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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 react
(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
increase in the active surface area of the catalyst.

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 resulting
porous layer is composed of capg interconnected spherical Ni particles, with an almost complete surface absence of PANI. The increased
porosity of the layer is of a great benefit at high HER overpotentials, where accumulation of produced molecular hydrogen inside the catalyst laye
is prevented. Due to a lower porosity, all the Ni/PPY catalytic layers studied are susceptible to the surface blockage (hydrogen accumulation) ¢
high overpotentials. However, in the lower overpotential region, a Ni/PPY catalyst formed by incorporating a larger amount of Ni into a thin porous
pre-deposited PPY layer offers an electrocatalytic HER activity comparable to the best Ni/PANI catalyst. When PPY and Ni are electrodepositec
simultaneously (co-deposition method), a substantial decrease in a diameter of Ni islands, down to 100 nm, and an increase in the island surfa
density are obtained.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction future [1-4]. Although production of hydrogen by water elec-
trolysis is not currently cost-competitive to natural gas reform-
One of the major problems of today’s world is in its heavying, it represents a process where hydrogen can be produced
dependency on fossil fuels, which, in turn, creates a range diy true renewable and fully environmentally friendly energy
socio-economical, geopolitical, and environmental problemssources (solar, wind, and hydro), without co-production of the
The utilization of fossil fuels, especially oil, is predicted to green-house gas, GOlIndustrial water electrolysis is, for the
increase exponentially in the coming years, while at the sam#gme, being carried out using a liquid alkaline electrolyte. The
time their availability will decrease. This will contribute to a disadvantages of this technology are mainly related to low spe-
further increase of the above problems. However, it has alreadsific production rates, high energy consumption, low efficiency,
been obvious that the solution to these problems is to increasmluminous systems, and safety issues related to use of caus-
the use of sustainable energy resources. Since hydrogen, ttie electrolytes. However, the use of solid polymer electrolyte
most abundant element on earth, is the cleanest and ideal fuslembrane (PEM)-type generators (the technology very similar
(carrier), it has been increasingly considered agfitbkof the  to the PEM fuel cell technology) with demineralized water as
the raw material would offer a viable alternative to the alkaline
process, especially for residential and small-scale applications.
* Corresponding author. Tel.: +1 514 398 4273; fax: +1 514 398 6678. Although the inherent advantages of the PEM technology over
E-mail address: sasha.omanovic@mcgill.ca (S. Omanovic). the alkaline one are clearly established (greater safety and reli-
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ability, higher differential pressures, higher operating current hydrogen generator (low pH), (iv) high solubility in aque-
densities and efficiency, rapid transient responses, constructiaus solutions, (v) well-developed and simple electrochemical
simplicity, maintenance, etc.), one of the main obstacles assgolymerization methodology, and (vi) suitability for a poten-
ciated with the large-scale commercial application of the PEMial commercial use. Although electrocatalysis on conducting
hydrogen generator is related to high investment costs. This igolymer-based layers incorporating metal particles (mostly Pt
mainly due to the use of noble metals (Pt, Ir, and Ru) as eleaar other noble metals) has been reported in literature, the major-
troactive catalyst materials,6]. It has been recently showm] ity of the work is related to oxidation reactiof—39] while

that the major portion of the cost of the hydrogen infrastructureeduction reactions have been much less studied, and are mainly
based on the use of wind turbines (in Germany) is related taoncentrated in the area of oxygen reducfi&®-43] The appli-

the hydrogen generator (water electrolyser). In the same studgation of conducting polymers doped with metallic inclusions in
the authors have shown that the cost of the hydrogen gas prgas sensing applications has also been repd4d However,
duced by wind-powered water electrolysis and used to fuel & the best of our knowledge, only few publications discussing
passenger car is still twice the cost of diesel fuel in Germanyhe use of conducting polymers in hydrogen reduction (produc-
(normalize with respect to the mileage). However, due to theaion) have been reportgd5-48] In Ref.[47], no metal particles
rapidly increasing cost of the oil, the authors predict that thewvere incorporated into the polypyrrole film but the HER actually
situation will become opposite in the near future. Thereforetook place at the substrate (iron) surface. On the other side, in
there is a great need to develop a more active, efficient, staRef.[48], electroless nickel was used as a catalyst incorporated
ble, and cheap electrocatalysts for water splitting in the PEMnto a polypyrrole film but the substrate chosen was platinum.
hydrogen generator that would offer low overpotentials for theHowever, the actual catalytic effect of incorporated nickel par-
hydrogen evolution reaction (HER) at rather high current denticles in the HER was difficult to distinguish from the catalytic
sities (1-2 A cnt?), and ultimately lower the cost of produced effect of the Pt substrate due to the porosity of the polymer layer,
hydrogen. as studied in Ref49].

Three properties play an important role in selecting cat- This paper represents an attempt to contribute to the develop-
alytically active materials for the HER: (a) an actuafrinsic ~ mentof active, efficient, stable, and cheap nickel electrocatalysts
electrocatalytic effect of the material, (b) a large active surfacdor hydrogen production by water electrolysis in the PEM hydro-
area per unit volume ratio, both of which are directly relatedgen generator. It will be demonstrated that the two conducting
to the (over)potential used to operate the electrolyzer at signifeolymers (CP) represent good three-dimensional matrices that
icant current densities, and (c) catalyst stability. Consequentlygan be conveniently employed to tailor morphology of electro-
an approach used in the design of good HER electrocatalystatalytic Ni layers used in hydrogen production. Four different
is based either on the increase of the active surface area oforphologies can be obtained, each yielding a different elec-
the electrode (catalysf3—11] and/or on the design of an elec- trocatalytic activity in the HER, when compared to a Ni layer
trode material of a high intrinsic catalytic activify2-16] We  deposited on a flat two-dimensional conducting substrate. It
have previously showiil7] that by alloying nickel with left  will also be shown that the structure of the Ni-CP layer and
transition metals (W, Mo, and Fe), an increase in the intrinsidNi/CP—electrolyte interface strongly depends on the morphol-
electrocatalytic activity in the HER, compared to pure nickel,ogy of the prepared Ni/CP layers and the type of polymer
can be obtained. Although NiW has been shown to offer thaused.
highest intrinsic activity, NiMo has yielded the highest overall
activity. This is mainly due to the favorable catalyst's morphol-2. Experimental
ogy (high surface roughness). In general, the research on the
HER catalysis has been focused on several important parametersThe electrocatalytic activity of nickel/conducting polymer
such as the intrinsic nature of the reacti@®9,18,19] elec- (Ni/CP) layers in the hydrogen evolution reaction was studied
trode compositiof20—24] surface morphologhg,9,18,24-29] in 0.5M HySOy solution at 295 K. Chemicals used in research
structural, chemical, and electronic proper{i28—23,30] and  were purchased from Sigma—Aldrich Company and Fisher Sci-
physical, chemical, and electrochemical activation treatmentsntifics, and were used without further purification. All solutions
[8,9,18,31-33] were prepared using nanopure water of resistivity X8dm.

