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A B S T R A C T

The effects of three different substrate materials (glassy carbon, gold, and nickel electrodes) on the electro-
crystallization behavior of nanocrystalline nickel in an industrial electrolyte with complex compositions were
studied by cyclic voltammetry (CV), single potential step chronoamperometry. The CV results indicated that the
initial deposition potentials of nickel shift to the positive direction in the order glassy carbon < gold < nickel
electrodes, while the nickel deposition overpotential decreased at the same time. Chronoamperometry results
indicated that from the glassy carbon to gold and nickel electrodes, the adhesion of nickel nanoparticles on the
electrodes increased, nucleation relaxation time became shorter, and the number of nuclei decreased. As the
deposition potential is negatively shifted and the deposition time is prolonged, the I-t curves for the nickel and
gold electrodes are more stable and reliable than those from the glassy carbon electrodes. The chronoampero-
metric study combined with SEM revealed that the nucleation mechanism of nickel on different substrates
changed from three-dimensional progressive to instantaneous, but the time of the transition is different. When
the deposition time is 100 s, the nanocrystalline nickel deposited on the nickel and gold electrodes has good
integrity and uniformity. This was also confirmed in studies using atomic force microscopy and transmission
electron microscopy. Moreover, the results of transmission electron microscopy (TEM) show that there are many
twins in the nanocrystalline nickel layer deposited on the gold electrode at −0.95 V, 100 s. The electro-
crystallization process of nickel is complicated by the complex ionic components in the industrial electrolyte of
the nickel sulfide soluble anode/mixed acid system.

1. Introduction

Nickel has good physical and chemical properties and is widely used
in improving the performance of high-precision materials, surface
protection, and other fields. Nickel starting sheet is commonly used as
the substrate in industrial electrolytic nickel production. The industrial
electrolyte of nickel sulfide soluble anode/mixed acid system used for
electrocrystallization of nickel has a complex composition, containing
many metal ions including impurity ions (such as Cu2+, Ni2+, Cl−,
Na+, Fe2+, Co2+, and Zn2+) [1–4]. The growth morphology of nickel
electrocrystallines is affected by not only the electrodeposition condi-
tions, but also the substrate orientation [5,6]. Therefore, under certain
sedimentary conditions, sedimentary layers with the same composition
and structure will display different external morphology according to
the substrates. To observe the growth morphology during electro-
crystallization, experiments are usually carried out on single-crystal

electrodes with the same composition as the deposited metal [7,8].
However, due to the influence of experimental cost (the current sales
prices of gold, glassy carbon, copper, low carbon steel and nickel
electrodes decreased in turn) and research system, the choice of elec-
trodes should be determined for each specific situation.

There have been many reported studies on electrocrystallization.
For example, Abyaneh et al. [9–11] proposed an electrocrystallization
model and derived the transient equation of the electric current. Gomez
et al. [12–16] studied the initial behavior of nickel electrocrystalliza-
tion using constant potential step technology and cyclic voltammetry
(CV). It was found that at low overpotentials nickel electrocrystalliza-
tion followed the three-dimensional continuous nucleation/growth
mechanism, while at high overpotentials it followed the three-dimen-
sional instantaneous nucleation/growth mechanism. Zhang et al. [17]
studied the effect of valine on the electrocrystallization process of
nickel on glassy carbon electrodes, and Lantelme et al. [18] also
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analyzed the constant potential current-time transient curves of nickel
nucleation and growth on glassy carbon. The results show that nickel
deposition in acidic solution conforms to the nucleation and hemi-
spherical growth mechanism. Li et al. [19] studied the electro-
crystallization mechanism of nickel in sodium citrate solution using a
glassy carbon electrode. Xu et al. [20] studied the microstructure and
texture evolution of electrodeposited coatings of nickel in the industrial
electrolyte. Nitin et al. [21] proposed a new model for predicting the
grain size of electrodeposited nanocrystalline nickel coatings containing
sulphur, phosphorus or boron based on typical systems, and deals with
influence of current density and impurities on grain size of Ni. How-
ever, some reports claimed that the glassy carbon electrode has great
limitations in studying nickel electrocrystallization, while there have
been few studies on nickel electrocrystallization using metal electrodes
such as gold and nickel electrodes. As the same time, the studies on
nucleation and growth of nickel in industrial electrolytes of soluble
anode/mixed acid system of nickel sulfide have not been reported.

