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In this work, experimental studies were combined with molecular dynamics (MD) simulations to obtain
a better understanding of the growth process of Ni-graphene composite coating. Conventional
electrochemical techniques (cyclic voltammetry and chronoamperometry) were employed to investigate
the electrochemical kinetics and nucleation process of the deposition. The three-dimensional (3D)
morphologies of the deposits were observed by using an atomic force microscope (AFM), and the
quantitative comparison of surface parameters and grain distribution was conducted. Moreover, MD
simulations were employed to model the deposition process of Ni-graphene composite coating, which
revealed the co-deposition process and facilitated the prediction of surface roughness evolution. The
findings reveal that the Ni-graphene electrodeposition under present conditions tends to follow
instantaneous nucleation and diffusion-controlled 3D growth at the initial stage. The graphene reinforced
composite coatings have higher grain density, finer grain size, and rougher surface morphology than the
pure Ni coating. Enhanced electrolytic corrosion resistance and uniform graphene configuration can be
achieved at an optimal graphene oxide concentration. Through systematic experimental tests and MD
simulations, this work provides deeper insight into the complex deposition process of Ni-graphene
composite coating.
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1. INTRODUCTION

Metallic composite coatings reinforced by nanoparticles or nanoplates are of great interest to
researchers in varied fields, including corrosion control, wear protection, fuel cells, etc. [1]. Due to the
easy control of parameters, such as potential, temperature, and pH, electrodeposition is advantageous for
the fabrication of uniform coatings and complex structures. Graphene, a two-dimensional carbon
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allotrope, possesses unique two-dimensional nanostructure and superior physicochemical properties,
such as gas impermeability, chemical resistance, thermal stability, and excellent mechanical properties.
Moreover, graphene oxide (GO) possesses almost all the key properties of graphene and dispersibility
in aqueous electrolyte due to its oxygen-containing functional groups. Therefore, graphene and its
derivatives have been extensively used as the second phase to manipulate coating microstructure and
enhance the properties of conventional materials.

Currently, many research works focus on the preparation process of novel coatings and the
versatility of graphene in the modulation of physicochemical properties. To satisfy the demands for
novel materials with specific properties and functionalities, researchers have started to synthesize
nanocrystalline, functional graded, and inhomogeneous coatings with designed inner architecture [2, 3].,
The coating performance fundamentally depends on the evolution of surface morphology and
microstructures [4]. Thus, understanding the growth mechanism is critical for the controllable synthesis
of functional films. However, the exploration of growth behavior is relatively limited. Furthermore, the
growth process in graphene-added deposition involves complex dynamic processes, electrode surface
properties, and co-deposition behavior. At present, the understanding of the role of graphene in the
deposition process and its effect on the metal matrix is still limited.

Experimentally, the electrochemical test is an effective method to study the composite
electrodeposition process. Important interface parameters can be obtained through cyclic voltammetry
and chronoamperometry to provide clarity on the early-stage nucleation process. Generally, the data
obtained by electrochemical technology only reflect the "averaged" state of the electrode surface, which
provides a limited interpretation of the mechanisms at the atomic or nano-scale [3, 5]. Concurrently,
achieving the real-time imaging of the surface during the deposition process is still a great challenge.
Very few studies have observed the deposition process using advanced characterization methods,
including in-situ transmission electron microscopy (TEM) [6, 7], atomic force microscopy (AFM) [8],
and scanning probe microscopy [9]. Nevertheless, most studies were conducted by ex-situ investigation
using scanning electron microscopy (SEM), X-ray diffraction (XRD), TEM, etc. Further exploration of
the electrodeposition mechanism still requires detailed insights into the electrochemical interface.

Molecular dynamics (MD) simulation is a viable tool for understanding film growth from the
nanoscale, which allows one to capture the process dynamically and build bridges between the atomic
structure and macroscopic performance. In addition, as a flexible two-dimensional material, graphene
usually exhibits three-dimensional characteristics as well, such as wrinkling, folding, and bending [10].
Currently, the graphene-imbedded MD models are built mainly by directly constructing bulk materials
with graphene placed horizontally in the matrix [11] or treating graphene as rigid nanoplates in the
deposition process. These simplified treatments ignore the randomness of graphene dispersion, the
corresponding change in coating matrix, and the flexibility of the nanosheets. Therefore, the essential
influence of graphene on deposition behavior and morphology evolution needs to be further explored.

