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ARTICLE INFO ABSTRACT

Keywords: MXenes seem promising as a new two-dimensional (2D) material for energy storage and conversion applications
Silicon due to their excellent conductivity, efficient accordion-like layered structure, surface chemistry, and many
g;?rT"@Sl nanocomposite organized nanochannels. Nevertheless, the demonstration of MXenes’ superiority is impeded by an accumulation

of interlayers and the chemical sluggishness of structural components. With silicon (Si) pre intercalation tech-
niques on V,CTy, MXene is able to increase its interlayer spacing and excite the outermost vanadium atoms,
resulting in a frequent transfer and high storage capability of Zn-ions in supercapacitors (SCs). Motivated by the
distinctive properties of Si and MXene, we have reported the V,CT,@Si nanocomposite electrode material for SC
in this work. Si nanospheres act as spacers to intercalate into the MXene interlayers, increasing the ion transport
channels while simultaneously lowering the ion transport resistance. The VoCT,@Si nanocomposite electrode
delivers a maximum specific capacitance of 557.7 F/g at 1 A/g. The outstanding performance of the V,CT,@Si
electrode material is demonstrated by DFT simulations, thanks to its electronic characteristics. These findings
indicate that the VoCT,@Si possesses enhanced conductivities than the pristine MXene, which is beneficial for
the rate performance of VoCT,@Si. The obtained E,4 value of the V,CT,@Si is —0.845 eV, higher than the
pristine material (—0.652 eV), indicating energetically favorable. A zinc-ion supercapacitor (ZISC) is constructed
via coupling VoCT,@Si as a cathode and Zn foil as an anode (denoted as VoCT,@Si//Zn). The VoCTx@Si//Zn can
function at a wide potential range of 1.8 V and provide a high capacitance of 318.25 F/g at 1 A/g with a
consistent cyclic life (96.4 %) up to 10,000 cycles. Furthermore, the V,CT,@Si//Zn possessed a maximum energy
density of 143.33 Wh/kg at a power density of 900.72 W/kg, outperforming previously reported similar work.

Zinc-ion supercapacitors

1. Introduction

Because of the rising population and industrialization, followed by
increasing pollution in the natural environment and diminishing re-
serves of fossil fuels, the world’s climate is becoming increasingly un-
stable. Many studies have focused on safe, eco-friendly, simple, low-
cost, and commercially feasible approaches to waste management and
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energy storage [1-4]. A significant emphasis is placed on the efficiency
of energy storage technologies [5-7]. As a critical component of several
energy storage technologies, supercapacitors (SCs) are helpful in various
demanding applications that need high power for a short time or several
fast charging-discharging cycles [1,8]. Significant efforts have been
performed to improve the energy density of SCs without sacrificing their
power density or cycling performance [9]. Excellent ion transport, good
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electrical conductivity, and a large surface area of active materials are
essential to achieve outstanding performance SCs. These advances allow
for increased energy storage through the electrochemical processes at
the interface of electrode-electrolyte [10]. Aqueous Zn-ion storage has
received much attention as an alternative for frequent energy storage.
The Zn anode’s outstanding stability in aqueous electrolyte and
straightforward fabrication make it an excellent choice. Developing
high-performance Zn-ion supercapacitors (ZISCs) is an exciting and vital
attempt [11].

Silicon has become a standard material for semiconductor-based
electronic devices because of its low price, non-toxicity, tunability,
and easy fabrication. Nanostructured Si is a promising material for
future technological advancement. Si-based materials are important
electrode materials for batteries [12] and SCs [13] fabrication. In
addition, Si possesses excellent carrier mobility, which, among other
benefits, expedites the accessibility of electrolytes and reduces the dis-
tances over which ions diffuse. Thus, in turn, can increase the mass
transport efficiency of SCs [14-16]. Chen et al. presented a dry etched Si
taper nanorod (Si-TNR) scaffold using a unique method for fabricating a
new type of high energy SC electrode by integrating compactly
fullerene-like carbon nanotubes, which exhibit a capacitance of 192 mF/
cm? at 1 mV/s [17]. However, Si has low cyclic stability and oxidizes
quickly in an aqueous electrolyte. Additionally, the relatively high
resistance and surface reactivity of Si-based electrodes lead to low power
density and poor cyclic stability [18,19]. To solve this problem, much
emphasis should be paid to using different Si nanostructured materials
and encapsulating Si in a matrix, particularly in two-dimensional (2D)
layered materials.

