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Influence of Temperature on ZnO/Co;0, Nanocomposites for High
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ABSTRACT: We developed a two-step chemical bath deposition
method followed by calcination for the production of ZnO/Co;0,
nanocomposites. In aqueous reactions, ZnO nanotubes were first

.‘ }ﬁ ~‘ "
2 ) U
densely grown on Ni foam, and then flat nanosheets of Co;0, Co(OH),
developed and formed a porous film. The aspect ratio and deposition
conductivity of the Co;0, nanosheets were improved by the l?ndt‘
calcination

existence of the ZnO nanotubes, while the bath deposition from a
ZnO hexagonal nanotube
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Co30, nanosheet

mixture of Zn/Co precursors (one-step method) resulted in a
wrinkled plate of Zn/Co oxides. As a supercapacitor electrode, the
Zn0O/Co;0, nanosheets formed by the two-step method exhibited
a high capacitance, and after being calcined at 450 °C, these
nanosheets attained the highest specific capacitance (940 F g™') at a scan rate of S mV s~ in the cyclic voltammetry analysis. This
value was significantly higher than those of single-component electrodes, Co;0, (785 F g™') and ZnO (200 F g™'); therefore, the
presence of a synergistic effect was suggested. From the charge/discharge curves, the specific capacitance of ZnO/Co;0, calcined at
450 °C was calculated to be 740 F g™" at a current density of 0.75 A g™', and 85.7% of the initial capacitance was retained after 1000
cycles. A symmetrical configuration exhibited a good cycling stability (Coulombic efficiency of 99.6% over 1000 cycles) and satisfied
both the energy density (36.6 Wh kg™") and the power density (356 W kg™'). Thus, the ZnO/Co;0, nanocomposite prepared by
this simple two-step chemical bath deposition and subsequent calcination at 450 °C is a promising material for pseudocapacitors.
Furthermore, this approach can be applied to other metal oxide nanocomposites with intricate structures to extend the design
possibility of active materials for electrochemical devices.

Zn0O/Co,0, nanocomposite

B INTRODUCTION

Currently, energy sources such as solar energy and wind energy
have been receiving considerable attention worldwide because

excellent cycling stability.u_15 However, the energy density of
supercapacitors is considerably lower than that of batteries.'®
To increase their energy density, several derivatives have been

they are renewable and pollution-free.' To use these energy
sources in practice, energy storage and conversion technologies
play a significant role. Li-ion batteries (LIBs), supercapacitors,
water splitting, CO, reduction, and fuel cells are typical
electrochemical systems for energy storage and conversion
technologies. In these systems, materials and structures are
crucial. Electrode materials with high activity, large surface
area, and suflicient durability are commonly required for both
effective energy storage and energy conversion.”’ Since the
activity of materials depends on the applications, various
materials have been examined as electrode materials for LIBs,*
as catalysts for the hydrogen evolution reaction (HER),”™” and
the oxygen evolution reaction (OER)8 in water splitting.g
Electrodes have also been developed for supercapacitors.
Supercapacitors, also known as ultracapacitors or electro-
chemical capacitors, are advanced electronic devices that store
and release bulk electrical energy with a charge separation
between the electrolyte and the surface of nanostructured
electrodes."’ Supercapacitors are expected to be promising
energy storage devices due to their high specific power,
compact size, a wide range of operating temperatures, and

© 2021 The Authors. Published by
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developed. Depending on the energy storage mechanisms, they
can be categorized into three categories: electrochemical
double-layer capacitors (EDLCs, nonfaradic), pseudocapaci-
tors (faradic, redox-based electrochemical capacitors), and
hybrid capacitors, which consist of a nonfaradic electrode and a
718 Among these, EDLCs especially have a
high specific power density, fast charge/discharge rates, long
cycle life, and environmental friendliness,"'? while pseudoca-
pacitors have a higher capacitance and energy density than
EDLCs.”**" The surface area of electrodes is commonly a
crucial factor that facilitates ion adsorption/desorption, while
electrode materials in the pseudocapacitors should be designed
to allow sufficient redox reactions.”

faradic electrode.
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Figure 1. Scanning electron microscope(SEM) images of (a and b) ZnO and (c and d) Co;0,@450.

As electrode materials for supercapacitors, carbon materials,
conducting polymers (CPs), and transition metal oxides
(TMOs) have been widely studied.”>™>° Among them,
TMOs have been intently studied as pseudocapacitors because
of their stable redox reactions and high specific capaci-
tance.”’~*’ Since the characteristics of TMOs depend on their
metal species, a variety of TMOs has been designed to improve
performance. TMOs could be hybridized with the other
materials to improve the electrochemical performances of a
supercapacitor: e.g., carbon materials can be used to extend the
surface area and introduce a conductive path to TMOs, and
conductive polymers can mechanically support the TMO.>" =’
The effects of hybridization can appear additively, synergisti-
cally, or destructively. Therefore, the combination of materials
and the preparation procedures have been carefully considered
to optimize the electrode performance. The hybridization
between TMOs is also performed in anticipation of synergistic
effects: complicated structures with a large surface area can be
formed, electric resistance can be reduced by the introduction
of the conductive path, and the redox potential can be
controlled by effective charge transfer. Anticipating these
synergistic effects, various nanocomposites of different TMOs,
such as WO,/Ti0,** Co0,S,@Co0;0,>" ZnO—-NiO,*” and
ZnCoZO4@MnC0204’33 have been reported. To design the
structures, metal—organic frameworks (MOFs) and TMOs
derived from the MOFs are also reported.”*** In particular,
Co;0, is an attractive hybrid component candidate because of
its low cost, natural abundance, environmental friendliness,
structures with high surface area, high redox activity, and high
theoretical capacitance (approximately 3560 F g~!)."*'%® On
the other hand, ZnO is also a promising candidate for
supercapacitor applications due to its environmental friend-
liness, low cost, biocompatibility, high electrical conductivity,
and excellent chemical and thermal stabilities.'”*” Moreover,
since ZnO is among the best semiconductor materials, its
capacitance contribution is less, so the ZnO layer can be used
as a powerful mechanical support for redox materials and offers
a sufficient pathway for the electron transport of the electrode
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materials due to its high mechanical flexibility and chemical
stability in alkaline and neutral electrolytes.”>”

