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construct the porous structure with high specific surface area. Meanwhile, the binary metal oxides not
only inherit the merits of single nickel oxides or cobalt oxides, but also show superior properties to pro-
mote the capacitance. The uniform structure of NCO12 (SiO,/NCO = 1:2) is obtained through controlling
the mass ratio of SiO, and NCO. Owing to the dual advantages of porous structure and binary system,
NCO12 composites exhibit highly enhanced electrochemical performance compared with those of
directly prepared NCO, NCO21 (SiO,/NCO = 1:0.5) and NCO14 (SiO,/NCO = 1:4). The specific capacitance
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Si0, of NCO12 composite is about 1389 Fg~'at 1 Ag~!. At4 A g™, the capacitance is still as high as 1090 Fg~!
Nickel cobaltite together with capacitance retention of 80% over 2500 cycles. The capacitance and stability are higher
Supercapacitors than those of most previously reported pure NCO composites, which make it a very promising electrode
Energy storage material for energy storage.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction power density and longer cycle life than batteries, and higher
energy density than conventional capacitors [1]. They are com-

As alternative energy storage devices, electrochemical capacitors monly appropriate for applications which require short-term power
(ECs) have drawn increasingly attentions owing to their higher or act as peak power assistance for batteries [2,3]. To better satisfy
the practical application, high performance ECs are needed, which

"% Corresponding author. are determined by the high capacitance and cycling stability of elec-
E-mail address: jingsun@mail.sic.ac.cn (J. Sun). trode materials [4]. Transition metal oxides (TMOs) are suitable
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candidates for ECs electrode materials due to their high theoretical
capacitance, such as NiO (2573 Fg~!) [5], Co304 (3560 Fg~1) [6],
and MnO, (1380 F g~1) [7]. Their multiple redox states and easily
synthetic process have attracted more and more interest from both
academic and industrial consideration. However, the real capaci-
tance is still far from their theoretical values and the stability
(capacitance retention after long cycle tests) is poor because of
the less active sites and the intrinsic low conductivity of oxides.
So far, a major challenge in this field is to improve the electric prop-
erties of these metal oxides.

To solve these problems, high specific surface area, controlled
porosity, and high electric conductivity of TMOs are required [8].
An effective strategy is to construct the component and structure
of TMOs. It is well known that the binary system can inherit the
merits of both single component and the atom substitution will
increase electrical conductivity [9-12]. Meanwhile, the binary
oxides can exhibit superior performance, such as higher electro-
chemical activity, tendency to form a variety of nanostructures,
and higher electroactive surface areas [13,14]. Among so many
TMOs, nickel and cobalt were easy to form binary oxides with high
performance due to their miscible ions in aqueous solution with
nearly identical physical and chemical properties [15,16]. When
the Ni/Co atom ratio was 1:2, the spinal nickel cobaltite (NiC0,04,
NCO) was formed. The conductivity of NCO was two orders higher
than those of pure NiO or Cosz04 [9], which was beneficial to
obtaining electrodes with higher rate capacity (capacitance reten-
tion at high charge-discharge current density versus low current
density) and stability. Xiao et al. prepared sea urchin-like NCO
composites with the specific surface area of up to 1989 m?g~!,
exhibiting higher specific capacitances of 658 Fg~! compared to
pure NiO and Cos;04 [17]. Wei et al. synthesized the NCO aerogels
by sol-gel process with the maximum capacitance of 1400 F g~!
[18]. These excellent researches demonstrated that the NCO did
have superior performance. However, their aggregated morpholo-
gies and compact structures were not good for better stability
and faster electric transport.

