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Abstract: Currently, new clean energy storage technology must be effective, affordable, and ecolog-
ically friendly so as to meet the diverse and sustainable needs of the energy supply. In this work,
NiCo-LDH containing intercalated EG was successfully prepared within 210 s using an ultrafast
microwave radiation technique. Subsequently, a series of characterization and systematic electro-
chemical tests were conducted to analyze the composition, structure, and energy storage mechanism
of the NiCo-LDH material. The Ni:Co ratio of 5:5 results in the highest capacitance value of 2156 F/g
at 1 A/g and an outstanding rate performance of 86.8% capacity retention rate at 10 A/g. The
results demonstrated that the unique porous structure of NiCo-LDH and large layer spacing were
conducive to more electrochemical reactions. Additionally, an electrochemical test was carried out
on the NiCo-LDH as a hybrid supercapacitor electrode material, with NiCo-LDH-5:5 serving as the
positive electrode and activated carbon as the negative electrode, the asymmetric supercapacitor
can achieve a maximum energy density of 82.5 Wh kg~! and power density of 8000 W kg~!. The
NiCo-LDH-5:5//AC hybrid supercapacitors own 81.5% cycle stability and 100% coulombic efficiency
after 6000 cycles at 10 A/g.

Keywords: microwave; NiCo-LDH; supercapacitor; ethylene glycol

1. Introduction

The explosive development of contemporary science and technology, along with the
expanding global need for energy and the usage and exploitation of traditional fossil fuels,
has resulted in not only a scarcity of energy but also a worsening of environmental pollution
and climate change [1-3]. Therefore, it is essential to create fresh, efficient, clean, and
sustainable energy storage technologies in light of the current situation. Supercapacitors
are a new type of energy storage device that can be used in new energy vehicles, smart
grids, and other fields. They offer high power density, fast charge and discharge, and
extended cycle life, among other advantages [4-6]. The way supercapacitors store energy
could be divided into two categories: The adsorption mechanism between the electrode
and the electrolyte is the basis for energy storage technology known as double-layer
capacitors (EDLCs). In electrochemical pseudocapacitors (EPCs), the charge is stored
not only in the double electric layer but also through a series of redox reactions of the
electrode materials. This allows Faraday capacitors to store more charge than double-layer
capacitors and thus have a greater energy density [7-9]. According to numerous reports,
the performance of supercapacitors largely depends on the properties of the active electrode
material, including its composition and structure. The challenge lies in determining which
composition, structure, and morphology materials will be used to optimize electrochemical
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performance, as well as how to efficiently produce these materials while keeping costs low
to ensure their application in various fields [10-13].

NiCo-LDH has attracted much attention among many electrode materials due to its
exceptional electrochemical capabilities and distinctive structure. As a type of nanomaterial
with an adaptable structure, NiCo-LDH not only has a high specific surface area and fast
ion diffusion performance but also combines the advantages of nickel and cobalt, showing
high redox activity and electron conductivity. These characteristics provide NiCo-LDH
considerable advantages when used as an electrode material in energy storage devices
such as supercapacitors [14-17]. Specifically, Hou et al. [18] successfully created a self-
assembled sea urchin-shaped NiCo-LDH using a one-step hydrothermal process. The
specific capacitance can reach 808.40 C/g at a current density of 1 A/g and 609.98 C/g ata
current density of 10 A/g. Additionally, Zhang et al. [19] synthesized NiCo-LDH hollow
spheres using co-glycerate as the cobalt source and as a sacrificial template. This type of
hollow sphere assembly, made of NiCo-LDH, has shown great potential in revealing more
active areas and enabling faster electrolyte ion diffusion. The unique structural properties
of these hollow spheres contribute to their high specific capacitance of 1962 F/gat1 A/g.

Nevertheless, despite all of the potential benefits, there are still certain obstacles that
need to be resolved in practical applications with NiCo-LDH electrode materials. For
example, the synthesis method, structural regulation, and performance optimization of
NiCo-LDH still need further study and improvement [20-23]. Therefore, numerous studies
have been conducted in an effort to enhance its electrochemical properties. For instance,
Han et al. [24] changed the morphology of NiCo-LDH by adjusting the content of polyvinyl
pyrrolidone (PVP). When the content of PVP was 1 g, NiCo-LDH transformed into a
nanoflower structure, and the electrode exhibited the highest capacitance of 729.4 C/g at
1 A/g. Sun et al. [25] improved the capacitance characteristics of NiCo-LDH by altering
the central metal ions. It was observed that when the Ni/Co ratio changed from 1:1 to 1:4,
the structure of NiCo-LDHs changed from nanosheets to nanospheres, and finally evolved
into nanorods, which exhibited a specific capacitance of 1030 F/g at 3 A/g. Additionally,
the introduction of larger interlayer anions or macromolecules was found to be beneficial
for improving electrochemical properties. Wang et al. [26] introduced ethylene glycol
molecules into the NiCo-LDH interlayer to prepare an electrode with a three-dimensional
spongy structure. The electrode demonstrated an exceptionally high specific capacitance of
4160 F/g at 1 A/g due to its enlarged layer spacing, advantageous pore structure, and high
specific surface area.

In recent years, microwave radiation technology has emerged as a novel method
with a distinct heating mechanism and high energy transfer efficiency. It enables rapid
attainment of the required temperature, thereby enhancing reaction rate and product pu-
rity [27-30]. This study presents the swift synthesis of NiCo-LDH with glycol intercalation
using microwave-assisted technology, along with further exploration of the impact of the
Ni:Co ratio on the morphology and electrochemical characteristics of NiCo-LDH. As an
electrode material for supercapacitors, the prepared NiCo-LDH demonstrates exceptional
electrochemical properties, including a high specific capacity of 2156 F/g at1 A/g and an
outstanding rate performance with an 86.8% capacity retention rate at 10 A/g. Furthermore,
the assembled asymmetric supercapacitor, utilizing activated carbon (AC) as the negative
electrode and optimized NiCo-LDH as the positive electrode, demonstrates an outstanding
cycling performance by retaining 81.5% of its capacity after 6000 cycles even at a high
current density of 10 A/g. Additionally, it achieves a high energy density of 82.5 Wh kg !
at a power density of 800 W kg~ !.

