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3D Mesoporous Hybrid NiCo,0,@graphene
Nanoarchitectures as Electrode Materials for
Supercapacitors with Enhanced Performances
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DOI: 10.1039/x0xx00000x 3D mesoporous hybrid NiCo,0,@graphene nanoarchitectures were successfully synthesized

www.rsc.org/ by a combination of freeze drying and hydrothermal reaction. Field-emission scanning electron
microscopy (FESEM) and TEM analyses revealed that NiCo,0,@graphene nanostructures
consist of a hierarchical mesoporous sheet-on-sheet nanoarchitecture with a high specific
surface area of 194 m? ¢’'. Ultrathin NiCo,0, nanosheets, with a thickness of a few nanometers
and mesopores ranging from 2 to 5 nm, were wrapped in graphene nanosheets and formed
hybrid nanoarchitectures. When applied as electrode materials in supercapacitors, hybrid
NiCo,0,@graphene nanosheets exhibited a high capacitance of 778 F g™ at the current density
of 1 A g'!, and an excellent cycling performance extending to 10000 cycles at the high current

density of 10 A g'.

Introduction

Supercapacitor, also known as ultracapacitor, is a prevailing
energy storage device, which has been intensively investigated.
It possesses higher energy density than traditional electrolytic
than
rechargeable batteries. There are two types of supercapacitors,

capacitors, and has much higher power density

with each wusing different energy storage mechanisms:
(EDLC)

pseudocapacitors. ®'® The EDLCs store energy in the

electrochemical double layer -capacitors and
electrostatic field, which is between electrode active materials
and the electrolyte. Pseudocapacitors mainly rely on fast and
reversible redox reactions. Transition metal oxides are usually
employed as
However, pure transition metal oxides always suffer from low

electrode materials for pseudocapacitors.
conductivity, resulting in unsatisfactory performances.

It is well recognised that combining conductive materials
and transition metal oxides as composites is an effective
method to improve the performance of supercapacitors.
Graphene, a 2D monolayer of sp’-hybridized carbon atoms,
possesses high conductivity, good mechanical strength, and
ultra-large specific surface area, making it a suitable candidate
as the conductive material.* '"'® Many transition metal
oxides'”?* have been investigated as electrode materials for
supercapacitors. NiCo,O, is one of the most promising
transition metal oxides for pseudocapacitors owing to its
intriguing electronic conductivity, low diffusion resistance to
2 In the

crystal structure of NiCo,04, nickel occupies the octahedral

protons/cations, and easy electrolyte penetration.

This journal is © The Royal Society of Chemistry 2013

sites and cobalt distributes over both octahedral and tetrahedral
sites, in which the solid-state redox couples Co**/Co*" and
Ni**/Ni%" are presented.?

Many studies focused on the optimization of morphology
and incorporating NiCo,0, with conductive materials to obtain
high specific capacitance. Wei et al. synthesized spinel nickel
cobaltite aerogels with a high specific capacitance at the sweep
rate of 25 mV s'.* Yuan er al. demonstrated ultrathin
mesoporous NiCo,0, nanosheets growing on Ni foam by co-
electro-deposition of Ni and Co.?® Furthermore, Zhang et al.
prepared mesoporous NiCo,0,4 nanosheets on Ni foam, Ti foil,

29, 30 and

stainless-steel foil and flexible graphite paper,
nanoneedle arrays on carbon nanofiber,”® exhibiting high
capacitance and cycling stability. However, most of these are
plagued by poor high-rate performances.

Herein, we report the synthesis of mesoporous and
macroporous hybrid NiCo,0,/graphene nanostructures, in
which ultrathin NiCo,0O, nanosheets are interconnected with
each other, forming 3D nanoarchitectures with a high surface
area of 194 m> g'. When applied as electrode materials in
supercapacitors, these mnovel 3D hierarchical porous
nanoarchitectures exhibited high specific capacitances and
excellent cycling stabilities at high current densities.

