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ABSTRACT

The electrochemical performance of Li-ion batteries, which is limited by large

volume changes and low intrinsic conductivity, can be improved by using a

NiO–graphene composite as an electrode. Herein, we constructed metallic Ni-

dotted NiO flakes on folded graphene and evaluated the electrochemical per-

formance of the resulting composites. Introduction of graphene produced an

excellent 2D structure that led to the homogeneous growth of Ni–NiO particles

and improved the structural stability and conductivity of the final material.

After 50 cycles, the reversible discharge capacity of Ni–NiO/G-2 reached

660.7 mAh g-1 at a current density of 100 mAh g-1 and approximately 75.0% of

the capacity was maintained relative to the initial discharge capacity. The Ni–

NiO/G-4 electrode displayed excellent high-rating performance, and the

metallic Ni particles effectively improved the reversibility of solid electrolyte

interface (SEI) films. Test results showed that the decomposition/regeneration

of SEI films influenced the charge/discharge capacities of the electrodes during

cycling.

Introduction

Li-ion batteries (LIBs) have received considerable

attention as promising energy storage devices. In the

development of these batteries, the processes applied

to prepare cathode materials are very mature, and

studies on anode materials are expected to yield

promising findings [1–3]. As commercialized mate-

rials, carbon anode materials present good electro-

chemical performance. Li atoms can intercalate

graphite layers to form an intercalation compound

during a cell’s operation [4, 5]. This intercalation

reaction prevents the deposition of metallic Li on

graphite surfaces and dendritic growth [6]. However,

this type of material is limited by several defects,

such as low specific capacity (372 mAh g-1), low

initial coulombic efficiency, and co-intercalation

between organic solvents and Li-ions. When used as

active materials of LIBs, transition metal oxides show

high specific capacities and retention rates [7, 8]. A

number of these oxides, such as CoO [9, 10], FeO [11],

NiO [12–14], CuO [15], and Fe3O4 [16, 17], can react

with Li metal to form pure metal and reversible Li2O.
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These metal oxides typically present high specific

capacities and high energy densities and can with-

stand high-power charging/discharging processes.

However, most of them also exhibit poor electrical

conductivity and structural collapse, especially dur-

ing cyclic charging/discharging [18].

NiO has been extensively studied as an environ-

ment-friendly and inexpensive transition metal

oxide; in particular, it displays excellent electro-

chemical performance as an anode material [19–23].

NiO has been synthesized into sphere-like [12],

flower-like [24], and sheet structures [25], all of which

have effectively relieved structural collapses during

the electrochemical process. The capacity of NiO is

significantly improved when it is compounded with

other metal oxides, such as SnO2 [26, 27] and SiO2

[28]. When amorphous carbon is coated on NiO

particles, the active material exhibits improved

structural stability and rate performance. Graphene

has become increasingly important in LIBs because of

its extraordinary 2D structure and excellent electrical

conductivity [3, 21, 22, 25]. Graphene provides large

surface areas for loading NiO particles and can

reduce the internal resistance of materials. Previous

results reveal that the degree of graphitization of this

composite increases after it is composited grapheme

[3].

In this work, graphene is used to prepare high-

performance NiO-based functional materials with

improved electric conductivity and structural stabil-

ity. The resulting 2D structure can effectively reduce

the extent of pulverization and agglomeration, and

metallic Ni, which is restored by graphene at high

temperature, acts as an efficient catalyst that activates

the electrochemical decomposition of electrolytes.

This process further enhances the formation/de-

composition of solid electrolyte interface (SEI) films

and provides additional specific capacity.

Experimental

Synthesis of composites

Graphene oxide (GO) was synthesized from graphite

powder (\ 44 lm, Qingdao Black Dragon Graphite

Co., Ltd., Shandong) via a modified Hummers

method. The GO was collected by freeze-drying and

reduced to graphene by a rapid thermal process at

500 �C under a N2 (99.999%) atmosphere for 3 min.