The present work discusses results on the use of corAll measurements were made in an oxygen-free solution, which
ducting polymers, polypyrrole, and polyaniline, as a sup-was achieved by continuous purging of the cell electrolyte with
port/matrix/template for the construction of nickel/conductingargon gas (99.998% pure).
polymer hydrogen evolution catalyst layers. Nickel has been A standard three-electrode, two compartment cell was used
chosen as a catalytic material due to its high intrinsic activityin all experiments. The counter electrode was a large-area plat-
in the HER and its low cost compared to noble metals currentlynum electrode of high purity (99.99%, Alfa Aesar), which was
used in the construction of PEM hydrogen generators. The twdegreased by refluxing in acetone, sealed in soft glass, elec-
conducting polymers have been chosen due to their (i) insurochemically cleaned by potential cycling in 0.5M sulfuric
lating properties in the cathodic region relevant for hydrogeracid, and stored in 98% sulfuric acid. During measurements,
production, thus avoiding their catalytic interference with thethe counter electrode was separated from the main cell com-
HER charge transfer process and Ni catalysts, (ii) favorable papartment by a glass frit. The reference electrode was a com-
tering morphology, (iii) stability in the PEM environment of mercially available mercury/mercurous sulfate electrode (MSE).
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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 NiSOy4-H,0 26.2gLt Deposition potential-1.45 Vsce
H3BOs3 6.2gL?!
H2SOy 1.0mM

Pyrrole Pyrrole 0.05M Deposition potential: 0.8
H2SOy 0.5M

Polyaniline Aniline 0.05M Deposition potential: 0.82%e
H2SOy 0.5M

Co-deposition Ni + pyrrole bath Potential range: +0.8 arid45 Vsce

Delay at +0.8: 3 s
Delay at—1.45:5s
Scan rate: 100 mv&

The working electrode was a Ni/CP layer electrodeposited o8. Results and discussion

a glassy carbon (GC) substrate of surface area 0.27 @6

was chosen as a substrate material since it has very large overd. Morphology of polypyrrole and polyaniline

potential for hydrogen evolution, thus offering a wide potential

region for the investigation of the HER, without the substrate As mentioned in the Introduction, conducting polymers, PPY
interference. The GC electrode (substrate) was made of a re@nd PANI were used as three-dimensional (3D) ‘pattering tem-
angular piece of GC sealed in an epoxy, thus giving a twoplates’ (matrices) for controlled morphological structuring of
dimensional surface area available for the electrodeposition dfli catalyst layers. The hypothesis of the authors was that this
an electrocatalytic layer. Before electrodeposition of a Ni/CPorocedure would enable formation of a layer that would offer
layer, the GC substrate was carefully prepared by mechana 3D hydrogen evolution reaction zone, and thus an increase in
cal wet-polishing using #600 and #1500 grit sand paper, folthe surface area and number of activation sites for the reaction.
lowed by thorough rinsing with distilled water and cleaning Morphology of conducting polymer layers (matrices) deposited
in an ultrasonic bath for 67 min in order to remove polish-on a glassy carbon substrate was first characterized using a
ing residues. Subsequently, the substrate was degreased witanning electron microscopy technique. The SEM images in
ethanol, rinsed with nanopure water, and further electrochentfig. 1a and b show a significant difference in the morphol-
ically cleaned (activated) in 0.5 M %04 by potentiodynamic  ogy of the two polymers. The PPY matrix electrodeposited on
cycling between the hydrogen and oxygen evolution potentiathe GC surfaceKig. 1a) offers a compact and homogeneous
The formation of active Ni/CP layers was done (i) by poten-micro/nano-porous surface. As it will be shown later, these
tiostatic electrodeposition of Ni on a polypyrrole or polyaniline micro/nano-pores provide electrolyte-conducting pathways to
layer pre-deposited on a GC substrate and (ii) by cyclic cothe GC substrate for electrochemical deposition and growth of
electrodeposition of Ni and polypyrrole on a GC substrate. Thenickel catalyst ‘islands’. On the other hand, the PANI matrix
experimental conditions and baths composition are presentqmesented ifrig. 1b shows a significantly different morphology.

in Table 1 After the formation of each electrode layer, the The matrix has a highly fibrilar, branched, and porous structure,
electrode surface was carefully rinsed with a large amount olvith an average thickness of fibers of ca. 100 nm. Taking into
nanopure water in order to remove any residues of bath chenaccount the difference in the morphology of the two polymer
icals and unattached catalyst particles. Then, the electrode wasatrices observed ifig. 1a and b, one could conclude that
placed in the electrochemical cell, and in order to reduce anghe deposition of a Ni catalyst layer inside the 3D CP structure
nickel oxides spontaneously formed on the catalyst surfaceshould also result in a significant difference in the morphology
i.e. to activate the electrocatalyst, the electrode was polarizeof the resulting composite Ni/CP layers.

