Journal of Materials Science: Materials in Electronics (2018) 29:9166-9175
https://doi.org/10.1007/510854-018-8944-0

@ CrossMark

A novel synthesis of coral-like Co;0, nanowires cluster for all-solid-

state asymmetric supercapacitors

Wei Liu"2 - Huailin Fan' - Jianyu Gu? - Donghong Wang? - Shijie Qu'

Received: 25 January 2018 / Accepted: 16 March 2018 / Published online: 20 March 2018

© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

The coral-like Co;0, nanowires (CNWs) cluster was synthesized by a novel strategy, in which polyurethane (PU) prepolymer
was used as soft template during solvothermal process. The diameters of CNWs samples gradually decreased with the increas-
ing of PU prepolymer. Electrochemical measurements showed that the CNWs possessed the largest specific capacitance
of 502.6 F g~!, which is 2.2 times higher than that of bulk Co;0,. Moreover, an all-solid-state asymmetric supercapacitor
based on CN'Ws as positive electrode and activated carbon as negative electrode delivered a high energy density of 18.3 Wh

kg~! and good cycling stability.

1 Introduction

Climate change and depletion of fossil fuels have stimulated
intense concerns on energy storage systems, including bat-
teries and capacitors [1]. In the recent years, supercapacitors
have attracted huge attention due to their long cycle life,
high power density and fast charge/discharge rates [2, 3].
However, using carbon materials as electrodes, conventional
symmetric supercapacitors (SSCs) suffer from a limited
energy density (< 10 Wh kg™") [4, 5]. To solve this problem,
an effective approach is to develop asymmetric supercapaci-
tors (ASCs), in which either or both of two carbon electrodes
are replaced by pseudocapacitive electrodes. ASCs can
make full use of potential windows of two different elec-
trodes to increase the operation voltage, resulting in higher
energy density than SSCs [6-8]. Up to now, various redox-
active materials have been employed as pseudocapacitive
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electrode of ASCs, such as transition metal oxides [9-11]/
hydroxides [12]/sulfides [13], conducting polymers [14] or
metal—organic framework [15].

As a common transition metal oxide, Co;0, has a wide
application in catalysis [16], electrochemical capacitor
[17, 18], batteries [19, 20] and wave absorption [21]; it is
a promising candidate for positive electrode of ASCs due
to its low cost, high redox activity and high theoretical
specific capacitance [22, 23]. However, the electrochemi-
cal reaction between Co;0, and electrolyte ions generally
occurred in the surface layer of materials, which causes that
bulk Co;0, suffers from a limited specific capacitance due
to low utilization ratio. Moreover, large volume change of
Co;0, during charging/discharging process causes a terrible
cycling stability, which hinders its widespread application
[24, 25]. To improve the utilization ratio of active materials,
reducing the size of transition metal oxides to nanoscale is
an accepted strategy [26]. Plenty of nanostructured Co;0,
with different morphologies are making its way into the
material literature, including nanosheets [27], nanoplates
[28], nanowires [29], nanocapsules [30], nanopolyhedrons
[31] and nanoflowers [32]. Furthermore, one-dimensional
materials can provide short transfer pathways for electron
and remarkably accommodate the volume change caused
by charging and discharging [33-35]. Therefore, it is antici-
pated that one-dimensional nanostructured Co;0, would
present higher specific capacitance and cycling stability in
a high-performance supercapacitor. Hitherto, many efforts
have been made to develop one-dimensional nanostructured
Co50,. Hydrothermal method [36, 37] is the most common


http://orcid.org/0000-0001-8911-0772
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-018-8944-0&domain=pdf
https://doi.org/10.1007/s10854-018-8944-0

Journal of Materials Science: Materials in Electronics (2018) 29:9166-9175

9167

route to prepared Co;0, nanowires. For example, Zhang
et al. [36] deposited Co;0, nanowires on Ni foam through a
typical hydrothermal process assisted with NH,F and urea.
And various morphologies of Co;0, nanowires could be
controlled by adding different surfactants. In some reports
[38, 39], Co;0, nanowires were obtained by the conver-
sion of precursor nanowires. Yao et al. [38] prepared Co;0,
nanowires through the decomposition of CoC,0,-2H,0
nanowires that were synthesized via a polyvinyl alcohol
(PVA)-assisted co-precipitation process. The Co;O4 nanow-
ires were also obtained by CVD [40] and hard template
method [41].