Then, the as-prepared graphene was dispersed into a

mixture containing 50 mL of deionized water and

50 mL of ethanol under 600 W ultrasonication for

30 min. The upper layer suspension was mixed with

0.5 g of NiCl2�6H2O (C 98.0%, Bodi Chemical Co.,

Ltd., Tianjin) and 0.25 g of NaOH (C 99.0%, Zhiyuan

Chemical Reagent Co., Ltd., Tianjin) by magnetic

stirring for 12 h. Thereafter, the suspension was

transferred to a Teflon-lined stainless steel autoclave

and maintained at 140 �C for 12 h. The products were

rinsed several times with deionized water to remove

foreign ions, and the obtained Ni(OH)2/graphene

was calcined at 450 �C under an N2 (99.999%) atmo-

sphere for 2 or 4 h in a tube furnace (GSL1600X) to

form Ni–NiO/graphene; the resulting products were

labeled as Ni–NiO/G-2 and Ni–NiO/G-4, respec-

tively. Pure NiO was synthesized via the same pro-

cedure but without addition of graphene.

Material characterization

The as-obtained samples were characterized by X-ray

diffraction (XRD, Bruker AXS, D8 Advance), micro-

Raman spectroscopy (RM, 1000-Invia), field-emission

scanning electron microscopy (SEM, FEI, Sirion 200),

and transmission electron microscopy (TEM, FEI,

Tecnai G2F20 S-TWIN). Thermogravimetric (TG)

measurement was performed using a thermogravi-

metric analyzer (STA, Netzsch STA 449) to confirm

graphene contents.

Electrochemical characterization

The working electrode was fabricated by mixing the

active material, acetylene black, and polyvinylidene

fluoride at a mass ratio of 8:1:1. The obtained slurry

was coated onto a copper foil and then dried at 60 �C
for 12 h. The electrodes were examined using

2032-type coins assembled in a glove box (Mikrouna,

Super 1220). A cell was fabricated from an electrode,

a polyethylene microporous membrane paper (Cel-

gard 2400), Li foil, and electrolyte containing 1 M

LiPF6. Charge/discharge performances were tested

using a LAND cell tester (CT2001A, LANHE) with

different constant currents in the potential range of

0.01–3.0 V (vs. Li/Li?) at room temperature. Cyclic

voltammetry (CV) was performed on a CHI electro-

chemical workstation (CHI660D, China) at

0.5 mV s-1 between 0.01 and 3.0 V (vs. Li/Li?).

Electrochemical impedance spectroscopy was
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conducted on an IM6e electrochemical workstation

(Zahner, Germany) over a frequency range of 0.01 Hz

to 100 kHz and an alternating current modulation of

5 mV. The galvanostatic intermittent titration tech-

nique (GITT) was performed using the LAND cell

tester. Prior to the GITT test, the cell was cycled five

times at a current density of 100 mA g-1.

Results and discussion

Structure, composition, and morphology
of the composites

Figure 1a shows the diffraction peaks of Ni–NiO/G-2

and Ni–NiO/G-4. Peaks at 37.29�, 43.30�, 62.96�,
75.43�, and 79.36� (corresponding to the (111), (200),

(220), (311), and (222) reflections, respectively) are

consistent with the standard crystallographic data

(JCPDS 78-0423) [29]; these results indicate that NiO

has a nanocrystalline cubic structure. The diffraction

peaks at 44.49�, 51.69�, and 76.35� (corresponding to

the (111), (200), and (220) reflections, respectively) are

in good agreement with JCPDS 70-1849 [29], thus

implying that Ni has a face-centered cubic structure.

