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The current paper aimed to investigate the mechanism of Ni-Se electrodeposition and contribute a comprehensive un-
derstanding of Ni-Se deposition by pulse potential technique. Firstly, electrochemical mechanisms including the reac-
tions and nucleation mechanism of Ni-Se on glassy carbon electrode were studied using cyclic voltammetry (CV) and
chronoamperometry (CA) techniques, respectively. Moreover, to investigate the nucleation and growth mode influ-
enced by different concentrations and applied deposition potential, experimental results were fitted into Bewick 2D
nucleation and Scharifker-Hills 3D nucleation models. Current transient curves showed the electrodeposition of Ni-
Se phase follows both the 2D nucleation and 3D progressive nucleation and diffusion-controlled growth. This work re-
ports how the deposition of Ni-Se nuclei by pulse potential method on different substrates and the dependence of pulse
parameters on the nucleation, growth, morphology, and stoichiometry of the nanostructured Ni-Se coating.
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1. Introduction

Among the chalcogenides of transitionmetals such as nickel, cobalt, and
cadmium, nickel-based selenides have attracted in the field of clean energy
production industry and storage devices manufacturing [1,2]. Based on the
phase diagram of Ni-Se system, there are three stable crystalline structures
at room temperature, i.e., Ni(1-x)Se (x = 0–0.15) with predominant hexag-
onal phase, NiSe2 which mostly have cubic structure and rhombohedral
Ni3Se2 [3]. Recent studies demonstrate the morphology richness of nickel
selenide (e.g. nanowires, nanoparticles, nanosheets, and spheres) that can
be produced by different synthesis methods, including solvothermal [4],
hydrothermal [5], electrodeposition [6,7], solid-liquid solution methods
[8], chemical vapor deposition [9], etc. In these methods, change of pH, re-
action time, reaction temperature, type of precursors, and Ni/Se ratios are
the effective parameters for manufacturing of the nanostructured Ni-Se
films with different properties such as type of morphology, surface rough-
ness, and particle size [10]. In recent years, the electrodeposition method
has drawn increasing attention compared with the other synthesis methods
of the catalysts. That is due to its simplicity, binder-free deposition, strong
adhesion of the deposited film to the substrate, low cost, time efficiency,
and controllability of the film thickness, morphology, and composition by
varying the deposition parameters [11]. Nowadays many papers are pub-
lished in thefield of synthesis of different phases of nickel selenides by elec-
trodeposition method. For instance, Lee and coworkers [11] synthesized
).
the nickel selenide thin films on fluorine-doped tin oxide conducting glass
substrate using pulsed-voltage electrodeposition method as counter elec-
trodes in quantum-dot-sensitized solar cells. They fabricated NiSe2 films
consist of clusters with crystalline NiSe2 nanoparticles by pulse voltage
electrodeposition and a dense Ni3Se2 film consists larger Ni3Se2 grains in
constant voltage electrodeposition.

Pu et al. [12] fabricated nickel diselenide nanoparticles on titanium sub-
strate by electrodeposition method at a constant potential of −0.45 V vs.
SCE (saturated counter electrode) for 1 h. They showed that the obtained
electrode is an active and robust catalyst for bothHER andOER in basic me-
dium. Zhu et al. [13] obtained the Ni-Se catalysts with different stoichiom-
etry using the electrodeposition at the various potentials. The results
showed the electrodes with different compositions possess different cata-
lytic performance for HER and OER. Gao and coworkers [1] studied the
electrocatalytic activity of electrodeposited Ni-Se as a bifunctional
electrocatalyst for anode and cathode in both water reduction and oxida-
tion. However, the purpose of the above investigations is the synthesis of
Ni-Se catalysts with different stoichiometry and morphology and investiga-
tion of their catalytic activities for HER andOER.While one step required in
controlling stoichiometry and morphology of deposited film is understand-
ing the electrode reactions and the mechanism of nucleation and growth in
electrocrystallization during the process of electrodeposition [14]. Re-
cently, Kutyla et al. [15] studied the mechanism of electrode reactions in
the process of Ni-Se co-deposition only using the CV technique. In order
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to a precise examination of diffusion and nucleation mechanism of electro-
deposition of Ni-Se. Feng et al. [3] synthesized Ni-Se phase from a chloride
bath at different temperatures and various deposition potentials. Cyclic
voltammograms and chronoamperometry techniqueswere used for investi-
gating the diffusion and nucleationmechanism of Ni-Se under the influence
of deposition parameters including temperature and the electrodematerial.
Nowadays, nickel selenides with different stoichiometry have emerged as a
counter electrode in solar cells [11], as anodic materials in supercapacitors
[2], and as electrocatalyst for HER and OER inwater splitting systems [13].
This is due to the high electrical conductive of nickel selenides owing to the
intrinsically metallic properties, unlike semiconductive oxides and sulfides
with poor electrical conductivity [16]. The other important factor for
achieving the improved catalytic activity is a high active surface area by en-
gineering the structure and composition [17]. Pulse potential electrodepo-
sition is a type of electrodeposition method in which by controlling many
parameters such as pulse frequency, duty cycle, on-time and applied poten-
tial, a nanostructured electrode with high active surface area can be synthe-
sized [18].

