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ABSTRACT: In this paper, a novel kind of graphene (Gr)-reinforced Zn−Ni alloy composite coating is successfully prepared on an
iron substrate by pulsed reverse electrodeposition. Hydrophilic graphene oxide (GO) is directly added to the electrolyte and reduced
to Gr during coating. The experimental results reveal that (1) there is an optimal adding amount (about 0.4 g/L) of GO in the
electrolyte for achieving the highest mechanical properties and corrosion resistance; (2) the composite coating shows grain
refinement and a dense microstructure due to heterogeneous nucleation sites provided from the Gr sheets during electrodeposition;
and (3) compared to the regular Zn−Ni coating, the composite coating exhibits many enhancements, including hardness increase by
2.3 times, elastic modulus increase by 39%, and corrosion rate decrease from 37.66 to 1.30 mils/annum. This process has advantages
such as being simple, effective, well repeatable, economical, and supporting large-scale production and is expected to be widely
applied in electronics, automobiles, marine engineering, and military industries.

1. INTRODUCTION

It is well known that Zinc (Zn) and Zn-based alloy coatings,
involving zinc−cobalt (Zn−Co), zinc−nickel (Zn−Ni), zinc−
chromium (Zn−Cr), zinc−copper (Zn−Cu), and zinc−iron
(Zn−Fe), provide economical ways to enhance the anti-
corrosion performance of iron and steel, which has been
employed in industry widely.1−7 In recent years, in order to
enhance the corrosion resistance of thin coatings in harsh
environments, many composite coatings have been developed
for meeting challenging applications.8,9 As we all know,
compared with their bulk materials, nano-sized materials
have a significant large surface area to volume ratio and
therefore, nanocomposite coatings have been widely explored
for applications.10 Correspondingly, various nanomaterials
have been used as reinforcing phases for preparing the
composite coatings in the field of electrodeposition, such as
zinc−nickel alloy−cerium oxide (Zn−Ni alloy−CeO2), zinc−
nickel alloy−aluminum oxide (Zn−Ni alloy−Al2O3), zinc−
nickel alloy−silicon nitride (Zn−Ni alloy−Si3N4), zinc−
titanium oxide (Zn−TiO2), zinc−nickel−phosphorus alloy−

silicon carbide (Zn−Ni−P alloy−SiC), nickel−phosphorus
alloy−tungsten carbide (Ni−P alloy−WC), zinc−nickel alloy−
carbon nanotubes (Zn−Ni alloy−CNTs), nickel−reduced
graphene oxide (Ni−rGO), and zinc−graphene (Zn−
Gr).11−23

As a novel two-dimensional material, graphene (Gr) has
been considered as an ideal reinforcing phase in composites
due to its unique properties, such as excellent thermal
conductivity (3000−5000 W m−1 K−1), large theoretical
specific surface area (2630 m2 g−1), excellent mechanical
properties, remarkable chemical inertness unless exposed to
harsh reaction conditions, and so forth.24−26 So far, various
metal/alloy−Gr composites, such as iron (Fe), copper (Cu),
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nickel (Ni), aluminum (Al), gold (Au), silver (Ag), and so
forth, have been prepared by using different processes
including electrochemical deposition and powder metal-
lurgy.27−33 Zhang et al.29 prepared the Fe−Gr composite
coating on the copper substrate coupled with aluminum by the
electroless plating process. Luo et al.30 employed the Ag−Gr as
a reinforcing phase to prepare the copper matrix composites
via ball milling and hot-pressed sintering at different pressures,
and the micro-hardness and electrical and thermal conductiv-
ities were all higher than pure copper. Leng et al.31 fabricated
the Al−Gr composite by the powder metallurgic method and

the hardness increased by 33.5%. Rekha et al.4 performed the
ZnCr−graphene oxide (ZnCr−GO) composite coatings over a
mild steel substrate by using electrolyte baths with different
concentrations of dispersed GO and revealed that for both 1
and 48 h exposure times, the composite coatings were of
higher corrosion resistance than the ZnCr coatings, and the
corrosion resistance substantially increased with GO content
increase during coatings. Jabbar et al.32 fabricated the Ni−Gr
composite coatings on carbon steel at different deposition
temperatures, and the results showed that the coating
deposited at 45 °C exhibited a coarser surface morphology

Figure 1. Characterizations of GO: (a) SEM morphology; (b) XRD pattern; (c) AFM image; (d) Raman spectrum; and (e) FT-IR spectra before
and after co-deposition.
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with increased carbon content, refined grain sizes, high micro
hardness, and better corrosion resistance performance. In our
previous work, the Cu−Gr composite coating via electroless
plating33 and the Fe−Gr27 and Zn−Gr19 composite coatings
via electrodeposition were prepared, which showed enhanced
mechanical property and corrosion resistance. In addition, the
Cu−Gr composite based upon high-quality graphene was also
prepared via spark plasma sintering and exhibited better
electrical conductivity.34

