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ABSTRACT: In this paper, NiSb/NiTe/Ni composites were
smoothly developed via the microwave method for supercapacitors.
The synthesis of NiSb/NiTe crystals was revealed by X-ray
photoelectron spectroscopy and X-ray diffraction. The analytic
results of scanning electron microscopy and energy dispersive
spectroscopy uncover the microscopic morphology as well as the
constituent elements of the composites. Self-supported NiSb/NiTe
is a supercapacitor cathode that combines high capacitance with
excellent cycling stability. The obtained composite electrode i
displayed remarkable electrochemical properties, presenting a special

capacitance of 1870 F ¢! (1 A g') and 81.5% of the original ’ S crovane >
capacity through 30,000 times (10 A g™') of the charging/

discharging process. Further, an asymmetric supercapacitor was

prepared employing NiSb/NiTe as a cathode and activated carbon as an anode. NiSb/NiTe//AC exhibited a high energy density of
224.6 uW h cm™? with a power density of 750 uW cm ™ and provided a favorable cycling stability of 83% after 10,000 cycles.
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1. INTRODUCTION g™!), and fast ionic diffusion property.”>>’ Composite Sb
Spurred on by the speedy consumption of fossil fuels, the compounds can tune the overall electrical conductivity and
evolution of substitute nonrenewable energy storage and take advantage of the respective capacitive contribution and
switching devices with sodium-ion batteries (SIBs), fuel cells, the synergistic effect of multiple active species, resulting in
and supercapacitors (SCs) has been identified as a means of higher specific capacities.”*"*° For example, Usui et al.”’
supplying a sustainable and secure energy source.'~* SCs are prepared CeO,/Sb,O; composites for sodium storage by
being used as energy devices for future use owing to their mechanical grinding. The CeO,/Sb,0; composite electrode

higher power density, excellent czrcétling stability, and fast exhibited 400 mA h g™! capacity during the 120th cycle, greatly
charging/discharging characteristics.”

improving the capacity compared to the low capacity of CeO
Among the various electrode materials, Ni-based sulfides P 8 pacity P pacity 2

such as NiS,”” NiSe,” and NiTe'’ are extensively utilized as (2258InA h g_.l) during the first charge/disch.arge process. Jia et
electrode materials in SCs for their high theoretical al synthesme.d Sb253/8n$2/c elect.rodes via the solvot_}iermal
capacitance, remarkable redox properties, and low cost."' ™' method, showing a reversible capacity of 642 mA h g™ after
Compared to NiS and NiSe, NiTe has higher electrical 600 cycles. The value of the capacity was severely reduced to

conductivity and an easily tunable electronic structure as well 100mAh g™ (1 Ag™") through 20 cycles relative to the SnS,/
as proven good pseudocapacitance characteristics and excellent C electrode. Li et al.”” constructed CoSe,/Sb,Se; anode SIBs
cycling stability.'*'® For instance, Ye et al."® demonstrated that by an ion exchange reaction. The CoSe,/Sb,Se; composite
the capacitance value of NiTe is 109.4 mA h g™/, resulting in a electrode exhibited enhanced sodium ion storage capacity
capacity maintenance rate of 98% after S000 cycles. M. compared to that of CoSe,, reaching 5129 mA h ¢! at 0.1 A
Manikandan et al."” synthesized a NiTe nanorod electrode by a g~ . Therefore, making full use of the capacitive contribution of

hydrothermal method, possessing 618 F g_l, and the
capacitance was able to maintain 75% of it through 5000
cycles. Nevertheless, the capacitance value of NiTe is very low
and not sufficient for SC applications.'® Compounding is an
effective method of modulating the electron structure to
provide additional redox reactions.'””>' Antimony metal
shows superior electrochemical performance in the application
of energy storage thanks to its good electrical conductivity (1.6
X 10* S m™"), high theoretical capacitance value (660 mA h

both components by introducing antimony-based compounds
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as complexes is an effective strategy to promote multiple redox
reactions and increase the capacitance value.