In the field of pulse electrodeposition, Ni-Se catalysts were deposited on
the nickel foam at different frequencies and the catalyst activities of ob-
tained electrodes were compared with the electrocatalytic performance of
the fabricated electrode at constant potential electrodeposition. However,
there is no comprehensive understanding of the electrodeposition of Ni-
Se phases using the pulse method as a suitable technique for optimization
of the structure, morphology, and thickness of film.

In this study, at first Ni-Se film was electrodeposited from a chloride
bath containing nickel chloride (NiCl2.6H2O), selenium dioxide (SeO2),
and lithium chloride (LiCl). The electrode reactions and nucleation and
growth mechanism of Ni-Se phase were investigated using electrochemical
methods (CV and CA techniques) and then the nucleation and growth of the
Ni-Se phase using the pulse potential electrodeposition were examined in-
fluenced by different duty cycles and material of the electrode in order to
define the optimum electrodeposition condition for synthesizing of Ni-Se
electrocatalysts with high electrocatalytic performance. All materials used
in this study were brought from Merck Company with high purity without
further purification.
Fig. 1. CV curves of Ni deposition from a bath containing 5 mMNiCl2.6H2O with a
scanning rate of 20 mV/s (blue curve) and Ni-Se deposition curve from a bath
containing 10 mM NiCl2.6H2O + 10 mM SeO2 with scanning rates of 20 mV/s
(red curve) and 2 mV/s (green curve).
2. Experimental procedure

Electrochemical tests were carried out using EG&G (model 273A)
and potentiostat (Autolab potentiostat/galvanostat 302 N device in a
conventional three-electrode cell. A glassy carbon electrode (GCE)
with a diameter of 3 mm was used as the working electrode, platinum
as a counter electrode, and SCE as a reference electrode. A solution con-
taining NiCl2.6H2O and SeO2 in different concentrations (10, 20, 40,
and 60 mM) was used to investigate the effect of bath concentration
on the nucleation and growth mechanism. 100 mM LiCl was added to
all electrolytes as a conductive agent. The electrochemical measure-
ments were carried out at room temperature and pH 2 adjusted by
HCl. Before the electrochemical tests, GCE was polished with 0.03 μm
alumina and then cleaned ultrasonically in ethanol. To investigate the
electrodeposition thermodynamically, CVs were performed at scanning
rates of 2, 5, 20, 40, and 100 mV/s in a potential range of 1.5 V (vs. SCE)
to−1.5 V (vs. SCE). The nucleation and growth mechanism was studied
by the CA technique at different potentials. For the pulse electrodeposi-
tion, E = 0 and − 1 V (vs. SCE) were applied during off time (toff) and
on time (ton), respectively. Copper plate and nickel foam with a surface
area of 1 cm2 and GCE were used as substrates during the pulse tech-
nique. SEM equipped by energy-dispersive X-ray spectroscopy (EDS) de-
tector (TESCAN VEGA3) was used for microscopic investigations.
A standard Nanoscope III of AFM was employed in the contact mode
to observe the surface topography of Ni-Se nucleus obtained at different
duty cycles. To study the phase formation, the XRD spectrum was col-
lected by Philips X'Pert Diffractometer (using Cu-Kα at an accelerating
voltage of 40 kV and a current of 40 mA).
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3. Results and discussion

3.1. Electrochemical study

3.1.1. Cyclic voltammetry

3.1.1.1. Electrochemical behavior of Ni-Se phase. Cyclic voltammetry was car-
ried out in a bath containing 10mMNiCl2.6H2O, 10mMSeO2, and 100mM
LiCl to investigate the electrodeposition thermodynamic and the electro-
chemical behavior of Ni2+ and H2SeO3 on GCE. The reason for selecting
GCE as the substrate is the probability of forming the intermetallic com-
pounds as the result of the reaction for a very reactive element of selenium
with a metal substrate [15]. The cyclic voltammetry curves of Ni-Se bath
and Ni only bath are shown in Fig. 1. According to the blue curve, with
scanning the potential from 0 to −1 V (vs. SCE) the current is almost
zero and with increasing the potential to negative values, the deposition
of bulk Ni starts (Eq. (1)) and a cathodic peak can be observed at −1.1 V
(vs. SCE). That is an indication of reducing the Ni2+ concentration in the in-
terface of electrode surface with electrolyte. It makes the electrodeposition
mechanism in diffusion control [19].