2. Results and Discussion
2.1. Characterization

Fourier infrared spectroscopy (FI-IR, Figure 1a) of all the samples reveals a prominent
and broad adsorption band near 3411 cm~!, corresponding to the stretching vibration
of the -OH group involved in hydrogen bonding. The strong infrared absorption peak
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at 1624 cm~! is attributed to the O-H bending vibration from interlayer H,O, indicating
the presence of crystalline H,O in the NiCo-LDH intercalation structure. Additionally,
characteristic absorption peaks of EG are clearly observed in all samples, including antisym-
metric and symmetric stretching vibrations corresponding to C-H bonds at 2927 cm~! and
2870 cm ™!, as well as stretching and bending vibration absorption peaks corresponding
to C-O at 1085 cm ™! and 1046 cm ™!, respectively. The rocking vibration peaks of CH, are
located at 883 cm~! and 862 cm~!. The wide absorption band is near 3284 cm~!, which
belongs to the -OH group of EG. The shift of the -OH absorption peak reflects the change
in the EG environment to some extent, which may be attributed to the formation of new
hydrogen bonds between the NiCo-LDH nucleus and hydroxyl group on the EG molecule.
The presence of the aforementioned absorption peaks provides evidence that EG has been
effectively intercalated into NiCo-LDH. Additionally, the bands at 650 cm ! and 550 cm ™!
are attributed to the bending and stretching vibrations of M(Ni/Co)-OH. These findings
suggest the successful preparation of NiCo-LDH with EG intercalation [31,32].
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Figure 1. (a) FT-IR spectra and (b) XRD patterns of NiCo-LDH-4:6, NiCo-LDH-5:5, and NiCo-LDH-6:4.

Figure 1b depicts the X-ray diffraction (XRD) analysis of the crystal structure of the
NiCo-LDH materials. The predominant angle reflections at 9.5°, 22.5°, 34.3°, and 60.3°
correspond to the (003), (006), (101), and (111) crystal faces, indicating the presence of
a-phase Ni(OH); and a-phase Co(OH); in NiCo-LDH [33]. Among them, the peaks located
at 9.5°, 22.5°, and 34.3° correspond to the (003), (006), and (101) crystals of Ni(OH),
(PDF# 38-0715). The peak at 60.3° belongs to the crystal plane of Co(OH), (PDF# 30-0443).
Additionally, the Bragg equation was utilized to calculate the interlayer spacing of the
(003) crystal faces, revealing a significantly larger interlamellar distance of approximately
8.6 A compared to the published value of 7.8 A for NiCo-LDH [34], which is primarily
attributed to the introduction of macromolecule EG. This larger interlayer distance is
beneficial for storing more electrolytes and facilitating faster ion transfer between layers,
thereby enhancing its electrochemical performance. Especially when the Ni/CO ratio
is 5:5, the NiCo-LDH material gradually exhibits a broad and weak diffraction peak,
indicating reduced crystallinity. The relatively weak crystallinity facilitates the penetration
of electrolyte ions to some extent [35].

The morphology of NiCo-LDH was examined using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As depicted in Figure 2a, it is evident
that NiCo-LDH-5:5 consists of porous nanospheres with an average size ranging from 100 to
300 nm. Figure 2b—d display the SEM images of NiCo-LDH materials with varying Ni/Co
ratios at a scale of 500 nm. It is apparent that the NiCo-LDH-5:5 samples exhibit more
uniform and smaller particle-size nanospheres. In the case of NiCo-LDH-5:5, TEM images
in Figure 2e reveal that the nanosphere is comprised of numerous nanoparticle clusters with
abundant interconnecting pores, facilitating increased electrolyte contact with the active
substance and enhancing exposure to electrochemically active sites. The high-resolution
TEM images in Figure 2f reveal an interplanar spacing of 0.23 nm, corresponding to the
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(101) plane of NiCo-LDH. The EDS spectrum depicted in Figure 2h-m demonstrates even
dispersion of C, O, Ni, Co, and Cl elements throughout the material, further confirming
the presence of CI™ as an intercalation anion in NiCo-LDH. Combined with the FT-IR and
XRD analysis above, these results confirm the successful preparation of NiCo-LDH with an
intercalation structure, wherein C1~, H,O, and EG molecules are successfully inserted into
the material.

Figure 2. (a,b) SEM images of NiCo-LDH-5:5; (c,d) SEM of NiCo-LDH-6:4 and NiCo-LDH-
4:6; (e,f) TEM images of NiCo-LDH-5:5; (g,h) EDS of NiCo-LDH-5:5; (i-m) element mapping of
NiCo-LDH-5:5.

N, adsorption—desorption isotherms were utilized to investigate the structure prop-
erties of NiCo-LDH. As shown in Figure 3a, the isotherms of all samples match to an H3
type, which is a typical feature of slitlike holes formed by the aggregation of particles [24].
According to the Brunauer—-Emmett-Teller (BET) method, the specific surface areas of
NiCo-LDH-5:5, NiCo-LDH-4:6, and NiCo-LDH-6:4 were 38.35 m?g~!, 36.79 m?g~!, and
20.79 m2g 1, respectively, with corresponding pore volumes of 0.080 cm®g~!, 0.055 cm3g !
and 0.037 cm®g~!, respectively. Notably, NiCo-LDH-5:5 exhibited the highest specific
surface area and pore volume among the samples studied. It can be clearly observed
from the BJH pore size distribution curves in Figure 3a that the pore size of NiCo-LDH
materials ranges from 1 to 100 nm, most of which is centered at 4 nm. Based on the pore
size distribution results, it can be inferred that NiCo-LDH materials are predominantly
comprised of mesoporous structures. These structures facilitate electrolyte entry and offer
ample ion adsorption sites, thereby leading to outstanding electrochemical properties [35].
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Figure 3. (a) N, adsorption—desorption isotherms of NiCo-LDH; (b—f) XPS survey spectra of
NiCo-LDH-5:5.

