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ABSTRACT

The high energy storage devices such as lithium-ion batteries (LIBs) have

recently attracted extensive attention, and massive efforts have been made to

synthesize the high-performance electrodes for Li-ion storage. Here, a facile

in situ synthesis method was proposed to prepare the NiO/Ni nanocomposites

embedded in three-dimensional (3D) porous carbon network (denoted as NiO/

Ni�C). The phase component and microstructure of the NiO/Ni�C were

detected by using X-ray diffraction, scanning electron microscope and trans-

mission electron microscopy. The NiO/Ni nanocomposites with the particle size

of approximately 20–50 nm were uniformly dispersed in the 3D porous carbon

matrix. The 3D carbon network is in favor of electrical conductivity, and

effectively alleviates the volume effect during lithiation–delithiation processes,

and thus help the electrode achieve high electrochemistry performance. The

NiO/Ni�C electrodes possess a reversible specific capacity of 934 mAh g-1 at a

current density of 300 mA g-1, and exhibit a superior rate performance with a

specific capacity of 505 mAh g-1 at a current density of 2 A g-1. The NiO/

Ni�C electrodes maintained a specific capacity of up to 683 mAh g-1 even after

1000 cycles at a current density of 1 A g-1.

Introduction

With the increasing energy demand from the

emerging technologies such as portable electronics

and electric vehicles (EVs), the high-efficiency energy

storage devices such as supercapacitors, lithium-ion

batteries (LIBs) and solar cells have attracted exten-

sive attention [1–3], where LIBs are highly desirable

owing to their high power and energy densities, low

cost and long life [4–7]. However, the commercial

graphite anode exhibits a relatively low theoretical

specific capacity of 372 mAh g-1 and is not able to

meet the requirements of emerging applications such

as EVs [8, 9]. The transition metal oxides (TMOs)

such as MnO, CoO, NiO, Fe3O4 and CuO possess

remarkably higher theoretical specific capacities

([ 600 mAh g-1) than those of the current commer-

cial anode materials of graphite and Li4Ti5O12, and

have been extensively studied as anode materials for

high-performance LIBs in recent years [10–13]. In
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particular, NiO has been widely studied for the

applications in LIBs anode due to its high theoretical

specific capacity (718 mAh g-1), low cost, low toxic-

ity and abundant resources [13–18]. Unfortunately,

the electrochemical performance of NiO anodes is

limited by its poor electrical conductivity and large

volume variation during the lithiation–delithiation

processes.

To address the above issues, many strategies

including nanoparticles, hollow sphere structures,

carbon-coated or carbonaceous materials and element

doping have been developed [19–23]. Nano-sized

materials can reduce the diffusion pathway of ions

and electrons, and promote close contact between the

electrode and electrolyte to enhance electrochemical

performance [21, 22]. However, nanoscale materials

can be easily aggregated and pulverized during

electrochemical cycle processes, resulting in poor

cycle stability [17]. The hollow structure has a large

contact area between the electrode and the elec-

trolyte, and also accommodates the mechanical strain

caused by continuous Li? ions insertion/extraction

[24, 25]. However, it is difficult to control the micro-

scopic appearance of the hollow structure, and the

synthesis method is complicated. Therefore, a series

of TMOs/carbon hybrids attracted much attention

[26–31]. For instance, Wang and co-workers synthe-

sized 3D hierarchical porous NiO@carbon nanoflakes

on graphene sheets through a solvothermal process

and showed a capacity of 754 mAh g-1 after 50 cycles

[26]. Fang et al. [27] reported that sandwich-struc-

tured graphene-metal oxide composites (NiO) pre-

pared by thermal decomposition can deliver a

capacity of 460 mAh g-1 for up to 100 cycles. Oh

et al. [28] prepared mesoporous multicomponent

metal oxide microspheres containing Ni and Mo

components and N-doped carbon, in which 3D-

ordered 40-nm-sized mesopores are interconnected,

through spray pyrolysis. After 1000 cycles, the

microspheres deliver a discharge capacity of

693 mAh g-1 at a current density of 1.0 A g-1. The

discharge capacity of the peapod NiO nanoparticles

encapsulated in carbon fiber stabilized at

1193 mAh g-1 after 200 cycles at 500 mA g-1 [29],

and the discharge capacity was 951 mAh g-1 for

yolk–shell NiO powders after 150 cycles at

700 mA g-1 [30].

