current at overpotential−150 mV.

In terms of the exchange current density,Table 7shows
hat Ni yields the highest intrinsic electrocatalytic activity
he HER equilibrium potential. However, since the hyd
en evolution does not occur at the thermodynamic pote
zero overpotential), but certain overpotential is required
xchange current density values cannot be used as the
nd quite relevant criteria for the comparison of catalytic

ivities. On the other hand, it has been reported that a v
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Table 7
Exchange current density and current density at overpotential of−150 mV obtained from Tafel plots (Fig. 3) normalized to the true surface area of the catalyst

Catalyst Tafel EIS

j0/σ (�A cm−2) j/σ at−150 mV (�A cm−2) 105/(R1 +R2)σ at−150 mV (�−1 cm−2)

Ni −0.797 −8.4 10.0
NiMo-1 −0.005 −14.9 22.4
NiMo-2 −0.006 −11.2 17.5
NiW-1 −0.031 −31.1 78.1
NiFe-1 −0.056 −1.8 18.5
NiFe-2 −0.015 – –

The most right column represents the inverse of the kinetic resistance normalized to the true surface area of the electrode obtained fromFig. 7.

of Tafel slope (i.e. a high value of a transfer coefficient) in
the low-overpotential region is as, or even more, important
than favorable exchange current density[18]. This is clearly
illustrated inTable 7, which also lists the current density at
overpotential−150 mV. In this case, which actually repre-
sents cathodic overpotential that can be expected in a hydro-
gen generator, NiW-1 appears to yield the highest intrinsic
electrocatalytic activity, followed by NiMo-1, NiMo-2, Ni
and NiFe-1. Similar trend was also obtained from EIS mea-
surements (Table 7), where NiW-1 showed the best intrinsic
electrocatalytic activity, while Ni yielded the lowest activity.
The trend listed inTable 7is different than the one shown in
Table 4, where the corresponding current density values were
normalized to the geometric area of a catalyst, and NiMo-1
showed to be the overall best catalyst. Since the production
of hydrogen in a real hydrogen generator is related to the
overall current, one can conclude that NiMo-1 indeed rep-
resents the best investigated catalytic coating. On the other
hand, by optimizing conditions for the electrodeposition of
NiW in terms of achieving a surface roughness equal or even
larger than on NiMo-1, NiW would, in principle, offer the
best choice among the investigated materials.

One interesting observation that can be noticed from
Table 7is that the bicomponent coatings, NiMo-1, NiMo-
2 and NiW-1, offer a higher intrinsic activity when compared
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elements, e.g. Ni, Pd, Pt, Co, etc.), otherwise not available
for bonding in the pure metal, results in a significant change
of their bonding strength, and, consequently, increased in-
termetallic stability, whose maximum usually coincides with
optimal d8-electrons for the synergism and maximal activ-
ity in the HER. In such hypo-hyper-d-electronic interactions,
paired d-electrons of the hyper-d-electronic element undergo
partial or total delocalization and transfer to the half-filled or
empty semi-d-shells of the hypo-d-electronic element. Jaksic
postulates that intermetallic and interionic combinations of
above elements yield a HER volcano plot behavior, with a
maximum corresponding to a symmetric Laves phase (e.g.
NiMo3, PtMo3, PtW3, CoMo3, etc.). The d-band has been
claimed to be crucial in (electro)catalytic hydrogen reactions
(it represents both bonding and adsorptive band), while the
overall kinetics of the HER has been, on the other hand, re-
lated to the electronic density. The theory proposed by this
research group has been supported by a number of experimen-
tal studies related to the HER electrocatalysis[56,70,71]. In
addition, the experimental support related to the direction of
electron transfer, postulated by Jaksic, can also be found in
recent papers published by Wieckowski et al.[72–75], where
it has been shown, by using NMR and XPS, that alloying Pt
with Ru results in the decrease in total density of states at
the Fermi level of Pt atoms, i.e. that the direction of electron
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ronic structure of metals, although any explicit and c
rehensive explanation has not yet been given. The the

cal approach to explain the HER activity of alloy cataly
s even more complex, and several theories have been
osed. The alloying effect of transition metal-based al
n both the hydrogen evolution activity and catalyst stab
as been discussed by Jaksic et al.[69,70]on the basis of th
ngel–Brewer valence-bond theory, as a generalized L
cid–base reaction model. This research group postulate

he intermetallic and interionic combination of elements
he left-hand side of the transition series, that have e
r half-filled d-orbital (hypo-d-electronic elements, e.g. M
, V, etc.), with metals of the right half of the transition

ies, having internally paired d-electrons (hyper-d-electr
t

ransfer is from Pt to Ru. Since the formation of intermeta
esults in an increased alloy stability, their corrosion stab
n an acidic environment is also expected to increase.

Another theory related to the synergism of HER bime
ic catalysts has been proposed by Ezaki et al.[12–14]. They
lso based their explanation on an electronic structure

