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Abstract

The paper discusses results on the development of nickel/conducting polymer composite layers used as catalysts in the hydrogen evolution reaction
(HER). Conducting polymers (CP), polypyrrole (PPY), and polyaniline (PANI) are used as three-dimensional pattering templates (matrices) for
electrodeposition of nickel on an inert glassy carbon surface. It is shown that Ni/CP layers offer a significantly higher overall electrocatalytic
activity in the HER than Ni electrodeposited on a flat two-dimensional substrate. This is a result of favorable Ni/CP morphology which yields an
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The overall best catalyst is a Ni/PANI layer formed by incorporation of small amounts of Ni into a thick pre-deposited PANI layer. The

porous layer is composed of ca. 3�m interconnected spherical Ni particles, with an almost complete surface absence of PANI. The in
porosity of the layer is of a great benefit at high HER overpotentials, where accumulation of produced molecular hydrogen inside the ca
is prevented. Due to a lower porosity, all the Ni/PPY catalytic layers studied are susceptible to the surface blockage (hydrogen accum
high overpotentials. However, in the lower overpotential region, a Ni/PPY catalyst formed by incorporating a larger amount of Ni into a th
pre-deposited PPY layer offers an electrocatalytic HER activity comparable to the best Ni/PANI catalyst. When PPY and Ni are electr
simultaneously (co-deposition method), a substantial decrease in a diameter of Ni islands, down to 100 nm, and an increase in the is
density are obtained.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

One of the major problems of today’s world is in its heavy
dependency on fossil fuels, which, in turn, creates a range of
socio-economical, geopolitical, and environmental problems.
The utilization of fossil fuels, especially oil, is predicted to
increase exponentially in the coming years, while at the same
time their availability will decrease. This will contribute to a
further increase of the above problems. However, it has already
been obvious that the solution to these problems is to increase
the use of sustainable energy resources. Since hydrogen, the
most abundant element on earth, is the cleanest and ideal fuel
(carrier), it has been increasingly considered as thefuel of the
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future [1–4]. Although production of hydrogen by water el
trolysis is not currently cost-competitive to natural gas refo
ing, it represents a process where hydrogen can be pro
by true renewable and fully environmentally friendly ene
sources (solar, wind, and hydro), without co-production of
green-house gas, CO2. Industrial water electrolysis is, for th
time, being carried out using a liquid alkaline electrolyte.
disadvantages of this technology are mainly related to low
cific production rates, high energy consumption, low efficie
voluminous systems, and safety issues related to use of
tic electrolytes. However, the use of solid polymer electro
membrane (PEM)-type generators (the technology very si
to the PEM fuel cell technology) with demineralized wate
the raw material would offer a viable alternative to the alka
process, especially for residential and small-scale applica
Although the inherent advantages of the PEM technology
the alkaline one are clearly established (greater safety and
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ability, higher differential pressures, higher operating current
densities and efficiency, rapid transient responses, construction
simplicity, maintenance, etc.), one of the main obstacles asso-
ciated with the large-scale commercial application of the PEM
hydrogen generator is related to high investment costs. This is
mainly due to the use of noble metals (Pt, Ir, and Ru) as elec-
troactive catalyst materials[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 Germany) is related to
the hydrogen generator (water electrolyser). In the same study,
the authors have shown that the cost of the hydrogen gas pro-
duced by wind-powered water electrolysis and used to fuel a
passenger car is still twice the cost of diesel fuel in Germany
(normalize with respect to the mileage). However, due to the
rapidly increasing cost of the 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, sta-
ble, and cheap electrocatalysts for water splitting in the PEM
hydrogen generator that would offer low overpotentials for the
hydrogen evolution reaction (HER) at rather high current den-
sities (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 actualintrinsic
electrocatalytic effect of the material, (b) a large active surface
area per unit volume ratio, both of which are directly related
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a hydrogen generator (low pH), (iv) high solubility in aque-
ous solutions, (v) well-developed and simple electrochemical
polymerization methodology, and (vi) suitability for a poten-
tial commercial use. Although electrocatalysis on conducting
polymer-based layers incorporating metal particles (mostly Pt
or other noble metals) has been reported in literature, the major-
ity of the work is related to oxidation reactions[34–39], while
reduction reactions have been much less studied, and are mainly
concentrated in the area of oxygen reduction[40–43]. The appli-
cation of conducting polymers doped with metallic inclusions in
gas sensing applications has also been reported[44]. However,
to the best of our knowledge, only few publications discussing
the use of conducting polymers in hydrogen reduction (produc-
tion) have been reported[45–48]. In Ref.[47], no metal particles
were incorporated into the polypyrrole film but the HER actually
took place at the substrate (iron) surface. On the other side, in
Ref. [48], electroless nickel was used as a catalyst incorporated
into a polypyrrole film but the substrate chosen was platinum.
However, the actual catalytic effect of incorporated nickel par-
ticles 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 Ref.[49].

This paper represents an attempt to contribute to the develop-
ment of active, efficient, stable, and cheap nickel electrocatalysts
for hydrogen production by water electrolysis in the PEM hydro-
gen generator. It will be demonstrated that the two conducting
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o the (over)potential used to operate the electrolyzer at s
cant current densities, and (c) catalyst stability. Conseque
n approach used in the design of good HER electrocata

s based either on the increase of the active surface ar
he electrode (catalyst)[8–11] and/or on the design of an ele
rode material of a high intrinsic catalytic activity[12–16]. We
ave previously shown[17] that by alloying nickel with lef

ransition metals (W, Mo, and Fe), an increase in the intr
lectrocatalytic activity in the HER, compared to pure nic
an be obtained. Although NiW has been shown to offer
ighest intrinsic activity, NiMo has yielded the highest ove
ctivity. This is mainly due to the favorable catalyst’s morp
gy (high surface roughness). In general, the research o
ER catalysis has been focused on several important param
uch as the intrinsic nature of the reaction[8,9,18,19], elec-
rode composition[20–24], surface morphology[8,9,18,24–29],
tructural, chemical, and electronic properties[20–23,30], and
hysical, chemical, and electrochemical activation treatm

8,9,18,31–33].
The present work discusses results on the use of

ucting polymers, polypyrrole, and polyaniline, as a s
ort/matrix/template for the construction of nickel/conduc
olymer hydrogen evolution catalyst layers. Nickel has b
hosen as a catalytic material due to its high intrinsic act
n the HER and its low cost compared to noble metals curre
sed in the construction of PEM hydrogen generators. The
onducting polymers have been chosen due to their (i)

ating properties in the cathodic region relevant for hydro
roduction, thus avoiding their catalytic interference with
ER charge transfer process and Ni catalysts, (ii) favorable
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olymers (CP) represent good three-dimensional matrice
an be conveniently employed to tailor morphology of elec
atalytic Ni layers used in hydrogen production. Four diffe
orphologies can be obtained, each yielding a different

rocatalytic activity in the HER, when compared to a Ni la
eposited on a flat two-dimensional conducting substra
ill also be shown that the structure of the Ni–CP layer
i/CP–electrolyte interface strongly depends on the morp
gy of the prepared Ni/CP layers and the type of poly
sed.

