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Abstract

Electrocatalytic activity of Ni and NiMo electrodeposited in a three-dimensional polyaniline (PANI) matrix was investigated in the hydrogen
evolution reaction (HER). By using PANI an increase in surface roughness of the metallic catalytic layers could be obtained, ultimately yielding
an increased overall electrocatalytic activity in the HER. It was demonstrated that alloying Ni with Mo results in an increased electrocatalytic
activity in the HER when compared to pure Ni. This is due to an improved intrinsic activity of the material, which was explained on the basis of
t
w
p
d
©

K

1

w
c
m
p
t
w
o
a
m
i
p
c
w
e
w

0
d

he modification of the electron density in the d-shell upon alloying Ni with Mo. An improvement of the NiMo/PANI catalysts’ intrinsic properties
as also demonstrated by a significant decrease in activation energy in the HER when compared to the Ni/PANI layer. By using DC linear
olarization and AC electrochemical impedance spectroscopy techniques the mechanism and kinetics of the HER on the investigated catalysts was
etermined.

2005 Elsevier B.V. All rights reserved.
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. Introduction

It has been obvious that one of the major problems of today’s
orld is in its heavy dependency on fossil fuels. This, in turn,

reates a range of socio-economical, geopolitical, and environ-
ental problems. The utilization of fossil fuels, especially oil, is

redicted to increase exponentially in the coming years, while at
he same time their availability will decrease. Consequently, this
ill contribute to a further increase of the above problems. The
nly solution to these problems is to increase the use of sustain-
ble energy resources. Since hydrogen, the most abundant ele-
ent on earth, is the cleanest and ideal fuel (carrier), it has been

ncreasingly considered as the fuel of the future [1–4]. Although
roduction of hydrogen by water electrolysis is not currently
ost-competitive to natural gas reforming, it represents a process
here hydrogen can be produced by true renewable and fully

nvironmentally friendly energy sources (solar, wind, hydro),
ithout co-production of the green-house gas, CO2. Industrial

∗ Corresponding author. Tel.: +1 514 398 4273; fax: +1 514 398 6678.

water electrolysis is, for the time, being carried out using a liquid
alkaline electrolyte. However, due to a range of disadvantages of
this technology, the use of solid polymer electrolyte membrane
(PEM)-type generators (the technology very similar to the PEM
fuel cell technology) with demineralized water as the raw mate-
rial offers a viable alternative, especially for residential and small
scale applications. Although the inherent advantages of the PEM
technology over the alkaline one are clearly established (greater
safety and reliability, higher differential pressures, higher oper-
ating current densities and efficiency, rapid transient responses,
construction simplicity and maintenance, etc.), one of the main
obstacles associated with the large-scale commercial applica-
tion of the PEM hydrogen generator is related to high investment
costs. This is mainly due to the use of noble metals (Pt, Ir, Ru)
as electroactive catalyst materials at high loadings [5,6]. It has
been recently shown [7] that the major portion of the cost of the
hydrogen infrastructure based on the use of wind turbines (in
northern Germany) is related to the hydrogen generator (water
electrolyser). In the same study, the authors have shown that
the cost of the hydrogen gas produced by wind-powered water
electrolysis and used to fuel a passenger car is still twice the
E-mail address: sasha.omanovic@mcgill.ca (S. Omanovic). cost of diesel fuel in Germany (normalized with respect to the
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mileage). However, due to the rapidly increasing cost of oil, the
authors predict that the situation will become opposite in the near
future. Therefore, there is a great need to develop a more active,
efficient, stable, and cheap electrocatalyst for water splitting in
the PEM hydrogen generator that would offer low overpoten-
tials for the hydrogen evolution reaction (HER) at rather high
current densities (1–2 A cm−2), and ultimately lower the cost of
produced hydrogen.

Three properties play an important role in selecting cat-
alytically active materials for the HER: (a) an actual intrinsic
electrocatalytic effect of the material, (b) a large active surface
area per unit volume ratio, both of which are directly related
to the (over)potential used to operate the electrolyser at signif-
icant current densities, and (c) catalyst stability. Consequently,
an approach used in the design of good HER electrocatalysts
is based either on the increase of the active surface area of the
electrode (catalyst) [8–11] and/or on the design of an electrode
material having high intrinsic catalytic activity [12–16], both
of which result in a decrease in the HER overpotential. Several
attempts have been made to explain the characteristics of the
HER overpotential of individual metals using various physical
and/or electronic parameters, including the atomic number [12],
the work function [13], the bond-strength of metals [14], the heat
of adsorption of hydrogen on metals [15], and the electroneg-
ativity [16]. We have shown [17] that by alloying nickel with
left transition metals (W, Mo, Fe), an increase in the intrinsic
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[29–32]. To the best of our knowledge, only a few publications
discussing the use of conducting polymers in hydrogen reduction
(production) have been reported [33–36]. In [35], no metal par-
ticles were incorporated into the polypyrrole film but the HER
actually took place at the substrate (iron) surface. In reference
[36], electroless nickel was used as a catalyst incorporated into
a polypyrrole film but the substrate chosen was platinum. How-
ever, the actual catalytic effect of incorporated nickel particles
in the HER was difficult to distinguish from the catalytic effect
of the Pt substrate due to the porosity of the polymer layer, as
studied in [37]. In the present work, we used a glassy carbon
(GC) substrate, which is inactive in the HER in the potential
region of interest, which allowed us to investigate only an effect
of the catalytic materials, Ni and NiMo, on the mechanisms and
kinetics of the HER.

2. Experimental

The electrocatalytic activity of Ni/PANI and NiMo/PANI
layers in the hydrogen evolution reaction (HER) was studied in
0.5 M H2SO4 solution for a wide temperature range, from 295 K
to 338 K. Chemicals used for the research were purchased from
Sigma–Aldrich Company and Fisher Scientifics, and were used
without further purification. All solutions were prepared using
nanopure water of resistivity 18 M� cm. All measurements
were made in an oxygen-free solution, which was achieved
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lectrocatalytic activity in the HER, compared to pure nickel,
an be obtained. In general, it has been concluded that the
ntrinsic catalytic activity for the HER can be related to the
lectronic structure of metals [17–21], although a well-known
spillover’ effect in heterogeneous catalysis has also been used
o interpret the synergism of transition metal-based HER alloys
22].

