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We report a two step approach to fabricate reduced graphene oxide/nickel oxide (RGO/Ni(OH)2)

nanocomposites by combining the reduction of graphene oxide (GO) with the help of PVP and the

subsequent hydrolysis of Ni(Ac)2 on RGO. The nanocomposites were characterized by transmission

electron microscopy (TEM), scanning electron microscopy (SEM), Raman spectra, X-ray power

diffraction (XRD) and thermogravimetry (TG). The results show that Ni(OH)2 nanoflakes with lateral

sizes of tens of nm and thicknesses of several nm were homogeneously attached on the surface of RGO.

Cyclic voltammetry (CV) and galvanostatic charge and discharge tests were conducted to study the

performance of RGO/Ni(OH)2. The RGO/Ni(OH)2 composites demonstrate much better capacitance

performance and rate performance compared with pure Ni(OH)2 due to synergetic effects. The hybrid

material with 84.5 wt%Ni(OH)2 presents an extremely high specific capacitance of 1828 F g�1 at 1 A g�1

and an energy density of 63.5Wh kg�1 at a power density of 250W kg�1. The corresponding values at 10

A g�1 are 780 F g�1, 27.1 Wh kg�1 and 2500 W kg�1. The specific capacitance can maintain at a high

value of 840 F g�1 after 1000 charge and discharge cycles at 6 A g�1.
Introduction

As one of the highly promising auxiliaries or candidates for

lithium ion batteries, electrochemical supercapacitors have

drawn increasing attention in recent years. Among various

energy storage devices, supercapacitors possess extreme high

power density, moderate energy density and long cycle life.1,2

Traditional pseudocapacitance materials can be divided mainly

into two categories, transition-metal oxides3–8 (or hydrox-

ides)9,10 and conductive polymers,11–13 the specific capacitances

of which are still far from their theoretical values. A lot of

effort has been devoted to the enhancement of their specific

capacitance and energy density. As the Faradic redox reaction

occurs only on the surface and near the surface of the electrode,

the remaining part of the pseudocapacitance material not only

has no contribution to the redox reaction but also hampers

electron and ion transport due to its poor conductivity. Hence,

the full utilization of pseudocapacitance materials has become

a most pressing problem.

Incorporating active materials with carbonaceous nano-

materials such as activated carbon,14 carbon nanotubes15,16 and
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graphene17–21 is usually adopted because of their large surface

area and high conductivity. Reduced graphene oxide (RGO) is

an ideal hybrid material due to its 2-D planar structure, easy

functionality resulting from the residual oxygen containing

groups on the surface, as well as the low cost compared with

carbon nanotubes.22–25 Recently, a lot of work has been reported

on RGO composite supercapacitors, especially the RGO based

transition-metal oxides or hydroxides (NiO,18 Ni(OH)2,
19,26

Fe3O4,
20,21 et al.), which can provide a large specific capacitance

due to multi electron transfer during Faradaic reactions.

Nevertheless, the real specific capacitance calculated for the

whole mass of hybrid materials (not only based on the mass of

pseudocapacitance materials attached on the surface of gra-

phene) is still very low. There are two main reasons for the low

real capacitance. Firstly, the graphene obtained from the

reduction of graphene oxide (GO) is usually stacked with each

other, which dramatically reduces its surface area. Secondly,

applying a large amount of graphene can improve the perfor-

mance of a small amount of pseudocapacitance material, though

there is no doubt that the theoretical specific capacitance of the

whole hybrid material will be decreased. Hence, it is necessary to

balance the ratio between RGO and the pseudocapacitance

materials to make full use of their synergetic effect.

Herein, we report a facile approach to in situ synthesize

Ni(OH)2 nanoflakes on polyvinylpyrrolidone (PVP) dispersed

RGO. The RGO/Ni(OH)2 (with 84.5 wt% of Ni(OH)2) exhibits

an extremely high energy density, better rate performance and

cycling stability, which makes it a promising electrode material

for future energy storage systems.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Representative TEM images of GO (a) and RGO (b), the insets

are the digital images of GO and RGO at a concentration of 1 g L�1.
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Experimental

GO preparation

All the chemicals are of analytical grade and were used without

further purification. GO was made from natural graphite via

a modified Hummers method previously reported by our

group.27 In a typical synthesis, 1 g graphite powder and 1 g

sodium nitrate were added into 46 mL of 98% H2SO4 solution in

an ice bath. After constant stirring for 4 h, 6 g KMnO4 was

added. After stirring for 3 days, 50 mL distilled water and 10 mL

of 30% H2O2 solution were dropped into the mixture. To purify

the graphene oxide, the mixture was centrifuged, and subsequent

washed with 10% HCl solution and distilled water.