Electrodeposition is a technique that holds great promise for
large-scale applications of metal−Gr composite coatings with
easy processing and low cost. In general, graphene (Gr) has
poor dispersibility in water. However, as a kind of oxidized
form of Gr, GO not only exhibits relatively good barrier and
mechanical properties but also has many hydrophilic functional
groups, such as the hydroxyl group, epoxy group, and carboxyl
group, which can easily form hydrogen bonds with water
molecules and provides a possibility to achieve uniform
dispersion in the electroplating solution.35−37 In this work,
the Zn−Ni alloy−Gr composite coating was prepared by using
pulsed-reverse electrodeposition (PRED). PRED is a simple
and economical process for depositing porosity-free, bulk
nanocrystalline materials with controlled physical properties
and exhibits better corrosion resistance than conventionally
deposited metal coatings.38 Instead of hydrophobic Gr,
hydrophilic GO was added in the electrolyte bath and reduced
to Gr during the co-deposition process. The Gr-reinforced
Zn−Ni alloy coating achieved great improvement of
mechanical property and corrosion resistance at the optimum
adding amount of GO. The process has advantages such as

being simple, effective, well repeatable, economical, and
promoting large-size production and is expected to be widely
applied in electronics, automobile, chemical, marine engineer-
ing, and military industries.

2. RESULTS AND DISCUSSION

Figure 1 shows the microstructures of GO. Obviously, GO
exhibited thin and transparent sheets with irregular shapes,
which indicated that natural graphite had been peeled off into
single and few-layered sheets of about 1 nm after oxidation and
ultrasonic treatment. Meanwhile, some folds were observed at
the edge of the GO sheets due to destruction of the CC
bands, when it attached the oxygen-containing functional
groups. The XRD pattern revealed an obvious carbon
diffraction peak (110) at 10.9°, which was the characteristic
absorption peak of GO, indicating its high degree of graphite
oxidization and exhibiting an ordered crystalline phase.37,39,40

In addition, because of the existence of the oxygen functional
groups and water molecules in between the interlayer galleries
of the hydrophilic GO, the interlayer spacing was enlarged up
to 0.81 nm, which was much larger than that of the regular
graphite interlayer (0.34 nm). From the Raman spectrum, a
typical D band appeared at 1340.8 cm−1 corresponding to the
irregular arrangement of atomics and the edge effects of Gr and
a G band at 1578.7 cm−1 representing the plate vibrations of
sp2 carbon atoms. The ratio of ID to IG (ID/IG) was 0.92, which
showed the typical spectra of GO.41

The FT-IR spectra illustrate more information on GO
before and after electrodeposition. For original GO, the peaks
related to different groups, that is, a broad peak at 3220.04

Figure 2. Surface SEM morphologies of the coatings: (a) pure Zn; (b) regular Zn−Ni alloy; (c−f) Zn−Ni alloy−Gr with different GO contents in
the electrolyte from 0.2, 0.4, 0.6 to 0.8 g/L, respectively. The inset is the surface morphologies of the coatings after the cross-cut tape testing.
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cm−1 corresponding to O−H of the carboxyl group, the peak at
1716.57 cm−1 to CO vibration of the carboxyl group or
carbonyl group, the peak at 1624.44 cm−1 to CC tensile
vibration of the aromatic ring, and the peak at 1045.27 cm−1 to
C−O vibration of carboxylic acid. Apparently, the existence of
various active oxygen-containing groups (carboxylic groups at
the edges and hydroxyl groups within the plates) on the
internal and external surfaces confirmed the presence of GO,
which was consistent with the reported results.40 In addition, it
also affected the surface polarity and changed the surface
charge distribution, which further provided a possibility of the
GO uniform distribution in the electrolyte and promoted the
formation of even composite coating as discussed above.42

However, after the pulsed-reverse electrochemical deposi-
tion, it was worth especially to note that the peak related to the

vibration of the C=O bond became smaller and narrower, and
the absorption peaks of O−H stretching vibration almost
disappeared. In addition, due to the tensile vibration of C−O
and epoxy groups, the peak at 1153 cm−1 became very small.
These results demonstrated that the most of the oxygen-
containing groups have been removed from the carbon sheets
during co-electrodeposition, and that was to say, GO sheets
have been reduced and transformed into rGO or Gr effectively
after electrochemical treatment.
In general, the reduction of GO is mainly caused by

electronic exchange between GO and the electrodes.43 In the
present work, the larger cathode pulse is more beneficial to the
GO reduction into Gr within the composite coating during
electrodeposition. In addition, it was reported that the
potential needed to achieve the reduction was controlled by

Figure 3. EDS elemental analysis of the coating’s surface: (a) SEM image; (b−d) EDS mappings; (e) Compositions of the Zn−Ni alloy−Gr
composite; and (f) Compositions of the regular Zn−Ni alloy.
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the pH value of the buffer solution. Hydrogen ions (H+)
participated in the reaction and the low pH value was favorable
to GO reduction. The following equation highlights the crucial
role of H+ in the solution.44

a b

c

Graphene oxide H e

reduced graphene oxide H O2

+ +

→ +

+ −

(4)

