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Abstract
In this paper, the nickel (Ni) coatings reinforced carbon nanomaterials including graphene
nanoplatelets (GNPs), multi-walled carbon nanotubes (MWCNTs) andMWCNTs/GNPs hybrid
material prepared by the electrodeposition techniquewere investigated. GNPs andMWCNTswere
functionalizedwith carboxylic (–COOH) function groups (GNPs–COOH,MWCNTs–COOH) then
uniformly dispersed intoWatts solution for the electrodeposition process. The obtained results
revealed that themicrohardness of theNi coating reinforcedCOOH functionalized carbon
nanomaterials ismuch improved compared to the bareNi coating andNi coating containing carbon
nanomaterials without functional groups. TheNi coating containingMWCNTs–COOH/GNPs–
COOHhybridmaterial showed the highest hardness value of 270HV that is higher 44.7% compared
to the bareNi coating. The enhancement was attributed to the uniformdispersion of functionalized
carbon nanomaterials inNimatrix, the synergistic strengthening effect of theMWCNTs andGNPs,
the grain refinement ofNimatrix and the enhanced load transfer effect fromNimatrix toMWCNTs
andGNPs via atomic bonding during the electrodeposition process.

1. Introduction

Because of the improvement inmechanical properties compared to the ordinarymetallic coating,
nanocomposite coatings used for protecting themetallic surface have been receiving the great attention of
scientists [1–4].Many studies have shown that theNi coating reinforced nanomaterial components has higher
hardness and higher anti-corrosion than those of the bareNi coating [5–7].

The development of science and technology led to the discovery of the newnanostructuredmaterials, which
have unique properties. In 2004,Novoselov et al discovered graphene (Gr)which has extraordinarymechanical
properties [8]. Grwas evaluated as the ‘strongestmaterial ever’with the sustaining breaking strengths of
42 Nm−1, the intrinsicmechanical strain of∼25%andYoung’smodulus of 1.0 TPa [9, 10], the large surface
area of 2630 m2 g−1 [11]. Carbon nanotubes (CNTs) discovered by Iijima in 1991were also considered as a super
material with the Youngmodulus from0.963 to 1.025 TPa for single wall CNTs [12], the Youngmodulus from
0.126 to 0.937 TPa and the shearmodulus from33 to 875MPa for theMulti-walled CNTs (MWCNTs) [13].
Because of these properties, Gr andCNTs have been attracting great attention for using thematerials as the
reinforcements for themetallic coating.Many studies were usedCNTs as a reinforcementmaterial, which
exhibited a significant enhancement in the hardness, corrosion resistance, wear resistance of themetallic coating
[1, 2, 5, 6]. In 2013, Kumar et alused graphene oxide (GO) to fabricateNi–Gr nanocomposite coating. The
obtained results have demonstrated the improvement inmicrohardness and corrosion resistance of the
nanocomposite coating [14]. Algul et al expanded the study on the effect of Gr concentration on the structure,
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microhardness and tribological properties of the nanocomposite coating [15]. B Szeptycka et al investigated the
effect of Gr concentration on the corrosion resistance and reported that theNi–Gr coatings have higher
corrosion resistance than bareNi coating [16]. In recent years, several studies have focused on usingGO
fabricated byHummermethod for theNi coating via electrodeposition technique. Jabbar et al reported the effect
of temperature in the electrodepositionmethod to the surfacemorphology and the corrosion resistance ofNi–
Gr coating [17]. The obtained results demonstrated that theNi–Gr composite coating fabricated at the
temperature of 45 °Chave high carbon content, refining grain sizes, highmicrohardness, and better corrosion
resistance [17]. Singh et al investigated the tribological properties ofNi–GOcomposite coating fabricated by
pulsed electrodepositionmethod [18]. The authors reported that the incorporation ofGO into theNimatrix
improved both frictions andwear behaviors of the composite coating compared to the bareNi coating [18]. The
mentioned studies onNi coating usingGOprepared byHummermethod have some limitations such as
complicated experiments, wasting time and chemicals, and low-quantity samples [19–23].

