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Abstract
Transition metal oxides gain considerable research attentions as potential anode materials for lithium ion batteries, but their 
applications are hindered due to their poor electronic conductivity, weak cycle stability and drastic volume change. Here, 
a NiO@graphene composite with a unique 3D conductive network structure is prepared through a simple strategy. When 
applied as anode material for Li-ion batteries, at 50 mA g−1, the NiO@graphene displays a high reversible capacity of 1366 
mAh g−1 and a stable cyclability of 205 mAh g−1 after 500 cycles. Even at a high rate of 10 A g−1, it displays a favorable 
reversible capacity of 711 mAh g−1. Remarkably, when it recovers back to 0.05 A g−1, a reversible capacity of 1741 mAh 
g−1 is achieved. Thus, the NiO@graphene composite with 3D structure shows good application prospects as an alternative 
anode for advanced lithium ion batteries.
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1  Introduction

Recently, Li-ion batteries (LIBs) have aroused great atten-
tions and are considered as ubiquitous power sources for 
portable electronic equipment and electrical vehicles due 
to their long lifespan, superior energy density as well as 
absence of memory effects [1–5]. With increased mar-
ket demand, the research and development for the anode 
materials with high performances are in urgent need [6–8]. 
However, the anode of commercial graphite with a low 

theoretical capacity of 372 mAh g−1 for LIBs cannot satisfy 
the increasing demand for large-scale energy storage appli-
cations [9]. Hence, it is necessary to develop superior anode 
materials with large capacity in future high power LIBs.

In recent years, it has been reported that transition metal 
oxides (TMOs, like NiO, CuO, SnO2, Fe3O4, Co3O4, etc.) can 
be effectively served as anode electrodes for LIBs due to the 
larger theoretical capacities (over 500 mAh g−1) and the excel-
lent reaction potential with lithium ion [10, 11]. Remarkably, 
NiO is regarded as a promising candidate among TMOs for 
the favorable theoretical capacity (718 mAh g−1), environ-
mental friendliness, low price, natural abundance and safety 
[12–14]. Nevertheless, there are some inevitable weaknesses, 
such as poor conductivity and large volume changes in pure 
NiO anodes during the cycling process, which leads to the 
partial pulverization of electrode materials and the fast decline 
in capacity [15–17]. To overcome these challenges, a vari-
ety of nanostructured NiO anode materials, such as nanopar-
ticle [18], nanorod [19], nanosheet [20] and nanotube [21], 
have been successfully synthesized, and all of them make 
an outstanding breakthrough in the electrochemical perfor-
mances. Unfortunately, it may lead to the aggregation of 
materials and severe side reactions, which affects the cycling 
and rate performances [22, 23]. Moreover, carbonaceous 
matrixes with structural stability, flexibility, large surface 
area and high electrical conductivity play a crucial role in 
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improving the electrochemical properties. It is reported that 
La11.3Mg6.0Sm7.4Ni61.0Co7.2Al7.1 showed an excellent high-
rate discharge ability properties with a retention rate of 89.6% 
at a discharge current density of 1750 mA/g by the addition 
of graphene [24]. Wang et al. synthesized Si@SiOx particles 
with a thin coated carbon layer, which provided a capacity 
of 1230 mA h g−1 after 100 cycles at 500 mA g−1 [25]. The 
discharge capacity loss over 200 cycles was only about 0.21% 
per cycle for P-milled Si/graphene nanocomposite [26]. Based 
on their desirable advantages, carbon can act as a special pro-
tective layer, which not only inhibits volume changes of NiO, 
but also prevents NiO aggregating [13, 27]. For example, after 
100th cycle at 0.1 A g−1, the NiO/C hollow microspheres dis-
play a large discharge capacity of 628 mAh g−1 [28]. Li et al. 
showed that the egg shell-yolk NiO/C porous composites still 
could give a steady capacity of 400 mAh g−1 at 800 mA g−1 
[29]. NiOx-carbon composite fibers also possessed a favorable 
capacity of 676 mAh g−1 at 500 mA g−1 after the 200th cycle 
[30].

