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Abstract Skeleton nickel electrodes obtained by thermal
arc spraying technique were characterized by different
methods including scanning electron microscopy, energy
dispersive X-ray analysis, X-ray diffraction, and electro-
chemical impedance spectroscopy. The skeleton electrodes
reveal a highly porous structure with a surface roughness of
about 270, determined from double layer capacitances
obtained from impedance spectra.

Keywords Roughness factor . Electrochemical impedance
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Introduction

A large number of electrochemical reactions, including
hydrogen evolution/oxidation reactions (HER/HOR) and
oxygen reduction reactions (ORR), as well as some organic
compound reduction reactions, are catalyzed by platinum
group metals. The electrochemical research in this field is
focused on the reduction of the noble metal loading of the
electrocatalyst, or its complete replacement with other, less
expensive, materials that have similar electrocatalytic
properties. One of the intensively studied metals, which
fulfills both economic and electrocatalytic requirements, is
nickel. The following methods are usually applied to en-
hance the electrocatalytic activity of nickel: the increase of

the metal’s real surface area, and the increase of the metal’s
intrinsic activity by doping it with transitional metals.

The increase of the real surface area may be achieved by
depositing nickel together with an active metal like Al or
Zn (i.e. by pressing [1–3], electrodeposition [4–6], com-
posite coating [7–9], and thermal spray [10–13]) followed
by the dissolution of the secondary component. As a result,
a porous, three-dimensional structure is obtained, charac-
terized by a high surface roughness factor.

Evaluation of the roughness factor, R, is possible by ex
situ and in situ methods. In situ determinations are suitable
for electrochemical studies because they give an estimate
of the metal/electrolyte interface involved in the process.
Various methods, which are based on the determination of
an electrochemical property related to the surface area,
have been proposed. For nickel electrodes the roughness
factor is determined either from double layer capacitances
using electrochemical impedance spectroscopy (EIS) [14–
18], from the charge of nickel oxidation using cyclic vol-
tammetry [19–22] or chronopotentiometry [23, 24], or
from the comparison of HER currents at a constant over-
potential [24].

The aim of the present work is to determine the rough-
ness factor of nickel-based electrodes from the values of
double layer capacitance obtained from electrochemical
impedance measurements. The electrodes used in this
study were prepared by thermal arc spray deposition of
nickel and aluminum wires; thus providing high aluminum
content in the coating which is further removed by alkaline
leaching to increase the real surface of the electrodes.

Experimental

Electrode preparation

The skeleton nickel electrodes were prepared by thermal
arc spray technique, using G 30/4 SF-LD/U2 metal spray
equipment from OSUMaschinenbau GmbH, Germany. For
the deposition process two different wires were used, one
of Ni (97% Ni, 3% Ti) acting as anode and one of Al
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(99.5% Al) acting as cathode. During the thermal spray the
arc current and voltage were set to 160 A and 44 V, re-
spectively. The spraying distance was maintained between
50 and 70 mm, and the atomizing gas (air) pressure was
1.7 bars. After the deposition the coating had a thickness of
about 1 mm.

A carbon steel plate with dimensions of 100×300×3 mm
was used as a support for the nickel–aluminum coating.
Prior to the deposition the substrate was de-greased and
sanded with corundum in order to assure an adequate
adherence.

Investigations were carried out on samples cut out from
the coated steel plates with diameters of 15 mm. To achieve
an increase in the specific surface area of the electrodes, the
samples were submitted to alkaline leaching in a 1 M
NaOH solution at 80°C, for 2 h. After the dissolution of Al
the samples were cleaned for 10 min in an ultrasound bath.
From this point on, they will be referred to as skeleton
electrodes.