The present work discusses results on the use of conducting
olymer polyaniline (PANI) as a support/matrix/template for the
onstruction of Ni and NiMo hydrogen evolution catalyst lay-
rs on an inert electrode substrate (glassy carbon). The aim of
he work was to investigate the effect of PANI on the result-
ng catalyst surface roughness, and also to achieve an increase
n intrinsic electrocatalytic activity in the HER by alloying Ni
ith Mo. Nickel and NiMo have been chosen as catalytic mate-

ials due to their high intrinsic activity in the HER and their low
ost compared to noble metals currently used in the construc-
ion of PEM hydrogen generators. PANI has been chosen due
o its (i) insulating properties in the cathodic region relevant for
ydrogen production, thus avoiding their catalytic interference
ith the HER charge transfer process and Ni and NiMo cata-

ysts, (ii) favorable pattering morphology, (iii) stability in the
EM environment of a hydrogen generator (low pH), (iv) high
olubility in aqueous solutions, (v) well-developed and simple
lectrochemical polymerization methodology, and (vi) suitabil-
ty for potential commercial use. Although electrocatalysis on
onducting polymer-based layers incorporating metal particles
mostly Pt or other noble metals) has been reported in litera-
ure, the majority of the work is related to oxidation reactions
23–28], while reduction reactions have been much less stud-
ed, and are mainly concentrated in the area of oxygen reduction
y continuous purging of the cell electrolyte with argon gas
99.998% pure).

A standard three-electrode, two compartment cell was used
n all experiments. The counter electrode was a large-area plat-
num electrode of high purity (99.99%, Alfa Aesar), which was
egreased by refluxing in acetone, sealed in soft glass, elec-
rochemically cleaned by potential cycling in 0.5 M sulfuric
cid, and stored in 98% sulfuric acid. During measurements, the
ounter electrode was separated from the main cell compartment
y a glass frit. The reference electrode was a commercially avail-
ble mercury/mercurous sulfate electrode (MSE). The working
lectrode was a PANI-based catalytic layer deposited on a glassy
arbon (GC) substrate of surface area 0.17 cm2. GC was cho-
en as a substrate material since it has very large overpotential
or hydrogen evolution, thus offering a wide potential region
or the investigation of the HER without substrate interference.
he GC electrode (substrate) was made of a rectangular piece of
C sealed in an epoxy, thus giving a two-dimensional surface

rea available for the electrodeposition of an electrocatalytic
ayer. Before electrodeposition of a nickel based-conducting
olymer (Ni B/CP) layer, the GC substrate was carefully pre-
ared by mechanical wet-polishing using #600 and #1500 grit
and paper, followed by thorough rinsing with distilled water and
leaning in an ultrasonic bath for 5 min in order to remove pol-
shing residues. Subsequently, the substrate was degreased with
thanol, rinsed with nanopure water, and further electrochem-
cally cleaned (activated) in 0.5 M H2SO4 by potentiodynamic
ycling between the hydrogen and oxygen evolution poten-
ial. The formation of active PANI-based catalytic layers was
one by potentiostatic electrodeposition of Ni or NiMo on a
ANI layer pre-deposited on the GC substrate. The experimen-
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Table 1
Experimental conditions used in formation of Ni/CP and NiMo/CP layers on a GC substrate

Layer Bath composition Ni/CP-layer formation conditions

Polyaniline Aniline 0.05 M Deposition potential: 0.82 VSCE; deposition time: 5 min
H2SO4 0.5 M

Ni NiSO4·6H2O 52.1 g L−1 Deposition potential: −1.45 VSCE; deposition time: 5 min
H3BO3 6.2 g L−1

H2SO4 To adjust pH
pH 3

Ni2Mo NiSO4·6H2O 52.1 g L−1 Deposition potential: −1.45 VSCE; deposition time: 5 min
Na2MoO4·2H2O 72.9 g L−1

Na3C6H5O7·2H2O 88 g L−1

NH4OH Excess
pH 10.4

Ni6Mo NiSO4·6H2O 79 g L−1 Deposition potential: −1.45 VSCE; deposition time: 5 min
Na2MoO4·2H2O 48 g L−1

Na3C6H5O7·2H2O 88 g L−1

NH4OH Excess
pH 10.4

tal conditions and bath compositions are presented in Table 1.
A control catalyst (Ni electrodeposited on a copper substrate,
Ni/Cu) was prepared according to the procedure described in
[17]. After the formation of each electrode layer, the electrode
surface was carefully rinsed with large amounts of nanopure
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 nickel oxides
spontaneously formed on the catalyst surface, i.e. to activate
the electrocatalyst, the electrode was polarized at −1.15 V (ver-
sus MSE) for 5 min, followed by stabilization at open-circuit-
potential (OCP) until a steady-state OCP value was obtained
(usually less than 5 min). Then, a linear polarization measure-
ment was made, starting from the OCP to potential OPC-500 mV,
at a scan rate of 0.5 mV s−1. The DC polarization measure-
ment was followed by a set of electrochemical impedance
spectroscopy (EIS) measurements at selected overpotentials
in the potential region between OCP and OCP-500 mV.
An Autolab PGSTAT 30 potentiostat/galvanostat/frequency-
response-analyzer was used in all the electrochemical mea-
surements, while the scanning electron microscopy (SEM)
analysis was done using a Hitachi 4700 field emission
SEM. All the DC polarization curves were corrected for the
IR-drop.

To determine the chemical composition of a NiMo catalyst,
an ICP technique was employed using a Thermo Jarell Ash Trace
S
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3. Results and discussion

3.1. Morphology of PANI, Ni/PANI, and NiMo/PANI

As mentioned in the introduction, the aim of using the con-
ducting polymer polyaniline (PANI) as a three-dimensional (3D)
matrix for electrodeposition of Ni and NiMo was to investigate
its influence on the surface roughness of the resulting electrode-
posited metallic catalyst layers. Morphology of a PANI layer
deposited on a glassy carbon (GC) substrate was first charac-
terized using scanning electron microscopy (SEM) (Fig. 1a).
The micrograph shows a highly fibrilar, branched, and porous
structure of the PANI layer, with an average thickness of fibers
of ca. 100 nm. Since the PANI layer is not conducting in the
potential region of Ni and Mo electrodeposition, it was hypoth-
esized that its role would be to serve only as an inert structuring
template that would prevent formation of a compact metallic
layer of a two-dimensional (2D) morphology, and preferably
control the growth of the metal phase in a way to achieve at least
a quazi-3D morphology. Fig. 1b shows an image of a catalyst
layer produced by electrodeposition of Ni on a pre-deposited
PANI layer. As comparison, a Ni layer electrodeposited on a Cu
substrate in the absence of PANI is shown in Fig. 1c (control
catalyst). The difference in the morphology between the two
layers is substantial. While the Ni-control layer displays a com-
pact structure and semi-2D morphology, the Ni/PANI electrode
i
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can inductively coupled-plasma (ICP) spectrometer. Metallic
atalytic layers were dissolved in 10 mL of boiling aqua regia
water, concentrated nitric acid and concentrated hydrochloric
cid in a 1:1:3 volume ratio). Solutions of 50 and 100 ppm were
repared from Ni, and Mo standard solutions (Fisher ICP stan-
ards, 1000 �g mL−1) to determine a calibration curve. Three
easurements were run for each sample. The exact composi-

