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Electrocatalytic activity of nickel black electrodes for
the hydrogen evolution reaction in alkaline solutions
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The electrocatalytic activity of nickel black electrodes for the hydrogen evolution reaction (HER) in
alkaline solutions was studied. Three types of electrode were obtained through electrodeposition from
different plating baths and their electrocatalytic properties were evaluated through slow potentio-
dynamic sweeps. The apparent and real exchange current densities and the Tafel slopes were calcu-
lated and compared to those of Raney nickel electrodes. The importance of the superficial topography
on the apparent electrocatalytic characteristics was emphasized and some evidence was given to
demonstrate that, when the electrode is previously aged in alkaline solution, the HER is produced on

a thin nickel hydroxide overlayer.

1. Introduction

It is well known that the materials to be used as
cathodes for the hydrogen evolution reaction (HER)
in alkaline solutions should have the following charac-
teristics: (i) High apparent exchange current densities
(i§®) together with low dE/d log i (i.e. Tafel slope, b)
values and (ii) high real surface areas [1-3]. Both
properties are closely related. Nevertheless, it must be
taken into account that both properties are influenced
by the topography and the microscopic characteristics
of the electrode surface. This fact particularly affects
the electrode behaviour in the high overpotential
region, where an appropriate surface topography
significantly reduces the cathodic overpotential for the
HER.

These factors support the idea of using nickel black
electrodes as electrocatalysts, because the superficial
morphology can be varied by using different elec-
trodeposition media and/or varying the electroplating
conditions. The present work studies the electro-
catalytic characteristics of nickel -electrodeposits
obtained from three different deposition baths for the
HER in alkaline solutions.

2. Experimental details

Experiments were carried out in a three compartment
Pyrex glass cell. The working electrodes consisted of
nickel wires (0.4-0.8 cm* geometric area), which were
previously subjected to an electrodeposition process
in order to obtain a nickel black electrodeposit. The
counterelectrode was a large area platinum wire.
Potentials were measured against the Hg/HgO refer-
ence electrode in the same electrolyte solution and are
given with respect to the reversible hydrogen electrode
(RHE) in the same solution. Special attention was
paid to the construction and location of the Luggin-
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Haber tip, so as to ensure negligible ohmic drops in
solution. Experiments were carried out in 2M NaOH
solutions, which were prepared with triply distilled
water and purified in the cell by electrolysis with an
auxiliary electrode of large surface area. Before each
run the solution was saturated with hydrogen. All
measurements were made at 30.0 + 0.1°C.

Nickel black electrodes were prepared by galvano-
static electroplating of nickel wires in three different
baths. The corresponding compositions and electro-
deposition conditions are described in Table 1. The
nickel substrates were previously etched in a 2:1
mixture of acetic and nitric acids. A large area nickel
wire spiral concentrically surrounding the working
electrode was used as counterelectrode. Bath 11T was
prepared by saturation of a fused 75wt % NaOH
solution with nickel hydroxide at 100°C (at room
temperature this mixture is solid). The Teflon cell used
for the electroplating process in this bath is shown in
Fig. 1.

After the electrodeposition process, the electrodes
were rinsed repeatedly with triply distilled water
and left for a day in water and another day in 2M
NaOH solution. Before the electrocatalytic evalu-
ation, the electrode was subjected to a triangular
potential sweep (t.p.s.) run at 0.1Vs~' between
—0.5V and 0.65V against Hg/HgO and the corre-
sponding potentiodynamic i — E profile was recorded.
From this voltammogram, the electroreduction oxide
charge of Ni(ITI) species was calculated.

The HER study consisted of a slow potentiodynamic
sweep (107*Vs™') from —0.05V to —0.4V, run
after a potentiostatization step at —0.3V for 1 min.
Then, the electrode was subjected to a t.p.s. in the
same conditions as described above. The electroreduc-
tion oxide charge calculated from the corresponding
voltammogram was, for all types of electrode studied,
identical to that obtained before the electrocatalytic
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Table 1. Composition of the plating baths and electrodeposition con-
ditions for the preparation of the different types of nickel black
electrodes

Electrode Bath composition Plating conditions

I Nickel citrate 10 gdm= Temperature: 25°C
Ammonium sfilphate 50gdm™* Current density:
20mA cm 2
Ammonium hydroxide (pH9.8) Time: 0.5-3h

I Nickel sulphate 35 g dm™>
Ammonium sulphate 33 gdm

Temperature: 25°C

Current density:
40mA cm ™2

Time: 0.2-3h

-3

Sulphuric acid (pH 4.4)

m Sodium hydroxide 75wt % Temperature: 100°C
Water 25wt % Current density:
10mA cm ™
Nickel hydroxide (saturation)  Time: 0.2-3h

determination. The values of the current density (i),
apparent exchange current density (i;*) and the oxide
charge (Q) were referred to the geometric electrode
area. SEM micrographs of the different types of nickel
black electrodes were also obtained using a JEOL
JM-35C scanning electron microscope.