Electrode characterization

The morphology of the electrodes was studied by scanning
electron microscopy (SEM) with a Philips XL 30 ESEM
microscope, working at 20 kVand at different magnitudes.
The cross-section images were further analysed with an
image processing software to determine porosity. For this
purpose ImageJ, which is a public domain software writ-
ten byW.S. Rasband [25], was used. The composition of
the samples before and after leaching was determined
by Energy Dispersive X-ray analysis coupled with SEM.
X-ray diffraction patterns were registered with a Philips
X’Pert Diffractometer, with Cu-Kα radiation (λ=1.54184 Å).

Electrochemical measurements

The electrochemical measurements were performed in a
conventional three electrode Pyrex cell. The working elec-
trode was composed of skeleton nickel embedded in a
Teflon holder, exposing a geometric surface area of 1 cm2.
A Luggin capillary was placed approximately 1 mm from
the electrode surface to minimise the iR drop. The counter-
electrodes were two graphite roads and the reference—a
saturated calomel electrode. Impedance spectra were re-
corded in the frequency range from 3 kHz to 10 mHz using
a frequency response analyser based on an AT-MIO 16F5
National Instruments data acquisition board connected to
an analogue PS3 Potentiostat. Measurements were con-
ducted in potentiostatic mode at three different potentials
(−1.1, −1.15 and −1.2 V vs SCE) corresponding to mod-
erate HER over-potentials (−45, −95 and −145 mV). All
determinations were made in 1 M of NaOH (Merck, pa)
solution at 25°C.

The experimental data were fitted to the equivalent
electrical circuits by a complex non-linear least squares
(CNLS) Levenberg–Marquardt procedure using the ZView-
Scribner Associates Inc. software.

Results and discussion

Morphology and composition of the skeleton
Ni-electrodes

Figure 1 shows the SEM micrographs of the skeleton
nickel electrode for the surface and cross-section, before
and after aluminum dissolution.

Fig. 1 SEM images of the
nickel–aluminum coating. a As
sprayed-surface; b after 120 min
leaching-surface; c as sprayed-
cross section; d after 120 min
leaching-cross section
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Before leaching a typical structure for thermal arc spray
is observed, characterized by the interconnection, defor-
mation and flattening of the molten droplets. The particles’
dimensions vary greatly due to asymmetrical melting [26]
of the anode and cathode during thermal arc spray. The
anode (nickel wire) melts slowly resulting in relatively
large, elongated droplets, while the cathode (aluminum
wire) melts quickly forming small, spherical droplets. The
melting of the cathode has been found to contribute to the
increase in porosity. The structure of the deposit after
leaching shows a complete disappearance of the spherical
shapes and the formation of holes in the structure of the
coating.

The cross section micrographs of the coating reveal a
lamellar, layered structure. The dark grey phase in Fig. 1c
corresponds to aluminum and the brighter phase is related
to nickel. After leaching it seems that the aluminum was
completely removed from the coating. Also, it is note-
worthy that the coating has preserved its integrity during Al
dissolution, contrary to the shrinkage observed in the case
of Raney nickel coatings. The thickness of the coating
measured after Al dissolution was 0.8–0.9 mm.

The elemental composition of the coating was deter-
mined by energy dispersive X-ray (EDX) analysis. The
porosity after leaching was evaluated from the cross section
SEM images using ImageJ analyzing software. The ob-
tained values are listed in Table 1. The presence of iron is
related to the carbon steel substrate.

The aluminum content of the sample has a relatively
high value before leaching and decreases by almost tenfold
after dissolution. However, a small amount of aluminum
still remains in the coating and is probably related to the
presence of NiAl phase, which is resistant to alkaline
leaching. The volume percent of each element was cal-
culated from the weight percent value, taking into account
the mass density of the respective element. When analyzing
these values it is to be expected that the complete dis-
solution of aluminum should result in a porosity of 46.8%.
However, aluminum is not entirely removed during the
alkaline treatment; therefore, the porosity calculated as the
difference between Al percent before and after leaching is
only 38.6%. This value is in good agreement with the
porosity obtained with ImageJ processing software (38.2%).

