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Abstract

The effect of current density on the regularities of nickel foam deposition processes has been studied. Porous nickel foams
were obtained by electrochemical deposition in the galvanostatic mode at current densities of 0.3,0.6,0.9,and 1.2 A cm.
The obtained deposits were characterized by high porosity and well adherence to the substrate material. The electrolytic
foams had macro- and micropores.

The features of the formation of the macropore system have been studied. It has been established that at low hydrogen
evolution rates, a gradual formation of a porous structure occurs. While at higher rates, the formation of the matrix structure
ends in the first minutes of electrolysis. It was shown that the log-normal distribution can be used to describe the formation
of a hydrogen template as a system of macropores in electrolytic nickel foams over a wide range of current densities. A
technique for the estimation of nickel foam macroporosity based on the data on the fraction of the surface occupied by
macropores is proposed. The total porosity of deposits was calculated based on the data on the mass and volume of
electrolytic foams. The catalytic activity of the obtained porous electrodes towards the hydrogen evolution reaction was
analysed in an alkali solution. The value of depolarization at a current density of 0.3 A-cm~2 was used as a criterion for the
efficiency of nickel foams. The value of depolarization for the obtained deposits varies in a wide range from 170 to 400 mV
and strongly depends on the conditions of foam synthesis and their thickness.

It has been established that nickel foams obtained at 1.2 A-cm~? exhibit the best catalytic properties due to their uniform
structure characterized by a large number of macropores evenly distributed throughout the foam volume. This ensures
maximum access of the reacting particles to the electrode surface.
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1. Introduction

Water electrolysis is a promising method
for producing hydrogen due to the sufficient
simplicity of the technology and the possibility of
introducing “green” technologies into this process
[1]. However, electrolysis is a relatively energy-
intensive process. A significant contribution to
energy losses is made by hydrogen and oxygen
evolution reaction overpotentials. One of the
ways to increase the efficiency of electrode
processes is to use electrodes with a developed
surface. In this case, porous electrodes are used,
which have a large surface area compared to
smooth electrodes. Due to the large fraction
of the active surface, a decrease in the real
current density, and, accordingly, overvoltage,
is achieved.

Metal foams are porous electrodes possessing
all properties of electrocatalytic electrodes.
They are characterized by their high porosity
and large available surface area, high mechanical
strength, and good conductivity. The synthesis
of porous metal electrodes is carried out by
using the dynamic hydrogen bubble template
method [2-6]. The formation of a porous
structure occurs due to the crystallization of
the metal around the hydrogen bubbles under
conditions of high current densities, when metal
ion reduction is accompanied by hydrogen
evolution. In this case, part of the electrode
surface is covered with gas bubbles, and the
metal crystallizes in the form of branched
dendrites on free surface areas. It is known that
this method is used to obtain nickel [7, 8], cobalt
[9, 10], copper foams [11, 12], as well as foams
of their alloys [13-16].

The main advantage of the electrochemical
deposition is the possibility of controlling the
foam structure by changing the electrolysis
conditions. The structure of the foams, in turn,
affects their catalytic properties.

The literature usually contains a description
of the morphological features of porous deposits
[3,4,7,8,10] and does not provide quantitative
patterns describing the process of formation
of a system of large pores and a dendrite metal
deposit between them. In a previous article [17],
the main provisions of a phenomenological
model that describe the process of the formation
of nickel foams and allow to calculate the change
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in foam porosity during electrodeposition were
proposed. The model is based on empirical
regularities that describe the time-dependent
change in the deposit growth rate, metal current
efficiency, and the fraction of the outer surface
occupied by large pores. The applicability of
the previously proposed empirical equations
for the quantitative description of nickel foam
electrodeposition in a wide range of current
densities for subsequent forecasting of the
conditions for the synthesis of foams with desired
properties is of interest.

The purpose of this study was investigation of
the effect of current density on the regularities of
nickel foam deposition, the formation of a system
of large pores, and the catalytic properties of
deposits with respect to the hydrogen evolution
reaction.