To investigate the fundamental composition and chemical bonding state of the NiCo-
LDH in further detail, XPS tests were performed on NiCo-LDH-5:5, and the results are
displayed in Figure 3. The survey spectrum (Figure 3b) indicated the presence of Ni, Co, C,
and O elements in the NiCo-LDH sample, and the elemental composition represents the
fundamental property of NiCo-LDH. In the Ni 2p spectrum of Figure 3c, the two distinct
characteristic peaks (855.3 eV and 873.0 eV) and two satellite peaks (861.2 eV and 879.1 eV)
can be clearly observed. The two characteristic peaks of 855.2 eV and 873.0 eV correspond
to the spin orbits of Ni 2p3,, and Ni 2pq/;, respectively, with a spin energy interval of
17.7 eV indicating the presence of the Ni?* state [21,31]. Likewise, the two main spin-orbit
peaks observed in the Co 2p spectra (Figure 3d) at 780.9 eV and 796.4 eV are attributed
to Co 2ps/, and Co 2pqp, respectively. These peaks are accompanied by two satellite
peaks at 802.7 eV and 785.6 eV, indicating the coexistence of both Co** and Co®* ions in
NiCo-LDH [36-38]. The C 1s spectrum of NiCo-LDH clearly shows three peaks of ethylene
glycol, which are located at 284.4 eV (C-C/C-H), 286.1 eV (C-OH), and 288.3 eV (C-O) [39].
The spectrum of O 1s can be clearly seen, and the binding energy for O 1 s was related
to M-OH and -OH bonds at 531.1 eV and 532.3 eV [20]. This result is consistent with the
infrared spectra, indicating the successful preparation of NiCo-LDH.
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2.2. Electrochemical Properties

The electrochemical properties of all NiCo-LDH electrodes were researched by a three-
electrode test system with a 2 M KOH aqueous solution. Figure 4a exhibits a typical CV
curve for all electrodes within the voltage range of 0-0.8 V and at a scan rate of 30 mV /s. It
can be observed that all samples exhibit a pair of strong redox peaks, specifically, oxidation
peaks between 0.55 and 0.65 V, and reduction peaks between 0.1 and 0.2 V, which are mainly
due to the reversible redox reaction of (Ni** /Ni**, Co?* /Co%*). The corresponding faradic
reaction process is as follows [40]:

Ni(OH ), + OH™ + NiOOH + H,O + e~ 1)
Co(OH )y + OH™ «» CoOOH + H,0 + e~ (2)
CoOOH 4 OH~ ¢ CoO, + HyO + e~ 3)
a b 0.25
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Figure 4. (a) Comparison of CV curves at 30 mV/s; (b) CV curves of NiCo-LDH-5:5 with varied
scan rates; (¢) GCD curves of NiCo-LDH-5:5, NiCo-LDH-4:6, and NiCo-LDH-6:4 at 1 A/g; (d) GCD
curves of NiCo-LDH-5:5 at different current densities; (e) specific capacitance of NiCo-LDH-5:5,
NiCo-LDH-4:6, and NiCo-LDH-6:4 at different current densities; (f) Nyquist plots of NiCo-LDH-5:5,
NiCo-LDH-4:6, and NiCo-LDH-6:4.

The NiCo-LDH-5:5 electrode exhibited the largest CV curve area and the highest peak
current value among all samples, indicating its superior suitability for charge storage.
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This could be a result of the largest specific surface area of NiCo-LDH-5:5, which exposes
more surface atoms or ions, thus increasing the number of active sites for electrochemical
reactions. Figure 4b depicts the CV curve of NiCo-LDH-5:5 at different scanning rates. It is
noted that the shape of the CV curve hardly changes with the increase in the scanning rate,
suggesting that it has preeminent electrochemical reversibility. Meanwhile, the anode peak
and cathode peak on the curve move in the direction of the positive and negative potential,
respectively, as the scanning rate increases, which is mainly due to an increased electrode
polarization at high scanning rates.

The galvanostatic charge—discharge (GCD) tests were conducted on all electrodes
within a potential range of 0 to 0.5 V. Figure 4c illustrates the GCD curve for all electrodes
at a current density of 1 A/g. Among them, the NiCo-LDH-5:5 electrode exhibited the
longest discharge time and highest specific capacity, while, conversely, the NiCo-LDH-6:4
electrode demonstrated the shortest discharge time, consistent with the results of CV testing.
Furthermore, the NiCo-LDH-5:5 electrode was chosen for additional analysis. Figure 4d
illustrates its GCD curves at various current densities, all of which exhibit satisfactory
symmetry, indicating high coulomb efficiency and excellent electrochemical reversibility.
Subsequently, based on the GCD test results, the specific capacities of all electrodes under
different current densities were calculated and summarized in Figure 4e. The NiCo-LDH-
5:5 electrode demonstrated the highest specific capacity, measuring 2156 F/g, 2105 F/g,
2065 F/g, 2006 F/g, and 1872 F/g at current densities ranging from 1 to 10 A /g, respectively.
In contrast, the NiCo-LDH-6:4 electrode exhibited the lowest specific capacity. Addition-
ally, the capacity retention rate of the NiCo-LDH-5:5 electrode (86.8% at 10 A/g) was
significantly higher than that of both the NiCo-LDH-4:6 electrode (74% at 10 A/g) and
NiCo-LDH-6:4 electrode (75.1% at 10 A/g). The comparison of the NiCo-LDH with other
studies of NiCo-LDH and its composites is shown in Table 1. The NiCo-LDH in this work
has exceeded many previously reported results.

Table 1. Capacitance of NiCo-LDH materials.

Sample Electrolyte Specific Capacitance Ref.