Ni2þ þ 2e− ¼ Ni ð1Þ

Increasing the current density at very negative potentials is due to the
reduction of the hydrogen ions in the electrolyte and hydrogen evolution
(based on the Nernst equation) [20]. During the reverse scanning of the po-
tential, oxidation of the deposited nickel begins and anodic current is in-
creased from almost −0.4 V (vs. SCE). For Ni-Se bath (red curve), the
cathodic current increases at −0.1 V (vs. SCE) during scanning the poten-
tial toward the negative values. It means that the deposition process shifts
to lower overpotentials in the presence of selenium ions. If the reason for
the large overpotential for Ni only bath, attributes the effect of polarization
of Ni2+ on the surface of GCE, the shifting of the cathodic peak to the lower
potentials after introducing the SeO2 to the bath will be due to the depolar-
ization effect. That is the reduction of H2SeO3 and the reaction of the reduc-
tion products with Ni2+ which makes the presence of the first cathodic



Fig. 2. CV curves of Ni-Se deposition from the bath containing 10 mM
NiCl2.6H2O + 10 mM SeO2 at different scan rates (2–100 mV/s) together with
the linear variation of peak current density (ip) versus square root of scan rate
(ʋ0.5), extracted from CV curves of Ni-Se deposition from bath containing 10 mM
NiCl2.6H2O + 10 mM SeO2 on GCE.
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peak at less negative potentials [21]. Moreover, in the Ni-Se curve, three
peaks can be observed at −0.49 V (A1), −0.63 V (A2), and − 0.9 V (vs.
SCE) (A3) during the scanning in the negative direction. In Ni-Se co-
deposition process, because of being three oxidation states for Se (+6,
+4, −2), its electrochemistry is very complex and several electrode reac-
tions may be take place simultaneously on the GCE surface [15]. selenous
acid that is the product of reaction SeO2 with H2O is reduced to Se and
H2Se according to Eqs. (2) and (3), respectively [14,15]. The cathodic
peak A1 can be attributed to the four electrons reduction reaction of
H2SeO3 to Se [14,15]. Because of being very low cathodic current density
resulting from the low rate of the reaction, the attributed peak cannot be
observed at a high scanning rate.

H2SeO3 þ 4Hþ þ 4e− ¼ Seþ 3H2O ð2Þ

H2SeO3 þ 6Hþ þ 6e− ¼ H2Seþ 3H2O ð3Þ

The cathodic peak of A2 with more cathodic current than the peak A1

can be associated with the six-electron reaction of reduction to H2Se [15].
In order to simplify the complexity of Se electrochemistry, the CV curves
were presented for the bath containing a constant concentration of
NiCl2.6H2O and different concentrations of SeO2. This section was pre-
sented in the supporting information. In the next step, at more negative po-
tentials the reaction of Ni2+ ions near the electrode surface with H2SeO3

leads to the appearance of peak A3 at −0.9 V (vs. SCE) and the formation
of Ni2Se film (Eq. (4)) [15].

2H2SeO3 þ Ni2þ þ 8Hþ þ 10e− ¼ NiSe2 þ 6H2O ð4Þ

During the scanning in the positive direction, three peaks appear. The
first peak (B1) is close to that the anodic peak in Ni only bath in which
the oxidation of deposited nickel that is not bonded with Se, begins. In-
creasing the current density resulted from the oxidation of metallic Ni in
Ni-Se bath (B1) in comparison with the current density of the anodic peak
in the bath containing onlyNi2+ ions can be due to both increase of the con-
centration of Ni2+ in the bath (10 mM) and the increase of dissolving rate
of deposited nickel in the presence of H2SeO3 in the electrolyte. It means
that the Se or H2Se can induce the deposition of Ni (Eq. (4)) or even the
other transition metals [14,15,22]. The second oxidation peak B2 is at
0.6 V (vs. SCE) can be related to the anodic dissolving of Ni-Se phase
[14]. The appearance of oxidation peak B3 at the high scanning rate of po-
tential can be an effect of co-deposition of nickel and selenium at the more
positive potential than the reduction potential which is named as under po-
tential deposition based on the kinds of literature [14,15].