Three-dimensional porous structure has its unique advantages
for energy storage. It can provide a continuous electron pathway
to ensure good electrical contact as well as facilitate ion transport
by shortening diffusion pathways [19]. Besides, the porous struc-
ture can also enlarge the specific surface area to increase the active
sites for high capacitance. There were many methods to fabricate
the 3D porous structure materials. Liu et al. synthesized 3D porous
NiCo,04 hetero-structure array on nickel foam get a high capaci-
tance of 1089 F g~! with high stability [20]. Wang et al. prepared
3D NiyCo;_x oxides with a large specific capacitance of
1523 Fg~!, and the capacitance retention was nearly 100% after
1000 cycles [21]. All the results demonstrated that the 3D structure
was in favor of obtaining high capacitance and stability materials.
However, the solvothermal method was not easy to control and the
structure of products could hardly be adjusted. The deposition pro-
cess could obtain different structures, but the matrixes were
required. In this case, the growth is restricted by such matrix and
the mass of load is low. What's more, the reaction yield of these
methods was too low to meet the actual requirement, which
brought troubles for further research. In order to obtain high per-
formance electrode materials and develop the ECs, these issues
are urgently needed to be solved and novel and efficient method
should be introduced. The template method can improve the dis-
persion stability of the reaction solutions and control the size
and shape of products more precisely. Furthermore, the reaction
yield of template method is large.

In this study, we synthesized 3D porous nickel-cobalt binary
oxides using silicon dioxide sol as the template via a facile method
under mild condition. In the synthesis process, SiO, sol was chosen
due to its low cost and reliable removal process. The metal ions

were efficiently deposited on negative-charged SiO, sol by electro-
static attraction. With the help of SiO,, the aggregation of NCO par-
ticles was successfully avoided, which increased the specific
surface area and active sites. Meanwhile, porous structure was
obtained, which is in favor of the electrons and ions transmission.
The electrochemical performance of the 3D porous composites can
be tailored by simply adjusting the relative dosage of SiO, in the
synthesis process. The unique structure enables fast charge-dis-
charge response and displays enhanced the maximum specific
capacitance of 1389Fg~! at 1Ag~!. The development of this
method to make 3D porous structure can be applied for other
TMOs and may have a positive impact for developing high perfor-
mance ECs based on pseudocapacitive materials.

2. Materials and methods
2.1. Materials

SiO, sol in ethylene glycol (30 wt.%) was purchased from Alfa
Aesar. Nickel nitrate hexahydrate (Ni(NOs),-6H,0, AR), cobalt
nitrate hexahydrate (Co(NOs),-6H;0, AR), urea (CON,H,4, AR), were
all purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

2.2. Synthesis of 3D porous NCO composite

In the typical experiment, 1 ml SiO, sol (contained about
370 mg SiO,) was added into 100 ml distilled water slowly under
stirring gently. The SiO, sol remained stable during this process
and the Tyndall effect can be observed (Fig. S1). The solution with
3 mmol Ni(NO3),-6H,0 and 6 mmol Co(NO3),-6H,0 in 50 ml water
was added to the above SiO, sol drop by drop. Then, 3 g urea was
slowly added. After stirring for 30 min, the mixture was refluxed at
100 °C for 12 h in an oil bath. The reaction product was filtrated
and washed with distilled water and ethanol successively for sev-
eral times, and finally dried and heated at 300 °C for 1.5 h in air.
The earthy yellow products were etched in 2 M NaOH aqueous
solution at 80°C and the etch solution was refreshed every
30 min. After several times, the 3D porous structure NCO was
obtained and denoted as NCO12 for the mass ratio of SiO, and
NCO of 1:2 in calculation. For comparison, pristine NCO powder,
which was denoted as NCO, was prepared in nearly the same
way as NCO12, except without SiO, addition. The samples with
mass ratio of 1:0.5 and 1:4 for SiO, and NCO also were prepared,
which were denoted as NCO21 and NCO14, respectively.

2.3. Characterization

The phase composition and crystalline structure were charac-
terized by Powder X-ray diffraction (XRD, Rigaku D/Max 2200PC,
Cu Kot). The morphology and structure of the products were ana-
lyzed by field-emission scanning electron microscope (FE-SEM,
Magellan 400) and transmission electron microscope (TEM, JEOL
JEM-2100F). The nitrogen adsorption isotherms of the powders
were measured on Micromeritics Tristar 3000 porosimeters at
77 K.