NiCo-LDH hollow spheres 6 M KOH 1962F g lat1Ag™! [19]

NiCo-LDH/Co3S, 6 M KOH 7281C lat1 Ag! [20]

NiCo-LDH 6 M KOH 7249Cglat1Ag™! [24]

3D flower-on-sheet nanostructure of NiCo LDHs 6 M KOH 11872 F gfl at1 A g*1 [32]

PPy@NiCo(OH), 6 M KOH 1469.25F g1 at1A g ! [37]

NiCo-LDH NFs@Co(OH), 2 M KOH 8589F g lat05A g~} [38]
nanosheets

core-shell hollow CoSx@NiCo-LDH 3M KOH 680.8Cg lat1Ag! [41]

Porous NiCO-LDH nanospheres 2 M KOH 2156 Fg lat1 Ag! This work

Obviously, the electrode material of NiCo-LDH-5:5 has a higher specific capacity
and relatively excellent rate capability. The excellent electrochemical performance can be
attributed to the following: (1) The porous structure between the cluster nanoparticle, which
facilitates electrolyte entry, increases the effective contact area with the active substance,
exposes more electrochemically active sites, and ultimately enhances the specific capacity
of the electrode. In addition, a large number of mesoporous pores on the nanospheres are
conducive to faster penetration of the electrolyte and effectively shorten the ion diffusion
distance, and it can ensure that more electrochemical reactions occur at high current
densities, thus improving the rate capability of the electrodes. (2) The unique intercalated
structure, which includes EG, H,O, and Cl~ in the electrode material, effectively expands
the interlayer spacing. This contributes to an improved contact between electrolyte ions and
the active site, effectively shortens the diffusion path of ions/electrons, and significantly
enhances the specific capacity and rate performance. (3) The synergistic effect of nickel-
cobalt bimetallics significantly enhances the electrochemical performance of the electrode.
During the electrochemical reaction, a portion of Co(OH), undergoes permanent conversion
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to the highly conductive CoOOOH, thereby improving the overall electronic conductivity of
the electrode.

The electrodes were subjected to EIS testing to analyze their conductivity and ion
diffusion behavior. The EIS test was conducted within a frequency range of 0.01 kHz to
100 kHz, revealing a sloped line in the high-frequency range and a semicircle in the low-
frequency range. Specifically, the slope of the line is associated with electrolyte ion diffusion,
while the width of the semicircle represents the Faraday charge transfer impedance (Rct),
and the intercept on the real axis indicates internal resistance (Rs). The ZView2.1c software
was used to fit the EIS results, and the equivalent circuit for fitting the EIS curve is shown
in Figure 4f. The specific values of Rs and Rct are shown in Table 2. The results indicate
that, compared to other electrodes, the NiCO-LDH-5:5 electrode exhibits smaller Rs and Rct
values, as well as a low-frequency linear region closer to vertical orientation, suggesting
faster rates of ion transport. This is mostly because of the large specific surface area and
unique porous structure of the NiCo-LDH-5:5 electrode. For porous materials, their internal
pore structure may facilitate the transport of electrons and ions. Therefore, a larger surface
area may improve the electrical conductivity and ion transport performance of the electrode
material, thereby reducing the electrochemical impedance.

Table 2. Rs and Rct values of fitting circuit.

NiCO-LDH-4:6 NiCO-LDH-5:5 NiCO-LDH-6:4
Rs (Q) 0.9 0.964 1.07
Ret (Q) 0.203 0.138 0.283

By assembling a NiCo-LDH/ / AC hybrid supercapacitor (HSC) with NiCo-LDH-5:5 as
the positive electrode and activated carbon (AC) as the negative electrode, the performance
of the NiCo-LDH/ /AC in electrochemical energy storage devices was investigated in a
2 M KOH electrolyte. According to the hybrid capacitor energy storage mechanism, both
the positive and negative electrodes have distinct mechanisms for storing energy during
the electrochemical reaction process. The positive electrode utilizes a redox reaction process
to consume anions (OH™) and store energy, while the negative electrode stores and releases
charge through the adsorption and desorption of cations (K*).

Figure 5a shows the CV curve of positive electrodes (NiCo-LDH-5:5) and negative
electrodes (AC) with a scanning rate of 30 mV/s. It is evident that the positive electrode of
NiCo-LDH-5:5, which is a material similar to a battery type, has a pair of significant redox
peaks on its CV curve, whereas the negative electrode AC, which is a typical capacitor-type
material, has a practically rectangular CV curve. Upon combining these materials into the
HSC, the potential window could be enlarged to 1.8 V and the curve displays the inherent
characteristics of positive and negative materials. In practical terms, a high stability working
voltage exceeding 1.5 V generally meets the requirements for commercial applications.

The shape of the CV curve in Figure 5b has no discernible change as the scan rate
increases, demonstrating its rapid charging and discharging capabilities. Furthermore,
the GCD curve of the HSC in Figure 5c exhibits excellent symmetry at various current
densities (1~10 A/g), indicating optimal electrochemical reversibility. This means that
the supercapacitor can maintain its performance consistently under different operating
conditions, ensuring reliable and stable energy storage. The specific capacitance calculation
results provided in Figure 5d show that the HSC device using the NiCo-LDH-5:5//AC
demonstrated an impressive capacitance of 232 F/g at 1 A/g, which was maintained at
118 F/g even at a high current density of 10 A/g. These results highlight the exceptional
energy storage capability of this supercapacitor, making it a promising candidate for
practical use in electronic devices or renewable energy systems.
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Figure 5. (a) CV curves of AC and NiCo-LDH-5:5 electrodes at a scan rate of 30 mV s 1in a three-
electrode system; (b) CV curves of the NiCo-LDH-5:5//AC at the different scan rates; (c) GCD
curves and (d) the specific capacitance of the NiCo-LDH-5:5//AC at different current densities;
(e) Comparison of power and energy densities; (f) Cycling stability and Coulombic efficiency of the
asymmetric supercapacitor.

The values of energy density and power density are crucial parameters for evaluating
the performance of energy storage devices. The values of energy density and power density
are obtained by calculating the GCD curve with the following formula [40]:

C x (AV)?

E:77(2 ) 4)
3600 x E

P=—5 ©®)

where the energy density (Wh kg~!) is denoted by E, while C represents the specific
capacitance of the HSC (F/g). AV represents the discharge potential window (V), P is the
power density (W kg’l), and At is the discharge time (s).

