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Synthesis of a rGO/NiO composite with a hierarchical pore structure
by self-assembly and its electrochemical performance
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Abstract: A GO/Ni(HCO, ), composite was synthesized by the self-assembly of layer Ni( HCO, ), and GO in a mixed suspen-
sion under sonication, followed by heat treatment to obtain rGO/NiO for use as the electrode material of supercapacitors. The struc-
tural change from the GO/Ni(HCO, ), to the rGO/NiO was investigated by XRD, SEM, and nitrogen adsorption. Results indicate
that the rGO/NiO has a specific surface area of 121.3 m* g ' and pore volume of 0.26 cm® g~ and a hierarchical porous structure
with a pore size range of 2-100 nm. The high specific surface area and the hierarchical porous structure give the tGO/NiO composite
a high specific capacitance of 919 F g™' (0.5 A g™') and an excellent rate capability with a capacitance retention rate of 71% when
the current density increases from 0.5 to 5 A g~'. The specific capacitance retains 91% of its original value after cycling at a current
density of 2 A g~' for 3 000 cycles, indicating good stability.
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1 Introduction

The coming of energy crises and growing envi-
ronmental problems have inspired considerable atten-
tion in the development of clean and renewable energy
sources'' */. Supercapacitors are the most promising

candidates for next-generation energy storage devices
owing to their high power density, fast charge/dis-
charge features, long cycle life, low maintenance
cost, eco-friendliness and high safety> ', Among
the various pseudo-capacitive materials investigated,
nickel oxide (NiO) has attracted great interest owing



- 732 - B

RS 35

to its high redox activity, cost effectiveness, eco-
friendliness, natural abundance and outstanding theoreti-
cal capacity of 2584 F g ' "'/ However, NiO exhib-
its a poor electronic conductivity ( ~107* S cm™), low
accessible surface areas, and strain formation during
the charge-discharge processes, which limit its rate ca-
pability , long-term stability and power density' > "'
To overcome these issues, its combinations with
different carbonaceous materials have been studied.
Liu et al'™ "/ designed and constructed an electrode
material with a hierarchical shell-core structure by an-
choring NiO nanospines on concave spherical carbon
particles. The as-synthesized electrode exhibited supe-
rior electrochemical performance with a high specific
capacitance (1 161 F g~' at a high current density of
2Ag'), a good rate capability (839 F g™' at a
high current density of 10 A g~') as well as long cyc-
ling stability (92.4% retention rate after 3 000 cycles
at a high current density of 2 A g~'). Nunes et al''®’
reported an electrode material for supercapacitors
composed of NiO nanoparticles supported onto radial-
ly oriented multi-walled carbon nanotubes ( CNTs) u-
sing a stainless-steel fine-mesh as the support ( AISI:
CNT-NiO). A specific capacitance of 1 028 F g~'
was obtained at a scan rate of 0.02 V s~'. More re-
cently, graphene has attracted researcher’ s interest
owing to its two-dimensional hexagonal network,
high electronic conductivity, enhanced mechanical
strength, and improved specific surface area. Yus et
al'"®! proposed a hetero-coagulation route to prepare a
rGO/NiO hybrid structure. In a first step, as-synthe-
sized NiO and rGO formed a core-shell structure by
electrostatic interaction in the adequate ratio, in which
polyelectrolyte was used as a ligand. Then, the resul-
ting rGO/NiO composite was shaped using electro-
phoresis deposition (EPD) in order to fully cover the
3D Ni foam substrates, after which a subsequent mild
thermal treatment process was applied. The hybrid ex-
hibited excellent performance with a high specific ca-
pacitance of 940 F g~' and a high rate capability at a
current density of 2 A g~'. The hetero-coagulation
method can be described as follows. The layered
double hydroxides with a positive charge and the two
dimension graphene oxide (GO ) with a negative
charge were exfoliated into single layer nanosheets in
water by liquid-phase exfoliation. And then, these
nanosheets were assembled by layer-by-layer assembly
under mutual electrostatic interactions''’* '/,
Recently, Ni( HCO, ), has attracted the attention
of researchers due to its enhanced electrochemical per-
formances' " **'. Tian et al*" developed a facile and

