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In this work, NiCo,04-carbon composite microspheres with rattle-type structure were successfully prepared by a

template-engaged hydrothermal and subsequent calcination treatment. These rattle-type microspheres are
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composed of a solid carbon core and a porous shell with nanorods as building blocks. The calcination temperature of

the NiCo,0,-carbon precursor has an obvious affect upon the morphology as well as the resultant capacitive

DOI: 10.1039/X0XX00000X

performances. Because of the unique structure and high specific surface area, these rattle-type NiCo,04-carbon

composite microspheres exhibited excellent electrochemical performances with high specific capacitance (790 F g*

www.rsc.org/

at 1 Ag™), and even kept it as high as 609 F g" at 10 A g Additionally, excellent cycling stability with 99.4 % specific

capacitance retention after continuous 2000 cycles at a current density of 2 A g was observed, suggesting their

promising application in supercapacitors. The synergistic effect of different components and the rattle-type

structure may contribute to the outstanding performance of the composite electrode.

1. Introduction

The ability to fabricate the novel nano/microstructures with
controllable structure, size, and shape has attracted great
interest because of the strong correlation between the
structure, shape and size of the nano/microstructures and
their fascinating physical/chemical propertiesl's. As a unique
class of structured materials, the rattle-type structure has
attracted increasing research attention owing to their
potential application in drug delivery4, catalysts, lithium-ion
batteriese, and gas sensors” &. So far, a variety of synthesis
methods have been developed to prepare these special
structures. Kaskel et al. have reported the synthesis of rattle-
type Fe;0,@SiO, hollow mesoporous spheres by using the
colloidal carbon spheres as the templatesg. Furthermore, Jiao
and co-workers have described an environmentally friendly
and template-free route to prepare rattle-type TiO, hollow
microsphereslo. In addition, Mishima et al. have recently
prepared magnetic rattle-type particles by using sol-gel
reactions in a water-in-oil emulsion®. However, the striking
feature for most of these tattle-type structures is that their
shells are generally composed of or aggregated from
numerous nanoparticles with an irregular arrangement.
Recent reports show that orientated self-assembled or self-
supported structure can help to enhance electrochemical
performancelz’ 3 Although much progress has been made in
the synthesis of rattle-type structures, the fabrication of rattle-
type nano/microspheres with self-assembled oriented shell
still remains a great challenge.

Supercapacitor has been considered as one of the most
promising energy storage devices because of their many
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advantages, including high power density, faster charge and
discharge processes, longer lifespan etc**®. Transition metal
oxides have been widely used as active electrode materials in
supercapacitorsl7‘ 18 Among them, spinel NiCo,0, has been
regarded as a promising electrode material, due to its
intriguing  properties, such as good conductivity,
environmental friendly and highly reversible redox reactions™
2 Various nano/microstructures of NiCo,0,, such as flower-
like sphereszz, nanosheetszs, hollow microspheres24 and
mesoporous nanoparticleszs, have been prepared to improve
the electrochemical properties. The results show that the fine
control size and morphology is an efficient way to optimize the
electrochemical performance of the NiCo,0, electrodes®.
However, to the best of our knowledge, works focused on the
preparation of rattle-type NiCo,0, microspheres with self-
assembled oriented shell are really few.

Herein, we report a facile template-mediated hydrothermal
and subsequent calcination process for the fabrication of
rattle-type NiCo,0,4-carbon microstructures. The shell of the
composite microspheres was composed of nanorods. The
effect of calcination temperature of the NiCo,0,-carbon
precursor on the morphology and electrochemical
performance has been investigated in detail. The rattle-type
NiCo,0,4-carbon microstructures exhibited excellent
electrochemical performance with a high specific capacity and
good cycling stability.

2. Experimental

2.1. Materials and chemicals
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All the reagents were purchased from Sinopharm Chemical
Reagent Beijing Co., Ltd., and used without any further
purification.

2.2. Preparation of carbon spheres

The carbon microspheres were synthesized through the
carbonization of glucose under hydrothermal conditions. In a
typical experiment27, 8 g of glucose was dissolved in 60 mL
distilled water to form a clear solution. Then the resulting
solution was added into a 100 mL polytetrafluoroethylene
(PTFE) Teflon-lined autoclave. After 7 h of hydrothermal
treatment at 190 ‘C, the obtained black-brown precipitate was
centrifuged, washed with distilled water and ethanol three
times, and then dried at 80 °C overnight.