The corresponding energy and power density of NiCo-LDH-5:5//AC are shown in
Figure 5e; when the power density is 8000 W kg~!, the energy density of the HSC is
41.6 Wh kg~ !, while when the energy density is 82.5 Wh kg~!, the power density remains
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at 800 W kg~!. This outcome is better than several recent reports of electrochemical energy
storage devices constructed of nickel-cobalt compounds [18,19,24,32,41,42], indicating that
it has great potential in practical applications. Furthermore, the cyclic stability of an energy
storage device is a critical factor. To evaluate this aspect, 6000 cycles were conducted at
a current density of 10 A/g, and the corresponding graphs are shown in Figure 5f. The
specific capacitance ultimately maintained at 81.5% of the initial value after 6000 cycles;
meanwhile, NiCo-LDH-5:5 revealed less variation in coulombic efficiency with cycling. The
coulomb efficiency of the NiCo-LDH-5:5 electrode reached 100% after activation from the
initial 92.9%, and still maintained 100% coulomb efficiency after 6000 cycles, demonstrating
exceptional cycling stability and high charge storage and release efficiency of the NiCo-
LDH//AC HSC device for long-term use.

3. Materials and Methods
3.1. Materials

Nickel chloride hexahydrate (NiCl,-6H,O), Cobalt chloride hexahydrate (CoCly-6H,0),
and N-N-Dimethyformamide (DMF) were acquired from MACKLIN chemical reagent Co.,
Ltd. (Shanghai, China). Taicang Hu Test Reagent Co., Ltd. (Suzhou, China) as the supplier
of potassium hydroxide and ethylene glycol (EG), while Tian Jin Chemical Technology Co.,
Tianjin, China, provided the polyvinylidene fluoride (PVDF) and acetylene black. Before
being used, none of the aforementioned products underwent any extra processing.

3.2. Synthesis of NiCo-LDH

The porous NiCo-LDH nanosphere was synthesized using a highly efficient microwave
radiation method, as depicted in Figure 6. The detailed preparation process is outlined
as follows: Solvent A was prepared by mixing 100 mL of N-N-Dimethyformamide with
100 mL of ethylene glycol. Subsequently, 1.14 g of CoCl,-6H,0O and 1.14 g of NiCl,-6H,O
were dissolved in 200 mL of solvent A, which was then agitated for one hour to form a
homogeneous solution B. Solution B was then transferred to a PANASONIC NN-GF352
M, 2450 MHz microwave oven and heated for 210 s at 600 W to initiate the chemical
reaction. Upon termination of the reaction, a blue suspension appeared, which was filtered
and washed alternately with deionized water and DMF until the filtrate became colorless.
Finally, the filtered green product was transferred to a vacuum oven and dried at 80°C for
12 h to obtain NiCo-LDH. Following this, NiCo-LDH samples with varying Ni:Co ratios
(4:6, 5:5, and 6:4) were synthesized and designated as NiCo-LDH-4:6, NiCo-LDH-5:5, and
NiCo-LDH-6:4, respectively.

-

\\

// \\\
r/ \ \\ //)7 3 -
/ ‘ /) : P":”e’ [ microwave radiation\
| H,0+EG Nir*+Co*  OS ‘ I
AA » 3
‘ | y
s X . . Time e, =
N R b A \ , f )
N 4 A
\\\ // HE® e

Figure 6. Synthesis of NiCo-LDH.

3.3. Preparation of NiCo-LDH Electrodes

Nickel foam (1 x 1 cm?), acetylene black, and PVDF were, respectively, used as a
collector fluid, conductive agent, and binder for working electrodes. First, the electrode
material (NiCo-LDH), PVDEF, and acetylene black were thoroughly ground and mixed
according to the mass ratio of 1:1:8 until forming a uniform black slurry, and then the slurry
was evenly coated with nickel foam and dried at 80 °C for 24 h. It is worth noting that
effective electrodes with a load of around 0.8-1.2 mg/cm? of the electrode material were



Molecules 2024, 29, 2546

11 0f 13

selected, and finally, these effective electrodes were pressed into working electrodes by the
tablet press.

3.4. Characterization

The structure analysis of NiCo-LDH materials mainly depends on an X-ray diffraction
(XRD) analyzer (Rigaku ULTIMAIV, Akishima, Japan) to determine the crystal structure.
Scanning electron microscopy (SEM, Hitachi-SU-8100, Dongjing, Japan) and transmission
electron microscopy (TEM, FEI TECNAI G2 F30, Hillsboro, OR, USA) can be used to observe
the morphology, particle size, and other microscopic characteristics of NiCo-LDH. The
chemical composition of NiCo-LDH materials was analyzed by Energy dispersive X-ray
spectroscopy (EDS, IXRF3310, Austin, TX, USA), Fourier transform infrared spectroscopy
(FT-IR, THERMO FISHER NICOLET 6700, Waltham, MA, USA), and X-ray photoelec-
tron spectroscopy (XPS, ESCALAB 250XI, Waltham, MA, USA). These technologies can
accurately determine the element content, functional groups, and other information about
the elements in the material. In addition, the specific surface area and pore size distribu-
tion of the material can be calculated using the Brunauer-Emmett-Teller method (BET,
AUTOSORB IQ, Boynton, FL, USA).

The electrochemical performance of the NiCo-LDH was assessed utilizing an electro-
chemical workstation (CHI660E, Shanghai, China) in a 2M KOH electrolyte. In a three-
electrode system, NiCo-LDH electrodes were used as working electrodes, while platinum
electrodes and Hg/HgO electrodes served as counter and reference electrodes, respectively.
The range of scans for the cyclic voltammetry (CV) testing was 0 to 0.8 V. Under various
current densities from 1 A/g to 10 A/g, the galvanostatic charge—discharge (GCD) tests
were performed in the voltage range of 0 to 0.5 V. The frequency range covered by the
electrochemical impedance spectroscopy (EIS) experiments was 100 kHz-1 Hz.

4. Conclusions

In summary, the porous nanosphere morphology of NiCo-LDH was effectively synthe-
sized in 210 s using an ultrafast microwave-assisted method. The cluster nanoparticles were
self-assembled into porous nanospheres with a diameter of 100-300 nm. Simultaneously,
intercalated molecules such as ethylene glycol were introduced to NiCO-LDH to further
expand the layer spacing. The unique structure is conducive to the electrode to store more
electrolyte ions and accelerate the ion transport, and thus NiCO-LDH shows excellent elec-
trochemical performance. Among them, the NiCo-LDH-5:5 electrode exhibited outstanding
comprehensive performance, demonstrating a high specific capacity of 2156 F/gat1 A/g.
Moreover, the NiCo-LDH-5:5//AC hybrid supercapacitors exhibit exceptional energy and
power density as well as outstanding long-cycle stability (81.5% capacity retention rate
after 6000 cycles). This work offers a unique way for the development of superior electrode
materials for energy storage and an efficient synthesis process.