Compared with traditional synthesis methods such as
hydrothermal and solvent thermal methods, the microwave
method of preparing electrode materials has the merits of short
time consumption and environmental conservation.”’
Herein, NiSb/NiTe composites self-supported on nickel
foam were prepared via microwave radiation. Combining
NiSb and NiTe results in increased conductivity, providing
more chemical reaction sites and reducing the migration routes
of electrons and ions.”>** The NiSb/NiTe cathode achieves
1870 F g7 at 1 A g”' and a capacity maintenance of 81.5%
through 30,000 cycles. In parallel, the NiSb/NiTe//activated
carbon (AC) presents a maximum value of 224.6 uW h cm™ in
energy density and a satisfactory cycling stability of 83% after
10,000 cycles.

2. EXPERIMENTAL SECTION

2.1. Materials. Ni-foam (NF) was purchased from
LongShengBao Products Corporation. Tellurium powder was
sourced from Aladdin Industrial Corporation. SbCl; was taken
from Macklin Corporation. NiCl,-6H,0O was purchased from
Shanghai Klamar Co. Ethyl alcohol (C,HO), ethylene glycol
(C,H0,), ethylenediamine (C,H;N,), and potassium hydrox-
ide (KOH) were acquired from Chemical Products Co.
(China, Tianjin).

2.2. Preparation of NiTe/Ni. Prior to use, NF (1 X 1 cm?)
was ultrasonically cleaned in ethyl alcohol. In brief, a quantity
of Te powder, 400 L of KOH (0.8 M), and 1.6 mL of
C,HgN, were dissolved by stirring to yield a red wine-colored
liquid. The above-mentioned mixture was then shifted to a
heat-resistant crucible (10 mL) along with NF. After the
reaction was maintained at 1000 W for 150 s in a microwave
oven, the NF was cleaned with DI water as well as further dried
(80 °C, 10 h). The nanoflakes of NiTe on NF weighed about
0.5 mg.

2.3. Preparation of NiSb/NiTe/Ni. The procedure was as
follows: SbCl; and NiClL,-6H,0 were dissolved in 2 mL of
C,H(O in a molar ratio of 1:1. 100 uL of the above solution,
600 uL of C,HgN,, and 400 uL of C,H,O, were added to the
NiTe/Ni electrode sheet prepared in the first step as a
substrate for sonication for 20 min, and then the microwave
reaction (under different conditions) was carried out. Finally,
the composite electrodes prepared with the above steps were
cleaned using deionized water and left at 80 °C for 10 h. The
weight of NiSb/NiTe embedded in the NF was about 1 mg,
Table 1 shows the specific capacitance for NiSb/NiTe
materials that were prepared under different conditions.

2.4. Fabrication of the NiSb/NiTe/Ni//AC Asymmetric
SC. A NiSb/NiTe/Ni//AC device was assembled using a

Table 1. Specific Capacitance Values of NiSb/NiTe under
Various Reaction Conditions”

microwave microwave capacitance/F g~
sample watts/W duration/s (1Agh
P1 600 150 1046
P2 1000 150 1236
P3 800 150 1870
T1 800 120 1192
T2 800 180 1650

a . . .
T: microwave time P: microwave power.
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NiSb/NiTe electrode as the positive electrode and a 1 X 1 cm?
commercial activated carbon (AC) electrode as the negative
electrode and tested in 6 M KOH. The negative electrodes
were prepared as follows: AC, ethynyl black, and PVDF were
blended into a homogeneous slurry at a mass ratio of 80:10:10.
The obtained paste was then coated on 1 cm? NF, dried at 100
°C for 10 h, and finally pressed into electrode sheets.

2.5. Characterization. The crystallographic structure of
NiSb/NiTe was recognized by X-ray diffraction (XRD)
(Rigaku MiniFlex 600). The microstructural features and
surface topography of the sample were determined by scanning
electron microscopy (SEM) (Gemini 300). Identification of
the electronic state and the physical elemental distribution of
the sample was performed by X-ray photoelectron spectrosco-
py (XPS) (PHI-S000 VersaProbe III) and energy dispersive
spectroscopy (EDS, Gemini 300).