MXenes are a newly discovered, fast-growing class of 2D metal car-
bides/nitrides [20,21]. MXene has the generic formula of My 1XTy,
where M denotes transition metal, X represents an element of carbon/
nitrogen, n denotes the appropriate value (1-4), and T denotes func-
tional groups like —F, —O, —OH. These unique materials have been
fabricated when the “A” (often the 13A or 14A group element) is
chemically etched out of MAX phases [22]. The exceptional surface
hydrophilicity and high electrical conductivity of MXene have led to its
exploration as viable electrodes [23-26]. However, the storage capacity
and rate capability of SCs is negatively affected by the considerable
restacking phenomena in MXene layers. It slows down the kinetics of ion
transport and dramatically reduces the available sites for ion storage
[27]. Several methods have been employed successfully to prevent
MXene from restacking, including the fabrication of composites with
other materials [28], cationic intercalation [29], and the incorporation
of spacers [30]. Among these strategies, the spacer concept has garnered
much interest because of its simplicity and effectiveness. In this context,
polypyrrole [31], carbon nanotubes (CNTs) [32], titanium dioxide
(TiO3) [33], tin dioxide (SnO3) [34], and graphene [25] have been used
as spacers by intercalating into the MXene interlayer. This intercalation
action may efficiently alleviate MXene’s restacking problem, enhancing
ion accessibility and electrochemical performance. While metal oxides
like SnO, and TiO; may have a high resistance at the electrode-
electrolyte interface, their specific capacitance is expected to be rela-
tively low [34]. CNTs would also effectively block vertical ionic trans-
port in MXene layers because of their tiny pores [35]. Si is predicted to
hinder the reassembly of MXene by acting as spacers, enhancing the
electrochemical performance. In addition, Si inclusion can enhance
MXene’s electrochemical activity by accelerating the surface kinetics
between active sites and electrolyte ions, resulting in the enhanced
performance of composite that was not possible with the pristine MXene.
As a result of the vital functions that Si-based materials play and the
highly abundance of these materials, high-performance SCs based on Si
are still extremely desirable and need additional research and devel-
opment efforts.

Motivated by the distinctive properties of Si and MXene, herein, in
this study, by introducing Si nanospheres into V,CT,-MXene layers,
V,CT,@Si nanocomposite was fabricated to use as a SCs electrode. Si
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nanospheres can act as spacers by intercalating themselves into the
MXene interlayers, which enlarge the ion transport channel and lower
ion transport resistance. The substantial structural stability is largely
attributed to the excellent interaction of the Si nanospheres with MXene
matrices. In addition, the rich surface chemistry allows Si nanospheres
to be evenly distributed over MXene layers, which is helpful for pre-
venting nanoscale Si spheres from aggregating, enhancing the charge
transfer’s effectiveness at the interface, and making the active material
more easily accessible to the electrolyte. Benefiting from the afore-
mentioned appealing characteristics, the sophisticated V.CT,@Si
nanocomposite electrode with superb capacitive-like properties offers
an inspirational maximum specific capacitance of 557.7 F/g at 1 A/g.
The outstanding performance of the VoCT,@Si electrode material was
demonstrated by DFT simulations thanks to its electronic characteristics.
These findings demonstrate that the V,CT,@Si possesses enhanced
conductivities than the pristine MXene, which is beneficial for the rate
performance of VoCT,@Si. The obtained E4; value of the doped material
is —0.845 eV, higher than the pristine material (-0.652 eV), indicating
that it is more energetically favorable. The VoCT@Si electrode is the
foundation for the next generation of SCs, demonstrating excellent
electrochemical performance and outstanding promise for practical
applications.

2. Experimental method
2.1. Synthesis of VoCTy-MXene

In a standard preparation method, 1 g powdered lithium fluoride
(LiF) was diluted with previously prepared 9 M hydrochloric acid (30
mL). Then, 1 g of the V,AIC-MAX phase was progressively mixed with a
LiF and HCI solution. After that, the mixture was constantly agitated at
35 °C for 24 h to etch the Al layer. It was then centrifuged multiple times
using ultrapure water to raise the pH of the reaction product above 6.
After that, the product was sonicated for 1 h in an ice bath using an
argon environment. Finally, the VoCT,-MXene nanosheets were extrac-
ted from the supernatant after centrifuging the mixture at 3500 rpm for
0.5 h.

2.2. Synthesis of VoCT,@Si nanocomposite

Typically, in the synthesis process of VoCT,@Si, 0.4 mmol of
hexadecyl-trimethyl ammonium bromide (CTAB) was uniformly dis-
solved in a mixture of 40 mL deionized (DI) water and 10 mL methanol
and 0.4 mL ammonium aqueous (NH3.H20) solution (25-28 wt%). After
3 h of stirring at room temperature and adding 0.4 g of V,CT,-MXene,
the mixture was sonicated for 5 min. Next, after the addition of 4 mmol
of tetraethylorthosilicate (TEOS), the mixture was agitated for an
additional 3 h. Then, placing the mixture inside an autoclave lined with
Teflon and heating it at a temperature of 100 °C for 12 h, under static
circumstances, the desired product of V,CT,@Si was achieved. To
optimize the Si contents, different Si concentrations (5 %, 10 %, and 15
%) were added with V5CTy.

