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Abstract 

Nickel composites reinforced with reduced graphene oxide (rGO) nanosheets were 

fabricated by a direct current electrodeposition technique. The low volume fraction of 

graphene can promote the cathodic polarized potential, facilitate the transport of ions and 

electrons on electrodes, and provide a large number of nucleation sites, consequently 

accelerate the formation of heterogeneous microstructure features. The graphene/Ni 

composite with 2 mL graphene dispersions demonstrates a tensile strength of 864 MPa 

and a plastic elongation of 20.6 %, which are 25 % and 36 % higher than that of the pure 

bulk Ni. The enhancements in strength and ductility of the composite can be ascribed to 

the bimodal microstructure, for which the fine grain population provides for enhanced 

strength, whereas the coarse grain population enhances ductility by enabling strain 

hardening. On the contrary, the positive role of rGO in microstructure control will be 

weakened due to the agglomeration of rGO sheets in a high-volume plating bath. The low 

adsorption quantity of rGO is unfavourable for the nucleation of Ni matrix, accordingly 

produces a uniform fine-grained microstructure. The tensile strength of the composite 

with 5 mL rGO is 750 MPa, whereas the fracture elongation is only 7.5 %. It is believed 

that a proper addition of rGO dispersion makes a promising microstructure for advanced 

graphene/Ni composite. 

 

Keywords: graphene/Ni composites, electrochemical nucleation, heterogeneous 

microstructure, strength and ductility 



 

1. Introduction 

Graphene, a two-dimensional building block of carbon material with a single 

atomic layer of sp
2
 hybridized carbon atoms densely packed in a honeycomb 

lattice, has a great potential as an ideal strength enhancer in metal matrix 

composites owing to its special structural characteristic and excellent mechanical 

properties [1]. Previous reports show that the elastic modulus, yield strength, and 

electrical conductivity of metal matrix composites can be significantly enhanced 

even though a low volume fraction of graphene is added [2,3]. However, the main 

obstacles for obtaining excellent reinforcement efficiency in graphene reinforced 

metal composites are the agglomeration between graphene nanosheets in 

manufacturing process, and the poor affinity of graphene with metal matrix [4,5]. 

On the other hand, most of the graphene/metal composites are prepared by 

mechanical alloying and metallurgy method [6-8]. During the high energy ball 

milling and high temperature metallurgy process, graphene nanosheets will be 

damaged, thus results in degraded strengthening ability of graphene on the 

composites [9-11]. Therefore, it is still necessary to develop a high efficiency, easy 

operation and low temperature fabrication method for graphene/metal composites, 

which can achieve a homogeneous dispersion of the reinforcement, robust the 

interface, as well as reduce the damage of the graphene structure. 



Electrodeposition is one of the most efficient methods for fabricating metal 

materials due to its simple and stable process, which has special advantages in the 

microstructure and property modifications of the depositions. By adjusting the 

electrodeposition parameters, such as the deposition potential, current densities, 

electrolyte composition, PH value, temperature, etc., the components, phases, and 

microstructures of the deposits can be controlled [12]. Specially, a variety of 

nonuniform architectures, including the lamella structure [13], gradient structure 

[14], bimodal structure [15], as well as trimodal structure [16], which are more 

favourable to take full advantage of the coupling effect among the constituent 

phases, have been prepared by precisely controlling the nucleation and growth 

processes of the deposits. Thus, electrodeposition is a good choice to synthesis 

graphene reinforced metal matrix composites that can achieve high yield strength 

and good uniform tensile elongation. 

Recently, graphene reinforced nickel matrix composites (graphene/Ni 

composites) with specific mechanical properties have been synthesized by 

electrodeposition approach. Kuang et al. prepared the graphene/nickel composites 

by the co-electrodeposition of Ni ions and graphene oxide (GO) sheets. The 

composite with 0.12 wt% has a hardness of 6.85 GPa and an elastic modulus of 

252.76 GPa, for which the hardness increases almost 4-fold compared to the pure 

Ni electrodeposits [17]. Li et al. developed a pulse-reverse electrodeposition 

method to fabricate graphene/Ni composite with high graphene content, and found 



the crystalline refinement strengthening and possible pinning effect rendered by 

graphene to hinder dislocation at interface. The composite exhibits 2.7-fold 

enhancement of Vickers hardness, while the Young’s modulus quantifies 1.4-fold 

increasing [18]. Nevertheless, to the best of our knowledge, GO sheets rather than 