This work combines experimental investigation and MD simulation to study the growth process
of Ni-graphene composite coating on mild steel at the initial stage. For a deeper understanding, the
nucleation mode and co-deposition behavior were studied at multiple scales. The electrodeposition
mechanism of Ni-graphene composite coating can provide a theoretical basis for the design and
controllable preparation of functional nanocomposite coatings.
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2. EXPERIMENT

2.1 Plating bath

The composition of the plating bath is shown in Table 1. To ensure electrolyte stability, GO was
selected as the starting material to construct the Ni-graphene composite coating. GO was synthesized
using a modified Hummer’s method [12, 13], and the procedures and characterizations are reported in
detail in our previous work [2]. The as-prepared GO was mostly few-layered GO (not more than seven
layers), which can be effectively reduced during the electrodeposition process [2]. Moreover, Zhang et
al. [14] reported that the non-ionic surfactant polyethylene glycol (PEG) can achieve the optimal GO
dispersion compared with sodium dodecyl sulfate (anionic surfactant) and cetyltrimethylammonium
bromide (cationic surfactant). Thus, PEG was selected as the surfactant to disperse GO herein. The pH
of the plating bath was maintained at 4.0+0.1 by using diluted hydrochloric acid and sodium hydroxide
solution. Before the electrochemical tests, the plating bath was sonicated and stirred for 30 min to obtain
a stable dispersion.

Table 1 Chemical composition of the plating baths.

Component Concentration (g-L ")
NiCl, 6H20 238
H3BOs 31
CsH14CINO 168
Graphene oxide 0,0.05,0.1,0.2,0.3
PEG (with a molecular weight of ca. 2000) 0.2

2.2 Characterization

Cyclic voltammetry and chronoamperometry were conducted with a PARSTAT 2273
electrochemical workstation. The electrochemical procedures were carried out in a standard three-
electrode system by using a saturated calomel electrode (SCE) and platinum plate as reference electrode
and counter electrode, respectively. A 1 cm? mild steel (20# steel) plate or glassy carbon electrode (GCE)
of 3 mm diameter was used as the working electrode according to the specific test. A Luggin capillary
was used to reduce solution resistance. All the electrochemical tests were conducted in the plating bath
at 60+1°C at a stirring speed of 150 r-min™L. The cyclic voltammetry (CV) test used GCE as the working
electrode. The GCE was mirror-polished with 0.3 mm alumina slurry before the CV test. The potential
was swept between —1.4 V and 0 V at a scan rate of 30 mV-s. In the chronoamperometry test, the mild
steel plate was encapsulated by epoxy resin and gradually polished with 2000# SiC paper. Pre-treated
mild steel was employed as the working electrode, and current time transients were recorded at varied
potentials for 30 s. Unless specified, all potentials in this work were referred to the SCE.

The three-dimensional surface morphology of deposits at the early stage was observed using
AFM (Park NX10, Korea) under non-contact mode. Three segregated regions (1 pmx1 pum, 256
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pixelsx256 pixels) in each specimen were detected. The AFM profiles were processed by XEI (Park
Systems, Korea) and Mountains® software (Digital Surf, France).

3. MODEL AND METHOD

The MD simulations were conducted by the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [15, 16] and visualized by the Open Visualization Tool (OVITO) [17, 18].

As depicted in Fig.1a, the deposition process of pure metal ions mainly consists of four steps. (i)
Under the action of electric field and mechanical stirring, metal ions migrate to the electric double layer
through convection and diffusion. (ii) The ions undergo charge transfer across the double layer. (iii)
Electrochemical reactions take place. (iv) Finally, the deposited ions diffuse to the active site and
crystallize [19, 20]. Based on the deposition principle, the MD model in Fig. 1d, consisting of a substrate,
adatoms, deposited atoms, graphene flakes, and solvent particles, was built to simulate the deposition
process.

