All-Solid-State Symmetric Supercapacitor
Based on Co3;0,4 Nanoparticles on
Vertically Aligned Graphene
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ABSTRACT We have synthesized the hybrid supercapacitor electrode of Co;0, nanoparticles on
vertically aligned graphene nanosheets (VAGNs) supported by carbon fabric. The VAGN served as an
excellent backbone together with the carbon fabric, enhancing composites to a high specific
capacitance of 3480 F/g, approaching the theoretical value (3560 F/g). A highly flexible all-solid-
state symmetric supercapacitor device was fabricated by two pieces of our Co30,/VAGN/carbon
fabric hybrid electrode. The device is suitable for different bending angles and delivers a high
capacitance (580 F/g), good cycling ability (86.2% capacitance retention after 20 000 cycles), high
energy density (80 Wh/kg), and high power density (20 kW/kg at 27 Wh/kg). These excellent
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electrochemical performances, as a result of the particular structure of VAGN and the flexibility of

the carbon fabric, suggest that these composites have an enormous potential in energy application.
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he demand for power sources of por-
Ttable electronic devices has increased

in recent years due to the large pro-
liferation of e-readers, tablets, and smart-
phones. Therefore, it is critical to miniature
the energy device without jeopardizing its
power capacity. Supercapacitors stand out
among other candidates because of their
higher power density, cycle efficiency, and
charge/discharge rate.' There are two types
of supercapacitors based on the energy
storage mechanism: electrical double-layer
capacitors (EDLCs) and pseudocapacitors.
Many efforts have been made to fabricate
EDLCs with carbon-based materials such as
carbon nanotubes? and reduced graphene
oxide® This type of supercapacitor stores
electrical energy by electrostatic accumula-
tion of charges in the electric double-layer
near the electrode/electrolyte interfaces.*
Additionally, transition metal oxides, e.g.,
MnO,,®> RuO,® and NiO,” have been used to
build pseudocapcitors. These pseudocapa-
citors, taking advantage of the reversible
Faradaic reactions occurring at the elec-
trode surface, offer better electrochemical
performances than the EDLCs.* Among
these transition metal oxide candiates, Cos0,4
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is considered to be ideal due to its high
theoretical capacitance (3560 F/g), envi-
ronmental friendliness, and good electro-
chemical performance.® However, in many
cases, the observed specific capacitances
are far lower than the theoretical value.®'°
Thus, it is still a challenge to fabricate a
Co30,4-based supercapacitor with high spe-
cific capacitances.

The low electronic conductivity of Co30,
limits the performance of supercapacitors
by hindering the transfer of electrons.'’ In
order to overcome this limitation, much
work has focused on the incorporation of
Co30, into highly conductive nanostruc-
tured carbons®'" Graphene nanosheets
(GNSs) are an excellent backbone to hold
these transition metal oxides, because of
their outstanding feature of high conduc-
tivity and specific surface.>'? However, the
strong w—m interactions and the van der
Waals force between the planar basal
planes cause the normal GNSs to restack
themselves.'”> These drawbacks can be
overcome by employing a vertically aligned
graphene nanosheet (VAGN) with its bot-
tom fixed to the surface of the substrate.
Thus, the space between each pair of sheets
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can be maintained during the subsequent procedures.
What is more, the open space of the GNS reduces the
internal resistance and facilitates the diffusion of elec-
trolyte to the inner part of the electrode when as-
sembled to a supercapcitor.?

Conventionally, electrodes are directly immersed
into a solution containing Na,SO,, H,SO,4, or KOH for
liquid-electrolyte-based supercapacitors. As a result,
these capacitors are not feasible options for electronic
application because it is very difficult to shelter the other
elements from the liquid electrolyte and to have flexi-
bility.® Recently, all-solid-state supercapacitors based on
carbon fabric (CF) have been explored extensively to
meet the demand for flexible and wearable electronic
devices.'* The electrolyte of the all-solid-state super-
capacitors is not as mobile as the liquid solution, so it can
be easily separated from other parts of the device.
Moreover, as a characteristic of carbon fabric, the super-
capacitors can be easily fabricated to bend or twist.'?