The electrochemical properties of the materials were character-
ized by three-electrode method in 2 M KOH aqueous solution at
room temperature. The working electrode was prepared as follows.
Active material, carbon black and polyvinylidene fluoride (PVDF)
binder in weight ratio of 80:10:10 were mixed in ethanol, and then
5 mg electrode powders were pasted onto a nickel foam current
collector (1 cm x 1 cm). A platinum wire was used as the counter
electrode and an Hg/HgO electrode worked as the reference elec-
trode. The electrochemical impedance spectrum (EIS) was tested
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by applying an AC voltage with 5 mV amplitude in a frequency
range from 10 mHz to 100 kHz on Par 2273 Potentiostats Electro-
chemistry Workstation (U.S.A). The cyclic voltammetry (CV) at 0-
0.65 V were measured on CHI660D Workstation (Shanghai, China).
The galvanostatic charge and discharge tests were carried out in
the potential range of 0-0.55V on a LAND CT2001 battery tester.
The specific capacitances Cs were calculated from the galvanostatic
discharge curves using the equation [22,23]: C; = I-t/m-AV, where I,
t, AV, and m are the constant current (A), discharge time (s), total
potential deviation (V), and mass of active materials (g),
respectively.

3. Results and discussion

The synthesize process of the 3D porous NCO composites is
shown in the Fig. 1. The SiO, nanoparticles are negatively charged
in the Colossal (Table S1). When the metal cations (Ni* and Co®")
are added into the system, they will be adsorbed by the SiO,
nanoparticles due to electrostatic attraction effect and chemical
forces of surface complexation. The size of metal ions is much
smaller than that of the SiO, particles, so they will attach on the
surface of SiO,. The electronegativity of the composites decreases
but still keeps negative, demonstrating that the thickness of metal
ions on SiO, particles is estimated to be several atomic layers. For
one hand, the high stability of sol can be kept well. For another, the
nucleation of metal ions will happen on the surface of SiO, and
hydroxides grow along the surface of SiO, to form thin slices. At
the heating stage, OH™ ions are continuous supplied by the hydrol-
ysis of urea. Thus, the metal ions combine with OH™ to form
hydroxide. The SiO, nanoparticles are surrounded by Ni-Co binary
hydroxides (NCH) to form a core-shell structure, which will avoid
the aggregation of the NCH during the growth process. During the
following thermal treatment step, the NCH transforms into nickel
cobaltite (NCO) through the dehydration process. After the etching
process, the SiO, nanoparticles are removed via the reaction with
NaOH and the pores are formed. Due to the high stability of NCO
in the NaOH solution, the porous structure can be kept well.

The XRD patterns are measured to confirm the crystal structure
of products. As shown in Fig. 2, the NCO composite shows clear char-
acteristic peaks at 18.9°, 31.1°, 36.7°, 44.6°, 59.1°, and 64.9°, which
agree well with standard diffraction card of face-centered-cubic
NiCo,04 (JCPDS card No. 73-1702). The peaks of NCO21, NCO12,

and NCO14 samples also can match with the NCO sample, which
means that these samples are also NiCo,04. However, these samples
show weak characteristic peaks. Fig. S2 demonstrates that the EG
and NaOH have no effect on changing the crystallinity of NCO. Thus,
this phenomenon is probably caused by the addition of amorphous
SiO, and nano-size effect of thin sheets.