efficient route to prepare a Ni( HCO, ),/polydopam-

ine/rGO composite. The as-prepared composite of-
fered a high Faradaic capacity of 870 C g~' at
0.5 A g~' and a moderate rate capability. The assem-
bled asymmetric supercapacitor delivered a specific
capacity of 192 C g at 0.5 A g~ ' within an opera-
tion voltage window of 1.7 V. The maximum energy
density reached to 45.3 Wh kg ' at a power density
of 425 W kg ™', and the initial specific capacity main-
tained 90. 5% after 3 000 times charge-discharge cy-
cles. Ni (HCO,),, a new type of two-dimensional
nanomaterial, can also be exfoliated into single layer
nanosheets in water by liquid-phase exfoliation. More
importantly, CO, and H,O produced might affect the
structure of the materials during the transformation
from Ni( HCO, ), to NiO, leading to enhanced elec-
trochemical performance.

In this work, rGO/NiO was fabricated by the
heterogeneous assembly of GO and Ni( HCO, ), and
thermal treatment. The changes of the structure from
GO/Ni(HCO,), to tGO/NiO were studied. Finally,
the electrochemical performances of rGO/NiO were
evaluated in terms of the capacitance, the rate per-

formance, and the long-term cycling stability.

2 Experimental

2.1 Materials

All chemicals employed were of analytical
grade. Nickel chloride was purchased from Shanghai
Aladdin Biochemistry Technology Co., Ltd. Urea
was purchased from TianDa Chemical Reagent Co.
Potassium hydroxide, polytetrafluoro-ethylene emul-
sion (PTFE, 60 wt. % ), and acetylene black were
purchased from Sinopharm Chemical Reagent Co.
Ltd. Graphene oxide (GO) was provided by the key
Laboratory of Carbon Materials, Institute of Coal
Chemistry, Chinese Academy of Sciences.

2.2 Synthesis of Ni( HCO, ),

Ni(HCO, ), was synthesized by an one-step hy-
drothermal method. Typically, 0. 57 g NiCl, -6H,0
and 1.441 g urea were dissolved in 60 mL deionized
water, followed by magnetically stirring for 30 min to
form a homogeneous solution. The mixture solution
was transferred into a 100 mL Teflon-lined autoclave
and kept at 160 °C for 12 h. The resulting products
were separated by a suction filtration, washed with
distilled water, and then dried at 60 °C for 24 h.

2.3 Synthesis of the rGO /NiO composite

Firstly, 0.25 g Ni(HCO, ), was dispersed in 800
mL DI water by mechanical stirring, followed by ul-
trasonication ( bath sonicator, 50 Hz, 3 h) to obtain a
colloidal suspension of Ni( HCO,),. Next, the col-
loidal suspension was mixed with 15 mL (1.2 mg
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mL ') GO colloidal suspension and sonicated for 30
min under mechanical stirring for 16 h. GO/Ni
(HCO, ), was obtained by vacuum filtration, fol-
lowed by washing and drying. Finally, as-prepared
GO/Ni(HCO,; ), was annealed at 300 °C for 4 h un-
der the atmosphere of Ar and the rGO /NiO compos-
ite was obtained.
2.4 Characterization

The morphology of the materials was investigated
by field emission scanning electron microscopy
(FESEM, JSM-7001F). Phase structures were char-
acterized by X-ray diffraction (XRD, Bruker D8 Ad-
vance) with Cu Ka radiation (A =0. 154 06 nm).
Thermogravimetric analysis ( TG ) was performed
using a Mettler TGA2 instrument, under air flow with
a heating rate of 10 °C min ' from room temperature
to 800 °C. The specific surface area and pore struc-
ture were characterized by N, adsorption/desorption
isotherms at 77 K ( Micromeritics, ASAP-2020). The
specific surface areas were obtained using the Brunau-
er Emmett Teller (BET) method and the pore size
distributions were analyzed by the Barrett Joyner
Halenda (BJH) model. Electrochemical studies were
carried out using a three-electrode configuration. A
platinum foil and Hg/HgO were used as the counter
and reference electrode, respectively. The working e-
lectrode was prepared by mixing the active material,
acetylene black, and PTFE in a weight ratio of 85:10: 5.
The obtained slurry was uniformly pasted on a nickel
foam and the average weight of the mixed materials
on each electrode was about 3-5 mg. The prepared e-
lectrode was dried at 60 °C for 24 h and then pressed
at 10 MPa.
2.5 Electrochemical measurements

