
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 3

/1
6/

20
26

 7
:3

4:
12

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Nucleation and g
aSchool of Mechanical and Automotive Engin

Qingdao 26652, P. R. China. E-mail: wangfq
bSchool of Mechanical and Engineering,

100081, P. R. China

† Electronic supplementary infor
https://doi.org/10.1039/d1ra08926a

‡ These authors contributed equally to thi
co-rst authors.

Cite this: RSC Adv., 2022, 12, 11052

Received 8th December 2021
Accepted 4th April 2022

DOI: 10.1039/d1ra08926a

rsc.li/rsc-advances

11052 | RSC Adv., 2022, 12, 11052–110
rowth mechanism in the early
stages of nickel coating in jet electrodeposition:
a coarse-grained molecular simulation and
experimental study†

Fan Zhang,‡a Shenggui Liu‡b and Fei Wang *a

In jet electrodeposition, microscopic nucleation and growth in the early stages of nickel coating are curcial

and directly related to the consistency and reliability of the coating structure. We set up a three-electrode

device with flow-injection function based on the vertical distribution and further studied the early stages of

nanocluster formation corresponding to parallel and vertical distribution states. According to the nucleation

diffusion and growth analysis, a coarse-grainedmolecular dynamics model is established for the first time to

reveal the influences of different growth environments on the microscopic nucleation growth of the

coating structure. Thus, the ion dynamic diffusion and nucleation kinetic mechanism could be further

achieved, these vary under different electrodeposition conditions. In addition, the physical structure of

the surface coating can be obtained by element analysis and density functional theory (DFT) calculations.

These findings provide a theoretical and experimental basis for the efficient preparation of nickel coatings.
Introduction

Nickel coatings are widely used in various industries, including
metal decoration,1,2 corrosion-resistant materials,3 self-cleaning
materials4 and electronic components,5 due to their excellent
corrosion resistance, surface stability, good morphology, plas-
ticity, and ductility, as well as the wide range of reserves.
Meanwhile, nickel is also extensively applied to photo/
electrocatalytic hydrogen production because of free electrons
in the 3d orbitals of transition metals.6,7

At present, the methods to prepare nickel coatings include
plasma spraying, electroless plating, hydrothermal/
solvothermal methods and electrodeposition.8,9 Among them,
electrodeposition is the most extensively used because of its
simple process, low preparation cost, environmental friendli-
ness, and excellent coating quality.10 Currently, to further
enhance the preparation efficiency and achieve outstanding
structure performance, jet electrodeposition has been devel-
oped. Wang et al. prepared a Ni–CeO2 composite coating by jet
electrodeposition, leading to an outstanding corrosion effect.11

Liu et al. adopted composite technology consisting of rolling
eering, Qingdao University of Technology,
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and jet electrodeposition. A nickel coating with excellent
surface quality can be prepared by optimizing the process
parameters.12 Therefore, jet electrodeposition can successfully
achieve the high-efficiency fabrication of nickel coatings with
superior characteristics.

The morphology of the coating surface is sensitively related
to the nucleation and growth process in the initial state. Many
reports have focused on the exploration of the deposition
kinetics.13 Various 3D nucleation models of the diffusion
control process were established to reveal the metallic reduc-
tion mechanism.14,15 However, few studies focused on the jet
electrodeposition process, especially the simulation to explore
nucleation and growth through the process of the molecular
dynamics. Therefore, utilizing an appropriate kinetic method to
illustrate the nucleation mechanism of coating prepared by jet
electrodeposition is urgent, further leading to the promotion of
the high-quality preparation of nickel coatings.