Graphene, a two-dimensional (2D) net-like sheet structure 
composed of sp2 carbon atoms arranged in a hexagonal hon-
eycomb lattice, was found in 2004 [31]. Since then, numerous 
interests have been focused on graphene due to the desirable 
features in high specific surface area, good mechanical flexibil-
ity, preferable electronic conductivity, rapid electron transfer 
and pronounced chemical stability [32, 33]. For instance, the 
few-layer graphene can be obtained via plasma-assisted ball 
milling [34]. In comparison with other kinds of carbon, this 
few-layer graphene with extremely high conductivity exhibits 
fast electron transport highway, more reactive sites, forceful 
capability to accommodate volume expansion and superior 
contact with matrix, which is beneficial for the improvement 
in electrochemical properties [24, 35]. As a promising matrix 
material, graphene was always superior to other carbon-based 
metal oxides in terms of electrochemical performances [36]. 
Therefore, with the purpose of optimizing properties of anodes 
for LIBs, the research on the combination of NiO and gra-
phene is of great significance.

Herein, in this study, we developed a NiO@graphene 
composite with a three-dimensional (3D) conductive network 
structure. It is worth nothing that such unique structure can 
enhance the material’s conductivity and inhibit the structure 
change of NiO during discharge–charge cycles. Thus, the as-
obtained NiO@graphene displays stable cyclic performance 
(205 mAh g−1 after 500 cycles at 0.05 A g−1) and superior rate 
performance of 711 mAh g−1 even at an extreme high rate of 
10 A g−1.

2 � Experimental

2.1 � Fabrication of NiO@graphene Composite

NiO@graphene was prepared by a simple and facile 
strategy. Typically, 2.852 g nickel chloride hexahydrate 
(NiCl2·6H2O) and 1.44 g urea were dissolved in 60 ml tri-
ple distilled water and magnetically stirred to get a homo-
geneous solution. Subsequently, the solution was placed 
into the autoclave and reacted at 90 °C for 12 h. After the 
final solution was cooled down, the as-obtained precursor 
was washed with triple distilled water and dried at 60 °C 
for 24 h in vacuum. Furthermore, the obtained precursor 
was pyrolyzed in air at 500 °C for 2 h. The as-prepared 
nickle oxide and 5 wt% graphene (obtained from Nanjing 
Xianfeng nanomaterial technology Co., Ltd) were mixed 
together in 10 ml ethanol and stirred magnetically for 
30 min and finally dried at 40 °C overnight under vacuum.

2.2 � Electrochemical Testing

The working electrode was fabricated by thoroughly 
blending 80 wt% active materials, 10 wt% acetylene black 
and 10 wt% polyvinylidene fluoride (PVDF) in N-methyl-
2-pyrrolidone (NMP) and uniformly coated onto a copper 
foil. Afterward, the slurry was dried at 80 °C in vacuum. 
Coin-type batteries (CR2032) were made in an Ar-filled 
glove box (Dellix 750 s) by applying the Celgard-2400 
film as the separator, Li foil as the counter electrode and 
1 M LiPF6 dissolved in ethylene carbonate (EC)/dimethyl 
carbonate (DMC)/ethyl-methyl carbonate ethylene (EMC) 
(1:1:1 by volume) with addition of 2% vinyl carbonate 
(VC) as the electrolyte. The electrochemical property 
investigations were conducted on NEWARE system (CT-
3008) between 0.01 V and 3 V at room temperature.

2.3 � Material Characterization

The X-ray diffraction (XRD) was conducted with Cu-Kα 
radiation using a TD-3500 X-ray powder diffractometer 
(Tongda, China). Thermal gravimetric analysis (TGA) 
was carried out on a thermo gravimetric analyzer (Q500, 
USA) with a ramping rate of 5 °C min−1 from room tem-
perature to 500 °C in air. Raman spectra were determined 
by a confocal Lab RAM HR800 spectrometer. The sur-
face morphology of the materials was performed on a 
scanning electron microscopy (SEM, Hitachi S4800). 
The transmission electron microscopy (TEM, FEI Tecnai 
G2 20, Hillsboro, OR, USA) was used to investigate the 
microstructures. X-ray photoelectron spectroscopy (XPS) 
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was analyzed applying a Kratos XSAM 800 spectrometer 
(Manchester, UK).