The diffraction peak (002) of graphene is typically

located at approximately 24�. However, this feature is

not obvious in Fig. 1a because the graphene content

of the composites was low and the diffraction of

disorderly stacked graphene nanosheets is weaker

than that of well-crystallized NiO and Ni. To confirm

the existence of graphene, the Raman spectra of Ni–

NiO/G-2 was obtained, as shown in Fig. 1b. No

metallic Ni Raman peaks appear in this figure be-

cause of the absence of molecular vibrations among

Ni atoms. The composite displays two sharp peaks at

1330 and 1594 cm-1, which, respectively, correspond

to the D and G bands of graphene [22]. In addition, a

weak Raman peak is found at 545 cm-1, which cor-

responds to the longitudinal optical phonon mode of

NiO. Given that Ni particles can be easily oxidized in

air, the graphene content of the Ni–NiO/graphene

composites is difficult to confirm. The composition

and the element bonding states of the Ni–NiO/G-4

samples were determined by XPS measurements, as

can be seen from Fig. S1a. Results showed that the as-

prepared composites were simply composed of the

graphene and Ni-based materials. The Ni 2p peak of

two samples can be deconvoluted into two compo-

nents centered at 871.7 and 874.73 eV, can be well in

agreement with the characteristic of Ni2? 2p and Ni

species, respectively (see Fig. S1b) [30]. It is con-

cluded that the presence of Ni in the Ni–NiO/G

composites promotes an impressive electrochemical

performances. Figure 1c illustrates the TG curves of

the Ni(OH)2/graphene precursor. The weight of the

(a)

(b)

(c)

Figure 1 XRD patterns of pure NiO, Ni–NiO/G-2 and Ni–NiO/

G-4 composites (a); Raman spectra of the of Ni–NiO/G-2

composites (b); TG curve of Ni(OH)2/graphene precursor (c).
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material obviously drops by 21.21% from 290 �C to

400 �C. By comparison, the DTG curve presents two

sharp peaks within the same temperature range. This

phenomenon can be explained by the two weight-loss

reactions corresponding to the dehydration of

Ni(OH)2 and the oxidation of graphene. The weight

loss of the dehydration process from 290 �C to 360 �C
is approximately 12.62%, and the weight loss of the

oxidation process from 360 �C to 400 �C is approxi-

mately 8.59%. The TG measurement results showed

the graphene content of precursor is approximately

8.59% and the content of Ni–NiO is 78.79%, as shown

in Fig. 1c. The content of NiO in the total composite

can be calculated by the XPS test (Fig. S1), which can

confirm the content of Ni2?. Results showed that the

content of Ni, NiO, and graphene in this composite is

11.17, 67.62, and 8.59%, respectively.

The morphologies of the prepared materials were

assessed by SEM and TEM. Field-emission SEM

images of the composites are shown in Fig. 2. Fig-

ure 2a, b displays the morphologies of pure NiO at

different magnifications. NiO particles aggregate into

a large bulk after the same synthetic route, and a few

hairline cracks are distributed on its surface at low

magnification. The high-magnification photograph

shows that the bulk materials are composed of

agglomerated spherical particles with sizes in the

range of 30–65 nm. Moreover, hairline cracks and

micropores could be observed between agglomerated

particles. This structure can provide the electrolyte

and Li-ions pathways through which they can seep

into the materials. Nevertheless, these pathways are

blocked because of structural collapse during the

cycling process. Thus, Li-ions cannot react with NiO

particles within the bulk, and the capacity rapidly

declines. Figure 2c, d and e, f display the

microstructures of Ni–NiO/G-2 and Ni–NiO/G-4,

respectively. The Ni–NiO/graphene composites pre-

sent smaller particle sizes and laminated structures

after introduction of graphene. Such a sheet structure

can be infiltrated by electrolytes containing solvated

Li-ions. With prolonged calcination, the size of the

Ni–NiO/graphene composites decreases due to con-

sumption of graphene-reducing NiO and its trans-

formation into metallic Ni particles. The degree of

dispersion is also significantly improved, although

the graphene content decreases.