Herein, we report a novel method to prepare coral-like
Co;0, nanowires (CNWs), in which polyurethane (PU)
prepolymer was used as soft templates. To our best knowl-
edge, there is no report on one-dimensional nanostructured
metal oxides prepared by using PU prepolymer as template.
The as-prepared CNWs exhibited high specific capacitance
and excellent rate capability. All-solid-state ASCs were
assembled by employing CNWs as positive electrode mate-
rials. The device showed a high energy density of 18.3
Wh kg~! and long cycle life (83.6% retention after 5000
cycles).

2 Experimental
2.1 Materials

Polycaprolactone diol (PCL diol, Mn =2000, Daicel, Japan)
was dried and degassed at 80 °C under vacuum for 3 h before
use. Isophorone diisocyanate (IPDI, Aldrich) was dried over
4 A molecular sieves before use. Dimethylol butanoic acid
(DMBA, Aldrich) was used as received. Urea and cobalt(II)
nitrate (Co(NOj),-6H,0) purchased from Shanghai Chemi-
cal Reagent Company were analytical grade. Activated car-
bon (AC) was prepared by KOH activation in our previous
work [42].

2.2 Synthesize of polyurethane prepolymer

The preparation process of PU prepolymer was as follows:
0.012 mol PCL diol and 0.048 mol IPDI were introduced
into a four-neck flask with mechanical stirrer, thermom-
eter and reflux condenser. The reaction was carried out at
70 °C under N, atmosphere for 2 h. After cooling to 50 °C,
0.015 mol of DMBA was added into the flask. Then, reaction
was maintained at 50 °C for 4 h to prepare PU prepolymer.

2.3 Preparation of Co;0, nanowires

The prepared PU prepolymer was added into acetone to obtain
PU prepolymer solution. The concentration of solution was set

at0,0.5, 1 and 2 wt%. Subsequently, 30 g PU aqueous solution
was mixed with 10 g of 30 wt% Co(NO3),-6H,0 aqueous solu-
tion and 1 g of urea by magnetic stirring for 2 h. The mixture
was then transferred into a Teflon-lined stainless steel auto-
clave (100 mL) and heated at 180 °C for 24 h. The products
were filtered, washed with ethanol and deionized water for
several times and dried at 80 °C for 12 h. Finally, the products
were calcined at 400 °C for 1 h in air to obtain Co;0, nanow-
ires. For convenience, the samples were denoted as CNWO,
CNWO0.5, CNW1 and CNW2, corresponding to the concentra-
tion of prepolymer solution.

2.4 Characterization

The microstructures and morphologies of the samples were
observed by a field emission scanning electron microscopy
(FE-SEM, JEOL JSM-7001F) and transmission electron
microscope (TEM, JEM-2010). The crystallographic struc-
ture of cobalt oxide was investigated by X-ray diffraction
(XRD, D8 Advance) equipped with Cu Ko radiation. The
elemental composition of the samples was detected by energy
dispersive X-ray spectrometer (EDS). The X-ray photoelec-
tron spectroscopy (XPS) spectra were performed on an
AXIS ULTRAL DLD spectrometer with Al Ko radiation.
Nitrogen adsorption/desorption isotherms of the samples
were collected using a Micromeritics ASAP 2020 adsorp-
tion apparatus.

2.5 Electrochemical measurements

The electrochemical performance was tested by an electro-
chemical workstation (CHI660E) in 6 M KOH solution. The
working electrodes were fabricated by mixing active materials,
carbon black and polytetrafluoroethylene (PTFE) in ethanol to
form slurry with a weight ratio of 8:1:1. Then the slurry was
applied to a piece of Ni foam, which was dried and pressed
with another piece of Ni foam under 10 MPa subsequently.
For three-electrode system, platinum foil and Hg/HgO elec-
trode were selected as counter electrode and reference elec-
trode, respectively. For two-electrode system, CNWs and
AC were used as positive and negative electrode materials of
all-solid-state ASCs. And KOH/polyvinyl alcohol (PVA) gel
prepared by previous reports [43, 44] was selected as solid-
state electrolyte.

The specific capacitance (F g71), energy density (Whkg™")
and power density (W kg™!) of ASCs were calculated from
follow equation [45].

- M
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where I represents charge/discharge current (A), At repre-
sents discharge time (s), m represents the total mass of active
materials on two electrodes (g), and AV represents operation
voltage (V).