Figure 2 shows the surface morphologies of the coatings. It
could be seen that the pure Zn coating exhibited a typical
hexagonal close-packed structure; the Zn laminated crystalline
grains grew in random orientations and stacked with each
other at 120° edge angles. Comparatively, the regular Zn−Ni
alloy coating showed great changes in crystallinity and
morphologies, that is, the spherical nodules replaced the
hexagonal clusters due to the formation of a new phase.
Further, the grain sizes of the composite coating varied with
the contents of the Gr-reinforcing phases, and the smallest and
densest grains appeared at 0.4 g/L, as shown in Figure 2d.
These results reveal three facts, that is, (1) the Gr sheets
provided additional nucleation sites and resulted in small and
dense grains, which changed the original homogeneous
nucleation into heterogeneous nucleation during electro-
deposition; (2) Gr also hindered the grain growth; (3)
excessive GO sheets in the electrolyte decreased the content of
the Gr-reinforcing phase in the coating due to agglomeration
and poor dispersion and weakened the enhancement effect. In
fact, the phenomenon of the “optimal Gr adding content” in

the metal−Gr composites has been confirmed by many
research studies.19,27,37,45

The inset shows the surface of the coatings after cross-cut
tape testing. As we all know, the adhesion strength between the
coating and the substrate is an important factor in practical
applications. Clearly, the cut edges were smooth and none of
the grid squares was detached from the substrate after stripping
off the tape, which demonstrated a good adhesion between the
coating and the substrate and had the highest value in
accordance with the 5B level of the ASTM D3359 standard. All
samples exhibited the same results, indicating that as a
reinforcing phase, Gr did not make any obvious influences
on appearance and adhesion strength of the coatings.
In general, it is difficult to directly measure the Gr

distribution uniformity and content in the composites by
instruments. Therefore, indirect methods, such as C elemental
mapping and property variations, such as corrosion, hardness,
tensile strength, and so forth are often used in experiments.
Figure 3b−d shows the energy-dispersive X-ray spectroscopy
(EDS) elemental mappings of the surface of the Zn−Ni alloy−
Gr composite coating. Obviously, Zn, Ni, and C elements
dispersed homogeneously in the coating without segregation
and agglomeration. The C, Zn, and Ni compositions in the
composite coating were 12.44, 12.09, and 75.46 wt %,
respectively, which indicated the successful incorporation of
Gr with Zn and Ni ions. From the cross-sectional image, as
shown in Figure 4, the thickness of the coating was about 21.5
μm. The EDS elemental mappings, as shown in Figure 4b−e,
further showed the uniform distribution of the elements in the

Figure 4. EDS elemental mappings of the cross section of the Zn−Ni alloy−Gr composite coating: (a) SEM; (b) Fe; (c) C; (d) Zn; and (e) Ni.
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composite coating. Especially, the uniform dispersion of the C
element could be ascribed to the homogeneous dispersion of
GO in the electrolyte and dissolution effect at the current
interruption (toff) stage during deposition.
Figure 5 illustrates the XRD patterns of the samples. The

peaks at 36.3, 39.1, and 43.2° corresponded to the (002),
(100), and (101) crystal planes of metal Zn [PDF#87-0713].
The three peaks at 43, 62.1, and 78.2° can be ascribed to the
(330), (442), and (426) crystal planes of the δ-phase (δ-
Zn22Ni3) [PDF#10-0209], respectively. Comparatively, the
peak width of the δ-phase (δ-Zn22Ni3) in the composite
coating was broader than that of the regular Zn−Ni alloy
coating, which revealed the smaller grain sizes due to the Gr
co-deposition. According to the Scherrer equation, the
calculated average crystal size of the coatings varied in the
following sequence: 23.3, 17.9, 17.5, 18.4, and 19.4 nm, where
the GO contents in the electrolyte were 0, 0.2, 0.4, 0.6, and 0.8
g/L, respectively. The variations were also consistent with the
results in Figure 2. In addition, a very small peak at 26.1° was
identified in the composite coatings, which was attributed to
the diffraction of the (002) carbon planes.39,46

Corrosion resistance is crucial for applications of the
protective coatings. In this work, first, electrochemical
impedance spectroscopy (EIS) was applied to evaluate the
corrosion property due to its capability of “in situ” and non-
destructively probing relaxation phenomena over a wide range
of frequencies. In order to obtain stable potentials with times,
the equilibrium potential was measured by immersing the
coated electrodes in a 3.5 wt % NaCl solution for 30 min
before the corrosion measurement. As shown in Figure 6, the
results indicated that: (1) the open circuit potential (Eocp)
value of the pure Zn coating shifted sharply to the negative
direction at the beginning whereas that of the regular Zn−Ni
alloy coating and the Zn−Ni alloy−Gr composite coatings
decreased only by about 10 mV or even less with increase of
immersion time; (2) the Eocp values for the regular Zn−Ni
alloy and the Zn−Ni alloy−Gr composite coatings (GO
contents in the electrolyte: 0, 0.2, 0.4, 0.6, 0.8 g/L) were
stabilizing at −1.074, −1.049, −1.039, −1.047, and −1.052
mV, respectively, which demonstrated that the Gr incorpo-
ration further reduced the corrosion susceptibility.