graphene nanoflakes have been used as the source reinforcements in the plating 

baths. The GO show good dissolvability in water and can be reduced in 

electroplating process, but it will become instability in plating solution due to the 

existing hydroxyl and carboxyl groups on surfaces [19,20]. The organic functional 

groups can absorb a large number of metal cations after hydrolysis reaction, 

inducing the decrease in Zeta potential of GO dispersions. As a result, the stable 

disperse state of the GO colloids will be changed, the quality control of 

graphene/Ni composite is much more difficult and complicated in the GO 

contained plating baths. In contrast, if graphene dispersions are used, it not only 

can bring out the uniformly dispersing graphene nanosheets in nickel matrix, but 

also the complete structural graphene can keep its high strength enhancing 

efficiency. Both the strength and ductility of the electrodeposited graphene/Ni 

composites are expected to be further improved.  

On the other hand, differ from the commonly used second-phase reinforcements 

[21], such as carbon nanotubes, SiC, Al2O3, SiO2 nanoparticles, and so on, 

graphene with high aspect ratio and large surface area can observably influence the 

electro-crystallization nucleation and growth processes of metal matrix. Ren et al 



revealed that the incorporation of graphene in the nickel matrix could increase both 

the inter-planar spacing and the degree of preferred orientation of crystalline nickel 

[22]. Wang et al. found that the GO in GO/Ni foils not only effectively lowered the 

matrix grain size but also contributed to the growth of Ni toward the (111) 

direction [23]. However, Pavithra et al. [24] and Li et al. [25] proposed that the 

addition of GO could not influence the deposit formation of Ni and did not change 

the plane of the preferred orientation, but accelerated the formation of nuclei, 

inhibited the growth of grain and improved the crystallinity. What’s the inherent 

mechanisms on the microstructural evolution of graphene/Ni composites formed in 

electroplating process? How do the concentration, size, and distribution of 

graphene influence the microstructures and mechanical properties of 

electrodeposited graphene/Ni composites? All these problems are still need further 

investigation.  

In this work, by using the dispersible reduced graphene oxide (rGO) as the 

reinforcement in the plating solution, graphene/Ni composites which exhibit high 

strength and good ductility have been synthesized. The influence of graphene 

contents on the microstructural formation and mechanical properties of the 

graphene/Ni composites have been fully investigated. The strengthening and 

toughing mechanism of the as-synthesized graphene/Ni composites are rationally 

discussed as well. 

2. Experimental 



2.1 Preparation of the reduced graphene oxide 

All the reagents were analytical grade and used without further purification. The 

GO dispersion (2 mg/mL in water) was provided by Institute of Coal Chemistry, 

Chinese Academy of Sciences. In the typical synthesis procedure of the dispersible 

rGO, 5 mL GO dispersion was added to a solution containing 20 mg polyvinyl 

pyrrolidone (PVP), 30 mL distilled water, 4 mL NaOH (1 mol/L), and 1 mL 

N2H4·H2O. The mixture was kept at 80 °C for about 5 h with ultra-sonication. 

Then, the solution was filtered by dialysis membrane (MD34-5M) to remove 

residual PVP molecules. After a filtration process for 5 days, the homogeneous 

rGO solution was obtained. 

2.2 Fabrication of the graphene/Ni composites 

The 304 stainless steel substrate (50 mm in length, 40 mm in width, and 1 mm 

in thickness) and Ni plate (purity quotient of 99.9 %) were used as the cathode and 

anode, respectively. The area ratio between the anode and cathode is 3:2. Before 

depositing, the 304 stainless steel plates were ultrasonic cleaned in acetone and 

ethyl alcohol, respectively. Then, they were immersed in a 0.01 mol/L HCl 

solution to remove the oxide layer and washed with deionized water.  