3 Results and discussions

3.1 Structure characterization and formation
mechanism of Co;0, nanowires

The XRD patterns of CNWs are displayed in Fig. 1a. All
samples exhibit eight obvious diffraction peaks at 20 val-
ues of 19.0°, 31.3°, 36.9°, 38.6°, 44.9°, 55.7°, 59.3° and
65.2°, which matches well with the standard XRD pat-
tern of the cubic spinel Co;0, (JCPDS, no. 43-1003). No
other obvious diffraction peaks are observed, indicating
the high purity of samples. Moreover, diffraction peaks of
Co;0, become weaker slightly with the increasing of PU
prepolymer concentration, which implies the decrease of
crystallization. The EDS spectra were employed to inves-
tigate the elemental composition of the samples, as shown
in Fig. S1. It can be seen that Co/O atomic ratios of all
samples are close to 3:4, which reconfirms the existence
of Co;0,. There are not any carbon or nitrogen signals in
the EDS spectra of all prepared CNWs samples, which
implies that polyurethane prepolymer have been com-
pletely removed after thermal treatment. The XPS analysis
is employed to further identify the valent state of cobalt
(Fig. 1b). Two major peaks at 779.60 and 794.65 eV are
displayed in Co 2p spectrum with spin-energy separation
of 15.05 eV, which correspond to Co 2p,,, and Co 2p,, of
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Fig.1 a The XRD patterns of CNWs; b the XPS spectra of CNWs
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Co;0,, respectively. Moreover, two pairs of fitting peaks
are ascribed to Co’* (779.60 and 794.65 eV) and Co**
(780.94 and 796.08 eV), respectively [46].

The SEM images of products prepared with various PU
prepolymer solution concentrations are shown in Fig. 2.
Without the assistant of PU prepolymer, CNWO0 exhibits
irregular bulk morphology (Fig. 2a). With the increasing
of PU prepolymer concentration, the morphology of prod-
ucts is gradually converted into the interesting coral-like
wires and the diameters of wires are gradually decreased
from micrometers into nanometers (Fig. 2b, c, d). Nev-
ertheless, the lengths of wires still retain around several
tens of micrometers. As the concentration of prepolymer
solution is 1 wt%, CNW1 exhibited Co;0, wires with
diameters of 300 nm and these nanowires are independent
with each other (Fig. 3a). In the case of 2 wt% prepolymer
solution, CNW?2 shows smaller diameters of 100 nm and
higher aspect ratio (Fig. 3b). However, the aggregation of
nanowires for CNW?2 is very obvious. As shown in Fig. 3c,
TEM images of CNW?2 reveals that Co;O, nanowires have
the diameters of about 100 nm, which is in agreement with
the results of SEM. Moreover, it can be seen that nanowires
are comprised of nanoparticles with the size of 20 nm. The
lattice fringe spacing of 0.446 nm corresponds to the (111)
crystal planes of cubic spinel Co;0, (Fig. 3d), which is
consistent with the XRD results.

According to SEM and TEM images, it is easy to con-
clude that PU prepolymer plays an important role in the
formation of nanowires. The detail nucleation and growing
mechanism of Co;0, nanowires was illustrated in Fig. 4.
Firstly, the PU prepolymer with abundant carboxyl groups
was obtained from polymerization of PCL diol, IPDI and
DMBA [47, 48]. Then, carboxyl groups on PU prepoly-
mer chains could chelate Co®" in the precursor solution
to form Co**—PU complex. Furthermore, urea gradually

b
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8
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Fig.2 The SEM images of a CNWO0, b CNWO0.5, ¢ CNW1 and d CNW2

decomposed to release OH™ during the solvothermal pro-
cess [Eq. (4)], which could react with Co?* on PU prepoly-
mer chains to obtain Co(OH), [Eq. (5)]. Finally, the Co;0,
nanowires were synthesized by thermal treatment in air
(Eq. (6)].

