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Highly Ordered Mesoporous NiCo,0, with Superior
Pseudocapacitance Performance for Supercapacitors

Lei An?, Qilong Ren?, Wenyao Li*", Kaibing Xu®, Yunjiu Cao®, Tao Ji*, Rujia
Zou®®, Zhigang Chen?, and Junging Hu*?

Conventional NiCo,0, without mesopores prepared by direct thermal decomposition of
appropriate mixture solution consisting of Co(NO3), 6H,0 and Ni(NO3), 6H,O does not
provide superior pseudocapacitance performance due to the inadequate redox reaction
during charge and discharge process when used as an electrode material for
pseudocapacitors. In this work, we demonstrate the synthesis of highly ordered mesoporous
NiCo,0,4 by nanocasting method and examine its electrochemical performance by means of
cyclic voltammetry and galvanostatic charge-discharge method. The highly ordered
mesoporous NiCo,0, prepared using mesoporous silica KIT-6 as a template presents
exceptionally high specific capacitance (1699 F g™ at a current density of 1 A g) and an
excellent cycling ability (~ 104.1% retention after 10000 cycles). In addition, other 3D
mesoporous nanostructures (mesoporous Co30, and mesoporous NiQO) synthesized by
similar nanocasting method also show outstanding pseudocapacitive performance. Thus, the
effective design of highly ordered mesoporous electrodes demonstrated in this work offers a

promising strategy for supercapacitors with superior electrochemical properties.

Introduction

With the fast-increasing growth of portable electronics and
hybrid electric vehicles, the requirement for high-power energy
resources has increased dramatically in recent years.
Electrochemical capacitors, also known as supercapacitors,
have drawn great interest as the most promising candidates for
next-generation high-capacitance energy storage devices due to
their high specific power, environmental friendliness and longer
lifespan 7. According to the previously reported charge-
storage mechanism, electrochemical capacitors mainly can be
divided into two major types: electrical double-layer capacitors
(EDLCs) and pseudocapacitors 2°. Complementary to EDLCs
via reversible ion absorption at the electrode/electrolyte
interfaces to store charges, pseudocapacitors using redox-active
materials utilize fast and reversible Faradaic reactions that take
place on electrode surfaces, thus furnishing observably higher
specific capacitance than EDLCs ***3,

For pseudocapacitors, electrode material plays a vital role on
the electrochemical property. Among various electrode
materials, spinel nickel cobaltite (NiCo0,0,4) has been widely
investigated as advanced electrode materials owing to its better
electronic conductivity (two orders of magnitude higher than
conventional transition metal oxides), low cost, high
availability, and good corrosion resistance in alkaline solutions
1417 Many reports are available on the preparation and
electrochemical properties of the NiCo,0, electrode material
with various nanostructures, such as porous spheres (856 F g+
at 1 A g %) 8 nanorods (565 F g * at 1 A g %) °, nanowires

This journal is © The Royal Society of Chemistry 2013

(743 Fgtat1 A g 2 and flowerlike nanostructure (658 F
gtat1l A g?h 2 Unfortunately, in these cases above the
observed specific capacitances are far from satisfactory as the
diffusion distance of electrolytes into pseudocapacitor
electrodes is only ~ 20 nm and active materials over this
distance can’t make a contribution to the total capacitance
adequately during charge/discharge process % %,

Introducing mesopores in transition metal oxides can be an
efficient strategy to improve the utilization of active material,
thereby resolving problems concerned about reversible redox
Faradaic reactions and alleviating the volume change during
charge/discharge processes 2*. It has been found that the
reported specific capacitance and lifespan are dramatically
improved by mesoporous nanostructure of the active material
electrodes %, since the thin pore wall can lessen the
electrolyte ion diffusion path. Porous microstructures of
transition metal oxides have been proposed to be obtained via
the nanocasting 2%, hydrothermal method 2°, chemical bath
precipitation *, electrochemical deposition 3!, and thermal
decomposition methods 2. Among these methods, nanocasting
can offer the opportunity to obtain materials which are different
from each other with respect to mesoporous structure.
Moreover, active materials prepared through nanocasting can
increase active sites vastly and engage in the reversible faradic
reaction adequately when used as electrodes for
pseudocapacitors. Furthermore, to minimize the diffusion
length of charge carriers is crucial adjective for elevating the
performance of pseudocapacitance performance. Therefore,
rational design of electrode materials with mesoporous