The dimensions of this model are 20 ax20 ax30 a, where a is the lattice parameter of Ni
(approximately 70x70x106 A). Periodic boundary conditions (PBC) were applied to the x and y
directions to mimic the semi-infinite surface, while the z-direction adopted the nonperiodic boundary
condition. The polycrystalline Fe substrate was created by Atomsk software using the Voronoi
tessellation method [21]. As shown in Fig. 1b, the substrate contains four polycrystalline grains, where
blue atoms are arranged in the body-centered cubic (BCC) lattice structure, and the grey ones represent
atoms at grain boundaries. There are many active sites such as platform, step, kink, and grain boundary
[22], which is consistent with the TSK (Terrace-Step-Kink) surface model proposed by Zhang et al. [23].
The bottom atoms with z-coordinate below 10 A were not time-integrated and fixed still. The upper
space of the model contained the electrolyte. To simplify the model and improve the calculation
efficiency, water molecules were simplified into coarse-grained solvent particles to simulate the liquid
environment [24]. A reflective wall was set on the top of the model to prevent the evaporation of the
plating solution.

The electrodeposition process was simplified by adding Ni atoms and graphene flakes at a fixed
frequency. The adatoms and graphene nanosheets were randomly introduced to the simulation cell from
the insertion plane and electrolyte zone, respectively. To mimic the electrodeposition behavior under
constant current density, the velocity of adatoms in the z-direction was kept constant, while the velocity
components in the x and y directions were unconstrained. The adatoms adopted the microcanonical NVE
ensemble. When the depositing atom reached within 3 A of the electrode surface, it was assumed that it
entered the electric double layer [25, 26] and 1 eV activation energy was applied to the reduced metal
atom [27]. Sustainably, the atoms reached the substrate surface and found their final position after
surface diffusion. Then, the atom was classified as a deposited atom and transformed into the NVT
ensemble. Other atoms, including time-integrated Fe, deposited Ni, graphene flakes, and solvent
particles, adopted NVT ensemble, and their temperatures were maintained through the Nose-Hoover
method.
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Figure 1. Schematic of the electrodeposition principle and MD model of electrodeposition. (a)
Electrodeposition principle, (b) substrate grain distribution, (c) substrate surface structure, (d)
MD model.

To describe the behavior of the deposition process, Table 2 specifies the interactions among
atoms. The current implementation invoked the hybrid pair style in LAMMPS for using multiple
potentials, including embedded-atom method (EAM) potential, adaptive intermolecular reactive
empirical bond order (AIREBO) potential, Morse potential, and 12-6 Lennard-Jones (LJ) potential.

Table 2. Interatomic potentials for the Ni-graphene electrodeposition.

Pair of atoms Type Parameters
Fe, Ni EAM Developed by Bonny et al. [28, 29].
C AIREBO Cutoff distance=2.0 A [30, 31].
Ni, C Morse  f=1.8706 A1, £=2.4637 eV, p=1.7628 A, cutoff distance=2.5 A [32,
33].
solvent particles LJ ¢=0.0067 eV, 6=3.1656 A, cutoff distance=10 A [34].
others LJ Calculated by Lorentz-Berthelot mixing rule (Eq. 1-2) with cutoff
distance=10 A [35].
o = oy +0y (])
! 2
&= lg.c. 2)

The graphene nanosheet built in this work contained 35 carbon atoms. According to the published
experimental works, the carbon content of graphene-based composite coatings ranges from about 14
at.% to 40 at.% [36, 37]. Thus, the simulation conditions listed in Table 3 were devised, and
corresponding results were henceforth addressed as the condition name.
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Table 3. MD simulation conditions for pure Ni and Ni-graphene coatings.

