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Abstract: In this paper, Co3O4 nanosheets were prepared by the hydrothermal method. The structure
of the material was analyzed by morphological characterization and physical phase analysis, which
confirmed the preparation of the product, Co304, showing a nanosheet structure. By studying
the electrochromic properties of the prepared products, the results show that the transmittance
modulation range of the CozO4 nanosheet is 75% at 780 nm. The coloring response time and
bleaching response time is about 3.8 s and 3.4 s, respectively. Electrochemical tests show that the
Co0304 nanosheets have good capacitive properties. Their specific capacitance reaches 1850 F/g when
the current density is 1 A/g. When the current density is 5 A/g, the specific capacitance can still
maintain 99.6% after 5000 cycles. In addition, Co3O4//CNTs devices can provide a maximum energy
density of 79.52 Wh/kg (1 A/g) and a maximum power density of 11,000 W/kg (15 A/g), showing
good energy storage capacity. The above data results indicate that the prepared Co3O4 nanosheets
can be used as good candidates for supercapacitors. This paper provides a new idea and method for
preparing Co3O4 materials.

Keywords: CozO4 nanosheets; hydrothermal method; electrically induced discoloration; supercapacitor

1. Introduction

With the rapid growth of energy demand and the continuous consumption of fossil
fuels, today’s society is facing more and more serious energy and environmental problems.
In order to solve these problems, on the one hand, renewable and clean energy should be
developed. Supercapacitors are usually used as energy storage devices for clean energy
due to their excellent characteristics of high-power input and output and rapid charge and
discharge [1]. On the other hand, to save energy, electrochromic materials can be widely
used in buildings, vehicles, and other facilities to save energy by adjusting their own color
and transmittance changes. Research and development with a variety of high-performance
materials, to alleviate the energy crisis, has far-reaching significance [2,3].

Cobalt tetroxide is a P-type semiconductor, which has the advantages of high theoreti-
cal specific capacitance (over 3000 F/g), abundant reserves, low price, and environmental
friendliness, and has been a hotspot for electrochemical performance research [4-7]. For
example, Wang et al. [8] successfully prepared CozO4 nanoparticles. At a high current
density of 20 A /g, the specific capacitance retention rate is up to 99% with 10,000 cycles.
Wang et al. [9] prepared the Co304 nanostructures on nickel foam. Under the condition of a
scanning speed of 10 mV /s, the capacity of this electrode is 1090 F/g. Jahdaly et al. [10] suc-
cessfully synthesized cobalt oxide nanoparticles by the hydrothermal method. The authors
assembled it and the activated carbon (AC) as positive and negative electrodes, respectively,
into devices. The asymmetric device has a current density of 1 A/g, a specific capacitance
of 182 F/g, a maximum power density of 585 W /kg, and a maximum energy density of
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25.27 Wh/kg. Conclusions regarding the above data provide a scientific basis for us to
study the electrochemical properties of Co3O4 nanomaterials. In addition, cobalt tetroxide
also has good electrochromic properties and a relatively short response time, which has
attracted extensive attention from researchers. Wang et al. [11] prepared nanoporous Co304
films by electrodeposition, and the coloring response time and bleaching response time
of the prepared nanoporous Co3O4 was 3.0 s and 2.6 s, respectively. Venkatesh et al. [12]
successfully prepared Co3Oy thin films by spray pyrolysis. The film has a maximum light
modulation of 35% and a coloring efficiency of 29 cm?/C. Dhas et al. [13] successfully
grew cobalt oxide (Co30y) thin films on FTO using spray pyrolysis technology. The trans-
mittance of the material reached 38.3%. Based on the above studies, it was found that
Co304 nanomaterials have a wide range of research value in the material preparation and
electrochromic field of supercapacitors.