In this work, we developed a facile in situ synthesis

strategy for the construction of NiO/Ni nanocom-

posites embedded in 3D porous carbon networks

(denoted as NiO/Ni�C). The prepared NiO/Ni�C

exhibited high specific capacity and durable cycling

life (683 mAh g-1 after 1000 cycles at the current

density of 1000 mA g-1) as lithium storage electrodes

in LIBs.

Experimental

Synthesis process

The typical fabrication process of the NiO/Ni

nanocomposite embedded in 3D porous carbon net-

works is schematically illustrated in Fig. 1. 0.6 mmol

nickel carbonate (NiCO3�2Ni(OH)2�4H2O, C 99.0%,

Xilong Scientific, China) and 0.01 mol glucose (C6

H12O6�H2O, C 99.0%, Hengxing, China) were com-

pletely dissolved into 10 mL diluted nitric acid. The

solution was dried in an electron oven at 80 �C for

24 h to obtain precursor. Then the precursor was

heat-treated at 700 �C for 2 h in the muffle furnace

inside the laboratory-made setup (LMS, see in

Fig. 1b). Inside the LMS, the reducing atmosphere

with carbon monoxide was formed by the insufficient

oxidation of carbon powders at high temperature for

limited oxygen. So the nickel-based compounds such

as NiO or Ni(OH)2 were reduced and Ni nanoparti-

cles occurred, while the glucose was in situ car-

bonized to coat the Ni nanoparticles. As a result, Ni

nanoparticles embedded in 3D carbon matrix (Ni�C)

were received. More importantly, the 3D porous

network materials with lots of voids formed sponta-

neously due to the escaping gases during the heat

treatment. Finally, the black color Ni�C was

annealed at different temperatures and holding

periods (250 �C for 2 h, 270 �C for 2 h, 270 �C for 4 h

and 300 �C for 2 h) in air atmosphere in order to

partially oxidize the nanostructured Ni and to fabri-

cate the NiO/Ni nanocomposites embedded in 3D

carbon network (NiO/Ni�C).

For comparison, carbon-free NiO nanoparticles

were also synthesized directly for the investigations

by heat treatment of precursors at 700 �C for 2 h in air

without LMS container.

Materials characterization

The crystal structure of as-prepared products were

detected through X-ray diffraction (XRD, Rigaku

D/max 2550, Japan) with Cu Ka radiation and
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k = 0.154056 nm, in the diffraction angles 2h ranging

from 10� to 80�. The morphology of samples was

collected by using a field-emission scanning electron

microscopy (SEM, FEI Nova NanoSEM230 and JSM

7900F). Elemental mapping was performed with an

energy-dispersive X-ray spectroscopy (EDS, Oxford)

appended to the SEM. Microstructures and crys-

talline phase were analyzed by using a high-resolu-

tion transmission electron microscopy (HRTEM,

Tecnai G2 F20, FEI). Thermogravimetric analysis

(TGA) (NETZSCH STA 449c) was carried out in air

from room temperature to 800 �C with a heating rate

of 10 �C min-1. Raman spectrum was recorded at

ambient temperature with HORIBA LabRAM HR800

Raman spectrometer.

Cell assembly and electrochemical
measurement

The working electrodes were made through the

preparation of slurry followed by coating of electrode

films. To prepare the electrode slurry, active materi-

als such as NiO/Ni�C nanocomposites or carbon-

free NiO nanoparticles, conductivity agent of carbon

black and binder (polyvinylidene fluoride, PVDF) in

the weight ratios of 8:1:1 were mixed with N-methyl

pyrrolidone (NMP) as solvent. The electrode films

were prepared by coating the slurry onto copper

foils, and then were vacuum-dried at 60 �C for 12 h.

The coin-type 2016 cells, in which lithium metal acts

as reference/counter electrode, and the prepared

electrode film acting as working electrode were

assembled in a glove box filled with ultra-high-purity

argon. Polypropylene membrane (Celgard 3501) was

used as separators in the cells. The electrolyte consists

of a solution of 1 M LiPF6 in ethylene carbonate (EC)

and dimethyl carbonate (DEC) mixture (the volume

ratio of EC to DEC is 1:1). The mass loading of active

materials is about 0.9–1.1 mg cm-2.