2.3. Synthesis of rattle-type NiCo,0,~carbon
microspheres

In a typical procedure, the obtained carbon spheres were
added into 60 mL distilled water. In order to completely
disperse the carbon spheres, the breaker was place in an
ultrasonic bath for 30 min. Then, 3 mmol of Ni(NO;),:6H,0, 6
mmol of Co(NO3),-6H,0 and 3.16 g of urea were dissolved into
the above mixture at the room temperature under vigorous
magnetic stirring. After being stirred for 30 min, the as-
obtained solution was transferred into a 100 mL
polytetrafluoroethylene (PTFE) Teflon-lined autoclave and
maintained at 120 ‘C for 6 h. After being cooled to room
temperature naturally, the NiCo,0,-carbon precursor was
collected by centrifugation and washed with distilled water
and ethanol several times in sequence, and then dried at 80
overnight. In order to obtain rattle-type NiCo,0,-carbon
composite microspheres, the as-grown NiCo,0,-carbon
precursors were annealed in air for 3 h at 250 ‘C with a ramp
rate of 5 ‘C min™. In order to investigate the effect of
calcination temperature on the structure and electrochemical
properties, the NiCo,0,4-carbon precursors were calcinated at
300 °C, 400 ‘C and 500 °C for 3 h in air, respectively.

2.4. Characterization

The purity and crystallite structure of the as-obtained samples
were characterized using X-ray powder diffraction (XRD)
(Bruker, D8-Advance XRD) with Cu Ka radiation (A =0.15148
nm) operating at 30.0 kV and 20.0 mA. The thermal behavior
of the precursor was examined by thermogravimetric (TG) and
differential thermal analysis (DTA) on a Henven HCT-2 thermal
analyzer (Beijing, China) with a ramp rate of 10 C min~* from
room temperature to 700 °C in air. Field emission scanning
electron microscopy (FESEM) images were acquired on a
Hitachi S4800 scanning electron microscope (Tokyo, Japan) to
examine the morphology of the products. Morphologies of the
detailed structures were measured with a FElI Tecnai G220
high-resolution microscope (TEM)
(Hillsboro, OR, USA). The specific surface areas, pore size, and
pore volume of the resultant products were further
investigated by nitrogen adsorption/desorption measurements
at 77K on a NOVA 2200e analyzer.

2.5. Electrochemical Measurement

For the electrochemical measurements, the as-prepared
sample was mixed with acetylene black as the conducting
material and polytetrafluoroethylene (PTFE) binder, in a

composite

transmission electron
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weight ratio of 80:15:5. A small amount of distilled water was
then added to make more homogeneous mixture. Then, the
slurries were coated on the nickel foam substrates (1.0 cm x
1.0 cm). After being dried at 80 C for 2 h, the as-formed
electrodes loaded with the active material were then pressed
at 14 MPa. The obtained NiCo,0, modified electrode was then
used as a working electrode. A platinum plate (1 cm?) and
saturated calomel electrode (SCE) were used as a counter
electrode and reference electrode, respectively. The
electrolyte was a 3 M KOH aqueous solution. The
electrochemical measurements were conducted in a three
compartment cell using a LAND battery test instrument
(CT2001A, Wuhan, China). Cyclic voltammetry (CV) was
conducted by LK2005A electrochemical workstation with scan
ratesof 2mVs ., 5mVs ™ 10mVs ™Y 20mVs and30 mVs .
The galvanostatic charge—discharge (CD) tests were conducted
atthe currentsof 1Ag ™, 2Ag , 4Ag ", 8Ag and10A g™
The  electrochemical impedance  spectroscopy  (EIS)
measurements were carried out by applying an AC voltage
with 5 mV amplitude in a frequency range from 0.01 Hz to 100
kHz at open circuit potential.

The specific capacitance (C, F g_l), energy density (E, Wh kg"l),
and power density (P, W kg?) were calculated from the
galvanostatic CD curves based on the following equationzsz

_it (1)
N
! 2
E—2C(AV) 0
p- £ 3)

tD
where |, tp, and AV are the discharging current density (A g™%),
the discharging time (s), and the discharging potential range
(V), respectively. In addition, columbic efficiency (n) of the
electrodes was evaluated according to the following
equation29:

4
7 ="12100% )
t(‘
where tp and tc. are the discharging and charging time,

respectively.

