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Abstract: The nucleation and growth mechanism of electrodeposited Ni—W alloy were investigated. Cyclic
voltammetry (CV) and chronoamperometry (CA) were used to examine the electrochemical behavior and nucleation
mechanism of the electrodeposited Ni—W alloy. The nucleation type and kinetic parameters of the electrodeposited
Ni—W alloy were obtained from the CA analysis results. SEM, AFM, and TEM were also used to investigate the
nucleation and growth process of the electrodeposition of Ni—W alloy. The results demonstrate that the nucleation and
initial stages of the growth phase of the Ni—W alloy undergo the formation, movement, and aggregation of atoms, single
crystals, and nanoclusters. When the size of single crystal increases up to approximately 10 nm and the average size of
the crystal granules is approximately 68 nm, they no longer grow. Increasing the applied potential increases the number
of nuclei but does not affect the size of the final crystal granules. Therefore, the electrodeposited Ni—W alloy shows a

nanocrystalline structure.
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1 Introduction

Metal and metal alloy deposits have been
widely used in the industry due to their excellent
properties, such as corrosion resistance, and wear
resistance [1—4]. The important method for
preparing metal and metal alloy deposits is
electrodeposition [5—8]. The morphology, structure,
and properties of the electrodeposited metal or
alloy deposits are determined by the initial stages
of the electrochemical nucleation and growth
process [9,10]. Many researchers have studied the
nucleation and growth process of monometals in the
initial stages of electrodeposition and obtained
some valuable results [11—14]. HILLS et al [15]
revealed the nucleation and growth mechanism of
in the electrodeposition process. They
proposed that in the early stage of the electro-
deposited silver, silver ions were reduced to silver

silver

atoms, and the silver atoms gathered together to
form independent nuclei by migration. The nuclei
then grew by direct reduction of atoms on the
surface of the nuclei or gathering of different nuclei
via migration on the surface of the electrode [15,16].
SCHARIFKER and HILLS [17] studied the
nucleation and growth of mercury and lead in the
electrodeposition process. They proposed the
Scharifker—Hills (SH) nucleation model, which is
based on the analysis of potentiostatic current
transients and describes a mechanism involving
three-dimensional multiple nucleation with the
growth rate of hemispherical nuclei controlled by
semi-infinite linear diffusion. The current response
during the electrodeposition process was described
for two limiting cases: instantaneous nucleation and
progressive nucleation. SCHARIFER et al [18] also
studied the electrodeposition process of lead and
proposed an expression for the current transient.
They thought that instantaneous nucleation and
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continuous nucleation were only the two extreme
cases in the lead electrodeposition process.
MIRKIN and NILOV [19] proposed a three-
dimensional nucleation and growth model of a
monometal in the electrodeposition process by
considering the effects of ion diffusion, quasi-
reversible charge transfer, and adsorption atomic
rearrangement.

The electrodeposition of some metal alloys
was also reported. CAO et al [20] investigated
the initial stages of As—Sb alloy electrodeposition
and thought it followed the three-dimensional
nucleation and growth model under diffusion
control. AGUIRRE et al [21] studied the nucleation
and growth mechanism of Cu—Co alloy and
proposed that the electrodeposition process
involved multiple nucleation stages, beginning with
the three-dimensional instantaneous nucleation and
then changing to continuous nucleation. Limited by
the detection technique, they could only use
traditional electrochemical techniques to conduct
the study. They thought that the nucleation and
growth were caused by the direct attachment of
atoms to the nuclei through movement.

With the development of electron microscopes
such as TEM, SEM and AFM, researchers can
directly observe atoms, clusters and nanoparticles.
USTARROZ et al [22—24] studied the initial stages
of electrochemical nucleation and growth of silver
and platinum by TEM. They observed that the
nucleation and growth of metal caused by direct
attachment as described by early researchers
accounted for only a small part, most of which
were completed by surface movement and
polymerization of nanoclusters. Based on these
observations, they proposed the mechanism of
electrochemical agglomeration growth, which gave
a new insight into the nucleation and crystal growth
in the electrodeposition of metal.