2.6. Electrochemistry Characterization. In 6 M KOH,
the electrochemical characterization of NiSb/NiTe composites
was evaluated by cyclic voltammetry (CV), constant current
charging/discharging (GCD), and EIS. The Pt sheet was
applied as an opposite electrode. The selection of a mercuric
oxide electrode was used as a reference electrode (RE). These
basic measurement data were carried out on an electro-
chemical workstation (CHI660E). The cycle stability of the
material was checked using the Landt cell test system
(CT2001A). The capacitance value was calculated through
the underneath equation

Cs = IAt/mAV (1)

I (A) means the amps, m (g) is the quality of the electroactive
material, and Af (s) denotes the discharge time.

The electrode mass of the SC is regulated by the following
equation

m*/m~ = CCAV™/CIAV* 2)
where AV' and AV~ are the voltage windows where the
positive/negative electrodes are located, and C; and C; are the
capacitive amounts of the positive/negative electrodes,
respectively.

The E (W h ecm™) and P (W ecm™2) C, (F cm™) of the
device are taken through calculation equations

C, = IAt/SAV (3)
E =1 f Vdt/3.6 X m @
P, = E/At X 3600 (s)

where S is 1 cm?.

3. RESULTS AND DISCUSSION

3.1. Characterization of NiSb/NiTe/Ni. The XRD graph
of the NiSb/NiTe composite electrode is shown in Figure la.
The diffractive peaks at 46.1, 42.9, and 31.1° correlate to
(110), (102), and (101) of NiTe (JCPDS no. 38-1393), while
the derivative peaks at 31.5, 43.9, and 46.2° are attributed to
(101), (102), and (110) of NiSb (JCPDS no. 41-1439). The
three peaks 44.5, 51.8, and 76.4° correspond to the cubic phase
of Ni substrates (JCPDS no. 04-0850). The XRD graph of the
NiSb/NiTe electrode after 30,000 cycles is shown in Figure S3.
The XPS spectrum favors the existence of the elements Ni, Sb,
and Te. Figure 1b shows that the peaks at 855.4/873.5 eV
match the Ni 2p;,,/Ni 2p, /, orbitals, and the peaks at 861.1/

https://doi.org/10.1021/acsomega.3c07385
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Figure 1. (a) XRD pattern for NiSb/NiTe; XPS pattern of NiSb/NiTe: (b) Ni 2p, (c) Te 3d, and (d) Sb 3d.
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Figure 2. (a) SEM image of NF; (b—f) SEM images of NiSb/NiTe (at various conditions); (g) EDS image of NiSb/NiTe.

880.7 eV are the equivalent for the satellite peaks. The XPS
spectrum of Te 3d (Figure 1c) with energetic peaks of about
572.6/583.2 eV is due to Te?”. The other spikes are regarded
as the high oxidation state of tellurium due to the oxidation of
the surface. The Sb spectrum in Figure 1d has two distinct
peaks with combination energies of 539.7 and 530.7 eV,
associated with 3d;/, and 3d;,, of Sb.
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Figure 2 shows SEM images of the NiSb/NiTe complexes
under different preparation conditions. SEM was used to probe
the correlation of the micromorphology with the electro-
chemical properties of NiSb/NiTe. Under microwave irradi-
ation at 1000 W for 150 s, NiTe was grown uniformly on the
surface of nickel foam to form nanosheets. Subsequently, the
NiSb alloy particles self-grew on the NiTe sheets, and the

https://doi.org/10.1021/acsomega.3c07385
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Figure 3. (a) CV profiles of NiSb/NiTe with optimal condition (800 W for 150 s); (b) GCD curves of NiSb/NiTe with sample P3; (c) Nyquist
plots for NiSb/NiTe at different reaction parameters; (d) CV profile of NiSb/NiTe at various microwave conditions; (e) GCD profiles of NiSb/
NiTe under variable reaction parameters; (f) specific capacity of NiSb/NiTe samples at different current densities under different preparation
conditions; (g) calculation of NiSb/NiTe charge storing dynamics; (h) capacitance share of the NiSb/NiTe energy storage at 100 mV s™'; (i)
histogram of the contribution of capacitance and diffusion control factor on the total amount of capacity (through varying sweep rates).