Synthesis of PVP dispersed graphene

Typically, 50 mg GO was distributed in 50 mL distilled water to

obtain a homogeneous stable brown dispersion with the aid of

ultrasonication. Then the mixture was maintained in a 50 �C bath

for 8 h followed by the addition of 50 mL of 2 g L�1 PVP (K30)

solution under stirring. Finally, the mixture was reduced with

hydrazine (100 mL) at 95 �C for 1 h.

Preparation of Ni(OH)2/RGO nanocomposites

For the synthesis of RGO/Ni(OH)2 (with 84.5 wt% Ni(OH)2),

1.68 g Ni(AC)2$4H2O was added into 100 mL of the as-prepared

PVP-RGO solution. Then the mixture was refluxed at 100 �C for

4 h under stirring. The precipitates were collected through

a filtration, washing and drying process. Finally, the composites

were annealed for 6 h at 200 �C under air atmosphere. For

comparison, pure Ni(OH)2 was also prepared using a similar

method except for the addition of GO.

Characterization

Powder X-ray diffraction (XRD) analyses were performed on

a Bruker D8 Advance diffractometer with Cu radiation at l ¼
0.15418 nm. Thermogravimetric analyses (TG) were run on

a STA449C thermogravimetric analyzer from 0 �C to 800 �C.
Raman spectra were recorded on a DXR Raman Microscope

with an excitation wavelength of 532 nm. The morphology was

observed on a transmission electron microscope (TEM JEOL

JEM-2100F) and a scanning electron microscope (SEM JEOL S-

4800). To measure the sheet resistance, the powders were

mechanically compacted to produce thin disks. Then the disks

were measured at room temperature by means of an Accent HL

5500.

Electrochemical measurement

The electrochemical properties of the products were investigated

under a three electrode system. A HgO/Hg electrode filled with 1

M NaOH was used as the reference electrode, platinum wire was

used as the counter electrode, and 1 M KOH was used as the

electrolyte. The working electrodes were fabricated by mixing the

prepared powders with 20 wt% acetylene black and 10 wt% pol-

yvinylidene fluoride (PVDF) with the addition of a little ethanol.

Then the mixture was dried at 60 �C overnight. 4 mg of the

prepared mixture was pressed onto nickel foam (1.5 cm� 1.5 cm)
This journal is ª The Royal Society of Chemistry 2012
to make electrodes. Before the test, the working electrode was

soaked in 1 M KOH for 2 h.

The cyclic voltammograms (CV) were recorded on a CHI

660D electrochemistry workstation. The galvanostatic charge

and discharge tests were carried out on a LAND CT2001A cell

measurement system. The specific capacitance, energy density

and power density were calculated from discharging curves using

the following equations:

Cs ¼ It

mDV

E ¼ 1

2
CsðDVÞ2

P ¼ E

t

where Cs represents the specific capacitance, I is the discharge

current, t is the time for a full discharge, m indicates the mass of

active materials, DV is the potential range of a full discharge, E is

the energy density and P is the power density.
Results and discussion

GO used in this work was produced from graphite using the

modified Hummers method. The reduction of GO with hydra-

zine was conducted in the presence of PVP, and the obtained

mixture can remain stable for a couple of months. Moreover,

RGO could be easily redispersed in water after a filtering,

washing and drying process. TEM images give the representative

morphology of the GO (Fig. 1a) and RGO (Fig. 1b). The GO

exhibits some wrinkles on the surface revealing its thin thickness,

and the lateral size is several millimeters. After reduction, the

morphology does not change obviously. The digital pictures

(inset in Fig. 1) display the GO and RGO at a concentration of

1 g L�1 after settling for 2 months which clearly demonstrate their

stability. Estimated from the XPS results, the ratio of C to O

climbs from 2 to 5.4 indicating that considerable deoxygenation

was caused during the reduction process.

The Raman spectra (see Fig. 2) of GO and RGO are charac-

terized by two main features, the G band (�1589 cm�1) repre-

senting the in-plane bond-stretching motion of the pairs of C sp2

atoms and the D band (�1347 cm�1) corresponding to the
J. Mater. Chem., 2012, 22, 11146–11150 | 11147
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Fig. 2 Raman spectra patterns of GO, RGO and RGO/Ni(OH)2
nanocomposites with 84.5 wt% Ni(OH)2.

Fig. 4 Typical morphology of RGO/Ni(OH)2 with 84.5 wt% Ni(OH)2,

TEM image (a), SEM image (b), HRTEM image (c) and SAED (d).
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breathing modes of rings or K-point phonons of A1g symmetry.

