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ABSTRACT

The electrochemical crystallization of nickel/graphene oxide composite electrochemical coatings was
researched by the chronovoltamperometry method. The microstructure of the composite electrochemical
coatings was studied by scanning electron microscopy and X-ray diffraction analysis. The microhardness
and corrosion rate of nickel/graphene oxide composite electrochemical coatings obtained at different
cathode current densities were measured. It was revealed that in the presence of a dispersed phase of
multilayer graphene oxide, the rate of the cathode process increases. Based on scanning electron
microscopy and X-ray diffraction data, it was found that the dispersed phase affects the crystal structure of
the nickel matrix. In the presence of graphene oxide, the nickel deposit is formed uniform and fine-grained.
It was found that the microhardness of the nickel/graphene oxide composite electrochemical coatings
increases ~ 1.20 times compared with pure nickel. This is a consequence of the formation of fine crystalline
deposits with long grain boundaries, which prevents the movement of dislocations and plastic deformation
of the crystal lattice. Tests in 3.5% NaCl showed that the inclusion of graphene oxide particles in the
composition of electrolytic nickel deposits leads to a decrease in their corrosion rate by 1.35-1.60 times.
This effect is due to the fact that graphene oxide particles ensure a uniform distribution of corrosion
currents over the coating surface, and in the structure of composite electrochemical coatings, the dispersed
phase forms compounds that are more corrosion resistant than the metal matrix.
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Introduction

Electrochemical deposition of coatings based on nickel and its alloys is one of the most
effective methods for surface modification of steel products to protect them against wear
and corrosion [1]. Significant improvement in the characteristics of electrolytic nickel can
be achieved through its co-deposition with various dispersed particles. Electrochemical
deposits modified with a dispersed phase are called composite electrochemical coatings
(CECs). In particular, nickel-based CECs, due to their excellent adhesion, high hardness
and abrasion resistance, find applications in mechanical engineering, chemical and
oil/gas industries, medical equipment etc. [2-4].

The performance characteristics of composite coatings are largely determined by
the dispersed phase. Among the wide variety of dispersed materials, carbon derivatives
have attracted considerable attention from researchers. Specifically, nickel CECs modified
with carbon nanotubes [5-7], fullerenes [8,9], nanodiamonds [10,11], graphene and its
oxide [12-16] have been obtained. The latter occupies a special place among carbon
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compounds. Graphene is a two-dimensional material with a high specific surface area. Its
interaction with strong mineral acids leads to the formation of graphene oxide (GO). In
the structure of GO, carbon atoms are bonded to oxide functional groups (carbonyl,
carboxyl, epoxy etc.), which make it hydrophilic and enable the formation of stable
aqueous dispersions. These compounds are inert in many aggressive environments,
making them suitable for corrosion protection [17-19]. Additionally, the high physical
and mechanical properties of GO are of particular interest [20].

The aim of the present work is to obtain, under stationary electrolysis conditions
(galvanostatic mode), composite coatings based on nickel modified with multilayer GO,
and to study their structure, physical and mechanical and corrosion properties.

Materials and Methods

The Ni-GO composite coatings were deposited on a steel substrate (Steel 45) from a
sulfate-chloride electrolyte (Table 1) with constant stirring using a magnetic stirrer. Pure
nickel electrochemical deposits were obtained from a similar solution without the GO
dispersed phase. The coating thickness was 20 uym. Preliminary preparation of the
electrode surface prior to coating deposition included mechanical polishing with micron-
grade sandpaper, anodic treatment in 48 % HsPO4 at a current density of 50 A/dm?
for 5 sec and rinsing with distilled water.

Table 1. Electrolyte composition and electrochemical deposition parameters

No. | Electrolyte composition Concentration, g/l Deposition parameters
1 NiSO47H,0 220
2 NiCl,-6H,0 40 Temperature T=45 °C
3 CHs;COONa 30 Cathode current density iy =7, 8,9, 10 A/dm?
4 graphene oxide 10

Multilayer GO was synthesized through electrochemical oxidation of natural
graphite powder GB/T 3518-95 (China) in galvanostatic mode. A detailed description of
the synthesis method and the structure of the formed GO is provided in [21]. Phase
composition studies were conducted using an ARL X'TRA device (Thermo Scientific,
Ecublens, Switzerland) with Cu Ka radiation (A = 0.15412 nm). The surface morphology of
nickel coatings was examined using an ASPEX Explorer scanning electron microscope
(ASPEX, Framingham, MA, USA). Electrochemical measurements were performed using a
P-30J potentiostat (Elins LLC, Russia). Potentials were set relative to a saturated
silver/chloride reference electrode and recalculated according to the hydrogen scale.