The electrochemical measurements were carried

out using a Land CT2001 test system within 0.01–3 V

at different current densities. Cyclic voltammetry

(CV) tests were performed with an electrochemical

workstation (Gamry Reference 600, USA) at a scan

rate of 0.1 mV s-1. The alternating current (AC)

impedance measurements were performed in the

Gamry electrochemical workstation in frequency

range of 0.1 Hz to 1 MHz.

Results and discussion

XRD phase characterization

The phase components of the heat-treated samples

and annealed samples were characterized by XRD

patterns. The XRD pattern of the sample in which the

precursor was only heat-treated at 700 �C inside LMS

is shown in Fig. 2a (marked by ‘‘before anneal’’).

Clear XRD peaks corresponding to the metallic Ni

(refereed by JCPDS no. 87-0712) can be detected.

According to the Scherrer formula, the average grain

size of the metallic Ni was calculated to be about

10 nm. These indicate that the Ni�C powder was

obtained after the precursor has been heat-treated at

700 �C for 2 h in LMS, while, obtained from XRD

pattern in Fig. 2b, the sample in which the precursor

had been heat-treated at 700 �C without LMS is only

composed of NiO crystal phase (denoted as carbon-

free NiO). Calculated by the Scherrer formula, the

carbon-free NiO has the average grain size of about

53 nm.

The XRD patterns of the samples annealed at

250 �C for 2 h, 270 �C for 2 h, 270 �C for 4 h and

300 �C for 2 h are shown in Fig. 2a. It can be seen that

all samples contain two series of XRD peaks corre-

sponding to NiO phase with space group of Fm
�3m (JCPDS no. 75-0197) and metallic Ni, except for

the sample annealed at 300 �C for 2 h. In addition,

Figure 1 Schematic

illustration of the synthesis of

NiO/Ni nanocomposites

embedded in 3D carbon

network (NiO/Ni�C),

a fabrication procedure and

b laboratory-made setup

(LMS).
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only partial Ni was oxidized to NiO when the sample

was annealed at 250 �C for 2 h, compared to the one

annealed at 270 �C for 2 h. However, increasing the

holding time at 270 �C has little effect on the strength

of XRD peaks of NiO, comparing with the ones

annealed for 2 h and 4 h. Refining the diffraction

peaks at 2h in the range of 32–808 with the Jade 6.0

program, the quasi-quantitative analysis showed that

the content ratios of NiO to Ni are 0:1 (before

annealing), 2.24:1 (250 �C for 2 h), 7:1 (270 �C for 2 h),

7.13:1 (270 �C for 4 h) and 1:0 (300 �C for 2 h),

respectively. Based on the results, the sample

annealed at 270 �C for 2 h was selected for the

detailed investigation in this work. Analyzed by

using the Scherrer formula, the average grain sizes

were calculated to be 32 nm and 11 nm for Ni and

NiO phases, respectively, in the sample annealed at

270 �C for 2 h. Therefore, one can get that the NiO/

Ni�C nanocomposites were successfully obtained

after the sample had been annealed at 270 �C for 2 h

in air.

Microstructure characterization

Figure 3a–c shows the SEM observations of sample

obtained from the precursor after being heat-treated

in LMS at 700 �C. Figure 3a, b indicates that the

sample consists of continuous network structure with

3D porous characteristics. It can be clearly seen from

the enlarged view in Fig. 3c that white-colored

nanostructured particles dispersed and embedded in

the 3D gray color matrix which contains lots of

nanostructured pores. To clarify the elemental

distribution in the sample, elemental mapping anal-

ysis was performed by SEM–EDS and the corre-

sponding results are shown in Fig. 3d–f. Combined

with the XRD in Fig. 2a, one can get that the white-

colored nanostructured particles, as shown in Fig. 3c,

d should be metallic Ni and the gray color matrix is

composed of C element, and Ni nanoparticles are

uniformly distributed in the 3D porous carbon net-

work. These indicate that the samples with Ni

nanoparticles embedded in 3D carbon matrix (Ni�C)

have been successfully obtained after the precursor

had been heat-treated at 700 �C for 2 h in LMS in this

work.