2.3. Physical characterization

Using a field emission scanning electron microscope (FESEM,
HITACHI SU8220) and a transmission electron microscope (TEM, JEM-
2100F, JEOL), samples were analyzed to study their morphology. To
study the crystal structure of the obtained samples, X-ray diffraction
(XRD) (X’Pert Pro PANalytical) with Cu Ka (with wavelength A =
0.15406 nm) radiation was used. X-ray photoelectron spectroscopy
(XPS) was used to examine the elemental composition of the prepared
samples. Multimeters (DMM 7510 1/2, Keithley Instruments, USA) were
used to test the electrical conductivity of samples using a four-point
probe setup.
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2.4. Computational details

Non spin-polarized energy calculations were performed within the
framework of DFT [36] as implemented in the Vienna ab initio simu-
lation package (VASP) [37] (version 5.4.4) with the projector
augmented wave (PAW) [38]. The exchange—correlation interaction was
adopted by generalized gradient approximation (GGA) with the Per-
dew-Burke-Ernzerhof (PBE) functional [39]. To better describe weak
physical interactions, we choose a computationally cost—effective
DFT-D3 method for considering van der Waals (vdW) interactions [40].
The wave function was expanded in a plane-wave basis set with periodic
boundary conditions using an energy cut—off of 520 eV. The 15 A vac-
uum eliminated the interlayer interactions between adjacent periodic
slabs. For the numerical integration of total energy in the Brillouin zone,
the I'—centered 6 x 6 x 1 k—point mesh was used, and the geometry was
supposed to converge with force lower than 0.02 eV/A. To calculate
activation barriers and find transition states, the climbing image nudged
elastic band (CI-NEB) method [41] was employed as implemented in the
VASP, and five images were relaxed within the NEB algorithm.

2.5. Electrochemical characterization

To conduct the electrochemical experiments, a configuration with
three electrodes was used. The working electrode was composed of
active material, polyvinylidene fluoride (PVDF) (which served as a
binder), and conductive carbon black in the mass proportions of
80:10:10 (wt%), respectively. As a solvent to make the uniform slurry,
N-Methyl-2-Pyrrolidone (NMP) was used, pasted onto 1 x 1 cm? piece of
pre-treated carbon cloth (CC) and dried in a vacuum oven at 60 °C for 6
h. The mass accumulation of active material on the CC was approxi-
mately 1.25 mg/cm?. The employed reference and counter electrode
was Ag/AgCl and platinum wire in 1 M ZnSO4 aqueous electrolyte. An
electrochemical workstation (CHI 660E, China) was used for the cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) and elet-
crochemical impedance spectroscopy (EIS). All of the measurements for
the CV were performed in a potential window ranging from 0.0to 1.0 V,
all of the measurements for the GCD were performed at current densities
ranging from 1 to 10 A/g and EIS was measured at 0.001 to 100 kHz.

2.6. Calculations

To calculate the specific capacitance of single-electrode (Csp (F/g)),
the specific capacitance of ZISC (Cq (F/g)), the energy density E (Wh/
kg), and the power density P (W/kg) of the ZISC are calculated according
to following equations;
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where, I (A) is the current, At (s) is the discharge time, m (g) denotes the
mass of the active material, M (g) shows the mass of both anode and
cathode in the ZISC, and V(V) shows the potential window.

3. Results and discussion

The synthesis of VoCT,@Si is depicted in a simplified form, as shown
in Fig. 1. First, VoCTyx was prepared by using LiF + HCIl etching to
selectively exfoliate the Al layers from V,AIC. Si nanospheres were
subsequently deposited on the VoCT,-MXene nanosheets through TEOS
hydrolysis in the presence of CTAB, yielding the V,CT,@Si nano-
composite. After adding Si nanospheres as spacers, the benefits of the
V,CT,@Si nanocomposite are as follows; (i) Si nanosphere intercalate
with V,CT, nanosheets to successfully resolve the restacking problem of
V2CT, nanosheets, (ii) expansion of interspace can substantially boost
ionic accommodation and pseudocapacitive active sites. Owing to the
intercalation action, VoCT,@Si’s electroactive sites may be easily
accessible to electrolyte ions. Further, the electrical conductivity of the
samples was determined, and V,CTy shows an electrical conductivity of
173.5 S/cm while the electrical conductivity of VCT,@Si nano-
composite is increased to 310.11 S/cm. Thus, the introduction of Si into
V,CT, enhances the electrical conductivity of the resulting sample.

The microstructure and morphology of V,CT,-MXene, Si nano-
spheres, and V,CT,@Si nanocomposite were investigated by using
FESEM, TEM, and EDS elemental mapping. Fig. 2a depicts a FESEM
image of V,CT,-MXene, which reveals that VoCT,-MXene exhibits a
nanosheet-like structure with several layers restacked together. A
FESEM image of Si demonstrated spherical and rod-shaped particles
with a limited particle size distribution, as shown in Fig. 2c. Further-
more, the FESEM image of V,CT,@Si nanocomposite exhibits the
nanosheets like structure with significantly increased interlayer spacing
between MXene nanosheets, as illustrated in Fig. 2e. Thus, the Si
nanospheres between the MXene nanosheets may drastically limit the
restacking between the MXene sheets, and the electrolyte ions can

Fig. 1. Schematic depiction of synthesis of V,CT,@Si nanocomposite.
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Fig. 2. FESEM images of (a) VoCT,-MXene; (c) Si nanospheres; (e) V,CT,@Si nanocomposite; TEM images of (b) V,CT,-MXene; (d) Si nanospheres; (f) V,CT,@Si
nanocomposite; (g) EDS elemental mapping images of V, Si, C and N.
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readily access the electroactive regions. Hence, the V,CT,@Si nano-
composite demonstrates improved electrochemical performance.