Here, we combined the VAGN and the carbon fabric
to fabricate a supercapacitor electrode with Co30,4
nanoparticles. The VAGN together with the carbon
fabric served as the backbone and current collector.
The Cos0,4 nanoparticles of ~5 nm were deposited on
the VAGN via a facile hydrothermal method without
breaking the specific structure of the VAGN. In the
liquid-electrolyte-based three-electrode test, Co30,4
reaches a high specific capacitance of up to 3482 F/g
obtained in a 2 M KOH aqueous solution. In addi-
tion, we also made the all-solid-state symmetric super-
capacitor by assembling two pieces of the as-made
electrodes. The fabricated supercapacitor exhibits an
outstanding electrochemical performance with the
highest energy density of 80 Wh/kg at a power density
of 0.5 kW/kg and highest power density of 20 kW/kg
at a energy density of 27 Wh/kg. The device demon-
strates an excellent flexibility without significantly
sacrificing the electrochemical performance when
bent to 150 degrees. The capacitance retention is
86.3% after 20 000 cycles at 20 A/g.

RESULTS AND DISCUSSION

The flexible electrode was fabricated through a two-
step approach. First, the VAGNs were synthesized on
the carbon fabric (Scheme 1b). The carbon fabric was
employed as the current collector along with the
VAGN. The VAGN has a high nitrogen Brunauer—
Emmett—Teller specific surface area of ~1800 m?/g
(Figure S1), indicating it to be an ideal backbone.
Second, the Cos04 nanoparticles were deposited onto
the VAGN by a hydrothermal process with cobalt
acetate (Co(CH5COO0),),'® as shown in Scheme 1c
(the details of the experiment are provided in the
Experimental Section). By controlling the amount of
cobalt acetate in the hydrothermal step, we made
various samples with low, medium, and high mass
loading content of Co3z04 named Co304-L, Co304-M,
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(b) Carbon fabric with VAGN  (c) Co;0,/VAGN/CF

Scheme 1. Schematic illustration of the fabrication process
and architecture of (a) carbon fabric, (b) the deposition of
VAGN onto the carbon fabric, and (c) the deposition of
Co30,4 nanoparticles onto the carbon fabric with VAGN.

and Co304-H, respectively. The Co30,4-L, Co30,4-M, and
Co304-H contained 25, 50, and 100 ug of Co30,,
respectively. The structures and morphologies of the
composites were examined by scanning electron mi-
croscopy (SEM) and transmission electron microscopy
(TEM). Figure 1a and b show the low- and high-resolution
SEM images of the obtained VAGN/CF composites,
respectively. The VAGN has been synthesized on each
fiber, keeping a distance around 300 nm between each
pair of neighboring sheets. The whole surface of each
carbon fiber is totally covered by the graphene sheets.
Figure 1c shows high-resolution SEM images of the
Co30,4-H composite. The sample demonstrates analo-
gous morphology with the VAGN. As expected, the
specific structure of the VAGN has not been changed
during the hydrothermal and following annealing step.
The thickness of each sheet has increased to ~50 nm
at Co30,4-H, which is evidence for the deposition of
Co30,. The existence of porous Cos0,4 nanoparticles
was further confirmed by TEM, as shown in Figure 2.
For Co304-H, the surface of the VAGN was almost
completely covered by Cos0, nanoparticles with a
grain size of around 5 nm (Figure 2a), and few particles
were free of the VAGN. Figure 2b demonstrates that
the Cos0,4 nanoparticles are anchored to both sides of
the VAGN in Cos30,4-L. The graphene sheet is even a
little deformed by the crowded nanoparticles. Note-
worthy, the TEM of Co30,-L is not much different from
Co30,4-H, comparing Figure 2b with Figure 2a. Part of
the area is not covered by the nanoparticles due to the
low loading amount. This may result in the different
behavior in the electrochemical test. The high-resolution
TEM image further reveals the lattice fringes showing an
interplanar spacing of 0.244 and 0.202 nm, corresponding
to the (311) and (400) planes of the face-centered-cubic
phase of Cos0, (space group: Fd3m (227), JCPDS card
no. 42-1467), respectively.

Figure 3a shows the X-ray powder diffraction of the
sample. All of the peaks of the composites coincide
with those from the cubic phase Cos0, in both position
and relative intensities, except the peak at 20 = 26°
from the VAGN/CF."” No other peaks presented indi-
cate a high purity. The oxidation state of Co304 was
characterized by X-ray photoelectron spectroscopy (XPS),
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Figure 1. (a) Low-resolution SEM images of the VAGN, (b)
high-resolution SEM images of the VAGN, and (c) high-
resolution SEM image of Co30,4-H.

as shown in Figure 3b. The two peaks at 780.1 and 794.9 eV
correspond to the Co 2ps/, and Co 2p;,, spin—orbit peaks
of Co30,, respectively.'® The two shakeup satellite peaks
located around 788 and 803 €V are also characteristic of
C050,, in good agreement with the former reports.'®'
This result is well consistent with that of XRD and the high-
resolution TEM analysis.