CO(NH,), + H,0 — NH," + OH™ + HCNO 4)
Co’* + 20H™ — Co(OH), 5)
6Co(OH), + 0, — 2Co;0, + 6H,0 (6)

The specific surface areas and pore-size distributions of
the prepared products were obtained from N, adsorption/
desorption isotherms (Fig. 5). Both products exhibit a type
IV isotherm with a hysteresis loop at 0.7 <P/P,< 1.0, indi-
cating the existence of mesoporous structure that facilitates
the diffusion of electrolyte ions. The pore-size distribution
image calculated from BJH method further demonstrates
that both products also have a narrow mesopore size distri-
bution centered at 2.6 nm, which is originated from crev-
ice of nanoparticles. However, Co;0, nanowires present
much larger nitrogen adsorption volume than bulk Co;0,,

suggesting the higher specific surface area and pore vol-
ume. The specific surface areas and pore volumes of CNWs
are listed in Table 1. It can be observed that the specific
surface area and pore volume are generally increased with
the increasing of PU concentration. The specific surface
area of CNW1 can reach 31.86 m? g~!, which is much
larger than that of CNWO (9.49 m? g~!). With an exception,
CNW?2 possesses a lower specific surface area (27.39 m?
g1 than CNW 1, which may be caused by the aggregation
of Co;0, nanowires.

3.2 Electrochemical measurements

The electrochemical properties of the samples were first
evaluated in a three-electrode system. To illustrate the
advantage of nanowire-morphology, Fig. 6a compares the
CV curves of CNWs with different microstructure at a scan
rate of 10 mV s, Clearly, the area of CV curves is dramati-
cally enhanced when the morphology of Co;0, is changed
from bulks to wires, which could be attributed to the short
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Fig.3 The high resolution SEM images of a CNW1 and b CNW2; ¢ TEM images of CNW2, d high resolution TEM images of CNW2

transfer pathways and the alleviation of the mechanical stress
induced by the volume change during the charge/discharge
processes for the 1D nanostructured materials. The CNW1
has the largest CV area, indicating a superior specific capaci-
tance of CNW1, which could be attributed to higher specific
surface area. Moreover, there are two pairs of redox peaks
in the CV curves of Co;0,, which can be ascribed to the
conversions between various cobalt oxidation states as illus-
trated as follows [49]:

C0;0, + H,0 + OH™ < 3CoOOH + ¢~ %

CoOOH + OH™ & CoO, + H,0 + ¢ ®)

Figure 6b shows the CV curves of CNW1 at various scan
rates. The shape of the CV curves has no obvious change
with the increase of scan rate, which indicates that CNW1
displays high electrochemical reactivity. The oxidation and
reduction peaks respectively shift to high potential and

@ Springer

low potential with the increase of scan rates, which can be
attributed to irreversible reactions and electric polarization
[50]. The galvanostatic charge/discharge curves of CNW1
at different current densities are presented in Fig. 6c. It can
be seen that all charge/discharge curves are nonlinear lines
and that there are two obvious voltage stages in the curves:
0-0.35 and 0.35-0.5 V, corresponding to the peaks in CV
curves. The correlation between specific capacitance calcu-
lated according to Eq. (1) and current densities of CNWs
is displayed in Fig. 6d. It can be observed that CNW1 pos-
sesses a high specific capacitance of 502.6 F g~ at 0.5 A
g~!, which is about 2.2 times higher than that of bulk Co50,
(225.9 F g™"). Moreover, the specific capacitance of CNW1
can reach 466 F g~! even at 10 A g~!, which indicates the
excellent rate capability.

Figure 6e shows the cycling stability of all CNWs sam-
ples at 5 A g~! during 5000 charging/discharging cycles.
It can be observed that CNW0, CNWO0.5, CNW1, CNW2
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Fig.4 The detail nucleation and CHs
growing mechanism of Co;0, % CH, NCO CH,CH3
nanowires
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Fig.5 The N, adsorption/desorption isotherms of a CNW1 and b CNWO.

maintain 63.1, 75.8, 84.2 and 78.9% of their initial capaci-

tance after 5000 cycles, respectively. This result demon-
strates that Co;0, nanowires possess higher cycling stabil-
ity than that of bulk Co;0, as we have mentioned above.

0

(The inset shows the pore size distribution of corresponding samples)

In order to investigate the practicability of as-prepared
materials, asymmetric supercapacitors were assembled
by using CNW1 as positive electrode and AC as negative
electrode (denoted as CNWs//AC-ASC), respectively. And

@ Springer
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Table 1 Th ifi f: - — 3 _ 3 _
areas and poerip:(():]luzjzzg?ce Samples Stma] (m2 g I) Smcsoporc (m2 g I) Vtotal (m’; g 1) Vmcsoporc (m3 g 1)
CNWs CNWO 9.49 9.45 0.056 0.053