Simulated conditions Number of graphene sheets Carbon content (at.%)

Pure Ni 0 0
Ni-Gr-20 20 12.28
Ni-Gr-40 40 21.88
Ni-Gr-60 60 29.58
Ni-Gr-80 80 35.90

Ni-Gr-100 100 41.18

The system undergoes energy minimization and relaxation at 333.15 K (equals 60 °C, the
deposition temperature used in experiments) with a canonical NVT ensemble for 50 ps to obtain a stable
structure before deposition. Every coating contains 5000 Ni atoms, and the total number of atoms in the
model exceeds 34000. The time step was set as 1 fs, and all electrodeposition processes lasted for 25 ns.
Notably, researchers have confirmed the validity of MD simulations for depicting the microstructure
evolution in the deposition process, though MD simulations are conducted at an extremely short time
scale (picoseconds to nanoseconds) [38].

4. RESULTS AND DISCUSSION

4.1 Nucleation process of Ni-graphene composite coating

4.1.1 Cyclic voltammetry

The voltammograms of pure Ni and Ni-graphene coatings shown in Fig. 2 exhibited a similar
shape profile. The current density of pure Ni and Ni-graphene composite deposition on GCE turned
negative at —0.793 V and -0.856 V, respectively. The rapid increase in negatively-charged current
density indicates the fast reduction on the electrode interface and the rapid growth of the deposit. Ni%*
started to reduce at these initial potentials. The crystallization overpotential on 20# steel should be lower
than that on GCE, because epitaxial growth cannot occur on the amorphous GCE. When the potential
was further scanned to approximately —1.1 V, the increasing trend of cathode current density slowed
down due to the side reactions and the formation of intermediate products [39, 40]. The reactions
occurring at more negative potentials would be dominated by hydrogen evolution. With the addition of
graphene, the initial deposition potential shifted negatively, indicating that the addition of graphene
strengthened the cathodic polarization and inhibited the deposition process of Ni?*. This phenomenon
may be due to the hindered Ni?* diffusion and increased solution polarization resistance caused by
graphene addition. Moreover, the high conductivity and specific surface area of graphene could increase
the effective area of the cathode surface and the current density.

A “nucleation loop” was formed by the intersection of forward and reverse curves, which
confirmed the nucleation during the cathodic process. In the negative scan process of the CV test, the
overpotential led to the reduction and nucleation, while there was no nucleation behavior during the
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reverse scan process. Thus, the current density value in the positive scan was larger, and the plot during
the anodic section crossed over the plot of the cathodic cycle. When the potential was subjected to the
reverse scan, there was an anodic peak related to the dissolution of the deposits, as shown in inset plots
in Fig. 2. The presence of graphene decreased the anodic peak current density from 0.024 A-cm to
0.016 A-cm2, indicating that graphene nanosheets can confer the coating with electrolytic corrosion
resistance.
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Figure 2. Cyclic voltammograms of GCE in pure Ni plating solution and Ni-graphene plating solution
containing graphene oxide concentration of 0.20 g-L 2.

The cyclic voltammograms in Fig. 3 show the reduction of Ni-graphene at varied GO
concentrations. To evaluate the effect of GO concentration on the deposition process, the Kinetic
parameters derived from the cyclic voltammograms are summarized in Table 4. With the increase in GO
concentration in the plating solution, the initial deposition potential gradually shifted positively,
implying that the cathodic polarization caused by graphene embedding gradually weakened. The anodic
oxidation peak current density of the Ni-graphene deposit was lower than that of the pure Ni deposit
when the graphene concentration was low (0.05~0.20 g-L™?). In contrast, for higher GO concentration
(0.30 g-L 1), the electrolytic corrosion resistance of the deposits deteriorated, indicating that higher GO
concentration did not necessarily lead to better coating performance. Hence, an optimal graphene content
existed for the preparation of Ni-graphene composite coatings, which was also verified by many
experimental studies [41, 42].
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Figure 3. Cyclic voltammograms of GCE in Ni-graphene plating solution containing different graphene
oxide concentrations.

Table 4. Initial deposition potential and anodic peak current density of Ni-graphene composite coating
containing different graphene oxide concentrations.