3. Results and discussion

3.1 Physicochemical characterization

The first step of the synthesis process involved the production
of uniform carbon microspheres according to the previous
study27. Fig. Sla is the FESEM image of the as-prepared carbon
spheres, showing the spherical geometry with the diameter of
about 1.5 um. Besides, the XRD pattern (Fig. S1b) confirmed
the amorphous nature of the carbon microsphere.

TG and DTA measurements were performed to assess the
follow-up calcination process of the as-prepared NiCo,0,
precursors. As shown in Fig. 1, the weight loss occurring from
50 C to 250 °C is assigned to the evaporation of free water.
However, above 250 °C, two weight loss steps are obvious: the
former range from 250 ‘C to 300 ‘C is attributed to the
decomposition of the outer part of carbon templates, owing to
the exposure of them in air®. Meanwhile, the precursor was
decomposed and the NiCo,0, samples were formed™. Besides,
the latter weight loss from 300 C to 400 ‘C may be ascribed

This journal is © The Royal Society of Chemistry 2012
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to continuing combustion of template, resulting in the
exothermic peak from 300 ‘C to 400 °C (Fig. S2). This may be
explained by the fact that the carbonized core of the carbon
spheres has the greater binding energy than that of surface
material in the carbon sphere527’ 32,
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Fig. 1 TG and DTA curves of the as-synthesized NiCo,0,
precursor.

The purity and crystalline phase of the as-fabricated NiCo,0,
products were studied by the XRD analysis. Fig. 2 shows the
typical XRD patterns of the sample obtained by calcinating
NiCo,0, precursor at various temperatures. It can be observed
from the Fig. 2a that the NiCo,0, phase is completely formed
at 250 ‘C, which can be well indexed to the spinel NiCo,0,
crystalline structure (JCPDS no. 20-0781). The broad diffraction
peaks with relatively lower intensities are may attributed to
the small size of the NiCo,0, articles and the poor crystallinity
of carbon species33. Besides, there are no diffraction peaks
from any other impurities, indicating the high quality of the as-
obtained samples. In Fig. 2b, the crystallinity of products
enhanced with the raising calcination temperature. In the
previous report, the decomposition temperature of NiCo,0,
occurs at about 400 ‘C**. However, in the present study, the
XRD pattern (Fig. 2c) remains almost unchanged even at 400
‘C, which indicated the higher thermal stability. Furthermore,
as shown in Fig. 2d, when increasing the calcination
temperature to 500 ‘C, NiCo,0, coexisting with cubic NiO
(JCPDS no. 65-2901) as impurity phase was emerged. These
results confirmed the fact that higher calcination temperature
can lead to the decomposition of NiCo,0, sampless.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 XRD patterns of the as-synthesized NiCo,0, products
obtained by different calcination temperatures of the
precursor: (a) 250 C, (b) 300 C, (c) 400 ‘C and (d) 500 C.

The morphologies of the NiCo,0,-carbon precursors and
NiCo,0,-carbon rattle-type composite microspheres were
characterized by SEM. Fig. 3a is the SEM image of the NiCo,0,-
carbon precursors with a diameter of about 2-5 um. It can be
clearly seen the urchin-like hierarchical structures were
uniformly constructed with numerous nanorods radially grown
on the surface of the carbon microspheres. Fig. 3b-c shows the
morphology of the as-obtained NiCo,0,-carbon samples after
calcination at 250 ‘C for 3 h. It can be observed that there
appeared to be no noticeable structural change caused by the
calcination process. However, the nanorods on the surface of
the microsphere were obvious coarser after calcination, which
is attributed to the thermal decomposition of the NiCo,0,-
carbon precursors. Fig. 3d shows a typical rattle-type structural
microsphere, which consists of a shell thickness of ca. 600 nm
\Q/Vith carbon cores of ca. 1.2 um in diameter.

(b)

Fig. 3 SEM images of (a) NiCo,0, precursor and (b-d) the as-
prepared NiCo,0,4-carbon microspheres
calcination at 250 C.

