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Assembling a high-performance asymmetric
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The construction of high-performance asymmetric supercapacitors is vital for achieving a sustainable
energy storage model. Layered 2D materials are considered pivotal contributing factors to modern-day
energy storage solutions. Herein, the electrochemical performance of the S-doped VSe,/CNT positrode
and the BCN negatrode is explored for the construction of a compelling aqueous asymmetric
supercapacitor. This study provides an understanding of the sulfur doping effects and contributions
of CNT addition in the energy storage performance of VSe,. The S doping and CNT addition played
a significant role in boosting the pseudocapacitive energy storage performance of metallic VSe,.
Borocarbonitride (BCN), which is utilized as a conventional electric double layer material, shows
outstanding performance as a negatrode owing to its inherent properties. An asymmetric supercapacitor
(ASC) assembled using S-VSe,/CNT and BCN yields a high energy density of 36.3 pW h cm™2 with
remarkable reversibility and initial capacitance retention of 87.2% even after 5000 cycles. The
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remarkable electrochemical performance of S-VSe,/CNT//BCN ASC provides a significant reference for
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1. Introduction

Supercapacitors are compelling energy storage devices to inte-
grate with modern renewable energy harvesting systems." They
are widely acknowledged owing to their excellent power opera-
tion, rapid charge-discharge ability, extraordinary cycle life and
safety.” Conventionally, supercapacitors are categorized into
electric double layer capacitors (EDLCs) and pseudocapacitors
based on electrochemical double layer formation and surface
bound redox reactions at the electrode and electrolyte interface
respectively.>* In the last few decades, numerous efforts have
been made in the scientific community to enhance the perfor-
mance of supercapacitors either by applying high energy den-
sity pseudocapacitor electrode materials or constructing
asymmetric supercapacitors (ASCs) with a high operating
window. Compared to the symmetric system, ASCs combine
the working potential of both the positrode and negatrode
to achieve a large operating window.” The intrinsic limitation
of bulk materials paved the way for utilizing various two-
dimensional (2D) nanomaterials as electrode materials.
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futuristic electronic and energy storage applications.

Recently, 2D transition metal dichalcogenides (TMDs) have
gained attention in the field of supercapacitors owing to their
excellent electronic conductivity, fast reversible redox reactions
and numerous electrochemical active sites.*” TMDs are denoted
by the general formula MX,, where M represents transition metal
Ti, V, Mo or W and X represents S or Se atom, in which a layer of
transition metal atoms is sandwiched between layers of chalcogen
atoms. Among TMDs, vanadium diselenide (VSe,) is widely
utilized in numerous energy storage and conversion applications
owing to its exotic surface and electronic properties.*'® It has
been reported that strong electronic coupling interaction between
V*" atoms imports metallic properties to VSe,.'* The sandwiched
Se-V-Se layers of VSe, are stacked by a weak van der Waals forces
with an interlayer spacing of ~6.1 A.® The reasonably large inter-
layer spacing allows for the facile diffusion of large ions during
the electrochemical reactions without any structural deforma-
tions. The potential multi-electron transfer per formula unit
provides a large theoretical energy density for VSe,.'> Recently,
our group explored VSe, and its nano carbon-based hybrids for
supercapacitors.”>'* The nanocarbon additives, such as carbon
nanotubes (CNTs) and graphene, enhance the energy storage
performance of VSe, along with providing excellent structural
and electrochemical stability."”>'® However, the energy storage
performance of VSe,-based electrodes is still far below the theore-
tically predicted values. Doping of TMDs with non-metal, such as
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sulphur, is also a reported strategy to enhance energy storage
performance.’*' The anion substitution, such as sulphur, can
alter the electronic and chemical atmosphere in the VSe, host
system and generates more electrochemical active centres.*>*
The S doping affects surface properties and significantly affects
reaction pathways and kinetic energy barriers for the electroche-
mical reactions.***>*® The strategy of synthesizing the S-doped
VSe,/CNT hybrid can synergize the effects of both doping and
hybrid formation. It is interesting when the S-doped VSe,/CNT
positrode is combined with the borocarbonitride negatrode to
achieve a high-energy density asymmetric supercapacitor.