Cyclic voltammetry ( CV ), galvanostatic
charge/discharge (CD) and electrochemical imped-
ance spectroscopy ( EIS) measurements were carried
out on a CHI 660E electrochemical working station
( Shanghai Chenhua Apparatus CO., Ltd.) with
2 mol L' KOH as an electrolyte. The EIS data were
recorded in the frequency range from 0.1 Hz to 100
kHz with an excitation signal of 5 mV at the open cir-
cuit potential. The charge-discharge cycling tests were
performed on a Land-CT2001A instrument, in the O-
0.6 V potential range. The specific capacitances were
calculated from the discharging curves using the fol-
lowing equations ;

1At
C= MAV (1)

Where C (F g~') represents the specific capaci-
tance, I ( A) is the discharge current, Az (s) is the
discharge time, m (g) is the weight of active materi-
als on the Ni foam substrate and AV (V) is the po-

tential window for a full discharge.

3 Results and discussion

The composition and crystal structure of the sam-
ples were studied by XRD. As shown in Fig. 1, GO
appears a well-defined diffraction peak around 10.4°,
which corresponds to the (001) crystal planes. After
thermal treatment at 300 °C in argon for 4 h,the peak
located at 10. 4° disappears, and is replaced by two
broad peaks around 24. 8° and 42.5°, which are in-
dexed to be the disorderedly stacked rGO sheets. In
the XRD pattern of the GO/Ni( HCO, ),, the well-
defined diffraction peaks appear at 14. 9°, 26. 0°,
33.8°, 37.1°, 40.2°, 43.1° and 45. 9° ( PDF#39-
0316), indicating that the sample is composed of Ni
(HCO,),. After thermal treatment at 300 °C in argon
for 4 h, the peaks associated with Ni( HCO, ), com-
pletely disappear, a series of peaks at 37.2°, 43.2°,
62.8°, 75.2° and 79. 4° corresponding to the cubic
NiO, which are ascribed to the (111), (200),
(220), (311) and (222) crystal planes, respective-
ly, The XRD diffraction peaks of rGO/NiO shift to
the small angle direction compared to NiO, indicating
that the interlayer distance is enlarged due to the in-
corporation of rGO. The restacking diffraction peaks
of GO or rGO are absent in GO/Ni ( HCO, ), and
rGO/NiO, indicating that the uniform distributed Ni
(HCO,),/NiO on both sides of the GO/rGO sheets
prevents the restacking of GO/rGO sheets.
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Fig. 1 XRD patterns of the samples.

The morphology and microstructure of GO/Ni
(HCO,), and rGO/NiO are shown in Fig. 2. It can
be seen that the as-prepared materials are consisted of
irregular particles and these particles stack randomly
to form agglomerates. For GO/Ni(HCO,),, a dense
morphology is observed ( Fig. 2a, b). rGO/NiO
presents the looser morphology than GO/Ni
(HCO, ),. The loose structure ensures the diffusion
of electrolyte ions into the bulk phase of electrode ma-
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terials and improves the accessible surface area of the
composite, leading to the enhanced electrochemical
performances' ™ /.

The specific surface area and porous structure of
the as-prepared samples were further investigated by ni-
trogen adsorption. The nitrogen adsorption/desorption
isotherms of the samples present a typical IV isotherm
with a H3 hysteresis loop at the relative pressure of
0.4-0.98, suggesting a meso- and macroporous struc-
ture. The corresponding specific surface areas and pore
volumes are 105. 7 m* g ', 0.23cm’g™' and
121.3 m* g 7',0.26 cm’ g ' for GO/Ni( HCO, ), and
rGO/NiO, respectively. GO/Ni(HCO, ), possesses a
narrow mesoporous distribution about 34 nm.