Figure 3 depicts the TEM images of Ni–NiO/G-2

and Ni–NiO/G-4. The Ni–NiO/graphene composites

obtained are composed of different-sized nanosheets,

as shown in Fig. 3a–d. The Ni–NiO nanosheets

homogeneously grow on graphene to form a 2D

structure, and no severe agglomeration occurs among

the particles of the active material. Graphene pre-

vents particles from forming a large block, and its

excellent conductivity reduces the internal resistance

of the system and significantly improves battery

performance. The high-magnification TEM images

reveal different fringe patterns and confirm the

crystalline nature of the samples. The interplanar

spacings measured from the fringe pattern are 0.204

and 0.24 nm, which correspond to the (111) planes of

metallic Ni and NiO, respectively. This result is

consistent with the XRD patterns illustrated in

Fig. 1a.

Electrochemical performance

Figure 4a–c shows results of the 1st, 2nd, 5th, and

10th charge–discharge cycle tests conducted on the

NiO– and Ni–NiO/graphene-based materials in the

range of 0.001–3.0 V at 100 mA g-1. The first dis-

charge capacity of NiO is 1059.3 mAh g-1, and a

voltage plateau appears at 0.75 V. This process may

be attributed to the formation of both an SEI film and

Li2O. The first charge capacity is 798.6 mAh g-1,

which suggests that the irreversible capacity corre-

sponding to the SEI film is 260.68 mAh g-1. The

second discharge capacity is 831.0 mAh g-1, which

greater than the first charge capacity by

32.4 mAh g-1, likely because the SEI film is incom-

pletely decomposed at 1.3 V during the first charge

process and then repaired through consumption of Li

in the next discharge process. The second charge

capacity is 744.1 mAh g-1, which corresponds to an

irreversible capacity of 86.89 mAh g-1. This finding

may be ascribed to the collapse of the structure of

NiO particles, which cannot endure the strong

structural stress generated during the discharge/

charge process. After 10 cycles, the discharge capac-

ity gradually decays to 372.41 mAh g-1, and the

voltage plateaus at 1.0 and 2.2 V, which correspond

to the intercalation and deintercalation processes of

Li-ions, before gradually fading off. After 50 cycles,

the plateaus nearly completely vanish, and the

remaining capacity is 94.6 mAh g-1. In Fig. 4b, the

first discharge capacity of Ni–NiO/G-2 occurs at

1713.5 mAh g-1, and the discharge voltage plateau

increases to 0.75 V. These extended capacities are

mainly due to the emergence of numerous
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irreversible SEI films. The first charge capacity is

881.2 mAh g-1, which was greater than that of pure

NiO by 82.6 mAh g-1. Some portions of NiO are

reduced to metallic Ni by graphene under a N2

atmosphere, and this material cannot be alloyed with

Li metal to realize intercalation/deintercalation.

Thus, another reaction probably occurs to accom-

modate the excess Li? in the system.

Graphene has a stable 2D structure and provides a

stable base for the growth of NiO particles. Such a

structure can effectively relieve structural collapse

commonly observed during the electrochemical pro-

cess. This phenomenon is reflected by the gradual

reduction in voltage plateaus at 1.0, 2.2, and 1.3 V,

although the discharge capacity remains at

826.3 mAh g-1 after 10 cycles. Even after 50 cycles,

the plateaus are still clearly visible, and the discharge

capacity is maintained at 660.7 mAh g-1. While the

introduced graphene relieves the capacity loss during

the electrochemical process, it cannot restrain the

declining in electrode performance. The reduction

degree of NiO is improved by prolonging the

annealing time, and the electrochemical performance

is illustrated in Fig. 4c. The first discharge capacity of

Ni–NiO/G-4 is only 976.8 mAh g-1, which is con-

siderably lower than that of Ni–NiO/G-2, possible

because the annealing process produces a large

amount of metallic Ni, which cannot alloy with Li.

The first charge capacity is 590.5 mAh g-1, which

corresponds to a coulombic efficiency of 60.5%.