For electrode preparation, Co;O, and its composite
materials are mostly provided in powder form and then
mixed with other conductive materials and binders to be
placed as a slurry on current collectors.”” The Co;0, powder is
synthesized by a hydrothermal method, which is a difficult
process that requires a high temperature and pressure.
Furthermore, during the mixing process, the use of conductive
additives and polymer binders results in the degradation of
nanostructures and blocking of electroactive surfaces, thus
decreasing the electron transfer ratio and ion diffusion.* To
enhance the electrochemical performance of the electrode,
direct growth of ZnO/Co;0, nanocomposites on conducting
current collectors, which avoided the use of a binder and a
tedious process, will be more applicable since every
nanostructure having electrical contact with current collectors
reduces the internal resistance.

In this study, we developed a two-step chemical bath
deposition (CBD) method that was easy, economical,
convenient, and highly reproducible. The Co;0, and ZnO/
Co0;0, nanocomposites were directly grown on a Ni foam
current collector without a binder, and the effect of calcination
temperature was investigated. Herein, we designed a porous
film of ZnO/Co;0, nanosheets synthesized by a two-step
CBD method, and the structures and electrochemical perform-
ance were analyzed as an electrode material for pseudocapa-
citors. The electrode material, which is prepared directly on Ni
foam current collectors using the CBD method without
polymer binders, could provide a high surface area, stable
structure, and favorable kinetics, which ought to enhance the
electroactive sites and electrochemical performance.

B RESULTS AND DISCUSSION

Morphological and Structure Characterization. Ni
foam has been widely used as a current collector due to its high
conductivity, uniform macropores, large surface area, and
ability to support a high loading of the active material."”>**
ZnO, Co;0, ZnO@Co;0,, and ZnO/Co;0, are active
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Figure 3. Cross-sectional SEM images of ZnO/Co;0,@450 at (a) low magnification and (b, c) high magnification.

materials for supercapacitors, and their direct growth on Ni
foam via the CBD method followed by heat treatment at
different temperatures (250, 350, 450, and 550 °C) was
studied to understand the growth of their structures. The
samples were named according to the chemical components
and calcination temperature used for their synthesis (ZnO/
C0;0,@250 ZnO/Co;0,@350, ZnO/Co0;0,@450, Co,0,@
450, and ZnO/Co;0,@550).

First, the nanostructures of the individual components (ZnO
and Co;0,@450) were observed (Figure 1). ZnO was
deposited on the Ni foam using a CBD method previously
reported with slight modifications.** As observed, ZnO
hexagonal nanotubes (HNTSs) were formed with an average
thickness, length, and diameter of 76 nm, 1.36 ym, and 262
nm, respectively (Figure la,b). In contrast, the Co;0,
developed a nanosheet array that uniformly covered the Ni
foam after calcination at 450 °C (Figure lc,d) using a
previously reported method.”> The average length and
thickness of each Co;0, nanosheet were approximately 1.16
um and 86 nm, respectively. These structures were highly
porous, which is suitable for electrolyte diffusion.

Next, the ZnO/Co;0, nanocomposites were prepared
through three steps: ZnO HNTs, Co(OH), deposition, and
calcination. Calcination was applied to partially oxidize Co** to
Co®" and develop a crystal structure. The oxidation of Co ions
was confirmed by observing the color change from green
(before calcination) to black (after calcination). SEM images

revealed that the morphologies of the ZnO/Co;0, nano-
composites were nanosheet arrays (Figure 2).

The average length and thickness of each nanosheet in
ZnO/Co;0,@450 were 1.74 um and 48 nm, respectively,
which were significantly longer and thinner than those of
C0;0,@450 (1.16 pum and 86 nm). This change could be
induced by the existence of Zn ions in the Co(OH),
deposition: in the reaction solution of Co(OH), deposition,
the ZnO partially dissolved in the solution due to the ammonia
released from urea. The Zn ions were adsorbed onto the
Co(OH), crystal and controlled its growth direction to a high
aspect ratio.’®*” In contrast, the ZnO@Co,0,@450 obtained
from the Zn/Co precursor mixture by one-step bath
deposition had an average thickness of ~97 nm, which was
thicker than that of ZnO/Co;0,@450 (Figure 2d). The
nanosheets of ZnO@Co;0,@450 were also wrinkled and not
orderly aligned on the Ni foam substrate, which could be due
to the lattice mismatch of Co(OH), and ZnO crystals during
nucleation and crystal growth in the deposition process;
furthermore, Co(OH), likely forms a layered structure, while
ZnO forms a columnar crystal.***’ The different morphologies
and sizes of these nanocomposites demonstrated the necessity
of the separated deposition of Zn and Co. ZnO/Co;0,@450
with an interconnected porous morphology and a large surface
area was expected to be advantageous for application in
pseudocapacitors.”® The morphology difference in the ZnO/
Co;0, nanostructure is evidence of an effect of calcination
temperature. Figure 2a clearly indicates that flat nanosheets
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Spectrum 1