ions of the two NiMo catalysts used in research are presented in
able 1.
s covered by a sub-monolayer of spherical Ni particles having
n average diameter of 3 �m. The image shows the presence
f only traces of PANI residues attached to Ni particles, i.e. an
bsence of a continuous PANI phase can be observed. At longer
eposition times, the Ni layer grows to a thickness of at least
hree mono-spherical layers (Fig. 1d), offering a highly porous
nd defined 3D structure. Considering the fibrous morphology of
he PANI layer presented in Fig. 1a, it is quite surprising to see the
lobular-like structure of the produced Ni layer. At the moment,
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Fig. 1. SEM images showing a surface morphology of (a) polyaniline (PANI) electrodeposited on a GC substrate, and electrodes made by electrodeposition of Ni
at (b) short, 5 min, and (d) long, 20 min times, and (e) Ni6Mo and (f) Ni2Mo at short times on a PANI layer pre-deposited on a GC substrate. (c) Morphology of a
Ni-control catalyst.

it is not clear what could be a fundamental reason for such a
large difference in the observed structure/morphology transfor-
mation, but the influence of hydrophobic, structural (fibrous) or
surface charge distribution properties of the PANI layer could
be one of the possible effects.

Fig. 1e and f show that the morphology of the two NiMo/PANI
layers is different than the morphology of the Ni/PANI layer
(Fig. 1b and d). SEM micrographs Fig. 1e and f reveal the
presence of both the metallic and polymer phases on the GC
surface. The NiMo phase is composed of globular/cauliflower-
like particles with sizes ranging from ca. 2 �m to 8 �m on the
Ni6Mo/PANI surface (Fig. 1e), and ca. 1 �m to 5 �m on the
Ni2Mo/PANI surface (Fig. 1f). The micrographs demonstrate
that the Ni2Mo/PANI surface offers a narrower particle size dis-

tribution than the Ni6Mo/PANI surface. It can also be observed
on both micrographs that some smaller ellipsoid-shaped glob-
ules appear on top of the larger globules. The borders of both
the smaller and bigger globules (particles) are circular or quazi-
circular, and unlike the situation on the Ni/PANI surface (Fig. 1b
and d) the particles are mostly merged together. The difference
in the particle size distribution between the two NiMo catalysts
(Fig. 1e and f) indicates that lower Ni content in the alloy results
in a higher surface roughness. Also, comparing the three lay-
ers formed at the same deposition time (Fig. 1b, e, and f) it
appears that both bimetallic NiMo/PANI layers offer a higher
surface coverage than the Ni/PANI layer. Both these observa-
tions were also confirmed by EIS measurements, discussed later
in the paper (Table 3).
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Fig. 2. Linear Tafel polarization curves recorded on PANI-based electrocatalysts
(solid lines). The dashed line represents a response of a control catalyst, Ni-
control. The curves were corrected for the IR-drop; scan rate = 0.5 mV s−1.

3.2. DC linear Tafel polarization

In order to investigate the electrocatalytic activity of the pre-
pared catalytic layers, Tafel linear polarization measurements
were made, and the corresponding electrochemical parameters
(Tafel slope, exchange current density, transfer coefficient) were
derived from the recorded curves. Fig. 2 shows a set of Tafel
curves recorded in 0.5 M H2SO4 on all the catalyst layers inves-
tigated, together with a control curve (dashed line) recorded on
the control Ni catalyst (Fig. 1c). The curves were corrected with
respect to a reversible HER potential at the given conditions
(Erev = −0.015 V versus standard-hydrogen-electrode, SHE in
0.5 M H2SO4, pH 0.25) and for the IR-drop. The Tafel curve
recorded for the Ni/PANI layer (Fig. 2) shows a classical Tafelian
behavior, clearly indicating that the HER on Ni/PANI is a purely
kinetically controlled reaction described by the Tafel equation
[17,38] η = a + b log j, where η (V) represents the applied over-
potential, j (A cm−2) the resulting (measured) current density, b
(V decade−1) the Tafel slope, and a (V) is the intercept related
to the exchange current density j0 (A cm−2) through equation
a = (2.3RT)/(βnF) × log j0. The other parameter of interest is β,
the symmetry factor, which can be calculated from the Tafel
slope as b = −(2.3RT)/(βnF), and n represents the number of
electrons exchanged, F (=96,485 C mol−1) is the Faraday con-
stant, and R (=8.314 J mol−1 K−1) is the gas constant. Since
the Ni/PANI curve in Fig. 2 does not show any significant
c

should be valid through the entire overpotential region investi-
gated. The value of the Tafel slope determined from the curve
is 156 mV decade−1. According to the general HER mechanism
in acidic media [38–40], this value indicates that the Volmer
reaction step, i.e. adsorption of hydrogen on nickel to form
Ni Hads (Ni + H+ + e− ↔ Ni Hads), is the rate determining step
(rds). The corresponding values of the transfer coefficient and
exchange current density are 0.38 and 27 �A cm−2, respectively
(Table 2). Note that for the Volmer step the symmetry factor, β,
is equal to the transfer coefficient, α (i.e. α = β), while for the
Heyrovsky step, i.e. desorption of adsorbed hydrogen to form
molecular hydrogen (Ni Hads + H+ + e− ↔ H2 + Ni) the trans-
fer coefficient is equal to α = 1 + β [22,38]. From Table 2 it
could also be noticed that the measured Tafel slope and trans-
fer coefficient values for Ni/PANI deviate from the theoretical
values, 116 mV decade−1 and 0.5, respectively [38–40]. This
phenomenon has already been reported in the literature [17,38]
and has been explained by the presence of a thin oxide film on the
catalyst’s surface [41–43]. From the above discussion, one can
conclude that a higher value of the transfer coefficient, which is
often used as a comparison parameter, indicates a better intrinsic
electrocatalytic activity of the material. Very similar values of the
Tafel slope and transfer coefficient were obtained on a Ni-control
catalyst (Table 2). However, Fig. 2 shows that at overpotentials
below −0.1 V, the Ni/PANI catalyst offers ca. 800% higher over-
all electrocatalytic activity than the Ni-control. Also, the relative
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hange in the Tafel slope, the same HER reaction mechanism