This work aims at characteristics of different electrodeposi-
tion processes. We develop a vertical distributed three-electrode
system to analyze the nucleation deposition behaviors of jet
electrodeposition. The coarse-grained molecular model is
adopted for the rst time to simulate the deposition of nickel
ion combined with the setting condition of nucleation and
diffusion, corresponding to traditional, vertical, and jet elec-
trodeposition. The morphology and element analysis reveal that
jet electrodeposition could induce the coating to grow with
dendritic structure accompanied by fast nucleation and growth
rate. Finally, the DFT result further conrms that the coating
prepared by jet electrodeposition has superior conductivity and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrocatalytic performance. Our work provides a deep insight
into the nucleation and growth mechanism of jet electrodepo-
sition. It offers a steady a steady foundation for theory and
experiment for preparation of nickel coating.
Result and discussion
Electrodeposition measurement mode

Aimed at the characteristic of jet electrodeposition, the three-
electrode cell for electrochemical test is optimized, as shown
in Fig. 1a. The platinum wire is chosen to be the counter elec-
trode to replace the platinum foil. It is inserted into an outer
hose connected to a micro peristaltic pump, thereby achieving
the local injection effect. The new cell is shown in Fig. 1b inside.
From the linear voltammogram of optimized three-electrode
cells (Fig. 1b), the nickel electrodeposition onset potential
shis to a lower value. Simultaneously, the current density at
the same potential is enhanced with increasing potential
compared with those of traditional three-electrode cell, indi-
cating that the effect of rapid ow could promote the mass
transfer and ion diffusion to facilitate the nucleation and
growth process.
Simulation and analysis of nucleation and growth by
molecular dynamics

Three electrodeposition conditions are simulated as follows:
low potential, high potential, and high potential with jet ow.
These correspond to the traditional electrodeposition with
parallel distribution of two electrodes, vertical electrodeposi-
tion meaning that two electrodes distributed vertically, and jet
electrodeposition with vertical electrode distribution and liquid
ow, respectively. Except for the nucleation morphology of the
cathode surface, the simulation area is divided into the three
regions to calculate the particle number at different times to
judge the inuence of different environmental states on the
diffusion of Ni2+ ions.

Traditional electrodeposition. In the traditional parallel
distribution of two electrodes, the model uses the diffusion of
ions to carry out the random movement, whereas the electric
eld only adopts a lower potential (0.1 V setting). The
Fig. 1 Comparison of electrochemical test systems (a) three-elec-
trode cells with different electrode distribution states; (b) linear vol-
tammogram, inside: three-electrode test device with jet flow.

© 2022 The Author(s). Published by the Royal Society of Chemistry
simulation results are shown in Fig. 2a–c. When t ¼ 1 s, the
surface of the cathode begins to deposit a layer of dense cluster
particles. Although the sizes of each cluster vary from one
another, the overall trend demonstrates a uniform coating
morphology. In the range of solution, the particle numbers in
the range of 35–50 nm (number: 46) and 15–35 nm (number: 42)
are larger than that of 0–15 nm (number: 12), suggesting that
under the control of the solution diffusion, the ion distribution
around the surface of the electrode is less, and the Ni2+ ions are
mostly concentrated at the inner solution. When t¼ 2 s, clusters
grow on the surface of the electrode, indicating the start of the
coalescence of particles. However, the ion concentration is
further reduced to the value of 8, indicating that the rate of ion
supplement is inferior to that of consumption. When the time
increase to 3 s, the overall morphology of cathode still remains
to be a coating. Meanwhile, the ion concentration in the range
of 0–15 nm begins to be supplied, maintaining the value of 9.
The particle number in the range of 15–35 nm is supplemented
to about 45. This result illustrates that the metal ions around
the electrode surface always remains at a low concentration and
only relies on the diffusion movement of the solution, further
leading to a sluggish electrodeposition. As shown in Fig. 2d, the
deposition heights at three time periods are counted and agree
with the above analysis. Furthermore, the above model is
repeated to simulate for three times. The result is shown in
Fig. S2† with error bar to demonstrate the accuracy of the
model.

Vertical electrodeposition. By further increasing the poten-
tial to a high value of 0.5 V, the inuence of electromigration on
the ion movement is promoted. The results of ion movement
and electrode morphology at different time period are obtained,
as shown in Fig. 3a–c. At t ¼ 1 s, the size of clusters on the
electrode surface is obviously larger than that of traditional
electrodeposition, but the whole morphology still tends to be
at. In the region of 0–15 nm, the ion number increases to the
Fig. 2 Deposition morphology with time in traditional electrodepo-
sition with the potential of 0.1 V. (a) 1 s; (b) 2 s; (c) 3 s; (d) data statistics.