To examine the electronic properties of the pre-
pared Cos304-based electrodes, we performed cyclic
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Figure 2. (a) Low- and high-resolution TEM images of
Co30,4-H and (b) high-resolution TEM images of the VAGN
and Cos0, particles.

voltammetry (CV) measurements using a three-elec-
trode test in 2 M KOH solution at the scan rate of
1—200 mV/s. The potential window is chosen from
0.25 to 0.75 V vs the Hg/HgO reference electrode.
Figure 4a shows the CV plots of various electrodes at
a scan rate of 50 mV/s. The electrode of VAGN/CF
demonstrates a very low electric current response
compared with the Coz04-based electrode. Conse-
quently, the contribution from VAGN/CF is neglected
when evaluating the performance of the electrode.
On the other hand, the three Co3;0,4-based electrodes
share an analogous shape of the CV plot. The redox
peaks are in evidence in the CV plots of the Co30,
composite, indicating that the capacitance of Coz0,4
mainly results from pseudocapacitance rather than the
double-layer capacitance.?’ This is because the electric
double-layer capacitance always gives a CV curve close
to an ideal rectangular shape, while the pseudocapa-
citance has anodic and cathodic peaks from the corre-
sponding redox reaction.?’ The reaction of the con-
version in the electrolyte between different cobalt
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Figure 3. (a) XRD patterns of Co;0,/VAGN/CF and (b) Co 2p
core-level XPS spectrum of Co30,/VAGN/CF.

oxidation states can be proposed as follows:*°

Reversible redox 1:

Co304 + OH™ +Hy;0<>3CoO0H + e~

Reversible redox 2:

CoOOH + OH ™ <Co0; +H,0+e™

In Figure 4a, it is clear that two cathodic peaks can be
found at around 0.45 and 0.52 V, corresponding to redox
2 and redox 1, respectively. However, only one anodic
peak can be detected around 0.62 V at the same time.
Previous reports gave a similar result.2>*' The explanation
for the disappearance of an anodic peak is that the product
of redox 1, CoOOH, simultaneously undergoes further
oxidation to CoO, in redox 2.2 Thus, these two anodic
peaks are so close that they could not be distinguished.
Figure 4b shows a CV chart of Co304-H. The increas-
ing scan rate does not influence the shape of the CV
curves significantly, indicating the good electron con-
duction in the host materials.?® The anodic peaks shift to
higher potential while the cathodic peaks shift to lower
potential with increasing the scan rate, which is a result
of the limitation of the ion diffusion rate to satisfy
electronic neutralization during the redox reaction.®
At the highest scan rate, the voltage window is not even
wide enough to complete the redox reaction judging by
the incomplete anodic peak, but the CV curve still shows
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Figure 4. (a) CVs of VAGN and various Co30, composites at
a scan rate of 50 mV/s, (b) CVs of the Co30,-L electrode at
scan rates from 1 to 200 mV/s, and (c) specific capacitance vs
scan rate for various Co30, composites.

a pair of redox shapes, suggesting that the Co30,4-based
electrodes were favorable for fast redox reactions.’?
Figure 4c demonstrates specific capacitance (Cp)
as a function of the mass of Co;0,4 and the scan rate.
The highest Cy, is 3482 F/g at 1 mV/s of Co304-L, which
is close to the theoretical value (3560 F/g) and higher
than those in previous reports.'”?* For the composites
Co304-M and Co30,-H, C, reached 1828 and 1330 F/g,
respectively. The decreasing of C,, as the amount
increases is consistent with prior reports.*'>'° For
Co30,-L, each particle can take part in the redox reac-
tion without congregating, as shown in Figure 2b,
while for Co304-M and Cos04-H, the surface area of
the VAGN has been stretched to its limit with the
crowded nanoparticles. As a consequence, some par-
ticles may not participate in the electrochemical pro-
cess taking place at the interface of the electrolyte and
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(a)

Candle oil

Figure 5. (a) Optical photographs of the fabricated solid-
state supercapacitor device. The square in the left image
indicates the capacitance region. Candle oil is used to
prevent the electrolyte from immersing the electrode be-
yond the capacitance region. The rightimage demonstrates
the flexibility of the device. (b) Four supercapacitor units are
connected to light a light-emitting diode.

electrode. The electron diffusion between the electro-
lyte and VAGN may also be hindered by these exces-
sive Co30, particles, leading to a lower C,.'* The Cqp
also decreases as the scan rate increases from 1 mV/s to
200 mV/s. Finally, the Cs, of Co304-L, Co304-M, and
Co304-H reach 1617, 1128, and 602 F/g at 200 mV/s,
respectively. In addition, the maximum value of the
volumetric capacitance is 950 F/cm?> (Figure S2), higher
than the previous report>>2® (Table S1).