Thus, in this work, we present a simplemethod to fabricate theNi coating reinforced carbon nanomaterials
includingGNPs andMWCNTs andMWCNTs/GNPs hybridmaterials. The influence of carbon nanomaterials
and their surface functional statewith a carboxyl (–COOH) group on themicrostructure, composition, and
microhardness of the coatings were investigated and presented.

2.Method

2.1.Materials
GNPs (>99%purity) prepared by plasma exfoliationwith the thickness in a range from2–10 nmand the
diameter of 2–7 μmwere purchased fromACSMaterials, USA. Lab-madeMWCNTs (97%purity)were
fabricated by the thermal chemical vapor depositionmethodwith the Fe/CaCO3 catalyticmaterials, which have
5–15 μmin length and 10–30 nm in diameter [24]. C1220 copper (Cu>99.90%)was used as a substrate
material for the coating process. Other chemicals purchased fromMerck&Co., Inc. were usedwithout further
purification.

2.2. PreparationGNPs–COOHandMWCNTs–COOH
GNPswere functionalizedwith the –COOH functional groups using the strong oxidizing agents via three steps.
Firstly, GNPswere treatedwith themixture of acidHNO3 andH2SO4with 1/3 (v/v) fraction at a temperature of
70 °C for 5 hours to attachCOOH functional groups on the surface ofGr. Secondly, the solutionwas filtered and
washed by distilledwater for few times to remove the residual acids. Finally, the obtained solutionwasfiltered by
using a 200 nm cellulose nitratemembrane to obtainGNPs–COOH.MWCNTs–COOHwere prepared using
the same process forGNPs–COOH.

2.3. Preparation of plating solution
Watts solutionwas prepared using the components as shown in table 1. Sodiumdodecyl sulfate (SDS) surfactant
was added to enhance thewetting for electrodes. As-receivedGNPs, as-receivedMWCNTs, GNPs–COOH, and
MWCNTs–COOHwere dispersed into a literWatt solutionwith a designed concentration as shown in table 2.
The received solutionswere ultrasonicated for 60 min to obtain the homogeneousWatt solutions for the
electrodeposition process.

2.4. Electrodeposition process
The electrodeposition process forNi coatings reinforced carbon nanomaterials is described infigure 1. The
copper substrate with a size of 40×50×1 mmwas treatedwith twomain steps. Firstly, copper substrates were
ground by the sandpaperwith the different grit sizes then polished by alumina powder. Secondly, the polished
copper substrates were cleaned by acetone, isopropanol, and distilledwater respectively in an ultrasonication
bath for 30 min to remove the residual organics.

The electrodeposition process ofNi andNi reinforced carbon nanomaterials were performedwith the
electrodeposition equipment that has a 3-electrodes system inwhich there is a cathode located between two
anodes. Anodes aremade of pureNiwith the size of 40×50×5 mmand the copper substrate is used as the

Table 1.Watt solution.

Chemicals NiSO4.6H2O NiCl2.6H2O H3BO3 SDS

Concentration

(gl−1)
300 50 40 0,1
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Table 2.Plating conditions.

Contents

Coating sample Materials Concentration (g l−1) Watts solution (l) Current density (A dm−2) Temp. (°C) pH Stirring speed (rpm) Plating time (min)

Ni — — 1 2.5 45 4–5 100 90

Ni/GNPs GNPs 0.3

Ni/MWCNTs MWCNTs 0.3

Ni/GNPs/MWCNTs GNPs 0.15

MWCNTs 0.15

Ni/GNPs–COOH GNPs–COOH 0.3

Ni/MWCNTs–COOH MWCNTs–COOH 0.3

Ni/GNPs–COOH /MWCNTs–COOH GNPs–COOH 0.15

MWCNTs–COOH 0.15
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cathode. The plating conditions are shown in table 2. TheNi coatings reinforcedwith single phase (CNT,GNPs,
CNTs–COOH,GNPs–COOH) and hybrid phase (MWCNTs/GNPs,MWCNTs–COOH/GNPs–COOH)were
also preparedwith the same process to investigate and compare.