Author Contributions: Conceptualization, X.Y., Q.H., X.F. and ].L.; methodology, X.Y., Q.H., X.F. and
J.L.; data curation, L.H., W.W. and W.C.; formal analysis, X.Y. and W.W.; investigation, X.Y. and WW.;
resources, Q.H., X.F. and J.L.; supervision, X.Y., Q.H., X.F. and J.L.; writing—original draft preparation,
XY, LH., WW. and W.C.; writing-review and editing, X.Y., L.H., WW. and W.C.; funding acquisition,
XY, Q.H., X.F and J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant Nos.
51806122), the Joint Funds of the Zhejiang Provincial Natural Science Foundation of China (Grant
Nos. LZY23E020001, LZY24E050002), the Quzhou Science and Technology Program (Nos. 2023K209,
2022K34, 2023K231), the Quzhou Hixee Elec-tronic Technology Co., Ltd. (No. H2023139), the Quzhou
Xinhui Plastic Fittings Co., Ltd. (No. H2019039), and the Quzhou Xianfeng Advanced Materials Co.,
Ltd. (No. H2019068).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Molecules 2024, 29, 2546 12 of 13

Data Availability Statement: The data that support the findings of this work are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Deepika, C.; Yuvakkumar, R.; Ravi, G.; Arunmetha, S. Facile synthesis of chromium oxide composite carbon (Cr,O3/C)
nanostructures by solvothermal route for high performance supercapacitor applications. Mater. Lett. 2024, 362, 136158-136161.
[CrossRef]

Igbal, M.Z.; Khizar, A.; Shaheen, M.; Afzal, AM.; Ahmad, Z.; Wabaidur, S.M.; Al-Ammar, E.A. Pyridine 3,5-dicarboxylate-based
metal-organic frameworks as an active electrode material for battery-supercapacitor hybrid energy storage devices. RSC Adv.
2024, 14, 2205-2213. [CrossRef] [PubMed]

Tharani, S.; Prithiba, A. Sustainable biomass conversion into activated carbon for supercapacitor devices: A promising approach
toward renewable energy storage. Energy Source Part A 2024, 46, 1165-1176.

Kang, S.; Kim, B,; Lee, S.; Baek, J.; Yoo, J. Tailoring porosity of starch-derived biocarbon for enhanced supercapacitor performance.
Mater. Technol. 2024, 39, 2338628-2338635. [CrossRef]

Awitdrus, A.; Agustino, A.; Simanjuntak, A.C.; Farma, R.; Iwantono, I.; Deraman, M. A novel separator material derived from
discarded disposable medical mask waste for supercapacitor applications. Energ. Source Part A 2024, 46, 5497-5507. [CrossRef]
Yang, H.Z. A Review of Supercapacitor-based Energy Storage Systems for Microgrid Applications. In Proceedings of the 2018
IEEE Power & Energy Society General Meeting (PESGM), Portland, OR, USA, 5-10 August 2018.

Yang, X.; Tian, Y.R; Sarwar, S.; Zhang, M.M.; Zhang, H.P,; Luo, ].J.; Zhang, X.Y. Comparative evaluation of PPyNF/CoO and
PPyNT/CoO nanocomposites as battery-type supercapacitor materials via a facile and low-cost microwave synthesis approach.
Electrochim. Acta 2019, 311, 230-243. [CrossRef]

Yan, J.; Wang, Q.; Wei, T.; Fan, Z.]. Recent Advances in Design and Fabrication of Electrochemical Supercapacitors with High
Energy Densities. Adv. Energy Mater. 2014, 4, 1300816-1300858. [CrossRef]

Zhu, PJ; Su, FY,; Xie, L].; Li, XM,; Li, Y.F,; Chen, C.M. Oxygen-enriched vacancies Co30,/NiC0,0, heterojunction hollow
nanocages with enhanced electrochemical properties for supercapacitors. Appl. Surf. Sci. 2024, 657, 159732-159741. [CrossRef]
Zheng, X.; Sun, Y.H,; Jin, S.J.; Xu, M.X;; Ding, Y.Y.; Chen, F; Yang, T.; Zhang, Q.; Zheng, X.Y.; Chen, H. Sulfidation of ZIF-Derived
Core-Shell NiCo LDH/Ni MOF Heterostructure toward Supercapacitor Electrodes with Enhanced Performance. Batteries 2022, 8,
241-251. [CrossRef]

Wang, J.L,; Liang, J.; Lin, Y.C; Shao, K.J.; Chang, X.; Qian, L.J.; Li, Z.; Hu, PZ. Nanowire stacked bimetallic metal-organic
frameworks for asymmetric supercapacitor. Chem. Eng. J. 2022, 446, 137368-137376. [CrossRef]

Zhang, P.; Mu, ].H.; Kong, X.J.; Wang, X.W.; Wong, S.I.; Sunarso, J.; Xing, W.; Zhou, J.; Zhao, Y.; Zhuo, S.P. Novel Electrode
Materials and Redox-Active Electrolyte for High-Performance Supercapacitor. Chemelectrochem 2022, 9, e20210164—20210170.
[CrossRef]

Kumar, N.; Pradhan, L.; Jena, B.K. Recent progress on novel current collector electrodes for energy storage devices: Supercapaci-
tors. Wires Energy Environ. 2022, 11, e415-e438. [CrossRef]

Xing, H.N.; Lan, Y.Y.; Zong, Y.; Sun, Y.; Zhu, X.H.; Li, X.H.; Zheng, X.L. Ultrathin NiCo-layered double hydroxide nanosheets
arrays vertically grown on Ni foam as binder-free high-performance supercapacitors. Inorg. Chem. Commun. 2019, 101, 125-129.
[CrossRef]