J. Name., 2013, 00, 1-3 | 1



Journal of Materials Chemistry A

nanostructure by nanocasting is indispensable for the further
improvement of the pseudocapacitive properties.

In this work, we report the synthesis of highly ordered
mesoporous NiCo,0, and test its electrochemical performance
as an electrode material for pseudocapacitors by means of
cyclic voltammetry and galvanostatic charge-discharge method
and compared the results with those of conventional NiC0,0,
without mesoporous nanostructure. The results demonstrate that
the NiCo,0, with mesoporous nanostructure exhibits high
specific capacitance (1699 F g at a current density of 1 A g™)
and predominant cycling lifespan (~ 104.1% retention after
10000 cycles), indicating that NiCo,O, with mesoporous
nanostructure is a promising active electrode material for
advanced supercapacitors. Giving extended application, we
synthesized other similar 3D mesoporous nanostructures
(mesoporous Coz0,4 and mesoporous NiO), also demonstrating
outstanding pseudocapacitive properties.

Experimental Characterization

All the chemicals were of analytical grade and used without
further purification.

Synthesis of Mesoporous Silica KIT-6

The mesoporous KIT-6 was prepared according to a
literature procedure . A typical synthesis procedure was as
follows: 4.5 g of surfactant pluronic 123 (EO»,PO7,EO,) was
dissolved in a mixture solution of 163 mL of distilled water and
7.5 mL of concentrated HCI (37%). The above mixture was
stirred at 35 <C until a homogeneous solution was obtained.
Then, 45 g of n-Butanol was added to the homogeneous
solution. After 1 h of stirring the mixture, 9.675 g of
tetraethoxysilane (TEOS) was added to the solution, and
stirring was continued at the same temperature for another 24 h.
After that, the mixture was aged at 35 <C for 24 h. The final
solid product was filtered, dried at 90 <C, and finally the dried
product was calcined at 550 <C for 6 h under a heating rate of
2 <C min* for the removal of P-123 block copolymer.

Preparation of Mesoporous NiC0,0,.

04 g of KIT-6 was dispersed in 4 mL of 1 M
Co(NO3),*6H,0 and 2 mL of 1 M Ni(NO3),*6H,0 in ethanol.
The mixture was stirred for 1.5 h in a crucible and left for
ethanol evaporation at 70 <C till the mixture was dried.
Subsequently, the as-formed powder was calcined at 200 <C for
4 h under a heating rate of 2 < min™. The impregnation step
was repeated one more times with 2 mL of 1 M
Co(NO3),*6H,0 and 1 mL of 1 M Ni(NO3),*6H,0 in ethanol
with the same calcination procedure. Then, a further calcination
at 450 <C for 6 h under a heating rate of 1 T min™ was
conducted. The silica host was removed with 25 mL of 2 M
NaOH solution at 60 <T under stirring for 24 h. The NiCo,0,
replica was filtered and washed with deionized water and

absolute ethanol for several times, then dried at 60 <C overnight.

The conventional NiCo,0,4 was prepared by directly calcining
the mixture solution (6 mL of 1 M Co(NO3),*6H,0 and 2 mL
of 1 M Ni(NO3),*6H,0 in ethanol ) without adding KIT-6 at
450 <C for 6 h.