RSC Adv., 2022, 12, 11052–11059 | 11053
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Fig. 4 Deposition morphology with time in the jet electrodeposition
with the potential of 0.5 V. (a) 1 s; (b) 2 s; (c) 3 s; (d) data statistics.

Fig. 3 Deposition morphology with time in the vertical electrodepo-
sition with the potential of 0.5 V. (a) 1 s; (b) 2 s; (c) 3 s; (d) data statistics.
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value of 15, and the ion number decreases to 39, thereby cor-
responding to the range of 15–35 nm. This nding presents that
the increase of potential could directly promote the effect of
electromigration and drive Ni2+ ions to reach around the elec-
trode surface. When t¼ 2 s, the clusters on the electrode surface
further increase, and the average size at this time exceeds the
size of the clusters at 3 s in traditional electrodeposition. The
number of ions in the region of 15–35 nm is also supplemented
to reach the value of 46. At the same time, the value of 14 on the
electrode surface remains unchanged in the region of 0–15 nm,
thereby verifying that ions in the solution are also supple-
mented in the rapid deposition process. When t ¼ 3 s, the
surface morphology of the electrode begins to grow in the
vertical direction, indicating that the volume of the bottom
clusters reaches the set value at this time. This phenomenon
further proves that the deposition rate improves effectively
through strong electromigration. Meanwhile, the number of
ions near the electrode surface reaches the value of 18, illus-
trating that electromigration could induce the ion motion and
maintain the ion concentration under fast nucleation and
growth process. By conducting a visual comparison of deposi-
tion height at different time periods (Fig. 3d), the result at 3 s is
found to be twice that at 1 s, which further reveals that rapid
electrodeposition efficiency could be achieved at a high poten-
tial. Also, the repeated simulation is shown in Fig. S3† with the
consistent results.

Jet electrodeposition. Fig. 4a–c show the simulation results
of jet electrodeposition contributed from the synergy effect of
high potential (0.5 V) and liquid ow. At t ¼ 1 s, the vertical
growth has appeared on the cathode surface, indicating that the
clusters have completed the process of diffusion and coales-
cence in a short time and have formed the nucleation to deposit
on the surface. Furthermore, the number of ions in the region of
0–15 nm reaches the value of 19 (Fig. 4d), implying that the ion
concentration around the electrode surface is further increased
11054 | RSC Adv., 2022, 12, 11052–11059
by the inuence of strong electromigration with high potential
and fast convection. When t¼ 2 s, the dendritic structure on the
cathode surface becomes obvious, which indicates that more
nucleation growth points are formed at the bulge sites, thereby
keeping the nucleation and growth continuous along these
sites. However, the number of ions on the electrode surface at
this time could remain at 20. This nding conrms that even in
the rapid deposition process, the ion movement would be still
promoted through electromigration and strong convection,
leading to the maintenance of a high ion concentration. When
the time reaches 3 s, the height of nucleation and growth rea-
ches about 5 nm, which is twice that of 1 s, suggesting that the
surface morphology is no longer a smooth structure. It tends to
become dendritic with fast nucleation rate, because of the
synergy effect of high potential and rapid liquid ow. Further-
more, this rapid deposition state would be maintained in the
subsequent deposition process due to a stable ion centration
around the cathode surface. In Fig. S4,† the accuracy of the
result is further proved.
Morphology and element characteristic

Traditional electrodeposition. Fig. 5a–c show the
morphology in traditional electrodeposition with parallel
distribution of electrode and the potential of 0.1 V. In the initial
deposition period of 1 s (Fig. 5a), the ITO electrode keeps the
primary morphology, and other structures nearly appear. Very
few nucleation points exist on the surface of ITO. When the
deposition continues to be at 2 s (Fig. 5b), the surface
morphology of ITO changes signicantly. The number of
nucleation increases, and the volume also enlarges relatively. At
t ¼ 3 s (Fig. 5c), the coating morphology appears on the surface
of ITO, but it does not completely cover the primary morphology
of ITO. This nding indicates that the amount of nucleation
points increases continually, leading to coalescence and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Change of morphology in traditional electrodeposition (a) 1 s;
(b) 2 s; (c) 3 s.
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nucleation. Finally, a smooth coating is formed, which is
consistent with the simulation results of traditional electrode-
position. Form EDS result (Fig. S5†) shows that oxygen element
is obtained on the surface due to air oxidation, but the amount
is tiny.