Experimental

Fabrication of graphene — polyurethane (PU) sponges

Graphene oxide (GO) was prepared from natural graphite flakes
by a modified Hummers method,31 and the GO nanosheets were
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dispersed in 20 mL DI water at the concentration of 2 mg mL"'
by stirring for 12 hours and ultrasonicating (Branson 2510) for
After the
homogeneous solution in the vial was transferred to a beaker

2 hours at room temperature. dispersion,
for stable dispersion. This involved adding 80 mg sodium
cholate hydrate (SCH) to the mixture and stirring for 2 hours.
Hydrazine solution (35 wt% in water, Aldrich) at the weight
ratio of 1:7 was subsequently added to the beaker to obtain the
reduced graphene oxide (RGO) solution. ** The polyurethane
(PU)-sponge was cleaned several time using distilled water and
acetone, completely dried in a vacuum, and then cut into small
pieces, with a thickness of 1 mm and a width by length of 2x2
cm? In a glass tube, three PU-sponge pieces were immersed in
20 ml of the mixture solution, under microwave irradiation at
90 °C for 30 mins (pressure: ~8 Bar) in a single mode
microwave reactor (Nova, EU Microwave Chemistry). After
freeze-drying for 48 hours, the solvent within the material was

completely removed, and the RGO-PU-sponges were obtained.

Preparation of NiCo,04 @graphene nanoarchitectures

1 mmol of Ni(NO3),.6H,0, 2 mmol of Co(NO;),.6H,0 and 4.5
mmol of hexamethylenetetramine were dissolved in 40 mL of
DI water to form a transparent pink solution. 10 ml solution
was transferred to a Teflon-lined Autoclave, with one piece of
graphene-PU-sponge, and then heated under a hydrothermal
condition of 90 °C for 12 hours. The as-prepared black
materials were washed several times with distilled water and
ethanol, and dried under vacuum condition of 80 °C for 12
hours. This was followed by annealing at 350 °C for 2 hours
with a slow heating rate of 1°C min™, in order to achieve 3D
NiCo,O, on hybrid
nanostructures. Using the same procedure, the bare NiCo0,0,

mesoporous large-size  graphene

without graphene was also prepared.

Materials characterization

The crystal structure and phase of the as-prepared materials

\ §
W = ) Microwave 90°C, 30
5 f—~ mins, Freeze drying

N )

PU-sponge

RGO-SCH

RGO-PU-sponge

were characterized by X-ray diffraction (XRD) (Siemens
D5000 X-ray diffractionmeter) using Cu Ka radiation with 26
ranging from 10° to 80°. The morphology and crystal structures
were characterized by field-emission scanning electron
microscopy (FE-SEM, JSM-6700F), and transmission electron
microscopy/selected area electron diffraction (TEM/SAED,
JEOL JEM-200CX) equipped with an energy-dispersive X-ray
spectrometer (EDX). N, adsorption-desorption measurements
were conducted using a 3 Flex surface characterization analyser
at 77 K.

Electrochemical testing

To prepare the working electrode, the as-prepared materials (80
wt %), acetylene black (15 wt %), and poly (vinylidene fluoride)
(PVDF, 5 wt %) were mixed in N-methyl-2-pyrrolidone (NMP)
to form a slurry. The resultant slurry was pasted onto Ni foam
(washed by 10 wt% HCI) with a blade, and then dried at 80 °C
for 12 hours under vacuum. The nickel foam was initially
cleaned before using as the current collector. It was immersed
into acetone for 10 minutes followed by ultra-sonication for 5
minutes. The nickel foam was then cleaned by 0.1 M
hydrochloric acid. After then, it was washed by distilled water
with for 5
measurements were carried out using three-electrode cells, with

ultra-sonication minutes. Electrochemical
platinum as the counter electrode and a saturated calomel
electrode (SCE) as the reference electrode. Cyclic voltammetry
(CV) and galvanostatic charge-discharge (CD) was carried out
on a CHI 660C electrochemistry workstation using 2.0 M KOH
electrolyte. Electrochemical impedance spectroscopy (EIS)
measurements were conducted by applying an AC voltage with
1 mV amplitude in a frequency range of 0.01 Hz to 100 kHz at
the open circuit potential.