Characterization

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

X-ray diffraction (XRD) patterns of all the samples were
carried out with D/max-2550 PC X-ray diffractometer (XRD;
Rigaku, Cu-Ka radiation). The surface area, pore size, and
pore-size distribution of the as-prepared products were
determined by Brunauer-Emmett-Teller (BET) nitrogen
adsorption-desorption and Barrett-Joyner-Halenda (BJH)
methods (Micromeritics, ASAP2020). The morphology of the
materials was examined by a scanning electron microscope
(SEM; S-4800) and a transmission electron microscope (TEM;
JEM-2010F) equipped with an energy dispersive X-ray
spectrometer (EDX). The mass of electrode materials was
weighed on a XS analytical balance (Mettler Toledo; 6 = 0.01

mag).

Electrochemical measurement

Electrochemical measurements were carried out using
electrochemical workstation (Autolab PGSTAT302N
potentiostat, Switzerland) with a three-electrode mode ina 6 M
KOH solution. The working electrode is consisted of active
material, carbon black and polymer binder (polyvinylidene
fluoride; PVDF) with a weight ratio of 80: 15: 5 and stirred for
24 h. For pseudocapacitance test, the slurry was pasted to Ni
foam and then dried at 120 <C for 6 h under vacuum to remove
the solvent. After that, the as-formed electrodes were pressed at
10 MPa. The loading mass was about 1.49 and 1.65 mg for
mesoporous NiCo,0,4 and conventional NiCo,0,, respectively.
A saturated calomel electrode (SCE) was used as the reference
electrode and a platinum (Pt) sheet electrode was used as the
counter electrode. All potentials were referred to the reference
electrode. The specific capacitance and current density were
calculated based on the mass of these electroactive materials.

Results and discussion

Intensity (a.u.)

JCPDS card No. 20-0781

Fig. 1 XRD patterns of the mesoporous NiCo,0, and conventional
NiC0204

To determine the phase structures, the X-ray diffraction (XRD)
measurements of the products were performed. In Figure 1, all
diffraction peaks of the mesoporous NiCo,O, material can be
unambiguously assigned to NiCo,04 phase (JCPDS card no.: 20-
0781) (red line). No peaks from other phases are detected, indicating
that the as-prepared products are of high purity. XRD patterns of the
corresponding conventional NiCo,0, were also detected and there’s
no distinct difference in peak position of the two materials.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Different magnification SEM images of (a, b) the conven

The microstructure and morphology of the mesoporous NiC0,0,
were studied by utilizing a scanning electron microscopy (SEM).
The SEM images of the mesoporous NiCo,0, were compared with
the conventional NiCo,0,. Fig 2a, b show the conventional NiCo,0,,
in which it consists of larger particles with very smooth surface,
while Fig. 2c, d demonstrate different magnification SEM images of
the mesoporous NiCo0,04. It was found that a highly ordered
mesostructure can be clearly observed and that the surface of the
particle is quite rough, indicating that the mesostructure regularity is
well preserved after the nanocasting replication and almost all of the
precursor solutions were filled into the mesopores of the KIT-6 and

This journal is © The Royal Society of Chemistry 2012

tfonal NiCo,0,4 and (c, d) the mesoporous NiC

X4
0,04, respectively.

in-situ transformed to NiCo,0, during the preparation. The special
sub-framework structure can exhibit a unique feature with
reasonable intervals among adjoining nanostructures. Thus, we can
anticipate that the as-synthesized microstructures can access to the
electrolyte highly and participate in the pseudocapacitance reaction
adequately due to the presence of convenient diffusion paths when
used as an electrode for supercapacitors, while the conventional
NiCo,0, without mesopores may prevent the microstructures of the
conventional material from fully contacting the electrolyte when
used as an electrode.
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Fig. 3 Typical TEM images (a-c) and EDX pattern (d) taken from crystalline mesoporous NiCo,0,. The inset in (c) is the corresponding

SAED pattern.