Spectrum 1

Spectrum 2

Figure 4. SEM images of synthesized (a-1) ZnO, (b-1) Co;0,@450, and (c-1) ZnO/Co;0,@450 electrodes; and their energy dispersive

spectroscopy (EDS) spectra (a-2, b-2, and c-2), respectively.

were formed when the sample was calcined at 250 °C. After
the application of different calcination temperatures, ZnO/
Co3;0,@350 developed nanosheets with an average length and
thickness of approximately 1.45 ym and 67 nm, respectively.
Additionally, ZnO/Co;0,@550 had many voids in the
nanosheets. These changes in the thickness and the number
of defects suggested that calcination at high temperature
resulted in thermal decomposition of nanocomposites,
including the dehydration of the remaining metal hydroxides
and the thermal reduction of metal oxides, thus leading to
thinner films with more defects.

In Figure 2a—d, ZnO HNTs were not observed.
Subsequently, the cross section of the Ni foam after the
deposition of ZnO/Co;0,@450 was observed (Figure 3). The
inner wall of the Ni foam was homogeneously covered by the
nanocomposites (Figure 3a), while the ZnO HNT structure
was retained. The ZnO HNTs on outermost surface were
covered by nanosheets, and therefore not observed in Figure
2a—d. The outer wall of the Ni foam was exposed to the
reaction solution, and therefore, more Co(OH), deposition
occurred on the outer surface to cover the ZnO HNTs than
the inside of the foam. In detail, the ZnO HNTs were covered
by ultrathin Co;0, films, which evenly spread out on the large
nanosheets (Figure 3b). Furthermore, the surface of ZnO

HNTs seems to be corroded (Figure 3c), which suggests that
the Zn ions eluted from the ZnO HNTs during the Co(OH),
deposition. These structures supported the hypothesis of a thin
nanosheet growth mechanism: in the vicinity of ZnO, the
concentration of Zn ijons became higher, and thus the
deposition of Co(OH), in the thickness direction was strongly
regulated.””’

To confirm the coexistence of Zn and Co oxides in the
nanocomposite, elemental analyses were also performed
(Figure 4).

The ZnO HNTs showed the existence of Zn and O with a
small amount of Ni from the substrate. The EDS elemental
analysis of Co;0,@450 indicated the existence of Co and O
with a ratio of 2.75:3.91; this experimental ratio was consistent
with the theoretical ratio of 3:4 with a slight excess of oxygen
due to the remaining OH groups. Moreover, the EDS
spectrum of ZnO/Co;0,@450 demonstrated the presence of
Zn, Co, and O with elemental ratios of 13.36% for Zn, 32.19%
for Co, and 54.45% for O. Assuming that all of the Zn ions
were bound with O as ZnO, the ratio of Co to O was 32:41,
which was consistent with the expected formation of Co;0,.
To know the distribution of elements, the EDS elemental
mapping of the ZnO/Co;0,@450 nanosheet structure was
further conducted. The elements, Zn, Co, and O were
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uniformly distributed throughout the nanosheets (Figure S1 in
the supporting information).

Next, the structural properties and crystal phases of Co;0,@
450 and ZnO/Co;0, calcined at different temperatures from
250 to 550 °C were analyzed using X-ray diffraction (XRD)
(Figure S). The three sharp diffraction peaks at 26 of 44.27,
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Figure S. XRD charts of (a) Co;0, @450 and ZnO/Co;0, calcined
at (b) 250, (c) 350, (d) 450, and (e) 550 °C. Each peak was marked
by symbols (¢ for ZnO and V¥ for Co;0,) and dotted lines.

51.87, and 76.31° were attributed to the lattice planes of (111),
(200), and (220) of the Ni foam substrate, respectively
(JCPDS-2865). The peaks at 19.07, 31.32, 36.84, 59.36, and
65.24° were commonly observed in both materials and
corresponded to the (111), (220), (311), (511), and (440)
lattice planes of the cubic spinel phase of Co;04 (JPPDS no.
42-1467), respectively. The XRD spectra of ZnO/Co;0,@450
exhibited additional peaks at 34.67, 47.61, 56.72, 62.75, and
68.17°, which were indexed to the (002), (102), (110), (103),
and (112) lattice planes of hexagonal ZnO, respectively. The
presence of both ZnO and Co;0, structures suggested that
these two metal oxides separately existed in the nano-
composite, as shown by the SEM images (Figure 3). The
diffraction peaks of ZnO/Co;0,@450 were broader than
those of Co;0,@450, which verified that it had smaller crystal
grains.”” As the calcination temperature was increased from
250 to 550 °C, the intensity and sharpness of the diffraction
peaks of ZnO/Co;0, increased, which suggests that the
crystallization of ZnO/Co;0, progressed at hi%her temper-
ature.””** Using the Scherrer equation (eq 1),”° the mean
crystal grain size of nanocomposites was calculated

D = KA/p cos @ (1)
where D is the crystallite size (nm), K = 0.9 (Scherrer

constant), 4 = 0.15406 nm (wavelength of the X-ray source),
is the full width at half-maximum (FWHM, radians), and 0 is

the peak position (radians). The mean crystal grain sizes of
C0,0,@450, Zn0/Co,0,@250, ZnO/Cos0,@350, ZnO/
Co;0,@450, and ZnO/Co;0,@550 were, respectively,
calculated to be 9.0, 5.2, 6.5, 7.0, and 8.2 nm, which confirmed
the progress of crystallization by the high temperature and the
regulation by the Zn ions.