able 2
ER kinetic parameters (b, j0) obtained by analysis of the curves presented in

he investigated coatings in terms of (a) overpotential needed for a fixed hydroge
roduction rate at a fixed energy input (fixed overpotential of −150 mV). Resul

atalyst b (mV decade−1) j0 (�A cm−2)

i-control 147 −2.6
i/PANI 156 −27
i2Mo/PANI 40 −5.4
i6Mo/PANI 55 −11.2
lectrocatalytic activity at zero overpotential (equilibrium con-
ition), i.e. the exchange current density value obtained on a
i/PANI catalyst, is an order of magnitude (1000%) higher than
n Ni-control. Although in both cases the same catalytic mate-
ial was used (Ni), SEM and EIS measurements revealed that
he increased electrocatalytic activity of the Ni/PANI catalyst is
consequence of both an increased surface area and a higher

ntrinsic activity of Ni/PANI relative to Ni-control. A contri-
ution of the increased surface area could be clearly seen on
he micrographs presented in Fig. 1c and d, which show that
he 3D Ni/PANI surface offers a considerably higher surface
rea (roughness) than the 2D Ni-control surface. On the other
and, the increased intrinsic activity could be due to an increased
umber of electroactive surface sites formed when a Ni layer is
lectrodeposited in the presence of PANI. This point will be
iscussed in more detail later in the text.

In contrast to pure Ni, the polarization curves recorded on the
icomponent electrocatalysts, Ni2Mo/PANI and Ni6Mo/PANI
Fig. 2), display two potential-dependent regions related to the
ER. At low overpotentials (greater than −150 mV), the curves

. The table also shows the data used to compare the electrocatalytic activity of
duction rate determined by a current density of 1 mA cm−2, and (b) the resulted
a control-catalyst (Ni-control) are also presented for comparison

α η (mV) at 1 mA cm−2 j (�A cm−2) at −150 mV

0.39 −379 −27
0.38 −259 −215
1.45 −91 −9800
1.06 −107 −3700
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are characterized by a well-defined Tafelian behavior (Region
I), while at higher overpotentials (less than −200 mV) a sig-
nificant deviation from the low-overpotential Tafelian behavior
was recorded (Region II), i.e. there is a significant change in the
Tafel slope. The deviation from the Tafelian behavior at high
overpotentials or even the existence of two Tafel regions has
already been reported in the literature [22,44–50] for similar
HER electrocatalytic materials, and a number of explanations
have been given. A change in the HER reaction mechanism,
i.e. a transition from the Heyrovsky to the Volmer rds [22], has
been suggested as one possible explanation. The fundamental
reason for this transition could be related to the depletion of
the d-electron density at the Fermi level of the NiMo alloys
by adsorbed hydrogen [51], which remains partially uncompen-
sated at lower overpotentials. However, by cathodic polarization
to higher overpotentials, the d-electron density at the Fermi level
increases, which then enhances the kinetics of the Heyrovsky
step, and consequently the Volmer step becomes the rds at high
overpotentials. Mass-transport limitations through narrow pores
on the catalyst surface [47], or a decrease in the active surface
area [46,48,49] have also been suggested as possible reasons for
the observed diffusion-like shapes of the Tafel curves. However,
our EIS analysis did not show the existence of mass-transport
limitations and surface blockage of the NiMo/PANI layers, and
these two possibilities could be eliminated as explanations for
the observed Tafel slope change, as well as an IR-drop influ-
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ers, respectively (Table 2). Similar values were also obtained on
sputter-deposited NiMo and NiW electrodes in a highly basic
medium [45] and NiMo electrodes prepared by arc-melting [22]
in a highly acidic medium. Hence, it appears that the Heyrovsky
desorption controls the HER kinetics on the two NiMo/PANI
catalysts at low overpotentials, while the Volmer step then pro-
ceeds at a significant rate [38–40]. Considering the exchange
current density values, j0, presented in Table 2, one could see
that at equilibrium (zero overpotential) both NiMo/PANI layers
offer a lower electrocatalytic activity than the Ni/PANI layer.
However, although a value of exchange current density is very
frequently used for the characterization of electrocatalytic activ-
ity, it has been reported that values of Tafel slope and transfer
coefficient in the low overpotential region (Region I) are as, or
even more important than a favorable exchange current density
value, j0 [44]. This is due to the fact that the HER reaction does
not occur at a reversible potential (i.e. zero overpotential), but a
certain overpotential is required for the reaction to proceed at a
measurable rate. Hence, in order to compare the electrocatalytic
activity of the catalysts in Fig. 2 at the conditions relevant for the
operation of a hydrogen generator, one can fix current density
(i.e. hydrogen production rate) and compare the resulting over-
potentials required to reach the given current density value. This
would give an indication on the amount of energy (overpotential)
that should be invested to produce a specified amount of hydro-
gen (since the current is, through the Faraday law, directly related
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nce [48] since all the Tafel curves in Fig. 2 were corrected for
he IR-drop. A decrease in Tafel slope at very high overpoten-
ials could also be related to formation of hydrides in the outer
egion of the surface layer [22,44,52]. By polarization of the
wo NiMo/PANI bimetallic layers at high overpotentials, a large
mount of atomic and molecular hydrogen is generated. This
ydrogen is then absorbed into the metallic catalyst layer close
o the electrolyte interface. The strong bonding between metal
nd absorbed hydrogen atoms becomes a barrier to hydrogen
volution, due to the modification of the electronic and struc-
ural properties of the metallic catalyst layer in the near-surface
egion. This, in turn, results in an increase in the Tafel slope
nd hydrogen overpotential at high current densities. Due to the
lectron-donor character of hydrogen, by going from the right-
and side transition metals with almost-filled d-orbitals (e.g. Ni)
o the left-hand side metals with half-filled or almost-empty d-
rbitals (e.g. Mo, W, V, Ti) the binding energy for an M H bond
ncreases [15], and thus the metal’s ability to form corresponding
ydrides. Hence, it can be expected that the two bimetallic layers
sed here (Ni2Mo/PANI and Ni6Mo/PANI) are more suscepti-
le to hydride formation than pure nickel. This susceptibility
ncreases with an increase in cathodic (over)potential. Hence,
onsidering all the possibilities discussed above, it appears that
he formation of hydrides at high overpotentials is the major rea-
on for the observed Tafel slope change. In addition, the change
n the d-electron density and subsequent influence on the kinet-
cs of the Heyrovsky reaction step can also be a contributing
actor.