At the low scanning rates, the reverse scan crosses the forward scan and
a ring that is called nucleation loop is observed atmore positive than the de-
position potential of Ni-Se phase (−0.9 V vs. SCE). As seen in Fig. 1 (green
curve), the current density during the reverse scan ismore than the forward
scan. It indicates that the deposition of Ni-Se phase on the surface of the
synthesized Ni-Se is easier than the nucleation of Ni-Se phase on GCE
[19,23]. The formation of the nucleation loop in CV curve demonstrates
the nucleationmechanism of Ni-Se phase on GCE [24]. There are two cross-
overs in the loop which are signed as the reversible potential (Ec) and the
nucleation potential (En) (see the green curve of Fig. 1) [25]. In CV curve,
the difference of the cathodic peak (A3) and the anodic peaks (B2 or B3) is
more than 0.0299 V. It confirms the irreversibility of the Ni-Se phase elec-
trochemical deposition [19].

3.1.1.2. Deposition mechanism of Ni-Se phase. To analyze the deposition
mechanism of Ni-Se, CV was carried out with different scanning rates.
Fig. 2 shows CV curves of the electrochemical deposition of Ni-Se at scan-
ning rates of 2 to 100 mV/s. It can be seen that with applying the scanning
rate at higher values, the position of the cathodic peaks of NiSe2 formation
(Fig. 1) shifts to the more negative potentials, and also the cathodic current
density of the peak increases [14]. Using Randles-Sevick equation [26] the
dependency of the cathodic current density peak (ip) resulting from the CV
3

curves at different scan rates on the root of scanning rate ʋ0.5 is depicted in
the insert of Fig. 2. According to Eq. (5), the linear variation of ip against
ʋ0.5 demonstrates that the electrochemical deposition of Ni-Se phase is an
irreversible and diffusion-controlled process [27]. On the other hand, the
reduction of process during the electrodeposition of Ni-Se phase is con-
trolled by mass transfer. The value of ip at ʋ1/2 = 0 indicates that the elec-
trodeposition process involving a nucleation process.

ip ¼ −0:496nF
3
2CD

1
2v

1
2
αnα
RT

� �1=2 ð5Þ

where R is the gas constant, T is the temperature, α is the charge transfer co-
efficient, n is the number of transferred electrons, F is the Faraday constant,
and C is the total concentration of the electroactive species in the solution
[3,28,29].

3.1.2. Chronoamprometry
Since the driving force of an electrochemical reaction is affected by the

applied overpotential, chronoamperometry as a potentiostatic transient
measurement can be an appropriate method to study the nucleation and
growth mechanism of electrodeposition of Ni-Se phase on GCE. Fig. 3
shows the chronoamperometry curves of deposition process from different
baths at the potential of−1 V (vs. SCE), (according to the CV curve) to be
more negative than the cathodic potential (−0.9 V vs. SCE for the bath of
10 mM NiCl2.6H2O + 10 mM SeO2) [29]. As can be observed, all curves
have the same trend (increase and reduction of current density) that is
confirming with the nucleation loop in the CV and reveals that the nucle-
ation and growth process occurs during the electrochemical deposition of
Ni-Se phase [19,23]. For all the transients, there is an initial current
decay in very short times which can be due to the adsorption and/or
double-layer charge [20]. After the initial drop in current density, it in-
creases with time which is related to the nucleation and increase of the
number of nuclei [19,20,29]. Under diffusion control, there is a diffusion
zone around each of the growing new phase nuclei. With the passing of
the time, the current density reaches its maximum and overlapping the



S. Esmailzadeh et al. Journal of Electroanalytical Chemistry 881 (2021) 114949
diffusion zones results in a peak. Over time and after the peak, the current
density decreases by limiting the mass transfer of ions to the electrode sur-
face that obeys the Cottrell equation [20,30]. Fig. 3 shows that the value of
maximum current (imax) is increased and shifted toward shorter times with
increasing the concentration of precursor ions. It can be due to the increase
in the number of nuclei and overlapping the diffusion zones and conse-
quently passes the maximum value of current in shorter time (tmax) [19].
The nucleation and growth mechanism for two baths of 10 and 60 mM
using the mathematic models was studied. At first, the initial part of the ex-
perimental transient current related to the adsorption process using
Langmuir-type adsorption–desorption equilibrium (as shown in Eq. (6))
was specified [23] (Fig. S2 a and b).