3. Results

The dependence of the logarithm of the current den-
sity on the overpotential (log ¢ against #) was obtained
from the slow potentiodynamic sweep run in the
hydrogen evolution potential range. The results
obtained for the three types of nickel black electrodes
are depicted in Figs 2-4. Each figure shows the
response of electrodes prepared at different times of
deposition.

The electrodes of type I, which were obtained by

Nickel

counterelectrode electrode

Electrolyte
solution

Heating
mantle

Fig. 1. Schematic representation of the electroplating cell for the
preparation of type III electrodes,
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Fig. 2. Tafel plots for HER on type I electrodes with different
charges, Q: (a) 32.6, (b) 46.2, (c) 53.5 and (&) 86.5mCem™2.

electrodeposition in nickel citrate solutions, show
linear log i against # relationships on a wide range of
overpotentials (Fig. 2). The corresponding Tafel slope
is about 0.080 Vdec™' for 4 > —0.3V. On the other
hand, the electrodes obtained in the nickel sulphate
bath (type 1I) gave Tafel lines in a potential region
narrower than that of the type I electrodes (Fig. 3). For
n > —0.25V, the Tafel slope is about 0.105V dec™".
Finally, the electrodes prepared in the fused mixture
of sodium and nickel hydroxides (type III) give log i
against # relationships which are approximately linear
in theregion —0.25V < 5 < —0.15V and the corre-
sponding b value is about 0.090 V dec™' (Fig. 4).

A direct relation between the current density at a
given overpotential and the oxide electroreduction
charge for each type of electrode was observed. The
latter, which can be considered proportional to the
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Fig. 3. Tafel plots for HER on type II electrodes with different
charges, Q: (a) 37, (b) 119 and (c) 268 mCcm 2.



442

A. C. CHIALVO AND M. R. GENNERO DE CHIALVO

3L I T T g
d
\
b
a
2+ R
cl\x’\
E
%
<
£
- bk .
o
o]
-
or -
A i |
Q1 Q2 o3

(V)

Fig. 4. Tafel plots for HER on type III electrodes with different
charges, Q: (a) 16, (b) 47, (c) 175 and (d) 480 mC ecm~2,

surface area, is varied by changing the time of
the electrodeposition process.

Figs 5-7 show SEM micrographs of the three
types of nickel black electrode. Secondary and tertiary
nodular growth can be distinguished for type I, pro-
ducing a typical “cauliflower” structure [4], which is
characterized by the development of high surface area
(Fig. 5). The type I electrode shows a surface struc-
ture similar to that of type I, but in this case the
number of nucleation sites is less with a greater growth
of individual nodules. Consequently, the real surface
area is less (Fig. 6). Finally, the electrodes prepared in
the fused NaOH-Ni(OH), mixture (type 111) show a
dendritic “fern-like”” structure, with some secondary
nodular growth (Fig. 7).

3. Discussion

The present results show that the three types of nickel
black electrode have different electrocatalytic activity,
evaluated through the Tafel slope, b, for the hydrogen
evolution reaction in alkaline solutions. In principle,
these differences may be attributed to mass transport

Fig. 5. SEM micrograph of a type I electrode. Deposition time:
30 min. Magnification: 1500 x .

Fig. 6. SEM micrograph of a type II electrode. Deposition time:
30 min. Magnification: 1500 x .

processes that take place inside the intersticies of the
electrodeposits (Figs 5-7). Nevertheless, the Tafel
slope of a smooth nickel electrode for HER {5, 6]
in the conditions of the present work is about
0.110 Vdec™, a value which is greater than those
obtained here (Table 2). Therefore, the variation is
produced in the opposite direction to the expected
behaviour [7, 8]. Besides, for a given type of electrode,
the migrational and diffusional phenomena should
produce an increase in the Tafel slope as the porosity
increases. This fact was again not experimentally
observed, as can be seen in Figs 2-4. Consequently, it
may be concluded that the whole electrode surface is
equally attainable for the reactants and that the dif-
ferent behaviour observed must be attributed to the
different amount and distribution of active sites on the
electrode surface.

In order to calculate the kinetic parameters for each
type of nickel black electrode, the existence of a linear
dependence between the real surface area and the
oxide charge is considered. On this basis, the following
expression was used [9] to evaluate the Tafel slope:

log (/@) = Inl/b + log ik (1)
and the exchange current density (i):
i* = (1 + kQ) @

The apparent exchange current density (i®) contains
the contribution of the roughness factor, while i,
corresponds specifically to the substrate.