Results and Discussion

NiCo,0, precursor

solution
_)
Hydrothermal 90 °C,
12 hours

NiCo,0, -RGO-PU-
sponge precursor

350 °Cin air,
2 hours
E g~
B »
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)l: ad y i
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Fig. 1 Synthesis process of NiCo0,0,@ graphene nanoarchitectures: (A) a piece of PU-sponge and the solution with RGO stabilized using sodium cholate
hydrate (SCH); (B) The RGO was coated and anchored onto the PU-sponge assisted by microwave and freeze drying; (C) NiCo0,04 precursor nanosheets
grown on RGO-PU-sponges: (D) 3D mesoporous hybrid NiCo,O.@ graphene nanoarchitectures. (E) Crystallized NiCo,O. nanosheets with mesopores.
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to grow a NiCo,O4 precursor onto the RGO-PU-sponge
skeleton by the hydrothermal method as shown in Fig. 1C.
Hexamethylenetetramine, nickel (II) nitrate hexahydrate
crystalline and cobalt (II) nitrate hexahydrate were used to
hydrothermally grow NiCo,0,4 nanosheet precursors on RGO-
PU-sponges. The NiCo,O, nanosheet precursors consist of
bimetallic (Ni, Co) hydroxide. Upon the annealing treatment
(Fig. 1D), crystallized NiCo,04 nanosheets with mesopores
(Fig. 1E) on large-size graphene sheets were obtained.

The SEM observation identified that the PU-sponge has
pore size ranging from 50 um to 500 um (Fig. S1A and S1B in

Fig. 2 SEM images of (A, B) NiCo,04 precursor sheets that grew on the
skeleton of RGO-PU-sponge; (C) high magnification SEM image of NiC0,04
precursor with macropores.

Fig. 1 illustrates the preparation process for the synthesis of
hybrid NiCo,0,@graphene nanoarchitectures. In the first step,
the commercial PU-sponge was cut into ribbons (Fig. 1A). The
planar amphiphilic surfactant SCH enables the formation of a
stable encapsulation layer on each side of the suspended
graphene sheets, leading to stable dispersion of graphene in
deionized water. '3 Owing to the planar nanosheet structure
of graphene and the strong van der Waals force between the
PU-sponge and RGO-SCH, the dispersed graphene can be
easily and uniformly coated onto the surface of the PU-

Fig. 3 (A) XRD pattern of NiCo,0,@ graphene nanoarchitectures. (B) SEM
. . image of foam-like hybrid NiCo,O,@graphene nanoarchitectures with
further treatment of freeze drying (Fig. 1B). The next step was  pierarchical pores. (C) SEM image of NiCo0,04 nanosheets.

sponge’s skeleton by using a microwave-assisted method and a

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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Electronic Supplementary Information (ESI)). After coating
with graphene, the PU-sponges preserved the hierarchical
macroporous structure. It allows for the flow of the precursor
solution into the pores of RGO-PU-sponge, and NiCo,0,
nanosheet precursors to grow on the surface of the skeleton.
The surface of PU-sponges changed from smooth to corrugated
after being coated with the RGO (Fig. S1C and S1D in ESI).
that
nanosheets have been successfully coated onto the surface of

The SEM observation clearly confirmed graphene

PU-sponges.
SEM
clearly show a 3D hierarchical porous structure. Fig. 2A and 2B

images of NiCo,04-RGO-PU-sponge precursors
illustrate that NiCo,0, precursor nanosheets grew on the
conductive RGO-PU-sponges. In the inner region (Fig. 2C), the
NiCo,0, precursor nanosheets are interconnected with each
other to form the macroporous structure. It should be noted that
NiCo,0, precursor nanosheets grew vertically to the graphene
nanosheet substrates.

After having been annealed at 350 °C in air for 2 hours, the
final product materials were characterized by XRD, SEM and
TEM. Fig. 3A shows the XRD pattern of the 3D mesoporous
NiCo,0,@ graphene nanoarchitectures. Seven diffraction peaks
were observed at the 20 of 18.9°, 31.1°, 36.6°, 44.6°, 59.1°,
64.9°and 68.3°. All the peaks can be indexed to the standard
spinel NiCo,0, crystalline structure, with the indices of (111),
(220), (311), (400), (422), (511) and (440) (JCPDF-20-0781).
After annealing, the morphologies of the 3D porous structure
were well preserved. PU-sponges were completely burnt out at
350 °C in air. The NiCo,0,@ graphene nanosheets retained the
3D shape of the PU-sponge (Fig. S2A in ESI). A foam-like
nanoarchitecture consisting of hierarchical pores was obtained
(as shown in Fig. 2SA and 2SB, ESI). From the magnified view
(Fig. 3B), porous NiCo,0,; nanosheets can be observed.
the highly magnified SEM
crystalline NiCo,O, nanosheets (Fig. 3C) clearly shows the

Furthermore, image of the
presence of the mesoporous structure of the ultra-thin NiCo,0O,
nanosheets.