3 � Results and Discussion

From the XRD pattern of the as-synthesized precursor in 
Fig. 1a, the characteristic peaks centered at 34.7° and 59.8° 
are well assigned to the (101) and (110) of the α-Ni(OH)2 
phase, respectively [37], indicating that the precursor pre-
pared in the hydrothermal process was nickel hydroxide. 
Figure 1b exhibits the thermo gravimetric (TG) analysis 
of the Ni(OH)2 from room temperature to 500 °C with a 
ramping rate of 5 °C/min in air. We can clearly see that 
the amount of NiO in Ni(OH)2 is about 60.5 wt%, which is 
assigned to the mass loss of water. According to the result of 
TG, the nominal formula of the material is considered to be 
Ni(OH)2·1.7H2O. The XRD patterns of pure NiO and NiO@
graphene composite are presented in Fig. 1c. Two samples 
with diffraction peaks at the 2θ values of 37.4°, 43.4°, 62.9° 

and 75.7° could be well indexed to (111), (200), (220) and 
(311) crystal planes of cubic-phased NiO, respectively [38]. 
An additional low and small peak (2θ≈25.7°) was found in 
pattern of the NiO@graphene, corresponding to the diffrac-
tion peak of the multilayer graphene sheets [39]. The Raman 
spectra of the as-prepared materials are displayed in Fig. 1d. 
There are two characteristic peaks at approximately 1359 
and 1609 cm−1 for NiO@graphene composite, assigning to 
the D band and G band of graphene, manifesting NiO and 
graphene were well synthesized [40]. On the contrary, there 
are no D band and G band seen from NiO, which might be 
no carbon involved. All above results showed the combina-
tion of the NiO and graphene.

Figure 2a–c depicts the SEM images of Ni(OH)2, NiO 
and NiO@graphene, respectively. The Ni(OH)2 is made up 
of microparticles with a diameter of about 1–2 μm, and NiO 
particles show a similar morphology after the pyrolysis of 
the Ni(OH)2 (Fig. 2a, b). Figure 2c shows that the NiO par-
ticles were embedded in the graphene sheets, which is con-
ducive to the construction of the efficient electron transport 

Fig. 1   XRD pattern of the precursor a, TGA curve of Ni(OH)2 b, XRD patterns of NiO and NiO@graphene c, Raman spectra of NiO and NiO@
graphene d 
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channels. The morphology and microstructures of NiO@
graphene can be further characterized by TEM. From the 
TEM images (Fig. 2d, e), some nanoparticles are attached 
to the surface of graphene layers, which indicates that the 
NiO and graphene were well combined. Meanwhile, these 
results are consistent with those of XRD and Raman. Fig-
ure 2f depicts the high-resolution TEM (HRTEM) image of 
the NiO@graphene; the core–shell structure is indicative of 
presence of graphene. Moreover, two obvious interplanar 
distances are around 0.20 nm and 0.24 nm, which is attrib-
uted to the (200) and (111) lattice plane of cubic-phase NiO 
[41].

The corresponding selected-area electron diffraction 
(SAED) patterns of NiO@graphene (Fig. S1), in which 
three Debye–Scherrer rings were clearly observed, can be 
attributed to (111), (200) and (220) crystal planes of the 
crystalline NiO phase [42].

XPS analysis (Fig. 3) is employed to further understand 
the surface chemical composition of NiO@graphene. Fig-
ure 3a reveals that NiO@graphene possesses the Ni, O and 
C. From Fig. 3b, two characteristic peaks are observed at 
854.9 and 872.6 eV, which are designated to the Ni 2p3/2 
and Ni2p1/2, respectively [43]. The spin energy separa-
tion between two Ni 2p3/2 and Ni2p1/2 is around 17.7 eV, 

revealing the oxidation state of Ni2+ [44]. Meanwhile, there 
are two peaks located at 861.1 and 878.8 eV, correspond-
ing to the satellite peaks of Ni 2p3/2 and Ni2p1/2, respec-
tively [45]. Three fitted peaks centered at 284.7, 285.9 and 
288.6 eV are designated to C–C/C=C, C–O–C and O=C–O 
bonds in Fig. 3c, respectively [46]. Remarkably, the C–C/
C=C peak displays the strongest intensity in all peaks, which 
can be beneficial for improving the electrical conductivity of 
NiO@graphene specimen [47]. Figure 3d shows three peaks 
at 529.6, 531.7 and 533.5 eV, which corresponds to the O 
atoms chemically bonded in Ni–O, Ni–OH and O–C=O, 
respectively [48]. The peak between carbon and oxygen indi-
cates that there may be some interaction between graphene 
and the oxygen in NiO [45].