2. Experimental

Nickel foams were prepared from a chloride
electrolyte [18] containing 0.2 M NiCl, and 2 M
NH,CI (pH = 3.2) in galvanostatic mode at current
densities of 0.3, 0.6, 0.9, and 1.2 A-cm~? per
geometric surface of the electrode. Foams were
produced within 1, 2, 3,4, 5,10, and 15 minutes at
each current density. Three parallel experiments
were carried out at each point. The working
electrode was a copper plate, on the surface
of which a nickel layer with the thickness of 9
pum was preliminarily deposited from a Watts
electrolyte containing 280 g-1"' NiSO,-7H,0,
50 g-1I”! NaCl, 35 g-1I"" H,BO, at a current density
of 0.015 A cm™. The area of the working surface
of the electrode with nickel coating before the
deposition of foam was 1 cm?2. Nickel foil was
used as an auxiliary electrode. Autolab PGSTAT
302N electrochemical station (Metrohm Autolab
AG, the Netherlands) was used for the deposition
of foams and investigation of their catalytic
properties. After deposition, the samples were
thoroughly washed in distilled water and dried in
air. Samples obtained at current densities of 0.3,
0.6,0.9,and 1.2 A cm~? are denoted in the study
as 0.3Ni, 0.6Ni, 0.9Ni, and 1.2Ni, respectively.
The mass of foams was determined by weighing
with an accuracy up to four decimal places using
LA 310S analytical balance (Sartorius, Germany).
The total porosity was calculated taking into
account the volume of foams.
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Surface morphology was analysed using an
Olympus BX51 optical microscope (Olympus,
Japan) and a Tescan VEGA 4 scanning electron
microscope (SEM) (TESCAN, Czech Republic).
The thickness of nickel deposits (h) was evaluated
based on photo images of a thin section of the
electrode cross section with a deposit.

The catalytic efficiency of the electrodes
in relation to the hydrogen evolution reaction
was evaluated by the analysis of the cathodic
polarization curves obtained in 1 M NaOH
solution at a potential scan rate of 3 mV-s-!.
The resulting electrolytic foam was the working
electrode, and a graphite rod was used as the
counter electrode. The potential was measured
relative to a saturated silver chloride reference
electrode. At least 3 curves were taken for
each electrode until reproducible results were
obtained. All studies were carried out at a
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3. Results and discussion
3.1. Morphology of nickel foams

Nickel electrolytic foams are characterized by
the presence of macro- and micropores (Fig. 1).
Macropores were formed in places where the
electrode surface is shielded by hydrogen bubbles
and mainly represented by through-channels
(Fig. le), the exits of channels to the foam
surface are clearly visible on microphotographs
(Fig. 1a—d).

Under the studied conditions, the metal was
deposited as branched dendrites. The space
between the dendrite branches and individual
dendrites is a branched system of voids, with size
much smaller than the size of macropores, and it
can be called microporosity.

During 15 minutes of electrolysis at all
current densities, the nickel foam thickness
(h) increased linearly with the deposition time

Fig. 1. SEM images of foams obtained at i = 0.3 (a), 0.6 (b), 0.9 (c), and 1.2 (d) A-cm™2; t = 10 min. Image of the

macropore on a foam cross section (d)
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(Fig. 2). At the same time, the deposition growth
rate (dh/dt) increased with increase in current
density (Table 1).

Table 1. The effect of current density
on the dendrite elongation rate and their radius

Deposition
current density, | dh/dt, cm/min T ipy ML
A-cm?
0.3 0.64-1073 5.35
0.6 0.97-1073 3.50
0.9 1.07-1073 3.38
1.2 1.25-1073 2.73

It is known [19] that, under conditions of
diffusion limitations, metal deposition proceeds
at the dendrite tips located at the deposit growth
front, and the elongation rate (dh/dt) (Fig. 2) is
determined by the limiting diffusion current
density of spherical diffusion (i, ) [19]:

dh O, .
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Fig. 2. Dependence of nickel foam thickness on depo-
sition time at current density of 0.3,0.6,0.9,and 1.2 A
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i = zZFDC
w rtip ’
where ¥, is molar volume of metal, m*mol™, D
is the diffusion coefficient of nickel ions, m?s,
C is concentration of nickel ions in solution,
mol-m~3, dh/dt is the rate of dendrite elongation,
m-s~L.