jads ¼ k1 exp −k2tð Þ ð6Þ

The initial part of the curves was plotted as the logarithm of current
against the time and fitted to Eq. (6). The linear section of the curves (ad-
sorption current) which were fitted to Eq. (6) was subtracted. Therefore,
the remaining current will correspond to the faradic processes [23].
Fig. S3 depicts the modified chronoamperometry curves of two baths, as
can be observed there are two peaks for the current transient curve of the
bath of 10 mM NiCl2.6H2O + 10 mM SeO2. So, based on the shape of the
experiment current transient, two mathematical models for the nucleation
and growth mechanism were considered. As seen in Fig. S3 for 10 mM
bath, at first, the current density increases, and after the current peak at
1.8 s, the current density decreases and tends to zero which is consistent
with a two dimensional (2D) nucleation model presented by Bewick et al.
[31]. Over time, the current density increases again. It is then followed by
reducing at a slow rate because of the diffusion-controlled growth. These
current transients over time can be a typical of three dimensional (3D) nu-
cleation and growth model based on a theoretical model presented by
Scharifker and Hills [32].

Bewick model was used to compare the theoretical model with experi-
mental results. In this model, two types of nucleation including, instanta-
neous and progressive nucleation are considered. In instantaneous
nucleation, after applying the overpotential, all available active sites on
the surface are activated simultaneously in a very short time and after
that, the formed nuclei only grow. So, it is expected that the nuclei have
the same size in this model. But, if the nucleation rate is not very high,
Fig. 3. Current-time transients of Ni-Se deposition at−1 V (vs. SCE) from different
baths.
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the number of nuclei will be less than the maximum value and the nucle-
ation will be progressively on the surface during the growth [14,33]. The
theoretical relationship presented by Bewick et al. is as follows,

Instantaneous nucleation:

I ¼ 2πnFMhN0k2t
ρ

exp −
πN0M2k2t2

ρ2

� �
ð7Þ

Progressive nucleation:

I ¼ πnFMhAN0k2t2

ρ
exp −

πN0AM2k2t3

3ρ2

� �
ð8Þ

where nF is the molar charge of the depositing species, M is the mole mass,
ρ is the mass density, N0 the number density of active sites, AN0 is the rate
of nucleation, h corresponds to the height of the nuclei disk and k is the re-
action of kinetic constant.

Non-dimensional forms derived fromEqs. (7), (8) is given by the follow-
ing equations (9), (10),

I
Im

¼ t
tm

exp −
t2−t2m
� �
2t2m

� �
ð9Þ

I
Im

¼ t2

t2m
exp −

2 t3−t3m
� �
3t3m

� �
ð10Þ

The second peak in the current transient curve is consistent with the 3D
nucleation model which was stated by Scharifker and Hills (SH model)
[32]. In thismodel, the 3D nucleation process is controlled bymass transfer
as a hemispherical diffusion to the growing crystallites. The SH model in
the form of non-dimensional forms derived Eqs. (11), (12) are given by
Eqs. (13), (14) for instantaneous and progressive nucleation respectively.

Instantaneous nucleation:

i ¼ zFπ 2DCð Þ3=2NM1=2

ρ1=2
t1=2 ð11Þ

Progressive nucleation:

i ¼ 2zFπ 2DCð Þ3=2N0M1=2

3ρ1=2
t3=2 ð12Þ

where D, C are diffusion coefficient and bulk concentration.

i
imax

� �2

¼ 1:9542
t=tmax

1− exp −1:2564
t

tmax

� �� 	� �2

ð13Þ

i
imax

� �2

¼ 1:2254
t=tmax

1− exp −2:3367
t

tmax

� �2
" # !2

ð14Þ

where i is the current density, im is the maximum current density, t is time,
and tm is the time corresponding to the maximum current density.

tFig. S4 shows the comparison of the normalized experimental results
with the theoretical curves for 2D and 3D nucleation. It is clear that the
deposition of the Ni-Se phase on the GCE from two baths follows closely
the theoretical 2D and 3D nucleation models. In this regard in the bath of
10 mMNiCl2.6H2O+ 10 mM SeO2, for 0.5< t/tm< 1.4 the experimen-
tal data follows the 2D progressive nucleation model (Fig. S4 a) and for
t/tm> 1.4 the obtained results are consistent with the 3D progressive nucle-
ationmodel and diffusion-controlled growth (Fig. S4 b). Therefore the elec-
trodepositionmechanism of Ni-Se phase consists of at least three processes:
adsorption for 0< t<0.2, 2D progressive nucleation for 0.9< t<2.2 and
3D progressive nucleation and diffusion-controlled growth for t > 2.2
(Fig. 4a). Moreover, there is an anomalous behavior for 0.2 < t < 0.9
that may be due to the occurrence of a combination of the processes
that have not been considered in these models [20]. Fig. S4 c and d