A symmetric all-solid-state was assembled by two
Co304-H electrodes, as shown in Figure 5a. The as-
prepared supercapacitor is flexible and can be bent
without sacrificing the electrochemical performance.
Figure 6a shows that the CV chart changes slightly
under different bending angles from 0° to 150°, dem-
onstrating that the structural integrity of the device is
not destroyed when folded. This performance can be
attributed to the flexibility character due to the carbon
fabric. On the contrary, the CV chart has a rectangular
shape without the anode and cathode peaks, differing

LIAO ET AL.

from the shape of the CV chart in the three-electrode
test. Corresponding with the previous report,"' the
Co304-based hybrid electrodes are charged and dis-
charged at a pseudoconstant rate over the entire vol-
tammetric cycles, resulting in the absence of the re-
dox peaks. Figure 6b shows the galvanostatic charge/
discharge result. The linear profile of the charge and the
discharge curves reveals the good capacitive character-
istics of the solid-state supercapacitor device. As shown
in Figure 6¢, the device delivers high specific capaci-
tance values of 580, 450, 350, 300, 238, and 196 F/g at
discharge current densities of 1, 2, 5, 10, 20, and 40 A/g,
respectively. The specific capacitance decreases as the
current increases, for the same reason as the electro-
performance in the three-electrode system. This is due
to the fact that the high current makes more active
material insufficient in the redox reaction as the scan
rate increases.”> These specific capacitance values are
higher than the reported literature values for the sym-
metric all-solid-state supercapacitor, such as the graphene/
MnO, ultrafilm (254 F/g at 0.5 A/g)*” and ITO/MnO,
nanoparticles (341.4 F/g at 0.2 mA/cm?).%

The cycling stability of the supercapacitor was tested
through a cyclic charge/discharge process at a current
density of 20 A/g, as shown in Figure 6d. The device
demonstrated an excellent stability, remaining at
86.3% of its initial capacitance after 20000 charge/
discharge cycles. No significant electrochemical changes
were observed after the long-term process, as shown
in the inset of Figure 6d. For the symmetric device,
the energy and power densities were calculated from
galvanostatic discharge curves and plotted on the
Ragone diagram shown in Figure 6e. Various energy
densities can be reached with various power
densities: 33 Wh/kg at 10 kW/kg, 41.6 Wh/kg at
5 kW/kg, and 48.6 Wh/kg at 2.5 kW/kg. The maximum
energy density of 80 Wh/kg is achieved at a power
density of 0.5 kW/kg, while the highest power density
is of 20 kW/kg at the energy density of 27 Wh/kg.
The operating voltage window is 1 V. These values are
superior to the previously reported symmetric systems
graphene/MnO, (6.8 Wh/kg at 62 Wrkg),'”> MnO,
(18 Wh/kg at 12.6 kWrkg),”” and graphene/MnO,
(4.8 Wh/kg at 14 kW/kg)."> Noteworthy, the energy
density and power density are comparable in the asym-
metric system of graphene/MnO, (7 Wh/kg at 5 kW/kg)
with a voltage window of 2 V.?° We had connected four
supercapacitor units in series to light a light-emitting
diode (LED) after charging to 2 V, as shown in Figure 5b.
Each used device has the same area of 0.7 cm?.

Tested in a frequency range from 0.01 Hz to 10 kHz at
an open-circuit potential with an ac amplitude of
10 mV, the charge-transfer procedure of the symmetric
device can be analyzed by the electrochemical imped-
ance spectra. We also used an equivalent circuit to
obtain the charge-transfer resistance (Figure 6f, inset);
Ry R, and G, represent the electrolyte resistance, the
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Figure 6. (a) CVs for the device at various bending angles. (b) Galvanostatic charging/discharging curves of the super-
capacitor device at various current densities. (c) Specific capacitance vs current densities for the supercapacitor device. (d)
Cycling stability of the device at 20 A/g. The inset shows the galvanostatic charge/discharge curves of the last 10 cycles. (e)
Ragone plots of the supercapacitor device. The values of other reported supercapacitors are added for comparison. (f) Nyquist
plot of the supercapacitor device; the inset is the equivalent circuit.

charge-transfer resistance, and the pseudocapacitive ele-
ment due to the redox process of Co;0,, respectively.'?
CPE refers to a constant phase element due to the double-
layer capacitance. The result of R is 20.66 ohm, indicating
a low internal resistance for the whole device.