After the Ni�C nanocomposites have been

annealed at 270 �C for 2 h in air, the products as

shown in Fig. 4a, b consist of more macropores when

it is compared to the ones in Fig. 3a, b. The products,

as shown in Fig. 4c, maintain favorable 3D porous

networks with the NiO/Ni nanocomposites uni-

formly dispersed in the carbon matrix, as shown in

Fig. 3. SEM–EDS elemental mappings in the NiO/

Ni�C sample were induced and are shown in

Fig. 4d–g. One can see that the Ni and O elements

display almost the same distribution characteristic

between Fig. 4d, e indicating that the oxidation of Ni

had taken place during the annealing. Combined

with the XRD analysis in Fig. 2, one can believe that

the NiO/Ni nanocomposites uniformly dispersed in

the porous carbon frameworks, i.e., NiO/Ni�C

nanocomposites, were successfully fabricated.

Transmission electron microscopy (TEM) is a

powerful tool to disclose more detailed structure in

Figure 2 XRD patterns of the as-prepared products at various

conditions, a 700 �C heat-treated in LMS (noted by ‘‘before

anneal’’), and further annealed at various temperatures/times in air,

where the XRD patterns of metallic Ni and NiO were also

provided for comparisons and b 700 �C heat-treated in air without

LMS.
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Figure 3 SEM investigations of product heat-treated at 700 �C in LMS, a, b secondary electron images, c back-scattered electron image

recorded from the section in b; d, e, f SEM image and related EDS elemental mappings of Ni and C.

Figure 4 SEM investigations of product heat-treated at 700 �C in

LMS followed by 270 �C annealing in air for 2 h, a, b secondary

electron images, c back-scattered electron image recorded from the

marked area in b; d, e, f, g SEM image and corresponding EDS

elemental mappings of the Ni, O and C elements, respectively.

J Mater Sci (2020) 55:1659–1672 1663



nano- and even atomic scales. Figure 5a, b shows the

TEM images of the NiO/Ni�C nanocomposites that

were made from the intermediate product Ni�C after

being 270 �C annealing. One can see that a large

number of NiO/Ni nanocomposites with size of

about 20–50 nm are uniformly distributed in the

amorphous carbon layer. Figure 5c provides a high-

resolution TEM (HRTEM) image and an upper-right

inset SAED pattern of the crystalline structure of the

NiO/Ni�C nanocomposite. The (111), (200) and (220)

planes of NiO, and (200) and (220) planes of Ni can be

indexed from the SAED pattern. In the meanwhile,

the lattice spacings of about 0.243 and 0.203 nm cor-

responding to the (111) of NiO and Ni, respectively,

can be detected in the HRTEM image. This further

reveals the fact of NiO/Ni�C nanocomposite

structure.

For comparison, it is shown in the TEM analysis in

Fig. 5d–f of the carbon-free NiO products that the

precursors were heat-treated at 700 �C for 2 h in air

without LMS. The particle sizes are between 100 and

200 nm, which is obviously larger than that of NiO/

Ni�C nanocomposites. The HRTEM image and an

upper-right inset SAED pattern in Fig. 4f reveal that

the product is only composed of NiO crystals, and no

metallic Ni and carbon could be found.

In order to confirm the existence and structure of

carbon in the NiO/Ni�C nanocomposites, Raman

spectroscopy (RS) analysis was performed as shown

in Fig. 6a. It is clear that a broaden peak at 1317 cm-1

(D-band) represents a highly disordered graphite

arrangement and another peak at 1585 cm-1 (G-

band) represents an ordered graphite structure [32].

