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The development and optimization of electrocatalysts is one of the key points to reduce the energy barrier
of electrocatalytic water splitting and improve the kinetics of electrocatalytic reactions. It is necessary to
develop low-cost, high-performance electrocatalysts with large-scale application prospects. In order to
solve this problem, hybrid structured ZnCo,0,@C0s0,4 nanowires are successfully synthesized through
hydrothermal synthesis and electrodeposition. As electrocatalysts for water splitting, ZnCo,0,@Co0s0,4 can
reach a current density of 50 mA cm™ at an overpotential of 278 mV for the OER and 166 mV@-10 mA
cm™ for the HER, which could be higher than that of single ZnCo,0O4 and CozO4. At the same time,
ZnCo,0,4@Co30, samples also exhibit a cell voltage of 1.67 V at a high current density of 50 mA cm™ and
Received 26th May 2023, superior durability for 50 h. The fabricated product also showcases a specific capacitance of 1316 F gt at 1
Accepted 13th July 2023 A gt Additionally, the assembled device attains a maximum energy density of 47.3 W h kg at a power
density of 1126 W kg™ Furthermore, density functional theory (DFT) calculation further confirms that the
heterostructure can significantly promote Gibbs free energy for hydrogen adsorption. And the significant
rsc.li/crystengcomm increase in the density of total states (DOS) also enhances the catalytic activity for the HER.
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Introduction materials. At present, commercial catalysts are mainly

precious metals, but precious metals have low reserves and
In recent decades, human society has been developing high cost.” Thus, the development and optimization of
rapidly, and the accompanying energy shortages and  electrocatalysts is one of the key points to reduce the energy
environmental problems have made today's world face major  barrier of electrocatalytic water splitting. Furthermore,
challenges."™ Finding new green energy sources that can  supercapacitors, as an emerging energy storage technology,
replace fossil fuels has become a very urgent and important  have attracted widespread attention.'®"*> Compared to
task. So far, a variety of new energy sources have been  conventional batteries, supercapacitors offer higher energy
developed and utilized.*® Among them, hydrogen energy has  density and faster charge-discharge rates, making them
become one of the most promising alternative energy sources  suitable for applications with high transient power
due to its high energy density and clean products.® Among
the variety of hydrogen production methods, electrolysis of
water is the most simple and effective method.” More
electrons need to be transferred in the process of the oxygen

evolution reaction, which makes it difficult to achieve mass Stepl Sept
production of hydrogen in practical application.® The key to | - -
water electrolysis lies in the selection of electrode catalytic Hydrothermal calcination
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Fig. 2 (a) XRD patterns of the as-prepared samples, (b) the XPS survey spectra of ZnCo,0,@C030,, (c) Zn 2p XPS spectra, (d) Co 2p XPS spectra,

and (e) O 1s XPS spectra.

demands.” They can serve as power sources for electric

vehicles, overcoming the limitations of long charging times
and short driving ranges associated with traditional batteries.

In recent years, a lot of research work has shown that
non-precious metal-based catalysts have special electronic
structure, good catalytic performance, abundant reserves,
and easy preparation and regulation, which can greatly
reduce production costs and difficulties, showing their
application prospects.’* Among them, ZnCo,0; is a
promising candidate due to its excellent electrocatalytic
properties, modified spinel structure and higher conductivity
compared to single-metal oxides,"” '’ which leads to good
electron transport ability and can effectively promote the
efficiency of catalytic reaction, and has become one of the
popular research materials. In addition, ZnCo,0,
nanostructures can also be used as catalysts for water
electrolysis.lg'20 However, the ZnCo,0, material also has the
problem of the volume being prone to drastic changes during
the reaction."?*> Therefore, a reasonable preparation method
needs to be designed to improve the material. Furthermore,
researchers have found that Co;O, has a unique property
where its Co ion can improve the conductivity and catalytic
activity.>*** This inspired us to combine the advantages of
ZnCo,0, and Co30, to design highly efficient ZnCo,0,@Co;-
0O, nanowires for energy conversion fields.

Herein, we synthesized ZnCo,0,4-based NWAs grown on Ni
foam substrates through simple hydrothermal synthesis and
electrodeposition and subsequent heat treatment strategies.