During thermal spray the residence time of the molten
droplets in the hot gas stream is about one tenth of a
second; therefore, it seems that there is a low probability
for the formation of intermetallic compounds. However, if
sufficiently high temperatures [27] or coating thickness
[28] is provided during the coating growth, individual
droplets may react, forming intermetallic compounds.
Fig. 2 shows the X-ray diffraction patterns of the ther-
mal-arc sprayed coating before and after leaching.

The X-ray diffraction pattern before leaching shows the
appearance of well-defined, individual peaks, which is
characteristic for metallic nickel and aluminum, but it also
shows the presence of some ill-defined peaks (at 2θ=31.16;

Table 1 Coating analysis

Treatment Al Ni Ti Fe Porosity (%)

wt.% vol% wt.% vol% wt.% vol% wt.% vol%

Before leaching 22.2 46.8 69.2 44.3 5.0 6.3 3.6 2.6 ≈5a

After leaching 2.8 8.2 87.3 77.1 6.4 11.2 3.5 3.5 38.2
a approximate value for thermal arc sprayed coatings

Fig. 2 X-ray diffraction pattern
of the nickel–aluminum coating,
before and after leaching
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65.03; 82.06) attributed to the NiAl phase. The complete
disappearance of the patterns associated to free aluminum
is observed after leaching, concomitantly with the rem-
anence of peaks characteristic of NiAl phase, which is
resistant to alkaline leaching.

Impedance spectroscopy

The impedance spectra of the hydrogen evolution reaction
on porous electrodes were often interpreted in terms of an
equivalent electric circuit consisting of a parallel connec-
tion between the double layer capacitance Cdl and the
faradaic impedance of the HER, ZF, connected in series
with the uncompensated solution resistance RS. In this case
the faradaic impedance is given by:

1

ZF
¼ Aþ B

j!þ C
(1)

where A, B and C are parameters related to the rates of
Volmer, Heyrovsky and Tafel steps of the HER mechanism
[4, 7–9, 12, 16, 29] and ω is the angular frequency
expressed in radians.

Another approach was developed by Armstrong and
Henderson [30] who expressed the faradaic impedance of
the HER as a combination of the charge transfer resistance
Rct, in series with a parallel connection between RP and CP.
RP is a pseudo-resistance related to the mass transfer
resistance of the adsorbed intermediate (Hads) and CP is a
pseudo-capacitance as it appears not from the electric
double layer but from the faradaic reaction. The faradaic
impedance is expressed by:

ZF ¼ Rct þ R�1
P þ j!CP

� ��1
(2)

The parameters Rct, RP and CP from the Armstrong’s
circuit are correlated to those from the first model by the
following relations [7–9, 29]:

Rct ¼ 1

A
(3)

RP ¼ � B

A AC þ Bð Þ (4)

CP ¼ �A2

B
(5)

In many cases the double layer capacitance from both
models was approximated by a constant phase element
(CPE) [1, 2, 4, 7–9, 12, 13] to explain the results obtained
on solid electrodes that deviate from purely capacitive
behavior and exhibit a frequency-dependent distribution of

the double layer capacitance (Fig. 3a and b). Brug et al.
assumed that this behavior is related to surface in-homo-
geneity and used Eq. 6 to describe the impedance of the
constant phase element [31]:

ZCPE ¼ 1

T j!ð Þ� (6)

where T is a parameter related to the double layer capac-
itance according to relation 7 and � is parameter between 0
and 1 describing the constant phase angle of the CPE.