GO concentration Initial deposition potential Anodic peak current density
(9L V) (A-cm?)
Pure Ni coating -0.793 0.024
0.05 -0.918 0.015
0.10 —-0.858 0.017
0.20 —0.856 0.016
0.30 —0.798 0.025

4.1.2 Chronoamperometry

Chronoamperometry tests were applied to study the nucleation mechanism of the deposits at the
initial stage. The j-t curves of pure Ni and Ni-graphene deposition recorded at different potentials
exhibited the same trend (Fig. 4). In the initial period (t<1 s), current density decreased due to electrical
double layer charging or adsorption processes [43]. After the induction period, the current density rose
rapidly to the maximum value (im), due to the growth of the crystal nuclei and overlapping of the
diffusion zones. The time corresponding to im is the nucleation relaxation time tm. Then, the deposition
process was diffusion-controlled due to the deficiency of electroactive substances. Subsequently, the
current density slowly decayed and approached a stable value. All curves exhibited the typical
characteristics of three-dimensional nucleation on a heterogeneous interface.
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Figure 4. Chronoamperometric deposition of (a) pure Ni coating and (b) Ni-graphene composite coating
on mild steel at different potentials.

The peak current density and corresponding time of pure Ni and Ni-graphene electrodeposition
at different deposition potentials are provided in Table 5. The cathodic overpotential and nucleation
driving force increased with the negative shift of applied potential. Thus, the peak current density
increased, and the corresponding time was shortened. When the same deposition potential was applied,
the im of Ni-graphene electrodeposition was higher, and the tn was shorter than that of pure Ni
electrodeposition. The results indicate that the addition of graphene promoted nucleation, which may be
attributed to two aspects. First, graphene can induce heterogeneous nucleation by adsorbing metal ions
and increasing the active surface area. Second, the conductivity of graphene can promote electrochemical
reduction, increase the peak current density, and consequently accelerate the nucleation rate.

Table 5. The im and tm of pure Ni and Ni-graphene deposition at different potentials.

. . Ni Ni-Gr
Deposition potential (V) tn (9) im (MA-cm ?) tn (5) im (MA-cm ?)
0.5 26.45 34.30 23.20 32.50
1,00 20.8 40.34 12.50 44.29
1,05 10.95 4853 7.20 54.12
110 9.85 57.32 6.65 64.75

The Scharifker—Hills model for 3D diffusion-limited nucleation in the non-dimensional form
follows Eq. (3-4) [44].
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In accordance with CV analyses, the deposition potential was set as —1.0 V. The corresponding
non-dimensional plots calculated from the experimental current-time data at —1.0 V were compared with
the Scharifker—Hills model. As depicted in Fig. 5, the non-dimensional (i/im)>~(t/tm) plots were close to
the instantaneous-nucleation curves, suggesting that pure Ni and Ni-Gr deposition both followed the
three-dimensional instantaneous nucleation mechanism. The incorporation of graphene did not change
the nucleation mode essentially. In such growth mode, active sites on the electrode surface were activated
simultaneously. Ni nuclei formed rapidly and grew slowly, which induced the formation of a uniform
and dense coating structure [45].

(ili, )}

I - === Pure Ni
0.2 1 ceeeeenee Ni-Gr
,-' Instantaneous nucleation
0.0 -’ —-—--Progressive nucleation
L 1 n 1 L 1 L 1 n L
0.0 0.5 1. 0 |5 2.0 2.5 3.0
1t

Figure 5. The non-dimensional curves of (j/jm)? as a function of t/tm of experimental transients in Fig. 4
at the deposition potential of —1.0 V compared to theoretical instantaneous and progressive
nucleation curves.

Notably, there was a clear deviation between the experimental and theoretical curves, especially
in the t/tm>1 section. The establishment of the theoretical model followed the assumptions below: the
electrode surface is smooth, the ion concentration of the plating solution remains unchanged, the crystal
nucleus is treated as hemispherical microelectrodes, and the plane circle overlap method is adopted to
deal with the overlap of three-dimensional crystal nuclei in the process of nucleation. However, the
substrate surface was not absolutely smooth after polishing in the actual deposition process. The
dislocations and defects on the surface provided a large number of active sites for the electrodeposition
of Ni ions, which increased the electrochemical reaction area. Consequently, the reduction rate of current
density with time was lower than the theoretical value. In addition, the actual deposition process was
accompanied by concentration polarization, hydrogen evolution, and other side reactions. These resulted
in the deviation between the theoretical and experimental curves.