Zhang, X.T.; Lu, Q.F,; Guo, E.Y,; Feng, ].S.; Wei, M.Z.; Ma, ].Y. NiCo layer double hydroxide/biomass-derived interconnected
porous carbon for hybrid supercapacitors. J. Energy Storage 2021, 38, 102514-102521. [CrossRef]

Nyongombe, G.E.; Kabongo, G.L.; Noto, L.L.; Dhlamini, M.S. Up-scalable synthesis of highly crystalline electroactive Ni-Co LDH
nanosheets for supercapacitor applications. Int. J. Electrochem. Sci. 2020, 15, 4494-4502. [CrossRef]

Owusu, K.A.; Wang, Z.Y,; Saad, A.; Boakye, FO.; Mushtaq, M. A ; Tahir, M,; Yasin, G.; Liu, D.Q.; Peng, Z.C.; Cai, X.K. Room
Temperature Synthesis of Vertically Aligned Amorphous Ultrathin NiCo-LDH Nanosheets Bifunctional Flexible Supercapacitor
Electrodes. Energy Environ. Mater. 2023, 7, e12545-€12554. [CrossRef]

Hou, L.Y,; Du, Q.H,; Su, L.; Di, S.L.; Ma, Z.P; Chen, L.; Shao, G.J. Ni-Co layered double hydroxide with self-assembled urchin like
morphology for asymmetric supercapacitors. Mater. Lett. 2019, 237, 262-265. [CrossRef]

Zhang, X.; Lu, W.; Tian, Y.H.; Yang, S.X.; Zhang, Q.; Lei, D.; Zhao, Y.Y. Nanosheet-assembled NiCo-LDH hollow spheres as
high-performance electrodes for supercapacitors. J. Colloid Interface Sci. 2022, 606, 1120-1127. [CrossRef] [PubMed]

Yang, C.Y.; Song, EX.; Chen, Q.L. Composites of NiCo Layered Double Hydroxide Nanosheets and Co3S4 Nanoparticles for
Asymmetric Supercapacitors. Acs Appl. Nano Mater. 2023, 6, 10804-10816. [CrossRef]

Su, W,; Wu, E; Fang, L.; Hu, J.; Liu, L.L.; Guan, T.; Long, X.M.; Luo, H.J.; Zhou, M. NiCo-LDH nanowires@nanosheets core-shell
structure grown on carbon fiber cloth for high performance flexible supercapacitor electrode. J. Alloys Compd. 2019, 799, 15-25.
[CrossRef]

Jiao, Z.C.; Chen, Y.Q.; Du, M.; Demir, M,; Yan, EX.; Xia, WM.; Zhang, Y.; Wang, C.; Gu, M.M.; Zhang, X.X.; et al. 3D hollow
NiCo LDH nanocages anchored on 3D CoO sea urchin-like microspheres: A novel 3D /3D structure for hybrid supercapacitor
electrodes. J. Colloid Interface Sci. 2023, 633, 723-736. [CrossRef] [PubMed]


https://doi.org/10.1016/j.matlet.2024.136158
https://doi.org/10.1039/D3RA07104A
https://www.ncbi.nlm.nih.gov/pubmed/38213966
https://doi.org/10.1080/10667857.2024.2338628
https://doi.org/10.1080/15567036.2024.2337925
https://doi.org/10.1016/j.electacta.2019.04.084
https://doi.org/10.1002/aenm.201300816
https://doi.org/10.1016/j.apsusc.2024.159732
https://doi.org/10.3390/batteries8110241
https://doi.org/10.1016/j.cej.2022.137368
https://doi.org/10.1002/celc.202101646
https://doi.org/10.1002/wene.415
https://doi.org/10.1016/j.inoche.2019.01.031
https://doi.org/10.1016/j.est.2021.102514
https://doi.org/10.20964/2020.05.33
https://doi.org/10.1002/eem2.12545
https://doi.org/10.1016/j.matlet.2018.11.123
https://doi.org/10.1016/j.jcis.2021.08.094
https://www.ncbi.nlm.nih.gov/pubmed/34487932
https://doi.org/10.1021/acsanm.3c01993
https://doi.org/10.1016/j.jallcom.2019.05.305
https://doi.org/10.1016/j.jcis.2022.11.131
https://www.ncbi.nlm.nih.gov/pubmed/36508396

Molecules 2024, 29, 2546 13 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

Wang, S.X.; Zou, YJ.; Xu, E; Xiang, C.L.; Peng, H.L.; Zhang, J.; Sun, L.X. Morphological control and electrochemical performance of
NiCoO@NiCo layered double hydroxide as an electrode for supercapacitors. J. Energy Storage 2021, 41, 102862-102870. [CrossRef]
Han, E.S.; Han, Y.J.; Zhu, L.Z,; Yang, PJ.; Du, X.J. Polyvinyl pyrrolidone-assisted synthesis of flower-like nickel-cobalt layered
double hydroxide on Ni foam for high-performance hybrid supercapacitor. Ionics 2018, 24, 2705-2715. [CrossRef]

Sun, X.; Wang, G.; Sun, H; Lu, F; Yu, M,; Lian, J. Morphology controlled high performance supercapacitor behaviour of the
Ni—Co binary hydroxide system. J. Power Sources 2013, 238, 150-156. [CrossRef]

Wang, C.H.; Zhang, X.; Xu, Z.T.; Sun, X.Z.; Ma, Y.W. Ethylene Glycol Intercalated Cobalt/Nickel Layered Double Hydroxide
Nanosheet Assemblies with Ultrahigh Specific Capacitance: Structural Design and Green Synthesis for Advanced Electrochemical
Storage. Acs Appl. Mater. Interfaces 2015, 7, 19601-19610. [CrossRef] [PubMed]

Cai, X.Q.; Tan, G.M.; Deng, Z.T.; Liu, ].H.; Gui, D.Y. Preparation of Hierarchical Porous Carbon Aerogels by Microwave Assisted
Sol-Gel Process for Supercapacitors. Polymers 2019, 11, 429. [CrossRef] [PubMed]

Xu, X.H.; Sun, S.C; Luo, J.; Ma, R,; Lin, ].H.; Fang, L.; Zhang, P.X.; Chen, Y. Few-layer graphene prepared via microwave
irradiation of black sesame for supercapacitor applications. Chem. Eng. J. 2021, 425, 130664-130674. [CrossRef]