. Experimental

The electrocatalytic activity of nickel/conducting polym
Ni/CP) layers in the hydrogen evolution reaction was stu
n 0.5 M H2SO4 solution at 295 K. Chemicals used in resea
ere purchased from Sigma–Aldrich Company and Fisher
ntifics, and were used without further purification. All soluti
ere prepared using nanopure water of resistivity 18 M� cm.
ll measurements were made in an oxygen-free solution, w
as achieved by continuous purging of the cell electrolyte
rgon gas (99.998% pure).

A standard three-electrode, two compartment cell was
n all experiments. The counter electrode was a large-area
num electrode of high purity (99.99%, Alfa Aesar), which w
egreased by refluxing in acetone, sealed in soft glass,

rochemically cleaned by potential cycling in 0.5 M sulfu
cid, and stored in 98% sulfuric acid. During measurem

he counter electrode was separated from the main cell
artment by a glass frit. The reference electrode was a
ercially available mercury/mercurous sulfate electrode (M
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Table 1
Experimental conditions used in formation of Ni/CP layers on a GC substrate

Bath Composition Ni/CP-layer formation conditions

Nickel NiSO4·H2O 26.2 g L−1 Deposition potential:−1.45 VSCE

H3BO3 6.2 g L1

H2SO4 1.0 mM

Pyrrole Pyrrole 0.05 M Deposition potential: 0.8 VSCE

H2SO4 0.5 M

Polyaniline Aniline 0.05 M Deposition potential: 0.82 VSCE

H2SO4 0.5 M

Co-deposition Ni + pyrrole bath Potential range: +0.8 and−1.45 VSCE

Delay at +0.8: 3 s
Delay at−1.45: 5 s
Scan rate: 100 mV s−1

The working electrode was a Ni/CP layer electrodeposited on
a glassy carbon (GC) substrate of surface area 0.17 cm2. GC
was chosen as a substrate material since it has very large over-
potential for hydrogen evolution, thus offering a wide potential
region for the investigation of the HER, without the substrate
interference. The GC electrode (substrate) was made of a rect-
angular piece of GC sealed in an epoxy, thus giving a two-
dimensional surface area available for the electrodeposition of
an electrocatalytic layer. Before electrodeposition of a Ni/CP
layer, the GC substrate was carefully prepared by mechani-
cal wet-polishing using #600 and #1500 grit sand paper, fol-
lowed by thorough rinsing with distilled water and cleaning
in an ultrasonic bath for 6–7 min in order to remove polish-
ing residues. Subsequently, the substrate was degreased with
ethanol, rinsed with nanopure water, and further electrochem-
ically cleaned (activated) in 0.5 M H2SO4 by potentiodynamic
cycling between the hydrogen and oxygen evolution potential.
The formation of active Ni/CP layers was done (i) by poten-
tiostatic electrodeposition of Ni on a polypyrrole or polyaniline
layer pre-deposited on a GC substrate and (ii) by cyclic co-
electrodeposition of Ni and polypyrrole on a GC substrate. The
experimental conditions and baths composition are presented
in Table 1. After the formation of each electrode layer, the
electrode surface was carefully rinsed with a large amount of
nanopure water in order to remove any residues of bath chem-
icals and unattached catalyst particles. Then, the electrode was
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3. Results and discussion

3.1. Morphology of polypyrrole and polyaniline

As mentioned in the Introduction, conducting polymers, PPY
and PANI were used as three-dimensional (3D) ‘pattering tem-
plates’ (matrices) for controlled morphological structuring of
Ni catalyst layers. The hypothesis of the authors was that this
procedure would enable formation of a layer that would offer
a 3D hydrogen evolution reaction zone, and thus an increase in
the surface area and number of activation sites for the reaction.
Morphology of conducting polymer layers (matrices) deposited
on a glassy carbon substrate was first characterized using a
scanning electron microscopy technique. The SEM images in
Fig. 1a and b show a significant difference in the morphol-
ogy of the two polymers. The PPY matrix electrodeposited on
the GC surface (Fig. 1a) offers a compact and homogeneous
micro/nano-porous surface. As it will be shown later, these
micro/nano-pores provide electrolyte-conducting pathways to
the GC substrate for electrochemical deposition and growth of
nickel catalyst ‘islands’. On the other hand, the PANI matrix
presented inFig. 1b shows a significantly different morphology.
The matrix has a highly fibrilar, branched, and porous structure,
with an average thickness of fibers of ca. 100 nm. Taking into
account the difference in the morphology of the two polymer
matrices observed inFig. 1a and b, one could conclude that
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can rate of 0.5 mV s−1. The dc polarization measurement w
ollowed by a set of ac EIS measurements at selected p
ials in the range between OCP and OCP-500 mV. An A
ab PGSTAT 30 potentiostat/galvanostat/FRA was used i
he electrochemical measurements, while the scanning ele
icroscopy (SEM) analysis was done using a Hitachi 4700
mission SEM. All the dc polarization curves were correcte

heIR-drop.
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hould also result in a significant difference in the morpho
f the resulting composite Ni/CP layers.