The electroplating bath consisted of 250 g/L NiSO4·6H2O, 35 g/L NiCl2·6H2O, 

35g/L H3BO3 and 40 mg/L sodium dodecyl benzene sulfonate, was used to 

produce the samples at 55 °C. The electrolyte was strictly purified for two days 

under a low current density of 0.4 A/dm
2
 for 24 h before the electrodeposition. 



During the electroplating process, the PH value of the electrolyte is maintained at 

4.37 by a 0.01 mol/L HCl solution. The pure Ni foil with a thickness of about 

300μm was obtained after direct current electrodeposition with a current density of 

3.5 A/dm
2
 for 12 h. In addition, graphene/Ni composites with different 

components and microstructures were fabricated by adding the as-synthesized rGO 

dispersion (1 mL, 2 mL, 3 mL, 4 mL and 5 mL, respectively) into the bath.  

2.3 Characterization and measurements 

The Raman scattering was performed on a Raman spectrometer (X-PLORA) 

using a 532 nm laser source, while the FT-IR spectra were investigated on a FT-IR 

spectrometer (TENSOR27) over a range from 400 to 4000 cm
-1

. The morphology 

and microstructure of the rGO nanoflakes were characterized by a scanning 

electron microscopy (NovaNanoSEM430) and a transmission electron microscopy 

(JEM-2100, acceleration voltage of 200 kV), respectively. Crystallographic 

orientations of the samples were measured by a Rigaku D/max-2500PC with Cu 

Kαradiation. The chemical compositions of the products have been characterized 

by the Carbon/Sulfur Analyzer (EMIA 832). By cutting the materials into 

dog-bone-shaped samples with a gauge length of 14 mm and width of 2.5 mm, the 

mechanical properties of the composites were tested on an Instron 5544 testing 

machine at the strain rate of 1.19×10
-3 

s
-1

. The microstructures of specimens were 

characterized by the electron back scatter diffraction (EBSD, TSL OIM system on 

the Philips XL30 FEG SEM) with step sizes of 250 nm, while the 



electro-crystallization behaviours of the graphene/Ni composites were performed 

on a CS350H electrochemical workstation (Wuhan Corrtest Instruments Corp. 

Ltd., China) at 55 °C. In order to ensure the consistency of all experimental 

conditions, the electroplating baths with different graphene contents, 304 stainless 

steel substrates, Ni plates, and a saturated calomel electrode (SCE) were used as 

the electrolyte, the counter electrode, the working electrode, and the reference 

electrode, respectively. The cyclic voltammograms (CV) were measured at a scan 

rate of 10 mV/s, while the electrochemical impedance spectra (EIS) were tested in 

the signal amplitude of 20 mV with a frequency range from 10
-2

 Hz to 10
5
 Hz. 

3. Results and discussion 

Fig.1A shows the Raman spectra of graphene oxide and reduced graphene 

oxide, respectively. The Raman vibration characteristics of rGO are similar to that 

of the GO. The Raman spectrum of GO displays a strong G band at 1583 cm
-1

, a 

slightly weak D band at 1352 cm
-1

, and a broad 2D band at 2691 cm
-1

, which are 

arose from the in-plane bond-stretching motion (the E2g phonons) of the pairs of C 

sp
2
 atoms, the breathing modes of rings or K-point phonons of A1g symmetry, and 

the double-resonant scattering of electrons and holes from phonons between states 

located on the Dirac cones at the K points, respectively [26]. In contrast, due to the 

reduction of functional groups can generate on the electronic structure of the C 

network and thereby hamper the resonant Raman processes [27], the G band of 

rGO shifts upward to 1594 cm
-1

, while the D band turns to line at 1340 cm
-1

. On 



the other hand, the intensity ratio between the D and G band of the samples has 

changed. The intensity ratio (ID/IG) of GO and rGO are 0.92 and 1.05, respectively, 

which is in line with Guo’s results [28]. According to the above analysis, it can be 

seen that rGO was synthesized. 