To further characterize the metal oxides, Fourier transform
infrared (FTIR) spectra of Co;0,@450 and ZnO/Co;0,@
450 were obtained (Figure 6). The broad bands at 3433 and

563

ZnO/C0,0,@450 <

Absorbance

-
Co,0,@450 ©

B- 3433

4000 3500 3000 2500 2000 1500 1000 500
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Figure 6. FTIR absorption spectra of Co;O,@450 and ZnO/
Co;0,@450.

1624 cm™" observed in Co;0,@450 were assigned to the O—
H stretching and bending vibrational modes, respectively.*®
The bands at 1390 and 1122 cm™ in Co;0,@450 were
attributed to the stretching vibrations of residual NO;™ and the
bending vibrations of —OH groups bound to Co ions,
respectively.””>® The bands observed at 662 and 563 cm™
were associated with the stretching vibrations of Co**—0 and
Co®"—0 bonds in the spinel cobalt oxide, resgectively, thereby
showing the presence of crystalline Co;0,°” A new band at
411 ecm™ in ZnO/Co;0,@450 was associated with ZnO.%
Thus, the coexistence of the Co;0, and ZnO crystals was
confirmed from both the XRD and FTIR analyses.

To further investigate the chemical states, the nano-
composites were analyzed using X-ray photoelectron spec-
trometry (XPS). The survey XPS spectra of the ZnO/Co;0,
calcined at different temperatures (250, 350, 450, and 550 °C)
and the ZnO@Co;0,@450 clearly indicated the existence of
O, Co, and Zn (Figure S2 in the supporting information). The
high-resolution XPS spectra of Zn 2p, Co 2p, and O 1s are
shown in Figure 7. The Zn 2p spectra exhibited two symmetric
peaks: the binding energy of Zn 2p;,, was around 1022 eV,
while the peak of Zn 2p,,, appeared around 1045 eV. As the
temperature increased, the Zn 2p peaks shifted toward a lower
energy, but the energy difference between the Zn 2p;,, and Zn
2p;,, was approximately 23 eV, which indicates the existence of
Zn** in the nanocomposite.”’ The Co 2p spectra consisted of
two spin—orbit doublets around 780 and 795 eV, which were,
respectively, assigned to Co** and Co®". The area ratios of
Co*/Co* in ZnO/Co;0, nanocomposites calcined at 250,
350, 450, and 550 °C were 0.56, 0.67, 0.92, and 0.54,
respectively. The ratio of Co’*/Co>" increased as the
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Figure 7. XPS spectra of ZnO/Co;0, nanocomposites calcined at the temperatures of 250 °C (a-1 to a-3), 350 °C (b-1 to b-3), 450 °C (c-1 to c-
3), 550 °C (d-1 to d-3), and ZnO@Co;0,@450 (e-1 to e-3), respectively. The two minor shakeup satellites are denoted as “sat” in Co 2p spectra.

calcination temperature was increased from 250 to 450 °C,

composites consisted of four peaks. Peaks around 530 and 531

which indicates that oxidation of Co ions progressed. However,
the Co*/Co*" ratio in ZnO/Co;0,@550 decreased, which
could be due to the partial decomposition of Co;0, to CoO
(see Figure 2).”” The O 1s spectra of ZnO/Co;0, nano-

eV were assigned to the metal—oxygen bond (O;) and oxygen
vacancies (Oy), respectively. The peaks at higher binding
energies (O and Oy around 532 and 533 eV, respectively)
were attributed to the defects and the absorbed oxygen species
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Figure 8. (a) CV curves of the different electrodes measured at S mV s/, (b) CV curves of ZnO/Co;0, calcined at different temperatures, and (c)
GCD curves of ZnO/Co;0, calcined at different temperatures and measured at 0.75 A g~".

(e.g, Oy, H,0, and carbonates).”* Although O; and Oy; could
originate from both of Co and Zn, the relative concentrations
of oxygen-deficient centers in the nanocomposites were
estimated from the ratios of Oy/O.°* From the XPS peak
areas, the ratios of Oy/O; were 0.5, 0.7, 0.91, and 0.43 for
ZnO/Co;0, calcined at 250, 350, 450, and 550 °C,
respectively. This suggests that the thermal decomposition of
metal oxides to generate the oxygen vacancies progressed as
the calcination temperature increased, and the restructuring of
oxygen-deficient Co;0, to CoO occurred in the nano-
composite of ZnO/Co;0,@550.°” In comparison to ZnO/
Co;0,@450, the ZnO@Co;0,@450 exhibited a significantly
lower oxygen-deficient ratio (Oy/O; = 0.25), and the Oy peak
was much broader. These differences could be explained by the
involved structure of the ZnO@Co3;0,@450, as seen in Figure
2.

