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Abstract: Due to their unique spatial structures, layered double hydroxides (LDHs) have been
considered as prospective electrode materials for supercapacitors. In this work, several NiCo-LDH
materials are obtained via a facile selenization process. This can improve the conductivity and reduce
the electrochemical impedance of the samples. The 0.4Se-NiCo-LDH materials deliver a specific
capacitance of 1396 F/g at 1 A/g. The capacity retention rate can reach 91.38% after 10,000 cycles.
In addition, using the prepared materials as a positive electrode, an asymmetric supercapacitor is
constructed. It offers an energy density of 60 Wh/kg at a power density of 2700 W/kg, demonstrating
that the synthesized samples possess promising applications in future flexible energy-storage systems.
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1. Introduction

Due to the increasing energy crisis and natural disasters in recent years, people are
committed to designing and developing some emerging energy conversion and storage
systems [1-3]. The quick development of science and technology has led to a vast demand
for energy-storage devices [4-6]. Among them, the supercapacitor has been a research focus
as a kind of efficient and green energy storage equipment [7-9]. One of the most critical
elements of a supercapacitor is its active electrode material, which undoubtedly determines
its performances, such as its specific capacitance and the structural stability [10-12]. Transi-
tion metal layered hydroxide has also been widely investigated because of its outstanding
electrochemical performance [13-17].

NiCo-LDH is an excellent electrode material due to its distinctive layered structure
and the interaction of the Ni and Co elements [18,19]. NiCo-LDH material can provide
many active sites and reaction spaces. Simultaneously, the synergistic effect between Ni and
Co ions can effectively improve the electrochemical performance. All these characteristics
make NiCo-LDH products suitable electrode materials for supercapacitors. For example,
Li et al., prepared a silver-plated NiCo-LDH material with a capacitance of 1338 F/g at
10 A/g[20]. In addition, a V-doped NiCo-LDH electrode was also synthesized by Hong's
group, delivering a specific capacitance of 2960 F/g at 1 A/g [21]. However, its poor
structural stability resulted in fading cyclability during successive cycling, and its low
electrical conductivity also limits its wide application for supercapacitors. To address these
issues, we turn our attention to some emerging selenides materials. The characteristic
4s,4p4 electronic structure of Se makes it easy to combine with transition metal atoms
to form covalent bonds [22]. Because of this feature, transition metal selenides possess
many metallic properties, so they are conducive to the electrochemical reaction. In this
regard, the NiCo,Ses /MXene composite electrode achieved a capacitance of 953.8 F/g at
1 A/g[23]. Yang et al., prepared a (Ni, Co)Se; nanorod array created on NiCo-LDH, which
is generated from conical ZIF-L. The specific capacity of the material is 188.8 mAh/g when
the current density is 1 A/g [24]. These outstanding electrochemical characteristics result
from the synergistic interaction between selenium and transition metals. Consequently,
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surface selenization of transition metal hydroxide will theoretically obtain outstanding
electrochemical performance.

Herein, we prepared 0.4Se-NiCo-LDH sample on a nickel foam substrate using a
hydrothermal method. The prepared sample delivers a specific capacitance of 1396 F/g at
1 A/g and can still maintain 91.38% of its initial specific capacitance at 10,000 cycles. Then,
a hybrid capacitor is constructed with the composite samples as the cathode and activated
carbon as the anode, respectively. The device can keep 84.45% of its original capacity after
8000 tests. In addition, when the power density of the equipment is 2700 W /kg, the energy
density can reach 60 Wh/Kg.

2. Materials and Methods

In this work, all purchased chemicals were used directly. In the pretreatment stage
of the experiment, a piece of nickel foam (NF) was washed with 0.5 mol/L HCl solution
and deionized water under sonication, respectively. First, the NiCo-LDH nanosheets
were prepared using a hydrothermal method [19]. Then, 5 g NaOH and 0.4 g Se were
dissolved into 60 mL deionized water and stirred for 30 min. After that, the solution was
heated to 180 °C and stored for 12 h. Subsequently, the prepared NiCo-LDH precursor
was transferred to the above solution, heated to 140 °C, and stored for 4 h. The sample
was named 0.4Se-NiCo-LDH, and it had an average loading mass of 1.5 mg cm~2. For
comparison, we also prepared two samples with 0.2 g and 0.6 g Se raw material. Their
average loading masses are 1.2 and 1.7 mg cm~2; the as-prepared products were named as
0.2Se-NiCo-LDH and 0.6Se-NiCo-LDH, respectively.