So far, the study of early stages of
electrochemical nucleation and growth of metal
alloys by TEM, SEM and AFM has been less
reported. Understanding the early stages of
electrochemical nucleation and growth of metal
alloys is very important to control the electro-
deposition process and obtain the desired properties
of metal alloys [25—28]. Ni—W alloys are important
engineering materials [29]. In this work, we
examined the early stages of electrochemical
nucleation and the growth mechanism of electro-

deposited Ni-W alloy via SEM, AFM, TEM and
electrochemical detection methods.

2 Experimental

Ni—W alloy was electrodeposited from the
bath consisting of 0.076 mol/L nickel sulfate
hexahydrate (NiSO4 6H,0), 0.091 mol/L sodium
tungstate dihydrate (Na,WO,4-2H,0), 0.095 mol/L
citric acid monohydrate (CsHgO;-H,O) and
0.076 mol/L.  sodium citrate tribasic dihydrate
(C¢HsNa;07;-2H,0). The pH of the solution was
adjusted to 6.9 with ammonia. All reagents were of
analytical grade and were used as received. The
electrolytes were prepared using distilled water.

Cyclic voltammetry and chronoamperometry
were carried out in a conventional three-electrode
cell with CHI660B electrochemical workstation.
Glassy carbon electrode with a diameter of 3 mm,
platinum wire, and saturated calomel electrode
(SCE) were used as the working electrode, counter
electrode, and reference electrode, respectively. The
scan rate was 10 mV/s and the scan potential region
ranged from 0 to —1.55 V. The deposited samples
were obtained by potentiostatic electrodeposition in
the corresponding bath. Before each experiment, the
glassy carbon electrode was polished successively
with 0.3 and 0.05 pm alumina powders. Then, the
electrode surface was rinsed thoroughly with
distilled water and ultrasonically cleaned with
distilled water, absolute ethanol, and distilled water
for 3—5 min to remove surface impurities. Finally,
the electrode surface was rinsed once again with
distilled water and dried at room temperature. The
TEM samples were directly deposited onto the
carbon-coated copper TEM grids. The TEM grids
were placed on the top of the glass carbon electrode
and fixed to the grid by means of adhesive tape.
In both cases, the electrolytes were previously
deaerated by N».

The surface morphology of Ni—W alloy at the
early growth stages was determined by scanning
electron microscopy (SEM, Hitachi S4800) and
atomic force microscopy (AFM, Bruker MultiMode
8). Transition transmission electron microscope
(TEM, JEOL JEM-2100plus) was used for the
observation of the morphological and structure
characterization of the electrodeposited Ni—W alloy
at the early growth stages. An X-ray energy
dispersive spectrometer (EDS) equipped in the
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TEM was used to determine the composite of the
electrodeposited nanoclusters. Ni—W alloy coated
samples were analyzed wusing an X-ray
diffractometer (XRD, Bruker D8-Advance) with
Cu K, radiation.

3 Results and discussion

3.1 Electrodeposition of Ni—W alloy studied via

CV and EDS

The cyclic voltammogram of the Ni—-W alloy
electrolyte bath is illustrated in Fig. 1. For
comparison, the CV curve for the blank bath (the
bath without metal ions) is also shown in Fig. 1. On
Curve 2, no significant peak was shown. As seen
on Curve 1, when the potential swept from 0 to
—1.55 V, the current increased sharply at —1.18 V,
and the characteristics of hysteresis were observed
in the potential backward sweeping, which indicates
that the deposits caused a change in the electrode
surface properties. The anode dissolution peak at
—0.4 V indicates that metal or metal alloy was
deposited on the electrode surface. Moreover, the
current of the anode peak was found lower than that
of the cathode peak. This could be attributed to
the production of hydrogen evolution when the
potential increased negatively.
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Fig. 1 Cyclic voltammograms of baths with and without
metal ions (blank solution) at 298 K

The compositions of deposits obtained by
potentiostatic electrodeposition at —1.30V for
500 ms were tested by X-ray energy dispersive
spectrometers (EDS), and the test results are shown
in Fig. 2. The sample contained nickel and tungsten
elements, which suggests that the nickel and
tungsten were deposited on the electrode surface.