Fig. 2b displays a TEM image of VoCT,-MXene and demonstrates the
existence of translucent, thin MXene nanosheets, which eventually
overlap to form a wrinkled structure. Fig. 2d demonstrates that the
fabricated Si particles are spherical-shaped, with no significant size
distribution. Furthermore, Fig. 2f illustrates the Si nanospheres are
firmly connected to MXene nanosheets in the VoCT,@Si nanocomposite.
It is advantageous for facilitating the interfacial charge transfer and
enhancing the accessibility of electrolyte ions to the active sites. In
addition, large pores are found on the surface of the V,CT,@Si nano-
composite, which facilitates ion transport within the nanocomposite,
and thus can enhance the electrochemical performance. Additionally,
the EDS elemental mapping images of VoCT,@Si nanocomposite are
shown in Fig. 2g, which are evidence of the uniform distribution of each
element. The V, Si, C, and N elemental maps confirmed the existence of
V, Si, C, and N elements, indicating the Vo,CT,@Si nanocomposite was
effectively formed.

The XRD patterns for V,CT, and V,CT,@Si nanocomposite are dis-
played in Fig. 3a, b, revealing the peaks in the VoCT, sample are
consistent with previous reports [42,43], indicating the successful
fabrication of VCT,-MXene nanosheets. In the XRD patterns of
V,CT,@Si nanocomposite, a new peak at 28.4° corresponds to (111)
crystal plane of Si, suggesting the formation of VCT,@Si nano-
composite. It is observed that the major peaks located at 13.6° and 41.4°
of the V,CT,@Si nanocomposite become weaker and wider compared to
pristine V5CT,, which may be owing to the interlayer distance modifi-
cation of nanosheets generated by the Si nanospheres between the
V,CT,-MXene nanosheets [42].

Further, XPS was used to analyze the interfacial contacts of Si with
V,CTy in the nanocomposite material. Fig. 3¢ depicts the high-resolution
V-2p XPS spectrum, which indicates two peaks originated from the V>*
signal and positioned at 517.1 eV and 524.8 eV and related to V-2ps,2
and V-2p, /5, respectively. However, for the VoCT,@Si nanocomposite
sample, both peaks are shifted towards lower binding energy (the peak
associated with V-2ps/, shifted from 517.1 eV to 516.7 and the peak
related to V-2p; /2 shifted from 524.8 eV to 524.1 eV). The relocation of
peaks after the introduction of Si into V,CTy can be attributed to changes
in the Fermi level band structure of the material [44]. Fig. 3d presents
the high-resolution Si-2p XPS spectra, which reveal that the peak of the
spectrum is situated at 102.4 eV. The peak was attributed to a combined
contribution from Si-C and Si-O bonding and is consistent with the
literature [45], suggesting the successful formation of V,CT,@Si nano-
composite. It is possible that the Si-O phase emerged after the sample
was exposed to air, indicating Si is predominantly present as Si-O on the
surface of MXene, and Si sites have a high adsorption and dissociation
affinity for Os. The majority of the adsorbed oxygen is present as
amorphous SiO,. The bonding between Si and C creates a stable hybrid
framework, making it feasible to have short routes for fast ion transport
and easily accessible active sites, all of which improve the pseudoca-
pacitive performance [46]. The high-resolution C-1s XPS spectrum is
illustrated in Fig. 3e. It demonstrates that the three peaks located at
binding energies of 284.5, 286.1, and 288.7 eV, which ascribed to C=C,
C-0, and C=0, respectively. It is possible for the covalent bonds of C-O
and C-O to supply additional anchoring sites for the capturing of Si
nanospheres. This would strengthen the bonding ability between Si and
C, which in turn would lead to superior electrochemical performance
[47]. Fig. 3f depicts the high-resolution N-1s XPS spectra for the VoCT,
and V,CT,@Si nanocomposites, which exhibit two peaks. Graphite-N is
associated with a binding energy of 398.6 eV, while pyridinic-N has a
binding energy value of 401. 6 eV. These N-species would be responsible
for serving as the primary electroactive site in the pseudocapacitance
[48]. The pyridinic-N and graphitic-N play a significant part in
enhancing the electrical conductivity and electrochemical activity of the
V,CT,@Si nanocomposite.