Fig. 7. SEM micrograph of a type III electrode. Deposition time:
30 min. Magnification: 1500 x .
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Fig. 8. Dependence of the current density upon the oxide charge at
different overpotential values for type I electrodes.

The applicability of Equations 1 and 2 is verified in
Figs 8-13. A linear dependence between the current
density and the oxide charge for different overpoten-
tial values is observed for each type of nickel black
electrode (Figs 8-10). With data obtained from these
figures, the log (i/Q) against n and i against Q
relationships (Figs 11-13) were plotted and, conse-
quently, the kinetic parameters of each type of elec-
trode were calculated (Table 2). From the results given
i this table, the following considerations can be
made:

(i) The exchange current densities obtained in this
work are similar to those given in the literature [10, 11]
for bright nickel electrodes in the same conditions.
Nevertheless, as the coverage of the adsorbed hydrogen
should be considered approximately constant in the
overpotential range analysed but different for each
type of electrode, the i, values for the three types
of nickel black electrodes should not be directly
compared.

(if) The electrodes are covered by a superficial film
of fNi(OH), developed spontaneously [12, 13] during
therimmmersion in the 2M NaOH solution previous to
the electrocatalytic study. The comparison of the elec-
troreduction oxide charges voltammetrically deter-
mined before and after the electrocatalytic evaluation
results in identical values. On the other hand, several
monolayers of hydrated oxide cannot be regenerated
on one potentiodynamic sweep [14]. On this basis, it
should be concluded that the superficial layer cannot

Table 2. Kinetic parameters for the HER of the different types of
nickel black electrodes

iy x 10° b k!

Electrode
(Acm™?) (Vdec™) (mCem=?%)
I 1.45 0.082 13.6
I 8.00 0.105 314
x 1.10 0.0908 15.4
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Fig. 9. Dependence of the current density upon the oxide charge at
different overpotential values for type II electrodes.

be electrochemically reduced, which is in agreement
with the results obtained by other authors [15]. There-
fore, it should be inferred, at least in the present
conditions, that the HER takes place on a hydrated
oxide overlayer. This assumption, suggested pre-
viously by other authors [16, 17], agrees with the
values of the constant k experimentally evaluated
through Equations 1 and 2. The inverse of this con-
stant represents the oxide charge per unit of the real
area[k~' = AQ/AA(real)]. Comparing this value with
that corresponding to one monolayer [AQ/AA =
0.5mC cm~2] [15], it can be seen that the thickness of
the oxide layer of electrodes of types I and IT is in the
order of 30 monolayers and twice this value for type
II. Furthermore, these quantities are consistent with
the thickness of oxide layers naturally produced when
a polished nickel surface is immersed in an alkaline
solution for a long period of time [12, 13].
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Fig: 10. Dependence of the current density upon the oxide charge
at different overpotential values for type III electrodes.
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Fig. 11. Dependence of: (a) log (i/Q) against n (values obtained
from Fig. 8) and (b) i2® against @ for type I electrodes.

(iii) Electrodes of type I show excellent electro-
catalytic activity, exhibiting a wide range of linearity
in the log i against # relationships. A current density
of about 0.5mA cm 2 fory = —0.30V was obtained
for this electrode. This value is similar to that obtained
for a certain type of Raney nickel electrode, treated in
NaOH or HF solutions, where the roughness factor is
in the order of 3000 [18]. It should be interesting to
compare the behaviour of these two types of electrode,
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Fig. 12. Dependence of (a) log (i/Q) against # (values obtained

from Fig. 9) and (b) i{? against Q for type 1I electrodes.
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Fig. 13. Dependence of (a) log (#/Q) against 5 (values obtained
from Fig. 10) and (b) ii® against Q for type III electrodes.
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black and Raney, respectively. Both show a high
apparent electrocatalytic activity, originating mainly
from the high real area. Nevertheless, the roughness
factor of the Raney nickel electrode is substantially
greater than that of the nickel black electrodeposit
because the high surface area of the former arises from
its porous structure, which results in a less efficient use
of the whole electrode surface [3, 19]. On the other
hand, the superficial morphology of nickel black elec-
trodeposits leads to a more efficient utilization of the
available active sites [20].

It may be concluded that, in order to obtain high
apparent exchange current densities and low Tafel
slope values, it is necessary to develop high real elec-
trode surface areas along with suitable superficial
topographies that make all the electroactive sites
equally accessible to the reactant. The results des-
cribed in the present work suggest that these two
characteristics are found in the nickel black elec-
trodeposits obtained from the citrate bath. Conse-
quently, further studies must be carried out in order to
optimize the morphology of this type of electrode.
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