Moreover, the discharge platform returns to 0.5 V.

After 50 cycles, the charge/discharge capacities are

no longer diminished and remain at 556.9 mAh g-1.

Figure 5 shows the voltage polarization and its

variation as a function of the current of pure NiO–

and Ni–NiO/G-based materials. In Fig. 5a, all elec-

trodes were performed at 100 mAh g-1; ‘‘0’’ on the

x-axis refers to all delithiation states, and ‘‘1’’ corre-

sponds to all intercalation states. The introduced

graphene and metallic Ni do not influence the total

Figure 2 The SEM images of

pure NiO (a, b), Ni–NiO/G-2

(c, d) and Ni–NiO/G-4 (e, f).
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voltage polarization, which ranges from 0.1 V to

1.5 V. This type of voltage polarization restricts the

practical application of NiO-based materials. In gen-

eral, the voltage polarization increases with increas-

ing current density, and Fig. 5b reveals their

functional relation in pure NiO– and Ni–NiO/G-

based materials. The voltage polarization of different

materials is linearly related to their current density.

However, the slopes vary significantly when gra-

phene and metallic Ni are introduced to NiO. The

growth rate of the voltage polarization is reduced by

enhancements in electrical conductivity.

Figure 6 illustrates the voltage polarizations of the

Ni–NiO/G-4 electrode at different embedded Li

states. The voltage difference does not significantly

change during the discharge process and is

Figure 3 The TEM images of Ni–NiO/G-2 (a, b) and Ni–NiO/G-

4 (c, d).

Figure 4 Galvanostatic charge–discharge curves of a pure NiO,

b Ni–NiO/G-2 and c Ni–NiO/G-4 composites at the 1st, 2nd 10th

and 50th cycle.
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maintained at around 0.1 V. By contrast, the voltage

polarization markedly changes during the charge

process and reaches 0.45 V at all delithiation states. In

the NiO-based materials, the electrode conductivity

reaches 5000 S cm-1 when two-thirds of the NiO is

transformed into Ni particles. Thus, the electrical

conductivity cannot restrict the reaction rate of elec-

trodes during the discharge process. Ni particles

gradually reacted with Li2O to form a NiO semi-

conductor, and the reduced electrical conductivity

gradually increases the voltage polarization.

CV was conducted to confirm the oxidation–re-

duction reactions of the electrode materials. In the

first cycle, the three materials present strong reduc-

tion peaks at 0.397, 0.4, and 0.375 V, which confirms

the formation of an SEI film and Li2O. In the subse-

quent process, the first oxidation peaks appear at 1.44

and 1.36 V, thereby reflecting the decomposition of

the SEI film [22, 30, 31]. The next oxidation peaks

appear at 2.26 and 2.25 V, which reflects the reaction

between Ni and Li2O. For pure NiO, two reduction

peaks appear at 1.27 and 1.09 V (Fig. 7a), corre-

sponding to the regeneration of the SEI film and the

reaction between NiO and Li-ions. As shown in

Fig. 7c, these two reduction peaks change to 1.5 and

0.9 V due to drastic Li-driven, structural, or textural

modifications after doping with graphene [32].

Comparison of the two types of CV formations

reveals reduction/oxidation peaks indicating the

obvious decomposition/regeneration of the SEI film

after production of metallic Ni. On the one hand,

metallic Ni can catalyze the electrolyte decomposi-

tion reaction to promote the formation of the SEI film

[29]. On the other hand, graphene-doped NiO has a

highly ideal graphitized structure that generates a

loose SEI film [6]. Thus, when charged to 1.0 V, SEI

film decomposition is further intensified, and the

regeneration peak at 1.55 V is enhanced. In addition,

Figure 5 Voltage polarization analysis (a) and the variation of voltage polarization as a function of current (b) about pure NiO and Ni–

NiO/G base materials.