The electrochemical performance of pristine VoCT, and VoCT,@Si
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nanocomposite electrodes was studied by employing a three-electrode
setup within an aqueous electrolyte containing 1 M ZnSO4. For the
optimization of Si concentration in V,CT,, it is proposed to use three
distinct concentrations of Si to achieve the best performance of the
nanocomposite. The CV profiles of pristine V5CT, and all three
VoCT,@Si nanocomposite electrodes (with 5 %, 10 %, and 15 % Si
concentration) in the potential window of 0.0-1.0 V at 10 mV/s are
shown in Fig. 4a. The CV profiles of pristine V,CT,, as well as V2CTx@Si
nanocomposite with 5 % and 15 % Si concentration, is approximately
rectangular shaped caused by the fast redox reactions of the cationic
protons in the ZnSO4 aqueous electrolyte. The CV profiles of optimized
VoCT,@Si nanocomposite electrode (with 10 % Si concentration)
outperform those of other electrodes. It indicates that, after the addition
of Si nanospheres, due to the coverage of Si nanospheres on the VoCT,
surface, a pair of redox peaks resulting from the redox reaction can be
seen. The V,CT,@Si nanocomposite electrode shows pair of redox
peaks, indicating the presence of redox reactions. Electrolyte ions
intercalation and deintercalation into V,CT, nanosheets may be
responsible for the redox peaks, as previously seen for porous Si and
TigCaTy [49,50]. Further, an area under the CV profile of VoCT,@Si
nanocomposite electrode was larger than the pristine V,CTy, electrode.
The capacitance of the VoCT,@Si nanocomposite electrode is signifi-
cantly higher than the V,CTy electrode because of the excellent con-
ductivity and interconnectivity provided by the Si nanospheres
introduced between the V,CT, nanosheets. Comparing the pristine
V,CT, electrode, the V,CT,@Si nanocomposite electrode reveals the
effect of firmly and completely enclosed Si nanospheres by showing that
the V,CT,@Si nanocomposite electrode has a much greater capacitance.
Additionally, the CV profile of V,CT,@Si nanocomposite electrode at
various scan rates (2-50 mV/s) is illustrated in Fig. 4b. Further, even at
50 mV/s, the VoCT,@Si nanocomposite electrode still preserved the CV
profiles with a negligible shift of the cathodic and anodic peaks, which
shows highly capacitive behavior with outstanding ion responsiveness
and excellent rate capabilities. Furthermore, the charge storage mech-
anism in both pure V,CTy and VoCT,@Si nanocomposite electrodes was
investigated as follows [51,52];

i(V) =ar’ )
log (i) =b log (v) +log (a) 6)

where, i represents the peak current density, v denotes the scan rate, and
aand b are arbitrary constants. It is widely established that the diffusion-
controlled process predominate if b = 0.5; conversely, the capacitive-
controlled process predominate if b = 1.0. In accordance with the
relationship between log i and log (v), the anodic and cathodic b-values
for the pristine VoCT, electrode are 0.74 and 0.66, while the b-values for
the V,CT,@Si nanocomposite electrode are 0.91 and 0.88, as shown in
Fig. 4c. Further, Fig. 4d illustrates the capacitive and diffusion-
controlled processes for pristine VoCT, and V2CT,@Si nanocomposite
electrodes operating at a range of scan rates between 2 and 50 mV/s. The
increasing capacitive-controlled process with increasing scan rates
means that capacitance is dominated by the capacitive process, espe-
cially at high scan rates for the V,CT,@Si nanocomposite electrode.
Additionally, Fig. 4e exhibits the VoCT,@Si nanocomposite electrode
shows 58.3 % charge storage via diffusion-controlled process and 41.7 %
via capacitive-controlled process at 10 mV/s.

Fig. 5a displays the GCD profiles of pristine VoCT, and VoCT,@Si
nanocomposite electrodes at 2 A/g. The VoCT,@Si nanocomposite has a
charge-discharge duration of 474.91 s, which is much longer than that of
a pristine VoCT,y electrode (171.55 s) at the same current density and is
consistent with the CV measurements. Additionally, the GCDs of the
V,CT,@Si nanocomposite electrode at various current densities (1-10
A/g) are illustrated in Fig. 5b. To a large degree, the GCD profiles have a
symmetrical shape at each current density, which indicates excellent
capacitive response and the charge-discharge process occurring at the
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V,CT,@Si nanocomposite electrode is highly reversible. A noticeable IR
drop at the start of the discharge profiles suggests the small internal
resistance of VoCT,@Si nanocomposite electrodes [53]. The prolonged
discharge time at a high value of current densities indicates exceptional
charge storage properties while retaining a remarkable degree of sym-
metry [54]. Based on discharge time, the capacitance of the pristine
V2CTy and VCT,@Si nanocomposite electrodes was calculated. From
GCDs, the -capacitances of the pristine V,CT, and V,CT,@Si