To characterize the morphology and superior structure of prod-
ucts, TEM images are taken (Fig. 3). From these images, the effects
of SiO, template and the synthesis process can be understood
clearly. Fig. 3a displays the morphology of NCO without the addi-
tion of SiO,. An aggregated structure is observed clearly. The aggre-
gate is made up of small NCO nanoparticles with the size of about
5 nm. This compact structure is bad for increasing the active sites
for redox reaction. Fig. S3 shows the single effect of ethylene glycol
to the morphology. NCO1, prepared with the addition of 1 ml ethy-
lene glycol (EG) to replace the SiO, sol in the synthesis process,
grows into nanorods and aggregates together to form a similar
block structure. However, when the SiO, sol is added into the sys-
tem, the morphology and structure of NCO12 is changed signifi-
cantly (Fig. 3b). NCO12 transforms from particles to thin
nanosheets which are coated on the SiO, nanoparticles. The size
of SiO, particles are 40-80 nm (Fig. S4). After the removal of
SiO,, pores with size of 40-80 nm will be formed (Fig. 3c). With
the help of SiO,, NCO12 is not aggregated anymore and a 3D por-
ous structure is obtained which increases the specific surface area
and active sites. Fig. 3d exhibits the select area electron diffraction
(SAED) of NCO12. Only two dim diffraction rings can be observed,
which are associated to the (220) and (422) planes, respectively.
The diffraction rings demonstrate that the composite crystallizes
into cubic structure with a weak crystallinity, which is associated
with the XRD results.

The microstructure will further affect the electrochemical per-
formance. And the relative dosage of SiO, template can affect the
morphology and microstructure of the final products. Thus, sam-
ples with different SiO,/NCO ratios are prepared. Fig. 4 shows the
SEM images of NCO (a and b), NCO21 (c and d), NCO12 (e and f),
and NCO14 (g and h) composites, respectively. For NCO samples
(Fig. 4a), a compact structure can be observed clearly, the NCO par-
ticles aggregates to form a bulk structure. Even in the high magni-
fication images (Fig. 4b), no pores can be found. When the SiO, is
used as template, the morphology is changed a lot. All the samples
show nanoflower structures, which are made up of nanosheets. As

Negative-charged SiO, Sol

3D porous NCO

Ni, Co ions in SiO, Sol

o .J"&s

Etching in 2M NaOH

NCH grown on SiO,

Thermal treatment
NCO on SiO,

Fig. 1. The schematic illustration for the formation of 3D porous NCO composites.
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Fig. 2. The XRD patterns of NCO, NCO21, NCO12, and NCO14 composites.

seen from Fig. 4c, the aggregation of NCO21 is heavily weakened,
but the structure is not uniform. The NCO21 nanosheets are large
and curly and the network does not appear (Fig. 4d). As the dosage
of NCO increasing, a continuous 3D porous structure is obtained
(Fig. 4e). The NCO12 nanosheets are smaller than those of NCO21
samples (Fig. 4f). The pores in the NCO12 samples are about 40-
80 nm. Although the nanosheets of NCO14 are similar with those
of NCO12, they display a compact structure and the nanoflowers
are much bigger (Fig. 4g and h). It is worth noting that the dosage
of SiO, has affected the porous structure. When the dosage of SiO,
is excessive, metal ions cannot cover all the surface of each SiO,
particles. As a result, the NCO on each SiO, cannot connect together
to form the network. In that case, the effect of SiO, is just to pre-
vent the NCO sheets from aggregating. When the dosage of SiO,
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is inadequate, the unit of NCO nanoflowers will be connected by
the free metal ions to make a tight structure.

Apart from the morphology, the specific surface area (SSA) and
pore size distribution are also important for the electrochemical
performance. Large SSA means more surfaces will be exposed in
the electrolyte and more active sites to take part in the redox reac-
tion. The pore size affects the electrolyte ions whether could enter
into the inside of materials to react with active sites. Literatures
have reported that the appropriate pore sizes for supercapacitor
ranged from 2 to 5 nm [24,25]. As shown in Fig. 5, all the samples
exhibit typical Langmuir type IV characteristics with an obvious
hysteresis loop, indicating that the samples contain a certain
amount of mesopores [26]. The hysteresis loop of NCO is H3 type
(Fig. 5a), suggesting that certain aggregation happens among the
particles. The SSA of NCO calculated by BET method is the smallest,
only 124 m? g, Fig. 5b shows the pore size distribution of NCO.
The distribution is wide and micropores with size of 36 nm exist.
Contrary to the NCO, the other three samples exhibit H1 type hys-
teresis loop (Fig. 5¢, e, and g), which means that the distribution of
pores is uniform and their size is relative small. For NCO21,
although the structure is more dispersive, no network forms and
the number of pores is too less to enlarge the SSA. Then, its SSA
is just a little larger than that of NCO. For NCO12 and NCO14, the
porous structures will facilitate the increasing of SSA. As a result,
their values are much higher than that of NCO. Besides, the aggre-
gation in NCO14 makes its SSA decrease. Through calculating, the
SSA of NCO21, NCO12, and NCO14 are 142.5, 240.3, and
215.6 m? g~!, respectively. The pore sizes of all the samples are
similar at around 3.85 nm (Fig. 5d, f, and h), which just falls within
the appropriate range. The high SSA can provide more active sites
for redox reaction, which is responsible for high capacitance.