T ¼ C�
dl R

�1
S þ R�1

1
� �1��

(7)

To evaluate the surface roughness of the skeleton elec-
trodes, double layer capacitances were determined by elec-
trochemical impedance spectroscopy. Fig. 4 presents
Nyquist and Bode plots obtained at three different electrode
potentials situated in the hydrogen evolution region. The
complex plane plots in Fig. 4a indicate the appearance of
two depressed and overlapped semicircles at lower over-
potentials (−45 and −95 mV), with the high frequency
semicircle dependent on electrode potential. At higher
over-potential (−145 mV) the experimental points are quite
dispersed due to the intensification of hydrogen evolution,
and only one deformed semicircle appears. Similar behav-
ior has been reported by Choquette et al. [7, 8] and Okido et
al. [9] for Raney nickel composite coated electrodes.
Miousse et al. [12] also observed a potential-dependent
behavior of the high frequency semicircle at reduced HER
over-potentials for Ni-Al electrodes prepared by low
pressure plasma spray.

The experimental data were fitted to the electrical model
presented in Fig. 3b. Table 2 shows the obtained values of
the circuit elements. In case of high over-potential, since
only one semicircle is present, the parameters RP and CP

could not be determined, and the impedance spectrum was
fitted to a simplified model. This model contained a parallel
connection between the charge transfer resistance and the

ZF

Rs CPE

a

Rs CPE

Rct Cp

Rp

b

Rs CPE1

R1

CPE2

R2c

Fig. 3 Equivalent circuits used for the HER. a General model;
b 1 CPE model; c 2 CPE model
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constant phase element in series with the solution resis-
tance [2–4, 18, 23, 24, 32]. The total impedance of this
model is given by:

Z ¼ RS þ R�1
ct þ T j!ð Þ�

� ��1
(8)

The constant phase angle parameter � is potential in-
dependent and has a value of approximately 0.65, close to
the value of 0.5 which was predicted theoretically for
porous electrodes [33]. Double layer capacitances calcu-
lated according to Eq. 7 are also presented in Table 2. The
fact that the double layer capacity decreases with the in-
crease of the electrode potential is ascribed to the occlusion
of pores by gas bubbles due to the intensification of the
hydrogen evolution reaction. Assuming a value of 20 μF
cm−2 [1, 2, 4, 14, 24] suggested in the literature for the
double layer capacity of a smooth nickel electrode, a
surface roughness between 270 and 194 can be obtained
depending on the electrode potential. The values of R

decrease by 28% when increasing potential. This indicates
that a fraction of the inner surface of the electrode is
blocked during HER due to gas bubbles shielding.

The relatively low values of R are comparable to those
reported for porous nickel electrodes obtained by galvanic
deposition [34], as well as those reported for Ni-Zn elec-
trodeposited [4] and Ni-Zn pressed powder [1] electrodes.
Values as high as 45,000 were reported for plasma-sprayed
Ni-Al electrodes [12], but in this case the substrate—a nickel
grid—also contributed to the increase of the real surface area.

EIS studies conducted on thermal arc sprayed Ni-Al
electrodes gave values ofCdl between 82 and 500 mF cm−2,
depending on the spray parameters such as the spraying
distance and the angle between the gun and substrate [13].
Given these values, one may calculate the surface rough-
ness, which ranges from 4,100 to 25,000. The impedance
spectra in this case were fitted to the two-CPE (2 CPE)
model introduced by Chen and Lasia [1] and Miousse et al.
[12] containing two parallel R-CPE connections. This
model predicts the formation of two semicircles on the
complex plane plot, the first one connected with the po-

Table 2 Impedance data obtained from the 1 CPE model (Fig. 3b)
in 1 M NaOH at 25°C

Parameter η=−45 mV η=−95 mV η=−145 mV

RS [Ω cm2] 4.34±0.02 4.46±0.01 3.97±0.05
Rct [Ω cm2] 9.16±0.19 6.59±0.13 4.91±0.11
RP [Ω cm2] 1.67±0.16 0.51±0.11 –
CP [F cm−2] 0.697±0.119 1.127±0.440 –
T 0.0252±0.0009 0.0217±0.0009 0.0219±0.0020
� 0.63±0.01 0.65±0.01 0.64±0.02
χ2 7.96·10−4 7.08·10−4 10.3·10−4