We also calculated the area ratio of the D band to the G band,

the results show that after reduction the ratio increases from 1.33

to 1.57 indicating a decrease in the size of the in-plane sp2

domains which is very close to the previous report. The peak

located at 570 cm�1 in the RGO/Ni(OH)2 pattern can be attrib-

uted to Ni(OH)2.
17

Fig. 3 shows the XRD patterns of the as-prepared pure

Ni(OH)2 and hybrid RGO/Ni(OH)2 materials. For the XRD

patterns of Ni(OH)2, all the peaks can be indexed to hexagonal

nickel hydroxide (PDF#14-0117). For the RGO/Ni(OH)2
nanocomposites, the (001) peak at a 2q value of 19� differentiates
into two peaks, and the reason is still obscure. The weight

percentage of Ni(OH)2 in the composites was estimated by

thermogravimetry (TG) in air. The residues were all NiO when

the composites were heated to 800 �C, based on which we

calculated that the weight percent of Ni(OH)2 was 84.5% with the

precursor mass ratio Ni(Ac)2$4H2O to GO of 33.6 : 1 (see

Fig. S1†). The XRD pattern of RGO shows a broad diffraction

peak at �25� which is very close to that of pristine graphite

implying that GO is readily reduced.

SEM and TEM images (see Fig. 4) show the typical

morphology and crystallinity of the RGO/Ni(OH)2 nano-

composites. From the TEM images, it can be seen that graphene

is coated with thin Ni(OH)2 nanoflakes with lateral sizes of tens
Fig. 3 XRD patterns of RGO, RGO/Ni(OH)2 (with 84.5 wt% Ni(OH)2)

and pure Ni(OH)2 (inset is the magnified view of RGO).

11148 | J. Mater. Chem., 2012, 22, 11146–11150
of nm. From the SEM images, layered graphene is still faintly

visible surrounded by Ni(OH)2, and the thickness of the RGO/

Ni(OH)2 is about 10–20 nm. The high resolution TEM image

manifests that the lattice fringe of the Ni(OH)2 is 0.2399 nm,

corresponding to the (101) plane of Ni(OH)2. Besides, the

selected area electronic diffraction pattern (SAED) shows well

defined rings, revealing the Ni(OH)2 nanoflakes on RGO with

a polycrystalline nature. The rings can be indexed to hexagonal

nickel hydroxide which corresponds with the XRD results. The

electrochemical performances of the composites were investi-

gated by cyclic voltammetry and galvanostatic charge and

discharge measurements.

The CV curves of pure Ni(OH)2 and RGO/Ni(OH)2 (see

Fig. 5a) were recorded within the potential window of 0–0.7 V at

a scan rate of 10 mV s�1 using a three electrode cell. Both the CV

curves clearly exhibit a pair of cathodic and anodic peaks which

correspond to the reversible reactions of Ni(OH)2/NiOOH. The

CV curve of RGO show a pair of redox peaks with low intensity

which probably results from the oxidation of Ni foam in KOH

solution. Generally, the specific capacitance of the electrode is

directly proportional to its CV area. From the CV curves, we can

easily figure out that the capacitance performance of Ni(OH)2 is

considerably enhanced when RGO is introduced.

To discuss in detail, galvanostatic charge and discharge

measurements were carried out to study the capacitance perfor-

mance and rate performance of Ni(OH)2 and RGO/Ni(OH)2.

The galvanostatic discharge curves performed in a potential

window of 0.05 V–0.55 V at various current densities are given in

Fig. 5(b,c), based on which the specific capacitance were calcu-

lated. As illustrated in Fig. 5d, RGO/Ni(OH)2 shows a much

better capacitance performance compared with pure Ni(OH)2 at

all current densities. RGO/Ni(OH)2 presents the highest specific

capacitance of 1828 F g�1 at 1 A g�1, then the value gradually

decreases to 1680, 1376, 1092, 876 and 780 F g�1 when the current
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 CV curves of RGO, RGO/Ni(OH)2 (with 84.5 wt%Ni(OH)2) and

Ni(OH)2 recorded at a scan rate of 10 mV s�1 in the potential range of 0–

0.7 V (a), discharge curves of pure Ni(OH)2 (b) and RGO/Ni(OH)2 (with

84.5 wt% Ni(OH)2) (c) recorded at various current densities within

a potential window of 0–0.55 V. Specific capacitance comparison between

RGO/Ni(OH)2 and Ni(OH)2, (d). All data were taken in a three electrode

cell in 1 M KOH using a HgO/Hg electrode and Pt wire as reference

electrode and counter electrode, respectively.

Fig. 6 Ragone plots of RGO/Ni(OH)2 (with 84.5 wt% Ni(OH)2) and

Ni(OH)2, the energy and power densities were derived from discharge

curves at various current densities.

Fig. 7 Cyclic performance of RGO/Ni(OH)2 (with 84.5 wt% Ni(OH)2)

nanocomposites at 6 A g�1.