Electrochemical Performance Analysis. All of the
synthesized electrode materials were electrochemically charac-
terized by the cyclic voltammetry (CV) and galvanostatic
charge/discharge (GCD) methods (Figure 8). The typical CV
curves of the bare Ni foam, ZnO HNTs, Co;0,@450, ZnO@
Co0;0,@450, and ZnO/Co;0,@450 samples at a scan rate of
SmV s!in the potential range from —0.4 to 0.7 V vs Ag/AgCl
are shown in Figure 8a. The contribution of Ni foam to the
total capacitance was almost negligible, and the observed peaks
in each curve demonstrated the pseudocapacitive properties of
each material. The mass of the active material loaded on the
current collector was 1.8 mg for ZnO, 4.6 mg for Co;0,, and
5.5 mg for ZnO/Co;0,. The specific capacitance (C) was
then calculated. ZnO/Co;0,@450 had a C, of 940 F g7/,
which was greater than the C,. values of Co;0,@450 (785 F
g™') and ZnO HNTs (200 F g™'), thus suggesting that these
materials exhibited a synergistic effect. This synergistic effect
strongly appeared with the oxidation wave at 0.14 V and the
broad reduction wave between —0.04 and —0.4 V (centered at
—0.18 V), which were not observed with the other materials
and indicate new redox potentials formed by the hybridization.
The C,. of ZnO@Co;0,@450 was 650 F g, which was lower
than the C, values of Co;0,@450 and ZnO/Co;0,@450, as
expected from the disordered structure of ZnO@Co;0,@450
(Figure 2d). Notably, the redox waves at 0.14/—0.18 V were
not observed in ZnO@Co;0,@450. That is, the coprecipita-
tion of Zn and Co oxides from the mixed precursors decreased
the synergistic effect. Furthermore, the synergistic effect was
not from the doping of Zn ions in the crystal lattice of Co;0,
because the excess Zn ions could block the active sites in the
Co oxide."®

To confirm the effects of the calcination temperature, CV
measurements were conducted for ZnO/Co;0, calcined at
different temperatures (Figure 8b). The synergistic effect was
prominent in ZnO/Co;0,@450, which exhibited a larger CV
curve area than the others. The specific capacitance (C,.)
values of ZnO/Co0;0,@250, ZnO/Co;0,@350, ZnO/
Co;0,@450, and ZnO/Co;0,@550 were 714, 850, 940, and
800 F ¢!, respectively, at S mV s™". The largest C,. of ZnO/
Co3;0,@450 could be explained by the expected high aspect
ratio and decreased number of defects in the nanostructures
(see Figure 2).65

Moreover, changes in redox waves were found to enhance
the capacitance. Commonly, a single oxidation wave (~0.14 V)
and two reduction waves (0.4—0.6 V and approximately —0.18
V) were found in the CV curves of the ZnO/Co,0,
nanocomposites, which could be attributed to the redox
reactions of Co0;0,/CoOOH/C00,.'* Focusing on the
reduction wave at 0.4—0.6 V, ZnO/Co;0,@250 and ZnO/
Co;0,@350 exhibited a reduction wave at 540 mV, which was
higher than the waves in ZnO/Co;0,@450 (490 mV) (Figure
8a). This result suggested that the calcination of Co;0, was
not achieved at 250—350 °C. Additionally, ZnO/Co;0,@550
shifted this wave to an even lower potential (470 mV).
Therefore, ZnO/Co;0,@450 provided both characteristics
associated with a slight shift toward a lower potential (center
was at 500 mV). These waves were associated with the
reduction of Co ions, which appeared at 530 mV in Co;0,@
450 (Figure 8a). The shifts of the reduction wave to lower
potentials suggest that the materials became less active in the
reduction reactions. The high crystallinity could stabilize the
materials toward the redox reactions in this range, while the
current intensity was supported by the surface area of the
materials. ZnO@Co;0,@450 with disordered structures
(Figure 2e) exhibited the wave at the highest potential (550
mV), which suggested that similar to ZnO/Co;0,@250 and
ZnO/Co;0,@350, the crystalline structures were not
developed in this nanocomposite.

For the waves that appeared by the synergistic effects (0.14
and —0.18 V), both waves exhibited a similar change in their
potential: calcination at 450 °C provided the highest potential,
followed by calcination at 350 °C. The mechanism of this shift
was not clear and would be helpful in designing synergistic
effects in the future.

Figure 8c represents the GCD curves of ZnO/Co;0,
calcined at different temperatures measured at a current
density of 0.75 A g~'. The GCD curves of these materials were
not ideally linear, which could be attributed to redox
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reactions,”® as shown in the CV curves. The specific
capacitance values (Cy) of ZnO/Co;0,@250, ZnO/
Co;0,@350, ZnO/Co;0,@450, and ZnO/Co;0,@550 were
calculated to be 430, 610, 740, and S10 F g~', respectively,
which were consistent with those of the CV measurement
results, although the C,, values were smaller than the
corresponding C,. values because of differences in the current
density and scan ratio. At the high calcination temperature of
550 °C, the specific capacitance decreased due to a loss in the
hydrous content of cobalt oxide®* and could be due to
structural deformation, which decreased the effective surface
area and increased the electrical resistance.

CV measurements were also performed at different scan
rates from 5 to 50 mV s~ to test the kinetic behavior of Co,0,
and ZnO/Co;0,@450 (Figure 9a,b).

ZnO/Co;0,@450 exhibited a higher capacitance than
Co3;0,@450 at all scan rates. As the scan rate increased
from 5 to 50 mV s7', the anodic peaks for ZnO/Co;0,@450
shifted toward a more positive potential, while the cathodic
peaks shifted toward a more negative potential, suggesting that
ion diffusion limited the redox reactions.” As a result of
electrolyte diffusion in the active material, the specific
capacitance decreased at high scan rates (Figure 9c). When
the scan rate increased to S0 mV s~ the specific capacitances
of Co;0,@450 and ZnO/Co;0,@450 decreased to 462 and
630 F g™!, and their capacitance retention was 59 and 67% of
the specific capacitance at S mV s™', respectively, which
indicates that ZnO/Co;0,@450 has a higher rate capability
than Co;0,@450.