3. Results and Discussion

XRD was first used to investigate the crystal structure and phase purity of the samples.
From Figure 1a, the well-defined diffraction peaks are associated with the (003), (006), (012),
(015), and (110) planes of the hydrotalcite-like phas at 11.21°, 22.44°, 34.25°, and 39.10°,
respectively (PDF No. 40-0216). Meanwhile, the 0.4Se-NiCo-LDH peaks are located at
28.28° (100), 32.9° (101), 50.07° (110), 58.1° (103), 63.29° (201), and 72.24° (202). They can be
assigned to NiCoSe, phases (PDF No. 70-2851) [25].

We further tested the element composition and valence information of the sample
using XPS. The full spectrum indicates the existence of Ni, Co, Se, and O elements in the
0.4Se-NiCo-LDH sample (as clearly seen in Figure 1b). As illustrated in Figure 1c, the O
1s spectra consist of three primary peaks. O1 presents the metal-oxygen bond, which is
located at 530.2 eV. O2 delegates the oxygen ion and O3 is the physicochemical water on
the surface of the active material, which is at 531.7 eV and 532.9 eV, respectively [26]. In
Figure 1d, the binding energies of Ni®* are located at the fitting peaks 855.3 and 873.1 eV,
while the other two peaks at 853.5 and 870.5 eV belong to Ni?*. Additionally, the two
satellite peaks in the Ni 2p spectrum can be found at 861.4 and 878.5 eV, respectively [27].
Two spin-orbit double peaks (Co 2p3,, and Co 2p; ;) and two satellites make up the Co
2p XPS spectra (Figure 1e) due to the co-existence of Co?* and Co®*. The fitted peaks at
781.1 and 796.8 eV are Co?*; the two peaks at 778.1 and 793.2 eV can be indexed to Co>* [28].
The characteristic peaks at 53.3 and 54.4 eV are typical characteristics of metal-selenium,
and the characteristic peaks at 58.1 eV in Se 3d spectrum may come from Se-O [29,30].

The scanning electron microscope (SEM) was used to study the morphology of the
samples. NiCo-LDH samples are depicted in Figure 2a, where the surface of Ni foam is
covered by uniformly overlapping nanosheets, which indicates that the samples show good
homogeneity. High-magnification SEM images demonstrate that the nanosheets possess
an average thickness of 40 nm (Figure 2e). As seen in Figure 2b,f, the smooth nanosheets
become rough after Se doping, and a layer of ‘small balls’ covers the surface [31]. The porous
surface can promote electrochemical kinetics and provide many electrode/electrolyte
contact surfaces.
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Figure 1. Structural characterization (a) XRD patterns of the as-prepared samples, (b) the XPS full
spectra of 0.4Se-NiCo-LDH sample, (c) Ols, (d) Ni 2p, (e) Co 2p, (f) Se 3d.

P

Figure 2. Morphology characterization. (a-d) Low-magnification SEM images; (e-h) high-magnification
SEM images.

These ‘small balls” gradually appear with the increase in Se content, and the surface
of Ni foam forms a 3D honeycomb structure based on the cross-linked nanosheet array
(Figure 2c,g). Notably, this interconnected honeycomb structure possesses high porosity
and can provide many internal spaces as active sites. Nevertheless, when the Se content
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continuously increases, the small balls on the 0.6Se-NiCo-LDH sample surface gradually
connect (Figure 2d,h), resulting in the small pore diameter of the 3D honeycomb structure.
The material surface shows a serious agglomeration phenomenon.