2.5. Characterization techniques
Field-emission scanning electronmicroscopy (FE-SEM, S-4800;Hitachi, Japan)was used to investigate the
microstructure of the coatings. FTIR analysis was performed by a SHIMADZU IRPrestige21 Spectrometer. Zeta
potential wasmeasured by aMalvern ZSNano S analyzer. Raman spectra of the coatings were recorded by a
LabRAMHR800 (HORIBA Jobin Yvon, France) using a 532 nm laser source. Opticalmicroscopywas used to
measure the thickness of the coatings using anAxiovert 40MAT fromCarl Zeiss, Germany. SEMenergy
dispersive spectroscopy (SEM-EDS) (S-4800;Hitachi, Japan)was used to analyze the composition of the
coatings.Microhardness wasmeasured using amicrohardness tester (IndentaMet 1106, Buehler, USA) under a
load of 10 g for 10 s in the air at room temperature.

3. Results and discussion

3.1. Characterization of –COOH functionalizedGNPs andMWCNTs
Carbon nanomaterials includingGNPs andMWCNTs have low density, high specific surface area, which tend
to the formation of theGNPs andMWCNTs clusters in solutions. FESEM images of as-receivedGNPs and
MWCNTswere shown infigures 2(a) and (b). Some large clusters were observed that resulted from theπ-π
stacking interaction between two aromatic rings in the graphite structure of GNPs andCNTs. In order to limit
theπ-π stacking interaction, GNPs andMWCNTswere functionalizedwith –COOHgroups on the surface to
create the polarization in the solvents. Figures 2(c) and (d) showGNPs–COOHandMWCNTs–COOH
uniformly dispersed on the SiO2 surface without any clusters. In the functionalization process, themixture of
HNO3 andH2SO4 is a strong oxidizing agent that generated the covalent bondswith the carbon atoms to form
the –COOH functional groups on the surface ofGNPs andMWCNTs.

FTIRmethodwas performed to confirm the presence of the –COOH functional groups on the surface of
GNPs andMWCNTs. Figures 3(a) and (b) showFTIR spectra of GNPs–COOHandMWCNTs–COOH.The
band around 3400 cm−1 of wavenumber shows theO–Hstretching vibrations of residual water. The band at
1720 cm−1 is assigned to theC=Obonding in theCOOH functional group. In addition, the peaks appear at
1365 cm−1 and 1080 cm−1 are assigned toO–Hbonding andC–Ostretching vibrationsmode in theCOOH
group. [25]. The peak at 1630 cm−1 indicates the C=Cbonding of carbon atoms in the graphitic structure of
GNPs andMWCNTswhich appears in all of the FTIR spectra (figure 3) [25–28]. There are no peaks of the –
COOH functional groups detected in as-receivedGNPs andMWCNTs.

Raman analysis was performed to evaluate the change in the graphitic structure ofGNPs andMWCNTs after
the functionalization process. Figure 4 shows theRaman spectra of GNPs,MWCNTs, GNPs–COOH, and
MWCNTs–COOH.As can be seen, the spectra emergeGpeak at 1580 cm−1 which assigned to the graphite
structure, the 2Dpeak at 2670 cm−1 is the characterization peak of the sp2 hybridization structure ofGNPs,
there is no defect peak (Dat 1340 cm−1) found inGNPs. ForMWCNTs,D peakwas observed, thatmeans there
are some structural defects or existed some amorphous carbon inMWCNTs [29–31]. ForGNPs–COOHand
MWCNTs–COOH, the appearance ofDpeak ofGNPs–COOHand the increase ofDpeak intensity of
MWCNTs–COOH indicated the formation of the defects inGNPs andMWCNTs. This is attributed to the

Figure 1. Illustration of theNi electroplating process reinforcing carbon nanomaterials.
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reaction ofπ orbitals transforming sp2 into sp3 hybridization to form the links between graphene and functional
groups lead to the defects in the graphitic structure of carbon nanomaterials [32–35].