The detailed structure of the rattle-type NiCo,0,-carbon
composite microspheres were further characterized by TEM.
Fig. 4a shows a representative rattle-type structure, which is
confirmed by the pale area marked in the ellipse. On the
surface of the microspheres there are a lot of fine nanorods.

composite after
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The high-magnification TEM image (Fig. 4b) clearly revealed
the shell structure of the composite microsphere. It can be
seen that the nanorods have high aspect ratios with a
diameter of about 30 nm and a length of about 400 nm. And

the nanorods were porous and composed of small
nanoparticles. The connected-crystal structure of the
nanoparticles was further characterized by HRTEM

observations (Fig. 4c). The boundaries of the nanoparticles are
clear on the atomic scale, and there are no amorphous layers
covering the surface, which indicates the characteristics of the
nanorods. It also can be seen that the lattice fringes with a d-
spacing of 0.465 nm are clearly observed, which matches well
with the (111) lattice spacing of NiCo,0,. The SAED pattern
shows well-defined rings (Fig. 4d), indicating the
polycrystalline characteristic crystal planes of NiCo,0,4-carbon
composite microspheres.
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Fig. 4 (a) TEM, (b-c) HRTEM images and (d) SAED pattern of the
rattle-type rattle-type NiCo,0,-carbon composite microsphere.

To investigate the effect of the calcination temperature on the
product morphology, a series of experiments were carried out
(Fig. S3). The Fig. S3a shows the prepared product calcinated
at 300 C. It is clearly seen that the majority of the obtained
product still show the urchin-like hierarchical structures with
numerous nanorods radially grown on the surface. Some
NiCo,0, microspheres were collapsed, because the removal of
carbon spheres lead to a loss of mechanical support for the
NiCo,0, nanoparticles. However, when the calcination
temperature was up to 400 C, the majority of the prepared
samples exhibit the network of spherical NiCo,0,
nanoparticles (Fig. S3b).

The porosity of the NiCo,0, hierarchitectures is further
investigated by the N, adsorption-desorption analysis, which is
shown in Fig.5. The isotherms (Fig. 5a) exhibit characteristics of
type-IV isotherms with an obvious hysteresis loop. The product
also possesses a high specific surface area of 212.6 m? g_1 and
a pore volume as high as 0.66 cm?® g_l, respectively. The pore
size distribution (the set in Fig.5a) of the product shows a
sharp peak centred at 7.9 nm and a wide peak centred at 34.0

4| J. Name., 2012, 00, 1-3
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nm, respectively. The pores with a diameter of 7.9 nm mainly
come from the assembly of NiCo,0, nanorods. On the other
hand, the pores with a diameter of 34.0 nm are mainly
generated by the calcinated processes of the precursorsas’ 37
These features increase the active sites for the transport and
diffusion of electrolyte ions during the charge—discharge
process in supercapacitors, resulting in a greatly enhanced
electrochemical activity. Fig. 5b shows the relationship
between the calcination and specific surface area. The
Brunauer-Emmett-Teller (BET) specific surface area of the
products exhibits a remarkable decrease ranging from 123.5 to
96.7m, gfl, when the calcinated temperature increases from
250 ‘C to 400 ‘C. The N, adsorption-desorption isotherms and
corresponding pore size distribution of the samples calcinated
at 300 and 400 C were shown in Fig. S4.
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Fig. 5 (a) N, adsorption-desorption isotherms of the samples
calcinated at 250 ‘C: the inset is the corresponding pore size
distribution; (b) the relationship plot of the calcination
temperature and specific capacitance.

3.2. Electrochemical Characterization

The cyclic voltammetry (CV) curves of the obtained NiCo,0,
samples were recorded between 0 and 0.41 V at different scan
rates ranging from 2 mV s to 30 mV s " in 3 M KOH solution.
As shown in Fig. 6a, it can be clearly seen that the CV curves
consist of a pair of redox peaks, indicating the capacitive
characteristics are mainly governed by Faradaic reaction’’. The
well-defined redox peaks mainly resulted from redox reactions
of Ni and Co species in the alkaline electrolyte, as shown in the
following equations38:

NiCo,0, + OH ™ + H,0 <> NiOOH +2CoOOH +e~ (5)

This journal is © The Royal Society of Chemistry 2012
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CoOOH +OH "~ > CoO, + H,0+e" (6)

