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A rapid method based on an efficient gas/liquid interfacial microwave-assisted process has been
developed to synthesize flowerlike NiO hollow nanosphere precursors, which were then transformed to
NiO by simple calcinations. The wall of the sphere is composed of twisted NiO nanosheets that
intercalated with each other. Such hollow structure is different from widely reported flowerlike
nanostructures with solid cores. An Ostwald ripening mechanism was proposed for the formation of
the hollow nanostructures. The products were characterized by X-ray powder diffraction, scanning
electron microscopy, transmission electron microscopy, high-resolution TEM, energy-dispersive X-ray
analysis, and N2 adsorption-desorption methods. These flowerlike NiO hollow nanospheres have high
surface area of 176 m2 g1. Electrochemical properties show a high specific capacitance of 585 F g1 at
a discharge current of 5 A g1 and excellent cycling stability, suggesting its promising potentials in
supercapacitors.

1. Introduction
The increasing demands for energy and growing concerns about
air pollution and global warming have called for intense research
on energy storage and conversion from alternative energy sources.1,2 Electrochemical capacitors (also called supercapacitors)
are considered as a promising method for energy storage means
due to high power densities and stability.3 The supercapacitors in
general include traditional double-layer supercapacitors and
Faradic redox reaction pseudocapacitors. The energy density
based on pseudo-Faradic processes is usually many times greater
than that of the double-layer supercapacitors.4–8 Transition
metal oxides6,7 and conductive polymers9–11 are frequently used
as the Faradic redox pseudocapacitors. In particular, supercapacitors based on ruthenium oxide have shown ultrahigh
pseudocapacitance and excellent reversibility.12,13 However, the
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high cost of ruthenium makes this material unsuitable for
commercial applications. Hence, searching for alternative inexpensive electrode materials with good capacitive properties
becomes important. Transitional metal oxides, such as NiO,14–16
Ni(OH)2,8 Mn2O3,6 etc. are reported to be viable candidates.
Among them, NiO is of particular interest owing to its high
theoretical specific capacitance and low cost.17
It has been shown that the electrochemical performance of
NiO nanostructures largely depends on its morphology, surface
area and the presence of dopants,18–20 suggesting that the development of controlled synthesis of NiO nanostructures with the
desired features is a rational approach for better materials. In the
past few years, NiO nanostructures with different structures,
such as nanorings,21 nanoflakes,17 nanocolumns,15 nanosheets,22
nano/microspheres,16 and hollow nanospheres,23–25 have been
successfully fabricated by a variety of methods. In particular,
hollow nanosphere structures have several advantages in
adsorption, catalysis and electrochemical property.26,27 The
hollow interior space effectively reduces the mass weight and
enhances the spatial dispersion, which results in not only high
surface area but also better mass transportation. The most
common methods for preparation of NiO hollow nanospheres
are template-based ones, which are usually complicated and
time-consuming using acid/base erosion or calcinations.23
In addition, hollow structures that are composed of compact
walls normally do not have large surface area, as the walls are
composed of aggregated small particles. Flowerlike hierarchical
structures, like Fe2O3,28 CeO2,29 and MgO30 exhibit large surface
because their consisted of twisted nanosheets as secondary
building block. These building blocks stem from a solid core to
form the flowerlike morphology. The overall size of these
This journal is ª The Royal Society of Chemistry 2011

flowerlike structures is in micron meters. Thus the surface of such
structures are usually about 30–80 m2 g1, which is still not high
enough for supercapacitors. If twisted nanosheets can selfassembly into flowerlike hollow spheres at sub-micron meter
range, the surface area will be enhanced substantially. However,
there are few reports on such materials by a single-step process
without using template.
Herein, we report a template-free microwave-assisted gas/
liquid interfacial method to synthesize flowerlike NiO hollow
nanosphere precursors. It is a combination of hollow structure
and hierarchical structure. NiO precursor nanocrystals were
self-assembled to nanosheets, which were further self-assembled
to curved flowerlike hollow nanospheres. An Ostwald ripening
mechanism is proposed to explain the formation of such structure. By calcinations, the NiO precursors were transformed to
NiO, which maintain its original morphology. The flowerlike
NiO hollow nanospheres show excellent electrochemical properties with specific capacitance of 585 F g1 at a discharge current
of 5 A g1 and excellent cycling performance.