To further understanding the quality of rGO, FTIR spectra are used to analyze 

the functional groups. Fig. 1B shows the FTIR spectra of the GO and rGO. The 

spectrum of GO exhibits four characteristic peaks at 3421 cm
-1

, 1619 cm
-1

, 1368 

cm
-1

, and 1163 cm
-1

, which are corresponded to the hydroxyl, benzene ring, 

carboxyl, and epoxy groups, respectively [29,30]. This means that there are 

abundant oxygen-containing functional groups on the surface of GO. However, as 

for the rGO, the intensity of O-H stretching characteristic peak at 3421 cm
-1

 

becomes weaker, namely a large number of O-H groups have been removed. 

Whereas the C-O-C stretching peaks at 1163 cm
−1

 remain almost insensitive, 

indicating the epoxy groups can’t be eliminated by the reduction process. These 

results agree well with the Raman spectra, and demonstrate the GO was reduced to 

the rGO. 

Fig. 1C shows the optical photograph of the rGO solution, which has been kept 

at room temperature for two months. It exhibits that the rGO can be 

homogeneously dispersed in water. The morphology and microstructure of rGO 

are shown in Fig. 1D and Fig. 1E, respectively. For the SEM image, translucent 

rGO sheets with an average size of about 10 μm can be clearly seen. The 



specimens are multi-layer graphene and uniformly dispersed due to the 

electrostatic repulsion force of residual groups on the sheets [20, 31]. Additionally, 

the TEM image of the rGO shows a layer and wrinkled structure with the thickness 

of 5 nm, which is in accordance with the SEM image and illuminates the 

as-prepared rGO are high-quality.  

Fig. 2A shows the representative room-temperature engineering stress-strain 

curves of the unreinforced Ni matrix and graphene/Ni composites prepared by 

adding different volume of rGO dispersion. It can be observed that the ultimate 

tensile stress of the graphene/Ni composites is larger than that of the pure Ni. With 

the rGO dispersions increase from 1 mL to 2 mL, the strength and plasticity of the 

samples are improving. The highest ultimate tensile strength and fracture 

elongation obtained are 864 MPa and 20.6 %, the increments compared with the 

pure Ni being 25 % and 36 % (the tensile strength and elongation rate of the Ni are 

690 MPa and 15.1 %), respectively. When the contents of graphene exceed 2 mL, 

the composites present a decreasing trend in mechanical properties, especially the 

loss of ductility. The tensile strength of the composite with 5 mL rGO is about 14.7 

% greater than that of the Ni, but the fracture elongation is only 7.5 %. The loss of 

enhancement efficiency in graphene/Ni composites can be explained by the change 

of microstructures and the agglomeration of graphene [4,32,33]. Fig. 2B 

summaries the strength and ductility of the previously reported Ni matrix 

composites reinforced by other reinforcements, such as Gr, CNT, SiC, as well as 



the coarse-grained, biomodal, ultrafine, and nanocrystalline nanostructured nickel 

materials [34-40]. It demonstrates the as-fabricated graphene/Ni composite 

outperforms most of nickel matrix materials in terms of evading the 

strength-ductility trade-off. 

To study the strengthening mechanism of the graphene/Ni composites with 

different contents of rGO, the components and microstructures of the samples are 

investigated. Fig. 3 presents the XRD patterns of Ni and graphene/Ni composites. 

Two diffraction peaks located at 44.4 ° and 51.8 ° are corresponded to the two 

crystalline planes of (111) and (200) for the face centred cubic Ni, respectively 

[41]. The intensity of Ni (111) peak is stronger than that of the Ni (200) peak, but 

no peaks of graphene are detected. In comparison with the pure Ni, the intensity of 

Ni (111) peaks for the graphene/Ni composites are similarity, but the Ni (200) 

peaks present a weak growth trend with the rGO contents increasing. This is quite 

different from the growth texture reported by Kuang et al. [17], from which the 

graphene can change the preferred orientation of Ni matrix. Because the addition 

of rGO can’t obviously change the crystal orientations, the texture is excluded 

from the main factors that exert considerable influences on the mechanical 

properties of the graphene/Ni composites. 