nanocomposite are 192 and 557.7 F/g at 1 A/g, respectively, as illus-
trated in Fig. 5c. Amazingly, the VoCT,@Si nanocomposite electrode
maintains its capacitance of 169 F/g even at a high current density of 10
A/g, and is superior to that of pristine V,CT, (106 F/g) at the same value
of current density. The higher capacitance of VoCT,@Si nanocomposite
electrode is due to the presence of Si nanospheres between VoCT,
nanosheets to function as spacers and inhibit the restacking of VoCTy
nanosheets. As the cycling stability of SCs for commercial applications is
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of the highest significance, extensive cycles are conducted at a high
current density of 10 A/g for both V,CT, and V,CT,@Si nanocomposite
electrodes. Fig. 5d shows that after 10,000 GCD cycles, the capacitance
of the V,CT,@Si nanocomposite electrode retains ~92 % of its original
value, whereas the capacitance of the V,CT, electrode degrades to ~87
%. This shows that the V,CT,@Si nanocomposite electrode maintains its
exceptional energy-storage capabilities after several charge-discharge
cycles. Therefore, the combination of these two materials might
compensate for each other’s shortcomings, thus, improving cycling
stability. Furthermore, EIS experiments were carried out at open circuit
potential to better understand the electrochemical performance and
redox kinetics of the VoCT, and VoCT,@Si nanocomposite electrode.
Fig. 5e presents a visual representation of the Nyquist plot for the VoCT,
and VoCT,@Si nanocomposite electrodes. The Nyquist plot has three
parts: a semicircle at high frequencies, an x-intercept, and a nearly
vertical straight line at low frequencies. The x-intercept results in the
equivalent series resistance (Rs), composed of the electrode’s intrinsic
resistance and electrolyte resistance. The semicircle’s diameter repre-
sents charge transfer resistance (R.y), while the slope of the vertical line
represents the Warburg element and is known as electrolytic ion diffu-
sion resistance. From the semicircle’s diameter, the R value for the
VoCT,@Si nanocomposite electrode is 1.97 Q. This demonstrates the
remarkable electrical conductivity of the V,CT,@Si electrode. Thus,
according to the previous investigations, the VoCT,@Si nanocomposite

b) ..
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electrode displays exceptional electrochemical characteristics.

The first-principles calculations have been used to study the elec-
tronic properties of the pristine VoCTy, and VoCT,@Si to support the
experimental results. Fig. 6a exhibits the optimized crystal structure of
the pristine V,CT,, in which purple (V), brown (C), red (O), and off-
—white (H) atoms, respectively. The band energy and density of states
(DOS) of pristine VoCTy are shown in Fig. 6b-c, respectively, which
show metallic properties with cross states at the Fermi energy (Ep); the
green dashed line shows the Er. The band states’ involvement of pristine
MXene reveals that d—orbitals contributed for V and p—orbitals for C and
O, where s—orbitals for H atoms confirm its metallic nature. The higher
contribution at Er is possessed by the V atoms, which are metals in na-
ture, and metal atoms have higher states. Fig. S1a shows the optimized
crystal structure of the pristine VoCTy, with Zn?* insertion (silver color)
in its boundary cell. Further, to observe the effects of Zn>" ion on pris-
tine material, the adsorption energy (Eqq4s), charge density difference
(CDD), and diffusion energy barriers have been considered. At first, the
Eqgds of the Zn*" ion have been calculated, which can reveal the energy
storage capability of the material. The E4; in the negative number al-
ways indicate superior thermodynamics and preferable adsorption for
the substance [55]. The Eqqs of Zn?* ions are considered at the hollow
site for the pristine VoCT,. The obtained Ey4 value of the pristine ma-
terial is —0.652 eV and the following formula has been used to calculate
the Eqgs:
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Fig. 6. (a—c) The crystal structure, band structure and DOS of pristine V,CT,~MXene; (d-f) The crystal structure, band structure and DOS of Si-doped V,CT,; (g) The
crystal structure of Si-doped V,CTx with Zn2* ion insertion; (h) CDD of Zn?" ion, at the top position of VoCT,@Si, where red and green signify electron gain and loss,
respectively; (i) The diffusion energy profiles of the Zn?* ion, on V,CT,@Si, inset shows the paths. (For interpretation of the references to color in this figure, the

reader is referred to the web version of this article.)
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Eads = Eslab+adsorbfnl - Exlab - Eadwrbem (7)

where Egjgp, Eqdsorbents and Egigb+adsorbent are the sum of all energy pro-
duced by the optimized slab, adsorbent, and slab + adsorbent system,
respectively. It is worth noting that the Eqgs value of the system is
negative, indicating that the adsorption process is energetically favor-
able for the material. Fig. S1b shows the CDD of Zn?* ion at the hollow
site of VoCT, along the top view, in which the red region indicates gain
while green shows electron loss. The obtained result reveals that the
adsorbed Zn®" ion on the surface of V,CTy loses electrons, and V,CTx
accepts electrons. The CDD result shows that the Zn?" ion is beneficial
for the VoCTy due to the easy sharing of charges. Fig. Slc reveals the
calculated diffusion energy barriers of Zn" ions on the surface of VoCTy
using 5 images, which have been investigated through the NEB method
[41]. The diffusion paths for the mobility of 7Zn>" ions are considered
along the surface of VoCTy, between neighboring low-energy octahedral
sites. In the initial geometry, the Zn?" ion has been used in an octahedral
to a neighboring octahedral position (inset of Fig. S1c) because it is
energetically favorable for ions flow. The obtained energy barrier of
path 1 shows a lower energy barrier (0.1 eV) than path 2 (0.2 eV). Due to
path 1’s low energy barrier (0.1 eV) and ease of insertion/extraction into
or from the pure material, it will have favorable electrochemical
characteristics.