Based on these considerations, in order to select a suitable working
electrode to study the electrocrystallization process of nickel in in-
dustrial electrolytes, in this study we examined the effect of different
substrates (glassy carbon, gold, and nickel electrodes) as working
electrodes on the electrocrystallization behavior of nanocrystalline
nickel. Considering the practical applications, we directly used the in-
dustrial electrolyte of nickel sulfide soluble anode/mixed acid system
sampled from an industrial production line, which has a more complex
composition than simple electrolytes prepared in the laboratory.

2. Experimental

Electrochemical studies were performed with a typical three-elec-
trode cell (the three-electrode system can more accurately measure the
potential and potential changes of different working electrodes) con-
nected to an electrochemical workstation (multichannel system
PARSTAT MC). The experimental temperature was kept at room tem-
perature by a thermostatic device. The working electrodes were a glassy
carbon, a gold, and a nickel electrode all with the diameter of 4.0mm.
The auxiliary electrode is a platinum electrode with a size of
1.0 cm×1.0 cm. A saturated calomel electrode (SCE) serves as re-
ference electrode, and all potentials reported here are expressed with
respect to the SCE.

The industrial electrolyte of the nickel sulfide soluble anode/mixed
acid system ((hereinafter referred to as industrial electrolyte) was
sampled from a domestic company's production line. With a solution pH
of 5.3, the composition of the industrial electrolyte is shown in Table 1.
Sulfuric acid (H2SO4), potassium chloride (KCl), and potassium ferri-
cyanide (K3[Fe(CN)6]) used in the experiments were all analytical pure
chemical reagents. Pure water (> 10MΩ·cm) was used in the experi-
ments.

Before each experiment, the working electrodes were pretreated by
the following steps. The gold and nickel electrodes were polished by
2500, 3000, and 5000 mesh metallographic sandpaper, the glassy
carbon electrode was polished by 5000 mesh metallographic sand-
paper, and mechanically polished to a nearly mirror surface finish with
0.05 μm finer grades of alumina powders. Then, the electrode surface
was rinsed thoroughly under distilled water. The gold electrode was
acid pickled with a mixed solution of concentrated sulfuric acid and
hydrogen peroxide (3:1 by volume), the glassy carbon electrode was
acid pickled with 0.1mol/L concentrated sulfuric acid, and then rinsed
with pure water (repeat three times). Because the surface of nickel

electrode will be damaged by acid pickling, it is not necessary to carry
out acid pickling on the surface of nickel electrode. The glassy carbon
and gold electrodes need to be tested for potassium ferricyanide to
ensure meeting the requirements, which does not apply to the nickel
electrode. All three types of working electrodes were ultrasonically
cleaned with pure water, absolute ethanol, and pure water in sequence
for 3 to 5min to remove surface impurities, and then rinsed with pure
water. The gold electrode needed to be activated in 1mol/L sulfuric
acid solution until the CV curve was stable (about 20 cycles). Finally,
the treated electrodes were rinsed with pure water and dried at room
temperature before use.

According to the obtained CV curves, the I-t curve was calculated in
the range of −0.85 to −1.00 V by using the electric potential step
technology, and the dimensionless curve of I2/Im2-t/tm from theory was
drawn according to the I-t curve. The experimental curve was fitted
using the Scharifker-Hill model, and the nucleation mechanism of Ni on
glassy carbon, gold, or nickel electrodes was determined.
Electrodeposition was carried out under constant current density for
different substrate surfaces for a certain period of time. The mor-
phology of the deposit was observed by atomic force microscope (AFM,
CSPM5500), field emission transmission electron microscope (TEM, FEI
Talos F200) and scanning electron microscopy (SEM, Quanta450FEG).
(Before the SEM observation, in order to enhance the conductivity of
the sample, the nickel deposit should be treated with gold spraying.)