Figure 7 illustrates the EIS plots of the samples in 3.5 wt %
NaCl aqueous solutions for 30 min. All Nyquist plots were of a
similar shape, that is, two loops of different dimensions, one
high-frequency capacitive loop, and one low-frequency
capacitive loop. The equivalent circuit is used to explicate
the corrosion resistance of the composite coating circuit.
Figure 7d gives the electrical circuit, where Rs represents the
solution resistance between the reference and working
electrodes. Ro and CPE3 correspond to the resistance and
capacitance of the formation of the thin oxide film that is
reinforced by the ionic conduction through its pores. The
constant phase element, CPE, is used to replace the pure
double layer capacitor and obtain a more accurate fit due to the
distributed surface reactivity, roughness, and surface hetero-
geneity. Rc and CPE2 correspond to the resistance and
capacitance of the coatings. Rct represents the charge transfer
resistance, and CPE1 corresponds to the electric double layer
capacitance.47 The related parameters derived from the models
were summarized in Table 2. The charge-transfer resistances
(Rct) of the pure Zn and the Zn−Ni alloy coatings were 117.8
Ω cm2 and 2677 Ω cm2, respectively, whereas for the Zn−Ni
alloy−Gr (0.4 g/L) coating, it reached up to 3815 Ω cm2. It is
well known that the low polarization resistance (Rct) value is
due to the increase of the active surface, which is related to the
discontinuity and porosity of the coating, and the higher Rct

Figure 5. XRD patterns of the Zn−Ni alloy−Gr composite coatings with different GO contents added in the electrolyte: (a−e) 0, 0.2, 0.4, 0.6 to
0.8 g/L, respectively.

Figure 6. Open-circuit potential (Eocp) curves in 3.5 wt % NaCl
solution.
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value indicates better corrosion resistance. Therefore, these
results demonstrated that the electrolyte was prevented to get
into the composite coating, and meanwhile, the values of CPE3
decreased for the Zn−Ni alloy−Gr composite coatings, which
suggested that the passivating layer or corrosion layer became
less permeable.48

With regard to Figure 7a, the Gr incorporation enlarged the
dimension of the capacitive loop, implying an excellent
corrosion resistance of the composite coating. The Bode
modulus plot, as shown in Figure 7b, also showed that the
maximum |Z| of the composite coating at the low-frequency
range ( f = 0.01 Hz) at the optimal GO concentration in the
electrolyte was about twice higher than that of the regular Zn−
Ni alloy coating. Similarly, the Bode phase plot, as shown in
Figure 7c, revealed that the phase angle also increased after
adding GO, which indicated that the presence of Gr changed
the interface property between the metal and solution and
effectively inhibited the corrosion of the substrate.49,50

Figure 8 illustrates the potentiodynamic polarization curves
of the coatings in 3.5% NaCl solution and correspondingly,
Table 3 lists the electrochemical parameters involving the
corrosion current (icorr), corrosion potential (Ecorr), and linear
polarization resistance (Rp) derived from the corrosion tests.
These variations of icorr and Ecorr values indicated the high
corrosion resistance of the composite coatings and further-
more, the minimum icorr value occurred when the GO adding
content was 0.4 g/L in the electrolyte. The corrosion rate
(CR) (rcorr) could be calculated from icorr by using Faraday’s
law of electrolysis51

Figure 7. EIS plots of the samples in 3.5 wt % NaCl solution for 30 min: (a) Nyquist plots; (b) Bode |Z| versus frequency plots; (c) Bodephase
angle versus frequency plots; and (d) equivalent electrical circuits model used to fit the impedance spectra.

Table 1. Experimental Parameters of the Coating
Preparations

compositions or parameters pure Zn
Zn−Ni
alloy

Zn−Ni alloy−
Gr

nickel sulfate (g/L) 0 120 120
zinc chloride (g/L) 60 60 60
sodium sulfate (g/L) 80 80 80
SDS (g/L) 0.1 0.1 0.1
GO (g/L) 0 0 0.2, 0.4, 0.6,

0.8
pH 3.5 3.5 3.5
temperature (◦C) 40 ± 2 40 ± 2 40 ± 2
pulse frequency (Hz) 1000 1000 1000
duty cycle 50% 50% 50%
average current density (A/dm2) 2 2 2
reverse average current density
(A/dm2)

0.5 0.5 0.5

deposition time (min) 10 10 10
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r
i M

Z F
tcorr

corr=
×
× (5)

where M is the atomic weight of the metal (56 g/mol for Zn),
Z is the number of lost electrons per metal atom during the
anodic dissolution of the metal, and F is the Faraday constant
(96485.34 C/mol). The rcorr in this equation is the mass of
dissolved metal in time per t unit area, which can be converted
to corrosion depth by the following equation

i M
Z

CR
0.129 corr

ρ
=

× ×
× (6)

where ρ is the density of the metal undergoing corrosion (7.87
g/cm3 for Fe) and “0.129” is the calculation parameter.52