overall morphology showed the formation of alloy nano-
particles in the nanosheets. In order to analyze the morphology
of the two substances separately, we characterize the
morphology of the first layer of NiTe and NiSb/NiTe in
Figure S1. In Figure 2b, NiSb is more homogeneously
concentrated on the NiTe nanosheets under the optimum
reaction conditions (800 W and 150 s). The composite
consisting of two species (NiTe and NiSb) possesses more
electrochemically active sites to facilitate the redox reac-
tion.””*" The capacitance of the NiSb/NiTe/Ni composite
electrode is significantly higher compared to that of the self-
grown NiTe nanosheets. As shown in Figure 2¢, when the
microwave exposure time is short, the NiSb particles form less
and are inhomogeneous, leading to low electrochemical
performance. As shown in Figure 2d, with increasing exposure
time, NiSb particles aggregated and eventually became
agglomerated in morphology on the NiTe sheet. The
capacitance values of the electrode sheets prepared at the
two different microwave times mentioned above were

2600

significantly lower than those at the optimum conditions,
thus showing that microwave time affects the capacitance
values of the electrodes. As shown in Figure 2e, the NiSb
particles were still inhomogeneous and discontinuous at lower
microwave power states. It presents the shape of the specimen
after irradiation at 1000 W for 150 s in Figure 2f. For high
power, the NiSb particles aggregate and adhere to form
aggregates by growing in the voids between the nanosheets,
which severely affects the active zone of the electrode.
Combining these morphologies suggests that the micro-
structure of NiSb particles can be modulated by microwave
power and time, which directly affects their electrochemical
properties.”"”** In order to further analyze the morphological
stability before and after electrochemical cycling, we performed
further electron microscopic characterization of the electrodes
after electrochemical cycling in Figure S2. EDS combined with
Figure 2g shows the successful self-growth of NiSb/NiTe
composites on nickel foam. The heterostructure formed by
NiSb and NiTe tunes the electronic structure, improves the

https://doi.org/10.1021/acsomega.3c07385
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Table 2. Comparison of the Electrochemical Properties of NiSb/NiTe vs Other Materials

material method specific capacity/F g™* (1A g™) retention rate (%) Ref
NiTe nanorods hydrothermal 618.0 75.0% (5000 circles) 17
NiTe/NiSe electrodeposition 1868.0 86.2% (5000 circles) *
Se/NiTe hydrothermal 998.2 93.2% (1000 circles) 3
Co/NiTe hydrothermal 1645.6 85.0% (1000 circles) ¥
NiTe/NiCoSe, hydrothermal 2018.2 97.7% (5000 circles) 16
NiSb microwave 4633.0 80.0% (10,000 circles) 38
NiSb/NiTe microwave 1870.0 81.5% (30,000 circles) this work
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Figure 4. (a) CV plots of NiSb/NiTe and NiTe; (b) GCD profiles of NiSb/NiTe and NiTe at 1 A g™'; (c) resistance plots between NiTe and
NiSb/NiTe; (d) degradation of the capacitance of sample P3 in the presence of 30,000 GCDs through 10 A g™'; (e) electrical impedance before

and after circulation; (f) rate performance of sample P3.

electrical conductivity, and exposes numerous electrically
active sites, which shortens the pathways for electron as well
as ion migration.“_45