.2. Linear dc polarization measurements

.2.1. Ni/PPY electrocatalytic layers
In order to investigate the influence of the morphology o

Ps on a relative electrocatalytic activity of formed Ni/CP
lytic layers, linear Tafel polarization measurements were m
nd the corresponding electrochemical parameters (Tafel
xchange current density, transfer coefficient) were derived
he recorded curves.Fig. 2shows the representative linear po
zation curves recorded on Ni/PPY catalysts. All the cu
resented show a classical Tafelian behavior in the lower
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Fig. 1. SEM images showing the surface morphology of (a) polypyrrole (PPY) and (b) polyaniline (PANI) electrodeposited on a GC substrate. The other images show
electrodes made by (c) electrodeposition of Ni on a Cu substrate, (d) electrodeposition of Ni for 20 min on a PPY layer pre-deposited for 2.5 min (GC substrate), (e)
electrodeposition of Ni for 1 h:40 min on a PPY layer pre-deposited for 2.5 min (GC substrate), (f) simultaneous co-electrodeposition of Ni and PPY (GCsubstrate),
(g) electrodeposition of Ni for 20 min on a PANI layer pre-deposited for 2.5 min (GC substrate), and electrodeposition of Ni for (h) 2 min and (i) 5 min on aPANI
layer pre-deposited for 2.5 min (GC substrate).

potential region, i.e. at overpotentials positive of ca.−0.4 V. This
clearly demonstrates that the HER on all the Ni/PPY catalysts
is a purely kinetically controlled reaction. An average value of
the Tafel slope obtained in this region is 135± 4 mV decade−1.

According to the general models of the HER mechanisms in an
acidic medium[50,51,52], this value of Tafel slope indicates that
the Volmer reaction step, i.e. adsorption of hydrogen on nickel to
form Ni–Hads, is a rate determining step. It could also be noticed
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Fig. 2. Linear polarization curves recorded on Ni/PPY electrodes: (1) Ni/PPY-
1:40/2.5, (2) Ni/PPY-20/2.5, (3) Ni/PPY-1:40/5, (4) Ni/PPY-20/5, (5) Ni/PPY-
Co-40, and (6) Ni/PPY-Co-20. Scan rate = 0.5 mV s−1. The curves were cor-
rected for theIR-drop.

that the measured Tafel slope value slightly deviates from the
theoretical value of 116 mV decade−1. This phenomenon has
already been reported in literature[17,25,26,53]and has been
explained by the presence of a thin oxide film on the catalyst’s
surface[17,24].

The purpose of doing the experiments presented inFig. 2
was to investigate the influence of Ni and/or PPY deposition
time and method on the resulting HER activity of the cata-
lysts. Fig. 2a demonstrates the effect of Ni electrodeposition
time on the resulting catalyst’s response in the HER. Nickel was
electrodeposited on an already pre-deposited PPY layer (PPY
deposition time was 2.5 min). It is evident that the catalyst pro-
duced by electrodeposition of Ni at a longer time, 1 h:40 min
(curve 1, Ni/PPY-1:40/2.5), shows a significantly higher activ-
ity in the HER than the catalyst produced by electrodeposition
of Ni at a shorter time, 20 min (curve 2, Ni/PPY-20/2.5). The
difference in the activity is approximately of one order of mag-
nitude. Since the same electrocatalytic material, Ni, was used in
both cases, the observed difference should thus be related mainly
to the difference in the surface area available for the HER, i.e.
the difference in the number of electroactive sites available for
the reaction, rather than to the difference in the intrinsic activity
of the two catalysts (electronic effect). In order to investigate
this more closely, the morphology of both catalysts was exam-
ined using the SEM technique.Fig. 1d shows the morphology of
the Ni/PPY-20/2.5 catalyst, while a morphology of the catalyst
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Fig. 3. Schematic representation of Ni/CP catalyst layers produced by (a) depo-
sition of Ni on a pre-deposited PPY layer, (b) co-deposition of Ni and PPY, and
(c) deposition of Ni on a pre-deposited PANI layer.

not electrically conductive in the region of Ni electrodeposition,
nucleation of Ni islands cannot occur on top of, or inside the PPY
matrix. Therefore, Ni islands start forming by nucleation (elec-
trocrystallization) at the GC/electrolyte interface, on the part of
electrically conductive GC surface that is directly exposed to the
bulk electrolyte through pores of the pre-deposited PPY layer.
The formed nuclei continue to grow in an outward direction
through the PPY pores towards the bulk electrolyte (Fig. 3a)
[54,55]. Since the distribution of pore length, diameter and con-
figuration in the pre-formed PPY layer is not uniform, it could
be assumed that some Ni islands do not reach the outer surface
of the polymer at the shorter electrodeposition time (20 min,
Figs. 1d and 3a), and could remain ‘arrested’ at various depths
inside the polymer matrix. On the other side, some of the islands
continue growing above the PPY layer surface in a semi-lateral
direction, forming mushroom-type islands that are quite visible
in Fig. 1d. The image also shows small-diameter Ni islands that
reached only the PPY surface and did not start spreading above it
in a semi-lateral direction. Similar morphology was observed on
Cu/PPY composite layers[56]. From this analysis, it is obvious
that the density, distribution, diameter, and configuration of Ni
islands on the electrode surface at shorter Ni deposition times is
mostly pre-determined by the same three parameters related to
the pre-deposited PPY layer. This, in turn, opens a wide range
of possibilities for producing various morphologies of metallic
electrocatalyst layers by simple tailoring (controlling) morpho-
l

ee of
P -like
roduced by electrodeposition of Ni at a longer time, Ni/P
:40/2.5, is presented inFig. 1e. As expected, the difference

he electrocatalytic activity in the HER shown inFig. 2a is quite
n accordance with the difference in the morphology of the
urfaces.Fig. 1d shows that at shorter Ni electrodeposition tim
he distribution of Ni catalyst islands is uniform. However,
sland size distribution is rather wide, ranging from ca. 100
o 3�m, which is most likely controlled (pre-determined)
he diameter of pores inside the PPY layer formed on the
rode surface before Ni electrodeposition. The mechanis
he formation of Ni islands and the resulting surface morp
gy could be explained in the following manner. Since PP
fogical properties (templates) of PPY layers.
When Ni is electrodeposited on an electrode surface fr

PY, the resulting metal layer is continuous and of a 2D
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morphology (Fig. 1c). Thus, one would expect that a long-term
deposition of Ni on a pre-deposited PPY layer would also give
a continuous semi-2D compact Ni layer similar to the one in
Fig. 1c, which would be formed by the growth and merger of
neighboring islands shown inFig. 1d. However,Fig. 1e demon-
strates that at longer Ni deposition times metal islands continue
growing outside the PPY layer in a 3D manner, forming very
interesting spherical (globular) and cauliflower-like patterns.
The size of globules ranges from ca. 1 to 10�m. The result-
ing morphology (Fig. 1e) yields a considerably rougher surface
than the Ni layer deposited at shorter times (Fig. 1d) and in the
absence of PPY (Fig. 1c). As a result, an increase in activity in
the HER is observed (Fig. 2a). Hence, it appears that the pres-
ence of PPY on the electrode surface significantly influences the
mechanism of Ni growth outside the PPY matrix. This might be
due to the hydrophobic character of the PPY layer, which repels
hydrated nickel ions and thus inhibits the spreading (growth) of
Ni islands along the PPY/electrolyte interface in a 2D manner,
facilitating the 3D growth into the bulk electrolyte.