The Vickers microhardness (HV) of the deposits was measured using a PMT-3
instrument (LOMO JSC, Russia) by static indentation of a diamond pyramid under a 100 g
load. HV values were calculated based on seven parallel tests, with a measurement error
of 3 %. The surface roughness parameter (Ra) of nickel coatings was determined using a
TR 220 profilograph-profilometer (TIME GROUP Inc., China). The average roughness value
was calculated from five parallel measurements. To evaluate the corrosion rate of nickel
coatings, studies were conducted in a 3.5 % NaCl solution.
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Results and Discussion

During electrochemical co-deposition with metals, dispersed phase particles influence
the kinetics of electrode (cathodic) processes. As chronovoltamperometry results show
(Fig. 1), nickel electrodeposition in the presence of GO exhibits a potential shift toward
more positive values compared to pure nickel. Consequently, the cathodic reduction rate
increases for Ni-GO CECs. Morphological analysis of GO revealed [21] that this compound
has an ordered layered structure with individual layer thickness below 0.1 ym.
The Brunauer-Emmett-Teller method determined GO's specific surface area as
46.78 m%/g [21]. The developed surface of GO may adsorb cations from the solution,
leading to positive charging of dispersed phase particles. Therefore, GO transfer to the
cathode occurs not only through convection, but also via electrophoretic forces [14-16].
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Fig. 1. Potentiodynamic polarization curves of electrochemical deposition of nickel (1) and CEC Ni-GO (2)
(potential sweep rate V,= 8 mV/s)
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Fig. 2. XRD pattern of nickel and Ni-GO CEC obtained at a current density of i, = 10 A/dm?
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X-ray diffraction analysis (XRD) of the obtained coatings revealed changes in
nickel's crystal structure under GO influence. X-ray diffraction peaks at 44.5° and 52.2°
(Fig. 2) correspond to nickel's (111) and (200) crystal planes, respectively [11]. According
to the X-ray diffraction, the main orientation for nickel crystals is the (200) direction.
While peak intensities at 52.2° remain unchanged for nickel without dispersed phase and
Ni-GO CECs, GO presence increases the 44.5° peak intensity, indicating enhanced crystal
growth along the (111) plane. Clearly, the dispersed phase affects the nickel matrix's
crystalline structure. GO layers may serve as nucleation sites for metal deposits,
restricting grain growth and making them more compact.

Scanning electron microscopy (SEM) analysis of nickel coatings' surface morphology
demonstrated GO's structural influence. Electrolytic nickel without dispersed phase
(Fig. 3(a)) shows disordered, coarse-grained structure approaching X-ray amorphous
state. With GO present, ordered, fine-grained and uniform nickel deposits form (Fig. 3(b)).
SEM analysis of the composite coatings confirmed carbon presence, proving GO
incorporation into the nickel matrix.

7’\(

Fig. 3. SEM images of the nickel surface (a) and the Ni-GO composite coating (b) obtained at a cathode
current density of ix = 10 A/dm?2. Magnification x10000

Grain size calculations based on XPA data (Fig. 2) at the intensity of the crystal
0.94

bcoso’
equals 0.15412 nm, b is the peak width at half maximum, 6 is the diffraction angle.

The calculations revealed grain size reduction from 69.0 nm (nickel without dispersed
phase) to 21.5 nm (Ni-GO CEC), i.e., over threefold decrease.

lattice (111) using Scherrer's equation [22]: d = where A is the wave length and

Table 2. Parameter R, values, um of surface roughness of nickel-based coatings

Cathode current density ij, Roughness parameter R;, um
A/dm? Nickel Ni-GO
7 1.395 0.673
8 1.017 0.420
9 0.771 0.401
10 0.596 0.369
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To characterize the electrolytic nickel deposits condition, its surface roughness was
measured, i.e., arithmetic mean of absolute values of profile deviations within the base
length (R;). The R, parameter values decrease for composite coatings across studied
current densities compared with pure nickel (Table 2). Evidently, GO particles promote
uniform metal deposit distribution across the cathode surface without causing
agglomeration in the nickel matrix volume.