CNWO0.5 19.73 19.67 0.075 0.072

CNW1 31.86 31.82 0.145 0.140

CNW2 27.39 27.33 0.136 0.129

S.oal TEPresents the total specific surface area of samples; S represents the mesopore specific surface

total

area of samples; V,, represents the total pore volume of samples; V

volume of samples

KOH/PVA gel was adopted as solid electrolyte. As shown
in Fig. 7a, the CNW1 electrode was measured within a sta-
ble potential window of 0-0.5 V whereas that of the AC
electrode was measured from — 1 to 0 V, which implies that
asymmetric supercapacitors consisting of such two electrode
can afford 1.5 V operation voltages in 6 M KOH aqueous
electrolyte. To optimize the performance of the CNWs//
AC-ASC, the charge between the positive and negative
electrodes should be balanced. And the mass ratio of AC to
CNWs is calculated to 1.06:1 according to follow equation
[51]:

0 =mCAV 9)
where Q represents the charge on electrodes, m represents
the mass of electrode materials, C represents the specific
capacitance of electrode materials, and AV represents poten-
tial windows of electrode.

The CV curves of CNWs//AC-ASC with different opera-
tion voltages at 20 mV s~! are displayed in Fig. 7b. When
the operation voltage is ranged from 0.5 to 1.5 V, the type of
CV curve is transformed from EDLC to pseudocapacitance,
indicating that redox reaction occurred at high operation
voltage. In any case, the results demonstrate that opera-
tion voltage of the assembled asymmetric supercapacitor
can reach 1.5 V as we expected. The CV curves at various
scan rates of CNWs//AC-ASC were performed between 0
and 1.5 V (Fig. 7c¢). With the increasing of the scan rates,
the shape of the CV curves could still be well preserved,
indicating fast charge/discharge rate. The GCD curves
of CNWs//AC-ASC present a nearly symmetric shape
(Fig. 7d), suggesting the good electrochemical reversibil-
ity and coulombic efficiency. In addition, the slight IR drop
implies the low internal resistance of the device. Based on
the total mass of active materials on two electrodes, the
specific capacitance of CNWs//AC-ASC can reach 58.6 F
glat1 Agh.

@ Springer

mesopore

mesopore FEPresents the mesopore pore

The energy density and power density of the device was
further investigated according to Egs. (2) and (3), and the
Ragone plots are shown in Fig. 8a. The CNWs//AC-ASC
exhibited a high energy density of 18.3 Wh kg~! at a power
density of 750 W kg~!, which is much higher than that of
conventional supercapacitors (< 10 Wh kg™!). The energy
density of the device can still maintain 72% when power
density is up to 7500 W kg~!. These results are comparable
to those of the recent reported all-solid-state supercapaci-
tors [43, 52-57].

The cycling stability of the CNWs//AC-ASC was meas-
ured at 2 A g, As shown in Fig. 8b, the specific capaci-
tance of the device can still retain 83.6% of initial value
after 5000 cycles, indicating the good cycling stability.
Furthermore, three all-solid-state asymmetric superca-
pacitors in series can light a green LED under the original
and bending states (inset of Fig. 8b), which reveals the
structural integrity and practical application potential of
the device.

4 Conclusions

The coral-like Co;0, nanowires were prepared through
solvothermal process and thermal treatment by using
PU prepolymer as template. To our best knowledge, this
novel route to prepare 1D nanostructured materials was
reported for the first time. The formation mechanism of
Co;0, nanowires was also proposed. With the increasing
of PU prepolymer, the diameters of as-prepared Co;0,
nanowires range from 1 pm to 100 nm. As electrode
materials of supercapacitors, the CNWs exhibited a high
specific capacitance of 502.6 Fg~'at 0.5 A g 'in 6 M
KOH solution, which was much larger than that of bulk
Co;0,. The excellent electrochemical performances could
be attributed to short transfer pathways and the alleviation
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Fig.6 a The CV curves of CNWs with different microstructure at a
scan rate of 10 mV s™. b The CV curves of CNW1 at various scan
rates. ¢ The galvanostatic charge/discharge curves of CNW1 at differ-

of the mechanical stress produced by the volume change
during the charge/discharge processes for the 1D nano-
structured materials. The all-solid-state asymmetric super-
capacitor assembled by using Co;0, nanowires as positive

ent current densities. d The correlation between specific capacitance
and current densities of CNWs. e The cycling stability of CNWs at
5 A g~! during 5000 charging/discharging cycles

electrodes exhibited a high energy density of 18.3 Whkg™!
and long cycle life along with 83.6% retention after 5000
cycles, which demonstrated its potential for application in
energy storage.
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