Vertical electrodeposition. Two electrodes are distributed
vertically to realize a local high potential (0.5 V) region on the
surface of cathode; this distribution corresponds to the simu-
lation process of vertical electrodeposition. The morphologies
at different time periods are shown in Fig. 6. At the electrode-
position time of 1 s (Fig. 6a), a mass of nucleation points is
distributed and grown uniformly on the surface of ITO; the
amount of which exceeds the amount of nucleation in the
traditional electrodeposition. Aer deposition for 2 s (Fig. 6b),
the nucleation points continue to agglomerate, grow, and
uniformly cover the surface of ITO, indicating that the nucle-
ation rate is promoted greatly. When the electrodeposition time
reaches 3 s (Fig. 6c), the primeval morphology of ITO could not
be observed, and the volume of new points is larger than that of
Fig. 6 Change of morphology in vertical electrodeposition (a) 1 s; (b)
2 s; (c) 3 s.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the above moment, leading to a rough and bulging structure.
This result demonstrates that Ni2+ ions could be affected
through stronger electromigration, resulting in a driving force
that promotes the diffusion motion and coalescence. Finally,
rapid nucleation and growth are realized. According to EDS
(Fig. S6†) analysis, the content of oxygen element does not
further increase, indicating that the oxygen element from the
cathode electrodeposited at high potential is still caused by air
oxidation.

Jet electrodeposition. Under the jet condition with the
potential of 0.5 V, the nucleation sites are generated and
covered uniformly on the surface of ITO at the initial stage (t¼ 1
s), as shown in Fig. 7a. At the electrodeposition time of 2 s
(Fig. 7b), the volume of nucleation increases obviously, and the
morphology appears a hemispherical covering structure, sug-
gesting that the nucleation and growth has reached a high rate
with the fast ow and high potential. At 3 s (Fig. 7c), the volume
of nucleation expands further, and the trend of morphology
shows the development of the dendritic structure, which is
completely consistent with the above simulation results. The
morphological result conrms that the rate of nucleation and
growth could be effectively promoted through the synergy of
high potential and fast ow, which likely leads to the generation
of dendritic structure. Based on the result of EDS (Fig. S7†), the
oxygen content increases obviously in jet electrodeposition.
This phenomenon also shows that the anode may be accom-
panied by the strong oxygen evolution reaction at high poten-
tial. Under the inuence of strong convection, oxygen
concentration on the surface of the cathode is maintained at
a high level at all times, leading to a chemical oxidation process
in the deposition and the doping of the oxygen element in the
nickel lattice.
Physical characteristic analysis

The electrodeposition microstructures of the surface of ITO
under different condition are further investigated via high-
resolution transmission electron microscopy (HRTEM).
Fig. 7 Change of morphology in jet electrodeposition (a) 1 s; (b) 2 s; (c)
3 s.
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Fig. 8 HRTEM images (a) traditional electrodeposition, (b) vertical
electrodeposition, and (c) jet electrodeposition.

Fig. 9 XPS spectra Ni 2p3/2 (a) traditional electrodeposition, (c) vertical
electrodeposition, and (e) jet electrodeposition; O 1s (b) traditional
electrodeposition, (d) vertical electrodeposition, and (f) jet
electrodeposition.

Fig. 10 (a) The Ni K-edge XANES spectra of sample of jet electrode-
position, Ni foil, and NiO. (b) The corresponding Fourier transformed
EXAFS spectra of Ni. (c) The corresponding charge density difference
image, where yellow and blue area represent electron accumulation
and loss. (d) Total DOS results of NiO@Ni, NiO, and Ni. (e) Projected
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Fig. 8a–c show that the interplanar spacings in the surface of
traditional and vertical electrodeposition is 0.202 nm, which
corresponds to the (111) plane of metal Ni.16 However, the
0.208 nm for interplanar spacings corresponds to the (200)
plane of NiO, as observed on the surface of jet electrodeposi-
tion. This result reveals that the jet condition could induce
a core–shell structure of NiO@Ni that is decorated on the
electrodeposition surface. Furthermore, amorphous structures
without obvious interplanar spacings are observed in NiO,
suggesting that the combined effect of jet ow and high
potential promotes the rapid nucleation process, further
resulting in the development of a large amount of defect
structure.