Moreover, the Si-doping effect has also been investigated for elec-
tronic properties, Eq4;, CDD, and diffusion energy barriers. Fig. 6d de-
picts the optimized crystal structure of the pristine VoCT,, with the Si
atom shown in blue. As shown in Fig. 6e—f, the material shows dense
conduction after doping the Si atom, keeping the metallic properties
compared to the pristine MXene. For V,CT,@Si, the band structure at
the Fermi level shows across band states with stronger dispersion than
pristine MXene, because of the Si contribution. The DOS results also
prove the same higher peaks of the doped material at Er and justify the
enhanced states due to the intercalation of Si compared to the pristine
material. In VoCT,@Si, d—orbitals contributed for V, and p-orbitals for C,
Si, and O, where s-orbitals for H atoms. It can be seen that the d—orbital
of vanadium atoms is dominant on all other orbitals because V is a metal
atom.

In conclusion, the VoCT,@Si shows higher electronic properties for
the electrode cyclability and rate performance, and Si-doping is favor-
able for the electrode material. Fig. 6g shows the optimized crystal
structure of VoCT,@Si structure with Zn?* ion insertion on the top of the
Si atom at the hollow site. The E44 of the Zn™ have been calculated on
VoCT,@Si, and it has been considered at the hollow site. The obtained
Eqgs value of the doped material is —0.845 eV, higher than the pristine
material (—0.652 eV), indicating that it is more energetically favorable.
Fig. 6h shows the CDD of Zn" ion at the hollow site of V,CT,@Si along
the top view, in which red and green regions indicate the gain and loss of
charges. The obtained result reveals that the adsorbed Zn?* ion on the
surface of V,CT,@Si loses electrons, and V,CT,@Si accepts electrons. It
can be seen from the charge transfer regions that the electron flow is
much stronger compared to pristine materials at the surface. The CDD
results show that the Si supports the easy sharing of electrons for Zn?*
ion, and it is more beneficial for the V,CT,@Si than pristine material.
Further, the diffusion energy barrier of the Zn?* ion on the surface of
VoCT,@Si has been calculated. The mobility of Zn?** jons has been
considered following the process of pristine MXene along the surfaces.
The diffusion paths are calculated using 5 images to find the energy
barrier, and Fig. 6i shows the relative energy profiles of Zn?" ions on the
surface of VoCT,@Si. The inset (Fig. 6i) demonstrates the diffusion
routes between neighboring low—energy octahedral sites, similar to the
pristine material. The calculated results reveal that path 1 possesses a
lower energy barrier of (0.035 eV) than path 2 (0.06 eV). It can be
concluded that path 1 is more beneficial for the lower energy barrier
compared to path 2 for pristine and V,CT,@Si. Compared to the energy
barrier of pristine material (0.1 eV), the Si-doped material (0.035 eV)
shows outstanding results with lower energy. Therefore, the Zn?* ion for
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VoCT,@Si shows beneficial electrochemical properties because of its
easy insertion/extraction into/from the structure.

To investigate the possible practical applications of V.CT,@Si
nanocomposite as a cathode of full device, a ZISC (VoCT,@Si//Zn) was
constructed using zinc-metal as anode and 1 M ZnSO4 aqueous elec-
trolyte. Fig. 7a presents a schematic depiction of the construction and
operating mechanism of V,CT,@Si//Zn. CV measurement assessed the
Zn anode and V,CT,@Si cathode electrochemical behaviors before ZISC
assembly. A set of redox peaks can be seen for the Zn anode (Fig. 7b),
which are related to stripping and depositing Zn/Zn?t. A nearly
rectangular-shaped CV profile of the V,CT,@Si cathode indicates an
ideal electric double-layer capacitor response. Further, CV profiles of the
VoCT,@Si//Zn were recorded at a constant scan rate of 10 mV/s and in
various potential window ranges (Fig. 7c). According to the CV profiles
recorded at various potential windows, the stable operating potential
window of the V,CT,@Si//Zn can reach 1.8 V. The CV curve distorts
when the voltage is raised above 1.8 V. Further, to extending the po-
tential range to 2 V, the evolution of oxygen caused by electrolyte
decomposition or water splitting is observable as a quick increase in
current [56]. Thus, VoCT,@Si//Zn’s potential window can be increased
to 1.8 V. Further; Fig. 7d depicts the CV profiles of the VoCT,,@Si//Zn
over the potential range of 0.0-1.8 V at various scan rates ranging from 1
to 20 mV/s. All of the CV profiles continue to exhibit the presence of a
visible pair of redox peaks, which is suggestive of the pseudocapacitive
charge storage behavior [57]. The outstanding reversibility and stability
of the VoCT,@Si//Zn are further evidenced by the well-preserved forms
of CV profiles at high scan rates. Fig. 7e displays the GCD profiles
measured over the potential range of 0.0-1.8 V and multiple current
densities (1-20 A/g). Good electrochemical reversibility are shown by
the almost symmetrical GCD profiles with a small voltage drop. The
VoCT,@Si//Zn specific capacitance (Cgq) can be calculated using the
discharge time and total mass of active material on both anode and
cathode. Fig. 7f depicts the specific capacitance as a function of current
density, which reaches a maximum of 318.25, 240.94, 214.17, 172.5,
154.58, 132.22, and 122.22 F/g at 1, 2, 3, 5, 7, 10 and 20 A/g,
respectively. Thus, 61.6 % of initial capacitance was retained when the
current density was increased from 1 to 20 A/g, suggesting outstanding
rate performance.