The cyclic voltammetry (CV) profiles of the NiO and 
NiO@graphene between 0.01 and 3 V at a scanning rate 
of 0.1 mV s−1 for the initial three cycles are exhibited in 
Fig. 4a–b. During the first cathodic cycles of NiO electrode, 
a sharp peak at about 0.45 V is observed, which could be 
derived from the formation of the solid electrolyte interface 
(SEI) layer and reduction of NiO to Ni via a conversion 
reaction (NiO + 2Li+  + 2e− → Ni + Li2O) [17, 21]. Then, 
this main cathodic peak is shifted to 0.97 V in the subse-
quent cycles, caused by intense structural modification [49]. 

Fig. 2   SEM images of Ni(OH)2 a, NiO b, NiO@graphene c, TEM images d e, HRTEM image f of NiO@graphene
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Meanwhile, two major peaks at about 1.45 V and 2.26 V 
are detected in anodic sweep, corresponding to partial 
decomposition of SEI layers and oxidation of Ni0 to NiO 
(Ni + Li2O → NiO + 2Li+ + 2e−), respectively [50, 51]. As 
for NiO@graphene electrode, there is a different peak at 
about 0.47 V in the cathodic part of the first sweep, which 
also can be in agreement with formation of a SEI film and 
reduction of NiO to Ni, and LixC (C + xLi+ + xe− → LixC) 
[15]. Besides, a main peak at 0.93 V is designated to the 
reduction of NiO [52]. The obvious different cathodic behav-
ior can be derived from the addition of graphene with large 
specific surface area and the improvement in electronic 
conductivity of NiO@graphene composite [53]. Moreo-
ver, the SEI layers decomposition and the conversion of 
NiO to Ni0 peaks are similar to that of NiO electrode in the 
anodic process [54, 55]. Figure 4c, d displays the charge 
and discharge potential curves of NiO and NiO@graphene 
at 50 mA g−1 after the 1st, 2nd, 5th, 10th, 20th and 30th 
cycles, respectively. The initial cycled charge and discharge 
capacities of the NiO are 800 mAh g−1 and 1104 mAh g−1, 
respectively, and the initial Coulombic efficiency (ICE) is 

72.5%. Compared with NiO, the ICE of NiO@graphene is 
70.7%, led by the charge and discharge capacities of 860 
mAh g−1 and 1217 mAh g−1, respectively. Both the cells 
exhibit the high initial irreversible capacity loss at the initial 
cycle, which could be due to the SEI film [56]. The reason 
for the low ICE of NiO@graphene may be attributed to the 
graphene, which can cause a higher initial capacity loss [54, 
57]. Besides, the reversible capacity of NiO drops to 856 
mAh g−1 at the 30th cycle. Meanwhile, the reversible capac-
ity of NiO@graphene has a growing trend, rising from 936 
to 993 mAh g−1 (20th to 30th cycle), which is due to the 
activation of electrode materials and the formation/dissolu-
tion of a gel-like polymeric film during cycling process [42, 
58]. From Fig. S2, the ICEs of NiO with 3 wt% and 8 wt% 
graphene are 66.6% and 63.1%, respectively. Clearly, it can 
be found that 8 wt% graphene has little effect on the revers-
ible of NiO@graphene, which just contributes to the same 
reversible capacity of 840.5 mAh g−1 as pure NiO at the 5th 
cycle. NiO with 3 wt% graphene displays a desirable revers-
ible capacity of 886 mAh g−1 at the 5th cycle. These results 
suggest that 3 wt% and 5 wt% graphene both can make an 

Fig. 3   XPS analysis of NiO@graphene composite: survey spectrum a, Ni 2p b, C 1 s c, O 1 s d 
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improvement on the reversible capacity of NiO@graphene. 
Taking the ICE into consideration, however, adding 5 wt% 
graphene may be an appropriate choice for NiO.