3. Results and discussion

3.1. CV curves

Fig. 1 shows the CV curves of the nickel electrocrystallization pro-
cess on the surfaces of three electrodes. In Fig. 1(a), the electric current
mutation point of nickel was at −1.05, −1.00, and −0.91 V for the
glassy carbon, gold, and nickel electrodes, respectively. X-ray diffrac-
tion was performed on glassy carbon, gold, nickel electrodes and nickel
deposits, the X-ray diffraction patterns of glassy carbon, gold and nickel
electrodes and nickel deposit layer were analyzed by JADE6 analysis
software and the corresponding lattice parameters were calculated. The
results show that glassy carbon is an amorphous structure. The lattice
parameters of gold electrodes are a= b= c=4.078 Å, the lattice
parameters of nickel electrodes are a= b= c=3.524 Å, and the lattice
parameters of nickel deposit layer are a= b= c=3.529 Å. Therefore,
the difference of lattice parameters between nickel deposition layer and
glassy carbon, gold and nickel electrodes decreases in turn. The initial
nickel deposition potential was positively shifted in this order, since the
lattice difference between the nickel deposit and the substrate material
decreased sequentially, which redued the energy required for deposi-
tion and the deposition overpotential. Therefore, the nucleation and
growth of nickel during electrocrystallization were promoted in the
order of glassy carbon < gold < nickel, and the corresponding peak
current of deposition in the CV curves was −10.45, −13.70,
and− 11.20mA [16]. The peak deposition current for the gold elec-
trode was significantly higher than for the other two electrodes, in-
dicating that the current efficiency is higher on the surface of the gold
electrode.

It can be seen from Fig. 1(b) that the initial nickel deposition po-
tential on gold and nickel electrodes is shifted positively, the deposition
peak is shifted positively, and the dissolution peak is shifted negatively.
The corresponding deposition/dissolution peaks are located at −1.22/
−0.06 V and −1.20/−0.15 V, respectively. The electrodeposition of
nickel on the surface of gold and nickel electrodes is a reduction process
involving two electrons [22]. According to the illustration, the re-
spective range of the “inductive current cycle” for the gold and nickel
electrodes is −0.7198 to −0.8958 V and −0.6650 to −0.9202 V, in-
dicating that there is an overpotential for the nucleation process during
electrodeposition of nickel on these electrode surfaces. The equilibrium
potential of nickel deposition on the gold and nickel electrode surfaces

Table 1
Composition of the industrial electrolyte.

Ni2+ Cl− Na+ Cu2+ Fe2+ Co2+ H3BO3

75 g/L 70 g/L 40 g/L 3mg/L 4mg/L 20mg/L 5 g/L
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is −0.7198 and −0.6650 V, and the initial deposition potential is
−0.88 and −0.82 V, respectively. Therefore, the nucleation over-
potential was 0.1602 for the gold electrode and 0.1550 V for the nickel
electrode. In other words, the use of a nickel electrode reduces the
overpotential of nickel electrocrystallization relative to the gold elec-
trode.

By comparing Fig. 1(a) and (b), it can be found that in the cyclic
voltammetry experiment, the difficulty in forming the “inductive cur-
rent cycle” in the Cv curve obtained from the glassy carbon, gold and
nickel electrodes is sequentially increased when the scanning speed is
0.055 V·s−1 (the CV curve obtained by nickel electrode under this
condition did not form an “inductive current cycle”). The “inductive
current cycle” in the CV curve obtained by the gold and nickel elec-
trodes appears normally when the scanning speed becomes 0.040 V·s−1.
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Fig. 1. Cyclic voltammograms recorded for different electrodes in industrial
electrolytes at (a) 0.055 V·s−1 and (b) 0.040 V·s−1.
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In summary, in cyclic voltammetry experiments, the extent of the effect
of scanning speed on the electrocrystallization process of nickel varies
with the matrix.