CONCLUSION

A Co304/VAGN/CF hybrid structure electrode
was synthesized with a high specific capacitance of

EXPERIMENTAL SECTION

Synthesis of VAGN/CF. The synthesis of the VAGN was carried
out in a microwave plasma enhanced chemical vapor deposi-
tion system (MPECVD) as in our previous work.'? The

LIAO ET AL.

3480 F/g, close to the theoretical value. A solid-state
supercapacitor was fabricated by two pieces of these
electrodes. The device exhibited an excellent stabi-
lity under different bending angles and long cycling.
The maximum energy density of 80 Wh/kg and
highest power density of 20 kW/kg demonstrated
that the device has great potential applications in
energy management for flexible and lightweight
electronics.

rectangular microwave waveguide was coupled with the micro-
wave power in a quartz tube for generating the plasma. A piece
of carbon fabric (5 cm x 0.7 cm) was used as the substrate. The
temperature of the plasma was controlled by microwave power
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in Hy. The heating step started after the chamber had been
evacuated to 5 mTorr. During the heating step, H, flowed into the
chamber at a rate of 30 sccm with a microwave power of 800 W and
a chamber pressure of 8.5 Torr. After reaching 385 °C, CH, flowed
into the chamber at a rate of 30 sccm while changing the H, to
20 sccm. The graphene deposition procedure lasted 2.5 min. Then
the carbon fabric was taken out and rolled over to deposit the
graphene on the other side. The as-deposited graphene was located
in the middle of the carbon fabric stretching a length of 1 cm.

Synthesis of C0;0,/VAGN/CF Composites. In a typical experiment to
prepare the Co30,/VAGN/CF composites, 2 mg of Co(CH;COO),+
4H,0 was dispersed in 16 mL of ethanol. A light purple solution
was obtained after stirring for 10 min. The solution was then
transferred into a Teflon stainless steel autoclave with a capacity
of 25 mL. The as-prepared VAGN/CF was put into the solution
before the autoclave was sealed and hydrothermally treated for
3 h at 150 °C. After cooling to room temperature naturally, the
composites were taken out and washed repeatedly with ethanol
and deionized water. The composite was annealed under vacuum
at 120 °C for 10 h and then in the air at 250 °C for 3 h. The as-
prepared sample was named Co30,-L. The Co30,4,-M and Co304-H
were made only by changing the amount of Co(CH;COO),-4H,0
to 5 and 200 mg, respectively. To calculate the mass of the Cos0,,
the samples were dissolved in HCl solution and the concentration
of Co ion in the solution was measured by the inductive coupled
plasma emission spectrometer method.

Characterizations. The morphologies of the Cos0,/VAGN/carbon
fabric were characterized by field scanning electronic microscopy
(Quanta 400F) with an accelerating voltage of 20 kV. Transmission
electron microscopy images were taken with a FEl Tecnai G2 F30
microscope operated at 300 kV. XPS measurements were carried
out with an ESCA Lab250 spectrometer using a twin-anode Al Ko
(1486.6 eV) X-ray source. All spectra were calibrated to the binding
energy of the C 1s peak at 284.6 eV. The base pressure was
around 3 x 1077 Pa. The structural phases of the products were
measured by powder X-ray diffraction experiments on a Rigaku
X-ray diffractometer (D-MAX 2200 VPC).

Electrochemical Measurement. After the carbon fabric with gra-
phene and Cos0, had been annealed, its central part has an
area of 1 cm x 0.7 cm. The other part of the carbon fabric
was either cut off or covered by candle oil except the space
connected with the electrochemical workstation. In the three-
electrode tests, the Co30,/VAGN/carbon fabric composites, the
Hg/HgO electrode, and a piece of Pt electrode were used as the
working electrode, the reference electrode, and the counter
electrode, respectively. The electrolyte used in the electroche-
mical measurement was a 2 M KOH aqueous solution. In the
two-electrode all-solid-state test, the electrolyte was PVA/KOH
gel, prepared as follows: 3.58 g of KOH was added into 60 mL of
deionized water, and then 6 g of PVA power was added. The
mixture was heated to 95 °C under stirring until the solution
became clear. Two pieces of Co30,4-H were immersed into the
PVA/KOH solution for 3 min, then taken out and assembled
together with a filter paper as the separator. All electrochemical
tests were performed in an electrochemical workstation (lviumStat,
Ivium).
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