3.2. The stability of the solutions containingGNPs–COOHandMWCNTs–COOH
Zeta potential was used to evaluate the stability of GNP–COOHaswell asMWCNTs–COOH in solution. It is
well-known that the absolute Zeta potential value range of 0–15 mV, the suspension is at the little or no stability
state; the value of 15–30 mV, the suspension has some stability state but settling lightly. For the value from30 to
45 mV, the suspension is at themoderate stability. The suspension is at the good stability state when the zeta

Figure 2. FESEM images of (a)GNPs, (b)MWCNTs (c)GNPs–COOH, (d)MWCNTs–COOHon SiO2 substrate.

Figure 3. FTIR spectrumof (a)GNPs–COOH, (b)MWCNTs–COOH, (c)MWCNTs, (d)GNPs.
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potential ranges from45 to 60 mVbut it’s possible settlingwhen the potential is over the 60 mV, the suspension
is at the very good stability state [36–38]. In this study, the absolute zeta potential of GNPs–COOHand
MWCNTs–COOH in distilledwaterwas determined to be 27 mVand 23.9 mV respectively. These value
indicated that GNPs–COOHandMWCNTs–COOHsolutions are stable and could be applied forWatts
solution to investigate the reinforcement ability of theNi coating. Figure 5. shows the dispersion ability of
carbon nanomaterials inWatts solutionwhich just dispersed and after dispersed 4 hours. As can be seen, the
functionalized carbon nanomaterials showed better stability compared to the non-functionalized carbon
nanomaterials inWatts solutions. In addition, the stability of GNPs–COOH is higher than the stability of
MWCNTs–COOHandGNPs/MWCNTs–COOH inWatts solutions. It is noted that the plating time is only
90 min and thus the stability of GNPs–COOHandMWCNTs–COOH inWatts solutions could completely
satisfy for the electrodeposition process that allows uniformdispersion of carbon nanomaterials inNimatrix.

3.3.Microstructure of the coatings
Figures 6(b) and (c) show themicrostructure ofNi/GNPs andNi/GNPs/MWCNTs. Some large clusters of
GNPs andMWCNTswere observed on the surface. This indicated that GNPs andMWCNTswere not
uniformly dispersed in the coatings. Besides, the coatings seem to be having high porosity compared to the bare
Ni coating (figure 6(a)). The obtained resultsmay due to the low dispersion ability of as-receivedGNPs and
MWCNTs inWatts solution. In contrary, theNi coatings reinforced by the functionalized carbon
nanomaterials, GNPs–COOHandMWCNTs–COOHwere intercalated and uniformly dispersed into theNi

Figure 4.Raman spectra of carbon nanomaterials.

Figure 5.Carbon nanomaterials were dispersed inWatts solutions: (0)Watts solutions, (1)GNPs, (2)GNPs/MWCNTs, (3)
MWCNTs, (4)GNPs–COOH, (5)GNPs/MWCNTs–COOH, (6)MWCNTs–COOH.
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matrix, and there are no carbon nanomaterial clusters observed on the surface of the coatings (figures 6(g)–(i)).
In addition, the coating surface with the high tightness has smaller grain sizes than the bareNi coating. This is
attributed to the uniform dispersion of the functionalized carbon nanomaterials inWatts solution as discussed
in the previous section.