From the experimental cyclic VeI curves in the industrial electro-
lyte, it is extremely difficult for the glassy carbon electrode to display a
normal deposition peak. On the gold electrode, the distribution of
nickel deposit layer is not uniform, while the nickel electrode has cer-
tain limitation on the initial potential and the positive range of the
potential window. Considering these facts, the gold and nickel elec-
trodes are more suitable working electrodes for CV experiments in in-
dustrial liquid electrolyte systems.

3.2. Chronoamperometry curves

Fig. 2 shows the chronoamperometry curves of nickel electro-
crystallization on glassy carbon, gold, and nickel electrode surfaces at
different step potentials. From Fig. 2(a), (b), and (c), when the step
potential is −0.85 to −1.00 V, the I-t curves on all substrates show a
gradual rise of current with time, reach a maximum value, and then
attenuate to a stable value (except the unstable part in the curve for the
glassy carbon electrode). In this process, when the deposition time is
short, the crystal nucleus size is small, and its growth is controlled by
diffusion, that is, the substrate surface undergoes a transience electric
double layer charging process to reach a maximum current Im (current
caused by nucleation process) at tm (tm is the relaxation time, which is
obtained by statistically calculating the raw data of Chronoampero-
metric curves) [19]. With the gradual extension of deposition time,
when the size of crystal nucleus keeps growing and reaches a certain
size, the influence of kinetic factors on this process cannot be ignored.
At this time, nucleation is no longer a pure diffusion control, but a
mixed control of diffusion and other electrochemical reactions
[19,23,24]. With the negative shift of the step potential, that is, when
the overpotential increases, the peak current Im increases, and its cor-
responding tm becomes shorter, indicating that a higher overpotential
increases the nucleation rate and decreases the nucleation induction
time. As time elapses, the current tends to be constant. With the ne-
gative shift of the step potential, the shorter the nucleation induction
time, the higher the maximum nucleation current, indicating that the
electrocrystallization of nanocrystalline nickel on the surface of these
three electrodes is characterized by three-dimensional nucleation
growth under typical diffusion control. Fig. 2(d) compares the I-t curves
of nanocrystalline nickel electrodeposition in industrial electrolytes at
different step potentials and on different substrates. The I-t curve for the
nickel electrode is significantly more regular than those of the glassy
carbon and gold electrodes with the negative shift of the step potential.
At a given step potential, the I-t curves are similar on different sub-
strates, but the nucleation relaxation time tm becomes shorter in the
order of glassy carbon > gold > nickel electrode. It shows that the

different substrates will affect the nucleation overpotential of nickel,
and the nickel electrode promotes nickel electrocrystallization nuclea-
tion relative to the glassy carbon and gold electrodes. These observa-
tions are consistent with the conclusion from the CV curves.

Fig. 2 shows that in the industrial electrolyte, as the deposition
potential is negatively shifted and the deposition time is prolonged, the
I-t curve for glassy carbon electrode becomes irregular and unstable due
to smoothing, so the obtained experimental data are less reliable. This
can be attributed to the poor adhesion of nanometer-sized nickel grains
on the surface of glassy carbon electrode, and the increased heat gen-
erated during the deposition due to excessive real current density. As a
result, the curve becomes unstable and the nickel deposition layer fall
off, and the instability time comes earlier when the potential is nega-
tively shifted. By comparison, the I-t curve for the gold electrode is
more stable, but the softness of gold makes it difficult to produce a
stable real electrode area in the pre-treatment process. That is, under
the same conditions, the true current density on the gold electrode can
vary. As a result, the I-t curves are not very repeatable and appear less
regular than those for the nickel electrode. In comparison, the I-t curve
for the nickel electrode is more stable and reliable than those from the
other two electrodes. This is because the electrodeposited layer in this
case has the same lattice properties as the nickel substrate, so that their
adhesion is significantly stronger. Also, since nickel is harder than
glassy carbon and gold, the nickel electrode can guarantee a stable real
electrode area after the pretreatment, making the true current density
relatively stable under the same conditions. When the step potential is
−1.00 V and the deposition time is gradually extended, the time it
takes for the nanocrystalline nickel electrodeposited layer to peel from
the electrode increased in the order of glassy carbon < gold < nickel.
Part of the reason is the increasing adhesion of nickel nanocrystalline
grains on the electrodes. Also, excessive current density accelerates the
electrodeposition rate of nickel ions on the substrate surface, and the
quality of electrodeposited nickel layer is ranked as glassy carbon <
gold < nickel electrodes. Finally, the amount of heat generated during
nickel deposition increases in the same order, and heating could also
induce detachment of the electrodeposited nickel layer [25]. In sum-
mary, the gold and nickel electrodes are more suitable as the working
electrode in chronoamperometry experiments using the industrial
electrolyte system. That is to say, the gold and nickel electrodes are
more suitable for scientific research on the electrocrystallization pro-
cess of nickel in industrial electrolytes.