Figure 3a depicts the CV curves of the samples. It can be found that the 0.4Se-NiCo-LDH
sample presents high current density and a large curve integral area. This means that
surface selenization can lead to an improvement in the electrochemical activity of the
NiCo-LDH electrode. Moreover, the CV curves possess symmetric redox peaks, which
reflect a typical pseudocapacitive characteristic different from electrochemical double-layer
capacitance [31,32]. This can also be verified in the GCD curves of the electrode materials
at1 A/g (Figure 3b). A pair of charge-discharge voltage platforms are clearly observed in
each GCD curve. The platforms are derived from the redox reaction between the active
substance in the electrode and OH™ between the electrode and the electrolyte/near surface.
At the current density of 1 A/g, the 0.4Se-NiCo-LDH electrode shows an obvious charging
platform at the potential window of ~0.35 V. The relevant redox reactions can be described
by the following equation [32]

NiCoSe, + 2H,0 + O, = Co(OH), + Ni(OH), + 2Se (1)
3Se + 60H™ — 2Se?~ + Se032~ + 3H,0 )
Co(OH), + OH™ +» CoOOH + H,0 + e~ ©)

CoOOH + OH™ <+ CoO; + H,O + e~ (4)
Ni(OH), + OH~ <> NiOOH + H,O + e~ (5)

It is clear that there are the different energy-storage mechanisms for Ni and Co el-
ements. Therefore, 0.4Se-NiCo-LDH materials have multiple potential oxidation reduc-
tion states.

Figure 3c presents the Nyquist curves of the prepared samples. The EISs of the
samples show a similar shape. From the enlarged image, the semicircular intercept of the
0.4Se-NiCo-LDH sample is distinctly smaller than that of single NiCo-LDH, indicating that
the introduction of the Se element can greatly reduce the charge-transfer resistance (R).
In the low-frequency region, the slope of 0.4Se-NiCo-LDH material is significantly higher
than that of other samples. This suggests that the sample possesses a fast charge-transfer
rate and interface absorption/desorption rate.

To determine whether the electrode materials show pseudo capacitance behavior
during charging and discharging, the following formula can be utilized for calculation [33]:

[=av’ (6)

In the formula, I refers to the peak current, v is the scan rate, and a and b are constants.
Obviously, the b values of these samples are all between 0.5 and 1 (Figure 3d), which
demonstrates the pseudo capacitance dominated behavior. Since both Ni and Co ions are
in a low-valence state in the 0.45e-NiCo-LDH samples, the two ions can directly contribute
to the pseudo capacitance performance. Consequently, with their high specific capacity,
great rate performance, and exceptional durability, 0.4Se-NiCo-LDH electrodes present
optimal electrochemical performance [31].

The specific capacitance of the samples is estimated from GCD curves through
Figure 3e. It is worth noting that the specific capacitance of 0.4Se-NiCo-LDH sample is
1398 F/g at 1 A/g and remains at 73.35% of the initial capacitance when the current density
is elevated to 8 A/g. At the same current density, NiCo-LDH maintains 51.16% capacitive
retention. The following equation provides a capacitance contribution to the system:

i=kv+ k2V1/2 (7)

By using CV curves, it is possible to determine the values of k; and k. According to
Figure 3f, the 0.4Se-NiCo-LDH electrode’s diffusion capacitive contribution is 95.38% at
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10 mV/s. It can be found that when the scan rate rises, the diffusion control contribution
gradually decreases. The surface control contribution gradually replaces the diffusion
control contribution as the scanning speed continues to increase. As illustrated in Figure 3g,
the electrode materials maintain 91.8% capacitance retention at 10 A /g after 10,000 cycles,
which is much higher than that of NiCo-LDH (75.9%). These cycling results confirm the
superior capacitance stability of the 0.4Se-NiCo-LDH nanocomposite. SEM images after
cycling further prove that the honeycomb structure provides a stable structure.
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Figure 3. Electrochemical characterizations of the electrode materials. (a) CV curves, (b) GCD curves,
(c) Nyquist plots, (d) b values, (e) specific capacitance, (f) contribution ratio between capacitance and
the diffusion-limited result (g) cycling performance and SEM images after cycling.