The influence of the composition of the carbon nanomaterials on the surfacemorphology of the coatings
was also observed. Figures 6(d)–(f) show the grain size variation ofNi/MWCNTs–COOHcoating,Ni/GNPs–
COOHcoating, andNi/GNPs/MWCNTs–COOHcoating, respectively. Figures 6(g) and (h) revealed that
GNPs–COOHplays the role in preventing the formation of the oriented crystals because of the large size (several
microns), whereasMWCNTs–COOHwith the small diameter (several dozen of the nanometer)which is easy to
intercalate intoNimatrix via the crystal nucleationmechanism along the carbon nanotubes (figure 6(g)). That is
why theNi coating using theGNPs–COOHreinforcements has smaller grain sizes than theNi/MWCNTs–
COOHcoating. In order to incorporate the role of GNPs–COOH in hindering the oriented crystal growth and
the role ofMWCNTs–COOH in the crystal nucleation, theNi coating reinforced the carbon nanomaterial
including bothGNPs–COOHandMWCNTs–COOHwas fabricated in the same conditions. This
incorporation reduced the grain size of theNi/GNPs/MWCNTs–COOHcoating (figure 6(f)). This is attributed
to the presence of bothGNPs–COOHandMWCNTs–COOH lead to the crystal nucleation and the prevention
of the oriented crystal growth ofNi crystalline occurs at the same time (figure 6(i)). Hence, the grain size ofNi/
GNPs–COOH/MWCNTs–COOHcoating is reduced significantly compared to theNi/GNPs–COOHcoating
andNi/MWCNTs–COOHcoating.We performed the thicknessmeasurement on the cross-section of the pure
Ni coating and theNi coatings reinforced carbon nanomaterial. Figure 7 shows the cross-sectional images of
selected coatings with the thickness of about 33 μm, 32 μmand 30 μmcorresponding to the pureNi, Ni/GNPs/
MWCNTs–COOHandNi/GNPs/MWCNTs coatings, respectively. The decrease in the thickness of the
coatings reinforced carbon nanomaterials implied that the carbon nanomaterials caused to decrease the current
efficiency inWatts solution. Besides, it is interesting noted that the presence of the functional group (COOH) on

Figure 6.The characterized FESEM image of the coatings: (a)Ni, (b)Ni/GNPs, (c)Ni/MWCNTs, (d)Ni/MWCNTs–COOH, (e)Ni/
GNPs–COOH (f)Ni/GNPs/MWCNTs–COOH, and the high-resolution FESEM image of coatings: (g)Ni/MWCNTs–COOH, (h)
Ni/GNPs–COOH, (i)Ni/GNPs/MWCNTs–COOH.
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the surface of carbon nanomaterials shows a slight enhancement in the current efficiency compared to as-
received carbon nanomaterials of theNi electrodeposition process. In addition, as can be seen in cross-section,
theNi/GNPs/MWCNTs coating surface is rougher than that of the pureNi coating and theNi/GNPs–COOH/

MWCNTs–COOHcoating.

3.4. Content analysis results of the nickel coating reinforced carbon nanomaterials
EDS analysis was used to evaluate the carbon nanomaterial content of the coatings. For the pureNi coating, EDS
result indicates the coatingwith 100%Ni content in the different positions (figure 8(a)). For theNi/GNPs/
MWCNTs coating, the EDS result changes significantly at different positions. The carbon content occupies
about 36.95wt%at the cluster positions but there is no carbon content detected at other positionswhichmainly
showed 100%Ni content (figure 8(b)). This result demonstrated the non-uniformdispersion inWatts solution
leads to the non-uniform dispersion of the carbon nanomaterials in theNimatrix. Themajor of carbon
nanomaterials weremainly concentrated at clusters and there is no carbon content dispersed at other positions.
Figure 8(c) reveals the effectiveness of the functionalized carbon nanomaterials. The EDS spectra show that the
carbon content occupies 11.40wt%on the flat surface of the coating and about 13.80% in the other positions.
This demonstrated the carbon nanomaterials were uniformly dispersed in theNimatrix as using the
functionalized carbon nanomaterials