Further, as shown in Fig. 7g, the cycling stability of the VoCT,@Si//
Zn was evaluated by cycling the device up to 10,000 times at a high
current density of 10 A/g. Remarkably, the capacitance retention
maintains at 96.4 % after 10,000 consecutive GCD cycles. These results
demonstrate the exceptional cycling stability of VoCT,@Si//Zn.

The relevant energy and power densities were determined, and the
results are shown in the Ragone plot, as shown in Fig. 8a. The
VoCT,@8Si//Zn has the maximum energy density of 143.33 Wh/kg at a
power density of 900.72 W/kg and achieves 55.04 Wh/kg at 18014.4
W/kg. The high energy and power densities of VoCTy@Si//Zn signifi-
cantly outperform those of recently reported SCs and ZISCs, in particular
BCN//Zn (119.7 Wh/kg at 890 W/kg) [58], MXene/rGO//Zn (34.9 Wh/
kg at 279.9 W/kg) [59], N-TioCsTx-MXene//Zn (16.7 Wh/kg at 6004.8
W/kg) [60], rGO-POM//MXene-HSC (25.46 Wh/kg and 2800 W/kg)
[611, and VoCTyx/NiV-LDH//AC [62] and also listed in the Ragone plot.
Based on the above-described analysis and characterization, we provide
a plausible charge storage mechanism for the VoCT,@Si in ZnSOg4, as
shown in Fig. 8b. The V,CT,@Si nanocomposite may be used for its high
pseudocapacitive charge storage due to its vast effective surface area
and surface redox reactions. According to DFT calculations and the
charge storage mechanism, the outstanding performance of the
V,CT,@Si electrode can be attributed to: (i) Si nanospheres’ redox
pseudocapacitance charge storage served as a high energy source, while
the VoCTy nanosheet-like structure offered electrochemical double layer
type charge storage with improved power density and cycle life. (ii) In
the V,CT,@Si electrode, the intercalation of Si into 2D-V5CT, nano-
sheets gives synergistic benefits of nanostructure and increases the
surface area, resolves the restacking issue of pristine V,CT, and both of
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Fig. 7. Electrochemical characterization of V,CT,@Si//Zn device in ZnSO4 electrolyte: (a) Schematic diagram of working functionality; (b) CV profiles of an anode
(Zn foil) and cathode (V.CT,@Si); (c) CV profiles of V,CT,@Si//Zn device at various potential windows; (d) CV profiles at various scan rates; (€) GCD profiles at
various current densities; (f) Specific capacitance as a function of current density; (g) Cycling stability.

which contribute to an overall improvement in the energy storage
effectiveness. (iii) The V,CT,@Si has better electrical conductivity and
more electroactive sites, which speeds up the kinetics of the redox re-
action during charging and discharging. As a result of the intercalation
process, the electroactive sites of VoCT,@Si may be readily accessible to
electrolyte ions.

Additionally, Table S1 summarizes the electrochemical performance
of V5CT,@Si nanocomposite compared to other nanostructured elec-
trode materials for SCs. The comparison shows that the VoCT,@Si
nanocomposite electrode material’s electrochemical performance is
superior to those of previously investigated related materials.

4. Conclusion

In summary, we have presented VoCT,@Si nanocomposite electrode
material for SC. By intercalating into the MXene interlayers, Si nano-
spheres serve as spacers by enlarging the ion transport channel and
decreasing ion transport resistance. The V,CT,@Si nanocomposite
electrode demonstrated remarkable charge storage capabilities, with
diffusion-controlled charge storage predominating. The V,CT,@Si
nanocomposite electrode exhibits a maximum specific capacitance of
557.7 F/g at 1 A/g. The DFT simulations demonstrated that the
V,CT,@Si electrode material had good electronic characteristics, which

led to the material’s remarkable performance. These findings demon-
strate that the V,CT,@Si possesses enhanced conductivities than the
pristine V5CTy, which are beneficial for the rate performance of the
V,CT,@Si nanocomposite. The obtained Eq4 value of the VoCT,@Si is
—0.845 eV, higher than the pristine material (—0.652 eV), indicating
that it is more energetically favorable. The constructed V,CT,@Si//Zn
can function at a wide potential range of 1.8 V and provide a high
capacitance of 318.25 F/g at 1 A/g1 with a consistent cyclic life (96.4 %)
up to 10,000 cycles. Furthermore, the VoCT,@Si//Zn has the highest
energy density of 143.33 Wh/kg at a power density of 900.72 W/kg,
outperforming previously reported similar work. The synergistic benefit
of Si and V,CT, enables the V,CT,@Si nanocomposite to provide
exceptional electrochemical performance for ZISCs.
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