To evaluate the practical application of 0.4Se-NiCo-LDH samples, quasi-solid-state
asymmetric devices are assembled. Figure 4a reveals that the voltage of the device can
reach 1.6 V according to the CV curves. As shown in Figure 4b, the device owns the ability
of quick charge and discharge; the discharge time of the device is 78 s at 1 A/g. The
reaction kinetics can be investigated by the Nyquist plot (Figure 4c), and the measurement
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frequency range is 1072 to 10° Hz. In the whole frequency range, the device is practically
straight and does not represent a full semicircle.
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Figure 4. Electrochemical characterization of ASC. (a) CV curves of 0.4Se-NiCo-LDH and active
carbon, (b) GCD curves, (¢) Nyquist plots, (d) CV curves with various voltage windows, (e) CV
curves with various scan rates, (f) Ragone plots, (g) digital photographs of the folded device (h) CV
curves of device at different bending angles, (i) cycling performance and SEM image after cycling.

The Warburg impedance (Z,,) represents the ion diffusion. It is correlated with the
slope of the line in the low-frequency zone. The asymmetric devices show low ion diffusion
resistance, which is ascribed to the internal electrical characteristics and synergistic effects
of surface selenization. Meanwhile, the three-dimensional porous structure allows many
electrochemical active sites to be exposed, increasing the utilization of the entire electrode
material [34,35]. We present the equivalent fitting circuit with a Rs of 0.76 for the device,
indicating its excellent conductivity. The CV curves of the device under different voltage
windows are shown in Figure 4d. It can be found that the shapes of the curves remain
almost unchanged with the increase in the potential window from 1.4 to 1.8 V. The area of
the curve increases with the enlarging of the scanning speed.

As can be seen from the Ragone plot, 0.4-Se-NiCo-LDH/ /AC can provide an energy
density of 60 Wh/kg at a power density of 2700 W /kg. This result is apparently higher
than that of the previously reported work (Figure 4f). Moreover, Table 1 further represents
the electrochemical performances of several composite electrodes [25,36-39]. It demon-
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strates the large power density and energy density of our fabricated 0.4-Se-NiCo-LDH
sample. The CV test is also performed at the scanning speed of 100 mV/s, as shown in
Figure 4g h. Different bending angles show no discernible effect on the shape of CV curves,
revealing that the performance is almost affected by bending angles. The device presents
exceptional long-cycle stability by maintaining 84.46% of the original capacitance after
8000 cycles (Figure 4i). The prepared 0.45e-NiCo-LDH composite possesses an outstanding
electrochemical performance for flexible energy storage devices.

Table 1. Comparison of energy density and power density of 0.4Se-NiCo-LDH device with previ-
ous reports.

Electrode Materials Energy Density (Wh/kg) Power Density (W/kg) Ref.
H-NiCoSe,//AC 25.5 3750 [25]
N-rGO/NiSe,//AC 40.5 841.5 [36]
NiCo0,04@NC//AC 294 349 [37]
NiCo,S4//AC 28.3 245 [38]
NiCo-LDH//AC 27.5 375 [39]
0.4Se-NiCo-LDH//AC 60 2700 This work

4. Conclusions

Overall, we have synthesized a 0.45e-NiCo-LDH sample via a facile hydrothermal
approach. The optimized 0.45e-NiCo-LDH sample possesses high porosity and can provide
many active sites during electrochemical reactions. Moreover, selenium itself shows a
unique electronic structure, which provides the sample with high conductivity. Therefore,
this growth route is simple and widely applicable to the design of some other hydrox-
ide/oxide electrode materials. In our work, the unique nanostructure enables it to maintain
excellent capacitance and mechanical stability after long cycling. The assembled device us-
ing the obtained samples as cathode materials demonstrates outstanding cycle stability and
high energy density. The results suggest that the synthesized materials possess promising
application prospects in future energy-storage devices.
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