at —0.50V (versus SHE) for 5min, followed by stabilization

at OCP until a steady-state OCP value was obtained (usuall§;2. Linear dc polarization measurements

less then 5 min). Then, the linear polarization measurement was

made, starting from the OCP to potential OCP-500mV, at &.2.1. Ni/PPY electrocatalytic layers

scan rate of 0.5mV. The dc polarization measurement was  In order to investigate the influence of the morphology of the
followed by a set of ac EIS measurements at selected poteiGPs on a relative electrocatalytic activity of formed Ni/CP cat-
tials in the range between OCP and OCP-500 mV. An Auto-alytic layers, linear Tafel polarization measurements were made,
lab PGSTAT 30 potentiostat/galvanostat/FRA was used in aland the corresponding electrochemical parameters (Tafel slope,
the electrochemical measurements, while the scanning electraxchange current density, transfer coefficient) were derived from
microscopy (SEM) analysis was done using a Hitachi 4700 fieldhe recorded curveBig. 2shows the representative linear polar-
emission SEM. All the dc polarization curves were corrected folization curves recorded on Ni/PPY catalysts. All the curves
theIR-drop. presented show a classical Tafelian behavior in the lower over-
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(h)-upper, (i)-lower

Fig. 1. SEMimages showing the surface morphology of (a) polypyrrole (PPY) and (b) polyaniline (PANI) electrodeposited on a GC substrate. Thgastksboim
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 mira(€C(slibs
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 andsBXEStr§B),
(9) 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) 5PANIon a
layer pre-deposited for 2.5 min (GC substrate).

potential region, i.e. at overpotentials positive of€8.4 V. This  According to the general models of the HER mechanisms in an
clearly demonstrates that the HER on all the Ni/PPY catalystacidic mediunj50,51,52] this value of Tafel slope indicates that
is a purely kinetically controlled reaction. An average value ofthe Volmer reaction step, i.e. adsorption of hydrogen on nickel to
the Tafel slope obtained in this region is 188 mV decade!.  form Ni—Hags 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- (b)
1:40/2.5, (2) NilPPY-20/2.5, (3) Ni/PPY-1:40/5, (4) Ni/lPPY-20/5, (5) Ni/PPY-

Co-40, and (8) Ni/PPY-Co-20. Scan rate =0.5 mV.sThe curves were cor-

rected for thgR-drop.

that the measured Tafel slope value slightly deviates from the
theoretical value of 116 mV decade This phenomenon has

already been reported in literatujk7,25,26,53Jand has been Glassy Carbon Substrate
explained by the presence of a thin oxide film on the catalyst's (g

surfacef17,24] Fig. 3. Schemati ion of Ni/CP catalyst| duced by (a) d
- . . ig. 3. Schematic representation of Ni/CP catalyst layers produced by (a) depo-
The purpose of dOIhg the experiments presenteﬂlgn 2 sition of Ni on a pre-deposited PPY layer, (b) co-deposition of Ni and PPY, and

was to investigate the influence of Ni and/or PPY deposition geposition of Ni on a pre-deposited PANI layer.

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 wasiot electrically conductive in the region of Ni electrodeposition,
electrodeposited on an already pre-deposited PPY layer (PPiucleation of Niislands cannot occur ontop of, or inside the PPY
deposition time was 2.5 min). It is evident that the catalyst promatrix. Therefore, Ni islands start forming by nucleation (elec-
duced by electrodeposition of Ni at a longer time, 1 h:40 mintrocrystallization) at the GC/electrolyte interface, on the part of
(curve 1, Ni/PPY-1:40/2.5), shows a significantly higher activ-electrically conductive GC surface that s directly exposed to the
ity in the HER than the catalyst produced by electrodepositiorbulk electrolyte through pores of the pre-deposited PPY layer.
of Ni at a shorter time, 20 min (curve 2, Ni/PPY-20/2.5). The The formed nuclei continue to grow in an outward direction
difference in the activity is approximately of one order of mag-through the PPY pores towards the bulk electrolyay(3a)
nitude. Since the same electrocatalytic material, Ni, was used ifp4,55] Since the distribution of pore length, diameter and con-
both cases, the observed difference should thus be related mairilguration in the pre-formed PPY layer is not uniform, it could
to the difference in the surface area available for the HER, i.ebe assumed that some Ni islands do not reach the outer surface
the difference in the number of electroactive sites available foof the polymer at the shorter electrodeposition time (20 min,
the reaction, rather than to the difference in the intrinsic activityFigs. 1d and 3g and could remain ‘arrested’ at various depths
of the two catalysts (electronic effect). In order to investigateinside the polymer matrix. On the other side, some of the islands
this more closely, the morphology of both catalysts was exameontinue growing above the PPY layer surface in a semi-lateral
ined using the SEM techniqueeig. 1d shows the morphology of direction, forming mushroom-type islands that are quite visible
the Ni/PPY-20/2.5 catalyst, while a morphology of the catalystin Fig. 1d. The image also shows small-diameter Ni islands that
produced by electrodeposition of Ni at a longer time, Ni/PPY-reached only the PPY surface and did not start spreading above it
1:40/2.5, is presented Fig. 1le. As expected, the difference in inasemi-lateral direction. Similar morphology was observed on
the electrocatalytic activity in the HER shownFig. 2a is quite  Cu/PPY composite layef56]. From this analysis, it is obvious

in accordance with the difference in the morphology of the twathat the density, distribution, diameter, and configuration of Ni
surfaceskFig. 1d shows that at shorter Ni electrodeposition timesislands on the electrode surface at shorter Ni deposition times is
the distribution of Ni catalyst islands is uniform. However, the mostly pre-determined by the same three parameters related to
island size distribution is rather wide, ranging from ca. 100 nithe pre-deposited PPY layer. This, in turn, opens a wide range
to 3wm, which is most likely controlled (pre-determined) by of possibilities for producing various morphologies of metallic
the diameter of pores inside the PPY layer formed on the eleelectrocatalyst layers by simple tailoring (controlling) morpho-
trode surface before Ni electrodeposition. The mechanism dbgical properties (templates) of PPY layers.