Moreover, the nuclear number density (N) in the instantaneous nucleation mode can be calculated
through Eqg. (5):
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N = 0.0652(8”CM ),0,5(nFc

P -
where c is the bulk concentration of Ni?*, M and p are the molar mass and density of the deposit, and nF
is the molar charge of the electrodepositing species. Thus, the interrelationship of N, im, and tm can be

)? (5)

expressed as N OC(imtm)'z. The nuclear number density ratio of pure Ni and Ni-Gr deposition is Nni-
er:Nni=2.3:1, indicating that the graphene nanofillers facilitate a denser distribution of nuclei.

4.1.3 Morphology analysis

AFM morphologies of pure nickel and Ni-graphene deposits after 2 s, 5 s, and 30 s at the
deposition potential of —1.0 V are shown in Fig. 6. The color scale at the same deposition time was kept
the same for comparison. Once the constant potential was applied, a large number of nucleation sites
were activated instantaneously, and the electrochemical reaction occurred driven by the overpotential.
The metal deposits were distributed evenly and densely. The granular protrusions were small after 2 s
deposition, and the grains exhibited hemispherical structure after 5 s deposition. When the deposition
time was further prolonged to 30 s, the morphology gradually changed from epitaxial growth to fiber
texture growth due to the convergence and overlapping of grains. A rice-shaped cluster structure
dominated the coating surface, which was also observed in a previous study [46]. At the same time,
secondary nucleation on the already formed granular sediment was not observed. Therefore, the
nucleation mode of Ni and Ni-Gr depositions followed instantaneous nucleation, consistent with the
results from chronoamperometry analysis.

(a) Ni-2s (b) Ni-5s (¢) Ni-30s

0 10 20 30 40(nm) 0 25 50 75 100 (hm) o 40 80 120 160 (nm)
N ) |

Figure 6. Three-dimensional AFM topography evolution of pure Ni and Ni-graphene coatings on mild
steel at the deposition potential of —1.0 V.
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To quantitatively compare the morphology evolution of the deposits, the main surface parameters
were calculated according to 1ISO 25178-2: 2012, including root-mean-square height (Sq), skewness (Ssk),
and kurtosis (Sku). It can be seen from Table 6 that the Sq of the coating surface increased along with the
deposition time, corresponding to the gradual formation of surface structures. Ssk and Sky represent the
symmetry and sharpness of the surface roughness structure, respectively. After deposition for 2 s, the
value of Ssk was negative, indicating that the surface was dominated by valleys left by mechanical
polishing. Moreover, Sk Was close to 3, suggesting that the rough structure was characterized by the co-
existence of sharp and mild surface structures. When the deposition was carried out for 5 s, the positive
Ssk indicated that the coating surface was dominated by peaks. The Sk of pure Ni coating remained
nearly the same, while that of Ni-graphene coating further increased. With the growth and aggregation
of grains, rice-shaped grains replaced hemispherical grains after deposition for 30 s, and the values of
Ssk and Sku decreased.

Table 6. The surface parameters of pure Ni and Ni-graphene coatings on mild steel at the deposition
potential of —1.0 V.

Coating type Deposition time (s) Sq (nm) Ssk (x107Y) Sku
2 6.05+1.07 —(5.20£0.59)  3.00+0.34
Pure Ni coating 5 13.03+£1.56 3.62+1.15 2.96+0.12
30 28.55+0.58 1.34+0.61 2.81+0.23
2 10.53+0.63  —(3.42+1.47)  3.06+0.07
Ni-Gr composite coating 5 13.76+1.00 4.12+1.45 3.22+0.12
30 28.25+0.25 1.97+0.07 2.82+0.25
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Figure 7. Peak count distribution histograms of (a-c) pure Ni coating and (d-f) Ni-graphene coating on
mild steel at different deposition times.
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To obtain better insight into the effect of graphene on coating morphology at the initial stage, the
grain distribution of the peak structure was counted. The grain density of the composite coating was
always apparently higher than that of the pure nickel coating, implying that the addition of graphene
strongly impacted the grain size. The histogram and topography (inset) again validated the similar result
obtained from chronoamperometry analysis that graphene addition can increase the nucleation density
and refine the grain size.