In this paper, Co304 nanosheet materials with relatively good performance were
prepared on nickel foam conductive substrates by the hydrothermal method. The data
show that the material has good electrochemical and electrochromic properties, and the
transmittance of the Co3O4 nanosheets at 780 nm is 25% and 100% in the colored and
bleached states, respectively, with a modulation range of 75% for light transmission. In
addition, the Co304 nanosheets are excellent electrode materials for supercapacitors. The
specific capacitance was up to 1850 F/g at a current density of 1 A/g. The retention of
specific capacitance was up to 99.6% after 5000 cycles. Finally, the CozO4 nanosheets and
CNTs were assembled into an asymmetric device, which can be stabilized with a potential
window of 1.6 V and a specific capacitance of up to 339 F/g at 1 A/g. In addition, the
device has a maximum energy density of 79.52 Wh/kg and a maximum power density of
11,000 W /kg.

2. Materials and Methods
2.1. Preparation of Co3O4 Nanosheets

The preparation steps of the CozO4 nanosheets were as follows: Firstly, 0.2 g of PEO-
PPO-PEO (Sate-polypropylene oxide-ate-oxide) and 13 g of ethanol were dissolved in
1 mL deionized water, and then magnetically stirred for 20 min to form the transparent
solution A. Then, 0.125 g of Co(Ac),-4H,0O and 0.07 g of hexamethylenetetramine were
added to solution A, and the purple solution B was obtained by magnetic stirring for 15 min.
Secondly, 13 mL of ethylene glycol reagent was added to solution B, and the mixture was
magnetically stirred for 30 min and placed at room temperature for 2 days. The nickel
foam (size: 1 x 1 x 0.2 cm3 ) was cleaned with ethanol, acetone, and ultrapure water by
ultrasonication for 10 min and then dried in the oven to obtain clean nickel foam. Clean
nickel foam was placed in the solution and transferred to a 45 mL autoclave for 2 h at
170 °C. Then, the product was removed from the reactor and centrifuged for 20 min at
900 r/min. The black product was filtered out, washed three times (alternating between
distilled water and ethanol), and dried at 80 °C for 24 h to obtain the precursor. Finally, the
obtained precursor was placed in a Muffle furnace and heat treated for 0.5 h at 350 °C to
obtain the brown powder, namely, the Co304 nanosheets.

2.2. Material Characterization

The microstructure and micromorphology of the prepared samples were characterized
by scanning electron microscopy (SEM, JEOL-6360Lv, Tokyo, Japan) and transmission
electron microscopy (TEM, JEOL JEM-201, Tokyo, Japan). The phase structure was analyzed
using an X-ray diffractometer (Aolong Y2000, Dandong, China). A surface area and aperture
analyzer (Tristar II, Micromeritics, Seoul, South Korea) was used to test the surface area
and aperture data, respectively.
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2.3. Electrochemical Performance Test and Preparation and Characterization of the
Supercapacitor Devices

The electrochemical performance tests, device preparation, and characterization in this
article are the same as in our previous articles. Please refer to the supporting information
in our previous articles for more details [14]. The loading mass of Co3O4 was 2.9 mg cm 2
and those of the CNTs were 3.4 mg cm 2. The specific capacitance, energy density, and
power density after material testing are calculated as follows:

Cs = iAt/mAV 1)

E = 0.5CsAV?/3.6 )

P = 3600E/ At (3)

mt/m~ =C~ x AV~ /C* x AV* (4)

where C; is the specific capacity, i is the discharge current, t is the discharge time, AV is
the voltage drop, m is the mass of the active material, E is energy density, and P is the
power density.

2.4. Electrochromic Performance Testing

A three-electrode test system was carried out using a Co3O4 mold: a homogeneous
layer of the polymer was plated on a conductive substrate; Co304/ITO was prepared as
the working electrode, an Ag/Ag™" electrode as the reference electrode, and Pt wire as the
counter electrode; the electrolyte solution was a 0.1 M LiClOy solution. When testing the
electrochemical properties of the absorption/transmission spectra, different voltages were
applied to the electrodes in the amperometric I-t channel. To test the electrochromic stability
properties at alternating square wave voltages, an alternating square wave voltage was
applied with the chronoamperometry channel, and the absorbance-transmittance variation
curves at set wavelengths were measured in situ inline with a UV-Vis-NIR spectrometer.