the formation of Ni islands and the resulting surface morphol- When Ni is electrodeposited on an electrode surface free of
ogy could be explained in the following manner. Since PPY isPPY, the resulting metal layer is continuous and of a 2D-like
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morphology Fig. 1c). Thus, one would expect that a long-term layer, following the initial morphological pattern. Again, this
deposition of Ni on a pre-deposited PPY layer would also givewvould be followed by the formation of the second Ni layer. This
a continuous semi-2D compact Ni layer similar to the one inco-deposition procedure could be repeated for a desired num-
Fig. 1c, which would be formed by the growth and merger of ber of cycles until a specified layer thickness is achieved, which
neighboring islands shown Fig. 1d. HoweverFig. 1e demon- is schematically presented ftig. 3b. In this way, a long-nano-
strates that at longer Ni deposition times metal islands continuisland structure of the Ni layer, offering a high Niisland density,
growing outside the PPY layer in a 3D manner, forming verynarrowerisland diameter distribution and a more controlled layer
interesting spherical (globular) and cauliflower-like patternsgrowth and morphology, could be achieved. An experimental
The size of globules ranges from ca. 1 topll. The result- technique applied for this purpose was cyclic voltammetry. An
ing morphology Fig. 1e) yields a considerably rougher surface initial potential was set in the anodic potential region of pyr-
than the Ni layer deposited at shorter timegy( 1d) and in the  role polymerization, 0.8V versus SCE, while a cathodic limit
absence of PPYHg. 1c). As a result, an increase in activity in was in the potential region of Ni electrodeposition]1.45V
the HER is observed~{g. 2a). Hence, it appears that the pres- versus SCE (se&able ). Fig. If shows a morphology of a
ence of PPY on the electrode surface significantly influences theatalyst produced using this co-deposition procedure. In com-
mechanism of Ni growth outside the PPY matrix. This might beparison to Ni/PPY-20/2.5 layer produced by electrodeposition
due to the hydrophobic character of the PPY layer, which repelsf Ni on a pre-deposited PPY laydFi). 1d), the co-deposition
hydrated nickel ions and thus inhibits the spreading (growth) oprocedure offers a morphology characterized by a considerably
Ni islands along the PPY/electrolyte interface in a 2D mannerhigher density of Ni islands formed on the surface. In addition,
facilitating the 3D growth into the bulk electrolyte. the diameter of Ni islands is smaller (between 100 and 300 nm)
The above discussion leads to a conclusion that a thickeand their distribution more uniform. Similar surface morphology
PPY layer deposited at longer times would be less porous, dusas reported for composite layers produced by incorporation
to the narrowing and blockage (termination) of pores causedf Pt particles into a polythiopherjd1] and polypyrrole[57]
by lateral growth of the polymer. Thus, an increase in the pordayer, and gold particles into a polypyrrole layg5]. However,
length (by thickening of the PPY layer), and decrease in thén these works metal particles were produced either by elec-
pore diameter and density (by the lateral growth/expansion dforeduction of anions of their salts (Pt€l) pre-incorporated
the PPY layer), would then result in an increased resistance to the polymer layer during its polymerization, or by sub-
mass transport of nickel ions to the GC surface. Consequentlgequent electrodeposition of metal (Au) on a pre-deposited
a decrease in the amount of nickel deposited on the electrodePY layer.
surface, and thus the total surface area of the catalyst available Considering the morphology presentedig. 1f, one could
for the HER, could be expected. This assumption is clearly conexpect to see an increase in catalytic activity with respect to the
firmed in Fig. 2o, which demonstrates that an increase in thesurface irFig. 1d. This is, indeed, demonstrateddig. 2c, from
PPY layer thickness (by doubling its formation time from 2.5which it is clearly visible that the surfaces produced using the
to 5min) results in a decrease in catalytic activity of the elec-co-deposition method (solid curves 5 and 6) show a higher elec-
trode down to ca. 22% of its initial value (compare curves 3trocatalytic activity in the HER than the surface produced by
and 1 inFig. 2b). Also, similarly to the situation ifrig. 2a, the  electrodeposition of Ni on a pre-deposited PPY layer (dashed
electrode produced at longer Ni deposition tinfeig(2b, curve  curve 2). By applying a higher number of co-deposition cycles,
3, Ni/PPY-1:40/5) yields a higher activity when compared toa further increase in the electrocatalytic activity is achieved
the electrode produced at shorter Ni deposition tinfkég. (2,  (curve 5=40cycles and curve 6 =20 cycles). However, our mea-
curve 4, Ni/PPY-20/5). The results ifig. 2a and b suggest that surements have demonstrated that the relationship between the
a thinner PPY layer offers a higher porosity, which allows for anumber of co-deposition cycles and the corresponding electro-
higher density of Ni islands to be formed on the electrode sureatalytic activity of the catalyst is not linear, but rather log-
face. However, this positive effect is partially counterbalancedarithmic. At high overpotentials, accumulation of molecular
by a negative effect related to a decrease in the surface arbsadrogen produced deep inside the catalyst layer occurs. This
of the Ni layer due to a decrease in the PPY pore length, ancesults in a partial blockage of that portion of the Ni surface
thus also the Niisland length (height). Our measurements havier the HER. With an increase in overpotential, the amount of
shown that, under the experimental conditions applied here, goroduced hydrogen also increases, and thus the area of the cata-
optimum PPY thickness is obtained at a PPY deposition time offyst surface blocked by hydrogen. This is clearly seen on all the
2.5min. curves inFig. 2, where a deviation from linearity is apparent at
In order to optimize the structure of the catalyst layer andoverpotentials negative of ca0.4 V, especially on the two cata-
achieve a higher degree of control over the composite layer motysts produced by deposition of Ni in a thicker PPY filrid. 2d,
phology, formation of both the PPY and nickel layer should becurves 3 and 4). The solution to the problem would be to remove
done in parallel. The idea of the authors was to first deposit &issolve) the PPY film once the Ni layer is formed. Further, by
very thin and highly porous layer of PPY on the GC surface (ecombining the co-deposition procedure and subsequent removal
few angstroms thick). This layer would then serve as a surfacef the PPY layer, an open-nano-island structure of the Ni layer
template grid for the subsequent deposition of Ni in the pores ofould be achieved. This would offer a large increase in the sur-
this PPY layer until reaching the same thickness. Then, a secoridce area available for the HER and also prevent accumulation
PPY layer would be deposited on top of the initially formed PPY of produced hydrogen (blockage of the catalyst surface). This is
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a topic of current research in our laboratory and will be reported 4] m
shortly. o
In order to relatively compare all the Ni/PPY catalysts pre- @)
sented so far, the corresponding linear polarization curves are
plotted on the same graphi. 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
Nifor 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 procedur@dble 1), the actual Ni deposition time Fig. 4. Linear polarization curves recorded on Ni/PANI electrodes: (1) Ni/PANI-
is 1 min 20 s, which results in a much lower loading of Ni, when20/5, (2) NifPANI-1:40/2.5, (3) Ni/PANI-1:40/5, (4) Ni/PANI-20/2.5. Scan
compared to Ni/PPY-20/2.5. Still, Ni/PPY-Co-40 yields much "ate=0-5mVs™. The curves were corrected for the-drop.
better electrocatalytic activity than Ni/PPY-20/2.5. This is due
to a favorable structure of the catalysidq. 1f), which offers  globular-like structure of the produced Ni layer. At the moment
a considerably larger surface area for the HER then Ni/PPYi is not clear what could be a fundamental reason for such a
20/2.5 Fig. 1d). Our recent measurements have shown that byarge difference in the observed structure/morphology transfor-
increasing a number of co-deposition cycles above 40, a sulmation, but the influence of hydrophobic, structural (fibrous) or
stantial increase in the electrode activity above the level showsurface charge distribution properties of the PANI layer could