2. Experimental
2.1 Materials
Ethylene glycol (EG), ammonia solution (25 wt%) and ethanol
were purchased from Beijing Chemicals Co. (Beijing, China).
Ni(acac)2 (99%) was obtained from Alfa Aesar. All the materials
were used as received without any further purification.
2.2 Synthesis of flowerlike NiO hollow nanospheres
The synthesis process is similar to our previous report of Fe3O4
nanocrystals based on a beaker-in-autoclave setup.31 In a typical
procedure, 0.5 mmol Ni(acac)2 dissolved in 5 mL of EG was
placed in a beaker. The beaker was then placed into a 70 mL
Teflon-lined autoclave that contained 6 mL of ammonia solution. The autoclave was sealed and placed in a programmable
microwave oven (MDS-6, Shanghai Sino Microwave Chemistry
Technology Co., Ltd.). The oven was heated to 170  C in 3 min
by microwave irradiation and then kept at that temperature for
30 min. After cooling to room temperature, green precipitates
were collected as NiO precursors by centrifugation and washed
with ethanol for several times. NiO was obtained after calcinations of the NiO precursor in air at 300  C for 4 h.

2.4 Electrochemical tests
The working electrode was prepared by mixing the electroactive
material (NiO, 80 wt%), super-P (10 wt%), and Teflonized acetylene black (TAB) (10 wt%). The mixture was then pressed onto
a nickel grid (1 cm2) and dried at 80  C in air for 3 h. Each
electrode contained about 1–2 mg of electroactive material. The
electrochemical performance of the NiO sample was evaluated
by using a three-electrode cell with Pt foil as the counter electrode
and a saturated calomel electrode (SCE) as the reference electrode in 2 M KOH aqueous solution. Cyclic voltammograms
(CVs) were measured on a Parstat 2273 advanced electrochemical system. Galvanostatic charge-discharge tests were
carried out on an Arbin BT2000 system in the voltage range of
0–0.45 V (vs. SCE) under different current densities.

3. Results and discussions
In our recently report, the beaker-in-autoclave setup is designed
to confine the synthesis at the gas/liquid interface inside a sealed
space to produce mono-dispersed Fe3O4 nanocrystals.31 We
further adopted this method to synthesis NiO nanostructures in
the present work. As illustrated by Fig. S1 (ESI†), Ni(acac)2 in
EG solution was stored in the beaker, while aqueous ammonia
solution was placed in the autoclave liner outside the beaker. At
room temperature, the beaker separates the two solutions.
During the reaction, ammonia was evaporated and reacted with
EG solution of Ni(acac)2 at the gas/liquid interface. However,
unlike the formation of mono-dispersed Fe3O4 nanocrystals in
previous report,31 flowerlike NiO hollow nanosphere structures
are obtained.
Fig. 1a shows the SEM image of the typical sample after
microwave irradiation at 170  C for 30 min. It is composed of
many uniform, flowerlike architectures approximately 300 nm in
diameter. The detailed morphology of the flowerlike nanostructures is shown in Fig. 1b, which reveal that the entire

2.3 Characterization
X-Ray diffraction (XRD) patterns were obtained with a Rigaku

D/max-2500 diffractometer with Cu-Ka radiation (l ¼ 1.5418 A)
at 40 kV and 100 mA. The microscopic features of the samples
were characterized by field emission scanning electron microscopy (FESEM, JOEL 6701F), transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) (FEI Tecnai F20). The nitrogen adsorption and
desorption isotherms were measured on Quantachrome Autosorb AS-1 Instrument. The pore size distributions were derived
from the desorption branches of the isotherm with the BarrettJoyner-Halenda (BJH) model. Thermogravimetric analysis
(TGA) data were achieved on a Perkin-Elmer model Pyris 1
TGA system.
This journal is ª The Royal Society of Chemistry 2011