The reduction in grain size of nickel deposits and the associated change in surface
morphology should affect their physical and mechanical properties. The GO layers within
the coating volume act as vacancy sites and inhibit metal grain growth. This process leads
to an increased nucleation rate. The crystallites become finer, and the extended grain
boundaries impede dislocation movement and plastic deformation of the crystal
lattice [11]. Notably, GO possesses high mechanical properties. When an external load is
applied to the composite coating, the GO layers absorb part of the load through shear
stress transfer. Dislocation motion in the nickel matrix is constrained by the GO particle
layers, resulting in deformation resistance and increased lattice distortion energy [23,24].
These factors enhance microhardness from 1938-2459 MPa (nickel without dispersed
phase) to 2200-3076 MPa (Ni-GO CEC), i.e., by ~ 20 % (Table 3). The microhardness of
the Steel 45 substrate was 894 MPa.

Table 3. Microhardness values HViq of nickel-based coatings

. 5 Microhardness HV100, MPa
Cathode current density iy, A/dm Nickel NI-GO
7 1938 2200
8 2150 2520
9 2350 2938
10 2459 3076

Another critical operational property of composite coatings is corrosion resistance.
The corrosion rate (CR) of nickel deposits was determined by mass loss after 24-hour
immersion in 3.5 % NaCl (weighing before/after testing) using the following equation
[25,26]: CR = %, where K is the constant (8.76:10%, W is the mass loss (g), A is the

coating area (1 cm?), t is the testing time (h) and D is the nickel density, which equals
8.9 g/sm>. Corrosion tests in 3.5 % NaCl revealed a decrease in corrosion rate from
0.328-0.656 mm/year (nickel without dispersed phase) to 0.205-0.492 mm/year (Ni-GO CEC),
i.e., ~40% reduction (Table 4). The Steel 45 substrate exhibited a corrosion rate of
0.881 mm/year.

Table 4. Corrosion rate of nickel-based coatings

Corrosion rate, mm/year

Cathode current density i, A/dm?

Nickel Ni-GO
7 0.656 0.492
8 0.574 0.410
9 0.451 0.328
10 0.328 0.205
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The primary factors governing corrosion behavior of the electrolytic nickel deposits are its
composition and structure. Nickel's electrochemical corrosion susceptibility depends on
crystallographic orientation, which determines surface free energy per unit area [25]. The ordered
fine-crystalline structure of CECs (Fig. 3(b)), unlike nickel without dispersed phase (Fig. 3(a)),
promotes uniform corrosion current distribution [27,28]. Dispersed phase agglomeration in the
metal matrix worsens corrosion properties by forming microgalvanic elements [29]. Thus, GO
inclusions are uniformly distributed throughout the coating volume and surface. Moreover, GO’s
stability and impermeability elongates the diffusion path for aggressive media [30], preventing
nickel ion penetration through GO particle cross-sections. It is worth noting that the dispersed
phase enhances corrosion resistance only if it forms compounds more stable than the metal
matrix at phase boundaries or throughout the whole volume. Otherwise, corrosion won'’t
stop, bypassing the particles (with possible minor rate reduction). Such stable compounds
evidently form in the studied Ni-GO CEC structure. All the factors listed above improve the
corrosion resistance of Ni-GO CECs compared to pure nickel deposits.

Conclusions

The conducted studies allow to conclude that in the galvanostatic electrolysis mode from a
sulfate-chloride nickel-plating electrolyte containing a dispersion of multilayer GO,
composite coatings are formed. The incorporation of the GO phase into the matrix of
electrolytic nickel deposits leads to changes in their surface microtopography and a reduction
in grain size from 69 to 21.5 nm. GO contributes to the improvement of physical and
mechanical and corrosion properties of the studied CECs. Modification of the electrochemical
coating with dispersed particles results in an increase of microhardness from 1938-2459
to 2200-3076 MPa, as well as a decrease in corrosion rate from 0.328-0.656 mm/year
for nickel without dispersed phase to 0.205-0.492 mm/year for Ni-GO CECs.
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