The replication of the KIT-6 silica by NiCo,O, can also be
observed in the transmission electron microscopy (TEM) images
directly. The three-dimensional open, well-ordered and accessible
mesopores of the as-formed NiCo,0, are clearly visible in Figure 3a,
b. No large nonporous impurity particles were observed and the pure
high 3D ordering presents in the particles over a long distance,
indicating that almost all the cobalt nitrate solutions were
successfully filled inside the mesopores and then transformed in-situ
to the NiCo,0, material. The high-resolution TEM (HRTEM) image
(Fig. 3c) suggests a highly polycrystalline nature of the CozO,4 walls
and reveals lattice fringes with interplane spacings of 0.245 and
0.203 nm, corresponding to the distance of the (211) and (400)
planes of the NiCo,O, crystal, respectively. The corresponding
selected-area electron diffraction (SAED) pattern (inset of Fig. 2c)
shows well-defined diffraction rings, also suggesting their
polycrystalline characteristics. In order to better understand the
chemical composition of the as-prepared product, the energy
dispersive X-ray (EDX) spectrometer characterization of the
mesoporous NiCo,0O4 were also conducted. In Figure 3d, it was
found that the microstructure consists of Co, Ni, O, Cu, C and Si
elements, in which Cu peaks derived from Cu grid and C element
resulted from C membranes on Cu grid. Besides, Si peak originated
from the residual silica and the peak intensity of Si is far less than
that of the other elements which can be negligible in the chemical
composition of the as-prepared materials, further indicating the
formation of NiCo,0O, crystal.
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Fig. 4 The nitrogen adsorption-desorption isotherm of the
mesoporous NiCo0,04 and conventional NiCo,0,, respectively. The
inset shows the corresponding BJH pore size distribution plots of the
mesoporous NiCo,0,.

In terms of mesoporosity, the replication of the KIT-6 silica by
NiCo,0, was investigated by the N, adsorption-desorption isotherm,
as shown in Fig. 4. The isotherm is of type IV of the IUPAC
classification with typical hysteresis loop. NiCo,0, has a BET
surface area of 87 m? g™, which is much larger than that of the
conventional NiCo,0, with a surface area of 33.86 m? g'l. The
hysteresis loop in the isotherm indicates the presence of mesopores
in the as-prepared samples, as further shown in the Barrett-Joyner-
Halenda (BJH) pore size distribution curves (inset of Fig. 4).
Mesoporous NiCo,0,4 exhibits unique porous structure and both of
the average pore size is ~ 5.8 nm. It is worth mentioning that the
three-dimensional open, well-ordered and accessible mesopores
connected to each other inside the unique microstructure can act as
“ion reservoir” that can reduce the diffusion distance from the
penetrating electrolyte to the interior surfaces when used as
electrodes.
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Fig. 5 (a) CV curves of the mesoporous NiCo,0, and conventional NiCo,0, at different scan rates. (b) Galvanostatic charge-discharge
curves at a current density of 5 A g™ of the mesoporous NiCo,0, and conventional NiCo,0,, respectively. (c) Galvanostatic charge-
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discharge curves at different current densities of the mesoporous NiCo,0,. (d) Specific capacitance at different current densities and (e)
Ragone plot (energy density vs. power density) of the mesoporous NiCo,0, in comparison with energy densities at maximum power

densities of other work. (f) Variation of specific capacitance with cycle number at a scan rate of 50 mV s of the mesoporous NiCo,0,.