To compare the rate capability and cycling property of 
two samples, both electrodes measured at different rates 
from 0.05 to 10 A g−1 are illustrated in Fig. 5a. As the cur-
rent density was enhanced between 0.05 and 5 A g−1, the 
NiO@graphene delivers superior reversible capacities of 
1366, 1390, 1410, 1390, 1346, 1222 and 742 mAh g−1. For 
NiO, the reversible capacities are 1028, 1109, 1074, 976, 
818, 616, 381 mAh g−1 at the rates of 0.05, 0.1, 0.2, 0.5, 1, 
2 and 5 A g−1, respectively. Notably, for NiO@graphene, the 
reversible capacity can increase from 381 to 711 mAh g−1 
even tested at an extreme large current density of 10 A g−1 
(about 27 C, 1C = 372 mAh/g), which is much larger than 
that of NiO (about 200 mAh g−1). When it comes back to 
0.05 A g−1, it accounts for the good reversibility and stabil-
ity of the materials. Particularly, as to NiO@graphene, the 
reversible capacity can be increased to 1741 mAh g−1 as the 
current returns to 0.05 A g−1, which is much larger than the 
capacity remaining after the first 5 cycles. These good results 

manifest that NiO@graphene electrode has more superior 
rate performance probably due to the conductive network 
structure of graphene and the improvement in the lithium 
ion diffusion capability. The cycling property of two mate-
rials was conducted at 0.05 A g−1 in Fig. 5b. It is evident 
that NiO displays continuous and dramatic capacity decay 
from the 40th cycle, only reserving a fairly low reversible 
capacity of 92 mAh g−1 after 500 cycles. In sharp contrast, 
NiO@graphene unfolds significantly improved cycling per-
formance and its reversible capacity shows a steady upward 
trend during initial 70 cycles. It is especially noteworthy 
that the reversible capacity of NiO@graphene can reach up 
to 1560 mAh g−1 at the 70th cycle, corresponding to 143.3% 
capacity retention of the first cycle. This fascinating upward 
tendency may be derived from two aspects: (1) the inevitable 
formation of a gel-like polymer layer and the slight degrada-
tion of SEI film during the reduction process of NiO to Ni 
[29] and (2) graphene nanosheets that cannot only retard 
the structure expansion of NiO but also relieve the aggrega-
tion of active materials [1, 15]. Then, the NiO@graphene 
material also displays a decreased reversible capacity of 

Fig. 4   CV profiles of NiO a, NiO@graphene b electrodes at a scanning rate of 0.1 mV s−1 ranging from 0.01 to 3.0 V. Discharge and charge 
curves of NiO c, NiO@graphene d materials at 0.05 A g−1
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116 mAh g−1 at the 200th cycle, which may be ascribed to 
the formation of lithium dendrites and the destruction of 
part of the polymeric gel-like film [59]. After 500 cycles, 
the reversible capacity of NiO@graphene can still be sta-
ble at 205 mAh g−1. To a certain extent, the 3D hierarchi-
cal structure of NiO@graphene can buffer the deformation 
of the NiO nanoparticles, thus resulting in a better cycling 
property than NiO. For further exploring the morphology 
and structural expansion during the Li+ intercalation/dein-
tercalation processes, the SEM analysis on the NiO and 
NiO@graphene electrodes before and after the 100th cycle 
is performed in Fig. S3. Both cells discharged to 0.01 V after 
100 cycles were disassembled and then analyzed by SEM. 
It can be found that the agglomeration phenomenon and the 
transformation of NiO from block to strip are caused by 
the large volume expansion after 100 cycles (Fig. S3a, b). 
However, Fig. S3c, d shows that the integrity of the electrode 
is well preserved with no obvious change in morphology 
and structure for NiO@graphene after 100 cycles. From 
the SEM images, it confirms that the addition of graphene 

inhibits the volume expansion and aggregation of NiO to 
some extent. Figure 5c illustrates the unique 3D conductive 
network structure of NiO@graphene composite material and 
the NiO nanoparticles are well distributed on the graphene 
nanosheets. The reasons for the exceptional electrochemi-
cal properties of NiO@graphene can be explained as below. 
Firstly, the innovative 3D structure can provide more short 
pathways for ion/electron diffusion and large electrode/elec-
trolyte contact area. Secondly, the network structure based 
on graphene nanosheets can enhance the structural stability 
of materials by relieving the aggregation and buffering the 
large volume expansion of the NiO nanoparticles. Further-
more, the graphene nanosheets with good electrical conduc-
tivity serve as conductive channels, leading to rapid charge 
transport. A comparison of the electrochemical properties of 
NiO@graphene with various reported NiO/C composites is 
presented in Fig. 5d [39, 55, 56, 60–64]. It is obvious shown 
that the NiO@graphene delivers a higher reversible capacity 
than other NiO/C composites, indicating NiO@graphene has 
a better rate capability.