Obviously, according to the CR values in Table 3, the
corrosion resistance of the composite coatings was improved
effectively due to the Gr incorporation. The mechanism could
be explained as follows: (1) As an anode, Zn was dissolved and
oxidized to Zn2+, which was stable thermodynamically; (2) for
the pure Zn coating, the corrosion products were mainly ZnO,
while for the regular Zn−Ni alloy coating, the main corrosion
products consisted of ZnO, ZnCl2·Zn(OH)2 and a little of
2ZnCO3·3Zn(OH)2;

53 (3) when the regular Zn−Ni alloy
coating was in a corrosive environment, Zn was first corroded
and produced white rust of Zn(OH)2·2H2O, which was a non-

conductive substance and tended to form a dense Zn(OH)2
film on the coating surface as a protective layer; (5) however,
in the pure Zn coating, Zn(OH)2·2H2O was easily converted
into a ZnO film (a kind of n-type semiconductor) and formed
a loosened film, and this film was in favor of passing through
the corrosion current and weakened the shielding effect of the
protective film; (6) the existence of the Ni element in the
coating played a role in inhibiting the transformation from
Zn(OH)2·2H2O into the ZnO film and therefore, the Zn−Ni
alloy coating held a smaller corrosion current and lower CR
than the pure Zn coating; (7) more importantly, the well-
dispersed Gr sheets in the composite coating acted as a barrier
for preventing the penetration of corrosive media and further
improved the corrosion resistance in corrosive environments;
moreover, the best effect was acquired at the optimal GO
adding content, about 0.4 g/L, in the electrolyte.
Figure 9 shows the surface morphologies of the coatings

after immersing in 3.5 wt % NaCl solution for 30 min. Clearly,
the pure Zn coating exhibited the worst corrosion surface,
while regular the Zn−Ni alloy and the Zn−Ni alloy−Gr
composite coatings were of much better corrosion resistance.
Comparatively, in case the GO adding content was 0.4 g/L in
the electrolyte, the composite coating showed the highest
corrosion resistance, which was ascribed to the following three
reasons: (1) the Gr-reinforcing phases provided more
nucleation sites and retarded the grain growth, which resulted
in the refined grain size and dense microstructures. In general,
in nanostructured coatings, grain boundaries serve as suitable
sites for nucleation and growth of the passivation layers.
Therefore, in this work, a more stable and uniform passivation
layer was formed and resulted in better corrosion resistance;
(2) because of high impermeability, the Gr sheets exhibited
barriers for preventing the penetration of the corrosion
medium into the coating;54 (3) the Gr-reinforcing phases
entered and filled up with defects, such as cracks, gaps,
crevices, and micro-scaled holes, generally generating in the
metal matrix, which avoided the phenomenon of stress
concentration and preferential corrosion. However, excessive
addition of GO in the electrolyte would cause massive Gr
agglomeration, resulting in insufficient Gr co-incorporation in
the coating and reducing the corrosion resistance, as shown in
Figure 9f.

Table 2. Calculation Values of the Equivalent Circuit Components of the Coatings in 3.5 wt % NaCl Aqueous Solution for 30
min

samples Rs (Ω·cm2) CPE3 (F·cm
−2) Ro (Ω·cm2) CPE2 (F·cm−2) Rc (Ω·cm2) CPE1 (F·cm

−2) Rct (Ω·cm2)

pure Zn 0.3226 3.23 × 10−7 5.202 2.299 × 10−4 94.49 8.561 × 10−3 117.8
Zn−Ni alloy 0.7675 4.102 × 10−7 8.697 1.363 × 10−5 122 5.092 × 10−4 2677
Zn−Ni alloy−Gr 0.2 g/L 1.981 2.91 × 10−7 5.839 7.749 × 10−5 469.2 3.664 × 10−4 2261
Zn−Ni alloy−Gr 0.4 g/L 1.42 2.24 × 10−7 7.652 2.163 × 10−4 38.04 1.968 × 10−5 3815
Zn−Ni alloy−Gr 0.6 g/L 1.629 2.753 × 10−7 6.385 2.561 × 10−5 384.4 7.422 × 10−4 2552
Zn−Ni alloy−Gr 0.8 g/L 2.002 2.958 × 10−7 5.923 7.555 × 10−5 462.2 3.606 × 10−4 2746

Figure 8. Potentiodynamic polarization curves of the samples in 3.5%
NaCl solution.