The polarization curves in Fig. 2 yield Tafel slope and trans-
er coefficient values of 40 mV decade−1 and 55 mV decade−1,
nd 1.45 and 1.06, for the Ni2Mo/PANI and Ni6Mo/PANI lay-
o the amount of produced hydrogen). Overpotential values for
ach catalyst, measured at current density of 1 mA cm−2, are pre-
ented in Table 2. It is obvious that Ni-control requires the largest
nergy input (overpotential) for the given hydrogen production
ate, −379 mV, while Ni2Mo/PANI requires the lowest energy
nput, −91 mV. Considering that power density is a product of
he applied current density and the resulting overpotential, this
epresents energy saving of ca. 76% with respect to the control
atalyst. Another common way of comparing the electrocat-
lytic activity of HER electrocatalysts is to fix the overpotential
energy input) and then compare the resulting current density
alues, i.e. the amount of hydrogen that would be produced
y each catalyst. The results for an overpotential of −150 mV
which is in the overpotential range expected for a hydrogen
enerator operation) are presented in Table 2. Again, similarly
o the behavior obtained at a fixed current density, Ni2Mo/PANI
ields the best electrocatalytic activity. The amount of hydro-
en that could be produced using Ni2Mo/PANI is ca. 360 times
arger than if Ni-control were used.

The information obtained from the Tafel polarization data
emonstrates that all the investigated PANI-based catalysts are
ery active in the HER, showing a superior overall catalytic
ctivity over a Ni-control catalyst. Ni2Mo/PANI showed to be
he best overall catalyst. However, since the Tafel curves pre-
ented in Fig. 2 are normalized to the geometric area of the
atalyst and not to the real electrochemical area, the results dis-
ussed above cannot offer a definite conclusion if the observed
lectrocatalytic activity is a result of only an increased surface
rea of the catalysts, or if an improvement in the intrinsic (elec-
ronic) electrocatalytic properties of the catalyst material is also
contributing factor. Therefore, in order to obtain information
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Fig. 3. (a) Nyquist and Bode plot showing an EIS response of a Ni/PANI electrode at overpotential −65 mV. (b) Nyquist and Bode plot showing an EIS response of a
Ni2Mo/PANI electrode at overpotential −65 mV. (c) Nyquist and Bode plot showing an EIS response of a Ni6Mo/PANI electrode at overpotential −65 mV. Symbols
are experimental and solid lines are modeled data.

on the intrinsic activity of the investigated layers in the HER, the
curves presented in Fig. 2 should be normalized to the real elec-
trochemically active surface area. An EIS technique has been
proposed as the most appropriate technique that can be used for
the real surface area determination in electrochemical systems

[17,44]. Thus, the following section of the paper will discuss the
EIS results obtained on all the catalytic layers used. A real elec-
trochemically active surface area and the corresponding intrinsic
activity of each catalyst will be subsequently determined. In
addition, although the SEM and DC Tafel polarization tech-
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niques gave information on the morphology and overall electro-
catalytic activity of the PANI-based electrolytic layers studied,
respectively, these techniques cannot provide information on the
structure of the electrode/electrolyte interface in terms of surface
charge and electroactive centers distribution, hydrogen adsorp-
tion, and number of electrocatalytically active centres (i.e. the
real surface area that is active in the HER). However, as it will be
shown, this information can be conveniently obtained by using
electrochemical impedance spectroscopy (EIS).

3.3. Electrochemical impedance spectroscopy

To ensure a complete characterization of the elec-
trode/electrolyte interface and corresponding processes, EIS
measurements were made over six frequency decades, from
50 kHz to 10 mHz, at selected overpotentials ranging from
OCP to OCP-500 mV. Fig. 3a–c show examples of EIS
spectra recorded on the Ni/PANI (a), Ni2Mo/PANI (b), and
Ni6Mo/PANI (c) electrocatalysts at an overpotential of −65 mV.
The data are presented in the form of both Nyquist and Bode
plots. The EIS spectra recorded on Ni/PANI (Fig. 3a) reveals
the presence of only one time constant, while both NiMo/PANI
spectra show the existence of two distinctive time constants.
This is in agreement with EIS data obtained on other HER elec-
trocatalysts [17,40]. In order to derive a physical picture of the
electrode/electrolyte interface and the processes occurring at the
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Fig. 4. 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).

to prescribe EEC parameters to the specific processes (i.e. charge
transfer kinetics, surface porosity or hydrogen adsorption).

Fig. 3a shows that a very good agreement between the exper-
imental (symbols) and simulated (lines) data is obtained when
the 1T model is used to describe the EIS response of the
Ni/PANI surface. An overpotential-dependent behavior of the
EEC parameters (not shown here) revealed that with an increase
in HER overpotential, the value of resistance, R1, decreased,
while the value of constant-phase-element, CPE1, remained
constant (22 ± 1 �F sn−1 cm−2). Therefore, the time constant
presented by the EEC in Fig. 4a represents a response of the HER
kinetics on the Ni/PANI electrocatalyst, namely the charge trans-
fer resistance, R1, and double-layer capacitance, CPE1. A fitting
procedure showed that a better agreement between theoretical
and experimental data was obtained when pure capacitance was
replaced by a frequency-dependent constant phase element, CPE
(�−1 sn cm−2 or F sn−1 cm−2). As already discussed in [17 and
references therein], the use of a CPE is required due to a distribu-
tion of the relaxation times as a result of inhomogeneities present
at the micro or nano (atomic/molecular) level, such as surface
roughness/porosity, adsorption, diffusion, and non-uniform sur-
face charge distribution.