TEM that NiCo,04@graphene
nanosheets contain porous 3D architectures with mesopores and

images also revealed
macropores. The macropores (50 — 200 nm) are formed by the
interconnection of NiCo,0O, nanosheets, which are clearly
visible in Fig. 4A and Fig. S2C in ESI. The mesopores, ranging
from 2 to 5 nm, are uniformly distributed on the NiCo,0,
nanosheets, which grew on large-size graphene sheets (as
shown in Fig. 4B and Fig. S2D in ESI). As shown in the inset
image of Fig. 4B, the corresponding crystalline diffraction rings
of (311), (400), (440) and (620) in the selected area electron
diffraction (SAED) pattern confirmed the polycrystalline
NiCo,0,. Furthermore, HRTEM image (Fig. 4C) demonstrates
that the NiCo,O, nanosheets are well-crystallized with an
interplanar (022) space of 0.23 nm.

The pore-size features of the 3D mesoporous hybrid
NiCo,0, @graphene nanoarchitectures were further measured
by nitrogen adsorption/desorption isotherms. The Brunauer—
Emmett—Teller (BET) surface area is determined by the
nitrogen adsorption/desorption at 77 K. The isotherm of the

Journal of Materials Chemistry A

Fig. 4 (A) TEM image of NiCo,O,@graphene nanosheets, showing the
porous architecture. (B) HRTEM images of NiCo0,04@ graphene nanosheets
The inset SAED pattern can be fully indexed to polycrystalline NiC0,0s. (C)
Lattice resolved HRTEM image of NiCo,0,4 nanosheets.

material exhibits the characteristics of type II and VI isotherms,
which indicates the combination of macropores and
mesopores36 (Fig. S3A in ESI). Because of the 3D hierarchical
porous structure, a large surface area of 195.4 m? g and the
total pore volume ratio of 0.27 cm® g were achieved. The
corresponding pore size distribution (Fig. S3B in ESI) indicates
a pore size range of 2—5 nm, which is consistent with the SEM
and TEM observations.

The electrochemical performances of the 3D porous hybrid
NiCo,0,@graphene nanoarchitectures were tested as the
electrodes for supercapacitors. As shown in Fig. 5A and B, the
electrodes are able to function in a wide range of scan rates,
ranging from 5 mV s up to 200 mV s'. The shape of the CV

4
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Fig. 5 Electrochemical performance of the NiCo,0,@ graphene nanoarchitectures. (A) CV curves at the scan rate of 5 mV s to 200 mV s™'; (B) constant-
current charge/discharge profile at the current densities of 1 A g to 80 A g'; (C) specific capacitance vs current density; (D) capacity retention vs cycle
number up to 10,000 cycles at 10 A g, All the data are taken in 2.0 M KOH electrolyte.

curves clearly reveals the characteristic of pseudocapacitors
with a pair of redox peaks existing in the potential range of -0.2
to 0.5 V vs. SCE at all scan rates, even at a high scan rate of
200 mV s'. The oxidation peak locates at 0.37 V and the
reduction peak is at 0.28 V. The NiCo,0,@graphene electrodes
are tolerant to a high scan rate, which indicates good
conductivity and good charge propagation within the
electrodes.’” For the carbon-based electrode, the shape of the
CV curve degrades significantly with the increase of the scan
rate. On the contrary, the 3D NiCo,0,@graphene electrodes
maintain the shape of the pseudocapacitance curve, even at high
scan rates. The 3D porous nanoarchitectures, highly conductive
graphene and high reactivity of NiCo,0, jointly contribute to
such a high rate performance. With the increase of the scan rate,
there is a little shift of the redox peaks, suggesting low
polarization.® To further investigate the electrochemical
characteristics of the as-prepared materials, galvanostatic
charge-discharge measurements were carried out in 2M KOH
electrolyte at various current densities. As shown in Fig. 5B,
the supercapacitor operates well within a wide range of current
densities, from 1 A g to 80 A g”'. This clearly demonstrates
the excellent electrochemical performances of the 3D porous
hybrid NiCo,0,@ graphene nanoarchitectures.