After processing data from the I-t curves in Fig. 2, it can be seen
from Table 2 that as the overpotential increases, the relaxation time tm
of the nickel electro-crystallization nucleation on all three surfaces
gradually decreases, and the maximum current Im gradually increases,
Moreover, tm and Im showed irregular gradations for the glassy carbon
and gold electrodes, while the nickel electrode showed regular grada-
tions [16]. The value of tm (the nucleation relaxation time) for nickel
electrocrystallization at the same potential ranks as glassy carbon >
gold > nickel electrodes, indicating that the Ni2+ crystallization nu-
cleation on the substrate is increasingly promoted in this order. Also, in
Table 2 Im2tm changes in the order of glassy carbon > gold > nickel
electrodes at the same potential, and the corresponding Im2tm value
averaged over different potentials also decreases in turn, indicating

Fig. 2. Chronoamperometric curves at different step potentials on different
electrodes: (a) glassy carbon electrode, (b) gold electrode, (c) nickel electrode.
(d) Comparison of the three electrodes. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Table 2
Data obtained from the I-t curves for different electrodes. GCE: glassy carbon electrode.

E/(V) tm/(s) Im/(A×10−4) Im2tm/(A2 · s× 10−5)

GCE Au Ni GCE Au Ni GCE Au Ni

−0.85 43.054 29.204 16.854 −8.6 −9.8 −10.9 3.1843 2.8048 2.0024
−0.90 39.004 17.054 8.003 −13.7 −21.5 −20.6 7.3207 7.8832 3.3962
−0.95 14.954 7.654 4.603 −28.1 −33.9 −29.4 11.8078 8.7961 3.9786
−1.00 5.952 2.803 2.454 −35.4 −38.3 −40.5 7.4588 4.1117 4.0252
Average – – – – – – 7.4429 5.8990 3.3506
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decreasing number of nuclei for nickel electrocrystallization as glassy
carbon > gold > nickel electrodes at the same potential. In other
words, the substrate here affects the number of nuclei in nickel elec-
trocrystallization. The change of Im2tm among different substrates also
depends on the negative shift of the step potential: when the step po-
tential is shifted from −0.85 to −1.00 V, Im2tm increases for the nickel
electrode, while for the glassy carbon and gold electrodes this value
first increases and then decreases with the negative shift of step po-
tential, both reaching a maximum value at −0.95 V. Combined with
the above results and related literature, we can conclude that Im2tm first
increases and then decreases with the increase of overpotential, and
different substrates will affect the potential value corresponding to the
maximum value of Im2tm.

The following dimensionless theoretical relationship of transient
current in chronoamperometry is derived from the classical SH theo-
retical model [26]:

Instantaneous nucleation:
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where Im is the peak current and tm is the peak current time.
The experimental results in Fig. 2 were subjected to dimensionless