Interestingly, although two kinds of active centers for redox
reaction from the solid state redox couples of Coza'/Co3+ and
Ni2+/Ni3+ are present in the structures, there are no two
couples of redox peaks of Co?*/Co® and Ni**/Ni*". This
phenomenon may be ascribed to the similar redox potential of
Co30, and NiO and the surface modification of NiCo,0, by
conductive acetylene back which can induce appreciable
broadening of some redox peakszz. Fig. 6d shows the
comparison of the CV curves of the products obtained by
calcination at different temperature at scan rate of 5 mV st
Based on the fact that the area surround by the CV curve
reflects the electrochemical performance of the electrode
materials39, it can be seen that the specific capacitance of the
rattle-type NiCo,0,-carbon microsphere is much larger than
that of the two other samples. This phenomenon can be
attributed to the unique rattle-type structure of NiCo,0,-
carbon composite microspheres, which favors faster ionic
transport in the electrodes®. Besides, in comparison with the
NiCo,0,-carbon composites, the samples calcinated at 300 and
400 C have slightly shifted redox peaks in its CV plot, which
can be ascribed to the different polarization behavior of the
carbon in the rattle-type NiCo,0,-carbon microsphere4°.

3
T

g
s s

Curent (mA)

288888

Current (mA)
s o888

g 8
2.8
R

v v T
02 03 04
Potential (V)

Current (mA)

s s bsbbonsandl

Current (mA)

Pot;rl\zuai ) Poteriial V)

Fig. 6 CV curves of the NiCo,0, products at a scan rate of 2, 5,
10, 20 and 30 mV s between 0-0.41 V in 3 M KOH aqueous
solution (a) 250 ‘C, (b) 300 C and (c) 400 C; (d) CVs of the
NiCo,0, samples at scan rates of 5 mV s

To further quantify the electrochemical properties of the
calcinated samples, the galvanostatic CD measurements of the
as-prepared NiCo,0, samples were performed within a
potential window of 0 to 0.41 V (vs. SCE). Fig. 7A shows the
comparison of the CP plots of NiCo,0, electrodes calcinated at
different temperatures with a current density of 1 A g"l. It can
be calculated that the specific capacitance of the samples
decreased from 790 F g™ to 145 F g7, when the calcination
temperature increase from 250 C to 400 °C, which is
consistent with the results in Fig. 6d. The galvanostatic CD
measurements of the rattle-type NiCo,0,-carbon composite
microspheres were performed at various current densities of
1,2,4,8and 10 A g‘l. From the Fig. 7B, it can be seen that the

This journal is © The Royal Society of Chemistry 2012
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nearly symmetric E-t curves at all current densities implies the
high charge-discharge coulombic efficiency and low
polarization of rattle-type NiCo,0,-carbon electrode™.
Besides, because the redox reaction between Ni and Co
cations and OH anions is a diffusion controlled process through
electrode grain boundaries, the specific capacitance decreases
as the current density increases>’. Thus, with the increase of
current density, the discharge time decreases.
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Fig. 7 (A) Comparison of the CP plots of NiCo,0, electrodes
calcinated at different temperatures at a current density of 1 A
g (a) 250 °C, (b) 300 ‘C and (c) 400 °C. (B) CP plots of
NiCo,0, sample calcinated at 250 °C as a function of current
density.

The specific capacitances of the unique rattle-type NiCo,0,4-
carbon electrode can be calculated based on the charge-
discharge curves in Fig. 8b and the typical results are depicted
in Fig. 8A. It can be seen that the specific capacitances of the
rattle-type NiCo,0,-carbon electrode is evaluated to be 790,
770, 741, 624, and 609 F g'1 at current densities of 1, 2, 4, 8
and 10 A g'l, respectively. This suggests that about 77.08 % of
the capacitance is still retained when the charge-discharge
rate is up to 10 A g'1 from 1 A g'l. Ragone plots are also
presented in Fig. 8B. When the power density increases from
205 W kgt (1 A g') to 2050 W kg* (10 A g?), the
corresponding energy density decreases from 18.4 Wh kg'1 to
14.2 Wh kg'l. Based on the above results, we can conclude
that the rattle-type NiCo,0,-carbon composite microsphere
can be served as a promising electrode material for high-rate
charge/discharge operations in supercapacitors“.