To further certify the superiority of 3D porous structure NCO as
an electrode for ECs, electrochemical performance of NCO, NCO21,
NCO12, and NCO14 are measured by using CV and galvanostatic
charge-discharge test, respectively. Fig. 6a shows the CV curves

Fig. 3. TEM images of NCO without addition of SiO, (a), NCO12 before etching (b), final products of NCO12 (c) and the SAED of final NCO12 (d).
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Fig. 4. SEM images of NCO (a and b), NCO21 (c and d), NCO12 (e and f), and NCO14 (g and h).

of NCO, NCO21, NCO12, and NCO14 at 5 mV s~'. Two distinctive
redox couples are observed on the CV curves of NCO21, NCO12,
and NCO14, corresponding to the faradic reactions of M-O/M-0-
OH (M represents Ni and Co ions) [1,27]. According to the equation
for specific capacitance (C= [IdV/2Avs), a larger area surrounded
by the CV curve relates to a higher specific capacitance. The CV
curve of NCO exhibits the smallest area with only one redox

couple, demonstrating the lowest specific capacitance. It is due to
less active site caused by the tightly compact structure with the
lowest SSA. Active sites taken part in the redox reaction are less,
so the CV peaks of the two oxides cannot appear completely. For
NCO12, its CV curve displays the largest area due to its unique por-
ous structure with the largest SSA to provide more active sites for
redox reaction. Furthermore, the porous structure owns the 3D
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Fig. 6. (a) CV curves of NCO, NCO21, NCO12, and NCO14 electrodes at a scan rate of 5mV s~ . (b) The galvanostatic discharge curves of NCO, NCO21, NCO12, and NCO14
electrodes at 1 A g~'. (c) Rate capacitance of NCO, NCO21, NCO12, and NCO14 electrodes with increasing current densities. (d) Cyclic performance of NCO, NCO21, NCO12, and

NCO14 electrodes at 4 A g~ .

network, which is in favor of electron transport. Thus, higher speci-
fic capacitance and electrochemical reactivity of the NCO12 sample
are expected.

Fig. 6b displays the galvanostatic discharge curves of NCO,
NCO021, NCO12, and NCO14 electrodes at 1 A g~ . All the samples
show typical pseudo-capacitive behavior with highly nonlinear
discharge curves, which is consistent with the CV curves. It is
worth to notice that the discharge curve of all the samples exhib-
ited two inflexions, which are consistent with the two reactions of
Ni and Co atoms. The discharge time is controlled by the rate of
alkali ions diffusing into and out of the surface of the electrode
[28]. Thus, the longer discharge time is, the higher the capacitance
is. The longest discharge time of NCO12 illustrates the highest
capacitance, which is associated with the CV results. Galvanostatic
charge-discharge test at different current densities are conducted
to further analyze the electrochemical performance of NCO,
NCO21, NCO12, and NCO14 electrodes. Fig. 6¢ exhibits rate capac-
itance of all the electrodes with increasing current density. Under
the same conditions, the specific capacitance of the NCO12 elec-
trode is much higher than those of NCO, NCO21, and NCO14 elec-
trodes. Through calculation, the specific capacitances at 1 Ag~! are
658, 965, 1389, and 1033 Fg! for NCO, NCO21, NCO12, and
NCO14, respectively. Generally, the capacitance decreases with
the increase of the current density. The specific capacitances of
NCO, NCO21, and NCO14 drop to 618, 749 and 858Fg ! at
4 A g !, respectively, while the specific capacitance of NCO12 still
remains 1090 F g~ ! at the same current density. Even at high cur-
rent density of 10 A g1, the specific capacitance of NCO12 is still as
high as 927 Fg~!, which is much higher than those of other three
electrodes. Fig. 6d displays the cyclability at 4 A g~'. Over 2500
cycles, the capacitance of NCO12 is still as high as 871 F g™}, which
benefits from the uniform 3D porous structure. The capacitance
retention ratios of NCO, NCO21, NCO12, and NCO14 are 69%, 75%,
80%, and 76%, respectively. The high capacitance and good stability
of NCO12 are higher than those of similar systems in most reported
literatures [29-31], making it a promising material for ECs.