Whereas, rGO/NiO possesses a hierarchical pore size
distribution around 2-100 nm and the pore size mainly
appears at 10-60 nm. During the thermal treatment
process, CO, and H,O generated by the decomposi-
tion of Ni( HCO, ), can act as a pore-forming agent to
promote the formation and the enlargement of pores.
Thus, a loose structure with a hierarchical porous dis-
tribution is obtained for rGO/NiO. Generally, micro-
and mesopores provide a high surface area, which re-
sult in a large capacitance. Macropores can shorten
the ions diffusion distance and act as the ion-buffering
reservoirs. The network structure of rGO can enhance
the electronic conductivity and improve the electro-
chemical stability 24

Fig. 2 SEM images of (a, b) GO/Ni(HCO; ), and (¢, d) rGO/NiO.

Table 1 BET surface areas and pore parameters of the obtained samples.

BET surface areas
Samples

Pore volume

Micropore volume Average pore diameter

(m>g™") (em®g~") (em®g™") (nm)
GO/Ni(HCO;), 105.7 0.23 0.0032 8.75
1GO/NiO 121.3 0.26 0.0026 8.69

The weight percentage of NiO in the composites
was estimated by TG in air. As shown in Fig. 4,
rGO/NiO exhibits a small mass loss of 8. 5% at the
temperature less than 200 °C, which is attributed by
the removal of the adsorbed water. The obvious mass
loss between 300 and 400 °C is due to the thermal de-

composition of rGO. After 600 °C, the TG curve
tends to be stable without any further obvious weight
loss, indicating the decomposition of rGO is completed.
The residual weight ratio is the content of NiO in the
rGO/NiO composite. Therefore, the percentage of the
NiO in the composite is about 49 wt% .
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Fig. 4 TG curve of rGO/NiO.

The electrochemical performance of rGO/NiO com-
posite was evaluated by CV and CD measurements in a
three-electrode system using 2 mol L.~ KOH as the elec-
trolyte. As a comparison, CV and CD curves of the
pure NiO were measured under the same conditions.
Fig. 5a shows the CV curves of the as-prepared sam-
ples. A pair of redox peaks correspond to the reversible
reactions of Ni’* and Ni’* , indicating that the capaci-
tance of the samples mainly arises from the pseudoca-
pacitive behavior of NiO based on the redox mechanism.
The redox mechanism of NiO is expressed by the follow-
[25]

NiO + OH™<=—=NiOOH +e"~ (2)
rGO/NiO presents the larger enclosed areas, indi-
cating a higher specific capacitance than that of NiO.

ing reaction

The specific capacitances are 437, 919 F g~' for pure
NiO and rGO/NiO, respectively, according to the CD
curves at the current density of 0.5 A g~'. Rate capabil-
ity is important for supercapacitors. The CD curves at
the different current densities are shown in Fig. 5c, d.
The specific capacitances are 437, 368, 327, 248 F g™
for NiO and 919, 781, 696, 648 F g~' for rGO/NiO at
the current density of 0.5, 1,2, 5 A g~', respectively.
The specific capacitance retention rate is 57% and 71%
when the current densities increase from0.5t0 5 A g '.
The enhanced electrochemical performance is mainly re-
lated to the micro structure. The higher specific surface
area of rGO/NiO allows exposing more surfaces to the
electrolyte and provides a large amount of electroactive
sites for redox reactions. On the other hand, the interca-
lation between NiO nanosheets and rGO nanosheets pre-
vents the re-aggregation of NiO nanosheets and the
restacking of rGO nanosheets and improves their utiliza-
tion ratio. Besides, the incorporation of rGO and the op-
timal porous distribution enable the fast electron transfer
and the fast ion diffusion, which results in higher specif-
ic capacitance and enhanced rate capabilitym}. The CV
profiles (Fig. Se, f) clearly exhibit the similar redox
couples at the different scan rates. As the scan rates in-
crease, the response current increase and the shapes of
the CV curves tend to be asymmetric and polarized be-
cause the limited ion diffusion rate is unable to satisfy e-
lectronic neutralization during the redox reaction'””.
The Randles-Sevcik plots show the relationship between
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(c¢) CD curves of NiO, (d) CD curves of rGO/NiO, (e) CV curves and Randles-Sevcik plots of NiO, and (f) CV curves
and Randles-Sevcik plots of rGO/NiO.

the peak currents and the square root of the scan rate.
The electrochemical processes are diffusion controlled
for the electrodes according to the results of Randles-
Sevcik plots (inset in Fig. Se, f).