The radius of dendrite branches was
determined based on the deposit growth rate:

_ DC-9,,

rtip - d%t

As follows from the literature data [19], the
constancy of the growth rate during electrolysis
indicates the formation of a dendrite deposit,
characterised by uniform structure throughout
the thickness. The calculated values of the tip
radii decrease with increase in current density
(Table 1) from 5.35 to 2.73 pum, which, as will be
shown below, affects the microporosity of the
foams.

Photographs of the outer surface of nickel
foams obtained using an Olympus BX51
optical microscope (Olympus, Japan) were
used to determine the diameter and number
of macropores (Figs. 3 and 4). At least three
samples obtained under the same conditions
were analysed and at least 5 sites were selected
on each of them. With an increase in the
current density, an increase in the number of
macropores per unit surface and a decrease in
their average diameter were observed, which
is consistent with the literature data [7, 11, 20].
Such dependences are explained by an increase in
the rate of hydrogen evolution and, accordingly,

(2)
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Fig. 3. Change of macropore number at current densities of 0.3 and 0.6 A-cm~2 (a), 0.9 and 1.2 A-cm~2(b)
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Fig. 4. Change of macropore diameters at current
densities of 0.3,0.6, 0.9, and 1.2 A-cm™

by a decrease in the residence time of a bubble
on the deposit surface.

At current densities of 0.3 and 0.6 A-cm™
within 10 minutes, an increase in the number of
large pores up to 400 mm was observed (Fig. 3a),
which indicates the gradual formation of a porous
structure. With an increase in current density
up to 1.2 A-cm2, the formation of the template
structure (formation of macropores more than
1600 mm) finished within the first 2 minutes of
electrolysis, then within 10 minutes the number
of macropores decreased, but remained very high
(Figs. 3b and 4). A similar pattern was observed
for 0.9Ni samples, but for 5 minutes. With further
electrolysis, there was a significant decrease in
the number of pores and an increase in their size.

The difference in the dynamics of the
formation of the macropore structure was
associated with the intensity of hydrogen
evolution. At low rates of hydrogen evolution,
gas bubbles retained on the electrode surface for
a time sufficient for their coalescence; therefore,
for low current densities, the dependence of the
number of pores and their sizes on the deposition
time was observed. At high rates of hydrogen
evolution, the bubbles quickly reached the critical
diameter and immediately detached from the
surface; therefore, the structure of the foams was
more stable and changes less with time.

3.2. Determination of porosity

When metal foams are used as electrodes, the
thickness of the porous layer and the fraction
of the surface involved in the electrochemical
process are important. Since the deposition rate

2023;25(1): 139-148
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significantly depends on the current density, it is
important to reveal how the structural properties
change not with the deposition time, but with the
thickness of the foams.

For deposits with different thickness obtained
over different times, the fraction of the surface
occupied by macropores 6 was calculated
[17,21]. For calculations, several sites (K) on the
electrode surface with deposits with the same
area (s) were isolated. The total number of pores
(N,) and the diameter of each macropore (d, ) were
determined for each site. The fraction of the outer
surface of the deposit occupied by macropores
was estimated as follows:

K Ny d]2k
Zk:lzjzan
="k

According to the experimental data presented
in Figs. 5, the dependence 6, (h) has a
maximum, which is in good agreement with the
data on changes in the number and diameter of
macropores on time (Figs. 3 and 4). An increase in
the fraction of the surface occupied by macropores
was associated with an increase in the number of
macropores and their diameter, and a decrease
0,,..c Occurred due to the merging of macropores.

The process of macropore formation is
stochastic, therefore, for the approximation of
the dependence of the fraction of large pores on
the deposit thickness, a log-normal distribution
was used [22]:

0 4)

macro (

1

a 1 2
Omam (H) = ﬁﬁexp[—g(ln(H)—u) :|. (5)

Here ¢ and p are distribution parameters, a
is the scaling factor. Function argument H = h/
h, is dimensionless, since the deposit thickness
is divided by the unit of measurement h_ =1 pm.
Calculation of the o, u, a values was carried out
by minimizing the sum of squared deviations of
the experimental data 0, ., from data calculated
by equation (5) [21]. The values of the determined
coefficients are presented in Table 2.