Figure 6 The GITT curve (a) and voltage polarization value at different embedded lithium state (b) of Ni–NiO/G-4 electrode.
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Fig. 7e shows that the redox peaks corresponding to

the reversible reaction between NiO and Li-ions are

reduced with increasing calcining time.

To analyze the side reaction at 1.44 V, the differ-

ential capacity curves of the materials were obtained

based on the charge/discharge curves of the different

composites. In Fig. 7b, the peak intensity of pure NiO

at 1.44 V gradually decays as the cycle number

increases. After 50 cycles, the side reaction nearly

vanishes, indicating that disappearance of active sites

promotes the decomposition of the SEI. For Ni–NiO/

G-2 (Fig. 7d), the peak corresponding to the side

reaction presents a slow decay, presumably due to

the synergistic effect between the Ni particles and

graphene. The decay trend is even slower for the Ni–

NiO/G-4 electrode (Fig. 7f), probably because the

improved content of Ni particles provides more

Figure 7 The CV curve and the differential capacity curve of pure NiO (a, b), Ni–NiO/G-2 (c, d) and Ni–NiO/G-4 (e, f).
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active sites for side reactions, which promote SEI

decomposition.

In general, the Ni–NiO/graphene-based compos-

ites exhibit an irregular sheet structure that forms an

unsound SEI film. The electrochemical process of the

composites is illustrated in Fig. 8. Prior to the

charge/discharge process, the synthesized materials

display a flake structure, as shown in Fig. 8a. Then,

SEI films are generated when discharged to 1.5 V,

and the greatest degree is achieved at 0.35 V in the

first cycle. As reported in a previous study, graphite

has two characteristic surfaces: the surfaces parallel

to the graphene layers are basal planes, and the sur-

faces normal to the graphene layers are edge planes

[6]. SEI films are generated along these two planes, as

shown in Fig. 8b. At the same time, Li-ions are

embedded into NiO particles and cause a slight vol-

ume expansion. Moreover, the SEI films generated at

the edge plane are relatively unstable and easily

decomposed. In Fig. 8c, the SEI films generated at the

edge planes begin to decompose when charged to

1.0 V. This reaction provides additional Li? to

improve the capacity of the electrode. In the next

cycles, the SEI films regenerate on the edge plane to

form a dense film, as shown in Fig. 8d.

Comparison of the cycle performances of the three

materials in Fig. 9a indicates that the specific capacity

of pure NiO presents a continuous decreasing trend.

This phenomenon is consistent with previous reports

[33, 34]. After 50 cycles, the charge capacity

continually decreases from 798.6 mAh g-1 to

94.6 mAh g-1, which implies that the reversible Li

storage capacity is only 11.8%. First, SEI regeneration

consumes a large amount of irreversible Li salts.

Second, continual dilatation and contraction of the

active material results in structural collapse, which

aggravates the loss of electrical contact between the

active material and the current collector. The charge

capacity the Ni–NiO/G-2 electrode is maintained at a

stable condition; it declines after 5 cycles and slightly

increases after 10 cycles. The charge capacity of this

electrode decreases from 881.2 mAh g-1 to

660.7 mAh g-1, and its reversible Li storage capacity

reaches 75.0% after 50 cycles. Besides its architectural

stability, partial decomposition of the SEI films could

contribute to the total charge capacity of this elec-

trode, which is greater than that of previous pure

NiO electrodes [29]. As shown in the CV curves,

metallic Ni efficiently catalyzes the electrochemical

decomposition of the electrolytes. The initial

coulombic efficiencies of pure NiO and Ni–NiO/G-2

are 71.3% and 51.4%, respectively. This phenomenon

could be attributed to the large specific surface area

of graphene, which allows insertion of numerous Li-

ions into its layers to promote the synthesis of the

irreversible portion of SEI films. In addition, metallic

Ni cannot store Li-ions. Thus, the equivalent capacity

of Ni–NiO/graphene is less than that of pure NiO.