4.2 Growth process of Ni-graphene composite coating

4.2.1 Co-deposition behavior

Fig. 8a illustrates the co-deposition process of Ni atom with graphene nanosheet, where solvent
particles are hidden for better observation. The depositing atom was adsorbed on graphene nanosheet
before the nucleation, due to the high specific surface area and surface activity of graphene. Moreover,
graphene bent naturally due to the intrinsic flexibility of two-dimensional materials [10]. The shape
diversity of graphene can evoke various unique properties, including electronic properties, chemical
activities, functionalization affinity, energy storage capacity, etc. [47]. Thus, to adequately describe the
configuration of graphene nanosheets in the coating matrix at the atomic level, it is necessary to consider
the deformation of graphene nanosheets. Therefore, this work is closer to the actual situation than
previous research that considered graphene as a rigid sheet [4].

The snapshots of Ni-graphene deposits at the early stage are shown in Fig. 8b-c. Focusing on the
deposition behavior at the nanoscale, it can be seen that the atomic-level differences and defects on the
polycrystalline substrate significantly impacted the deposition of atoms. In addition to the active sites on
the surface of the polycrystalline substrate, the graphene reinforcing phase can also act as the nucleation
site. Due to the ultra-large specific surface area and strong adsorption capacity of two-dimensional
graphene, it can easily capture deposited atoms, leading to the selective deposition of nickel atoms on
the surface and edge of graphene. The nickel atoms deposited on graphene promoted the three-
dimensional island growth.

Many experimental studies reported texture alteration or grain reinforcement in graphene-
reinforced coatings without discussing the role of graphene. Thus, particular attention was paid to the
atom arrangement on the graphene-metal matrix interface herein. It can be seen from Fig. 8b-c that the
Ni atom tended to adsorb on the hole site of graphene. The center spacing of planar graphene hexagon
was 2.46 A, while the spacing of close-packed nickel atoms was 2.49 A. Although there was a certain
degree of lattice mismatch between the lattice arrangement of nickel and graphene, a close-packed or
defect-contained Ni atom plane can be formed on the honeycomb lattice of graphene. Graphene
nanosheets existed on grain boundaries, which can disorder the matrix by retarding crystal growth along
the original direction. Thus, the crystallographic orientation can be changed, and Ni grains were refined
into a smaller size. Furthermore, the surface energy values of CVD-grown single-layered graphene and
few-layered graphene are about 0.115 J-m2and 0.119 J-m [48], respectively, while the surface energy
of pure nickel measured at 0 K and melting point are 2.24 J-m~ and 2.08 J-m2, respectively [49, 50].
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Therefore, the addition of graphene can break the long-range ordered structure of Ni and inhibit grain
growth. The above experimental conclusions are consistent with the conclusion of this simulation.

In addition, when the graphene sheet was adsorbed with metal atoms, it spontaneously folds or
bends, and a "brick-cement" structure was formed. It has been reported that this structure can effectively
improve the compactness, impermeability, and wear resistance of the composite coating [51].
Furthermore, the abundant interplay between the graphene nanosheets and crystalline defects in the
metal matrix leads to significant enhancement in the mechanical properties [52].

Figure 8. Co-deposition behavior of Ni atom and graphene nanosheet. (a) Adsorption between
depositing Ni atom and graphene nanosheet, (b, c) preferential deposition of nickel atom on
graphene nanosheets.