Fig. 4. The electrodeposition process of Ni-Se at −1 V (vs. SCE) on GCE from (a) the bath of 10 mM NiCl2.6H2O + 10 mM SeO2 containing 2D and 3D nucleation with
diffusion-controlled growth and (b) the bath of 60 mM NiCl2.6H2O + 60 mM SeO2 containing 2D and 3D nucleation with diffusion-controlled growth, based on the
mathematical models.
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shows the experimental data for 60 mM bath along with the lines for 2D
instantaneous nucleation and 3D progressive nucleation and diffusion-
controlled growth. As observed the electrodeposition of Ni-Se phase
follows both the 2D instantaneous nucleation and 3D progressive nucle-
ation for 0.2 < t/tm < 1.7 and for t/tm > 1.7 the slow reduction of
current density is along with the diffusion-controlled growth (Fig. 4b).

To investigate the effect of applied overpotentials on the nucleation and
growthmechanism, the chronoamperometry was carried out at more nega-
tive potentials than the last cathodic peak from the CV curve in 10 mM
bath. Fig. 5 illustrates that the pattern of current changes over time is re-
peated at different applied potentials. In other words, at all applied poten-
tials there is an initial drop in the current density then increase of the
current density and followed by creating a current peak as the result of
Fig. 5. Current-time transients of Ni-Se deposition from the bath of 10 mM
NiCl2.6H2O + 10 mM SeO2 at different deposition potentials.
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the overlap of diffusion zones, and then the current decreases over time
slowly due to the limitation of mass transfer to the growing nuclei [20].
But the curves shift to the longer time at low applied potentials and lead
to an increase of tmax. It means that at low overpotentials, the overlapping
of the diffusion zones takes longer time that is possibly due to the surface
adsorbed hydrogen bubbles [20]. In contrast by applyingmore negative po-
tentials for deposition, because of reducing the activation energy for the nu-
cleation and growth, the required time for reaching the maximum current
and the diffusion growth of nuclei is decreased [19]. The other reason for
the faster reaching of diffusion-controlled growth corresponds to an in-
crease in the surface area. Also, it can be seen that at more negative poten-
tial, the initial decay in the current density does not occur completely. One
possible reason for that can be the deposition of the Ni-Se phase at the po-
tential that lies very close to the hydrogen evolution potential at the rate
that can not be ignored or the rapid replacement of consumed ions that
causes the less drop of current [20].

3.2. Microscopic study

In order to study the morphology of Ni-Se nuclei deposited from the
10 mM bath and confirm the resulted nucleation and growth mechanism
from the chronoamperometry curve, SEM images from the Ni-Se nuclei de-
posited on S.S at the electrodeposition potential of −1 V (vs. SCE) and for
different deposition times were used based on the chronoamperometry
curve presented in Fig. 6. As can be observed, there are several growth cen-
ters on the matrix of substrate. EDS analysis showed that these growth cen-
ters formed at 0.15 s is the Ni-Se initial nucleus. By increasing the
electrodeposition time to 1.5 s the nucleus grow in a two-dimensional
shape with different sizes. According to the low concentration of the depo-
sition bath for observing the three-dimensional growth of the nucleus, the
electrodeposition time was increased to 60s. As seen in Fig. 6 by increasing
the time of deposition and entering the 3D growth step based on the
chronoamperometry curve, the 3D growth of the nucleus by joining the
2D nucleus together was continued and distribution of nucleus with differ-
ent sizes was produced that was a confirmation of the progressive nucle-
ation mechanism.