The D-band is caused by the vibration of the carbon

atoms that terminate in the plane of the disordered

graphite component. The G-band corresponds to the

E2g mode caused by the stretching vibrations of the

sp2-bonded carbon atoms in the two-dimensional

hexagonal lattice. The intensity ratio of D- and

G-bands (ID/IG) of 1.1 further indicates the relative

disorder level of carbon. The total weight change in

the NiO/Ni�C nanocomposite was determined by

the thermogravimetric analysis (TGA) as shown in

Fig. 6b. A weight loss taking place below 100 �C
should be attributed to volatilization of absorbed

water. On the other hand, the weight loss of 41.4% in

the temperature range of 200–620 �C should result

from the oxidation of carbon (the weight denoted as

Figure 5 TEM investigations, a, b bright-field TEM images of a

sample made from the intermediate product Ni�C after being

annealed at 270 �C, c HRTEM image and upper-right inset SAED

pattern recorded from the same sample as that in a. d, e bright-

field TEM images of a sample made from the precursor after being

heat-treated at 700 �C without LMS, f HRTEM image and upper-

right inset SAED pattern recorded from the sample as that in d.
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mC, same as follows) to CO2 or CO and related

volatilization, as well as the weight gain (mNi:)

caused by the oxidation of residual Ni (mNi), i.e.,

mC �mNi" ¼ 41:4% ð1Þ

The weight increase rate of Ni oxidation to NiO is

about 27% according to the related molar weights. On

the other hand, from the results of XRD analysis, the

content ratios of NiO (mNiO) to Ni are 7:1 after being

annealed at 270 �C for 2 h. And the total content of

mNi, mNiO and mC is 100%. So, one can get that the net

amount of residual Ni (mNi) was calculated to be

about 6.5%. This also indicates that the remaining

nickel is about 1.75% after being annealed at 270 �C
for 2 h. Finally, the content of carbon in the NiO/

Ni�C nanocomposite was calculated as 39.65%.

Electrochemical performance

Figure 7a shows the cyclic voltammetric (CV) curves

of a cell assembled by the NiO/Ni�C electrode, tes-

ted between 0.01 and 3.0 V at a scan rate of

0.1 mV s-1. In the first cycle, the reduction peak

locating at 0.52 V (vs. Li/Li?) corresponds to the

conversion process from NiO to Ni and the formation

of solid electrolyte interface (SEI) layer [33, 34]. In

addition, a smaller oxidation peak at 1.46 V and a

relatively strong oxidation peak at 2.24 V can be seen,

which should result from the delithiation reactions of

Ni and Li2O as proposed by Ma et al. [35]. The related

electrochemical reactions can be described as

0.5Ni ? Li2O - e-?Li??0.5Li2NiO2 (around 1.46 V)

and Li??0.5Li2NiO2 - e-?Li? ? NiO (around

2.24 V). In the following cycles, the reduction peaks

shifted to about 1.4 V (for NiO ? Li2NiO2) and about

1.02 V (for Li2NiO2 ? Ni), while the oxidation peaks

did not change obviously. Meanwhile, the CV pro-

files maintained good repeatability since the second

cycle, indicating that a stable SEI film formed on the

surfaces of carbon layers in the first cycle and the

electrode kept repeatable lithiation–delithiation pro-

cesses. The galvanostatic charge–discharge curves of

NiO/Ni�C and carbon-free NiO electrodes in the

voltage range of 0.01–3.0 V versus Li/Li? under a

current density of 300 mA g-1 are presented in

Fig. 7b, respectively. As shown in the inset in Fig. 7b,

the NiO/Ni�C electrode exhibits a higher potential

plateau (* 0.68 V) than that of the carbon-free NiO

electrode (0.51 V) in the first discharge process. It can

be found that the NiO/Ni�C electrode reached a

discharge specific capacity of 1943 mAh g-1 in the

first cycle, but a charge specific capacity of

1059 mAh g-1 was achieved in the second cycle. The

irreversible capacity loss may be attributed to the

formation of SEI layer [5, 14, 36, 37], and from the

irreversible capacitance for the effect of quasi-capac-

itor for the high specific surface of the NiO/Ni�C

electrode. It is worth noting that the specific capaci-

ties became gradually stable in the subsequent cycles,

and remained 934 mAh g-1 even after 200 cycles.

These capacities are much higher than the theoretical

capacity of NiO (718 mAh g-1). However, the speci-

fic capacity of the carbon-free NiO electrode was only

123 mAh g-1 in the tenth cycle (see in Fig. 7c). The

excellent stability of the NiO/Ni�C electrode should

be attributed to the 3D porous network structure of

NiO/Ni�C nanocomposites and the existence of

carbon layer, which effectively protect the active

materials from agglomeration and pulverization.