Fig. 1 (a) SEM image of NiO precursor. (b) High magnification SEM
image of NiO precursor (inset shows a broken nanosphere, scale bar ¼
100 nm). (c) TEM image of NiO precursor.
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structure of the architecture is composed of numerous twisted
nanosheets. These nanosheets connected to each other to form
3D flowerlike structures. Such morphology was reported on
several other metal oxides, including Fe2O3,28 CeO2,29 MgO.30
However, for these materials, the flowerlike morphology is
generated by twisted nanosheets that are extending out from
a solid core. And the overall size of those flowerlike structures is
usually in the micron range. The NiO precursors nanostructure
in this work is a hollow nanosphere, and the average size of the
spheres is only about 300 nm. The hollow structures can be
observed by several broken NiO precursors as shown in the inset
in Fig. 1b. Furthermore, TEM image (Fig. 1c) confirms that the
products have hollow structures.
A series of other measurements were carried out to investigate
the as-obtained NiO precursor. The powder XRD pattern
(Fig. 2d) shows the strong peak located in the low-angle region
(ca. 9 ), which is similar to those of other metal oxide precursors
reported in the literatures,28,29 though the exact crystal structure
of the NiO precursor is yet to be determined. The energy
dispersive X-ray (EDX) analysis confirmed that NiO precursor
consisted solely of nickel, carbon, and oxygen (Fig. S2, ESI†).
From thermogravimetric (TG) analysis (Fig. S3, ESI†), a total
weight loss of 10% was observed in the temperature range from
25 to 200  C because of the removal of water and EG, and weight
loss of about 40% in the temperature range from 200 to 700  C
due to the removal of organic species in the precursor by
pyrolysis.
To investigate the formation process of flowerlike hollow
nanosphere structure, samples prepared at different reaction
times are collected and investigated by TEM and XRD. Solid
nanospheres are obtained at the initial stage (2 min after
microwave heating, Fig. 3a). After 10 min of reaction (Fig. 3b),
hollow structure started to appear. After 30 min, complete
hollow spheres are obtained (Fig. 3d). XRD patterns of the
samples obtained at different reaction times (Fig. 2) display the
gradual increase of the crystallinity of the NiO precursors.
On the basis of the above morphology and crystallinity
evolution in the time-dependent experiments, it is believed that
Ostwald-ripening process should be the main driving force for
the formation of these hierarchical architectures. This process is
associated with a progressive redistribution of matter from the

Fig. 2 XRD patterns of the products obtained at different reaction
times: (a) 2 min, (b) 10 min, (c) 20 min, and (d) 30 min.
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Fig. 3 TEM images of NiO precursors obtained at different reaction
times: (a) 2 min, (b) 10 min, (c) 20 min, and (d) 30 min. (Scale bar ¼ 200
nm).

interior to the exterior of the nanospheres.32–34 At 2 min after
microwave heating started, many freshly formed nanoparticles
are self-aggregated to form amorphous solid spheres in order to
minimize the total surface energy. As the reaction proceeds, the
larger crystallites located on the surfaces serve as crystal seeds for
the subsequent crystallization process and crystal growth. As
a result, the outer crystallites become larger by merging with the
smaller crystallites from within, which results in the formation of
hollow cores. Finally, after prolonging the reaction time further
to 30 min, the whole process is complete.
Such Ostwald-ripening mechanism explains well the effects of
reaction temperature on the formation of NiO hollow nanosphere precursors (Fig. S4, ESI†). At lower temperature, for
example, 120  C or 150  C, only solid nanospheres are obtained.
This is because Ostwald-ripening process needs higher temperature to proceed.
Ammonia placed in the autoclave liner outside the beaker was
found to play a very important role for the formation of flowerlike NiO hollow nanosphere precursors. In the controlled
experiments, only irregular precipitate was collected when pure
water was used instead of ammonia solution under the same
conditions (Fig. S5, ESI†). According to literatures, EG could
serve as a ligand that coordinated with metal ions to form metal
alkoxide during the reaction, leaving acidic by-product.28,29 The
increased amount of acid could hamper the formation of metal
alkoxide, so that bases are needed to neutralize the acid. In our
beaker-in-autoclave setup, ammonia was evaporated into the
sealed space above the EG solution of Ni(acac)2. At the gas/
liquid interface, ammonia may react with acetylacetone ions,
thus prompting the reaction to proceed. In addition, ammonia
evaporation could induce higher pressure within the system,
which may also benefit the formation of flowerlike NiO hollow
nanosphere precursors.
EG was chosen as the solvent because of its high boiling point
and strong polarity, as well as its coordinated ability. In
a controlled experiment using water as the solvent in the beaker,
This journal is ª The Royal Society of Chemistry 2011