Element wt% at.%

Ni 77.58  91.55
W 2242 845

Ni

0 2 4 6 8 10 12
Energy/keV
Fig. 2 EDS spectrum of electrodeposited Ni—W alloys at
—1.30 V for 500 ms

3.2 Nucleation and growth process of
electrodeposited Ni—W alloy

The electrochemical nucleation and growth
process of electrodeposited Ni—W alloys can be
monitored via SEM, AFM, TEM, and XRD.

The SEM morphologies of Ni—W alloys
electrodeposited on glass carbon electrode at
=130V for 15, 20, 30 and 240 s are presented in
Figs. 3(a, b, ¢, d), respectively, and morphologies
of those alloys electrodeposited at —1.50 V for 5,
15 and 120s are presented in Figs. 3(e,f, g),
respectively. By comparing the deposits obtained at
—1.30 V with electrodeposition time of 15, 20 and
30 s (Figs. 4(a, b, c)), the deposit size and amount
increased with increasing electrodeposition time.
By comparing the deposits obtained with electro-
deposition time of 30 and 240 s, the crystal granule
amount increased with increasing deposition time,
but the average size of the crystal granules was the
same, approximately 68 nm. For deposits obtained
at a potential of —1.50 V (Figs. 4(e—g)), the size and
the number of crystal granules increased with
increasing deposition time up to 15 s. After 15 s,
only the number of crystal granules increased with
increasing deposition time, and the average size of
the crystal granules remained approximately 68 nm.

According to a comparison between deposits
obtained with deposition time of 15 s at —1.30
and —1.50 V (Figs. 4(a, f)), the number of crystal
granules and their size under high overpotential
were larger. These results demonstrate that a
negative shift in the deposition potential could
accelerate nucleation and growth but did not affect
the average size of the final crystal granules. This
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Fig. 3 SEM images of Ni—W alloys obtained under different conditions: (a) —1.30 V, 15 s; (b) =1.30 V, 20 s; (c) —1.30 V,
30s;(d)—1.30V,2405s; (e) —1.50V, 5s; () —1.50 V, 15 s; (g) —1.50 V, 120 s

may be due to the fact that the surface energy of the
crystal granules decreases with increasing size and
reaches a minimum when the average size of the
crystal granules is approximately 68 nm; then, the
crystal granules stop growing. The three-
dimensional structure of the deposits is clearly
shown in the inset images of Fig. 3(b), where the
crystal granules were aggregated together. The

results demonstrate that Ni—W alloy deposits
exhibit a crystal granule microstructure.

The AFM images of electrodeposits, obtained
by potentiostatic electrodeposition on glass carbon
electrode, are shown in Fig. 4, where Figs. 4(a, b, c)
display the morphology and corresponding crystal
granules size distribution of deposits obtained at
—1.30 V with electrodeposition time of 5, 7 and



1846

Meng-chao YE, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1842—1852

N N
o =)
= 30} =
=] (=]
= =
Q Q
< <
= =
15+

0 10 20 30 40 50

0
20 25

Fraction/%

30 35
d/nm

40 45

Fraction/%
Fraction/%

100 15 20 25 30 30

dinm

Fraction/%

45 60 30 60 90 120
dinm dinm

Fig. 4 AFM images (a;—f]) and corresponding size distribution histograms (a,—f,) of Ni—-W alloy electrodeposited
under different conditions: (a;, a;) —1.30V, 5 s; (by, by) —1.30 V, 7 s; (¢}, ¢3) —1.30 V, 20 s; (dy, dy) —1.50 V, 0.7 s;