log(j / A cm’)

-0.5 -0.4 -0.3 -0.2 -0.1 0.0
n/v

by Ni/PPY-Co-40 is obtained. be one of the possible effects.
Fig. 4shows a set of polarization curves recorded on various
3.2.2. Ni/PANI electrocatalytic layers Ni/PANI catalysts. An influence of Ni and/or PANI deposition

Figs. 1Ja and b shows that the morphology of a PANI layertime on the resulting electrocatalytic activity was investigated.
is considerably different than the morphology of a PPY layerCurve 1 represents a response of the best catalyst, produced by
Hence, one could expect to see a difference in the morphoklectrodeposition of Ni for 20 min on a PANI layer pre-deposited
ogy of the corresponding Ni/CP layefdg. 1g shows an image for 5 min (Ni/PANI-20/5). A significantly lower electrocatalytic
of a catalyst layer produced by electrodeposition of Ni on aactivity was obtained if a PANI deposition time was decreased to
pre-deposited PANI layer. Indeed, the difference in the mor2.5 min (curve 4, Ni/PANI-20/2.5). This is quite different to the
phology between the Ni/PANKg. 1g) and Ni/PPY Fig. 1d—f)  results obtained on Ni/PPY catalyst&d. 2b), but is also rea-
layers is substantial. While all the Ni/PPY layers are compacsonable to expect considering a large difference in the structure
and show the presence of both the polymer and metallic phasénd porosity) of the two CP layers and their role on the mech-
the Ni/PANI electrode is covered by only a three-dimensionaknism of Ni phase nucleation and growth. When a Ni layer is
layer of spherical Ni particles of an average diametgm8  formed on the pre-deposited PPY layer, its growth occurs only
The image shows the presence of only traces of PANI residugbrough pores of the PPY layer, as previously discussed. The
attached to Ni particles, and a complete absence of a continuopsesence of both the polymer and metallic Ni phase on the sur-
PANI phase can be observédg. 1h and i shows morphology of face of the Ni/PPY catalyst&ig. 1d—f) indicates that the growth
Ni/PANI catalysts produced at short Ni deposition times, 2 ancf the Ni phase does not significantly influence the stability of
5 min, respectively. Itis evident that the nucleation of a Ni phaseéhe PPY phase. On the other hand, it appears that the growth of
starts on the electrically conductive GC surface, followed by itsa Ni phase on the pre-deposited PANI layer results in a disap-
3D growth to form spherical particles. By comparing the threepearance of the polymer phase. Since the PANI layer acts also
SEM PANI images Fig. 1g—i), it seems that with an increase as a ‘surfactant’, and not only as a pattering template (such as
in deposition time a growth rate of Ni spheres decreases aft&?PY), it seems that in order to produce more Ni spherical par-
several minutes, and almost drops to zero when spheres reatities (i.e. a thicker Ni layer), a thicker PANI film is needed.
an average diameter ofp3n. However, at the same time, the This is indeed observed Fig. 4 (curves 1 and 4). On the other
nucleation and growth of new spherical particles occurs in parhand, if the Ni layer is deposited at a long time (1 h:40 min),
allel, resulting in an increase in the number of particles formedhe thickness of the pre-deposited PANI layer appears not to
on the surface (density). Hence, the surface coverage increadesve a large influence on the resulting electrocatalytic activity
going fromFig. 1h, overito g. Atlonger deposition times the Ni and the two polarization curves Fig. 4 (curves 2 and 3) are
layer grows to a thickness of at least three mono-spherical layemmserlapped. Also, a decrease in the activity, when compared to
(Fig. 19), offering a highly porous structure that is schemati-Ni/PANI-20/5 (curve 1), is observed. The reason for this might
cally presented ifrig. 3. Considering fibrous morphology of be either due to a partial decrease in porosity of the Ni layer,
the PANI layer presented Fig. 1b, it is quite surprising to see a or due to the agglomeration of spherical Ni particles. Neverthe-
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~ 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-

5 “) potential), relative to the Ni/Cu catalyst. Ni/PANI-20/5 offers

_f -34 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
-4

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 irFig. 5 at conditions relevant for the operation
Fig. 5. Linear polarization curves recorded on (1) Ni/PANI-20/5, (2) Ni/PPY- of a hydrogen generator, one can fix current density (i.e. hydro-
1:40/2.5, and (3) Ni/PPY-Co-40. A curve recorded on a Ni catalysts deposite@]en production rate) and compare the resumng Overpotentia|s
on a Cu substrate (N/Cu) is also presented for comparison (4). Scapeqyired to reach the given current density. This would give an
rate=0.5mV s-~. The curves were corrected for thie-drop. Y .