oys. However, the main difference between the two the
s in the direction of electron transfer between constitu
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f the components. Ezaki’s theory also explains the varia
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electrons promote proton discharge. Consequently, the cor-
responding hydrogen overpotential of the alloy reveals the
value characteristic of the alloying metal rather than the base
metal. Contrary to this, if the alloying metal is less electroneg-
ative than the base metal, the transfer of charge occurs from
the alloying metal to the base metal, and therefore, the base
metal represents the active site for hydrogen evolution. Con-
sequently, the hydrogen overpotential of the alloy is similar
to that of the base metal and less dependent on the alloying
metal. This group also postulates that the Fermi energy level
seems to be in correlation with the hydrogen overpotential of
alloys when the alloying element is more electronegative than
the base metal. Although this theory disagrees with Jaksic’s
theory in terms of the direction of electron transfer, it also
has a strong experimental support in works of Oelhafen et al.
[76–78]. Namely, the UPS spectra recorded on NiZr showed
that the high binding energy peak in the UPS spectra is related
to the 3d Ni states, and the peak near the Fermi energy level
to the 4d Zr states. When compared to pure metals, the shift
of the 3d Ni band to higher binding energies results in a de-
crease in local density of states at the Fermi level for Ni. The
transfer of electrons from the 4d-band of the less electronega-
tive Zr to the 3d-band of the more electronegative Ni explains
this shift. If we applied this conclusion to the bimetallic coat-
ings presented in this paper, it would mean that on NiMo-1,
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of Mo). However, the results presented in the table show that
NiW-1 coating offers even better HER catalytic activity than
NiMo-1, although the content of W in the coating is 23 at.%,
i.e. almost three times higher than the theoretically predicted
optimum content (8 at.%). The exact reason for this deviation
in the predicted behavior is not obvious from the presented
results, neither the reason for a higher electrocatalytic ac-
tivity of NiW-1 compared to NiMo-1, which is opposite to
the behavior reported in[36]. One of the possible explana-
tions for the latter could be related to the crystalline structure
of coatings (Fig. 1). NiMo-1 is amorphous, while NiW-1 is
crystalline, and it has already been shown that crystalline ma-
terials are more active in the HER then amorphous materials
[42,79], which is due to a larger number of electrochemically
active sites on crystalline surfaces.
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(distribution) on the corresponding electrocatalytic HER
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hich is in a good agreement with results in[36], and also

esults obtained on NiMo metal ultra-fine particles[19]. Our
esults on NiMo also support the assumption that the h
st activity in the HER can be expected at the compos
1 at.% Mo. Comparing the activity of NiMo-1, NiMo-2 a
i surfaces at overpotential−150 mV (Table 7), it can be see

hat the most active coating is exactly the one that give
ptimum electron density for the HER, i.e. NiMo-1 (12 a
roton discharge and serve as a hydrogen source for n
oring Mo sites which act as hydrogen ‘trap’ sites where

on/atom recombination and molecular hydrogen desorp
s promoted more efficiently. Highfield et al.[11] essentially
ule out any relationship between the electronic interac
mong NiMo alloy components and observed syne
owever, our opinion is that the influence of the electro
tructure on the catalytic activity of bimetallic cataly
lays one of the major roles in the kinetics of the HER,

he surface diffusion cannot be completely excluded
ontributing factor. This opinion is logical if we consid
he HER reaction mechanism, Eqs.(1)–(3), from which it
s obvious that the kinetics of the HER depends on both
lectron transfer rate and the strength of the MHads bond,
hich both, in turns, depend on the d-electron densi

he Fermi level. This opinion is supported by experime
esults of Wieckowski et al.[72–75] who have recentl
hown that alloying Pt with Ru induces major changes in
ore-level binding energies of chemisorbed carbon mo
de (CO). Schlapka et al.[80] have also recently shown th
he electronic effect plays the major role in the adsorp
trength of CO on up to four monolayers of Pt deposite
u, after which a surface strain effect starts to predomin
From the results presented in this paper and the subse

iscussion it is evident that all three major theories coul
sed to explain the increase in the HER activity upon allo
i with W and Mo (Table 7). Some concepts of the theor
re mutually contradictory, and the authors’ opinion is
one of the outlined theories gives general definite exp

ions of the source of synergy observed in bicomponent
atalysts. However, the authors’ agree with the fact tha
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improvement in the HER electrocatalytic activity is related
to the electron density distribution, and thus, that the design
of HER electrocatalysts should start at an ‘electronic level’.
However, the direct relationship between the electron density
distribution and HER electrocatalytic activity is not always
observed, and some additional effects, such as the surface
diffusion [11] or strain effect[81] should also be considered
in the design. This requires further thorough and systematic
investigation of the influence of all these effects on materials’
electrocatalytic activity in the HER, which is a subject of the
present and future research in our laboratory.

4. Conclusions

The influence of alloying nickel by left-hand side transi-
tion metals (Fe, Mo, W) on the electrocatalytic activity in hy-
drogen evolution was investigated in an acidic environment
using electrochemical techniques of linear dc polarization
(Tafel) and electrochemical impedance spectroscopy (EIS).
The chemical composition of the catalyst coatings was de-
termined using inductively coupled plasma (ICP), while the
structural composition, and the surface morphology was in-
vestigated using X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM), respectively.

e-2
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g DS)
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a cts
w r; an
i ma-
t er
o re-
v in-
c
y the
i
w tiv-
i f the
e n a
w d by
t y of
t ugh
b lytic

activity then pure Ni, their intrinsic electrocatalytic activity
was lower then of pure Ni. This is most likely due to the
presence of an oxide film on the catalysts surface.

The results presented in the paper demonstrate that the de-
sign of high-activity HER electrocatalysts could be based on
the increase of both active surface area and intrinsic activity
of a material. While the former can be achieved by a proper
choice of experimental conditions for the material prepara-
tion (e.g. using methods for the synthesis of nano-particles,
such as a colloidal or plasma-assisted method), an increase in
the intrinsic activity can be achieved by a proper combination
of left- and right-hand side transition metals. Although the
three outlined theories give a very solid background for the
design of intrinsically active HER electrocatalysts, none of
them offers definite general answers that could be used for
the design directions, and a further thorough and systematic
investigation of the influence of all observed effects (electron
density, surface diffusion, surface strain, crystallinity, etc.) on
materials’ electrocatalytic activity in the HER is needed.
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