The above discussion leads to a conclusion that a thicker
PPY layer deposited at longer times would be less porous, due
to the narrowing and blockage (termination) of pores caused
by lateral growth of the polymer. Thus, an increase in the pore
length (by thickening of the PPY layer), and decrease in the
pore diameter and density (by the lateral growth/expansion of
the PPY layer), would then result in an increased resistance to
m ently
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layer, following the initial morphological pattern. Again, this
would be followed by the formation of the second Ni layer. This
co-deposition procedure could be repeated for a desired num-
ber of cycles until a specified layer thickness is achieved, which
is schematically presented inFig. 3b. In this way, a long-nano-
island structure of the Ni layer, offering a high Ni island density,
narrower island diameter distribution and a more controlled layer
growth and morphology, could be achieved. An experimental
technique applied for this purpose was cyclic voltammetry. An
initial potential was set in the anodic potential region of pyr-
role polymerization, 0.8 V versus SCE, while a cathodic limit
was in the potential region of Ni electrodeposition,−1.45 V
versus SCE (seeTable 1). Fig. 1f shows a morphology of a
catalyst produced using this co-deposition procedure. In com-
parison to Ni/PPY-20/2.5 layer produced by electrodeposition
of Ni on a pre-deposited PPY layer (Fig. 1d), the co-deposition
procedure offers a morphology characterized by a considerably
higher density of Ni islands formed on the surface. In addition,
the diameter of Ni islands is smaller (between 100 and 300 nm)
and their distribution more uniform. Similar surface morphology
was reported for composite layers produced by incorporation
of Pt particles into a polythiophene[41] and polypyrrole[57]
layer, and gold particles into a polypyrrole layer[55]. However,
in these works metal particles were produced either by elec-
troreduction of anions of their salts (PtCl4
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in the polymer layer during its polymerization, or by sub-
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or the HER, could be expected. This assumption is clearly
rmed in Fig. 2b, which demonstrates that an increase in
PY layer thickness (by doubling its formation time from

o 5 min) results in a decrease in catalytic activity of the e
rode down to ca. 22% of its initial value (compare curve
nd 1 inFig. 2b). Also, similarly to the situation inFig. 2a, the
lectrode produced at longer Ni deposition times (Fig. 2b, curve
, Ni/PPY-1:40/5) yields a higher activity when compared

he electrode produced at shorter Ni deposition times (Fig. 2b,
urve 4, Ni/PPY-20/5). The results inFig. 2a and b suggest th
thinner PPY layer offers a higher porosity, which allows f
igher density of Ni islands to be formed on the electrode
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hus also the Ni island length (height). Our measurements
hown that, under the experimental conditions applied her
ptimum PPY thickness is obtained at a PPY deposition tim
.5 min.

In order to optimize the structure of the catalyst layer
chieve a higher degree of control over the composite layer
hology, formation of both the PPY and nickel layer should
one in parallel. The idea of the authors was to first depo
ery thin and highly porous layer of PPY on the GC surfac
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Considering the morphology presented inFig. 1f, one could

xpect to see an increase in catalytic activity with respect t
urface inFig. 1d. This is, indeed, demonstrated inFig. 2c, from
hich it is clearly visible that the surfaces produced using
o-deposition method (solid curves 5 and 6) show a higher
rocatalytic activity in the HER than the surface produced
lectrodeposition of Ni on a pre-deposited PPY layer (da
urve 2). By applying a higher number of co-deposition cyc
further increase in the electrocatalytic activity is achie

curve 5 = 40 cycles and curve 6 = 20 cycles). However, our
urements have demonstrated that the relationship betwe
umber of co-deposition cycles and the corresponding ele
atalytic activity of the catalyst is not linear, but rather l
rithmic. At high overpotentials, accumulation of molecu
ydrogen produced deep inside the catalyst layer occurs
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or the HER. With an increase in overpotential, the amoun
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yst surface blocked by hydrogen. This is clearly seen on a
urves inFig. 2, where a deviation from linearity is apparen
verpotentials negative of ca.−0.4 V, especially on the two cat

ysts produced by deposition of Ni in a thicker PPY film (Fig. 2d,
urves 3 and 4). The solution to the problem would be to rem
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a topic of current research in our laboratory and will be reported
shortly.

In order to relatively compare all the Ni/PPY catalysts pre-
sented so far, the corresponding linear polarization curves are
plotted on the same graph (Fig. 2d). A close inspection of the plot
reveals that the best electrocatalytic performance is offered by
the Ni/PPY-1:40/2.5 electrode produced by electrodeposition of
Ni for a longer time on a thin pre-deposited PPY layer. An oppo-
site result is obtained when a long PPY deposition time (5 min)
and short Ni deposition time (20 min) is used (Ni/PPY-20/5 elec-
trode). The electrodes made using a co-deposition method offer
an intermediate performance. However, this needs some clarifi-
cation. When a co-deposition method is used, an actual time of
Ni deposition is much shorter than when Ni is deposited on a pre-
formed PPY layer. For example, when 40 cycles are used in the
co-deposition procedure (Table 1), the actual Ni deposition time
is 1 min 20 s, which results in a much lower loading of Ni, when
compared to Ni/PPY-20/2.5. Still, Ni/PPY-Co-40 yields much
better electrocatalytic activity than Ni/PPY-20/2.5. This is due
to a favorable structure of the catalyst (Fig. 1f), which offers
a considerably larger surface area for the HER then Ni/PPY-
20/2.5 (Fig. 1d). Our recent measurements have shown that by
increasing a number of co-deposition cycles above 40, a sub-
stantial increase in the electrode activity above the level shown
by Ni/PPY-Co-40 is obtained.