processing according to Eqs. (1) and (2). From the calculation, the I2/
Im2-t/tm curve is obtained and compared with the theoretical ones for
transient and continuous nucleation from the SH model (solid lines in
Fig. 3). As shown in Fig. 3, in the experimental potential interval, when
t < tm the curve of glassy carbon electrode is close to the continuous
nucleation, while that of tm < t < 1.5tm is close to the instantaneous
nucleation. For the gold electrode, the curve at t < tm gradually shifts
from continuous nucleation to instantaneous formation. Then, at
t > tm, the experimental curve gradually deviates from the in-
stantaneous nucleation curve and tends to be stable. For the nickel
electrode, when t < tm, the experimental curve is close to the theore-
tical curve of continuous nucleation, while that of tm < t < 2tm is
close to the instantaneous nucleation. Finally, for t > 2tm, the experi-
mental curve gradually deviates from the instantaneous nucleation
theoretical curve and tends to be stable. To sum up: the actual nu-
cleation curve for different substrates gradually changes from con-
tinuous nucleation to transient nucleation, but the time of the transition
is different [20]. So, although the choice of substrate does not change
the electrocrystallization mechanism of nickel, it will have an impact on
their transition.

Note that the nucleation process of nickel in industrial electrolytes
differs from that reported by Li [19] and Gomez et al. [12,14–16], who
used glassy carbon electrodes in a conventional electrolyte. Therefore,
the electrocrystallization process of nickel nanocrystals is more com-
plicated in industrial electrolytes than in an electrolyte with simple
components, such as watt liquid, etc.

3.3. SEM observation

The nanocrystalline nickel deposited on the surface of different
electrodes in the industrial electrolytic liquid system by chron-
oamperometry was observed by SEM. The results are shown in Fig. 4,
where panels a, b, and c are the microscopic morphology of nano-
crystalline Ni layer deposited at −1.00 V/4 s on glassy carbon, gold,
and nickel electrodes, respectively. Panels d and e are the microscopic
morphology of nanocrystalline Ni layer deposited at −1.00 V/8 s on
gold, and nickel electrodes, respectively. Panel f is the corresponding
chronoamperometric curve. In the initial stage of electrodeposition, the

deposited metal ions preferentially enter the existing lattice position on
the surface of the cathode under the action of the electric field on the
surface of the cathode to form a nickel deposition layer (the epitaxial
growth region) that is completely aligned with the crystal orientation of
the cathode [27]. From the images, the growth morphology of nickel
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Fig. 3. Comparison of the theoretical dimensionless plots for “instantaneous
nucleation” and “progressive nucleation” to the experimental data of nickel
nucleation on different substrate materials at potential vs. SCE. (a) Glassy
carbon electrode, (b) gold electrode, and (c) nickel electrode. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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electrocrystals clearly is different on the three substrates, due to the
different real current density on the electrode surface and the different
crystal orientations between the sediment layer and the substrate. The
grain size of the deposited nickel changes as glassy carbon > gold >
nickel electrode, because the ratio between the rate of actual nuclea-
tion and the rate of crystal nucleus growth increases in this order.
During the electrocrystallization of nickel, the number of nuclei on the
electrode surface increases as nickel < gold < glassy carbon, and the

deposition overpotential increased accordingly. Theoretically, the grain
size should decrease and the density of the sediment layer should in-
crease in this order. However, the changes in grain size and electro-
deposited nickel layer density on the surface of glassy carbon, gold and
nickel electrode from Fig. 4 differ from the theory. It can be seen from
Fig. 4 f that under the same conditions, the actual current density on the
surface of glassy carbon, gold and nickel electrodes increases in turn,
so, the grain sizes of the nickel nanocrystals deposited on the surface of

Fig. 4. Micromorphology of nickel deposits on (a) glassy carbon electrode, (b, d) gold electrode and (c, e) nickel electrode at (a, b, c) -1.00 V, 4 s and (d, e) -1.00 V,
8 s. (f) Corresponding chronoamperometric curves. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 5. Micromorphology of nickel deposits on (a, c) gold electrode and (b, d) nickel electrode at (a, b) -0.95 V, 100 s and (c, d) -1.00 V, 100 s. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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glassy carbon, gold and nickel electrodes were decreased successively
under the same conditions [21]. Since the hardness of gold is less than
the hardness of nickel, the polished gold electrode surface still has
minute scratches which are unevenly distributed, as well as some im-
purities that are difficult to remove. The presence of these defects
causes the surface of the gold electrode is uneven on micro-scale. The
nickel ions will preferentially deposit on the raised part of the electrode
surface due to high electric field density at the raised part on electrode
surface. The more nickel atoms have electrodeposited at the raised
parts, and grain size locality of nickel electro-crystallization has in-
creased. The course of reductive reaction is inhibited due to the relative
abundance of the Ni2+. The growth of nickel electro-crystallization is
hindered on the detection of concave points around the convex part
[28], which results in the uneven distribution of the nanocrystalline
nickel particles deposited on the surface of the gold electrode. Re-
garding the spatial distribution of nickel deposited under the same
condition, only about one fifth of the surface of glassy carbon electrode
was covered by nickel deposit, while the gold electrode was completely
covered with a nickel deposit layer that was not very even. In contrast,
the nickel deposit covers the entire surface of nickel electrode uni-
formly. This difference in the surface distribution of nickel deposit is
attributed to various factors, such as the different adhesion force of