3.3. Effect of pulsed potential on nucleation and growth

In the pulse electrodeposition of Ni-Se, the cathodic current density is
corresponding to the reduction processes of ions and formation of Ni-Se



Fig. 6. SEM images of nucleation and growth mechanism of Ni-Se deposition on S·S at different deposition times.
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deposits during ton and the anodic current density during toff which is ap-
proximately zero is related to the dissolution of the deposits. So in this
study toff is the rest time for recovering the diffusion layer of the reactants
H2SeO3 and Ni2+ near the surface; i.e. reducing the concentration polariza-
tion in the adjacency of the cathode. In order to investigate the relationship
between the duty cycle in the pulse electrodeposition and the cathodic cur-
rent density related to the reduction processes, the first magnitude of ton
was selected 0.5 s and for the reduction of duty cycle in the next steps,
The magnitude of ton in each step was reduced to half of the previous step
(toff = ton + 20 ms). For each ton, a current-time curve was obtained. In
each pulse, there are a cathodic current density for ton (where it is stable)
and an anodic current density for toff (which is approximately zero here).
The constant magnitude of the cathodic current density for each ton (duty
cycle) was presented in Table 1. Fig. 7 depicts the current density obtained
from current density-time (i-t) curves of pulse plating of Ni-Se films at the
Table 1
The cathodic current density of pulsed electrodeposited Ni-Se film on GCE obtained
for several pulse times and duty cycles.

Pulse time (ton/s) i (mA/cm2) Duty cycle (%)

0.5 −7.5 96
0.25 −2.9 92
0.125 −3.2 86
0.0625 −2.1 76
0.0312 −3.4 61
0.0156 −5.6 44
0.0078 −9.2 28
0.0039 −13.2 16
0.00195 −16.5 9
0.000975 −27.4 5
0.000487 −48.2 2
0.000244 −63.7 1

F
fi
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constant potential of −1 V (vs. SCE) as the cathodic deposition bias with
different pulse times (ton) and duty cycles. According to the i-ton curve,
the produced current density as the required driving force energy for the re-
duction of ions and the deposition process changes with the variation of the
frequency of pulse (change of duty cycle from 100% to 1%). At constant ap-
plied potential, the value of the current density is high when the pulses are
very short.

The increase of the cathodic current density with reducing the pulse
time and duty cycle is well illustrated in Fig. 7. The increase of the cathodic
ig. 7. Evolution of the cathodic current density (i) of pulsed electrodeposited Ni-Se
lm on GCE obtained for several tons and duty cycles.



Table 2
The roughness numbers calculated from AFM analysis.

Condition Ra (nm) Rp-v (nm) RMS (nm)

GCE 9.48 146.4 12.69
D.C = 1% (ton = 0.000244 s) 9.76 257.9 13.22
D.C = 70% (ton = 0.0625 s) 6.91 93.26 8.85
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current density with reducing the pulse time and duty cycle can be due to a
decrease in the reduction of ions during the ton and the effect of concentra-
tion polarization.

To study the effect of changing the duty cycle on the nucleation and
growth mechanism, 2D and 3D images produced by atomic force micros-
copy (AFM) were used. Fig. 8a is attributed to the surface topography of
GCE before electrodeposition. 3D image of GCE shows that the surface is
not flat and has highs and lows. By electrodeposition at −1 V (vs. SCE)
and the duty cycle of 1% (ton= 244 μs) for 1 pulse, the presence of the ini-
tial nuclei (growth centers) is observed. The 2D and 3D images of Fig. 8b
depict the shape of cross-section and the height of the nuclei formed during
1 pulse. Increasing the duty cycle to 70% (ton = 0.0625 s) shows that the
distribution of the size of growth centers is different that is indicative of
the progressive nucleation also the number of nuclei is more and the size
of their cross-section (according to the 2D image of Fig. 8c) is bigger than
the shorter pulse time. While according to the roughness parameters pre-
sented in Table 2 and the current-time curves presented in Fig. S5 a and
b, can be concluded that increasing current density in shorter pulse time
has a significant effect on the growth of initial nuclei and their height
Fig. 8. AFMmicrograph of glassy carbon electrode (a), Ni-Se film deposited on GCE for o
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which leads to an increase in the average surface roughness while the lon-
ger pulse time causes to increase the number of growth centers and the size
of their cross-sections. It makes that the average surface roughness reduces
with increasing the duty cycle.

In comparison with the direct electrodeposition in which the current
density is the only parameter for optimization, there are different parame-
ters of on-time (ton), off-time (toff), pulse frequency, and peak potential (cur-
rent density) in the pulse electrodeposition for improving the deposits
morphology and optimization the available surface area. In order to deter-
mine the influence of on-time (duty cycle) on the nucleation and growth
mechanism, pulse potential electrodeposition was carried out with the
ne cycle with ton= 0.000244 s (D.C= 1%) (b) and ton= 0.0625 (D.C= 70%) (c).



Fig. 9. SEM images of Ni-Se film deposited on Cu at−1 V (vs. SCE) with toff = 300 ms and ton = 700 ms (a), 300 ms (b), 128 ms (c) and 33 ms (d).
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constant potential of−1 V (vs. SCE) and several tons from 700 ms to 33 ms
with a fixed toff at 300 ms. To investigate the influence of the electrode ma-
terials on the morphology, copper sheet and nickel foam were used as the
substrate.