Table 3. Electrochemical Parameters Derived from the Potentiodynamic Polarization Curves

sample βc (V·dec−1) βa (V·dec−1) Ecorr (V vs SCE) icorr (uA·cm−2) Rp (Ω·cm2) CR mils/annum

pure Zn 1.769 10.043 −1.084 353.500 104 109.13
Zn−Ni alloy 0.753 11.439 −1.061 122.000 292 37.66
Zn−Ni alloy−Gr 0.2 g/L 3.309 12.068 −1.020 12.460 2269 3.85
Zn−Ni alloy−Gr 0.4 g/L 4.637 14.094 −1.046 4.199 5527 1.30
Zn−Ni alloy−Gr 0.6 g/L 5.827 18.389 −1.047 6.379 2815 1.97
Zn−Ni alloy−Gr 0.8 g/L 3.077 10.721 −1.046 92.110 342 28.43
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Figure 10 illustrates the coating cross section schematically.
For the regular Zn−Ni coating, the substances Na+, Cl−, H2O,
O2 in the corrosive solution were more likely to reach the
substrate, as shown in Figure 10a, and it would suffer from
corrosion easily. However, for the composite coating, the co-
deposited Gr nanosheets acted as barriers in the corrosion

paths and prevented the corrosive electrolyte from reaching the
substrate, as shown in Figure 10b.
In order to investigate the corrosion-resistant perdurability

of the coatings, Figure 11 shows the impedance spectra of the
samples after immersing for 100 h in 3.5 wt % NaCl solution.
Figure 11d gives the electrical circuit. The presence of an
inductive loop suggested that the surface was not stable and
the electrode process of the coating comprised the dissolution
reaction involving adsorption/desorption of the intermediate.
The corrosive electrolyte diffused through the defect site and
reached the coating/metal interface, which led to the initiation
of electrochemical reactions.13 Rs was the solution resistance
between the reference and working electrodes. Rc was the
coating resistance and CPEc represented the coating capacity,
which characterized the medium capacitance loop and
originated from the diffusion through the porous alloy surface.
Rct represented the charge-transfer resistance, which was
ascribed to the redox reaction of the metal, and CEPdl

corresponded to the electric double layer capacitance,
describing the low-frequency capacitive loop. RL and L
described the inductive loop, which corresponds to the
resistance of intermediate adsorption/desorption and the
inductance of Faradaic processed occurrence at the electrode.
From Table 4, it could be seen that the values of Rct had a
significant increase for the Zn−Ni alloy−Gr composite coating
(368.4Ω·cm2) when compared to the pure Zn (108.7Ω·cm2)
and Zn−Ni alloy coating (300.9 Ω·cm2). Also, the values of
CPEc and CEPdl were much smaller, implying an increase in
corrosion resistance of the coatings after incorporating Gr due

Figure 9. SEM surface morphologies of the samples after immersing in 3.5 wt % NaCl solution for 30 min: (a) pure Zn; (b) regular Zn−Ni alloy;
(c)-(f) Zn−Ni alloy−Gr with different GO contents in the electrolyte from 0 to 0.8 g/L, respectively.

Figure 10. Schematic diagram of the coating cross section: (a) regular
Zn−Ni alloy coating; (b) Zn−Ni alloy−Gr composite coating.
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Figure 11. EIS plots of the samples in 3.5 wt % NaCl solution for 100 h: (a) Nyquist plots; (b) Bode |Z| versus frequency plots; (c) Bodephase
angle versus frequency plots; and (d) equivalent electrical circuits model used to fit the impedance spectra.

Table 4. Calculation Values of the Equivalent Circuit Components of the Coatings in 3.5 wt % NaCl Aqueous Solution for 100
h

samples Rs (Ω·cm2) CPEc (F·cm−2) Rc (Ω·cm2) L (H) RL (Ω·cm2) CPEdl (F·cm−2) Rct (Ω·cm2)

pure Zn 2.274 × 10−4 8.392 × 10−4 164.2 6.825 339.3 1.018 × 10−2 108.7
Zn−Ni alloy 1.908 × 10−6 4.497 × 10−4 96.13 1576 122 2.324 × 10−3 300.9
Zn−Ni alloy−Gr 0.4 g/L 6.066 4.436 × 10−4 3669 64050 7604 5.871 × 10−5 368.4

Figure 12. Mechanical properties of the samples: (a) load−displacement curves; (b) hardness and elastic modulus histograms (a−f: pure Zn, Zn−
Ni alloy−Gr with different GO contents in the electrolyte 0, 0.2, 0.4, 0.6, and 0.8 g/L).
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to the change of the microstructure and the formation of a
compact passive layer or corrosion product layers.
Compared with Figure 7, the plots shrink to a smaller

dimension. It indicated that the electrolyte diffused into the
coating/metal interface through the coating porosities and
defect sites and resulted in a decrease of the corrosion
protection performance. As shown in Figure 11, the |Z| value of
the Zn−Ni alloy−Gr composite coating was much larger than
that of pure Zn and Zn−Ni alloy coatings. It suggested that the
performance of the composite coating was stable and the rate
of performance degradation was slower than the others. That
was to say, the impermeability of the Gr sheets within the
composite coating could effectively inhibit the ions’ transport
for a long time. Figure S2 illustrates the weight loss profiles of
the coatings immersed in 3.5 wt % NaCl solution for 30 days.
Obviously, the losses in the mass of the pure Zn and regular
Zn−Ni alloy coatings were much higher than that of the Zn−
Ni alloy−Gr composite coatings. Comparatively, in case the
added GO content was 0.4 g/L in the electrolyte, the mass loss
rate was the lowest, indicating the highest corrosion resistance,
consistent with the results of the above electrochemical tests.
The mechanical properties of the coatings are also very