For modeling of the two NiMo/PANI electrocatalysts, the
suitability of both two-time-constant EEC models (Fig. 4b and
c) was tested. However, only the 2TP model (Fig. 4b) yielded a
very good agreement between the experimental and simulated
d
t

lectrode (catalyst) surface, experimental EIS data were mod-
led using non-linear least-squares fit analysis (NLLS) software
53] and electrical equivalent circuit (EEC). Three different EEC
odels presented in Fig. 4 have been used to fit the EIS response

f the catalysts investigated [9,41,42,54,55]: (a) the one-time
onstant model (1T), (b) the two-time constant parallel model
2TP), and (c) the two-time constant serial model (2TS). In the
bsence of a response related to the hydrogen adsorption, the
T model is used to describe a response of the HER on rela-
ively smooth surfaces [52], surfaces containing narrow and wide
ylindrical pores [55,56], or Pt–Co nano-particles supported
n carbon [57]. The 2TP model (Fig. 4b), which represents a
lightly modified model originally proposed by Armstrong and
enderson [58], has been used to describe the response of the
ER on both porous [44,55,59] and smooth electrodes [60,61]. It

eflects the response of a HER system characterized by two time
onstants, both of them related to the kinetics of the HER. It has
een postulated that the first time constant (CPE1–R1, Fig. 4b)
s related to the charge transfer kinetics, while the second time
onstant (CPE2–R2) is related to the hydrogen adsorption. It is
mportant to note that in this case, both time constants change
ith overpotential. The 2TS model (Fig. 4c) has also been used to
escribe a response of the HER on porous electrodes [39,41,55].
imilarly to the 2TP model, it reflects the response of a HER
ystem characterized by two time constants, but only one of
hem (CPE1–R1) is related to the kinetics of the HER. This time
onstant changes with overpotential. The second time constant
CPE2–R2) is related to the porosity of an electrode surface, and
oes not change with overpotential. Hence, from the discussion
utlined above, it can be concluded that the suitability of a spe-
ific EEC to model experimental data can be used as a criterion
ata (Fig. 3b and c). In order to relate the two time constants
o specific physical phenomena (charge-transfer kinetics,
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Fig. 5. Nyquist plot showing an EIS response of a Ni2Mo/PANI electrode at var-
ious HER overpotentials. Symbols are experimental and solid lines are modeled
data.

hydrogen adsorption, surface porosity), the dependence of each
EEC parameter on applied overpotential should be carefully
investigated. Fig. 5 shows a set of EIS spectra recorded on the
Ni2Mo/PANI electrode at various overpotentials. The figure
demonstrates that the agreement between the experimental
(symbols) and simulated (lines) data is very good at all the
overpotentials investigated. The figure shows that with an
increase in overpotential the diameter of both semicircles
in the Nyquist plot decreases, thus indicating that both time
constants change with overpotential. Studies of the HER on
solid electrodes [39,41,55] have shown that when the radius
of the high-frequency (HF) semicircle (smaller semicircle) is
potential-independent, it can be related to the electrode surface
porosity response, while the potential-dependent low-frequency
(LF) semicircle (larger semicircle) is then related to the charge
transfer resistance process and double layer capacitance. In such
a case, a lower value time constant (HF constant) represents a
response of surface pores, while a higher value time constant
(LF constant) is related to the HER kinetics. On the other hand,
when both semicircles, i.e. both time constants change with
overpotential, as in Fig. 5, one of them is related to the response
of hydrogen adsorbed on the electrode surface, while the other
one represents the HER kinetics [44,55,59–61]. In such a case,
the time constant related to the charge transfer resistance is
usually much smaller than the time constant related to the
adsorbed hydrogen. Hence, a response of the former appears
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HER charge-transfer kinetics, namely to the response of double
layer capacitance characterized by CPE1, and HER charge
transfer resistance characterized by R1. Contrary to the behavior
of CPE1, the NLLS analysis demonstrated that the value of
CPE2 changed (increased) significantly with overpotential. At
the same time, the value of R2 decreased. This is a typical
behavior related to the response of hydrogen adsorbed on an
electrode surface, namely to the hydrogen adsorption pseudo-
capacitance, CPE2, and resistance, R2 [44,55,59–61]. This EIS
behavior is quite in consistence with the Tafel behavior and
corresponding HER reaction mechanism discussed previously.
As already determined from the Tafel measurements, the rds in
the HER on the two NiMo/PANI catalysts represents the second
reaction step (Heyrovsky), i.e. electrochemical desorption of
adsorbed hydrogen (M Hads) to form molecular hydrogen
(H2). Hence, the first reaction step that represents adsorption
of hydrogen (Volmer), M Hads, could be considered to be
in equilibrium. Consequently, one could expect to record an
AC response of the formed M Hads layer, which was indeed
confirmed by our EIS measurements as the appearance of the
second time constant, CPE2–R2. On the other hand, the Tafel
measurements (Fig. 2) showed that the rds on the Ni/PANI
catalyst is the formation of the adsorbed hydrogen layer,
M Hads, while the second reaction step (desorption) is then
fast. Consequently, the absence of an EIS hydrogen absorption
time constant (CPE –R ) could be expected, as also confirmed
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n the high frequency region while the response related to the
dsorbed hydrogen appears at low frequencies. Since the EIS
pectra in Fig. 5 and EEC parameters obtained by modeling of
ll EIS spectra recorded on NiMo/PANI showed that both time
onstants change with overpotential, one can conclude that the
TP EEC model (Fig. 4b) used to describe the AC response of
he NiMo/PANi layers represents the response of a hydrogen
dsorption process and charge transfer kinetics. Further, CPE1
as shown to be relatively constant, with a very small stan-
ard deviation on both catalysts (983 ± 75 �F sn−1 cm−2 for
i2Mo/PANI, and 197 ± 42 �F sn−1 cm−2 for Ni6Mo/PANI).
n the other hand, the value of resistance R1 decreased rapidly
ith an increase in overpotential. Hence, on the basis of the
verpotential behavior of these two parameters, it could be
oncluded that the first time constant (CPE1–R1) is related to the
2 2
y our EIS measurements. This demonstrates that although
IS and Tafel techniques are two quite different experimental

echniques (ac versus DC), results obtained by both techniques
re, at least qualitatively, comparable. Further, knowing that
he HER proceeds in two steps (hydrogen adsorption and
ubsequent desorption to form molecular hydrogen [38–40]), it
s then obvious from the presented EIS analysis that the overall
ate of the HER is related to the sum of charge transfer, R1,
nd hydrogen adsorption resistance, R2 (except on Ni/PANI, in
hich case only R1 is taken into account). Hence, combining

hese two resistances in series (R1 + R2) and applying Ohm’s
aw it is possible to plot the semi-logarithmic dependence
f the HER rate, −log(R1 + R2) versus applied overpotential,
ig. 6, and compare it to the Tafel plots presented in Fig. 2.
ig. 6 demonstrates that the EIS–Tafel curves follow the trend
lready seen on the DC polarization Tafel graph in Fig. 2. The
i/PANI curve is characterized by a constant EIS–Tafel slope

egion, also yielding the lowest electrocatalytic HER activity.
n the other hand, the Ni2Mo/PANI layer shows the highest

ctivity, followed by the Ni6Mo/PANI layer. The shape of both
IS–Tafel curves is very similar to the shape seen in Fig. 2,
howing the presence of two Tafel regions, with a transition
oint between −150 mV and −200 mV.