As described above, NiCo,0, material with unique mesoporous
microstructure can be synthesized by the facile hard template
method. It will be attractive to study the electrochemical
performance of the as-synthesized active material. The NiCo0,0,
microstructure is studied as electrode in a three-electrode
configuration with 6 M KOH as the electrolyte for supercapacitor.
Fig. 5a shows the cyclic voltammetry (CV) curves of the
mesoporous NiCo,0, at different scan rates in the voltage window
between 0 and 0.6 V. All curves reveal that the capacitive
characteristics are different from those of electrochemical double-
layer capacitors. A pair of redox couples is deserved in the CV curve,
which is mainly associated with the Faradaic redox reactions related
to M-O/M-O-OH, where M refers to Ni or Co 3* ®. Interestingly,
with the scan rate increasing from 2 to 50 mV/s the redox current
increased. Also, the oxidation and reduction peaks shifted toward
higher and lower potentials, respectively, with a large potential
separation. Similar phenomenon was also observed in the
conventional NiCo,0O4 (Fig. Sla). The mesoporous NiCo,0, and
conventional NiCo,O4 were also characterized using galvano-static
charge/discharge measurements. Fig. 5b shows the charge-discharge
curves of the mesoporous NiCo,0, and conventional NiCo,0, at a
current density of 5 A g™, It can be seen that the charge curve of the
mesoporous NiC0,0, is not strictly but approximately symmetric to
its corresponding discharge counterpart, indicating the good
reversibility of the as-formed material. It is worthy to note that the
specific capacitance of the mesoporous NiCo0,0, can reach 1299 F g°
! which is over three times higher than that of the conventional
NiC0,0, (350 F g™). Further galvanostatic CD investigations of the
mesoporous NiCo,0, and conventional NiCo,0, between 0 and 0.45
V at different current densities are shown in Fig. 5¢ and Fig. Sib.
The specific capacitances of the mesoporous NiCo,0, are also

higher than those of the conventional NiCo,0, at other current
densities. The calculated specific capacitance as a function of the
discharge current density is plotted in Fig. 5d. It is worth mentioning
that the specific capacitance of the mesoporous NiCo,04 at 1, 2, 5,
10, 15 and 20 A/g is 1699, 1556, 1299, 1009, 950 and 840 F g™,
respectively, which is higher than that of the conventional NiCo0,0,
(602 F g and 240 F g at current densities of 1 A g and 20 A ¢,
respectively). The performance of the mesoporous NiCo,0, is
remarkable compared with other reported NiCo,0, electrodes in
previous literature, as summarized in Table S1. The specific
capacitance of the mesoporous NiCo,0, is much higher than these
reported NiCo,0,4, which is contributed to the unique microstructure
possessing high surface area. Fig. 5e in the main text (i.e., Fig. 1le
here) shows the Ragone plots of the NiCo,0, electrode based on the
galvano-static charge/discharge measurements at the potential
window of 0-0.45 V. As a comparison, these energy densities at
maximum power densities from other reported NiCo,0, electrodes
were also provided here. It is worth noting that the maximum energy
density of our mesoporous NiCo,0, electrode is 47.78 Wh kg™ at a
power density of 225 W kg™ (Shown in Fig. $2), which is almost 3
times larger than that of the conventional NiCo,0, (16.94 Wh kg™
and is also significantly higher than those of the reported NiCo0,0,
based electrode materials.®**? In addition, the cycling stability is also
conducted by the repeated charging-discharging measurement at a
scan rate of 50 mV s?, as shown in Fig. 5f. The final specific
capacitance of the mesoporous NiCo,0, retained 104.1 % of its
initial value after 10000 cycles. In other words, the loss in specific
capacitance based on the maximum value is only 5.4 %, which is
considered outstanding performance for NiCo,0, microstructures.
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Fig. 6 (a, b) SEM images and (c, d) XRD patterns of 3D mesoporous Co;0,4 and 3D mesoporous NiO nanomaterials, respectively.

Other similar 3D mesoporous nanostructures, like mesoporous
Co30,4 and NiO were also synthesized by controlling the precursors
or reaction temperature. In Fig. 6a, b, a highly ordered mesostructure

This journal is © The Royal Society of Chemistry 2012

can be clearly observed for the two product particles, indicating that
the mesostructures regularity are well preserved after the
nanocasting replication. The phases of the as-prepared samples were
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examined by the XRD, as shown in Fig. 6c, d. All of the diffraction
peaks of both samples can be unambiguously assigned to their

corresponding standard phase (JCPDS card no.: 65-3101 and JCPDS
card no.: 65-5745).
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Fig. 7 Specific capacitance at different current densities (a, b) and variation of specific capacitance with cycle number at a scan rate of 50
mV s (c, d) of the mesoporous Co;0, and mesoporous NiO, respectively.