EIS was also performed to understand the ion diffu-
sion and electrochemical kinetics during charging.
Fig. 6a shows the EIS plots of pure NiO and of rGO/
NiO. Each plot is consisted of a depressed semicircle at
high frequency and a linear part at low frequency. Gen-
erally, the intercept of the curves with the real axis at
high frequencies represents the equivalent series resist-
ances (Rs) of the electrode, which includes the inherent
resistance of electrode material , bulk resistance of the e-
lectrolyte solution, and contact resistance at the active

material/current collector interface. The semi-circles
display the charge transfer resistance ( Rct) caused by
the Faradaic reactions and the double-layer capacitance
at the working electrode/electrolyte interface, whereas
the straight line corresponds to the ion diffusion of the
electroactive materials (Zw)'® . The estimated Rs val-
ues are about 0. 62 and 0.59 () for the pure NiO and
rGO/NiO, respectively. The corresponding Rct values
are 0.66 and 0.48 () according to the diameter of the de-
pressed semicircles. The decrease of Rs and Rct is due
to the incorporation of rGO, which improves the con-
ductivity of electrode materials. It is clear that rGO/NiO
exhibits a smaller Zw than that of pure NiO, indicating
the fast ion diffusion process. The long-term cycling sta-
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bility of rGO/NiO is also recorded at the current density
of 2 A g™', as shown in Fig. 6b. The specific capaci-
tance decreases from 696 to 633 F g™, with a 91% ca-
pacitance retention ratio, demonstrating the excellent cy-
cle stability. It is well known that the capacity decay is
caused by the aggregation and pulverization of electrode

materials accompanying the charge/discharge process.
The electrochemical performance of rGO/NiO is com-
pared with previous reported literatures ( Table 2). As
shown in Table 2, rGO/NiO presents the enhanced elec-
trochemical performance due to the incorporation of rGO
and the formation of the hierarchical porous structure.
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Fig. 6 (a) Nyquist curves of the samples and (b) Cycling stability test of rGO/NiO.
Table 2 The comparison of the electrochemical performances of various rGO/NiO.
The specific The specific The long-term The weight Ref
capacitances capacitance retention cycling stability percentage of NiO '

1161 Fg'(2Ag™)
81Fg'(1Ag™)
877Fg'(1Ag™)
585 Fg'(1Ag™)
99F g '(0.5Ag™")

72.3% (2-10 A g™")

50.4% (1-10 A g™")
70.5% (0.5-5A g7")

92% (3000 cycles) [14]
89% (3000 cycles) - [10]
90% (1000 cycles) [11]
100% (6000 cycles) 85% [29]
91% (3000 cycles) 49% This work

4  Conclusions

GO/ Ni(HCO, ), composite was synthesized by het-
erogeneous self-assembly, followed by thermal treatment
to obtain rGO/NiO. rGO/NiO presents the higher spe-
cific surface areas of 121.3 m” g ' and bigger pore vol-
umes of 0.26 cm’ g~' than those of GO/Ni(HCO,),.
rGO/NiO possesses a hierarchical porous distribution a-
round 2-100 nm due to the releasing of generated CO,
and H,0. Compared with GO/Ni (HCO, ),, the higher
specific surface area and the hierarchical porous distribu-
tion endow rGO/NiO composite with a higher specific
capacitance of 919 F g ' (0.5 A ¢™') and improved rate
capability of 71% when the current density increase from
0.5t05 A g~'. The result of the long-term cycling sta-
bility shows that the specific capacitance retention of
91% 1is obtained after 3 000 cycles.
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