3.2. Electrochemistry Tests. 3.2.1. Electrochemical
Properties of NiSb/NiTe/Ni. Figure 3a presents the CV curves
of NiSb/NiTe (800 W, 150 s) in the three-electrode system at
various sweeping rates (100, 50, 20, 10, and S mV s7') at a
voltage window (0—0.6 V) relative to the Hg/HgO RE. The
GCD curves are depicted in Figure 3b, which coincide with the
CV curve with two redox peaks in this voltage interval. The
NiSb/NiTe electrode has a capacitance of 1870 F g~' through
1 A g7', based on eq 1. The NiSb/NiTe composite as a SC
positive electrode in an alkaline electrolyte lies in a convertible
switch reaction with the following reaction mechanism®**°

NiSb + OH™ = Ni(Sb)OH + e~

Ni(Sb)OH + 20H™ = Ni(Sb)OOH + H,0 + 2e”
NiTe + OH = NiTeOH + e~

NiTeOH + OH™ = NiTeO + H,0 + ¢

In contrast to other Ni-based electrode materials (listed in
Table 2), NiSb/NiTe has a large capacity and excellent

2601

circulation stability. As presented in Figure 3¢, a Nyquist graph
of these specimens for all reaction conditions is illustrated. In
the amplified impedance profile of the EIS, the equivalent
series resistance is observed to be approximately 0.69 Q, which
assures a rapid electrochemical reaction process. Figure 3d,e
presents the CV and GCD profiles of NiSb/NiTe through
various reaction situations, demonstrating the comparatively
superior specific capacitance values of sample P3. Excessive
microwave heat can lead to surface roughness when the
microwave time is raised or the power is boosted, producing
agglomerates into lumps and reducing the specific capacitance
values of the sample. When the microwave heat is lessened or
the duration of the reaction is shortened, the nonuniform
superficial morphology leads to voids and cracks, hindered ion
transport, and likewise, a degraded capacitance level. Figure 3
shows a dotted line graph consisting of the capacitance values
of the NiSb/NiTe electrode under varying densities of current.
The nickel backbone is loaded with NiSb for high capacitance
and loaded with NiTe to enhance electronic conductivity and
facilitate rapid charge transfer. The correlation of the CV plots
from the summit current (i) and the frequency of velocity (v)
can be deduced from the equation below

https://doi.org/10.1021/acsomega.3c07385
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Figure S. (a) CV profiles of NiSb/NiTe and AC; (b) CV profiles of SC with various voltage gaps; (c) CV graphs of NST//AC at several rates of
scanning; (d) GCD profiles of NST//AC at a variety of voltages (10 mA cm™2); (e) GCD profiles of NST//AC with various currents; (f) device’s
capacitance at variable current densities; (g) variation in cycle stability and Coulombic efficiency; (h) resistance of the device after and before
10,000 cycles; and (i) energy-power density plots of the different devices.

i=a><vb

(6)

where b represents the fitted slope. The b values from the three
peaks are 0.5799S and 0.58506, respectively, in Figure 3g,
implying that the electrode stores energy in a pseudocapacitive
and battery-type behavior manner, which can be clarified by
the formula given below

i=ky+ k' ?)
where kv and ky'/? are the capacitive part of the surface
primary control and the capacitive part of the diffusion primary
control, respectively. As the sweep rate increases, the
percentage contribution of the surface control capacitance
also increases, as shown in the histogram in Figure 3h. Due to
its high surface capacitance contribution and its fast electro-
chemical reaction kinetics, it is often considered a battery-type
material for storing energy. Generally, the coordinated effect of
surface capacitance and the propagation to control capacitance
give rise to a lar§e amount of electrical charge storage in NiSb/
NiTe materials.”**

The electrochemical performances of the composite electro-
des are considered and evaluated in comparison with NiTe.