This journal is © The Royal Society of Chemistry 2023 3

As electrocatalysts for water splitting, ZnCo,0,@C0;0, can
reach a current density of 50 mA cm™> with an overpotential
of 278 mV and a Tafel slope of 67.6 mV dec ' for the OER,
and an overpotential of 166 mV and a Tafel slope of 106.4
mV dec™ for the HER, which could be higher than that of
single ZnCo,0, and Co30,. At the same time, ZnCo,0,@C0;-
0O, samples also exhibit a cell voltage of 1.67 V and superior
durability for 50 h. The fabricated product also shows a
specific capacitance of 1316 F ¢”' at 1 A ¢g"". This means that
the heterogeneous structure can realize the structure
optimization of ZnCo,0, electrocatalysts and improve the
corresponding electrochemical performance.

Results and discussion

The preparation process of the heterostructure ZnCo,-
0,@Co030,4 is shown in Fig. 1. First, various raw materials
and pretreated nickel foam were put into the reactor and the
corresponding precursors were obtained by a hydrothermal
method. Subsequent calcination treatment converts the
precursor into the ZnCo,0, product. Next, a layer of Co(OH),
was deposited on the surface of the ZnCo,0O, sample by
electrodeposition. Finally, the ZnCo0,0,@Co(OH), product
was thermally treated to convert Co(OH), into Co;0, samples.
Then the heterostructures of ZnCo,0,@C0;0,
nanocomposites were obtained.

Through XRD, ZnCo,0,, Co030, and ZnCo,0,@C03;0,

phase structures were observed. Three strong peaks
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Fig. 3 (a and b) SEM images of ZnCo,04 samples, (c and d) SEM images of Coz04 samples, (e and f) SEM images of ZnCo,0,@Co030, samples, (g
and h) TEM images of ZnCo,0,@C030,4 samples, (i) SAED patterns of ZnCo,0,@C0:0,4 samples, and (k) elemental mapping of ZnCo,0,@C0304

products.

originated from the Ni foam, as shown in Fig. 2a. The 20
value at 31.2°, 43.2°, 59.3° and 65.1° can be assigned to the
(220), (311), (511) and (440) crystal planes of ZnCo,0O, (JCPDS:
23-1390). The peaks at 28.6°, 47.6°, 56.5° and 88.7° are
attributed to Coz0, (JCPDS: 43-1003), corresponding to the
(111), (220), (311) and (222) crystal planes, respectively.
ZnCo,0, and Co;0, phases can be simultaneously observed
in XRD of existing composite materials. It demonstrates that
ZnCo,0,@Co030, product has been successfully produced.
The surface element oxidation state of the as-obtained
samples can be further analyzed through XPS. Fig. 2b
presents the full spectrum of the heterostructure, which
proves the existence of the four elements Zn, Co, O, and C.
In the Zn 2p spectra (Fig. 2¢), the peaks at 1043 and 1022 eV

4814 | CrystEngComm, 2023, 25, 4812-4821

belong to Zn 2p,, and Zn 2p;z, for ZnCo,0,@C0;0,
samples.>*® High-resolution Co 2p spectra (Fig. 2d) of
ZnCo,0,@Co0;0, samples at 781 and 796 eV can be attributed
to Co 2pz, and Co 2py,,, respectively. Co 2p;, and Co 2py),
can be fitted with two peaks each, the peaks at 779.5 and
794.5 e V can be attributed to Co®",*” and the peaks at 782.4
and 796.5 e V can be attributed to Co**.>® The peaks located
at 789.8 and 804.5 eV are related to the vibrational satellite,
which can indicate that Co** and Co®" coexist.>® O 1s spectra
(Fig. 2e) can be divided into three peaks, which can be
denoted as O1, O2 and 0O3. The O1 peak at 529.9 eV
corresponds to metal-oxygen bonds. The peaks at 531.6 eV
and 533.5 eV correspond to surface species and water
molecules, respectively.***"

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) LSV curves of the electrode materials, (b) Tafel slopes of the electrode materials, (c) double-layer capacitance, CV curves of the (d)

ZnCo,04 samples, (e) Co30,4 samples, and (f) ZnCo,0,@Co030,4 samples, (g) Nyquist plots, and (h) chronoamperometry measurements.