nickel nanoparticles on the surface, the uneven distribution of defects
on the electrode surface, as well as incomplete purification of the
electrodes [7].

The nanocrystalline nickel deposited on the surface of gold and
nickel electrodes under other chronoamperometry conditions was also
observed by SEM. Fig. 5 a and b show the micro morphology of na-
nocrystalline nickel deposits obtained at −0.95 V/100 s, while c and d
are the micro morphology obtained at−1.00 V/100 s. From the figures,
the nickel deposit layer completely and uniformly covered the entire
surface of both electrodes. After ultrasonic cleaning of the nickel de-
posit, the surface of the gold electrode partially fell off while the nickel
electrode was intact, which is attributed to the increased adhesion of
the nickel nanocrystals on these electrodes (being consistent with re-
sults obtained by chronoamperometry). Under the same conditions,
when the deposition potential is changed from−0.95 V to−1.00 V, the
surface morphology of the nickel deposit layer obtained after 100 s of
deposition changes from “pyramid” to “rice grain”, that is, the epitaxial
growth mode shifts to the fiber texture growth mode. This is because as
the deposition potential increases, the grains grow rapidly along their
preferred orientation, but grow slowly or not at all in other directions.
That is, changing the deposition potential has an effect on the growth
morphology of nickel nanocrystals. Therefore, the growth mechanism

Fig. 6. Micromorphology of nickel deposits on nickel electrodes after (a) 0 s, (b) 2 s, (c) 4 s, (d) 6 s, (e) 8 s, and (f) 10 s (all at −0.90 V).

Y. Xu, et al. Surface & Coatings Technology 370 (2019) 1–10

7



and surface morphology of nickel electrocrystallization in industrial
electrolytes will change due to different deposition potentials and de-
position times [27]. The growth morphology of nickel electro-
crystallization on the surface of gold and nickel electrodes is similar
under the same deposition potential, since similar actual current den-
sities were passed through the two electrode surfaces and the orienta-
tion difference with the substrate is small. The deposited grain size was
smaller on nickel than on the gold electrode, according to the relatively
higher ratio between the rate of nucleation on the electrode surface to
the rate of nucleus growth on nickel electrode, which is consistent with
the conclusions obtained in Fig. 4.

Based on the above findings regarding the electrocrystallization
behavior of nanocrystalline nickel in the industrial electrolyte, the
nickel electrode was selected as the substrate after optimization, and
the step potential was set to −0.90 V. As shown in Table 2, the de-
position time at the peak current in the I-t curve at −0.90 V was
8.002 s. Therefore, the deposition time for the nickel electrode was set
as 0, 2, 4, 6, 8, and 10 s in turn. The resultant SEM images (Fig. 6)
confirm the transition in nickel nucleation mechanism from continuous

nucleation to instantaneous nucleation [20]. The grain size of nickel
nanocrystals changes from non-uniform to uniform with time under the
same potential, which is consistent with the transition in growth law
from continuous nucleation to instantaneous nucleation as revealed by
the chronoamperometry curves.