2
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Figure 4 displays these comparisons in terms of CV, CP, and
EIS for NiTe and NiSb/NiTe composites, respectively. Here,
the NiTe/Ni electrode and NiSb/NiTe/Ni electrode materials
were loaded with 1 mg each for the electrochemical
comparison test. There is a clear difference in the CV diagrams
of both at 50 mV s™'. The constant current charge/discharge
plots for NiSb/NiTe reach 1870 F g™ (1 A g™') compared to
the maximum specific capacitance value of 564.1 F g~' (NiTe).
The EIS impedance diagram clearly shows that the Rs of
composite NiSb/NiTe and single NiTe are 0.59 and 0.78 €,
respectively. As seen in Figure 4d, NiSb/NiTe displayed long-
term cycle stability, remaining above 82% after 30,000 GCD
cycles at 10 A g”". The NiTe nanosheets act as a volume strain
buffer between the Ni substrate and NiSb, alleviating the
volume inflation that occurs during the discharge/charge of the
composite electrode, resulting in excellent cycling stability
performances.”**™>" The resistances both before and after
cycling are comparatively and analytically presented in Figure
4e. After 30,000 GCD test circles, volume expansion and a
partially irreversible oxidation reaction of NiSb/NiTe resulted
in a deterioration in properties and a change to high internal
resistance. Figure 4f shows that the composite has good
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multiplicative properties. The NiTe backbone promotes
smooth electron transfer throughout the material and
effectively alleviates the large bulk strain of NiSb, thereby
retarding the structural degradation.”*

3.2.2. Electrochemical Performances of the Asymmetric
SC Device (NiSb/NiTe//AC). In order to further explore the
behavior of NiSb/NiTe (NST) for device applications, a SC
device consisting of NiSb/NiTe and an AC anode was
produced. The capacitance value corresponding to NiSb/NiTe
at 1.2 mg loading is 1550 F g™" with a voltage window of 0—0.5
V. The capacitance value of the AC is 150 F g™* with a voltage
window of —1 to 0 V. The required loading of AC can be
calculated as 5.2 mg according to eq 2. Figure S shows the
electrochemical characteristics of asymmetric SC (ASC).
Figure Sa presents the CV curved lines (100 mV s™') of
both the NST and AC electrodes. Figure Sb presents CV
curves under different voltages, indicating that a voltage gap of
1.5 V is theoretically possible for ASC. Figure Sc presents CV
profiles of NiSb/NiTe//AC at multiple sweep speeds in a 1.5
V window. The GCD curve is presented in Figure 5d in
different voltage windows, indicating stable operation at 1.5 V.
Figure 5 presents the charge/discharge profile of NST//AC
under a 1.5 V voltage window with various current densities.
Figure Sf presents the capacitance value for the ASC with
various densities of amps. The specific capacitance of the
NST//AC device amounts to 718.7 mF cm™ (1 mA cm™2). As
is given in Figure Sg, approximately 83% of its initial capacity
was kept through 10,000 cycles (10 mA cm™2), reflecting
excellent cycling stability. Figure Sh presents the change in
impedance of the device with 6 M KOH before and after
10,000 charge/discharge cycles. Figure 5i shows the impressive
power and energy density of the ASC compared to other
materials (Ni/Co0;0,@Mn0O,//carbon ﬁbers/graphene,53
MoS,/NiS-7C//MoS,/NiS-7C,”* Ni-MOF//AC,>> NiLaTe//
AC,*® and NiTe/ /AC57), demonstrating that NST//AC has
promising applications in energy storage.

4. CONCLUSIONS

In summary, we prepared NiSb/NiTe composite materials by
the microwave method. The composites constructed from
NiTe and NiSb exhibit excellent electrochemical properties
due to the synergistic interaction between them and the full
exploitation of the respective capacitive contributions of the
two components. It achieves capacitance values up to 1870 F
g™' (1 A ¢g") and maintains 81.5% of the original capacitance
value through 30,000 charge/discharge cycles. Furthermore,
the application of NiSb/NiTe electrodes has been demon-
strated with assembled devices of NiSb/NiTe//AC ASC,
providing a high energy density of 224.6 uW h cm™ with 777
UW cm™* and maintaining a capacitance of 83% after 10,000
cycles. The results pave the way for potential applications of
NiSb/NiTe composites in SCs.
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