As can be seen from the Table 2, the
distribution parameters (¢ and p) for all porous
deposits were close by the order of magnitude
and regularly changed with increase in current
density. The physical meaning of the parameters
is still unclear, but it is important that the log-
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Table 2. The values of the empirical coefficients
of Eq. 10 and the determination coefficient

Deposit Coefficients and R?
a c n R?
0.3 Ni 72.24 0.81 5.50 0.994
0.6 Ni 73.00 0.87 5.10 0.995
0.9 Ni 87.26 0.91 5.09 0.996
1.2 Ni 99.22 1.00 5.09 0.990

normal distribution describes well the change
in the fraction of the surface occupied by
macropores in a wide range of current densities.
This indicates the similarity of the mechanisms
of macropore formation, as well as the invariance
of this mechanism with an increase in the current
density of foam deposition. The good agreement
of the experimental values of the fraction of
macropores (Fig. 5) with the values calculated
using the approximating equation 5 indicates the
stochastic nature of the process of formation of
the macropore system.

The total porosity was determined taking into
account the mass (m,) and volume of porous
deposit (V,,):

m

Vv .
Bz =>==1- = ’ (6)
Vvdep pNi ’ Vdep
where V, - overall volume of deposit, py; is the
density of nickel. V,,, =S, -1, S, is the geo-

metric area of the deposit surface, cm?; V. is
the volume of all pores in the deposit. The values
of total porosity for deposits of different thick-

nesses are presented in Table 3.

045 r
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035 f
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2025
02 F
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0.1 F
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0

emdcm
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Fig. 5. Change of the 6 over the deposit thickness
ati=0.3,0.6,0.9, and 1.2 A-cm~2 Markers — experi-
mental data, lines — approximation by Eq. 5
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Macroporosity is the ratio of the volume of
large pores V_ to deposit volume V,_:

macro

Vv
— ' macro . 7
Bmacro Aj o ( )

The pore volume is the product of the cross-
sectional area of the macropores at the deposit
growth front (S ) and their depth. As can
be seen from the micrograph (Fig. le), the
macropores were through-pores; therefore, the
average pore depth was taken as the thickness of

the deposit layer (h):
V. =S L (8)

macro macro

The macropore diameter varied with the
deposit thickness. At the same time the porosity of
the deposit changed. Therefore V___ for deposits
of different thickness was determined based on
the experimental values S ... =90 .0i" Seeom
using numerical integration of the dependence
of the area of macropores on the thickness of the

foam according to the equation:

Vmacm :i (Smacroi + Smac;)M ) ’ (hi+1 - hl) ’ )

i=1

here h, is thickness of i-th deposit, um; i = 0...M
is foam sample number, M is quantity of deposit
samples with different thicknesses obtained for
different electrolysis times. At i = 0 electrolysis
time was 0, respectively, h=0and S, =0.

Macroporosity,as the proportion of macropores
in the deposit volume, was determined:

macro

S h

geom

Brnacro = (10)

The macroporosity for nickel foams of
different thicknesses, calculated based on the
experimental data, are represented by markers
in Fig.6 and in Table 3. Macroporosity increased

Table 3 Values of total, macro- and microporosity
of electrolytic foams obtained at current densities
of 0.3, 0.6, 0.9, and 1.2 A-cm™? for 15 minutes

DePOSit BZ’ % I3macro’ % Bmicro’ %
0.3 Ni 62.9 9.1 53.8
0.6 Ni 49.2 19.4 29.9
0.9 Ni 473 26.6 20.7
1.2 Ni 41.6 31.1 10.5
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significantly with increase in foam deposition
current density.

Taking into account the determined
coefficients a, o and p (Table 2), the numerical
integration of log-normal dependences was
carried out 6, (H) ,and it allowed to calculate
the volume of large pores for any deposit
thickness:

h

v =}smm (h)dh = [S o Oypacry ().
0

0

(11

Taking into account equation (10)
macroporosity is:

1

h
Bmacro :E_([emacro (h)dh' (12)

As can be seen in Fig. 6, the calculated curves
are in good agreement with the values B_
obtained based on experimental data, which
indicates the applicability of equation 5 for
describing the process of formation of the porous
structure of nickel foams.