The kinetics was also analyzed from the GCD curves (Figure
10a,b). The nonlinear GCD curves suggested that the redox

reactions of Co ions®® were consistent with the CV curves. The

discharging time of ZnO/Co03;0,@450 was longer than that of
Co;0,@450, indicating that ZnO/Co;0,@450 had a higher
specific capacitance. The C, values of ZnO/Co;0,@450 were
740, 690, 640, and 620 F g at current densities of 0.75, 1.00,
1.25, and 1.50 A g, respectively, while those of Co;0,@450
were 620, 560, 530, and 510 F g™, respectively (Figure 10c).
As the current density increased, the specific capacitance of the
materials decreased, which could be attributed to the decrease
in the effective surface area in contact with the electrolyte: the
diffusion layer became too thick to ignore the small pores in
the nanocomposites. Considering the microporous structure of
the Ni foam, the inhomogeneous flow of the electrolyte
between the skin and the inner spaces of the electrode could
also cause a decrease in the specific capacitance at a high
current density.

To analyze the details of the electrochemical behaviors,
electrochemical impedance spectroscopy (EIS) measurements
were performed on the Co;0, and ZnO/Co;0, nano-
composites (Figure 11).

The Nyquist plots, where Z' and Z” are the real and
imaginary impedances, respectively, for both nanocomposites
exhibited small semicircles in the high-frequency region and
positively sloped curves in the low-frequency region. In the
high-frequency region, ZnO/Co;0,@450 showed the smallest
semicircle diameter, which suggested the lowest resistance in
the charge transfer process. According to the equivalent circuit
model (inset in Figure 11), the charge transfer resistance (R.,)
and electrochemical resistance (R,) of the electrodes were
analyzed (Table 1). The low conductivity of ZnO/Co,0,@
350 could be attributed to its undeveloped crystallinity at low
calcination temperatures. The relatively high R, of ZnO/
Co;0,@550 could be due to defects in the nanosheets, as
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Figure 11. EIS measurements of Co;0, and ZnO/Co;0, calcined at
different temperatures. The inset circuit is the equivalent circuit used
for the EIS data analysis.

Table 1. Charge Transfer Resistance (Rc,) and
Electrochemical Resistance (R;) of the Different Electrodes

electrode R, (Q) R, (Q)
700/Co,0,@250 2.827 1.025
7n0/Co,0,@350 2454 0.873
Zn0/Co,0,@450 2324 0.578
7n0/C0,0,@550 2756 0.932
Co;0,@450 2.873 0.974

shown in Figure 2. The highest R, of Co;0,@450 could be
explained by the lack of ZnO, which provided the electron
pathway in the nanocomposite film.®* On the other hand, the
Z'-intercept represented the electrochemical resistance (R,),
which included the ionic resistance of the electrolyte, the
intrinsic resistance of the active materials, and the contact
resistance between the current collectors and the active
materials. The lowest R; of ZnO/Co0;0,@450 was consistent
with its well-developed nanosheets that had a high aspect ratio,
and thus provided a large surface area to contact with the
electrolyte. In contrast, Co;O0,@450 had thick walls to limit
the surface area for ion adsorption/desorption, as mentioned
above.

In the low-frequency region, ZnO/Co;0,@450 exhibited a
more inclined line than the others. This suggests that the
intricate structure of ZnO/Co;0,@450 limited ion diffusion

Co;0,@450, ZnO/Co3;0,@550, and ZnO@Co;0,@450
were 78.7, 83.0, 85.7, 80.2, and 74.2%, respectively (Figure
12a). ZnO/Co;0,@450 indicated the highest stability and
specific capacitance in this work. Table 2 shows the
comparisons of the specific capacitance and stability of this
work with previously reported Co;0, nanocomposite electro-
des. Although electrodes with excellent stability often have a
propensity for less specific capacitance, both the specific
capacitance and stability of the electrode in this work were
good and even greater than those of some of the previously
reported electrodes. The GCD measurements of electrodes
were also conducted after the stability test at a current density
of 3.64 A ¢! (Figure 12b). The sharp potential drop of the
initial discharge (iRde) approximately indicates the internal
resistance of the material and were in the order of ZnO/
Co0;0,@450 (53.7 mV) < ZnO/Co;0,@350 (75.8 mV) <
Zn0/Co;0,@550 (90.1 mV) <ZnO/Co;0,@250 (98.8 mV)
< ZnO@Co;0,@450 (105.6 mV). The iRy,, of ZnO/
Co;0,@450 was considerably lower than those of the others,
which suggests that ZnO/Co;0,@450 was more steadily
bound to the Ni foam than the others in the charge/discharge
cycles. The electrode with a lower internal resistance is crucial
in energy storage to decrease unwanted energy loss and heat
generation during charge/discharge processes. Thus, ZnO/
Co;0,@450 exhibited the highest properties for the cycle
stability.

The EIS spectra of ZnO/Co;0,@450 before and after the
cyclic test were also analyzed with a Nyquist plot (Figure 12c).
Zn0/Co;0,@450 exhibited a small increase in both R, (from
0.578 t0 0.653 Q) and R, (from 2.324 to 2.457 Q), which was
most likely due to the mechanical stress during the repetitive
charge—discharge process at a high current density.”® Since the
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Figure 12. (a) Capacitance retention of ZnO/Co;0, and ZnO@Co;0, nanocomposites against cycle numbers with the GCD curves of the last 15
charge/discharge cycles of ZnO/Co;0,@450 (inset), (b) GCD curves of different nanocomposites after the stability test, and (c) the Nyquist plots
of ZnO/Co;0,@450 before and after 1000 cycles.