Figure 6 a Raman spectrum and b TGA profile of the sample NiO/Ni�C nanocomposite.
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Cycling performance is a key aspect for evaluating

the electrode materials for LIBs. Figure 7c depicts the

comparison of cycling performance of NiO/Ni�C,

Ni�C and carbon-free NiO electrodes at a constant

current density of 300 mAh g-1. Obviously, the NiO/

Ni�C electrode exhibited a much better cycle reten-

tion and much higher reversible capacities than the

carbon-free NiO electrode. The NiO/Ni�C electrode

contained a high reversible capacity of 934 mAh g-1

after 200 cycles. Moreover, the Coulombic efficiency

rapidly increased from 54% for the first cycle to about

98% after the fifth cycle and closes to 100% thereafter,

suggesting an agile lithium insertion/extraction

associated with efficient transport of ions and

Figure 7 Electrochemical performance of the studied electrodes,

a CV curves of NiO/Ni�C electrode at scan rate of 0.1 mV s-1,

b charge/discharge curves of NiO/Ni�C electrodes at a current

density of 300 mA g-1, inset shows comparison of first charge/

discharge curves of NiO/Ni�C and carbon-free NiO electrodes,

c comparison of cycling performance of NiO/Ni�C, Ni�C and

carbon-free NiO electrodes at 300 mA g-1, d comparison of rate

performance of NiO/Ni�C and carbon-free NiO electrodes at

various current densities, e cycling performance of NiO/Ni�C

electrode at a current density of 1000 mA g-1 for 1000 cycles.
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electrons in the NiO/Ni�C electrodes. Furthermore,

the Ni�C electrode shows a stable specific capacity of

454 mAh g-1 after 100 cycles. However, the capaci-

ties of carbon-free NiO nanoparticles faded quickly

during the first few cycles. At the end of 40 cycles,

only 104 mAh g-1 was delivered by the carbon-free

NiO electrode. These demonstrate the obviously

positive effect of the unique 3D porous carbon net-

work in which the NiO/Ni nanocomposites were

embedded. On the other hand, the characteristic of

the elastic carbon layers can accommodate the vol-

ume expansion of active materials during lithiation/

delithiation processes and keep the electrode from

being broken. Furthermore, the porous carbon

wrapping NiO/Ni nanocomposites can effectively

enhance the electronic conductivity inside the elec-

trode. Therefore, the 3D NiO/Ni�C electrodes exhi-

bit obviously excellent electrochemical performance

compared to the carbon-free NiO nanoparticles.

In order to better understand the superiority of

NiO/Ni�C electrode, galvanostatic charge/dis-

charge tests at different current densities are carried

out. As shown in Fig. 7d, as the current densities

increased from 0.3 A g-1 to 0.6, 0.9, 1.2, 1.5, and 2 A

g-1 for the NiO/Ni�C electrode, the specific dis-

charge capacities changed from 989 mAh g-1 to 827,

711, 619, 561 and 505 mAh g-1, respectively. Even at

the high rate of 2 A g-1, the reversible capacity

remains at about 505 mAh g-1, which is still higher

than the theoretical specific capacity of graphite

electrode (ca. 372 mAh g-1). In addition, when the

current density was switched to 0.3 A g-1, the NiO/

Ni�C electrode still maintained a capacity of

821 mAh g-1. However, the carbon-free NiO

electrode exhibited the capacities of 161, 118, 101, 87,

77 and 66.7 mAh g-1 under the corresponding cur-

rent densities, respectively, as that induced in the

NiO/Ni�C electrode. Compared with the NiO/

Ni�C electrodes, the carbon-free NiO electrode has

obviously weak electrochemical performance. To

gain further insight into the cycle stability of the

NiO/Ni�C electrode, the charge/discharge perfor-

mance was performed at a high current density of 1 A

g-1. As shown in Fig. 7e, the reversible discharge

capacities of about 470 mAh g-1 were received in the

first 300 cycles, and then an increased discharge

capacity was observed as 692 mAh g-1 at the 600th

cycle, and the capacity of 683 mAh g-1 at the 1000th

cycle was kept. Apparently, the NiO/Ni�C electrode

exhibited obvious superiority in electrochemical

performance compared with the reported NiO-based

anode materials (see in Table 1).