important in engineering applications. Figure 12 gives the
load−displacement curves, hardness, and elastic modulus of
the coatings measured by using a nanoindenter. It could be
seen that at the optimal adding content of GO, the micro-
hardness of the Zn−Ni alloy−Gr composite coating increased
to 4.68 GPa whereas those of the pure Zn and regular Zn−Ni
alloy coatings were only 1.97 and 2.02 GPa, respectively.
Meanwhile, the elastic modulus also increases by 39 and 57%,
respectively. The enhancement of Gr on the mechanical
properties of the composite coatings was also examined by
many other research studies.11,21,22,33,37 These enhancement
mechanisms were ascribed as follows: (1) the Zn−Ni alloy was
similar to a metallic solid solution and Ni atoms replaced part
of lattice sites of Zn atoms, which resulted in the atomic lattice
distortion and hindered the deformation caused by an external
force; (2) the Gr-reinforcing phase in the coating increased the
nucleation sites for the reduction of metal ions and hindered
the grain growth, which resulted in the refinement of grain size
and a dense microstructure; (3) the strengthening effects of Gr
also included the inhibition of plastic flow due to blocking of
the dislocation motion, grain refinement, and inherent high
mechanical strength of Gr itself.

3. CONCLUSIONS

1) The Gr-reinforced Zn−Ni alloy composite coating is
successfully prepared by PRED. During preparation,
hydrophilic GO is added in the electrolyte and reduced
into Gr and also co-deposited with Zn and Ni ions.

2) The Gr-reinforcing phase in the coating increases the
nucleation sites for the reduction of metal ions and
hindered the grain growth, which results in the
refinement of grain size and a dense microstructure.

3) There exists an optimal GO adding content (0.4 g/L) in
the electrolyte for achieving the highest performance.
Compared to the regular Zn−Ni coating, the composite
coating is of increased hardness by 2.3 times, elastic
modulus by 39%, and decreased CR from 71.64 to 2.47
mils/annum.

4) The present process has advantages, such as easy and
simple operation, excellent performance, and being

suitable for industrial manufacture. It is expected to
have broad application prospects in the fields of
corrosion resistance, chemical engineering, military
industry, marine engineering, aerospace, and so forth.

4. EXPERIMENTAL PROCEDURE
All reagents in this experiment were of analytical grade, and
deionized water was utilized to prepare the electrolyte.

4.1. Preparation of Hydrophilic GO. Hydrophilic GO
was synthesized from natural graphite by the modified
Hummers method.55 The preparation steps were as follows:

1) Pretreatment of graphite powder: 10 g of graphite
powder (C), 10 g of potassium thiosulfate (K2S2O3),
and 10 g of phosphorus pentoxide (P2O5) were put into
15 mL of concentrated sulfuric acid (98% H2SO4) and
then stirred for 6 h in a water bath at 80 °C. At last, the
obtained dark mixture was filtrated by deionized water
several times and dried in a stove at 60 °C;

2) Oxidation of graphite: First, 1 g of pretreated graphite
was put into 30 mL of concentrated sulfuric acid (98%
H2SO4), and 4 g of potassium permanganate (KMnO4)
was gradually added into the solution with stirring and
cooling with an ice-water bath (<10 °C); Second, the
solution was kept in a water bath at 35 °C for 2 h.
Eventually, a dark tan solution was obtained after 30 mL
of deionized water was added to the solution and kept at
85 °C for 30 min;

3) Hydrogen peroxide (30% H2O2), which was used to
eliminate the excess potassium permanganate (KMnO4),
was slowly added until there were no bubbles in the
solution and the color of the mixture turned into bright
yellow;

4) Cleaning: the filtered product was washed twice in 10%
diluted hydrochloric acid (5 mL of HCl + 45 mL of
deionized water) and then rewashed 2−3 times in
deionized water and alcohol;

5) Finally, hydrophilic GO was obtained after filtering,
drying, and heating in a furnace at 30−50 °C for 24 h.

4.2. Preparation of the Zn−Ni Alloy−Gr Composite
Coatings. The coatings were prepared on the Fe substrates via
PRED with the following parameters,56 that is, duty cycle (θ)
is defined with respect to the ratio of power on time to total
time in a pulse cycle, as shown in eq 1; frequency ( f) is defined
as the number of cycles per unit time and obtained by eq 2;
and average current density (iave) is the total passed current
divided by the total deposition time, which is related to peak
current density according to eq 3. Figure S1a and Table 1
illustrate the schematic shape of the applied PRED and
relevant key conditions.

t
t t

on

on off
θ =

+ (1)

f
t t

1
100

on off
=

+
×

(2)

i iave p θ= × (3)