Besides the information on the kinetics of the HER and hydro-
en adsorption, EIS results can also be used to estimate the real
urface area of electrocatalytic layers using a value of double
ayer capacitance. This is important since, by knowing the real
lectrochemically active area of the catalyst, it is possible to
etermine its intrinsic activity in the HER, eliminating the effect
f surface roughness. Taking that the average double layer capac-
tance of a smooth metal surface is 20 �F cm−2 [62,63], the real
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Fig. 6. EIS–Tafel curves obtained from impedance data. R1 + R2 represents the
total resistance to the HER.

surface area can be calculated as Areal = CDL/20 cm2, and then
the roughness factor, that characterizes the real-to-geometrical
surface area ratio, can be calculated as σ = Areal/Ageometric. As
previously discussed, the double layer capacitance of the stud-
ied layers is described by the constant phase element CPE1 and
its exponent n1. However, although the value of parameter n1
is close to unity (0.883 ± 0.005 for Ni/PANI, 0.854 ± 0.048 for
Ni2Mo/PANI, and 0.934 ± 0.060 for Ni6Mo/PANI), its small
deviation indicates the presence of surface inhomogeneities,
most likely in terms of charge distribution. However, the actual
value of the double layer capacitance, CDL, can be conveniently
calculated using an equation originally proposed by Brug et al.
[64] and later used by many researchers [8,9,40–42,57,62,65],

CDL,i = [CPEi(R
−1
el + R−1

i )
(n−1)

]
1/n

. Mean values of the dou-
ble layer capacitance, together with the corresponding standard
deviation and calculated roughness factor for the investigated
layers, are presented in Table 3. The table shows that the dou-
ble layer capacitance standard deviation is rather small, i.e. the
value of the double layer capacitance remains very constant in
the whole overpotential region investigated. This indicates that
the accessibility of the catalyst surface to the electrolyte remains
constant, thus dismissing the possibility of surface blockage
by produced molecular hydrogen. This also confirms that the
change in Tafel slope on the NiMo/PANI layers (Figs. 2 and 6) is
not a result of a decreased surface area but formation of hydrides,
w
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Table 4
Current density at overpotential of −150 mV obtained from Tafel plots (Fig. 2)
normalized to the real surface area of the catalyst. The most right column rep-
resents an inverse of the kinetic resistance normalized to the true surface area
of the electrode obtained from Fig. 6. Results for a control-catalyst (Ni-control)
are also presented for comparison

Catalyst Tafel
j/σ at −150 mV
(�A cm−2)

EIS
104/(R1 + R2)σ at
−150 mV (�−1 cm−2)

Ni-control −8.4 0.6
Ni/PANI −23.1 6.5
Ni2Mo/PANI −27.6 9.4
Ni6Mo/PANI −59.7 17.1

The data in Table 3 also outlines values of the surface rough-
ness for each of the surfaces studied. This allows us to evaluate
the relative intrinsic catalytic activity of the investigated cata-
lysts, by eliminating the effect of surface area. For this purpose,
the Tafel plots presented in Figs. 2 and 6 were normalized
to the true surface area by dividing the curves by the corre-
sponding surface roughness factor. Table 4 lists the normalized
current density and inverse kinetic resistance values recorded at
−150 mV for the electrocatalysts used in research. Although pre-
vious data based on the geometric area (Table 2) confirmed that
Ni2Mo/PANi yields the highest overall electrocatalytic activity
in the HER, the data in Table 4 shows that Ni6Mo/PANI yields
the highest intrinsic activity in the HER, approximately seven
times higher than the Ni-control surface. The other interesting
observation is that the Ni/PANI surface is almost three times
more active than the Ni-control surface. Since in both cases the
same electrocatalytic material was used (Ni), the increased elec-
trocatalytic activity of the Ni layer obtained by electrodeposition
of Ni in the presence of PANI on the substrate surface could be
explained only by an increased number of electrochemically
active sites present on the Ni/PANI surface. A catalyst/support
interaction could be dismissed as a contributing factor since only
traces of PANI residues are present on the catalyst’s surface.

The increased intrinsic activity of the bicomponent NiMo cat-
alysts in comparison to pure Ni is in accordance with literature
[17,22]. It is well known that the HER electrocatalytic activity
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hich was already discussed previously in the text.

able 3
ouble layer capacitance (normalized to the geometric area of the electrode)

nd corresponding surface roughness values for the investigated catalytic coat-
ngs calculated from the EIS data obtained in the entire overpotential region
nvestigated. Results for a control-catalyst (Ni-control) are also presented for
omparison

atalyst CDL (F cm−2) σ

i-control (6.4 ± 0.3) × 10−5 3.2
i/PANI (1.8 ± 0.1) × 10−4 9.0
i2Mo/PANI (7.1 ± 1.2) × 10−3 355
i6Mo/PANI (1.2 ± 0.2) × 10−3 60
f Ni can be improved by the addition of a second metal into the
lloy. A general conclusion found in literature is that the intrin-
ic catalytic activity for the HER is related to the electronic
tructure of metals, although any explicit and comprehensive
xplanation has not yet been given. The theoretical approach in
xplaining the HER activity of alloy catalysts is even more com-
lex, and several theories have been proposed. A well-known
spillover’ process in heterogeneous catalysis has also been used
o interpret the synergism of transition metal-based HER alloys,

ore specifically NiMo [22]. In this theory, simple cooperative
unctioning of the alloy components is mediated via rapid intra-
nd inter-particle surface diffusion of H ad-atoms. The authors
ssentially rule out any relationship between the electronic inter-
ctions among NiMo alloy components and observed synergy.
n the other hand, Jaksic et al. [66,67] take into account solely