(el, ez) —1.50 \/, 7 S, (f], fz) —1.50 V, 12's

20 s, respectively. Likewise, Figs. 4(d, e, f) display
the morphology and corresponding crystal granules
size distribution of deposits obtained at —1.50 V
with electrodeposition times of 0.7, 7 and 12s,
respectively. Figure 5 shows the morphology of the
polished glass carbon electrode. The substrate

surface roughness was 3.96 nm. For deposits
obtained at —1.30V and 5s, a few of crystal
granules with dimensions of 5—45nm were
randomly distributed on the electrode surface
(Fig. 4(a)), where 15-30nm crystal granules
occupied 92%. For deposits obtained at —1.30 V
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Fig. 5 AFM image of polished glass carbon electrode

and 7 s, numerous crystal granules with diameters
of 20-45nm formed on the electrode surface
(Fig. 4(b)), and 25-40nm crystal granules
accounted for 93%; meanwhile, small-size crystal
granules disappeared. The crystal granules obtained
at —1.30 V and 20 s (Fig. 4(c)) were much more
than those obtained under —1.30V and 7s
(Fig. 4(b)). For the former, the crystal granules were
in the range of 40—95 nm, where 50—80 nm crystal
granules accounted for 92%. For deposits obtained
at —1.50 V and 0.7 s (Fig. 4(d)), the crystal granules
with 5—25 nm were randomly distributed on the
electrode surface, and 10—20 nm crystal granules
accounted for 90%. For deposits obtained at
—1.50V and 7 s (Fig. 4(e)), many crystal granules
with diameters of 25—55 nm were formed on the
electrode surface, and 25—45 nm crystal granules
accounted for 95%. The crystal granules obtained at
—1.50 V and 12 s (Fig. 4(f)) were more than those
obtained at —1.50 V and 12 s (Fig. 4(¢)), and the
crystal granules were in the range of 35—95 nm,
where 35—85nm crystal granules accounted for
98%. The results are consistent with the SEM
observation. During the electrodeposition process,
the nuclei density increases with the increase of
deposition time, and the size of crystal granules
becomes larger. Moreover, with increasing
overpotential, the number and the size of crystal
granules increase in the nucleation and growth
process. The increase in the overpotential can
increase the free energy of metal ions to form new
nuclei, resulting in increased nucleation rate and the
size of crystal granules in the early stages of
electrodeposition.

TEM was also used to study the nucleation and

early stages of growth process of electrodeposited
Ni—W alloy. The TEM and corresponding HRTEM
images of electrodeposits obtained by potentiostatic
electrodeposition on copper grids at —1.30 V for 10,
50 and 500 ms are shown in Figs. 6(a, b, c),
respectively. The size of the nanoclusters increased
with the increase in electrodeposition time within
500 ms (Figs. 6(a;, by, ¢1)). The HRTEM images
(Figs. 6(ay, by, ¢,)) showed single-crystal structure,
whose diameter changed from approximately 2.5 to
10 nm with the increase in electrodeposition time
from 10 to 50 ms, and the diameter remained at
approximately 10 nm with a further increase in the
electrodeposition time to 500 ms. The single crystal
of the Ni-W alloy was observed in a short period,
which indicates that the nucleation rate of Ni-W
alloy was very fast. Moreover, the interplanar
spacing of lattice fringes of the single crystal was
0.200 nm (Figs. 6(ay, by)), which corresponds to the
(111) crystal plane of the Ni—W alloy [30-32].
In Fig. 6(b;), single-crystal (green circle) and
polycrystal nanoparticles (red circle) could be
observed. In Fig. 6(bs), agglomerate could also be
observed. Based on these results, the movement and
aggregation of the nanocrystals and nanoclusters
occurred in the early stage of electrodeposition
process. Owing to the small size of the nanocrystals
and nanoclusters, as well as the weak van der Waals
force between Ni—W atoms and the substrate
electrode, Ni-W nanocrystalline and nanoclusters
could move on the electrode surface. In addition,
they contacted each other and merged to form
large-size nanocrystalline particles.

In the electrodeposition of Ni—W alloy, the
maximum grain size was approximately 10 nm. The
reason why it could not grow up may be related to
the large difference between the atomic radii of Ni
and W. The W atom replaced the Ni atom on the Ni
lattice sites, resulting in a large distortion of the
lattice.