indication on the amount of energy (overpotential) that has to

be invested to produce a specified amount of hydrogen (since
less, even at long Ni deposition times the porosity of the layer ighe current is, through the Faraday law, directly related to the
sufficiently large to allow hydrogen produced at high overpotensmount of produced hydrogen). Overpotential values for each
tials to diffuse into the bulk solution, thus avoiding the bIockagecata|yst measured at a fixed current density of 1 mA&mre
of the catalyst’s surface observed with all the Ni/PPY catalystspresented iable 2 Itis obvious that Ni/Cu requires the largest
Consequently, no deviation from the linearity of the polarizationenergy input (overpotential) for the given hydrogen production

-0.5 -0.4 -0.3 -0.2 -0.1 0.0
n/'v

curves inFig. 4is noticed at high cathodic overpotentials.  rate,—379 mV, while Ni/PANI-20/5 requires the lowest energy
input, overpotential-175 mV. This represents an energy saving

3.2.3. Relative comparison of Ni/PPY and Ni/PANI of ca. 53%.

electrocatalytic layers Another common way of comparing the electrocatalytic

In order to compare a relative electrocatalytic activity of theactivity of HER electrocatalysts is to fix overpotential (energy
Ni/CP layers that gave the highest electrocatalytic activity withininput) and then to compare the resulting current densities, i.e. the
the group, the Tafel curves recorded on the best group catalys@snount of hydrogen that would be produced by each catalyst.
studied have been plotted on the same grdy. ©), together  The results for overpotential 6150 mV (which is in the range
with a Tafel curve of a semi-2D Ni layer deposited on a flat Cuexpected for a hydrogen generator operation) are presented in
substrate (control curve). The plot offers a clear picture on thdable 2 Again, similarly to the behavior obtained at a fixed
performance of all the ‘best’ HER composite Ni/CP catalysts.current density, Ni/PANI-20/5 yields the best electrocatalytic
The relevant kinetic data obtained by analysis of the curves aractivity. The amount of hydrogen that could be produced using
presented ifTable 2 Ni/PANI-20/5 is ca. 24 times larger than if Ni/Cu were used.

From Fig. 5 and Table 2 it can be observed that all the Comparing the data ifiable 2and lower overpotential region in
Tafel curves yield a similar Tafel slope value, and that thereFig. 5, it is evident that the performance of Ni/PANI-20/5 and
is no evidence on the change of the reaction mechanism witNi/PPY-1:40/2.5 is practically the same. However, at high over-
the increase in overpotential. Comparing the calculated valuggotentials, Ni/PANI-20/5 offers higher electrocatalytic activity.
of transfer coefficientsy, of the Ni/CP catalysts to the value This is due to a favorable porous 3D structure of the catalyst
of the control catalyst (Ni/Cu)Table 2 it seems that all the layer, which ensures that no accumulation of produced hydrogen
Ni/CP catalysts offer slightly higher electrocatalytic activity inside the layer occurs, contrary to Ni/PPY-1:40/2.5 catalyst. In
in terms of the invested energy used for the HER. This couldonclusion, the electrocatalytic activity trend evaluated at con-

Table 2

HER kinetic parameter®(j, anda) obtained by analysis of the curves presentefign 5

Catalyst b (mV decade?) jo (WAcm2) o n (mV) at 1 mAcnt? j (MAcm=2) at —150 mV
Ni/Cu (control) 147 -2.6 0.39 —379 —0.027

Ni/PANI-20/5 133 —47.3 0.44 —-175 —0.647
Ni/PPY-1:40/2.5 133 —45.9 0.44 —-176 —0.629

Ni/PPY-Co-40 134 —25.7 0.43 —222 —0.334

The table also shows the data used to compare the electrocatalytic activity of the investigated Ni/CP coatings in terms of (a) the overpoteritinbrfoett
hydrogen production rate determined by a current density of 1 mZ@nd (b) the resulted production rate at a fixed energy input (fixed overpotentabgfmv).
The results for a control catalyst (Ni/Cu) are also presented for comparison.
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ditions relevant for the operation of a hydrogen generator isthe o8
same as the trend observed at equilibrium conditions (using the
exchange current density), and shows that the electrocatalytic ~ %

o-0.1
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activity of the investigated catalysts decreases in the direction & ™
of Ni/PANI-20/5> Ni/PPY-1:40/2.5 > Ni/PPY-Co0-40 > Ni/Cu. f
The information obtained from the Tafel polarization data ™ 0.2/

shows that all the Ni/CP catalysts are more active for the HER _
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3.3. Electrochemical impedance spectroscopy (EIS)
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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 center: 14
distribution, and hydrogen adsorption. Therefore, electrochemi-
calimpedance spectroscopy was employed to further investigate 0
the electrode/electrolyte interface and the corresponding pro-
cesses that occur at the electrode surface. To ensure a compleie
characterization of the electrode/electrolyte interface and cofFig. 6. (a) Nyquist and (b) Bode plots showing an EIS response of the Ni/PPY-
responding processes, EIS measurements were made over 86 electrode at various overpotentials. Symbols are experimental and solid
frequency decades, from 50kHz to 50 mHz, at selected ovefnes are modeled data.

potentials in the whole overpotential range covered with linear )
polarization plots (ca. from the OCP to OCP-500 mV). As it will interface and the processes occurring at the electrode (catalyst)

be shown, the EIS technique revealed new information on th&urface, experimental EIS data were modeled using non-linear

structure of the electrode/electrolyte interface and on the spatiffast-squares fit analysis (NLLS) softw#8e] and an electrical
distribution of electroactive centers in three-dimensional Ni/cPequivalent circuit (EEC) that describes a response of a two-time

log (Z /Qcm?)
n

T
[
(=]

n B
o o
Bap / o|bue aseyd -

log (f/ Hz)

layers. constant process, inset@. 7. An excellentagreement between
the experimental data (symbols) and modeled data (lines) was
3.3.1. Ni/PPY electrocatalytic layers obtained Fig. 6), and the calculated EEC data are presented