The chemical valence of the electrodeposition surface is
probed via X-ray photoelectron spectroscopy (XPS). The high-
resolution Ni 2p3/2 spectra are show in Fig. 9a, c and e, corre-
sponding to traditional, vertical and jet electrodeposition,
respectively. The three pairs, including metal Ni (852 eV), Ni–O
(855.7 eV), and satellite, can be obtained obviously in the
surface of traditional and vertical electrodeposition.17,18

However, the peak of metal Ni is weakened in vertical electro-
deposition, suggesting that the high potential could lead to
a degree of oxidation. Interestingly, this metal Ni peak disap-
pears on the surface of jet electrodeposition combined with
a strong oxidation process as compared with the traditional and
vertical electrodeposition. Similarly, all O 1s spectra (Fig. 9b,
d and f) from samples exhibit two peaks; one is assigned to the
air oxidation group and the other to the hydroxyl group from
H2O. Furthermore, a slightly negative shi of air oxidation from
the 531.46 eV to 531.12 eV suggests the different degrees of
oxidation. Meanwhile, a clearly new peak is found at 529.07 eV,
corresponding to the metallic oxide,19 and this nding is in
good agreement with the microstructure as a core–shell heter-
ostructure of NiO@Ni.

The electron structure of the sample at the jet condition is
from the X-ray absorption structure (XAS). As shown in Fig. 10a,
the Ni K-edge X-ray absorption near-edge structure (XANES)
demonstrates that the curve of sample is located between the Ni
foil and NiO, suggesting that the valence state of sample is
11056 | RSC Adv., 2022, 12, 11052–11059
attributed to the Ni0 and Ni2+.20 This result reveals the coexis-
tence of NiO and Ni in the surface of sample that is electro-
deposited through the jet condition, which is in accord with the
DOS for the d orbitals of Ni atoms in NiO@Ni and NiO.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Morphology of ITO conductive glass (a) macroscopic; (b)
microcosmic.
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above-mentioned analysis. Ni K-edge X-ray absorption ne
structure (EXAFS) characterization is conducted to explore the
coordination structure of Ni species. As shown in Fig. 10b,
a prominent peak at 2.11 Å is assigned to the Ni–Ni bonds, and
a weak signal of Ni–O bonding is located at 1.6 Å.21 This result
shows that metal Ni and NiO coexist in the sample prepared via
the jet electrodeposition, which is in line with HRTEM and XPS
analysis.

To reveal the intrinsic contributions of the heterointerface of
NiO@Ni, DFT simulation is conducted by using the atomic
theoretical models. Fig. 10c shows that the optimized electron
density difference is obviously obtained. The electrons trans-
ferring from NiO to Ni lattice is due to the strong electronega-
tivity of O atoms, resulting in electron redistribution at NiO@Ni
heterointerface. As shown in Fig. 10d, the total density of states
(DOS) of NiO@Ni, NiO, and Ni are calculated. The NiO@Ni
exhibits the strongest conductivity among the three models.
Also, the d-band center of NiO@Ni (�1.55 eV) is downshied as
compared with that of NiO (�1.30 eV) (Fig. 10e). This nding
indicated that the bonding strength of H on the heterointerface
is weakened and is thus conductive to a rapid HER reaction.22 In
addition, NiO structures as active sites could facilitate the OER
process effectively, and the heterostructure of NiO@Ni leads to
the rapid charge transfer, thereby resulting in an enhanced
electrocatalytic performance.23
Conclusions