The nanocrystalline nickel deposited on the surface of nickel elec-
trode in the industrial electrolytic liquid system by chronoamperometry
was observed by tapping mode AFM. The results are shown in Fig. 7,
where panels a and b are the 2D and 3D topographic images of nano-
crystalline Ni layer deposited at −0.95 V/100 s on nickel electrode,
while c and d are the section analysis diagram and height cumulation
distribution map, respectively. From the figures, the nickel deposit
layer completely and uniformly covered the entire surface of nickel
electrode and the thickness of the nickel deposit layer is about 80 to
90 nm. Using the AFM image analysis system, the average roughness of
the surface of the nickel deposit layer is 8.71 nm, the root mean square
roughness is 11.1 nm, the peak-to-peak roughness is 68 nm, the average
particle size is 82.88 nm. From the section analysis diagram (Fig. 7 c),
we can conclude that the thickness of the deposited layer on the section

Fig. 7. Tapping mode AFM topographic images of nanocrystalline Ni layer deposited at −0.95 V, 100 s on nickel electrode. (a, b) 2D and 3D topographic images, (c)
section analysis diagram, and (d) height cumulation distribution map.
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is between 40 and 65 nm, and Ra is 11.2 nm, further indicating that the
nickel deposit layer obtained on the nickel electrode is uniformly dis-
tributed. From the height cumulation distribution map (Fig. 7 d), we
can conclude that the height of the nickel nanometer grain are con-
formed to the normal distribution, and most nanometer grain have a
height between 45 and 60 nm. This more fully illustrates that the nickel
nanometer grain are uniformly distributed on the surface of the nickel
electrode [29].

The nanocrystalline nickel deposited on the surface of gold elec-
trode in the industrial electrolytic liquid system by chronoamperometry
was observed by TEM. The results are shown in Fig. 8, where panels a,
b, and c are the TEM bright field image of nanocrystalline Ni layer
deposited at −0.95 V/100 s on gold electrode. It can be seen from the
figure that the grain size distribution in the deposited layer is uniform,
and the average grain size is about 200 nm, and there are more twin
structures inside the grains. Fig. 8d are the transmission electron dif-
fraction (TED) pattern of nanocrystalline Ni layer deposited on gold
electrode, from which we can see that the crystal structure of the de-
posited layer is face-centered cubic (fcc). From the metal crystal-
lography, we can know that the crystal structure of the nickel deposited
layer is face-centered cubic [30,31].

4. Conclusions

The nickel electrocrystallization process on different working elec-
trodes was examined in an industrial electrolyte. Voltammetric data
show that the initial deposition potentials of nickel shift to the positive
direction in the order glassy carbon < gold < nickel electrodes, while
the nickel deposition overpotential decreased at the same time.
Chronoamperometry results indicated that from the glassy carbon to
gold and nickel electrodes, the adhesion of nickel nanoparticles on the
electrodes increased, nucleation relaxation time became shorter, and
the number of nuclei decreased. As the deposition potential is nega-
tively shifted and the deposition time is prolonged, the I-t curves for the
nickel and gold electrodes is more stable and reliable than those from

the glassy carbon electrodes. Therefore, the glassy carbon electrode is
not suitable for prolonged high-potential electrodeposition experiments
in complex electrolyte systems, while the gold and nickel electrodes are
more suitable for studying industrial electrolyte systems.
Chronoamperometric studies combined with SEM show that the choice
of deposition substrate does not change the electrocrystallization me-
chanisms of nickel. From glassy carbon to gold and then nickel elec-
trodes, the electrocrystallization process changes from a three-dimen-
sional continuous nucleation/growth mechanism to a three-
dimensional transient nucleation/growth mechanism. When the de-
position time is extended from 0 to 10 s, the nickel nanocrystals change
from uneven sizes to uniform size. When the deposition time is 100 s,
the nanocrystalline nickel deposited on the nickel and gold electrodes
has good integrity and uniformity. This was also confirmed in studies
using atomic force microscopy and transmission electron microscopy.
Moreover, the results of transmission electron microscopy (TEM) show
that there are many twins in the nanocrystalline nickel layer deposited
on the gold electrode at −0.95 V, 100 s. The electrocrystallization
process of nickel is complicated by the complex ionic components in the
industrial electrolyte of the nickel sulfide soluble anode/mixed acid
system.
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