3. Results and Discussion

In order to observe the morphology and structure of the product, we carried out
an SEM analysis of the product. Figure 1a is a low-magnification SEM image of CozOy4
nanomaterials grown on a foamed nickel conductive substrate. As can be seen in the
figure, a large number of the Co3O4 nanomaterials were grown on a nickel foam conductive
substrate. Figure 1b shows a high magnification SEM image of a Co30O4 nanosheet. There
are a large number of nanosheets intertwined with each other in the figure, forming a
mesh-like porous structure. The formed pores can provide convenient channels for the
rapid migration and transfer of ions and electrons. To further confirm the elemental
composition of the prepared product obtained, SEM mapping tests were carried out, as
shown in Figure 1c,d. The results verified the presence of elemental Co and O, which
indicated that the product did not contain other impurities. The above test results indicate
that the synthesized product is a Co3O4 nanosheet material.

In order to observe the microscopic morphology of the product more closely, it was
tested using transmission electron microscopy (TEM). The morphology of the Co304
nanosheets can be clearly observed according to Figure 2a. The average size of the
nanosheets is 50 nm.We performed HRTEM at the red circle in Figure 2a, as shown in
Figure 2b. It can be found that the crystal plane spacing is 0.28 nm, which corresponds to
the (220) lattice of the Co3O4 material. As can be seen in the inset of Figure 2b, the SEAD
test indicates a distinct diffraction ring, suggesting that the prepared Co3O4 material is
polycrystalline. We further tested the elemental mapping of Co3O, by energy dispersive
spectroscopy (EDS). It can be seen in Figure 2c¢ that the prepared Co304 nanomaterial con-
tains both Co and O elements, which is consistent with the SEM mapping test. Figure 2d
shows an X-ray diffraction (XRD) test of the material to analyze the physical phase structure
of the Co304 nanosheets. The diffraction peaks in the figure are sharp and the presence
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of other impurity peaks was not observed. All the diffraction peaks correspond to the

standard diffraction card (PDF card no. 65-3103). All the above analyses indicate that the
prepared material is Co3Oy.

Figure 1. (a,b) SEM images of Co30O; at different magnifications. (c,d) SEM mapping images of Co
and O elements, respectively.
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Figure 2. (a) TEM images of Co3O4 nanosheets. (b) HRTEM images of Co3O4 nanosheets. (c) EDS
spectra of Co3O4 nanoparticles. (d) XRD spectra of Co3O4 nanoparticles.

The prepared Co3O4 material was further analyzed by a nitrogen desorption test. The
isothermal curve of nitrogen absorption and desorption is shown in Figure 3a. The test
results show that the specific surface area of the Co3O, material is 146.6 m?/g. Figure 3b
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Transmittance (%)

shows the pore size distribution curve of the material. The pore size distribution is more
than 50 nm, and these pore sizes are formed by the interweaving of the materials. The
large specific surface area of the material enables full contact between the electrolyte
and the electrode material, accelerating the electrochemical reaction and improving the
electrochemical performance [15].
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Figure 3. (a) Nitrogen adsorption-desorption isothermal curve. (b) Pore size distribution of
Co304 nanosheets.

Electrochromic materials are a class of smart materials that can selectively absorb or
transmit light to achieve color changes under electrical stimulation. They can reduce energy
consumption, save energy, and adapt to the development of the times, so they are often
used in energy-saving construction and intelligent transportation. In order to realize the
industrialization of electrochromic devices, research on materials with excellent properties
has become a current hotspot. Co30; is one of the widely used anode electrochromic
materials [16].