Tian, Y.R,; Du, H.S.; Zhang, M-M.; Zheng, Y.Y.; Guo, Q.P; Zhang, HP; Luo, J.J.; Zhang, X.Y. Microwave synthesis of
MoS/MoO@CNT nanocomposites with excellent cycling stability for supercapacitor electrodes. J. Mater. Chem. C 2019, 7,
9545-9555. [CrossRef]

Varadwaj, G.B.B.; Nyamori, V.O. Layered double hydroxide- and graphene-based hierarchical nanocomposites: Synthetic
strategies and promising applications in energy conversion and conservation. Nano Res. 2016, 9, 3598-3621. [CrossRef]

Li, J.; Wei, M.; Chu, W.; Wang, N. High-stable a-phase NiCo double hydroxide microspheres via microwave synthesis for
supercapacitor electrode materials. Chem. Eng. . 2017, 316, 277-287. [CrossRef]

Zhou, Y.P; Li, ]; Yang, Y.; Luo, B.; Zhang, X.; Fong, E.L.E.; Chu, W.; Huang, K.M. Unique 3D flower-on-sheet nanostructure of
NiCo LDHs: Controllable microwave-assisted synthesis and its application for advanced supercapacitors. J. Alloys Compd. 2019,
788,1029-1036. [CrossRef]

Kasai, A.; Fujihara, S. Layered single-metal hydroxide/ethylene glycol as a new class of hybrid material. Inorg. Chem. 2006, 45,
415-418. [CrossRef] [PubMed]

Mavis, B.; Akinc, M. Cyanate intercalation in nickel hydroxide. Chem. Mater. 2006, 18, 5317-5325. [CrossRef]

Zhu, G.X; Xi, C.Y,; Shen, M.Q.; Bao, C.L.; Zhu, J. Nanosheet-Based Hierarchical Ni(CO)(OH) Microspheres with Weak Crystallinity
for High-Performance Supercapacitor. Acs Appl. Mater. Interfaces 2014, 6, 17208-17214. [CrossRef]

Zou, W.R.; Guo, W.X,; Liu, X.Y.; Luo, Y.L,; Ye, Q.L.; Xu, X.T.; Wang, F. Anion Exchange of Ni-Co Layered Double Hydroxide
(LDH) Nanoarrays for a High-Capacitance Supercapacitor Electrode: A Comparison of Alkali Anion Exchange and Sulfuration.
Chem.-Eur. |. 2018, 24, 19309-19316. [CrossRef] [PubMed]

Wu, X.M,; Lian, M.; Wang, Q.G. A high-performance asymmetric supercapacitors based on hydrogen bonding nanoflower-like
polypyrrole and NiCo(OH) electrode materials. Electrochim. Acta 2019, 295, 655-661. [CrossRef]

Zhai, D.M.; Wen, J.; Ding, Q.Y.; Feng, Y.Y.; Yang, W. Hierarchical design of NiCo-LDH NFs@Co(OH), nanosheets supercapacitor
electrode material with boosted electrochemical performance. Int. J. Hydrogen Energy 2023, 48, 10108-10117. [CrossRef]
Ramasamy, V.; Thenpandiyan, E.; Suresh, G.; Sathishpriya, T.; Sagadevan, S. A novel and simple approach of rare earth ions
(Y3* and La3+) decorated nano calcium carbonate/polyethylene glycol for photocatalytic degradation of organic pollutants in
wastewater. Opt. Mater. 2023, 142, 114130-114144. [CrossRef]

Yang, X.; Zhang, X.; Yang, N.; Yang, L.; Wang, W.L.; Fang, X.; He, Q. NiCo-MOF Nanospheres Created by the Ultra-Fast
Microwave Method for Use in High-Performance Supercapacitors. Molecules 2023, 28, 5613. [CrossRef]

Liu, X.; Ye, L.; Du, Y.Q.; Zhao, L.]. Metal organic framework derived core-shell hollow CoS@NiCo-LDH as advanced electrode for
high-performance supercapacitor. Mater. Lett. 2020, 258, 126812-126816. [CrossRef]

Li, S.J.; Luo, Y.; Wang, C.; Wu, M.X,; Xue, YH.; Yang, ] H.; Li, L. A novel hierarchical core-shell structure of NiCoO@NiCo-
LDH nanoarrays for higher-performance flexible all-solid-state supercapacitor electrode materials. J. Alloys Compd. 2022, 920,
165986-165998. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.est.2021.102862
https://doi.org/10.1007/s11581-017-2392-3
https://doi.org/10.1016/j.jpowsour.2013.03.069
https://doi.org/10.1021/acsami.5b03176
https://www.ncbi.nlm.nih.gov/pubmed/26258432
https://doi.org/10.3390/polym11030429
https://www.ncbi.nlm.nih.gov/pubmed/30960413
https://doi.org/10.1016/j.cej.2021.130664
https://doi.org/10.1039/C9TC02391G
https://doi.org/10.1007/s12274-016-1250-3
https://doi.org/10.1016/j.cej.2017.01.057
https://doi.org/10.1016/j.jallcom.2019.02.328
https://doi.org/10.1021/ic051528d
https://www.ncbi.nlm.nih.gov/pubmed/16390083
https://doi.org/10.1021/cm0528835
https://doi.org/10.1021/am505056d
https://doi.org/10.1002/chem.201804218
https://www.ncbi.nlm.nih.gov/pubmed/30326158
https://doi.org/10.1016/j.electacta.2018.10.199
https://doi.org/10.1016/j.ijhydene.2022.12.128
https://doi.org/10.1016/j.optmat.2023.114130
https://doi.org/10.3390/molecules28145613
https://doi.org/10.1016/j.matlet.2019.126812
https://doi.org/10.1016/j.jallcom.2022.165986

	Introduction 
	Results and Discussion 
	Characterization 
	Electrochemical Properties 

	Materials and Methods 
	Materials 
	Synthesis of NiCo-LDH 
	Preparation of NiCo-LDH Electrodes 
	Characterization 

	Conclusions 
	References