The morphology and structure of the samples were
studied by SEM and TEM. The ZnCo,0, sample was observed
as shown in Fig. 3a and b, and the surface of the Ni foam
was covered by uniformly overlapping nanowires. The average
diameter of the product obtained from the high
magnification SEM image (Fig. 3b) was 80 nm. Fig. 3¢ and d
show that the morphology of the Co;O, sample is convolved
nanosheets, overlapping each other to form a three-
dimensional network. As can be seen from Fig. 3e and f, the
ZnCo,0,@Co030, sample follows the morphology of two
single samples as the composite of nanowires, and the
convolved nanosheets are wrapped around the nanowires,
forming a core-shell structure. The results indicated that
Co;0, samples were successfully recombined on the ZnCo0,0,
surface. TEM images of the ZnCo,0,@Co03;0, sample are
shown in Fig. 3g, and further confirm the morphology of the
wire in the slice. In the HRTEM image in Fig. 3h, the lattice
spacing of the sample is 0.243 nm and 0.232 nm,
respectively, which matches well with the (311) crystal plane
of the Co;0, phase and the (222) crystal plane of the ZnCo,-
O, phase. From the selected electron diffraction pattern

This journal is © The Royal Society of Chemistry 2023

(Fig. 3i), it can be found that the prepared heterostructure is
a polycrystalline structure, which is beneficial for enhancing
the catalytic active sites, thereby enhancing the
electrocatalytic performance. The energy dispersive spectrum
(EDS) element diagram of the prepared sample (Fig. 3Kk)
shows the distribution of the Zn, Co, and O elements,
indicating that the entire surface composition of the material
is uniform.

To evaluate the electrochemical performance of the as-
prepared materials, the OER performance was investigated
using LSV curves with IR-compensation. Fig. 4a shows that in
the range of 1.35-1.45 V versus RHE, there is an obvious
oxidation peak, which can be attributed to the oxidation of
Co and the oxidation of Ni on the nickel foam substrate. For
comparison, the LSV curves of an IrO, catalyst and nickel
foam were also tested. It can be found that the
electrocatalytic performance of ZnCo,0,@Co030, is obviously
better than those of the ZnCo,0, and Co;0, samples, and
even better than that of the commercial IrO, catalyst at high
current density, while the influence of nickel foam on the
electrocatalytic performance can be ignored. To further study

CrystEngComm, 2023, 25, 4812-4821 | 4815
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Fig. 5 (a) LSV curves of the electrode materials, (b) Tafel slopes of the electrode materials, (c) double-layer capacitance, and (d)

chronoamperometry measurements.

the OER reaction kinetics, the corresponding Tafel slopes are
shown in Fig. 4b. The Tafel slope of ZnCo,0,@C030, (67.6
mV dec™") is lower than those of ZnCo,04 (106.2 mV dec '),
Co;0, (96.7 mV dec™) and IrO, (73.9 mV dec™). To estimate
the intrinsic activity of the catalyst, the electrochemical
surface area was obtained from the electrochemical double-
layer capacitance (Fig. 4c). The measured CV curves all
exhibit approximately rectangular shapes (Fig. 4d-f).
Compared with ZnCo,0, and Co03;0,4, the ZnCo,0,@C0;0,

sample has a larger ECSA of 0.2078 mF ¢cm . To investigate
the charge transfer ability of the prepared catalysts, EIS tests
were performed (Fig. 4g). In the high frequency region, the
ZnCo,0,@Co30, sample has the smallest semicircular arc
representing the charge transfer resistance, which indicates
that the synthesis of the composite material effectively
improves the charge transfer kinetics. The i-¢ tests were used
to evaluate the electrochemical stability, as shown in Fig. 4h.
Compared to ZnCo,0, and Co03;0,, ZnCo,0,@C030, shows

60
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(a) LSV curves of the electrode materials and (b) chronoamperometry measurements.
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Fig. 7 (a) CV curves of ZnCo,0,, (b) CV curves of ZnCo,0,@Co030,4 samples, (c) GCD curves of ZnCo,0,, (d) GCD curves of ZnCo0,0,@C030,, (e)

Nyquist plots, and (f) cycling stability.

long-term stability after 40 h at higher current density. The
corresponding cycles are monitored by SEM and XPS as
shown in Fig. S2 and S3.f Fig. S2(a and b)j show the SEM
images of the prepared sample after cycling. It can be found
that the as-prepared sample is composed of a large number
of nanosheets. Compared with the samples before the cycle,
it was found that the morphology of the samples did not
change, which confirmed that the prepared samples possess
excellent structural stability. XPS was then employed to