Next, we gain a more accurate understanding of the electrochromic properties of
the Co304 nanosheets by observing the transmittance and response time of the Co304
nanosheets. The transmittance and response time changes at a scan rate of 60 mV /s can
be seen in Figure 4. The results show that the material has a transmission (AT of 75% at
780 nm. In the voltage range (from —1 to +1 V), the color of the Co304 changes. Ata
negative voltage, the Co30O4 was dyed yellow. After moving to a positive voltage, the film
was bleached and returned to its original transparent state. The inset of Figure 4a shows
the color change of the Co304. As shown in Figure 4b, the coloring response time and
the bleaching response time is about 3.8 s and 3.4 s, respectively. The above experimental
results show that the synthesized Co30, nanomaterials have high transmission contrast
and short response time, as well as good electrochromic properties.
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Figure 4. (a) Optical transmittance spectra of the Co3O4 nanomaterials. The inset shows the
photographs of the CozO, nanomaterials in the colored and bleached states. (b) Switching response
curves of the Co304 nanomaterials.
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In the experiments, the electrochemical properties of the Co3O4 nanosheets were
further analyzed. Figure 5a shows the CV curves of the CozO4 nanosheets at different scan
rates. There are a pair of obvious redox peaks in the CV curve, showing the pseudocapaci-
tive properties of the material. The shape of the curve does not change significantly with
an increasing scan rate. This indicates that the sheet-like structure of the Co304 electrode
material has good stability. The figure shows that oxidation and reduction gradually peak
with the increase of scan rate towards high potential and low potential, and tends to move
slowly, showing that the oxidation-reduction process is a reversible reaction. In alkaline

electrolytes, the main redox reaction equation is [17]:

Co304 + HHO + OH™ = 3CoOOH + e~

CoOOH + OH™ = Co0O; + HO +e™
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Figure 5. Electrochemical characterization of the Co3O4 nanosheets in a three—electrode system.
(a) CV curves of CozO4 nanosheets. (b) Charge-discharge curves of Co3O4 nanosheets at current
densities of 1, 3, 5, 8, 10, and 15 A/g. (c) Specific capacitance of Co3O4 nanosheets at different current
densities. (d) Cycle performance test of Co304 nanosheets at a current density of 5 A/g. (e) Nyquist
diagram of the first cycle and after 5000 cycles of Co3O,4 nanosheets. (f) Rate and cycle performance

of the hybrid CozO4 nanosheets under varied current densities.
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Figure 5b shows the galvanostatic charge-discharge curves of the Co304 nanosheets
at current densities of 1, 3, 5, 8, 10, and 15 A/g. We calculated the corresponding specific
capacitance by Equation (1), as shown in Figure 5c. The results show that the specific
capacitances of the electrodes at current densities of 1,2, 3,5, 8 and 10, A/g are 1850, 1786,
1583, 1403, 1374, and 1320 E/g, respectively. In order to better study the electrochemical
stability of the Co3O4 nanosheets, we carried out charge-discharge cycle tests at a current
density of 5 A/g. Figure 5d shows the variation curve of the specific capacitance of the
Co304 sheet-like structure electrode and the number of cycles. After testing for 5000 cycles,
the specific capacitance of the electrode decreased from 1403 to 1398 F/g and the capacitance
retention rate reached 99.6%. The results show that the Co30O4 nanosheet electrode has good
cycling stability. Figure 5e shows a comparison of the impedance of the Co304 nanosheet
electrode material for the 1st and 5000th cycle. In the high-frequency region, the focal
point of the curve on the solid axis, Rs, includes the internal impedance of the electroactive
material, the ionic impedance of the electrolyte, and the contact impedance between the
electrolyte and the surface of the electrode material [18]. The diameter of the semicircular
arc reflects the electron transfer impedance, Rct. The inset shows the fitted equivalent
circuit diagram. Warburg represents the diffusion of electrolytes in the electrode and the
diffusion of protons in the host material [19]. The closer the straight line is to the imaginary
axis, the lower the diffusion impedance is. The diffusion resistance of the material increased
slightly after 5000 cycles, which may be due to the loss of active material after 5000 cycles
and the inability of the material to fully react with the electrolyte [20]. We also carried out
cycling stability experiments at different current densities. From Figure 5f, it can be seen
that the specific capacitance of the sheet-like Co3O;4 electrode material changes when the
current density is continuously changed and then returned to the initial current density.
The specific capacitance was consistently 1153 F/g during the first 1000 cycles, at a current
density of 10 A/g. After continuously changing the current density and then returning
to a current density of 10 A/g, the specific capacitance was 1195 F/g. This shows that
the specific capacitance does not change significantly. The above results demonstrate
the good electrochemical performance of the Co3O4 nanosheet electrode. Table 1 shows
the electrochemical properties of Co3O4 nanomaterials and their comparison with the
references. Here we also analyze and summarize the reasons for the good performance of
the CozOy4 nanosheets. Firstly, the nanosheets interweave with each other to form a highly
networked structure, creating a larger specific surface area and exposing more reactive
sites, resulting in enhanced electrochemical performance. Secondly, we added surfactants
(PEO-PPO-PEO) and a curing agent (hexamethylenetetramine) during the preparation
process, which resulted in highly dispersed prepared materials and formed homogeneous
Co304 nanosheets.