The assembled half-cells were subjected to an

alternating current (AC) impedance test, after being

electrochemically cycled at 1 A g-1 for 10, 300, 600

and 1000 cycles, respectively. Figure 8a depicts the

Nyquist plots of the NiO/Ni�C electrode at different

electrochemical statuses. The corresponding equiva-

lent circuit is established as shown in the inset, where

Rs reflects the solution resistance, and CPEf and CPEct

represent the constant phase elements for the capac-

itance effect of the SEI film resistance and the charge-

transfer resistance.

For the impedance spectrum of the fresh cell, only

one arc was observed at high frequency, suggesting

that the SEI layer has not yet formed [43]. The other

curves consist of an arc in the high-frequency region

and one in the medium-frequency region and a

Table 1 Comparison of electrochemical properties of 3D porous NiO/Ni�C nanocomposite with the previously reported NiO-based

anode materials

Materials Current density (mA g-1) Cycle number Capacity retention (mAh g-1) References

3D porous NiO/Ni�C 300 200 934 This work

3D porous NiO/Ni�C 1000 1000 683 This work

NiO nanocrystals 100 50 900 [13]

NiO–graphene composites 100 200 594.8 [17]

NiO/C hollow microspheres 100 100 628 [24]

Hollow NiO microspheres 100 50 640 [38]

Hierarchical 1D NiO 1000 40 823 [39]

NiO nanobelt 2000 515 416 [40]

NiO hybrid nanospheres 100 100 863 [41]

Egg yolk–shell NiO/C 100 100 625.3 [42]
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sloping line in the low-frequency region. The two

arcs should correspond to the SEI film resistance (Rf)

and charge-transfer resistance (Rct), while the sloping

line is related to Warburg resistance (Zw) that reflects

the Li? ions diffusion in the electrode. The impe-

dance values fitted by equivalent circuit are collected

in Table 2. It can be seen that Rct was 180.6 X before

electrochemical tests, and decreased to 55.4 X after

ten cycles, suggesting that the activation process took

place in the electrode during the initial cycles [35, 44].

The small change in Rct from 10 to 1000 cycles indi-

cates the high structural stability of the NiO/Ni�C

nanocomposite during the lithiation/delithiation

processes. In addition, the Rf delivered by the elec-

trochemically inert layer (i.e., SEI film) formed on the

surface of the active material in the initial cycles. The

value of Rf did not show any significant change after

the 300th cycle. The stability of SEI layer is manda-

tory for good rate capability and cycle stability, and is

consistent with the high cycle life as shown in Fig. 7e.

To compare the electrical conductivity of the elec-

trodes, Nyquist plots of both cells made from NiO/

Ni�C nanocomposites, Ni�C nanocomposites and

carbon-free NiO nanoparticles electrodes before

cycling are presented in Fig. 8b. It is observed that

the Rct of Ni�C nanocomposite electrode is much

lower than that of the carbon-free NiO nanoparticle

and NiO/Ni�C nanocomposite electrode, demon-

strating better charge-transfer kinetics in the Ni�C

electrode. This can prove that the metal Ni and car-

bon in the NiO/Ni�C nanocomposite simultane-

ously contribute to high electrical conductivity.

Besides, the lithium diffusion coefficient (DLiþ ) can be

calculated from the low-frequency Warburg region

using the following equations [45, 46].

Z0 ¼ Rs þ Rct þ rxx
�0:5 ð2Þ

DLiþ ¼ R2T2

2A2n4F4C2r2
x

ð3Þ

where R is the gas constant, T is the absolute tem-

perature, A is the surface area of the electrode, n is the

number of electrons per molecule during oxidization,

F is the Faraday constant, C corresponds to the con-

centration of lithium ions and rx is Warburg coeffi-

cient related to lithium-ion diffusion coefficient

which can be obtained from Eq. [2]. The slope rx can

be obtained based on a linear fitting of Z0 versus x-1/2

as shown in Fig. 9. The estimated Warburg factor

values of NiO/Ni�C and carbon-free NiO are 114.3,

918.8 X rad-0.5 s0.5, respectively. The corresponding

Li? diffusion coefficient DLiþ calculated from Eq. [3]

is 4.64 9 10-15 and 7.65 9 10-17 cm2 s-1, respec-

tively. This indicates that the NiO/Ni�C nanocom-

posite has a higher lithium diffusion coefficient and

smaller charge-transfer resistance compared to

Figure 8 Nyquist plots of complex impedance spectra at different

electrochemical statuses, and the inset equivalent circuit for

spectrum fitting, a fresh cell, after being cycled 10, 300, 600

and 1000 cycles for NiO/Ni�C electrode, b fresh cells assembled

with NiO/Ni�C, Ni�C and carbon-free NiO electrodes.