4.2.2 Effect of graphene on coating microstructure

Fig. 9 shows the morphology evolution of pure Ni deposit and Ni-graphene composite coating
reinforced by 40 graphene flakes. The film morphology became gradually rougher with the deposition
time, accompanied by the appearance of island structures and valleys. The root-mean-square surface
roughness (Rq) can be calculated from the coordinates of surface atoms using Eq. (6-7),

R, = /ﬁi(ﬁ_mz (©)

A=
=y 2h ()

i=1
where N is the total number of surface atoms, h; is the height of i surface atom, and h is the mean
height. The surface roughness evolutions of pure Ni coating and Ni-graphene composite coating are
plotted in Fig. 10. It can be found that the roughness of the coating gradually increased during the growth
process, corresponding to the gradual formation of surface structure. The addition of graphene
significantly increased the surface roughness, which was mainly triggered by the formation of sharp
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protrusions. The incorporation of graphene increased the local thickness and provided active nucleation
sites. Therefore, the deposited layer grew in an island mode.
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Figure 9. Effect of graphene incorporation on surface morphology. Surface morphology evolution of
(a-d) pure Ni coating and (f-i) Ni-graphene composite coating.
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Figure 10. The evolution of coating surface roughness with the increase in number of deposited Ni
atoms.

Experimentally, the composition of the plating solution can be directly adjusted, while it is
difficult to control the embedding amount of graphene accurately. Besides, it is challenging to obtain the
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distribution of graphene layers in the metal matrix. Thus, the effect of graphene on the coating
microstructure was evaluated. As shown in Fig. 11, the surface roughness of the composite coatings
showed a strong positive correlation with the graphene content. When graphene content was low, flakes
were randomly distributed inside the coating. As previously analyzed, the embedding of graphene can
increase the local thickness of the coating, resulting in the preferential deposition of Ni atoms. Thus,
with the increase in graphene content, flakes formed complex structures within the coating matrix. To
date, the precise control of lamellar nanofillers in the coating matrix remains a challenge [3]. When the
embedding amount of graphene is too high, graphene tends to aggregate, which can cause crystal defects
and result in the deterioration of the film quality [36]. The graphene dispersion inside the coating matrix
also confirmed the existence of an optimal graphene content.

Carbon content (at.%)
%
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Roughness (A)
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0 20 40 60 80 100
Number of embedded graphene nanosheets

Figure 11. The roughness of Ni-graphene coatings with different graphene contents.
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Figure 12. Contour plots and top-viewed graphene dispersion of Ni-graphene composite coatings with
different graphene contents.
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5. CONCLUSIONS

The growth process of Ni-graphene composite coating was investigated by combining
electrochemical experiment, AFM observation, and MD simulation. This study provides a fundamental
understanding of the Ni-graphene deposition mechanism, which is crucial for developing novel coatings
with specific nanostructure or performance. The following conclusions can be drawn from this work:

() In the adopted plating solution, the addition of graphene induced a negative shift in the initial
deposition potential. The enhanced cathodic polarization inhibited the reduction of nickel atoms, and the
inhibition effect weakened with the increase in graphene concentration in the plating solution. Moreover,
the addition of graphene led to the decrease in anodic peak current density, indicating that graphene
improved the electrolytic corrosion resistance of the coating. However, when the concentration of
graphene oxide in the plating solution was too high, the electrolytic corrosion resistance of the material
decreased, indicating the existence of an optimal concentration of graphene oxide in the plating solution.

(i) The electro-crystallization of pure Ni and Ni-graphene coatings followed the three-
dimensional instantaneous nucleation mode under diffusion control. The addition of graphene increased
peak current density and shortened nucleation relaxation time, which promoted the crystallization
process of nickel on the electrode surface. Graphene nanosheets can provide nucleation sites for the
deposition process, increase the nucleation density in the deposition process, and refine the grain size
concurrently.

(ili) The established electrodeposition molecular dynamics model considered the flexible
characteristics of graphene. The co-deposition behavior and the selective deposition of Ni atoms on the
graphene layer were observed. In addition, the deposited nickel atoms tended to be adsorbed on the hole
sites of graphene and formed a close-packed state, which can restrict the grain growth in the original
orientation and induce grain refinement. The preferential deposition of Ni atoms can increase the local
thickness of the coating and promote surface roughness. With the increase in graphene content, the root-
mean-square roughness of the coating surface gradually increased from 2.049 A (pure Ni coating) to
3.158 A (Ni-graphene coating with a carbon content of 41.176 at.%).
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