3
yer

i yer.
H phol-
o e
o n a
p or-
p
l pact
a hase,
t onal
l
T idues
a nuous
P of
N and
5 ase
s y its
3 ree
S se
i afte
s rea
a he
n par
a med
o reas
g Ni
l ayer
( ati-
c of
t a

Fig. 4. Linear polarization curves recorded on Ni/PANI electrodes: (1) Ni/PANI-
20/5, (2) Ni/PANI-1:40/2.5, (3) Ni/PANI-1:40/5, (4) Ni/PANI-20/2.5. Scan
rate = 0.5 mV s−1. The curves were corrected for theIR-drop.

globular-like structure of the produced Ni layer. At the moment
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. 4shows a set of polarization curves recorded on various
Ni/PANI catalysts. An influence of Ni and/or PANI deposition
time on the resulting electrocatalytic activity was investigated.
Curve 1 represents a response of the best catalyst, produced by
electrodeposition of Ni for 20 min on a PANI layer pre-deposited
for 5 min (Ni/PANI-20/5). A significantly lower electrocatalytic
activity was obtained if a PANI deposition time was decreased to
2.5 min (curve 4, Ni/PANI-20/2.5). This is quite different to the
results obtained on Ni/PPY catalysts (Fig. 2b), but is also rea-
sonable to expect considering a large difference in the structure
(and porosity) of the two CP layers and their role on the mech-
anism of Ni phase nucleation and growth. When a Ni layer is
formed on the pre-deposited PPY layer, its growth occurs only
through pores of the PPY layer, as previously discussed. The
presence of both the polymer and metallic Ni phase on the sur-
face of the Ni/PPY catalysts (Fig. 1d–f) indicates that the growth
of the Ni phase does not significantly influence the stability of
the PPY phase. On the other hand, it appears that the growth of
a Ni phase on the pre-deposited PANI layer results in a disap-
pearance of the polymer phase. Since the PANI layer acts also
a ch as
P par-
t ed.
T er
h in),
t ot to
h tivity
a e
o ed to
N ight
b yer,
o rthe-
.2.2. Ni/PANI electrocatalytic layers
Figs. 1a and b shows that the morphology of a PANI la

s considerably different than the morphology of a PPY la
ence, one could expect to see a difference in the mor
gy of the corresponding Ni/CP layers.Fig. 1g shows an imag
f a catalyst layer produced by electrodeposition of Ni o
re-deposited PANI layer. Indeed, the difference in the m
hology between the Ni/PANI (Fig. 1g) and Ni/PPY (Fig. 1d–f)

ayers is substantial. While all the Ni/PPY layers are com
nd show the presence of both the polymer and metallic p

he Ni/PANI electrode is covered by only a three-dimensi
ayer of spherical Ni particles of an average diameter 3�m.
he image shows the presence of only traces of PANI res
ttached to Ni particles, and a complete absence of a conti
ANI phase can be observed.Fig. 1h and i shows morphology
i/PANI catalysts produced at short Ni deposition times, 2
min, respectively. It is evident that the nucleation of a Ni ph
tarts on the electrically conductive GC surface, followed b
D growth to form spherical particles. By comparing the th
EM PANI images (Fig. 1g–i), it seems that with an increa

n deposition time a growth rate of Ni spheres decreases
everal minutes, and almost drops to zero when spheres
n average diameter of 3�m. However, at the same time, t
ucleation and growth of new spherical particles occurs in
llel, resulting in an increase in the number of particles for
n the surface (density). Hence, the surface coverage inc
oing fromFig. 1h, over i to g. At longer deposition times the

ayer grows to a thickness of at least three mono-spherical l
Fig. 1g), offering a highly porous structure that is schem
ally presented inFig. 3b. Considering fibrous morphology
he PANI layer presented inFig. 1b, it is quite surprising to see
r
ch
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s a ‘surfactant’, and not only as a pattering template (su
PY), it seems that in order to produce more Ni spherical

icles (i.e. a thicker Ni layer), a thicker PANI film is need
his is indeed observed inFig. 4(curves 1 and 4). On the oth
and, if the Ni layer is deposited at a long time (1 h:40 m

he thickness of the pre-deposited PANI layer appears n
ave a large influence on the resulting electrocatalytic ac
nd the two polarization curves inFig. 4 (curves 2 and 3) ar
verlapped. Also, a decrease in the activity, when compar
i/PANI-20/5 (curve 1), is observed. The reason for this m
e either due to a partial decrease in porosity of the Ni la
r due to the agglomeration of spherical Ni particles. Neve
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Fig. 5. Linear polarization curves recorded on (1) Ni/PANI-20/5, (2) Ni/PPY-
1:40/2.5, and (3) Ni/PPY-Co-40. A curve recorded on a Ni catalysts deposited
on a Cu substrate (Ni/Cu) is also presented for comparison (4). Scan
rate = 0.5 mV s−1. The curves were corrected for theIR-drop.

less, even at long Ni deposition times the porosity of the layer is
sufficiently large to allow hydrogen produced at high overpoten-
tials to diffuse into the bulk solution, thus avoiding the blockage
of the catalyst’s surface observed with all the Ni/PPY catalysts.
Consequently, no deviation from the linearity of the polarization
curves inFig. 4 is noticed at high cathodic overpotentials.

3.2.3. Relative comparison of Ni/PPY and Ni/PANI
electrocatalytic layers

In order to compare a relative electrocatalytic activity of the
Ni/CP layers that gave the highest electrocatalytic activity within
the group, the Tafel curves recorded on the best group catalys
studied have been plotted on the same graph (Fig. 5), together
with a Tafel curve of a semi-2D Ni layer deposited on a flat Cu
substrate (control curve). The plot offers a clear picture on the
performance of all the ‘best’ HER composite Ni/CP catalysts.
The relevant kinetic data obtained by analysis of the curves ar
presented inTable 2.