Table 1. The capacitance properties of the synthetic materials in this experiment are compared with
those of the references.

Materials Curre[r:;/];]enSIty Cap[aFc/lgt]ance Number of Cycles Ret[eoz ;wn Ref.
Co304 8 548 2000 98.5% [21]
Co304/g-C3Ny 1 1071 1000 95.5% [22]
Co304 0.1 574 1000 95% [23]
Zn0O/Co304 1 1135 5000 83% [24]
Co304 1 610 3000 94.5% [25]
Co304/AC 0.1 491 5000 89% [26]
Co304/CNT 2 406 10,000 93% [27]
Co304@NiO-1 1 692.8 2500 90.88% [28]
Co0304@Ni35, 1 1710 5000 83.5% [29]
CoMn,04@Co0304 1 1627 5000 89.2% [30]
Co304 1 1850 5000 99.6% This paper
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We further explored the electrochemical properties of the material by assembling an
ASC device, using the Co3O4 nanoparticles electrode as the cathode, and the carbon nan-
otubes (CNTs) electrode as the cathode. As an ideal electrode material for supercapacitors,
CNTs have excellent electrical conductivity and stable chemical properties. In this experi-
ment, we prepared the CNTs by the chemical vapor deposition method. Before matching
with the cathode material, we first performed charge-discharge tests on the CNTs elec-
trode, as the anode, under different current densities. Figure 6 shows the charge-discharge
test curves at current densities of 1, 3, 5, 8, 10, and 15 A/g, demonstrating the electric
double-layer capacitance properties of the CNTs. Then we calculated the corresponding
specific capacitance according to the specific capacitance calculation, using Equation (1).
The specific capacitances of the electrodes at current densities of 1, 3, 5, 8, 10, and 15 A/g
were 207, 198, 164, 143, 121, and 104 F/g, respectively. It can be seen that CNTs have stable
electrochemical properties.

0.2
0.0 |
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S .
= ——5 Alg
.04}
g —8 Alg
= Il — 10A/g
S -0.6
ay o 15A/g
0.8 [
-1.0 s 1 s 1 1 1
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Time (s)
Figure 6. Charge-discharge test curves of the CNTs electrode for varied current densities.