Fig. 6shows an example of EIS spectra recorded on Ni/PPY-
20/5 at several selected overpotentials. The data are represente * o
in a form of both Nyquist FFig. 6a) and Bode Kig. 6b) plot.
All the spectra on the Nyquist plot display a semicircular trend,
which is consistent with EIS data obtained on other HER electro-
catalyst§17,52] With an increase in overpotential, the diameter
of the semicircle decreases, which, in the first approximation, &
reflects a decrease in the HER resistance, and thus, through th%
Ohm law, an increase in HER currdf]. Since the resistance 2 -2

is inversely related to current (i.e. hydrogen production rate), a o _ -

consistent relationship should exist between dc Tafel plots and - A

ac resistance plots which will be demonstrated |dtay.(9). The a3l _ - 0 7:CPER,
datainFig. 6a also show that the semicircles are not symmetrical, -7 4 niCPER,

but a small deviation (distortion) at low frequencies (higher real . ; ; ;
impedance, Z values) is noticeable, especially at a low over- i
potential. This indicates that the recorded EIS behavior is rather n/v

complex and represents a response of a process characterizggl 7. semi-logarithmic dependence of time constants on applied overpoten-
by at least two time constarits7,27,58,59]Indeed, the presen- tial calculated by modeling EIS data recorded on Ni/PPY-20/5. The data were
tation of the data in a form of Bode impedance pleig( 6b) modeled using the electrical equivalent circuit (EEC) presented as an inset to the
clearly reveals the presence of two time constants, namely a hidoirﬁ?“re'Re'(CPE1 — R1)(CPE; —Ry) circuit was used to model the data obtained

. n Ni/PPY electrodes, whilRe|(CPE — R1) circuit was used to model the data
frequency (HF) time constant above ca. 200 le'and a low recorded on Ni/PANI electrodeRg represents the resistance of the electrolyte

frequency (LF) time constant below ca. 200 Hz, Therefore,  petween the working and reference electrode. The physical meaning of the
in order to obtain a physical picture of the electrode/electrolyt@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
7 (V) Rel CPE x 10* ni R (Qcm?) CPB x 104 no Ry (Q2cmP)  Caia Cui,2 71 (S) 72 (S)
() (Fg1lcm2) (Fglcm2) (WFem?)  (wFeni?)
—-0.115 44 18 1.0 790 4.2 0.73 860 180 20 | 1.7E-02
—-0.135 44 1.7 1.0 717 5.0 0.72 874 170 24 L8 2.1E-02
—0.155 4.6 1.7 1.0 622 4.9 0.73 716 170 25 | 1.8E-02
—-0.175 4.6 1.6 1.0 511 5.3 0.72 556 160 26 822 15E-02
—0.195 4.8 1.7 1.0 374 4.8 0.73 420 170 27 622 1.1E-02
—-0.215 4.9 1.6 1.0 293 5.0 0.73 299 160 28 462 8.3E-03
—-0.235 4.9 1.6 1.0 215 4.8 0.73 238 160 28 342 6.6E-03
—-0.260 5.0 15 1.0 162 4.9 0.73 175 150 29 282 5.0E-03
—-0.285 5.1 1.6 1.0 115 4.1 0.75 142 160 29 92  4.1E-03
-0.335 5.1 15 0.97 81 5.2 0.74 74 120 32 98B 2.3E-03
—-0.385 5.0 1.7 1.0 32 35 0.76 69 170 28 568  1.9E-03
—-0435 51 1.8 1.0 19 3.0 0.77 47 180 27 388 1.3E-03

in Table 3 The fitting procedure showed that a better agreez,, is exponentialfig. 7). On a semi-logarithmic plot presented
ment between theoretical and experimental data was obtainéa Fig. 7, both time constants decrease linearly with an increase
when pure capacitance was replaced by a frequency-dependémbverpotential. However, a deviation from linearity is observed
constant-phase element, CRE(s’cm2orFg-1cm2).As  atoverpotentials below0.35 V, which is in accordance with the
already discussed in literatufg7 and references therejrthe  deviations noticed in dc measurementgig. 2, which was pre-
use of a CPE is required due to a distribution of the relaxatiorscribed to the accumulation of produced hydrogen inside the
times as a result ofinhomogeneities present at the micro or narRPY matrix at the Ni/PPY interface. The observed exponen-
(atomic/molecular) level, such as surface roughness/porosityial dependence of time constants on overpotenfig.(7) is in
adsorption, or diffusion. The EEC iRig. 7 has been used in accordance with the theory of electron tran$&€, and is thus
literature to describe a response of the HER on porous elegite consistent with an overpotential behavior expected for a
trodes[26,51,58] The first time constantz{, CPE —R;) is  time constant that describes a response of the HER kinetics. The
prescribed to the kinetics of the HER, and it changes (decreasesdrresponding slopes of the linear lines are 177 mV dechide
with overpotential. On the other hand, the second time constattie first time constant and 198 mV decadéor the second time
(2, CPEB — R») has been mostly used to describe the porosconstant. These values are somewhat higher than the correspond-
ity of an electrode surface, and hence does not change withg Tafel slope values for the same catalyst (138 mV decHde
overpotential. Therefore, in order to prescribe the two time conbut are in the range expected for the HER kinetics, with the
stants recorded on our Ni/PPY electrodes to specific physicalolmer step as a rds. In addition, the value of expomerdnd
properties, we should first examine their overpotential behaviorelative ratio ofr1/z2 indicate that the second time constamnt,
Using an equation originally proposed by Brug et[@ll] and reflects a response of a part of the Ni surface that is in contact
later employed by many research@®,18,25,26,52]Cq|; = with PPY, i.e. a part of the Ni layer embedded in the polymer
matrix. Therefore, this analysis allows us to conclude that both
ime constants of the EEC iRig. 7 represent a response of
i e HER kinetics, where the first time constant, CPE — R;)
represents a response of Ni islands that are directly exposed to
the electrolyte, while the second time constant CPE — R»)