In summary, in the early stages of
electrochemical nucleation and growth of the
electrodeposited Ni—W alloy, some single crystals
with a diameter of 2.5 nm were immediately formed
on the surface of the electrode, and then the
single crystal grew to 10 nm by movement and
aggregation of atoms and nanocrystals. And small-
sized nanocrystals and nanoclusters continued
to form crystal granules with a diameter of about
68 nm by movement and aggregation.
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Fig. 6 TEM (a;—c,) and corresponding HRTEM (a,, b,—b
deposition time: (a;, a;) 10 ms; (b;—by) 50 ms; (ci, ¢;) 500 ms

X-ray diffraction was performed to evaluate
the crystallographic texture and grain size of the
electrodeposited Ni—W alloy. The XRD pattern of
Ni—W alloys electrodeposited at —1.30 V is shown
in Fig. 6. A sharp diffraction peak appeared at
260=44.3°, which was caused by the formation of a
nanocrystalline solid solution of W in Ni [32—-34].
The crystal lattice of Ni—W alloy calculated using
Jade 6.0 software was 3.539 A, which is larger than
that of pure Ni (3.524 A). This result also indicates
that the electrodeposited deposits were Ni—W alloy.

4, Co) images of Ni—W alloys obtained at —1.30 V for various

The grain sizes of Ni—W alloys were calculated by
the Scherrer equation:

D= K2
pcosf
where D is grain size (nm), K is Scherrer constant
(0.89), 4 is wave length of X-ray (0.154056 nm),
f is half peak width (rad) and @ is the diffraction
angle [35]. The grain size was about 9.1 nm. This is

(1

consistent with the grain size calculated from TEM
micrography.
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Fig. 7 X-ray diffraction pattern of electrodeposited

Ni—W alloys

3.3 Nucleation mechanism of Ni—W alloy

To further investigate the -electrochemical
nucleation and growth mechanism of the
electrodeposited Ni—W alloy and for comparison
with the above results, the chronoamperometric test
was performed. The results are presented in
Fig. 8(a). It is observed that the current density
dropped abruptly in the initial stage for all the
curves, which was related to the charge of the
electrode double layer [36]. After that, the current
density increased with time, and a peak was
observed, which corresponded to the nucleation and
growth of the Ni—W alloy and an increase in the
number of Ni—W nuclei. Finally, the current density
decayed slowly from the peak to a steady state as
the diffusion zones around the Ni—W nuclei
overlapped. It is also found that the maximum
current density increased with increasing applied
potential, and the time required to reach the
maximum current density decreased with increasing
applied potential, due to the larger nucleation
densities of Ni—W electrodeposited at high
potential.

SCHARIFKER and HILLS [17] proposed a
kinetic model (SH model) that divides nucleation
into two limiting cases, namely, instantaneous
nucleation and progressive nucleation, and can
identify  the nucleation/growth  process of
electrodeposition. Instantaneous nucleation and
progressive nucleation are expressed as

Instantaneous nucleation:

J Y 1.9542 :
(J—J =Tt {1-exp[-12654(¢/1,)]}" (@

m

JI(A+cm™)

)

Progressive
-146V

0.I75 l.ISO 2.I25 3.00
tt,

Fig. 8 Transient current density plots at various applied

potentials (a) and nondimensional plots of experimental

transients in comparison with theoretical curves for

instantaneous and progressive cases (b)

Progressive nucleation:

[Jijz - 1;32t54{1—exp[—2.3367(t/tm )2}}2 (3)

m

where J is the current density, J;, is the maximum
current density, ¢ is the time and ¢, is the time that
corresponds to the maximum current density. A
nondimensional treatment of the experimental data
obtained via the CA and a comparison with the
theoretical plot generated via Eqgs. (1) and (2) are
presented in Fig. 8(b). It can be observed that for
potentials from —1.30 to —1.42 V, (JiJw)* Vs t/tn
experimental curves are close to the theoretical
progress nucleation model; thus, the nucleation
mechanism is based on the progressive formation of
nuclei. For potentials from —1.46 to —1.50 V, (J/J,)*
vs t/t, curves lie between the two theoretical
nucleation models. This suggests that the nucleation
mode of the Ni-W alloy changes with the negative
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shift of the applied potential. An increase in the
overpotential can increase the free energy of nickel
and tungsten ions to form new nuclei, thereby
resulting in a deviation from progressive nucleation.