Fig. 4 shows the grain features of the pure Ni and graphene/Ni composites with 

2 mL and 4 mL rGO additives, respectively. According to the EBSD images, it can 

be clearly seen that all the materials do not have displayed remarkable preferred 



orientation of Ni matrix crystal, which is corresponded well with the XRD 

patterns. However, the grain characteristic, including the geometrical shape, the 

grain size, and the grain size distribution, are noticeably affected by the rGO. As 

shown in Fig. 4A, the pure Ni accompanied with a spot of growth twins (account 

for the total number of 18.5 %) shows a long strip shaped microstructure, for 

which the average is 0.9 m, (See Supplementary Figure S1). This makes the pure 

Ni specimen achieving good tensile elongation. In contrast, the graphene/Ni 

composite fabricated by adding 2 mL rGO dispersion (in Fig. 4B) possesses a 

refined grains microstructure, which exhibits a tendency to transform into a 

bimodal grain size distribution microstructure with ultrafine grain embedded in 

coarse grain (See Supplementary Figure S2). The bimodal microstructure is caused 

by the growth inhibition of Ni grains surrounding the homogeneous distributed 

graphene, and it can significantly enhance the tensile ductility and strength of Ni 

matrix [15,42,43]. When the contents of rGO increased to 4 mL, the Ni crystals 

grow into uniformly spherical shape with an average size of 0.7 m (See 

Supplementary Figure S3). Owing to the strain localization and a lack of stable 

deformation, the fine-grained microstructure will bring about the correlation 

between fatigue limit and yielding strength. According to Fig. 4, it can be seen that 

these microstructure characteristics are well in accord with the mechanical 

properties, implying that the strengthening effect of the graphene/Ni composite is 

closely related to the grain structures.  



As reported in previous literatures, the strength improvement of metal matrix 

composites reinforced by graphene could be attributed to the grain-size refinement 

strengthen, the Orowan strengthen, the load transfer effects as well as the thermal 

expansion mismatch [2,4,44]. Among these strengthen mechanisms, the Orowan 

strengthening and load transfer effects are most important, while the grain-size 

refinement strengthening also contributes to the tensile strength in the 

graphene/metal composites. Because of the strong coupling between open 

d-orbitals, the interface bonding between Ni matrix and graphene reinforcement is 

strong [45]. Good interface bonding lead to efficient load transfer, accordingly the 

tensile strength of the graphene/Ni composite can be improved. Furthermore, the 

strong interfacial bonding also can effectively hinder the crack propagation and 

final fracture of the composite, and thus induce remarkable toughening on the 

metal matrix. Unfortunately, the graphene contents of the as-fabricated composites 

are too low to achieve effective load transfer and prevent the crack propagation (in 

Table 1). Herein, the high strength and good ductility of the graphene/Ni 

composites are attributed to the heterogeneous microstructure features. The high 

strength is obtained with the assistance of high back stress developed from 

heterogeneous yielding, whereas the high ductility is ascribed to back-stress 

hardening and dislocation hardening [46]. 

Since the mechanical properties of the electrodeposited graphene/Ni composites 

relate to the tuning microstructures, it is interesting to reveal the effects of the 



dispersible rGO on the formation of depositions. As shown in Fig. 5, the 

electrochemical behaviours of the electroplating baths are investigated by the CV 

and EIS techniques, respectively. It can be seen that a drastic increase in current 

intensity is appeared at the potential of -650 mV during the cathodic process (in 

Fig. 5A). The onset potential is corresponding to the deposition potential of Ni 

cations in electrolyte and represents the nucleation and growth of Ni particles on 

stainless steel substrates. With the deposition potentials decrease from -650 mV to 

-1500 mV, the slopes of the CV curves are raising after the addition of rGO 

dispersion in electroplating baths. This demonstrates that the rGO nanoflakes can 

promote the cathode polarization effect, consequently augment the deposition rate 

of Ni matrix. Meanwhile, some oxidation peaks represent at the potential range 

from -180 mV to -220 mV on the anodic polarization curves. These peaks are 

associated with the dissolution of the deposited Ni nanocrystallines [47], thus 

induce the formation of coarse grains. Otherwise, both the potential and current 

density of the oxidation reaction peak in the CV curve of pure Ni are a little higher 

than those of the graphene/Ni composites. It indicates the dissolution of Ni 

nanocrystallines in electroplating bath for pure Ni is much easier than that of the 

rGO. Herein, the absorption of graphene on electrode not only can increase the 

cathode polarization effect, but also inhibit the dissolution of nucleating Ni 

nanocrystallines, accordingly comes to the fine crystalline structures. 