From Fig. 5 and Table 2, it can be observed that all the
Tafel curves yield a similar Tafel slope value, and that there
is no evidence on the change of the reaction mechanism wit
the increase in overpotential. Comparing the calculated value
of transfer coefficients,α, of the Ni/CP catalysts to the value
of the control catalyst (Ni/Cu),Table 2, it seems that all the
Ni/CP catalysts offer slightly higher electrocatalytic activity
i ould

be due to a favorable electronic influence of the CP matrix on
the intrinsic activity of Ni (catalyst/support interaction). On the
other hand, the exchange current density values presented in
the table demonstrate a superior electrocatalytic activity of the
Ni/CP catalysts at the equilibrium HER potential (zero over-
potential), relative to the Ni/Cu catalyst. Ni/PANI-20/5 offers
the highest activity, almost 20 times higher than Ni/Cu cata-
lyst. However, although the exchange current density is very
frequently used to characterize an electrocatalytic activity of a
catalyst, it is more appropriate to evaluate a catalytic activity at
some fixed current or overpotential that is relevant to the actual
operation of the hydrogen generator. This is very important in
cases when different catalysts yield different Tafel slope values
[27]. Hence, in order to compare the electrocatalytic activity of
the catalysts inFig. 5 at conditions relevant for the operation
of a hydrogen generator, one can fix current density (i.e. hydro-
gen production rate) and compare the resulting overpotentials
required to reach the given current density. This would give an
indication on the amount of energy (overpotential) that has to
be invested to produce a specified amount of hydrogen (since
the current is, through the Faraday law, directly related to the
amount of produced hydrogen). Overpotential values for each
catalyst measured at a fixed current density of 1 mA cm−2 are
presented inTable 2. It is obvious that Ni/Cu requires the largest
energy input (overpotential) for the given hydrogen production
rate,−379 mV, while Ni/PANI-20/5 requires the lowest energy
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able 2
ER kinetic parameters (b, jo and�) obtained by analysis of the curves pre

atalyst b (mV decade−1) jo (�A cm−2)

i/Cu (control) 147 −2.6
i/PANI-20/5 133 −47.3
i/PPY-1:40/2.5 133 −45.9
i/PPY-Co-40 134 −25.7

he table also shows the data used to compare the electrocatalytic acti
ydrogen production rate determined by a current density of 1 mA cm−2 and (b)
he results for a control catalyst (Ni/Cu) are also presented for comparis
ts
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nput, overpotential−175 mV. This represents an energy sav
f ca. 53%.

Another common way of comparing the electrocatal
ctivity of HER electrocatalysts is to fix overpotential (ene

nput) and then to compare the resulting current densities, i.
mount of hydrogen that would be produced by each cat
he results for overpotential of−150 mV (which is in the rang
xpected for a hydrogen generator operation) are presen
able 2. Again, similarly to the behavior obtained at a fix
urrent density, Ni/PANI-20/5 yields the best electrocata
ctivity. The amount of hydrogen that could be produced u
i/PANI-20/5 is ca. 24 times larger than if Ni/Cu were us
omparing the data inTable 2and lower overpotential region
ig. 5, it is evident that the performance of Ni/PANI-20/5 a
i/PPY-1:40/2.5 is practically the same. However, at high o
otentials, Ni/PANI-20/5 offers higher electrocatalytic activ
his is due to a favorable porous 3D structure of the cat

ayer, which ensures that no accumulation of produced hydr
nside the layer occurs, contrary to Ni/PPY-1:40/2.5 catalys
onclusion, the electrocatalytic activity trend evaluated at

d inFig. 5

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

0.39 −379 −0.027
0.44 −175 −0.647
0.44 −176 −0.629
0.43 −222 −0.334

f the investigated Ni/CP coatings in terms of (a) the overpotential needd for a fixed
esulted production rate at a fixed energy input (fixed overpotential of−150 mV).
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ditions relevant for the operation of a hydrogen generator is the
same as the trend observed at equilibrium conditions (using the
exchange current density), and shows that the electrocatalytic
activity of the investigated catalysts decreases in the direction
of Ni/PANI-20/5≥ Ni/PPY-1:40/2.5 > Ni/PPY-Co-40 > Ni/Cu.

The information obtained from the Tafel polarization data
shows that all the Ni/CP catalysts are more active for the HER
than the control catalyst, Ni/Cu, which is mainly due to an
increase in the number of HER active sites, i.e. surface area
increase. Only a small contribution of the electronic effect (cat-
alyst/support interaction) is observed.

3.3. Electrochemical impedance spectroscopy (EIS)

Although the SEM and dc Tafel polarization techniques
gave information on the morphology and overall electrocatalytic
activity of the Ni/CP layers studied, these techniques cannot
provide information on the structure of the electrode/electrolyte
interface in terms of the surface charge and electroactive centers
distribution, and hydrogen adsorption. Therefore, electrochemi-
cal impedance spectroscopy was employed to further investigate
the electrode/electrolyte interface and the corresponding pro-
cesses 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 50 kHz to 50 mHz, at selected over-
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Fig. 6. (a) Nyquist and (b) Bode plots showing an EIS response of the Ni/PPY-
20/5 electrode at various overpotentials. Symbols are experimental and solid
lines are modeled data.

interface and the processes occurring at the electrode (catalyst)
surface, experimental EIS data were modeled using non-linear
least-squares fit analysis (NLLS) software[60] and an electrical
equivalent circuit (EEC) that describes a response of a two-time
constant process, inset toFig. 7. An excellent agreement between
the experimental data (symbols) and modeled data (lines) was
obtained (Fig. 6), and the calculated EEC data are presented

Fig. 7. Semi-logarithmic dependence of time constants on applied overpoten-
tial calculated by modeling EIS data recorded on Ni/PPY-20/5. The data were
modeled using the electrical equivalent circuit (EEC) presented as an inset to the
fi ned
o ta
r lyte
b of the
r

otentials in the whole overpotential range covered with li
olarization plots (ca. from the OCP to OCP-500 mV). As it
e shown, the EIS technique revealed new information o
tructure of the electrode/electrolyte interface and on the s
istribution of electroactive centers in three-dimensional N

ayers.