The morphologies of Ni-Se films synthesized on the copper sheet and
nickel foam at the constant potential of −1 V (vs. SCE), toff of 300 ms,
and ton from 700 ms to 33 ms are shown in Figs. 9 and 10 respectively.
As was stated, the deposition of a film on a substrate using the electrodepo-
sition method involves two processes: (1) nucleation of surface nuclei and
(2) growth and formation of a coherent deposit [34].

According to the SEM images shown in Fig. 9, there is a dual structure
for the film prepared on Cu for 10 min (sum of tons) [7]. Fig. 9a. shows a
dense morphology with almost cubic particles for ton duration of 700 ms.
Fig. 10. SEM images of Ni-Se film deposited on NF at−1 V (vs. SCE) with tof
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In this condition the longer period of ton than toff leadingmore growth of be-
fore nuclei than newnucleation that causes formation of a densefilm on the
substrate. Fig. 9b. illustrates a blade shape structures covered by spherical
particles. Applying the cathodic potential each time for a smaller duration
(ton) makes new nucleation on the film surface and restricts the growth of
before nuclei. This causes more nuclei with a smaller size on the surface
in a very short ton [11,35]. Therefore as we expected in the ton of 128 ms
the number of blades and particles was increased (Fig. 9c) and also
Fig. 9d. with bigger magnification shows the film surface covered with
plenty of nuclei that have not had enough time to grow [36]. The current-
time curves shown in Fig. S6 illustrate that the cathodic current produced
during the pulse electrodeposition increased by decreasing the ton period.
The different microstructures of the fabricated films in various ton can be
f = 300 ms and ton = 700 ms (a), 300 ms (b), 128 ms (c) and 33 ms (d).



Fig. 11. XRD pattern of the film produced by pulse depositing at −1 V (vs. SCE)
with ton = 300 ms and toff = 300 ms on GCE(a), Cu (b), and NF (c).
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attributed to the different cathodic current. The SEM images presented in
Fig. 10 display the porous film structure composed of nanosheets for the
products obtained in the tons of 700, 300, and 128 ms (Fig. 10a, b, and c).
But for the ton period of 128 ms the number of nanosheets increased and
their size decreased. The presented morphology for the Ni-Se film formed
in 33 ms was different from that observed in the high ton. Fig. 10 d shows
a nanowire array with a cluster shape structure in which their tops are at-
tached to form a porous structure with a high surface area. According to
the SEM images, it was found that the duty cycle (ton) and even substrate
mostly affect the nucleation. Fig. 11 represents the XRD patterns of Ni-Se
electrodeposited on GCE, Cu and nickel foam at −1 V (vs. SCE) with the
same ton = 300 ms and toff = 300 ms. Comparing the obtained diffraction
patterns with the standard patterns exhibited the stochiometric nickel sele-
nide (NiSe) with the hexagonal structure for the film deposited on nickel
foam and cubic NiSe2 phase for the product electrodeposited on Cu and
GCE. Obviously, the effect of the substrate can be realized on the type of
Ni-Se phase electrodeposited from the same electrolyte.

4. Conclusion

In this paper, the voltammetric study was carried out to determine the
electrochemical reactions of the electrolyte during the deposition of Ni-Se
film on GCE. Based on the CV, potentials lower than −0.9 V (vs. SCE)
were introduced as the appropriate potential for the Ni-Se deposition.
Fitting the results obtained from the CA curves to the theoretical models re-
vealed that the electrodepositionmechanism of Ni-Se film from the electro-
lyte containing different concentrations consists of at least three processes:
adsorption for a very short time, 2D nucleation and 3D progressive nucle-
ation, and diffusion-controlled growth for a long time. By applying more
negative potentials for deposition, because of reducing the activation en-
ergy for the nucleation and growth, the required time for reaching the max-
imum current and the diffusion growth of nuclei was decreased and the
current transient curve was shifted toward the shorter times. Moreover, in
the pulse potential electrodeposition, the cathodic current density as the re-
quired driving force energy for the reduction of ions increased with reduc-
ing of the pulse time and duty cycle. Indeed, in the pulse potential
electrodeposition, because of the more nucleation than the growth during
9

the short ton (small duty cycle), the number of nuclei increased and their
size decreased with a decrease of the on-time that makes a morphology
with nanostructures.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jelechem.2020.114949.
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