This journal is ª The Royal Society of Chemistry 2012
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density increases to 2, 4, 6, 8 and 10 A g�1, respectively. For

pure Ni(OH)2, the corresponding value is 457, 366, 232, 144,

120 and 120 F g�1 for 1, 2, 4, 6, 8 and 10 A g�1, respectively. It is

worth noting that the specific capacitance was calculated based

on the total mass of RGO and Ni(OH)2. If only based on the

weight of Ni(OH)2, we can obtain a rough value of 2147 F g�1 at

1 A g�1 (after excluding the pseudocapacitance contribution of

residual functional groups on RGO and the double layer

capacitance contribution of RGO �87.8 F g�1) which is very

close to its theoretical pseudocapacitance value of 2074 F g�1.

This value is higher than the previous results using materials

such as Ni(OH)2 or RGO/Ni(OH)2 nanocomposites as pseu-

docapacitance materials, such as 400 F g�1 for graphene/porous

NiO,18 1335 F g�1 for Ni(OH)2 nanoplates grown on graphene,19

1760.72 F g�1 for spherical Ni(OH)2 grown on graphene,26 1025

F g�1 for porous NiO,4 781.5 F g�1 for graphene/Ni/Al double

hydroxide,17 etc. Notably, the rate performance of Ni(OH)2 is

largely improved after the introduction of RGO. There are two

main reasons for the better capacitance and rate performances

of RGO/Ni(OH)2. Firstly, most of the Ni(OH)2 nanoflakes

attach tightly on the surface of RGO via either chemical cova-

lent bonding or van der Waals interactions. The RGO could

provide facile electron transport paths for the fast Faradaic

reaction which is the key to both the higher specific capacitance

and better rate performance. The sheet resistance was decreased

from larger than 100 GU m�2 to 7.515 � 1010 U m�2 after the

addition of RGO. Secondly, the addition of RGO could

dramatically decrease the aggregation of the Ni(OH)2 nano-

flakes (see Fig. S2†), thus enhance the effective contacts between

the active materials and the conductive agents.

To investigate the influence of the Ni(OH)2 weight ratio on the

electrochemical performance of the hybrid materials, the RGO/

Ni(OH)2 synthesized with different precursor mass ratios of

Ni(Ac)2$4H2O to GO (6.7 : 1, 16.8 : 1, 33.6 : 1) was compared;

the contents of Ni(OH)2 were 61.1%, 78.2% and 84.5%, respec-

tively (see Fig. S1 and S2†). The results indicate that the specific

capacitance decreases with the increase of RGO (1828, 980 to 248

F g�1 at 1 A g�1), while the rate performance is greatly enhanced

(42.7%, 67.3% to 96.7% capacitance retention at 10 A g�1 in

contrast with 1 A g�1). The synergetic effect between RGO and

Ni(OH)2 may be responsible for the better capacitance retention

rate at high current density.

Fig. 6 gives the Ragone plots of RGO/Ni(OH)2 (with 84.5 wt%

Ni(OH)2) and Ni(OH)2 calculated from discharge curves recor-

ded at different current densities. For RGO/Ni(OH)2, the energy

density decreases gradually as the power density increases. It

could deliver a high energy density of 63.5 Wh kg�1 at a power

density of 250W kg�1, and still can maintains a high value of 27.1

Wh kg�1 at 2500 W kg�1. For Ni(OH)2, the energy density

declines sharply when the current density increases. Besides high

energy density and power density, long cycle life is one of crucial

factors for supercapacitors in actual applications. Fig. 7 depicts

the specific capacitance as a function of cycle number at a current

density of 6 A g�1. The results reveal that the specific capacitance

can remain at a high value of 840 F g�1 after 1000 cycles. We

suspect that the peeling off of active materials during the fast

Faradaic reaction at high current density and the erosion

suffered from oxygen dissolved in the electrolyte could be

responsible for the loss of capacitance during cycling.
J. Mater. Chem., 2012, 22, 11146–11150 | 11149

http://dx.doi.org/10.1039/c2jm30243h


D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

an
d 

T
ec

hn
ol

og
y 

of
 C

hi
na

 o
n 

19
/0

5/
20

13
 0

0:
05

:4
7.

 
Pu

bl
is

he
d 

on
 3

0 
M

ar
ch

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2J
M

30
24

3H

View Article Online
Conclusion

In summary, we have developed a facile approach to in situ

synthesize RGO/Ni(OH)2 nanocomposites on well dispersed

RGO. The introduction of RGO greatly improves the capaci-

tance performance and rate performance of Ni(OH)2. The elec-

trodes based on RGO/Ni(OH)2 nanocomposites show high

specific capacitance, energy density, good rate ability and

acceptable cycle stability which may lead to future potential

applications in high performance supercapacitors.
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