Fig. 5   Rate performance and cyclability curves for both NiO and NiO@graphene under various current densities from 0.05 to 10 A g−1 a, 
cycling property for two samples at 0.05 A g−1 for 500 cycles b, 3D structure of NiO@graphene c, comparison of the rate capability between 
NiO@graphene and other NiO/C composites anodes previously reported d 
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To investigate the reaction kinetics of two electrodes, 
the electrochemical impedance spectroscopy (EIS) inves-
tigations were taken. Figure 6 depicts the Nyquist plots of 
two samples after 100 charge/discharge cycles (the inset 
was the equivalent circuit). Clearly, both samples possess 
two depressed semicircles in the high–medium-frequency 
region and an inclined line at low-frequency region. Gener-
ally, the intercept of the real impedance (Z′) axis in the high 
frequency region is associated with internal resistance (RS), 

which is considered as the resistance of electrolyte solu-
tion [12]. The first semicircle is assigned to the resistance 
for the migration of Li-ion through the SEI layer resistance 
(RSEI), and the second semicircle was the charge transfer 
resistance (Rct) at the interface of electrode/electrolyte, while 
the inclined line is related to the Warburg impedance (QW) 
describing Li-ion diffusion in the bulk electrode [65, 66]. 
Based on the above analysis, the detailed EIS fitting data are 
displayed in Table 1. Apparently, the diameters of the two 

Fig. 6   Nyquist plots of two samples after 100 cycles (the inset is the equivalent circuit) a, relationship between Z’re and ω−1/2 in the low-fre-
quency region of the bare NiO and NiO@graphene samples b, charge/discharge curves for the full battery at 0.1 A g−1 c, the digital image for 
the practical application of the full cell d 

Table 1   Kinetic parameters obtained from the Nyquist plots for the samples

RS—internal resistance, RSEI—SEI resistance, QSEI—SEI capacitance, Rct—charge transfer resistance, Qd—interfacial capacitance, and QW—
Warburg impedance

Samples RS (Ω−1) RSEI (Ω−1) QSEI Rct (Ω−1) Qd QW

Y0 (Ω−1) n Y0 (Ω−1) n Y0 (Ω−1) n

NiO 4.577 18.22 3.532 × 10–6 0.8248 261.9 1.122 × 10–4 0.4895 3.827 × 10–3 0.6614
NiO@graphene 2.458 7.898 9.149 × 10–5 0.9999 49.11 5.517 × 10–4 0.3833 3.385 × 10–2 0.6737
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semicircles of NiO@graphene are smaller than that of NiO, 
reflecting that the NiO@graphene delivers a lower Rct value 
(about 49 Ω)than that of NiO (about 262 Ω). This behavior 
may be induced by the conductive graphene that can allevi-
ate volume expansion of NiO, thus facilitating the electron 
and Li+ transfer during the repetitive cycling process with 
Li+ intercalation and deintercalation reactions. The value 
of the constant phase angle element (CPE) is calculated by 
the following equation: Q = Y0

−1 (jω)−n, where Y0 is a con-
stant independent of frequency, ω is the angular frequency, 
j = (−1)1/2, and n is the exponential index [67]. According to 
the fitting data, the RSEI value of NiO@graphene is about 8 
Ω, which is lower than that of NiO (about 18 Ω). From this 
phenomenon, it can be inferred that graphene may greatly 
improve the stability of SEI structure and facilitate the lith-
ium ions passing through the SEI film steadily, thus ensur-
ing the favorable cycle performance of the NiO@graphene. 
Compared with NiO, the value of QW for NiO@graphene is 
much lower, which is beneficial to accelerate the mass trans-
fer of charge in the Li-ion intercalation/deintercalation pro-
cess and improve the lithium ions conductivity. As expected, 
the unique structure of NiO@graphene affords lower resist-
ances, revealing a higher rate capability and cycling stability. 
Furthermore, Fig. 6b reveals the fitting result of the Warburg 
impedance coefficient (σw), which corresponds to Z’ vs ω−1/2 
slope. The Li-ion diffusion coefficient (DLi