DIAZ-MORALES et al [37] developed a
model for binary alloys and an expression for the
current density transient that enables the
determination of kinetic parameters, which is as
follows:

D. F * _ ot
J=—DwlC (l—exp{—NonkD;/zD&Z(t—l : ]D

JrD,t

3)
where C” is the bulk concentration of a pseudo-ion,
Dyy is the mass and charge transport coefficient, F is
the Faraday constant, D, is the apparent diffusion
coefficient, £ is a dimensionless constant, N, is the
number density of active sites, and A4 is the
nucleation rate.

The values of C°, Dw, D, and k can be
calculated via the following equations:

C'=C, =C/ 4)
Dw=(z1Dy+2,D,)/(y(z1x1+22x2)) 5)
D,=(yD\+D,)/(y+1) (6)
k= \/SEC* (xlvm,1 XV ) (7

where C; and C, are the bulk concentrations of the
two component species in the solution, z; and z, are
the electron numbers of the two component species,
with x;=C1/(C{+C>) and x,=C»/(Ci+C5), Dy and D,
are the diffusion coefficients for these species, and
vm,1 and vy, denote the molar volumes, respectively.
The curves for the theoretical fits that were obtained
via Eq. (3) are plotted in Fig. 9. The values of
DwFC/(rD,)"?, NynkDy;’ DY’ and A can be obtained
from the fitting results. The relationships of D, and
D, can be determined from the Cottrell equation as
follows:

i: ZIFDII/ZCI*/(TCI/Ztl/z)
J,  z,FDC /)

®)

The mass ratios of Ni and W in alloy deposits
were obtained via EDS analysis, and from the mass
ratio, the value of J;/J, was determined. The value
of N, was obtained through a combination of
Egs. (4)—(7). The values of kinetic parameters A
and N, are listed in Table 1, and both parameters

increase with increasing overpotential. This is
consistent with the results obtained from SEM and
AFM, which demonstrates that the nucleation and
growth rate of the Ni—-W alloy are higher under
high overpotential. However, the value of N, is
clearly lower than that directly observed from the
SEM and AFM images.

-1.50V

-130V

0 7 14 21 28
t/s

(e}

Fig. 9 Fitting of experimental current density transient
curves of —1.30 and —1.50 V with Eq. (3)

Table 1 Kinetic parameters obtained from fitting results
of experimental current density transients with Eq. (3)

Potential/V Als™! Ny/em 2
-1.30 0.0925 19700
-1.50 3.295 45915

4 Conclusions

(1) In the initial stages of the electrodeposited
Ni—W alloy, some single crystals with a diameter of
2.5 nm were formed on the electrode surface; then,
the single crystals grew via movement and
aggregation of atoms and nanocrystals. The
small-sized  nanocrystals and  nanoclusters
continued to form large-sized crystal granules via
movement and aggregation. The maximum size of
the single crystals was approximately 10 nm, and
the average size of the crystal granules was
approximately 68 nm.

(2) Characterization of the electrodeposited
Ni—W alloy revealed a nanocrystalline structure.
The change in the overpotential of the electrode
influenced only the nucleation rate but not the size
of the electrodeposited crystal granules.

(3) The SH model was used to analyze the
experimental current density transient curves. In a
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potential range from —1.30 to —1.42V, the
nucleation mechanism of the Ni—W alloy was close
to progressive nucleation. When the applied
potential was increased negatively, the nucleation
mechanism  varied  between  instantaneous
nucleation and progressive nucleation. The current
density transient curves were fitted with the model,
and the kinetic parameters were obtained. The
results demonstrated that the nucleation rate and

nucleation density increased with increasing
overpotential.
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