Fig. 5B illustrates the Nyquist plots of the pure Ni and graphene/Ni composites. 

It can be seen that all of the Nyquist plots are similar in shapes with a singular 

semicircle. Compared with the graphene/Ni composites, the pure Ni exhibits the 

biggest semi-circular radius. That is to say, the conductivities of the electrodes are 

improved by the addition of rGO dispersions [48]. Furthermore, the semi-circular 

radius of graphene/Ni composites with 4 mL and 5 mL rGO are larger than that of 

the 2 mL and 3 mL, implying a larger resistance in the high rGO contained plating 

baths. The inset of Fig. 5B displays a selected electrochemical equivalent circuit 

model, and the calculated values of the electrical circuit parameters are shown in 

Table 2. In the circuit, Re is the solution resistance, Rct and Q represent the charge 

transfer resistance at electrolyte interface and the double layer capacitor, 

respectively, while Zw is characterized as the Warburg resistance [49,50]. Even 

though a small amount of rGO dispersion is added into the plating baths, the Re 

and Rct values of the samples are remarkably decreased, especially the Rct value 

has declined from 359 kΩ·cm
-2

 to 11.9 kΩ·cm
-2

. The magnitude decrease in Rct 

value of composites reveals that the reduction reaction of Ni
2+

 can rapidly occur 

due to the fast transport of ions and electrons on electrodes, thus bring out the 

formation of fine grains. These results are consistent with the CV curves, in which 

the dispersed rGO can promote the electrochemical polarization effect on cathodes. 

However, as the rGO volume is a little higher in baths (exceed 4 mL), both the Re 

and Rct values show a tendency of increasing. This is attributed to the 



agglomeration of rGO nanoflakes, for which only a few rGO sheets can adhere to 

the cathode. The low adsorption quantity of rGO cause a poorer conductive and a 

slower ion/electron transport rate of the electrodes. Accordingly, the bigger size of 

metal nickel grains is intended to be formed. 

In order to interpret the effects of rGO nanoflakes on the microstructures of the 

graphene/Ni composites, a possible formation mechanism is proposed in Fig. 6. 

During the electrodeposition process, both the Ni
2+

 and rGO nanoflakes diffuse 

and adhere onto the stainless steel substrate, where Ni ions can capture electrons 

and generate Ni atoms. The absorbed Ni atoms will diffuse along the lateral 

surface of the cathode, then move to the proper nucleation sites of crystal lattice or 

meet with other particles. Consequently, the growth of metal matrix brings the 

co-deposition of Ni and graphene. For the deposition of pure Ni foil, the cathode 

polarization effect is relatively small, but the dissolution of Ni nanocrystallines on 

the electrode is serious. The low over-potential will lead a quick crystal growth 

process, and finally forming a coarse-grained microstructure. In contrast, the rGO 

nanoflakes play two different roles in the nucleation and growth of the 

graphene/Ni composites. First, when a low volume rGO dispersion (below 4 mL) 

has been added into the electroplating bath, the rGO nanoflakes can stably stay in 

the electrolyte, and randomly absorb on the electrodes under the mechanical 

stirring force. The homogeneously distributed rGO nanosheets not only can 

promote the cathodic polarized potential and speed up the transport of 



ions/electrons in electrodes, but also provide a large number of nucleation sites. 

The nucleation rate of Ni crystal is faster than the growth rate in the surrounding 

area of graphene, where ultrafine grains are formed. Since the larger size grains 

deposit in the places away from graphene, the as-fabricated composite presents a 

bimodal microstructure with ultrafine grains embedded in coarse grains. Second, 

the rGO nanoflakes will agglomerate together in a higher volume bath due to the 

electrostatic interaction among graphene sheets. Under the circumstances, only a 

few rGO agglomerations can be incorporated into the Ni matrix, the positive roles 

of the rGO can’t be fully played in the composites. The low cathode polarization 

effect, poor conductive, as well as the reduction of active sites will make a 

fine-grained microstructure with uniform size distribution. Hence, by adjusting the 

added volume of rGO dispersion, it is enable to effectively fabricate graphene/Ni 

composites with different microstructures and mechanical properties. 