Table 2 Fitted data of impedance spectra shown in Fig. 8 for

NiO/Ni�C, Ni�C and C-free NiO electrodes

Samples Rs (X) Rf (X) Rct (X)

C-free NiO fresh 1.37 339.80

NiO/Ni�C fresh 1.49 180.60

Ni�C fresh 1.84 69.62

NiO/Ni�C 10 cycles 2.38 8.61 55.40

NiO/Ni�C 300 cycles 3.44 24.00 54.00

NiO/Ni�C 600 cycles 3.61 24.00 51.60

NiO/Ni�C 1000 cycles 4.68 26.03 58.28
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carbon-free NiO, which are favorable for enhancing

the electrochemical performance. Furthermore, the

unique 3D porous characteristic of the NiO/Ni�C

nanocomposite not only provides sufficient space to

mitigate severe volume changes during the charge/

discharge cycles, but also supplies abundant open

channels and active sites for electrolyte penetration

and Li? ions residing, and thus promotes Li? ions

diffusion.

Figure 10 shows the SEM images of the NiO/Ni�C

electrode before and after 200 cycles at 300 mA g-1.

One can see that the NiO/Ni�C nanocomposite was

uniformly coated on the copper foil before the elec-

trochemical cycle as shown in Fig. 10a. After 200

electrochemical cycles, as shown in Fig. 10b, the

morphology characteristic of lump protuberances

was observed; the electrode was still attached to the

copper foil collector, and no pulverization of the

electrode was found. These indicate that such 3D

porous connected network structure can indeed

enhance the function of relieving the strain and stress

caused by volume variation and preventing the

agglomeration or detachment of inner NiO

nanoparticles over cycling processes.

Based on the above discussion, the NiO/Ni�C

nanocomposite electrode exhibits an excellent elec-

trochemical performance. The eminent properties

should be attributed to its stable structure and is

described in the following aspects. First, the porous

carbon matrix, in which NiO/Ni nanocomposite is

uniformly dispersed, constructs an efficient and

continuous conductive network and effectively

improves the electrode conductivity. Second, the

amorphous carbon layer can protect the embedded

NiO/Ni nanocomposite from directly contacting the

electrolyte, thereby alleviating the side reaction

between the active material and electrolyte. Finally,

the elastic carbon networks can effectively inhibit the

aggregation of NiO nanoparticles and mitigate vol-

ume expansion/contraction during the charge/dis-

charge processes, and thus preserve the structural

integrity of the whole electrode.

Conclusion

The NiO/Ni nanocomposites embedded in 3D por-

ous carbon (NiO/Ni�C) networks were successfully

fabricated by 700 �C heat treatment in laboratory-

made setup followed by annealing 270 �C in air of the

precursors made from the mixture of nickel carbon-

ate and glucose. The NiO/Ni�C used as the Li-

storage electrode for Li-ion batteries exhibits an

excellent electrochemical property with a reversible

specific capacity of 934 mAh g-1 after 200 cycles at a

current density of 300 mA g-1. The NiO/Ni�C

electrode shows superior rate performance with a

Figure 9 The relationship between Z0 and x-0.5 in the low-

frequency region of NiO/Ni�C and carbon-free NiO electrodes

before the electrochemical cycle.

Figure 10 SEM observations

of NiO/Ni�C electrode,

a before cycle and b after 200

electrochemical cycles at

300 mA g-1 (the residual

electrolyte was removed by

washing in anhydrous

dimethyl carbonate).
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specific capacity of 505 mAh g-1 at a current density

of 2 A g-1 and has a capacity of up to 683 mAh g-1

even after 1000 cycles at a high current density of 1 A

g-1. The present synthesis method is facile and

effective, and is suitable for the scaled products.
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