It is also anticipating to investigate the electrochemical
performances of the as-formed mesoporous Cos0, and NiO
nanostructures. Fig. S3a, b shows the typical CV curves of the
mesoporous Co30, and NiO nanostructure electrodes with their
corresponding various sweep rates. Similarly, the shape of the CV
curves of these two nanostructures clearly also reveal their
pseudocapacitive characteristics. Fig. S3c, d show the constant
current charge/discharge profiles at different current densities of
these two nanostructures, respectively. The calculated specific
capacitance as a function of the discharge current density is plotted
in Fig. 7a, b. Notably, the specific capacitance is as high as 1496,
1348, 988, 782, 667 and 600 F g'1 (for mesoporous Coz0,4) and 796,
649, 482, 378, 333 and 311 F g™ (for mesoporous NiO) at the
discharge current densities of 1, 2, 5, 10, 15 and 20 A g*,
respectively. In addition, their cycling stabilities are also evaluated
by the repeated charging-discharging measurement at a scan rate of
50 mV s, as shown in Fig. 7c, d. The final specific capacitance can
be retained to be 100.02 % (for mesoporous C0304) and 95.9 % (for
mesoporous NiO) of their corresponding initial value after 10000
cycles, respectively.

The above electrochemical measurements demonstrate that the
unique mesoporous microstructures based on NiCo0,0,4, C030,, and
NiO can deliver outstanding specific capacitance with remarkable
cycling stability. The fascinating electrochemical properties could be
related to the following morphology and structure features. Firstly,
the mesoporous nano-sized walls can greatly increase electroactive
sites and make active materials fully get access to the KOH
electrolyte. Secondly, the reasonable room among interconnected
crystalline walls allows for easy diffusion of the electrolyte into the
inner region of the electrodes. Thirdly, the thin walls can result in
short paths for electron transport and species diffusion. In addition,
the strong 3D mesoporous architecture can sustain huge structural
alteration during the lengthy charge/discharge processes. Thus, these

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

as-synthesized unique microstructures can participate in the
reversible faradic reaction adequately and deliver exceptional
pseudocapacitive properties. When compared with the mesoporous
Co30,4 or NiO electrode, it can be clearly seen that the mesoporous
NiCo,0,4 sample exhibits better pseudocapacitive performance with
both higher capacitance and better cycling stability. We can
understand the difference based on the reported result that NiCo0,0,
possesses a better electronic conductivity and higher electrochemical
activity than Co;0, and NiO ****, This achievement can be further
confirmed by electrochemical impedance spectroscopy (EIS). From
the Nyquist plots (Fig. S4), it can be observed that the magnitude of
ESR originated from the mesoporous NiCo,0, electrode (0.33 Q) is
smaller than that of the mesoporous Coz0, electrode (0.59 Q) and
mesoporous NiO electrode (0.80 Q).

Conclusions

In summary, highly ordered mesoporous NiCo,04 was prepared
by nanocasting for high-performance pseudocapacitors. The well-
ordered mesoporous NiCo,0, as electrode materials delivered an
outstanding specific capacitance of 1699 F g™ at a current density of
1 A g™, which is superior to 602 F g™ of the conventional NiCo,0,
at the same current density. Moreover, the highly ordered
mesoporous electrode microstructure also exhibited an ultrahigh
lifespan (~ 104.1% retention of the initial capacitance after 10000
cycles) for pseudocapacitors, indicating that NiCo,0, with highly
ordered mesoporous nanostructure is a promising active electrode
material. In addition, we tried to synthesize other similar 3D
mesoporous nanostructures, mesoporous Co3O, and mesoporous
NiO, also demonstrating outstanding pseudocapacitive properties.
The effective design of highly ordered mesoporous electrodes can
furnish a fantastic approach for pseudocapacitors with
uncontemplated electrochemical performance.

This journal is © The Royal Society of Chemistry 2012
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