we observed aggregates with irregular morphology (Fig. S6,
ESI†). This is because ammonia will be dissolved in the water,
causing the immediately precipitates of Ni ions.
Thermal decomposition of the precursor is a simple route to
obtain corresponding metal oxide. After synthesis of the NiO
precursor, we investigated the effect of calcinations on the
morphology and crystallization of the products. The XRD
pattern (Fig. 4a) of the calcined product matches well with the
cubic NiO (JCPDS No. 47-1049). The broaden diffraction peaks
indicate the small size of nanocrystals. The average grain size of
the nanocrystals is ca. 8 nm, as calculated from the width of
diffraction peaks using Scherer’s formula. SEM image in Fig. 4b
shows very similar morphology with the precursor, indicating
that calcinations do not change the total nanosphere
morphology. TEM image (Fig. 4c) further indicates that NiO
remains flowerlike hollow nanosphere structure. Selected-area
electron diffraction (SAED) pattern (inset in the Fig. 4c) shows
that NiO hollow nanospheres are composed of high crystalline
nanocrystals. The lattice fringes in high-resolution TEM
(HRTEM) image (Fig. 4d) shows a spacing of 0.21 nm, corresponding to the (200) planes of the NiO.
Nitrogen adsorption study shows that the BET surface area of
the flowerlike NiO hollow nanospheres is 176 m2 g1 (Fig. 5).
Such high surface area is unusual for transition metal oxide
materials. A sharp pore size distribution with an average pore
size of 4 nm was obtained by BJH method, calculated through
the desorption isotherm. These pores are very like due to the void
space among the stacked NiO nanocrystals.
The electrochemical performances of the flowerlike NiO
hollow nanospheres as electrode materials for supercapacitors
were tested using cyclic voltammograms (CVs) and galvanostatic
charge-discharge (GCD) in 2 M KOH aqueous solution in the
potential range 0–0.45 V vs. SCE. Fig. 6a shows the CV curves of
the NiO electrode at different scan rates. The shapes of the CV
reveal that the capacitance characteristic is very different from
that of traditional electric double-layer capacitance in which the

Fig. 4 (a) XRD pattern, (b) SEM image, (c) TEM image (inset: SAED
pattern), and (d) HRTEM image of the flowerlike NiO hollow nanospheres.
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Fig. 5 Nitrogen adsorption-desorption isotherm (with the BJH pore size
distribution plot in the inset) of the flowerlike NiO hollow nanospheres.

shape is normally an ideal rectangular shape. A pair of cathodic
and anodic peaks is observed in the CV curves. The anodic peak
is due to the oxidation of NiO to NiOOH and the cathodic peak
is for the reverse process, as shown in eqn (1). This indicates that
the observed capacity mainly results from the pseudo-capacitance, which is based on the reversible redox mechanism.
charge

NiO þ OH #NiOOH þ e
discharge

(1)

Fig. 6 Electrochemical properties of flowerlike NiO hollow nanospheres
in 2 M KOH solution: (a) CV curves at different scan rates; (b) discharging curves at different discharging currents.
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Fig. 6b shows the results obtained for the NiO electrode in the
potential range of 0–0.45 V in 2 M KOH at various discharging
current densities. The specific capacitances were calculated from
the galvanostatic discharge curves to be 770, 585, 430, 320 F g1
at discharge current of 2, 5, 8 and 10 A g1, respectively. As the
discharge current increase, a large voltage drop is produced,
leading to the capacitance decreases. Despite this, the discharge
capacitance at 5 A g1 is still about 76% of that discharge current
at 2 A g1. This high specific capacitance can mainly attributed to
the high surface area and hollow nanostructure, which provide
effective diffusion channels for the electrolyte ions. In particular,
the porous structures can act as ‘‘ion reservoirs’’, which provides
steady supply of OH ions and ensure that Faradic reactions take
place at high current densities for energy storage.35
Stability over repeated charge and discharge cycling is critical
for supercapacitors in practice. A charge-discharge cycling test
was carried out to examine the stability of flowerlike NiO hollow
nanospheres electrode at different current densities (2–10 A g1)
between 0–0.45 V (vs. SCE) in 2 M KOH electrolyte. As shown in
Fig. 7a, increasing the current density from 2 A g1 to 10 A g1
results in the reduction in the specific capacitance from 770 F g1
to 320 F g1, while a stable cycling performance is maintained.
The cyclability of the flowerlike NiO hollow nanospheres was
further tested by continuous charge-discharge measurements
(Fig. 7b) over 1000 cycles at s current density of 5 A g1. The

specific capacitances increased during the first 60 cycles, which is
possibly due to the activation process of the NiO electrode.15,16
After this process, the specific capacitances were stable at about
585 F g1, losing only 5% capacitance at the end of the test.
Importantly, the Columbic efficiency was nearly 100% through
the test (inset in Fig. 7b). In addition, the morphology of flowerlike NiO hollow nanospheres did not change after chargedischarge cycles (Fig. S7, ESI†). These results demonstrate the
high specific capacitance and excellent cycling property of the
flowerlike NiO hollow nanosphere material for high-performance electrochemical pseudocapacitors.

4. Conclusions
In summary, flowerlike NiO hollow nanosphere precursors were
produced by a microwave-assisted gas/liquid interfacial method.
This is a rapid and template-free method. An Ostwald ripening
mechanism was proposed to explain the formation of hollow
nanostructure. By calcinations, the NiO precursors were transformed to NiO, which maintain its original morphology. These
flowerlike NiO hollow nanospheres showed high specific capacitance of 585 F g1 at a discharge current of 5 A g1 and excellent
cycling stability.
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