 

Conclusion 

The pure Ni foil and graphene/Ni composites have been prepared by adding 

different volume of dispersive rGO nanofalkes in a direct current deposition 

process. Compared to the tensile strength and plastic elongation of 690 MPa and 

15.1 % for pure Ni, respectively, the graphene/Ni composite with 2 mL rGO 

demonstrates a high strength of 864 MPa and a good elongation of 20.6 %. The 

increments in strength and elongation are 25 % and 36 %, respectively. However, 



the composite with 5 mL rGO exhibits a strength of 750 MPa, which is 14.7 % 

greater than that of pure Ni; but the fracture elongation is only 7.5 %. Since the 

graphene contents in the graphene/Ni composites are too low to achieve effective 

load transfer and prevent the crack propagation, the enhanced mechanical 

properties of the composites are related to the heterogeneous microstructure 

features. A low volume fraction of graphene can promote the cathodic polarized 

potential, facilitate the transport of ions and electrons on electrodes, as well as 

provide a large number of nucleation sites, consequently accelerate the formation 

of bimodal microstructure. In contrast, the agglomeration of rGO sheets in a 

high-volume plating bath will weak the positive role of rGO in 

electro-crystallization process. The low adsorption quantity of rGO is unfavourable 

for the nucleation of Ni matrix, accordingly produces a uniform fine-grained 

microstructure. These are quite different from the previously reported graphene/Ni 

composites, in which the graphene reinforcements not only inhibited the growth of 

grains, but also prevented the propagation of dislocations across the graphene/Ni 

interfaces. The results suggest that a proper addition of dispersive rGO sheets is 

propitious to microstructure control of graphene/metal deposits with high strength 

and good ductility.  
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Fig.1 The microstructures and morphologies of the as-synthesized GO and rGO, 

respectively. (A) Raman Spectra, (B) FT-IR spectra, (C) Optical images after two months 

of preparation, (D) SEM images, (E) TEM images of rGO. 

Fig.2 Tensile stress-strain curves of graphene/Ni composites. (A) Engineering 

stress-strain curves of the pure Ni and graphene/Ni composites, (B) Yield strength versus 

the total tensile elongation of Ni in comparison with available literature data. 

Fig.3 XRD patterns of the pure Ni and graphene/Ni composites. 

Fig.4 EBSD mapping of the pure Ni and graphene/Ni composites. (A) Ni, (B) The 

graphene/Ni composites with 2 mL rGO dispersions, (C) The graphene/Ni composites 

with 4 mL rGO dispersions, (D) The color map of crystallographic orientation. 

Fig.5 The electrochemical behaviors of the pure Ni and graphene/Ni composites. (A) 

Cyclic voltammogram, (B) Nyquist plots, and the inset is the equivalent electrical circuit. 

Fig.6 Schematic illustration of the formation mechanism of the graphene/Ni composites 

with different rGO content. 
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Table.1 The chemical composition of graphene/Ni composite specimens. 

Materials C (wt%) Ni (wt%) 

Ni 0.001 99.999 

2mL 0.008 99.992 

4mL 0.014 99.986 

 

 

 



 

Table.2 Fitting results of impedance spectra of the as-synthesized graphene/Ni 

composites. 

Materials Re 

(Ω·cm
2
) 

Q  

(µF·cm
-2

) 

n Rct  

(kΩ·cm
-2

) 

ZW  

(Ω·cm
2
s

-1/2
) 

Error 

 (%) 

Ni 77.99 1.0410
-4

 0.9436 359 2.0710
-3

 0.511 

1 mL 77.00 1.0010
-4

 0.9337 26.8 3.17 10
-2

 1.149 

2 mL 64.17 1.0310
-4

 0.9289 15.2 3.2710
-3

 1.367 

3 mL 59.73 9.9310
-5

 0.9272 11.9 3.4210
-3

 0.953 

4 mL 77.46 9.1010
-5

 0.9162 20.3 1.1710
-2

 1.514 

5 mL 95.26 9.6710
-5

 0.9114 21.3 1.0510
-2

 1.450 

 

 