Cdl [F cm−2] 5.41·10−3 4.74·10−3 3.88·10−3

R 270 237 194
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Fig. 4 Complex plane and
Bode plots on skeleton nickel
electrodes in 1 M NaOH solu-
tion at 25°C. Open symbols are
experimental points and contin-
uous lines are simulated by
CNLS fitting according to the
1 CPE model

Table 3 Impedance data obtained from the 2 CPE model (Fig. 3c)
in 1 M NaOH at 25°C

Parameter η=−45 mV η=−95 mV

RS [Ω cm2] 4.35±0.02 4.47±0.01
R1 [Ω cm2] 7.93±0.64 5.71±0.06
T1 0.0237±0.0011 0.0210±0.0011
�1 0.64±0.01 0.66±0.01
R2 [Ω cm2] 2.91±0.69 1.39±0.03
T2 0.45±0.18 0.38±0.04
�2 0.81±0.08 0.74±0.06
χ2 7.74·10−4 7.68·10−4
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rosity of the electrode and the second one related to the
faradaic process.

Attempts have been made to fit our impedance data to
the 2 CPE model presented in Fig. 3c. The results are given
in Table 3.

The standard errors of the parameters determined with
the 2 CPE model are, to some extent, higher than those
obtained with the model containing one CPE, especially for
the low frequency semicircle, while the goodness of fit
(expressed by the Chi-squared value) remains almost un-
changed. The inclusion of additional circuit elements in a
model is justified by a tenfold decrease of the Chi-squared
value; therefore, our impedance spectra are best fitted by
the one-CPE (1 CPE) model rather than by the 2 CPE
model. Moreover, the 2 CPE model was applied in cases
where the high frequency semicircle could be related to the
electrode porosity.

The dependence of the semicircle radius as a function of
over-potential gives information as to whether it should be
related to electrode porosity or to HER kinetics, since only
the HER mechanism depends upon over-potential [16, 29].
Although only three over-potentials were considered in our
study, a decreasing tendency of the radius of the high fre-
quency semicircles is observed at increasing over-potentials,
suggesting that it is more likely connected to the kinetics of
the hydrogen evolution reaction than it is to porosity.

Conclusions

The results of the present study show that thermal arc
spraying is a suitable technique to obtain high surface area
nickel electrodes by deposition of a nickel wire together
with an aluminum wire, followed by the alkaline dissolu-
tion of the aluminum. The SEM and EDX investigations
reveal a noticeable increase in the electrode porosity
associated with the decrease of the aluminum content from
22.2 to 2.8 wt.% during leaching. As determined by image
analysis, the porosity of the skeleton nickel electrodes was
almost 40%. X-ray diffraction indicates that only a small
amount of un-leacheable NiAl phase is formed during
thermal arc spray, consistent with the small percentage of
aluminum found by EDX analysis after leaching.

The EIS measurements conducted on the skeleton nickel
electrodes indicated the presence of two potential-depen-
dent semicircles at reduced HER over-potentials, and only
one semicircle at higher potential. Two electrical circuits (1
CPE and 2 CPE) were assumed to model the impedance
data. Based on statistical analysis and on the kinetic nature
of both semicircles it was found that the 1 CPE model
describes more accurately our experimental results.

The roughness factor of the skeleton nickel electrodes
estimated from double layer capacitance ranges between
270 and 194, depending on the electrode potential; and
therefore, expresses the real electrochemical surface in-
volved in the hydrogen evolution reaction, also accounting
for surface modification due to gas bubbles shielding.

The values of R are in good agreement with those
reported by us in an earlier study [35], in which the

roughness factor was determined by cyclic voltammetry
from the charge associated with the oxidation of the nickel
electrode surface to a mono-layer of nickel hydroxide. This
method gave values of R between approximately 260 and
450, depending on the working conditions of the thermal
arc spraying process.
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