This journal is © The Royal Society of Chemistry 2023 7

further investigate the structural characteristics. The survey
spectra in Fig. S3at confirms that the four elements Zn, Co,
O and C can be found throughout the whole sample. Fig.
S3bt shows the Co 2p spectrum. The peaks located at 789.6
and 804.6 eV belong to the related Co" species. The binding
energies of 781.3 and 785.4 eV can be indexed to Co®". Two
satellites reveal the co-existence of the Co**/ Co** peaks.***?
The binding energies of 1021.5 and 1044.2 eV can be ascribed

to Zn 2p;, and Zn 2p,, (Fig. S3ct).>**® The O 1s spectra (Fig.

CrystEngComm, 2023, 25, 4812-4821 | 4817
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S3df) exhibit three distinct peaks, labeled as O1, 02, and O3.
The O1 peak at 531.1 eV corresponds to metal-oxygen bonds,
while the peaks at 533.2 eV and 534.5 eV correspond to
surface species and water molecules, respectively.*®?”

In Fig. 5a, the ZnCo,0,@C0;0, electrode shows a lower
overpotential (166 mV) than that of single ZnCo,0, (224 mV),
Co30, (198 mV) and Ni foam (391 mV) samples at a current
density of 10 mA cm 2. This indicates that ZnCo,0, and
Co;0, phases possess a synergistic effect. And the
contribution of nickel foam to the performance is negligible.
The Tafel slope was achieved by combining the LSV curve
with the Tafel equation as follows:**°

n=a+ blogj (1)

where # is the overpotential, a is a constant value, b is the
Tafel slope, and j is the current density. The kinetics of
electron transfer on the catalyst surface during the HER was
studied using the Tafel slope. As shown in Fig. 5b, the ZnCo,-
0,@Co030, catalyst shows a smaller Tafel slope (106.4 mV
dec™) than that of ZnCo,0, (186.3 mV dec') and Co;0,
(166.7 mV dec™). This indicates that the heterostructure of
ZnCo,0,@Co030, accelerates the electron and ion transport
and improves the reactivity of the HER. In addition, the
corresponding TOF values are presented in Fig. S1.f Fig. 5¢
shows the ion diffusion rates of ZnCo,0,@C03;0, and ZnCo,-
0, samples. The slope value of the ZnCo,0,@Co03;0, electrode
(0.1078 mF cm™) is higher than that of the pure ZnCo,0,

4818 | CrystEngComm, 2023, 25, 4812-4821 8

sample (0.0219 mF cm?), which demonstrates that the
heterostructure benefits the rapid transport of OH . Then,
the HER cycling stability of ZnCo,0,@C0;0, and ZnCo,0,
electrode materials was studied. The catalysts show a
superior stability at a current density of 20 mA cm™ for
50000 s (Fig. 5d). At the same time, we also compared the
electrocatalytic performance of the prepared product with the
reported catalysts.

Based on the OER and HER electrocatalytic test results,
the heterostructured ZnCo,0,@Co0;0, has excellent
electrocatalytic performance, so a two-electrode system was
constructed to study its practical application as an electrode
material. A comparison of the water splitting ability can be
observed in Fig. 6a, where the cell voltage of ZnCo,0,@C030,4
is much smaller than that of ZnCo,0, and shows a higher
current density. The cell voltage of the ZnCo,0,@C0;0,
electrocatalyst is only 1.67 V (50 mA cm?) compared to the
cell voltage of ZnCo,0, (1.82 V) and Cos;0, (1.79 V). The
stability test of long-term water splitting is shown in Fig. 6b.
The current values of the as-prepared catalysts remained
unchanged during continuous water splitting, indicating
their excellent long-term stability, and the composite
catalysts exhibited stability at high current densities.