J. Name., 2012, 00, 1-3 | 5



New Journal of Chemistry

900 (a)
8004
700
600

500 |

400

Specific capacitance (F g)

300

200 T T T T T

100
(b)

bl

104

Energy density (Wh Kg')

10° 10° 10*
Power density (W Kg™")

Fig. 8 (a) Calculated SC as a function of current density of the
rattle-type NiCo,0,-carbon electrode; (b) Ragone plots of
rattle-type NiCo,0,-carbon electrode.

Fig. 9 shows the Nyquist plots of the EIS spectra of rattle-type
NiCo,0,-carbon electrode measured at an electrode potential
of 0.30 V (vs. SCE). It can be seen that the rattle-type NiCo,0,-
carbon electrode exhibits a small real axis intercept and
negligible depressed semicircle in the high frequency range,
suggesting small active bulk material resistance and a low
interfacial resistance between current collector and active
material, electrolyte resistance as well as low charge transfer
resistance®’. At lower frequencies, the oblique straight line
represents the Warburg resistance (described as the diffusive
impedence of OH ions) in electrode®. The rattle-type NiCo,0,-
carbon electrode exhibits a vertical line leaning to imaginary
axis more than 45°, indicating the more facile electrolyte ions
diffusion to the active material due to its unique rattle-type
structure.

6 | J. Name., 2012, 00, 1-3
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Fig. 9 Nyquist plot of the EIS of rattle-type NiCo,0,-carbon
composite microspheres at 0.30 V (vs. SCE).

The long-term cycling stability and retention of the electrode
materials during long charge-discharge cycles is also necessary
to practical applications. Fig. 10 demonstrates the plots of
specific capacitance and the retention of unique rattle-type
NiCo,0,-carbon composite microspheres electrode for 2000
cycles under the current density of 2 A g'l. Specially, the
discharge capacity gradually increases up to 790 F g'1 in the
first about 1500 cycles instead of decreasing as in most cycling
stability tests, which might be ascribed to the full activation of
the NiCo,04-carbon composite material®  *.  More
importantly, the decay in specific capacitance based on this
maximum value after the following 500 cycle test is about 0.6
%, which may be ascribed to the volume change during the
reaction process. And then the specific capacitance remains at
a stable value of 775 F g'1 with further cycling. The excellent
electrochemical stability was further confirmed by the inset
galvanostatic CD curve of Fig. 10, which remains undistorted
and essentially symmetric even after an extended period of
charge and discharge cycles. These results confirm that rattle-
type NiCo,0,-carbon electrode presents a large specific
capacitances and excellent rate stability. Furthermore, the

coulombic efficiency keeps at about 100% during the
consecutive cycles.
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Fig. 10 Specific discharge capacity and coulombic efficiency of
the rattle-type NiCo,0,4-carbon electrode tested for 2000
cycles at a current density of 2 A g'l; the inset shows charge—
discharge curves in potential range from 0 to 0.41 V.

The excellent electrochemical performance of the rattle-type
NiCo,0,4-carbon composite microspheres could be ascribed to
the following factors. Firstly, the higher electronic conductivity
of the mixed spinel NiCo,0, is beneficial to the repaid ion or
electron transfer at the electrode/electrolyte interface™.
Secondly, the high specific area and rattle-type feature of the
NiCo,0,4-carbon composite microspheres reduce the diffusion
length of electrolyte ions and ensure enough electrolyte ions
to rapidly contact the NiCo,0, with rich electroactive sites. In
particular, the void between the carbon core and NiCo,0, shell
can serve as “ion-buffering reservoirs” to efficiently hold OH
ions for the sufficient Faradaic reactions.

4. Conclusions

In summary, we developed an efficient template-engaged
synthetic strategy to fabricate rattle-type NiCo,0,4-carbon
composite microspheres. When utilized as an appealing
electroactive material for supercapacitors, the as-fabricated
rattle-type NiCo,0,-carbon electrode delivered high specific
capacitance and high-rate capacity (780 F g"1 at1A g"l, 78.01%
retention at 10 A g"l). Furthermore, desirable cycling stability
of 0.6% SC loss after continuous 2000 cycles at 2 A g‘1 was
observed, suggesting their promising application in
supercapacitors. Further experiments demonstrate that the
calcination temperature plays an important role in the
morphology and electrochemical performance. More
significantly, the electrode design concept can be easily
generalized to other binary or even ternary metal oxides with
unique rattle-type nano/microstructures for high performance
supercapacitors, or even advanced Li-ion batteries.
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