In general, during electrodeposition, the reinforcing phase
can be co-deposited into coating by a number of processes,
including convection of the reinforcing phase toward the
cathode surface, mechanical entrapment of the reinforcing
phase into the growing metal matrix, and electrophoretic
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migration of the reinforcing phase to the growing metal
deposit. Therefore, the preparation involves the following
steps: (1) formation of the charged ions; (2) physical
movement of the reinforcing phase to the electrode area due
to agitation; (3) mass transportation of the reinforcing phase
through the diffusion layer; (4) movement of the reinforcing
phase due to the potential gradient, and (5) physical
embedding of the reinforcing phase into the growing coating.57

Accordingly, the co-deposition depends on many process
parameters, such as current density, electrolyte, temperature,
pH value, and the concentration of the reinforcing phase.
Figure S1b illustrates the schematic diagram of the co-
electrodeposition process.
In the present work, an acidic solution was used, and the

experimental parameters are listed in Table 1. As main salts,
nickel sulfate (NiSO4) and zinc chloride (ZnCl2) provided zinc
ions and nickel ions. Sodium dodecyl sulfate (SDS) was a kind
of wetting agent, which not only reduced the surface tension
between the electrolyte and coating but also removed the
hydrogen bubbles produced during reaction and avoided
formation of pinholes on the coating surface.58 The influence
of the SDS surfactant on the deposition behavior of coatings
was investigated by many research studies. They demonstrated
that good dispersion and uniform distribution of the
reinforcement phase in the coatings were achieved when the
SDS concentration was increased in the electrolyte. In
addition, the SDS was responsible for higher microhardness
and better corrosion resistance of the coatings.23

Before electrodeposition, the surface of the cathode iron
plate (3 cm × 1 cm) was pretreated as follows, that is, first,
grinding with SiC paper (from 400# to 1500#) and polishing
with Al2O3 powder and then ultrasonically cleaning in ethyl
alcohol for 5 min, immersing in HCl solution (20%) for 30 s,
and at last washing with distilled water. The GO concen-
trations in the electrolyte varied from 0, 0.2, 0.4, 0.6 to 0.8 g/L
while the other components retained the same values. The pH
value of the electrolyte was about 3.5−4. The temperature was
controlled at 40 °C. The GO aqueous solution was
ultrasonically dispersed for 1 h before electrodeposition and
meanwhile, the magnetic stirring bath ensured the dispersion
of GO during electroplating, as shown in Figure S1c. For
comparison, the pure Zn and regular Zn−Ni alloy coatings
without Gr were also prepared under the same conditions.
The morphologies and chemical compositions of the

samples were characterized by using scanning electron
microscopes (S-4800, Hitachi, Japan, and SIRON, FEI, The
Netherlands) equipped with EDS. The crystal phases were
identified by using an X-ray diffraction spectrometer (D8
ADVANCE, Bruker AXS, Germany) with Cu Kα radiation.
The Raman spectra were measured by using a laser scanning
confocal micro-Raman spectrometer (LabRAM HR, HORIBA,
France) with a laser excitation wavelength of 488 nm and scan
on an extended range of 1000−3000 cm−1. The FT-IR spectra
were obtained by a Fourier transform infrared spectrometer
(Nicolet iS10, Thermo Fisher, USA) over a wavenumber range
of 500−4000 cm−1. The hardness and elastic modulus of the
samples were tested by using an instrumental nanoindenter
(Agilent G200 Nanoindenter, Agilent Technologies, USA)
with the continuous stiffness measurement standard programs
in which the harmonic depth and frequency were 2 nm and 45
Hz, respectively.
The electrochemical properties of the samples were analyzed

by using a CHI electrochemical workstation (CHI760E,

Shanghai Chenhua Instruments, Inc., Shanghai, China). A
conventional three-electrode cell was used for the electro-
chemical measurements. 1 cm2 area of the coated substrate, a
platinum sheet, and a saturated calomel electrode (SCE) acted
as the working electrode, counter electrode, and reference
electrode, respectively. 3.5 wt % NaCl solution was used as the
corrosive solution. The open-circuit potential (Eocp) was
monitored in order to get a stable potential before corrosion
tests. The EIS measurements were taken in a frequency range
of 105 to 10−2 Hz at the Eocp with the employed amplitude of
voltage of 10 mV. The potentiodynamic polarization curves
were obtained from a cathodic potential of −0.2 mV to an
anodic potential of +0.2 mV with respect to Eocp at a scanning
speed of 0.5 mV/s.
The adhesion strength between the coating and the

substrate was measured according to the scratch tape test
standard (ASTM D3359).59 The experimental steps were as
follows: (1) a grid pattern with either six or eleven cuts in each
direction was made in the coating to the substrate; (2) a
pressure-sensitive tape was applied over the grid and then
removed; (3) the adhesion strength was evaluated by
comparison with descriptions and illustrations. The weight
loss experiment of the samples was carried out in accordance
with the standard of ASTM A90/A90M60 by using a precision
electronic balance (FA2004, Shanghai Shunyu Hengping
Scientific Instrument Co., Ltd., Shanghai, China).
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