-1 _1,@-n) 1/n .
[CPE(Ry + R; ) ], pure capacitance valugg{) were
calculated from constant-phase element values (CPE) obtain
by modeling of EIS spectra, and then the values of the two tim
constants were calculated knowing thatR x C (Table 3. A

closer inspection of the data ifable 3shows that the over- reflects a response of the Ni/PPY interface in the interior of the

potential behavior of the CPE values and corresponding : . .
values is potential independent, which indicates that the thPY matrix. However, the analysis of EIS data showed that this

CPE elements in the EEC Fig. 7 represent a response of an applies only to Ni/PPY electrodes produced at a short (20 min)

electrochemical double layer, i.e. double layer capacitance. CP | deposition time and als_o to _co-de_posn_ed NI/PPY electrodes.
n the other hand, the situation with Ni/PPY electrodes pro-

(or capacitance) values that change with overpotential do nq uced at long Ni deposition times (1 h:40 min) is quite different.

reflect a response of a double layer, but could be rather assow : 2 o
. - hile the firsttime constant{, CPE — R1) is still related to the
ated with hydrogen adsorption procesfi27,58,59] Table 3 ER kinetics, as discussed above, the second time consggant (

also shows that an exponent of the first constant-phase eIemeE E — R,) does not change with overpotential (data not shown

, IS equal to unity, the value that characterizes pure capacy|- el ; S
?alnce gn the otheryhand values of expomerare aroEnd 0 75'3 here). This indicates that the second time constant is in this case
' ' "~ related to the electrode surface porosity response, which is in

indicating that the CPHis related to a response of a highly non- i . o
; reement with the usual literature description of the used EEC
homogeneous part of the catalysts surface. The EEC data ﬁgodel[11,52]. This also shows that the Ni layer above the PPY

Table 3further demonstrate that with an increase in overpotential ) . )
P atrix (Fig. 1e) dominates the EIS response when compared

bothR1 andR; decrease. In addition, the observed overpotentia . .
dependence of the corresponding time constant vatgeand [no the response of the part embedded into the PPY matrix. The
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Fig. 9. Tafel curves obtained from the EIS daaepresents the charge transfer

Fig. 8. Relative electrocatalytic activity of the best three Ni/CP catalysts calcu- ~:
resistance to the HER.

lated at overpotential-0.155V. 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. flat Cu substrate. The trend observed is quite similar to the
) o ) dc trend presented iRig. 5 The plot demonstrates that the

reason for this could be due to the significant change in the Mokest catalyst is Ni/PANI-20/5, which gives an EIS response

phology (and surface area available for the HER) of the Ni layegnaracterized by the smallest semicircle (i.e. lowest charge trans-

above the PPY matrix, which is quite obvious by comparing thee resistance), while Ni/PPY-1:40/2.5 and Ni/PPY-Co-40 show

three SEM images presentedriy. 1d—f. somewhat lower electrocatalytic activity. The control catalyst
(Ni/Cu) yields the highest charge transfer resistance (largest
3.3.2. Ni/PANI electrocatalytic layers semicircle), but due to clarity this spectrum is not fully pre-

Modeling of EIS spectra obtained on Ni/PANI catalysts usingsented in the figure, but only the rising part of the semicircle.
the EEC presented ifig. 7 resulted in a large error. However, Taking into account that charge transfer resistance is inversely
when a one-time constant EEC was usRg(CPE —R1), an  proportional to current (i.e. hydrogen production rate), charge
agreement between the model and experimental data was excglansfer resistance values calculated-# 155V (overpoten-
lent. An overpotential-dependent behavior of this time constangial relevant for the operation of a hydrogen generator) were
revealed that its physical meaning reflects the response of the&ormalized with respect to the value obtained with the control
HER kinetics. Considering the large difference in morphologycatalyst (Ni/Cu). This gives qualitative information on the rel-
between the Ni/PPYHig. 1d-f) and Ni/PANI Fig. 1g) layers,  ative catalytic efficiency of the studied composite catalysts and
and taking into account the previous discussion related to thghe results are presented on the main ploFig. 8 The trend
physical meaning of the two time constants recorded on Ni/PPY6bserved reflect the trend seenfig. 5. The results demon-
layers, it is quite reasonable to expect the absence of the secosgiate that Ni/PANI-20/5 catalyst is almost 60 times more active
time constant in the EIS response of Ni/PANI layefy. 19 in hydrogen production than the control catalyst, which is due
shows that Ni/PANI layer is highly porous, and represents ao a large difference in the surface area available for the hydro-
layer composed of only spherical Ni particles, with only tracesgen evolution reaction. This is also clearly visible on the SEM
of PANI left attached. Thus, the absence of the Ni/PANI inter-images inFig. 1
face should also be confirmed by the absence of the second time This analysis of the EIS data at a fixed overpotential value
constant in the EEC, which was indeed evidenced by modelingould be extended to the whole overpotential range studied.
of Ni/PANI EIS spectra. Then, by plotting the logarithm of the inverse of charge trans-

The above analysis of EIS data recorded on Ni/CP layerser resistance, logy +R2) 1, versus applied overpotential,a
and their comparison with the SEM data shows that the EIS iFafelian behavior similar to that iRig. 5 should be observed.

a very powerful technique that could be used to identify surig. 9 which shows a set of quazi-Tafel curves obtained from
face/interface processes involved in the HER, obtain the inforg|S spectra, demonstrates that the observed trend is very sim-
mation on the spatial distribution of those processes and on their to the trend expressed by dc polarization measurements in
structure/morphology of the catalyst/polymer/electrolyte inter-rig. 5 The corresponding slopes of the Tafel lines calculated

face. fromthe EIS data ifrig. 9are presented ifable 4 The obtained
values are close to the values calculated from the dc measure-

3.3.3. Relative comparison of Ni/PPY and Ni/PANI ments (Table 2, and confirm that the Volmer step (adsorption

electrocatalytic layers of hydrogen to form Ni—Hgg9 is the rate determining step in the

Inset toFig. 8 shows EIS spectra of the three best Ni/CPhydrogen evolution reaction on all the composite Ni/CP catalysts
catalysts, together with a Ni catalyst (control) deposited on atudied.
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