To better understand the advantages of porous structure, the
electrodes are subjected to AC impedance measurements to ana-
lyze the electron transport properties of these samples. Fig. 7
shows the Nyquist plots of NCO, NCO21, NCO12, and NCO14 elec-
trodes. Each spectrum displays a depressed semicircle in high-
frequency region and a straight line in low-frequency region. It is
well accepted that the semicircle corresponds to the charge trans-
fer resistance, which is related to the surface area and electrical
conductivity [32,33]. NCO electrode exhibits largest semicircle,
indicating that NCO electrode has highest charge transfer resis-
tance. The other three electrodes display the much smaller semi-
circles. It is because that the compact structure disappeared and
the SSA are much enhanced to make more tunnels for electron
transport and more available active sites decrease the charge
transfer resistance. The straight line reflects the diffusion of the

20 -

= NCO o

e NCO21

15 - /
—4— NCOI2

1 Ncou4 .
_E 10 4
S

7' (ohm)

Fig. 7. Electrochemical impedance spectra (EIS) obtained from NCO, NCO21,
NCO12, and NCO14 electrodes. The inset shows the enlarged EIS of the electrodes.
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electro-active species [34]. All the samples show the similar slope
of the straight line, meaning that the ion diffusions are in the same
type. The intercept at the real part (Zre) is the total electric series
resistance (ESR), which is a combination of the electrolyte resis-
tance, contact resistance at interface, and the intrinsic resistance
of the electrode [35,36]. In the inset images, the intercept with real
axis of NCO12 is the smallest, illustrating that the higher electrical
conductivity of NCO12. It is also due to the unique porous
structure.

Based on the above electrochemical analysis, NCO12 shows
superior capacitive and cycling performance even at considerably
high charge and discharge currents. The reasons can be well under-
stood if the following factors are considered. First, the porous
structure owns a large SSA and suitable pore size, which can
enlarge the contact area with the electrolyte and increase more
active sites for redox reaction. Second, the porous structure exhi-
bits a 3D network to provide electron more tunnels for electrons
and ions transport. Third, NiCo,04 composites possess higher elec-
tric conductivity.

4. Conclusions

We demonstrated an effective strategy for preparing the 3D
porous structural NiCo,04 composite and preventing the NCO from
aggregation via a template method under facile conditions. SiO sol
was used as the template to create pores in the NCO composites
and avoid the aggregation of NCO composites. The NCO grew on
the surface of SiO, could transform their morphology from parti-
cles to nanosheets. Through controlling the ratio of SiO, and
NCO, the porous structure could also be adjusted. A high specific
capacitance of 1389 Fg~' can be achieved for NCO12 composite.
The excellent electrochemical performance is a result of the syner-
getic effect. The binary system owns superiority over single oxides.
The unique 3D structure provides more active sites and large con-
tact area for redox reaction. Thus, the porous NCO12 composite
shows higher specific capacitance, better cyclicity and stability,
which is promising for large-capacity energy storage.
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