Fig. 7a presents the CV curve of the prepared ZnCo,0,
sample, indicating an increase in the curve area with an
increase in the scan rate. Additionally, distinct oxidation-
reduction peaks can be observed. Fig. 7b shows the CV curve
of the composite ZnCo,0,@Co03;0, electrode material,

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 (a and b) Structural models of ZnCo,0,4 and ZnCo0,0,@Co030,4 samples, (c and d) the projected density of states, () H adsorption structural
models of the ZnCo,0,4 and ZnCo,0,@Co030,4 samples, and (f) calculated free energy diagrams of H adsorption of different components.

revealing larger current density and curve area, indicating
the superior electrochemical performance of the composite
material. From Fig. 7c, it can be observed that the
prepared electrode material exhibits a symmetrical charge-
discharge curve, with a discharge time of 405 s
corresponding to a specific capacitance of 405 C g .
Fig. 7d presents the charge-discharge curve of the
composite material, demonstrating a discharge time of
1316 s, indicating a high specific capacitance of 1316 C
g'. The impedance spectrum (Fig. 7e) reveals that the
composite material possesses lower equivalent resistance
and higher charge transfer capability. Cycling stability
(Fig. 7f) plays a crucial role in the potential applications
of electrode materials. It can be observed that the
composite material exhibits excellent cycling stability, with
a capacity retention rate of 87.15% after 6000 cycles,
significantly higher than that of the individual electrode
material (72%).

This journal is © The Royal Society of Chemistry 2023

To evaluate the practical applications of the fabricated
electrode materials, we constructed a hybrid capacitor
utilizing ZnCo,0,@Co030, as the positive electrode and
activated carbon (AC) as the negative electrode. The cyclic
voltammetry (CV) curves were obtained at different scan
rates, as depicted in Fig. 8a. With increasing scan rate, the
integrated area consistently increases while maintaining a
nearly rectangular shape, indicating favorable capacitive
properties of the asymmetric supercapacitor (ASC).
Additionally, Fig. 8b illustrates the CV curves at different
voltage windows, showing consistent shapes despite the
varying voltage ranges. This observation indicates the
remarkable operational stability of the ASC under different
voltage conditions. The discharge curves of the ASC are
presented in Fig. 8c, with corresponding discharges of 151.6
s,57.25,26.35,18.6sand 17.7sat1Ag ', 2Ag ', 4Ag™", 6
A g and 8 A g, respectively. Electrochemical impedance
spectroscopy (EIS) tests (Fig. 8d) reveal an Ry value of 2.9 Q
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for the device. The device achieves a maximum energy
density of 47.3 W h kg ™" at a power density of 1126 W kg™

Density functional theory (DFT) is commonly used to
calculate the surface adsorption energy and partial densities
of states (PDOS and TDOS) of electrocatalysts and hydrogen
atoms.’® The crystal cell models of ZnCo,0, and ZnCo,-
0,@Co0;0, samples are shown in Fig. 9(a and b). The partial
densities of states of the electrocatalysts were calculated to
investigate the intrinsic electronic changes. The DOS analysis
reveals that the heterostructure is in the metallic state, as
depicted in Fig. 9(c and d). This indicates that the ZnCo,-
0,@Co030, sample exhibits an enhanced carrier density near
the Fermi energy level. Previous studies have shown that the
higher the electron density at the Fermi level, the higher the
conductivity of the catalyst. The change in Gibbs free energy
of adsorption (AG) is often used to evaluate the hydrogen
evolution reaction (HER) activity of catalysts, with the red
atoms representing the adsorption site (Fig. 9e).
Theoretically, a AG value close to 0 eV signifies an
intermediate H adsorption and desorption strength for an
ideal catalyst. From Fig. 9f, the AG® values of H adsorption
on ZnCo,0, (202) and ZnCo,0,@C03;0, (202) surfaces are
2.14 and 0.54 eV, respectively, which are relatively close to
the ideal value.

Conclusion

In summary, hybrid-structure ZnCo,0,@C0;0, nanowires
are successfully synthesized through hydrothermal synthesis
and electrodeposition. As electrocatalysts for water splitting,
ZnCo,0,@Co030, can reach a current density of 50 mA
em™> at an overpotential of 278 mV for the OER and 166
mV for the HER, which could be higher than that of single
ZnCo,0, and Co03;0,. At the same time, ZnCo,0,@C03;0,
samples also exhibit a cell voltage of 1.67 V and superior
durability for 50 h. The as-fabricated product exhibits a
specific capacitance of 1316 F ¢ at 1 A g '. This work
offers a novelty design route of core-shell structures, which
is helpful for fabrication of hybrid structures for energy
conversion.
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