The coulomb efficiency gradually increases and

remains at 98% in subsequent cycles. The first charge

Discharge

Charge

Discharge

(a) (b)

(c)(d)

Figure 8 The simulated

diagram of SEI films

transformation.
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capacity of the Ni–NiO/G-4 electrode is only

593.6 mAh g-1, which is substantially lower than

those of the pure NiO and Ni–NiO/G-2 composites.

Moreover, its capacity is maintained at

594.8 mAh g-1 even after 200 cycles. This phe-

nomenon reveals that Ni–NiO/G-4 has a cycling

performance superior to those of the other materials.

Such excellent performance could be explained by an

increase in active particles, which enhances the

reversible decomposition of SEI films.

The Ni–NiO/graphene-based composites show

markedly improved rate performance compared with

pure NiO, as shown in Fig. 9b. The first specific

charge capacity of pure NiO is 734.7 mAh g-1 at a

current density of 100 mA g-1, and first charge

capacities of approximately 409.9, 255.4, and

153.7 mAh g-1 are obtained at current densities of

200, 400, and 800 mA g-1, respectively. Only 55.8,

34.8, and 20.9% of the first charge capacity is retained

at the fifth cycle under the same test conditions.

When the current rate is returned to 100 mA g-1, the

electrode maintains a capacity of only 324.4 mAh g-1

after 20 cycles at various current densities. The first

charge capacities of the Ni–NiO/G-2 composite are

768.4, 735.4, 675.6, and 506.5 mAh g-1 at current

densities of 100, 200, 400, and 800 mA g-1, respec-

tively; thus, this composite demonstrates a high

degree of reversibility. Moreover, the capacity of the

composite recovers to 744.8 mAh g-1 after cycling at

different high rates, thus confirming its excellent rate

capability. The Ni–NiO/G-4 electrode also demon-

strated excellent rate performance. Besides its archi-

tectural stability, the enhanced electric conductivity

of the material effectively improves the rate

performance of this electrode by releasing the voltage

delay occurring at high rates.

To examine the change process of the SEI films

during cycling, the Ni–NiO/G-4 cell was measured at

the 1st, 10th, and 50th cycles, as shown in Fig. 10a.

Figure 10b shows the high-frequency region of this

material. The straight lines appearing in the low-fre-

quency range, which correspond to the Warburg

impedance (Ws), are close to the vertical axis from the

1st to the 50th cycle, thereby suggesting that the

internal structure of the active materials is gradually

stabilized. An equivalent electric circuit is shown in

the inset in Fig. 10b. The high-frequency intercepts

represent the electronic resistance in the electrolyte,

which is presented as the equivalent series resistance

(RS) [35]. The diameters of the semicircle represent

the resistance due to the SEI films (RSEI) and the

charge-transfer or reaction resistance (RCT) [36]. As

shown in Table 1, RSEI decreases from 8.383 X to

3.804 X, indicating that the SEI film decomposes to

some extent from the 1st to the 10th cycle. However,

RSEI increases from 8.383 X to 17.98 X as the number

of cycles is increased from 1 to 50, thus indicating that

the SEI films are gradually regenerated throughout

the charge/discharge process.

Conclusions

Ni–NiO/graphene-based composites were success-

fully synthesized by a traditional hydrothermal

method and studied using different characterization

methods. Ni–NiO particles homogeneously grew on

graphene to form a sheet structure, which prevented

Figure 9 The cycling performance and coulombic efficiency at 100 mA g-1 (a) and the rate performance at different rates (b) of pure

NiO and Ni–NiO/graphene composites.
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particles from forming large blocks. The excellent

conductivity of graphene reduced the internal resis-

tance and improved the electrochemical performance

of the materials. Loose SEI films generated on the

basal and edge planes of the active materials easily

decomposed, and metallic Ni effectively improved

the decomposition process of the electrolytes. The

synergistic effects produced by Ni and graphene

promoted the decomposition/regeneration of SEI

films and improved the specific capacity of the

composites.
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