3.5. Influence of the carbonnanomaterials on themicrohardness ofNi coatings
Microhardness of the coatings was shown infigure 9. The obtained results revealed that the bareNi coating has
themicrohardness of 187HV, then reduced to 168HV forNi/MCNTs coating, 130HV forNi/GNPs coating
and 154HV forNi/GNPs/MWCNTs coating. This demonstrated that usingMWCNTs andGNPswithout any
functional groups (i.e COOHorOH) seemnot to be effective in enhancing themicrohardness of the coatings.
This is attributed to the non-uniformdistribution of the carbon nanomaterial which is non-functionalization in
Watt solution lead to the non-uniform distribution in theNimatrix. The carbon nanomaterial component only
concentrates at the clusters leading to the porous structure of theNi coating. This structure reduces significantly
themicrohardness of theNi coating. In opposite, usingGNPs–COOHandMWCNTs–COOHas reinforcement
materials, themicrohardness of the coatings increased from15.2% to 44.7%. Figure 8 reveals thatNi/GNPs–

Figure 7.The characterized cross-section image of the electrodeposition coating (a)Ni, (b)Ni/GNPs/MWCNTs–COOH, (c)Ni/
GNPs/MWCNTs.

Figure 8.EDS analyzation results of (a)Ni coating, (b)Ni/GNPs/MWCNTs coating and (c)Ni/GNPs/MWCNTs–COOHcoating.
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COOH/MWCNTs–COOHcoating has the highestmicrohardness of 270HV,whereas themicrohardness of the
Ni/GNPs–COOHandNi/MWCNTs–COOHmeasured to be 259HV and 215HV, respectively. The obtained
results were attributed to the uniformdispersion of bothMWCNTs–COOHandGNPs–COOH in theNimatrix
and the grain refinement effect. This could be explained as the following: the presence ofGNPs–COOHand
MWCNTs–COOH in theNimatrix which helps to reduce the grain size ofNi as demonstrated in previous
sections. According to theHall-Petch equationwhich describes the relationship between the hardness and grain
size [39]: H H k d ,V H0

1 2= + - / where H0 and kH are constants, d is the grain size. The smaller grains size is, the
harder coating is. In other hands, the –COOH functional groups ofGNPs–COOHandMWCNTs–COOHare
responsible for absorbing theNi2+ ions on the surface ofGNPs andMWCNTs inWatts solutions [40]. In the
plating process, theGNPs (orMWCNTs) absorbedNi2+ are reduced at the cathode in order to formNi
nanoparticle and bond to theNi crystal (figure 1), bondings betweenNi and carbon nanomaterials lead to the
enhancement in the load transfer effect from theNimatrix to high strength reinforcementmaterials. The
improvements in the coating containing hybridmaterials could be attributed to the synergistic strengthening
effects of theMWCNTs andGNPs as reported in other studies [41, 42]. In addition, the other strengthening
mechanisms such as thermal expansion coefficientmismatch andOrowan loopingmay also affect the
mechanical properties of the coatings, whichwill be clarified in the future work [43].

4. Conclusions

Ni coatings reinforced functionalized carbon nanomaterials were successfully fabricated in industrial scale by
the electrodepositionmethod. The effect of COOH functional group on the dispersion state of carbon
nanomaterials inWatt solution and themicrostructure, composition and hardness of the coatingwas
investigated. Themicrohardness of theNi coatings reinforced COOH functionalized carbon nanomaterials is
much improved in comparisonwith bareNi coating andNi coating containing as received carbon
nanomaterials. TheNi coating containingMWCNTs–COOH/GNPs–COOHhybridmaterial had the highest
microhardness of 270HV and improved up to 44.7% compared to bareNi coating. The enhancementwas
attributed to the uniform dispersion of carbon nanomaterials, the synergistic strengthening effects of the
MWCNTs andGNPs, the grain refinement of theNimatrix and the load transfer effect.
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Figure 9.Themicrohardness of the nickel coating reinforced the carbon nanomaterials.
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