During the experiment, the assembly of the device needs to match the quality of the
positive and negative active materials. The specific capacitance of the negative and positive
CNTs at 1 A/g were 207 and 1850 F/g, respectively, and the voltage changes were 1 and
0.5V, respectively. According to Equation (4), the quality of the Co3O4//CNTs device of
anode materials is m*/m~~1/5. Next, we investigated the capacitive properties of the
Co304/ /CNTs asymmetric device, as shown in Figure 7. The electrode CV curve of the
test system is shown in Figure 7a, for anode material (Co3z04) and anode materials (CNTs)
at a scanning speed of 20 mV /s while using 2 M KOH as the electrolyte. The potential
window of Co3O4 was —1-0'V, and the potential window of the carbon nanotube electrode
was —0.2-0.6 V. Figure 7b shows the CV curves of the Co304//CNTs device at potential
windows of 0.8, 1.0, 1.2, 1.4, and 1.6 V. These CV curves all approximate parallelograms.
From the figure, we can see the continuous change of different potential windows under
the condition of a scanning speed of 15 mV/s. The shape of the CV curve does not change
significantly when the potential window is 1.6 V, and there is no redundant precipitation
peak, which indicates that the potential window of the Co30,//CNTs device can be
stabilized at 1.6 V. Therefore, subsequent research testing of Co304//CNTs asymmetric
devices can be carried out with a research voltage window of 0-1.6 V to investigate their
electrochemical properties. Figure 7c shows the CV curves of Co30,//CNTs devices at
scan speeds of 5, 20, 40, 60, 80, and 100 mV/s. It can be seen from the figure that the shape
of the curve nearly does not change with the increase of the scanning speed, which verifies
that the device has good electrochemical performance. The charge-discharge tests of the
Co304//CNTs devices at different current densities are shown in Figure 7d. We calculated
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the device under current densities of 1, 3, 5, 8, 10 and 15 A /g for specific capacitances of 339,
314, 307, 294, 287 and 278 F/g, respectively. The charging and discharging curves in the
figure are basically symmetrical, reflecting the good capacitance performance of the device.
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Figure 7. (a) CV curves of the hybrid Co3Oj electrode and CNTs electrodes in a three—electrode cell in
a2 M KOH electrolyte at a scan rate of 5mV/s. (b) CV curves of the optimized Co304//CNTs device
collected at different potential windows at a scan rate of 15 mV/s. (c¢) CV curves of Co304//CNTs

devices at scanning speeds of 5, 20, 40, 60, 80, and 100 mV/s. (d) Charge and discharge tests of
Co304//CNTs devices for varied current densities.

We compared our research work with other energy storage devices [31-34], as shown
in Figure 8. According to the Equations (2) and (3), we calculated the Co3z04//CNTs
device’s energy density and power density. When the current density is 1 A/g, the power
density of the device is 900 W/kg, and the maximum energy density is 79.52 Wh/kg. When
the current density is 15 A /g, the maximum power density of the device is 11,000 W /kg,
and even still, the energy density can reach 48.47 Wh/kg. By comparison, the performance

of the Co304//CNTs device is significantly better than other energy storage devices listed
in the literature.
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Figure 8. The Ragone plots relating power density to energy density of the asymmetric supercapacitor
device [31-34].
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4. Conclusions

In this paper, we successfully prepared Co3O, nanosheets. According to the test
results of SEM, XRD and TEM, the prepared materials are Co3O4 nanomaterials with
sheet-like structures. In this paper, the electrochromic and capacitor properties of the
prepared materials were investigated. The results show that the transmittance of Co3zOy4
nanosheets at 780 nm is close to 25% and 100%, in color and bleached states, respectively,
and the modulation range of their transmittance to light is about 75%. The coloring
response time and bleaching response time is about 3.8 s and 3.4 s, respectively. It can
be seen that the synthetic material has good electrochromic properties. Electrochemical
test results show that the specific capacitance of CozO4 nanosheets reaches 1850 F/g when
the current density is 1 A/g. When the current density is 5 A/g, after 5000 cycles, the
specific capacitance retention rate is 99.6%, which shows good cycle stability and rate
characteristics as a supercapacitor electrode material. In addition, the maximum voltage
of the Co304//CNTs asymmetric device is 1.6 V, and it can provide a maximum energy
density of 79.52 Wh/kg and a maximum power density of 11,000 W/kg, with excellent
electrochemical performance. Devices such as these will play a more important role in
areas such as the future of energy storage.
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