23758 https://doi.org/10.1021/acsomega.1c02059

ACS Omega 2021, 6, 23750-23763


https://pubs.acs.org/doi/10.1021/acsomega.1c02059?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02059?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02059?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02059?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02059?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02059?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02059?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02059?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. Comparison of the Specific Capacitance and Stability of Co Oxide Nanocomposites

electrode material
Zn0/Co;0, nanocomposite (ZnO/Co;0,@450)
Co30, nanoplate/graphene sheet
NiO—-Co;0, composite
rGO/Co;0, composite
MnO,—Co;0, composite
Core—double-shell ZnO/ZnS@Co;0, heterostructure
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Figure 13. Electrochemical performance of the symmetric supercapacitor using ZnO/Co;0,@450 nanocomposites: (a) CV, (b) GCD, (c) Ragone
plots compared with reported data, and (d) cycle stability and the Coulombic efficiency test at 6.67 A g™'.

Zn0O/Co;0, nanocomposites were prepared without a binder,
they were mechanically brittle. To improve their mechanical
stability, these metal oxide nanocomposites could be sealed by
other materials, such as gel electrolytes.

Electrochemical Performance of Symmetrical Sys-
tems. Considering practical applications, the ZnO/Co;0,@
450 nanocomposite electrode was symmetrically assembled in
the electrolyte of 1 M KOH. The CV was measured in various
potential ranges (from —0.4/0.4 to —0.9/0.9 V) at a rate of 50
mV s7' (Figure 13a). As the potential range extended, the
shape of the CV curves changed from the quasi-rectangular
shape to a more corrugated one with a larger area. This change
indicates that the wider potential range resulted in the
pseudocapacitive mechanism in the energy storage, besides
the EDLC mechanism. Considering the electrolysis of water,
which was found at 1.8 V, the potential range for this system
could be 1.6 V (i.e., scanned from —0.8 to 0.8 V). The GCD
measurements were also conducted using different current
densities (Figure 13b). At all current densities, the GCD curve
possessed a distinct plateau as the pseudocapacitive behavior

23759

was intensified by the symmetric configuration. The gravi-
metric capacitance decreased from 412 Fg' at a current
density of 0.5 A g™" as the current density increased to 2.5 A
g~'. The balance of the energy density and the power density
was on the same curve with the other supercapacitors
previously reported (Figure 13c):”’~*" the maximum energy
density was 36.6 Wh kg™" at a power density of 356 W kg™
The cycle life of the symmetric device was also tested for 1000
cycles at a high current density of 6.67 F g~' (Figure 13d). The
capacitance retention rate was 89.8% of the initial capacitance
after the cycles, and an excellent Coulombic efliciency of
99.6%, which indicated the high reversibility of the ZnO/
Co0;0,@450 nanocomposite electrode.

B CONCLUSIONS

In this study, we demonstrated a simple CBD method to
prepare ZnO/Co;0, nanocomposites directly on Ni foam for
use as active materials in pseudocapacitors. The porous
structures of ZnO/Co;0,, consisting of flat nanosheets, were
easily obtained by the two-step CBD method of ZnO and
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Co030,. The predeposition of ZnO improved the aspect ratio of
the Co;0, nanosheets, while the one-step CBD method from
the precursor mixture resulted in a disordered nanocomposite.
The connected nanosheets provided suitable electroactive sites
for electrolyte diffusion and pathways for charge transportation
to improve the energy storage performance of the electrode.
The calcination temperature was a critical factor for improving
the capacitive performance of this nanocomposite, and the
treatment at 450 °C resulted in the highest performance. The
specific capacitance of ZnO/Co;0, was 940 F g™', which was
calculated from the CV curve at a scan rate of 5 mV s™!, while
the specific capacity of ZnO/Co;0, was 740 F g”' from the
GCD curve at a current density of 0.75 A g™'. Moreover, the
Zn0O/Co;0, nanocomposite calcined at 450 °C showed
sufficient cycling performance, where ~85% of the capacitance
was retained after 1000 cycles. Considering practical
applications, a symmetric supercapacitor using two ZnO/
Co3;0,@450 electrodes was also examined in an aqueous
system (1 M KOH). The pseudocapacitive behavior increased
as the potential window extended, and the high energy density
of 36.6 Wh kg™' at a power density of 356 W kg™' was
demonstrated in a potential window of 1.6 V. After 1000
cycles, the symmetric system exhibited a high cycle stability of
89.8% with an excellent Coulombic efficiency of 99.6% despite
the lack of a binder. These high electrochemical performances
were due to the nanocomposite structures with a large surface
area and high electrical conductivity, which were accomplished
by the two-step CBD method of ZnO and Co;0, and
calcination at the proper temperature. Therefore, the binder-
free ZnO/Co;0,4 nanocomposites prepared by the simple two-
step CBD method is a promising material for use in
pseudocapacitors, and this method could be applied to other
metal oxide nanocomposites.