By the determination of the mechanism of nucleation and
growth, which was inuenced by the different conditions cor-
responding to traditional, vertical, and jet electrodeposition, we
successfully reveal that the reaction rate in jet electrodeposition
is higher than that of traditional electrodeposition through
a linear voltammogram. Combined with a novel modelling
coupling, the coarse-grainedmolecular dynamics with diffusion
and electromigration, nickel cluster, and particle formation
process at the early stage that correspond to traditional, vertical,
and jet electrodeposition are simulated, respectively. Results
reveal the inuence of liquid ow and strong electromigration
on rapid nucleation and growth kinetics. The HRTEM micro-
graphs and characteristic analysis indicate that the oxygen
element is induced into the surface in jet electrodeposition to
form a heterostructure of NiO@Ni, which is further proved with
the favourable electrical conductivity and adsorption by DFT
simulation. This work provides vital insights into the nickel
© 2022 The Author(s). Published by the Royal Society of Chemistry
nucleation and growth process of jet electrodeposition, thereby
offering a theoretical and experimental foundation.
Experimental
Reagents and materials

The Watts solution used as the electrodeposition solution was
composed of nickel sulfate (NiSO4$6H2O), nickel chloride
(NiCl2$6H2O) and boric acid (H3BO3) was. All the reagents were
AR grade and not further puried, which were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd.
Electrochemical tests and characterizations

All electrochemical tests were taken using a CHI 760E work-
station in the three-electrode cell. ITO conductive glass (10 mm
� 15 mm, Wuhu Jinghui Electronics Co., Ltd.) was selected as
the working electrode. The surface morphology of ITO was
shown in Fig. 11. (It could be seen that the surface roughness
and atness of the ITO were favourable to provide a reliable
support for the nucleation deposition of nickel.) Pt foil and
saturated calomel electrode (SCE) were employed as the counter
and reference electrodes, respectively. The linear voltammo-
gram test is from�1.2 V to�0.5 V vs. SCE with the scan speed of
5 mV s�1. Before the test, ITO was washed in isopropyl alcohol,
ethanol and deionized water by ultrasonic for 15 min, respec-
tively, and dried in a vacuum at 60 �C. The solution was stirred
further to ensure homogeneous dispersion.

Field-emission scanning electron microscope (SEM) and
high-resolution transmission electron microscope (HRTEM)
were adopted to examine the morphology and microstructure
characteristics of electrodeposition samples. The chemical
states and element distribution in the as-prepared samples were
investigated by X-ray photoelectron spectroscopy (XPS, Kratos,
XSAM-800 spectrometer) and X-ray energy disperse spectrom-
etry (EDS Oxford X-Max). Ni K-edge X-ray absorption spectra
(XAS) was obtained at 1W1B station in Beijing Synchrotron
Radiation Facility (P. R. China) operated at 2.5 GeV with
a maximum current of 250 mA.
Coarse-grained molecular dynamic analysis

The dynamic deposition process is simulated with the two-
dimensional view within a 50 nm � 50 nm domain area. The
top boundary is assumed to be anode with an applied positive
potential, and the bottom boundary is setting to be cathode
with zero potential. Solvents and anions are neglected. The 100
particles are randomly distributed around the top boundary.
The length of the simulated domains along the x, z directions
are Lx and Lz. The nite difference method (eqn (1)) is used to
calculate the distribution of potential eld in the simulated
domain,24 which is given as

4i;j ¼
4iþ1;j þ 4i�1;j

Dx2
þ 4i;jþ1 þ 4i;j�1

Dy2

2

Dx2
þ 2

Dy2

(1)
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In this domain, the motion of Ni2+ are treated as Brownian
controlled via the co-effect of electric eld, diffusion and
convection.25 Therefore, the equation of motion shows the form
as

~rðtþ DtÞ �~rðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2D0Dt

p
�~g þ u� ~EDtþ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2D1Dt

p
�~g (2)

where, r(t + Dt) � r(t) represents Dr, meaning to the motion
distance within Dt. u is the migration rate, which determined by
Einstein's relation (u ¼ D0/(F/RT)). ~g represents a random two-
dimensional unit vector. E is the electric eld intensity corre-
sponding to t. D0 is the diffusion coefficient caused by the
concentration of solution. D1 is the diffusion coefficient caused
by convection.