.3.1. Ni/PPY electrocatalytic layers
Fig. 6shows an example of EIS spectra recorded on Ni/P

0/5 at several selected overpotentials. The data are repre
n a form of both Nyquist (Fig. 6a) and Bode (Fig. 6b) plot.
ll the spectra on the Nyquist plot display a semicircular tre
hich is consistent with EIS data obtained on other HER ele
atalysts[17,52]. With an increase in overpotential, the diam
f the semicircle decreases, which, in the first approxima
eflects a decrease in the HER resistance, and thus, throu
hm law, an increase in HER current[17]. Since the resistan

s inversely related to current (i.e. hydrogen production rat
onsistent relationship should exist between dc Tafel plots
c resistance plots which will be demonstrated later (Fig. 9). The
ata inFig. 6a also show that the semicircles are not symmetr
ut a small deviation (distortion) at low frequencies (higher

mpedance, Z′, values) is noticeable, especially at a low ov
otential. This indicates that the recorded EIS behavior is r
omplex and represents a response of a process charac
y at least two time constants[17,27,58,59]. Indeed, the prese

ation of the data in a form of Bode impedance plot (Fig. 6b)
learly reveals the presence of two time constants, namely a
requency (HF) time constant above ca. 200 Hz,τ1, and a low
requency (LF) time constant below ca. 200 Hz,τ2. Therefore
n order to obtain a physical picture of the electrode/electro
hgure.Rel(CPE1 − R1)(CPE2 − R2) circuit was used to model the data obtai
n Ni/PPY electrodes, whileRel(CPE1 − R1) circuit was used to model the da
ecorded on Ni/PANI electrodes.Rel represents the resistance of the electro
etween the working and reference electrode. The physical meaning
emaining EEC elements is given in the text.
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Table 3
EEC parameters obtained by fitting EIS experimental spectra recorded at various overpotentials on the Ni/PPY-20/5 electrode

η (V) Rel

(�)
CPE1 × 104

(F sn−1 cm−2)
n1 R1 (� cm2) CPE2 × 104

(F sn−1 cm−2)
n2 R2 (� cm2) Cdl,1

(�F cm−2)
Cdl,2

(�F cm−2)
τ1 (s) τ2 (s)

−0.115 4.4 1.8 1.0 790 4.2 0.73 860 180 20 1.4E−01 1.7E−02
−0.135 4.4 1.7 1.0 717 5.0 0.72 874 170 24 1.3E−01 2.1E−02
−0.155 4.6 1.7 1.0 622 4.9 0.73 716 170 25 1.1E−01 1.8E−02
−0.175 4.6 1.6 1.0 511 5.3 0.72 556 160 26 8.2E−02 1.5E−02
−0.195 4.8 1.7 1.0 374 4.8 0.73 420 170 27 6.2E−02 1.1E−02
−0.215 4.9 1.6 1.0 293 5.0 0.73 299 160 28 4.6E−02 8.3E−03
−0.235 4.9 1.6 1.0 215 4.8 0.73 238 160 28 3.4E−02 6.6E−03
−0.260 5.0 1.5 1.0 162 4.9 0.73 175 150 29 2.5E−02 5.0E−03
−0.285 5.1 1.6 1.0 115 4.1 0.75 142 160 29 1.9E−02 4.1E−03
−0.335 5.1 1.5 0.97 81 5.2 0.74 74 120 32 9.5E−03 2.3E−03
−0.385 5.0 1.7 1.0 32 3.5 0.76 69 170 28 5.6E−03 1.9E−03
−0.435 5.1 1.8 1.0 19 3.0 0.77 47 180 27 3.5E−03 1.3E−03

in Table 3. The fitting procedure showed that a better agree-
ment 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 literature[17 and references therein], the
use of a CPE is required due to a distribution of the relaxation
times as a result of inhomogeneities present at the micro or nano
(atomic/molecular) level, such as surface roughness/porosity,
adsorption, or diffusion. The EEC inFig. 7 has been used in
literature to describe a response of the HER on porous elec-
trodes[26,51,58]. The first time constant (τ1, CPE1 − R1) is
prescribed to the kinetics of the HER, and it changes (decreases)
with overpotential. On the other hand, the second time constant
(τ2, CPE2 − R2) has been mostly used to describe the poros-
ity of an electrode surface, and hence does not change with
overpotential. Therefore, in order to prescribe the two time con-
stants recorded on our Ni/PPY electrodes to specific physical
properties, we should first examine their overpotential behavior.
Using an equation originally proposed by Brug et al.[61] and
later employed by many researchers[8,9,18,25,26,52], Cdl,i =
[CPEi(R

−1
el + R−1

i )
(1−n)

]
1/n

, pure capacitance values (Cdl) were
calculated from constant-phase element values (CPE) obtained
by modeling of EIS spectra, and then the values of the two time
constants were calculated knowing thatτ = R × C (Table 3). A
closer inspection of the data inTable 3shows that the over-
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τ2, is exponential (Fig. 7). On a semi-logarithmic plot presented
in Fig. 7, both time constants decrease linearly with an increase
in overpotential. However, a deviation from linearity is observed
at overpotentials below−0.35 V, which is in accordance with the
deviations noticed in dc measurements inFig. 2, which was pre-
scribed to the accumulation of produced hydrogen inside the
PPY matrix at the Ni/PPY interface. The observed exponen-
tial dependence of time constants on overpotential (Fig. 7) is in
accordance with the theory of electron transfer[50], and is thus
quite consistent with an overpotential behavior expected for a
time constant that describes a response of the HER kinetics. The
corresponding slopes of the linear lines are 177 mV decade−1 for
the first time constant and 198 mV decade−1 for the second time
constant. These values are somewhat higher than the correspond-
ing Tafel slope values for the same catalyst (138 mV decade−1),
but are in the range expected for the HER kinetics, with the
Volmer step as a rds. In addition, the value of exponentn2 and
relative ratio ofτ1/τ2 indicate that the second time constant,τ2,
reflects a response of a part of the Ni surface that is in contact
with PPY, i.e. a part of the Ni layer embedded in the polymer
matrix. Therefore, this analysis allows us to conclude that both
time constants of the EEC inFig. 7 represent a response of
the HER kinetics, where the first time constant (τ1, CPE1 − R1)
represents a response of Ni islands that are directly exposed to
the electrolyte, while the second time constant (τ2, CPE2 − R2)
reflects a response of the Ni/PPY interface in the interior of the
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otential behavior of the CPE values and correspondingCdl
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ted with hydrogen adsorption processes[17,27,58,59]. Table 3
lso shows that an exponent of the first constant-phase ele
1, is equal to unity, the value that characterizes pure ca
ance. On the other hand, values of exponentn2 are around 0.75
ndicating that the CPE2 is related to a response of a highly n
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able 3further demonstrate that with an increase in overpote
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ependence of the corresponding time constant values,τ1 and
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PY matrix. However, the analysis of EIS data showed tha
pplies only to Ni/PPY electrodes produced at a short (20
i deposition time and also to co-deposited Ni/PPY electro
n the other hand, the situation with Ni/PPY electrodes
uced at long Ni deposition times (1 h:40 min) is quite differ
hile the first time constant (τ1, CPE1 − R1) is still related to the
ER kinetics, as discussed above, the second time constaτ2,
PE2 − R2) does not change with overpotential (data not sh
ere). This indicates that the second time constant is in this
elated to the electrode surface porosity response, which
greement with the usual literature description of the used
odel[11,52]. This also shows that the Ni layer above the P
atrix (Fig. 1e) dominates the EIS response when comp

o the response of the part embedded into the PPY matrix
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Fig. 8. Relative electrocatalytic activity of the best three Ni/CP catalysts calcu-
lated at overpotential−0.155 V. The data were obtained from the EIS results
presented in the inset to the figure. A spectrum recorded on a Ni catalysts
deposited on Cu substrate (Ni/Cu) is also presented for comparison. Symbols
are experimental data and solid lines are modeled data.