B MATERIALS AND METHODS

Materials. Cobalt nitrate hexahydrate (Co(NO;),-6H,0,
Acros Organics), zinc acetate dihydrate (Zn(CH;COO),-
2H,0, Alfa Aesar), hexamethylenetetramine (HMTA, Alfa
Aesar), ammonia (NH;, 35% Fisher Chemical), urea
((NH,),CO, Acros Organics), and potassium hydroxide
(KOH, Fisher Chemical) were all of analytical grade and
used without further purification. Prior to deposition, a Ni
foam substrate (Fucell CO., LTD, a thickness of 1.7 mm, 110
ppi) was cut into 2 X 1 cm? pieces and ultrasonically cleaned in
isopropanol (CH;CH(OH)CHj, Acros Organics) and then in
water for 10 min each. Throughout the experiments, ultrapure
water with a resistivity of 18.2 MQcm (Yamato, Japan) was
used.

Deposition of ZnO. Powders of Zn(CH,C0O0),2H,0
(25 mmol, 275 mg) and HMTA (25 mmol, 175 mg) were
dissolved in S0 mL of water, and ammonium was added
dropwise to adjust the pH of the solution approximately to 12.
A well-cleaned Ni foam was soaked in the solution and heated
at 90 °C for 1.5 h. After the solution was cooled to ambient
temperature, the Ni foam was removed from the solution and
washed with plenty of water to remove any residual salt.
Subsequently, the obtained ZnO-coated Ni foam was dried in
air at 200 °C for 1 h. The mass (m) of the active material was
calculated by subtracting the weight of the Ni foam before and
after deposition, which was also similarly used with the other
nanocomposites.

Synthesis of ZnO/C030,4. The nanocomposites of ZnO
and Co;0, synthesized by the two-step bath deposition

method (ZnO deposition and Co;0, deposition) were named,
Zn0/Co;0,. Powders of Co(NO;),-6H,0 (65 mmol, 0.94 g)
and urea (48 mmol, 0.144 g) were dissolved in SO mL of water
and stirred for 30 min to form a pink solution. The Ni foam
coated with ZnO was immersed into the solution and kept at
90 °C for 1.5 h. After cooling to ambient temperature, the Ni
foam was removed from the solution and cleaned with water
several times. The Ni foam with the reaction product was
treated at 200 °C for 1 h and then calcined at different
temperatures of 250, 350, 450, and 550 °C for 1 h. For
comparison, Co;0, on a Ni foam without the predeposition of
ZnO was also directly synthesized under the same conditions.

Synthesis of ZnO@Co030,. The ZnO and Co;0, nano-
composite was prepared by a one-step bath deposition method
and named, ZnO@Co;0,. Powders of Co(NO,),-6H,0 (65
mmol, 0.94 g), Zn(CH;COO0),-2H,0 (25 mmol, 275 mg),
and urea (96 mmol, 0.288 g) were dissolved in water (S0 mL)
and stirred for 30 min to form a pink solution. A well-cleaned
Ni foam was immersed in the precursor solution and heated at
90 °C for 1.5 h. After the solution was cooled to ambient
temperature, the Ni foam was removed from the solution and
washed with plenty of water to remove any residual salt. Thus,
the obtained sample was dried in air at 200 °C for 1 h and
calcined at 450 °C for 1 h.

Materials Characterization. Scanning electron micros-
copy (SEM) was conducted at an accelerating voltage of 10 kV
to observe the morphology of the samples, and energy
dispersive spectroscopy (EDS) was used to analyze the
elemental compositions of the materials through the use of
field emission scanning electron microscopy (FE-SEM; JEOL
JSM-6S00F). The crystalline structures of the ZnO/Co;0, and
Co;0, nanocomposites were characterized using X-ray
diffraction (XRD; Bruker D2 Phaser) with a Cu Ka radiation
source (0.15418 nm) and a 20 range of 10—80°. Fourier
transform infrared (FTIR) absorption spectra were obtained
by the transmission method using KBr pellets from 400—4000
cm™' using absorption spectrometry (Nicolet Thermo
Scientific 6700). The chemical status of samples was analyzed
using X-ray photoelectron spectrometry (XPS, Auger electron
microprobe (VG Scientific Microlab 350) with an EX05 ion
gun (S kV, maximum beam current >S5 pA at 4 kV)).

Electrochemical Measurements. Cyclic voltammetry
(CV) and galvanostatic charge/discharge (GCD) tests were
performed to characterize the prepared electrodes using a
three-electrode system with an electrochemical work station
(CH1660E, Zahner CIMPS-X, xpot-26366) from —0.4 to 0.7
V (vs Ag/AgCl). Electrochemical impedance spectroscopy
(EIS) measurements were carried out from 10 mHz to 100
kHz with a perturbation amplitude of 10 mV at the open-
circuit potential. The specific capacitance was calculated from
both the CV curve (C,.) and the GCD curve (C,,) using eqs 2
and 3, respectively

Vi
Co=m v ' (V- V)" f I(V)dv
4 2)

-1 -1
Cyg = LAtm™ (V; — V) 3)

where m is the mass of the active material, v is the scan rate, V¢
and V; are the final and initial potentials of the voltammetric
curve, I(V) is the voltammetric current, L is the given current,
and At is the discharging time. During these electrochemical
measurements, ZnO, Zn0O/Co;0,, ZnO@Co;0, and Co,0,
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on Ni foam (area of 2 cm?) acted as the working electrode.
Ag/AgCl was used as the reference electrode, and a platinum
wire acted as the counter electrode. For the symmetrical
configuration, the nanocomposite was also used as the counter
electrode. All electrochemical measurements were examined in
an aqueous solution of KOH (1 M).
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