It should be noted that the total porosity of the
foams was much higher than the macroporosity,
which is due only to the presence of channels for
the release of hydrogen bubbles. Total porosity
also includes microporosity. It is not possible
to determine the shape and size of microvoids,
but it is possible to estimate their fraction,
microporosity. Microporosity was calculated as
the difference between the total porosity and
macroporosity of deposits B, ;.. = By = B, .-

The results of calculations of the total
porosity, macroporosity, and microporosity for
foams obtained at different current densities
after 15 minutes of electrolysis are presented in
Table 3. It can be seen that the total porosity of
the foams gradually decreased with increasing
deposition current density. In this case, the
fraction of macropores and their contribution
to the total porosity increased significantly,
and microporosity decreased. The decrease in
microporosity was associated with an increase
in the number of dendrite branches on the foam
surface between large pores, which led to their
more compact arrangement. This conclusion
is confirmed by the analysis of micrographs of
samples using SEM (Fig. 1). The combination
of macro- and microporosity provides the
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Fig. 6. Change of microporosity over the deposit
thickness ati=0.3,0.6,0.9,and 1.2 A-cm~2. Markers —
experimental data, lines — calculation by Eq. 12.

high efficiency of nickel foams as electrode
materials.

3.3. Assessment of catalytic properties

For the evaluation of the catalytic properties
of nickel foams with respect to the hydrogen
evolution reaction, cathodic polarization curves
were recorded in a 1 M NaOH solution. The
polarization curves obtained on porous deposits
were shifted to more positive potentials compared
to the smooth nickel electrode.

The depolarization was chosen as a criterion
of catalytic properties. The depolarization value is
the difference in the potentials of the porous (E,, )
and a smooth nickel electrode (E, ): AE=E, -E_
at current density i = 0.3 A-cm=2. This current
density is used in the electrolysis of water in
alkaline electrolytic cells [23].

As can be seen from Fig. 7, the depolarization
of hydrogen evolution process varies in the range
from 170 to 400 mV, depending on the mode of
the production of foams and their thickness. The
catalytic properties of the 0.3Ni and 0.6Ni samples
strongly depend on the deposit thickness (Fig. 7a).
This fact can be explained by the heterogeneity
of the foam structure over the thickness: the
number of pores and their sizes vary within a
fairly wide range, which affects the surface area
available for the hydrogen evolution reaction.
As was shown above, 0.9Ni and 1.2Ni samples
were characterized by the presence of a regular
pore structure with a low variation of thickness.
Due to this, their catalytic properties were quite
stable and did not depend on the thickness of the
deposit. In general, the good catalytic properties
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Fig. 7. Dependence of hydrogen evolution depolarization in 1 MNaOH at i = 0.3 A-cm~2 on the deposit thickness

for 0.3Ni and 0.6Ni (a), 0.9Ni and 1.2Ni (b) samples

of the 0.9Ni and 1.2Ni samples can be explained
by the high macroporosity, which makes a large
part of the electrode surface accessible for the
HER reaction.

4. Conclusion

It was shown that within 15 minutes of
electrolysis, the growth rate of nickel foams
remains constant and increased with increase in
current density.

It has been established that at low current
densities, a gradual formation of a porous
structure occurred, which led to inhomogeneity
in the size and number of pores throughout the
thickness of the deposit. At the same time, at high
current densities, the formation of the template
structure ends in the first minutes of electrolysis
and after the fraction of the surface occupied by
macropores remained high.

It was shown that the log-normal distribution
can be used to describe the formation of a
hydrogen template as a system of macropores
in electrolytic nickel foams in a wide range of
current densities.

The macroporosity of deposits increased, while
the total porosity and the fraction of micropores
decreased with a change in the deposition current
density from 0.3 to 1.2 A-cm™%, which improves
the catalytic properties of deposits.

Catalytic properties with respect to the
hydrogen evolution reaction in an alkali solution
for deposits obtained at current densities of
0.9 and 1.2 A-cm™?, remained high at any foam
thickness due to the formation of a more uniform
porous structure of deposits with a high number
of large pores of small diameter.
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