reason for this could be due to the significant change in the mor-
phology (and surface area available for the HER) of the Ni layer
above the PPY matrix, which is quite obvious by comparing the
three SEM images presented inFig. 1d–f.

3.3.2. Ni/PANI electrocatalytic layers
Modeling of EIS spectra obtained on Ni/PANI catalysts using

the EEC presented inFig. 7 resulted in a large error. However,
when a one-time constant EEC was used,Rel(CPE1 − R1), an
agreement between the model and experimental data was excel-
lent. An overpotential-dependent behavior of this time constant
revealed that its physical meaning reflects the response of the
HER kinetics. Considering the large difference in morphology
between the Ni/PPY (Fig. 1d–f) and Ni/PANI (Fig. 1g) layers,
and taking into account the previous discussion related to the
physical meaning of the two time constants recorded on Ni/PPY
layers, it is quite reasonable to expect the absence of the second
time constant in the EIS response of Ni/PANI layers.Fig. 1g
shows that Ni/PANI layer is highly porous, and represents a
layer composed of only spherical Ni particles, with only traces
of PANI left attached. Thus, the absence of the Ni/PANI inter-
face should also be confirmed by the absence of the second time
constant in the EEC, which was indeed evidenced by modeling
of Ni/PANI EIS spectra.

The above analysis of EIS data recorded on Ni/CP layers
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Fig. 9. Tafel curves obtained from the EIS data.R represents the charge transfer
resistance to the HER.

flat Cu substrate. The trend observed is quite similar to the
dc trend presented inFig. 5. The plot demonstrates that the
best catalyst is Ni/PANI-20/5, which gives an EIS response
characterized by the smallest semicircle (i.e. lowest charge trans-
fer resistance), while Ni/PPY-1:40/2.5 and Ni/PPY-Co-40 show
somewhat lower electrocatalytic activity. The control catalyst
(Ni/Cu) yields the highest charge transfer resistance (largest
semicircle), but due to clarity this spectrum is not fully pre-
sented in the figure, but only the rising part of the semicircle.
Taking into account that charge transfer resistance is inversely
proportional to current (i.e. hydrogen production rate), charge
transfer resistance values calculated at−0.155 V (overpoten-
tial relevant for the operation of a hydrogen generator) were
normalized with respect to the value obtained with the control
catalyst (Ni/Cu). This gives qualitative information on the rel-
ative catalytic efficiency of the studied composite catalysts and
the results are presented on the main plot inFig. 8. The trend
observed reflect the trend seen inFig. 5. The results demon-
strate that Ni/PANI-20/5 catalyst is almost 60 times more active
in hydrogen production than the control catalyst, which is due
to a large difference in the surface area available for the hydro-
gen evolution reaction. This is also clearly visible on the SEM
images inFig. 1.

This analysis of the EIS data at a fixed overpotential value
could be extended to the whole overpotential range studied.
Then, by plotting the logarithm of the inverse of charge trans-
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.3.3. Relative comparison of Ni/PPY and Ni/PANI
lectrocatalytic layers

Inset toFig. 8 shows EIS spectra of the three best Ni
atalysts, together with a Ni catalyst (control) deposited
-
e

er resistance, log(R1 + R2)−1, versus applied overpotential,η, a
afelian behavior similar to that inFig. 5 should be observe
ig. 9, which shows a set of quazi-Tafel curves obtained f
IS spectra, demonstrates that the observed trend is ver

lar to the trend expressed by dc polarization measureme
ig. 5. The corresponding slopes of the Tafel lines calcul

rom the EIS data inFig. 9are presented inTable 4. The obtaine
alues are close to the values calculated from the dc mea
ents (Table 2), and confirm that the Volmer step (adsorpt
f hydrogen to form Ni–Hads) is the rate determining step in t
ydrogen evolution reaction on all the composite Ni/CP cata
tudied.
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Table 4
Tafel slopes calculated from the data presented inFig. 9

Electrode b (mV decade−1)

Ni/PANI-20/2.5 174
Ni/PPY-1:40/2.5 140
Ni/PPY-Co-40 120
Ni/Cu 131

4. Conclusions

It was shown that pattering of a glassy carbon electrode sur-
face with 3D conducting polymer layers, PPY and PANI, is a
convenient method that can be used to increase the surface area
of electrodeposited nickel. The influence of a CP layer (matrix)
thickness (i.e. CP deposition time) and Ni loading (i.e. Ni depo-
sition time) on the overall electrocatalytic activity of produced
electrodes was investigated in the hydrogen evolution reaction. It
was demonstrated that all the investigated composite 3D Ni/CP
layers offer significantly higher electrocatalytic activity than a
Ni layer electrodeposited on a 2D copper substrate. This was
explained on the basis of an increased surface roughness (area)
of Ni in the composite Ni/CP layer.

The results demonstrate that morphology of the electrode-
posited CP matrix has a great influence on the resulting Ni/CP
layer morphology, and thus on the overall electrocatalytic activ-
ity of the catalyst. PANI matrix, which offers a significantly
higher porosity than PPY matrix, enabled a higher Ni surface
area (per amount of Ni loaded) to be obtained. The overall bes
catalytic activity was demonstrated by a Ni/PANI layer formed
by incorporating small amounts of Ni into a thick pre-deposited
PANI layer. The resulting porous layer, composed of 3�m inter-
connected spherical Ni particles, expressed a high toleranc
to accumulation of molecular hydrogen in the whole potential
region studied.
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