Based on the charging/discharging curves, and the equation:

This journal is © The Royal Society of Chemistry 2012

C=(IxAt)/ (mxAv)

where [ is the discharge current, Ar is the discharge time, Avis
the voltage range and m is the mass of the active material, the
calculated specific capacitance as the function of discharging
current density was plotted in Fig. 5C. The nickel foam will
contribute to the capacitance in KOH electrolyte when it was
used as the current collector.® The specific capacitance of bare
nickel foam was measured (Fig. S5) and subtracted from the
capacitance value of the material. NiCo,0,@graphene
electrodes show excellent specific capacitance of 778, 696, 653,
606, 582, 552, 482 and 374 F g’l, at current densities of 1, 2, 4,
8, 10, 20, 40 and 80 A g, respectively. The electrode still
maintains a high specific capacitance of 374 F g’ at the high
current density of 80 A g”'. This outstanding pseudocapacitor
performance could be ascribed to good conductivity and the 3D
Large-size graphene
nanosheets were formed by using freeze drying, which
provided the high electrical conductive medium for the electron
transport. The ultrathin NiCo,0, sheets lead to the high specific
area to react with ions in the electrolyte. The uniform

porous structure of the materials.

mesoporous and macroporous structure optimizes the ion
diffusion path, and facilitates the adsorption/desorption of K*
and the transportation of ions. This allows for the complete
distribution of electrolyte into the electrode, and for

J. Name., 2012, 00, 1-3 | 5
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Fig. 6 Nyquist plots of the a.c. impedance spectra of the porous

NiCo,04@graphene electrode and the bare NiCo,Os electrode in the
frequency range from of 100 kHz to 0.01 Hz.

maximizing the utilization of the NiCo,0,. It ensures that there
are efficient reactive sites between the NiCo,O, electrode and
the electrolyte. In order to investigate the long-time cyclability,
charge-discharge cycling up to 10,000 cycles has been
conducted at the current density of 10 A g™’ (as shown in Fig.
5D). Approximately 90% of the initial capacitance is retained
after 10,000 cycles, demonstrating good cycling stability at
high charge/discharge current density.

In order to further illustrate the advantages of porous
NiCo,0,@graphene nanoarchitectures as electrode materials
for supercapacitors, the electrochemical performances of the
bare NiCo,0, were also evaluated. As shown in Fig. S4 (ESI),
the bare NiCo,0, electrodes exhibited many poor performances
at different densities,
NiCo,0,@graphene electrodes. Fig. 6 shows the Nyquist plots
of the impedance spectra of both the porous
NiCo,0,@graphene electrode and the bare NiCo,0, electrode.
It can be seen that the charge transfer resistance of the porous
NiCo,0,@graphene electrode is much lower than that of the
bare NiCo,0, the wunique porous
NiCo,0,@graphene nanosheet architectures can significantly

current compared with porous

a.c.

electrode. Therefore,
reduce the internal resistance (including solution resistance,
charge transfer resistance and other resistances).® As shown in
Table S1, compared to previous reports, the as-prepared
materials achieved good cycleability at high current densities.

Conclusions

In summary, we have successfully developed a novel synthetic
method to prepare 3D porous NiCo,0,@graphene
nanoarchitectures. The synthesis process involves coating of
hydrazine-reduced graphene oxide onto the PU-sponge, and
growing bimetallic (Ni, Co) ultrathin nanosheets. The final
products consist of ultrathin NiCo,O, sheets with mesopores
ranging from 2 to 5 nm. The mesoporous ultrathin NiCo,O,4
nanksheets also form the 3D macropores with the size in the
range of 50 to 100nm. Owing to the 3D hierarchical porous
structure, the NiCo,0O,@graphene nanoarchitectures exhibit

high specific capacitance, an ultrafast charge/discharge rate,

and excellent cycling stability. In particular,
NiCo,0,@ graphene nanoarchitectures delivered a high specific
capacitance of 778 F g™ and 374 F g™! at the current densities of

1 Ag'and80A g, respectively.
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