+) can be evalu-
ated from the following equations [47]:

where R is gas constant, T means the absolute tempera-
ture (K), A represents the surface area of the electrode, n 
denotes the number of electrons transferred in the insertion 
process, F corresponds to Faraday constant, and CLi

+ is the 
concentration of Li+. The values of DLi

+ are determined to 
be 1.82 × 10–14 and 1.44 × 10–12 cm2 s−1 for bare NiO and 
NiO@graphene samples, respectively. Therefore, it can be 
elaborated that the introduction of the graphene contrib-
utes to the significant improvement in the kinetics of Li+ 
diffusion. To further study its practical application, a full 
cell is constructed using the as-fabricated NiO@graphene 
electrode as anode and commercial LiCoO2 material as the 
cathode. Figure 6c displays the 1st, 2nd and 5th of the full 
battery at 0.1 A g−1 in the range from 1.0 to 4.2 V. The 
full cell delivers the initial charge and discharge capacities 
being 132.6 mAh g−1 and 125.7 mAh g−1, respectively, cor-
responding to an ICE of 94.8%. In addition, a yellow LED 
bulb is successfully lighted up by the as-prepared full battery 
(Fig. 6d), indicating its good application in our daily life. 

Due to the superior rate capacity and excellent cycling 
performance of NiO@graphene electrodes, it is crucial to 

(1)Z
�
re
= Rs + Rct + �w�

−1∕2,

(2)D
+
Li
= R

2
T
2∕
(

2A2
n
4
F
4
C
+
Li
2�2

w

)

,

understand the contribution of two charge mechanisms: dif-
fusion-dominated faradic process arising from Li+ insertion/
extraction and capacitive effect. As shown in Fig. 7a, CV 
tests of NiO@graphene with increasing scan rate from 0.1 
to 1.0 mV s−1 were carried out. The power-law relationship 
between peak current (i) and sweep rate (v) can be expressed 
as follows [68, 69]:

in which a and b are adjustable parameters. Commonly, the 
value of b is close to 0.5 representing an ideal diffusion-
dominated process, while b approaching 1 refers to a capaci-
tive process. The b value can be obtained from the slope of 
the plots of log(i) vs log(v). Figure 7b exhibits the b values 
of 0.860, 0.713, 0.553, 0.604 and 0.611 at the anodic and 
cathodic peaks, indicating that surface-limited capacitive 
behavior plays a predominant part in Li-ion storage for 
NiO@graphene. Meanwhile, the corresponding capacitive 
contribution at a certain rate can be quantitatively calculated 
by separating the current response (i) into capacitive (k1v) 
and diffusion-dominated (k2v1/2) reactions at a fixed potential 
(V), based on the Dunn’s equation [70]:

At a scan rate of 0.6 mV s−1 (Fig. 7c), the capacitive capacity 
contribution ratio of the NiO@graphene electrode makes up 
about 62% of the total current. Figure 7d and Fig. S4 dem-
onstrate that the contribution ratio from capacitive capacity 
gradually rises with the increase in the scan rate (from 0.1 
to 1.0 mV s−1), especially, and attain a maximum value of 
86.8% the capacitive capacity contribution at a scan rate of 
1.0 mV s−1. Meanwhile, the pure NiO electrode also presents 
a capacitive-controlled behavior (Fig. S5).

4 � Conclusion

In this work, a facile and simple strategy is presented to 
prepare the NiO@graphene composite. The synergetic com-
bination of graphene with high conductivity and the 3D 
structure is beneficial for the outstanding electrochemical 
properties for NiO@graphene composite. A large reversible 
capacity of 1366 mAh g−1 is attained for NiO@graphene at 
the current density of 0.05A g−1. When it reached up to 10 
A g−1, NiO@graphene can show a reversible capacity of 
711 mAh g−1. Furthermore, NiO@graphene still displays 
a favorable reversible capacity of 205 mAh g−1 after 500th 
cycle at 0.05 A g−1. In view of these results, NiO@graphene 
composites might provide promising anode candidates for 
high-rate LIBs.

(3)i = av
b,

(4)log(i) = blog(v) + log(a),

(5)i = k1v + k2v
1∕2,
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