Based on the potential eld, the distribution of electric eld
is given by

Ei;j ¼ �4iþ1;j � 4i�1;j

Dx
~i � 4i;jþ1 � 4i;j�1

Dy
~j (3)

And, the particles could be driven in the simulation area,
meanwhile, the motion trail is also obtained through eqn (2).

To further solve the diffusion motion, the diffusion coeffi-
cient of each part in simulation area would be calculated by
monitoring the change of solution concentration in corre-
sponding part. When the particle moves to each part, the
diffusion coefficient corresponding to this part would be
adopted. Firstly, the relationship between concentration and
diffusion coefficient under the combined action of forced
convection and diffusion is expressed by Fick's second law:

vC

vt
¼ �vðCuÞ

vy
þDm

v2C

vx2
þDm

v2C

vy2
(4)

Therefore, the diffusion coefficient in simulation area could
be calculated via

DxðCÞ ¼ � 1

2t

�
dx

dC

�
C

ðC
C1

xdC (5)

DyðCÞ ¼ � 1

2t

�
dy

dC

�
C

ðC
C1

ydC (6)

When the particles move to the cathode surface, the surface
diffusion and mobility are mainly controlling factor. Aer the
particle contacting the surface, the tiny clusters generate and
move randomly along the surface. In order to minimize the
surface energy, the atoms and clusters aggregate with each
other. Further, the surface diffusion decreases with an increase
of the cluster size. When reaching a setting size, the clusters
would form crystal nuclei and deposit on the cathode surface.
The surface diffusion coefficient D of one cluster is expressed as

D ¼ D0N
�a
adatoms (7)

where, D0 is the surface diffusion coefficient of an adatom.
Nadatoms is the number of adatoms forming the cluster. a is the
relative mobility of clusters, which is chosen as 5.26 We set that
11058 | RSC Adv., 2022, 12, 11052–11059
the diffusion motion of the particles (adatoms and clusters) is
controlled by a diffusion equation, and the center r of each
particle is updated through

rðtnþ1Þ ¼ rðtnÞ þ 2
ffiffiffiffiffiffiffiffiffi
DDt

p
Rðcosð4rÞ or sinð4rÞÞ (8)

where, R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�2 lnðNÞp
and 4r ¼ 2pN with uniform random

numbers N ˛ (0, 1). When the particles and clusters reach the

set boundary condition,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi � xjÞ2 þ ðyi � yjÞ2

q
#Ri þ Rj,

where the xi and yi are the components of r. And, the volume
and mass of new particle aer coalescence is updated via

Rnew ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ri

3 þ Rj
33

p
and Mnew ¼ mi + mj, meanwhile, the new

center of particle is calculated through

rnew ¼ miri þmjrj

mi þmj

(9)

Finally, according to the updating of the simulation time
step, the simulation of deposition morphology with the time of
about 3 s is completed. This inuence of substrate is ignored.
The initial model under potential eld and ow eld is shown
in Fig. S1.†

DFT calculation

All calculations were carried out by using the projector
augmented wave method in the framework of the density
functional theory (DFT), as implemented in the Vienna ab initio
Simulation Package (VASP). The generalized gradient approxi-
mation (GGA) and Perdew–Burke–Ernzerhof (PBE) exchange
functional was used.27 The plane-wave energy cutoff was set to
500 eV, and the Monkhorst–Pack method was employed for the
Brillouin zone sampling.28 The convergence criterions of energy
and force calculations were set to 10�5 eV per atom and 0.01 eV
Å�1, respectively. The Ni/NiO interface model was built from the
2

ffiffiffi
3

p � 5 Ni(111) and 3 � 4 NiO(001) supercells with lattice
mismatch less than 5%.29 Removing one O atom from each
atomic layer of NiO in the Ni/NiO interface model, the O vacancy
defective Ni/NiO interface model was constructed. A vacuum
region of 15 Å is applied to avoid interactions between the
neighbouring congurations.
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18 M. H. Mamme, C. Köhn, J. Deconinck and J. Ustarroz,
Nanoscale, 2018, 10, 7194.

19 J. F. Kresse, Phys. Rev. B: Condens. Matter Mater. Phys., 1996,
54, 11169.
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