he influence of electronic density (distribution) on the corre-
ponding electrocatalytic HER activity of transition metal-based
lloys. They discuss both the hydrogen evolution activity and
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catalyst stability on the basis of the Engel–Brewer valence-bond
theory, as a generalized Lewis acid–base reaction model. The
theory proposed by this research group has been supported by a
number of experimental studies related to the HER electrocatal-
ysis [60,67,68]. Another theory related to the synergism of HER
bimetallic catalysts has been proposed by Ezaki et al. [18–20].
They also based their explanation on the electronic structure
of alloys. However, the main difference between the latter two
theories is in the direction of electron transfer between consti-
tuting atoms in an alloy and its effect on the respective Fermi
levels of the components. An experimental support related to the
direction of electron transfer postulated by Jaksic et al. can be
found in recent papers published by Wieckowski et al. [69–72]
(NMR and XPS studies), while UPS experiments published by
Oelhafen et al. [73–75] give a strong support to Ezaki’s the-
ory. Ezaki et al. [18–20] have also postulated that an increase
in the HER electrocatalytic activity coincides with an increase
in electron density around the more electronegative constituent
of an alloy (Ni in our case). On the other hand, Jaksic’s theory
predicts an optimum electron density for the best HER electro-
catalytic activity of an alloy, and does not recognize specific
surface sites (in terms of alloy constituents) as hydrogen active
sites. Similar conclusions have been reported by Kawashima et
al. [45] who have shown that the optimum electron configura-
tion corresponds to the situation of a nearly filled d-orbital. The
d-band vacancy of Ni in NiMo alloys decreases with the addi-
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Fig. 7. Linear Tafel polarization curves recorded on the Ni2Mo/PANI electro-
catalysts at (1) 298 K, (2) 304 K, (3) 309 K, (4) 314 K, (5) 319 K, (6) 323 K,
(7) 329 K, and (8) 338 K. The curves were corrected for the IR-drop; scan
rate = 0.5 mV s−1. The inset shows an Arrhenius-type semi-logarithmic depen-
dence of current density on inverse temperature obtained at several selected
overpotentials.

al. [69–72] who have recently shown that alloying Pt with Ru
induces major changes in the core-level binding energies of
chemisorbed carbon monoxide (CO). Schlapka et al. [77] have
also recently shown that the electronic effect plays the major
role in the adsorption strength of CO on up to four monolayers
of Pt deposited on Ru, after which a surface strain effect starts
to predominate.

3.4. Activation energy

In order to evaluate the effect of temperature on the kinetics
of the HER on the investigated PANI-based layers, DC linear
polarization (Tafel) measurements were done for a wide tem-
perature range, from 298 K to 338 K. Fig. 7 shows a set of Tafel
curves recorded on the Ni2Mo/PANI surface at various tem-
peratures. With an increase in temperature, the current density
at a fixed overpotential also increases (an average of 5.2 times
in the whole potential region by going from 298 K to 338 K).
The inset in Fig. 7 demonstrates that this increase is linear in a
semi-logarithmic plot, which is in accordance with the Arrhe-
nius law [57], ln jη=const = −Eact/TR + ln A0, where Eact (J mol−1)
represents the apparent activation energy for the HER, and A0
(A cm−2) is the pre-exponential factor. Thus, from the slope of
the line, the apparent activation energy value could be calcu-
lated. Table 5 lists apparent activation energy values calculated
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ion of Mo and becomes nearly zero at ca. 11 at.% Mo. This
omposition would, hence, give the best activity in the HER,
hich is in good agreement with results in [45], and also results
btained on NiMo metal ultra-fine particles [76]. Our results on
i6Mo/PANI (14.3 at.% Mo), Table 4, also support the assump-

ion that the highest activity in the HER can be expected at a
omposition around 11 at.% Mo. With an increase in Mo con-
ent to ca. 33 at.% (Ni2Mo/PANI), the intrinsic activity of the
lloy decreases to ca. 50% of the value obtained on Ni6Mo/PANI
Table 4). Taking into account the above theories and considering
he HER reaction mechanism [38–40], we believe that the influ-
nce of electronic structure on the catalytic activity of bimetallic
atalysts plays one of the major roles in the kinetics of the HER,
ut the surface diffusion cannot be completely excluded as a
ontributing factor. This opinion is logical if we consider the
ER reaction mechanism [38–40], from which it is obvious that

he kinetics of the HER depends on both the electron-transfer
ate and the strength of the M Hads bond, which both, in turn,
epend on the d-electron density at the Fermi level. This opin-
on is supported by the experimental results of Wieckowski et

able 5
pparent activation energy values calculated at various overpotentials. The mo

ANI-based catalyst

atalyst Eact (kJ mol−1)

0a 95a 145a 195a

i/PANI 73.4 69.7 66.1 63.2
i2Mo/PANI 45.8 39.3 36.0 32.2
i6Mo/PANI 44.8 39.1 34.5 30.1

a η (mV).
t column outlines a R-squared coefficient for a Eact vs. η dependence for each

dEact/dη (kJ mol−1 V−1) R2

245a 295a

62.6 59.8 46.7 0.9805
29.2 25.4 68.9 0.9995
26.2 25.4 70.9 0.9807
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at several selected overpotentials. The trend seen agrees well
with the trend obtained from the Tafel and EIS measurements
(Tables 2–4). The two bimetallic NiMo/PANI catalysts show a
higher activity (lower activation energy) than the Ni/PANI cat-
alyst. The corresponding apparent activation energy values on
the NiMo/PANI surfaces are nearly the same, which indicates
that the HER reaction mechanism on these two surfaces fol-
lows the same path, as already concluded from the Tafel and
EIS measurements discussed previously in the text. The val-
ues obtained at zero overpotential are also very close to those
usually postulated for HER occurring through the Heyrovsky
mechanism [57]. Savadogo et al. [57] obtained values ranging
from 36 kJ mol−1 to 56 kJ mol−1 on Pt–Co supported on carbon
at zero overpotential, while Giz et al. [78] reported a value of
39 kJ mol−1 on NiZn. A higher value (62 kJ mol−1) was reported
on NiFeZn [79]. From results reported in [80], activation energy
values of 39 kJ mol−1 and 49 kJ mol−1 could be calculated on
NiAl catalysts containing 20 at.% and 30 at.% Al, respectively.
According to the electrochemical theory [38], with an increase
in overpotential one can expect to see a linear decrease in acti-
vation energy. The analysis of the data in Table 5 showed that
a very good agreement between the theory and experimental
data was indeed observed on all the three surfaces studied, as
demonstrated by a high value of the regression (determination)
coefficient. The slope of the Eact versus η line, which is also pre-
sented in the table, shows the influence of overpotential on the
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alytic activity. The latter was explained on the basis of the
modification of the electron density in the d-shell upon alloy-
ing Ni with Mo in a way that favors the HER kinetics. It was
also shown that the two NiMo/PANI catalysts offer consider-
ably lower activation energy in the HER than the Ni/PANI layer,
which is also a consequence of better intrinsic properties of the
bimetallic materials.

DC linear polarization and AC electrochemical impedance
spectroscopy measurements allowed us to determine the mech-
anism and kinetics of the HER. It was shown that the kinetics
of the HER on Ni/PANI is controlled by the Volmer reaction
step as the rds (electrochemical adsorption of hydrogen to form
Ni Hads), while the Heyrovsky step (electrochemical desorp-
tion of hydrogen to form H2) was shown to be the rds on the two
bimetallic NiMo/PANI catalysts.
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