Borocarbonitride (BCN), composed of graphene and BN
domains and having only B-C, C-N, B-N and C-C bonds, is
an emerging 2D material that exhibits excellent activity towards
supercapacitor and hydrogen evolution reaction owing to high
surface areas and abundant active sites, such as stone wale
defects and sp*-carbon.?””>° The structural and compositional
properties of the BCN significantly differ from those of B, N
heteroatom-doped graphene because of the combined presence
of BN and graphene domains.>® BCN has excellent electrical
conductivity, tunable surface area and enriched surface bound
active centres for electrochemical adsorption contributed by
both the BN and graphitic domains.”®*° Recent studies reveal
the compelling supercapacitor performance of BCN in various
electrolyte media. However, the true potential of BCN in super-
capacitor applications must be tapped into further. In this
study, the S-doped VSe,/CNT hybrid and BCN have been
successfully employed as electrodes to construct a compelling
asymmetric supercapacitor.*>*' The charge storage performance
and mechanism of each electrode material are thoroughly studied
using various electrochemical characterizations. The ASC con-
structed with S-doped VSe,/CNT as the positrode and BCN as
the negatrode exhibits an outstanding energy storage perfor-
mance with an energy density of 36.3 {W h cm™> at a power
density of 3.2 mW cm ™% Remarkably, the S-VSe,/CNT//BCN ASC
showed excellent cyclic stability by retaining 87.2% of its initial
areal capacitance after 5000 charge/discharge cycles.

2. Results and discussion
2.1 Material characterization of S-VSe,/CNT

The synthesis route of VSe,, S-doped VSe, (S-VSe,) and S-VSe,/
CNT is depicted in Scheme 1, and the detailed synthesis
procedure is provided in the ESL{ The carboxyl groups of
functionalized CNT can act as nucleation sites that electro-
statically absorb V** ion from the starting precursor and then
culminate in the growth of S-VSe, sheets on CNT.**** Crystal-
line phase analysis of the synthesised samples was carried out
using XRD. XRD patterns of VSe,, S-VSe, and S-VSe,/CNT
(Fig. 1a) show the highly crystalline diffraction pattern of the
hexagonal VSe, phase (JCPDS: 89-1641). The XRD pattern of the
S-doped sample agrees well with the undoped VSe, sample
without the formation of any isolated VS, or VS phases. The
intensity of the (00/) c-axis peaks in the S-VSe, sample is
substantially increased compared to that of pristine VSe,.
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Scheme 1 Schematic representation of the synthesis of VSe,, S-VSe, and
S-VSe,/CNT.

A similar intensity variation can also be observed in the
S-VSe,/CNT sample, signifying that this relative intensity varia-
tion of the c-axis plane is caused by S doping in the VSe, lattice.
This distinctly enhanced (00/) reflections in the doped
samples can be attributed to the formation of multilayer VSe,
nanosheets compared to the bulk macro sheets of pristine
VSe,.***> A broad reflection in the S-VSe,/CNT from the (002)
plane of CNT is observed at ~26°, confirming the incorpora-
tion of CNT. In the diffraction profile of S-VSe,/CNT, small
reflections apart from VSe, and CNT are also observed owing to
the presence of minute fractions of V,05.°%” Further, the
doping effects and hybrid formation in the samples are eval-
uated using Raman spectroscopy (Fig. 1b). Pristine VSe, shows
a sharp characteristic A,4 vibration at 231 ¢cm ™' and small E,
vibration at 137 ecm ™ ".*® The presence of these vibrations can be
observed in both S-VSe, and S-VSe,/CNT confirming the for-
mation of VSe,. In S-VSe,, the E, vibration is prominently
visible probably because of the S-doping-induced VSe, multi-
layer nanosheet formation. In the case of S-VSe,/CNT, apart
from the A;; and E,; bands of VSe,, the characteristic D and G
Raman bands of CNT are observed at 1345 cm ™ * and 1595 cm ™%,
respectively.’® The presence of D and G vibrations explicitly
confirms the presence of CNT in the hybrid.

XPS is implemented to study the chemical state and com-
position of the S-VSe,/CNT sample. The XPS survey provided in
Fig. S1 (ESIt) shows the presence of V 2p, Se 3d, S 2p and C 1s
signals. The high-resolution V 2p spectra show two peaks
corresponding to the V 2p;, and V 2p,, states (Fig. 1c). The
V ps.2 peak is deconvoluted into two peaks located at 516.5 eV
and 517.6 eV, and the V 2p,,, peak is deconvoluted into two
peaks at 523.8 eV and 525.1 eV. In particular, peaks at 516.5 eV
and 523.8 eV correspond to the V** state confirming the
presence of VSe, formation.®'*?® The peaks at 517.6 eV and
525.1 eV represent the V** state of V, showing the presence of
V,05 formation during the CNT hybrid synthesis.>®

The deconvoluted Se 3d spectrum shows two peaks at 54.7 eV
(Se 3dsp,) and 55.8 eV (Se 3ds,) attributed to the V-Se bonding in
VSe, crystal (Fig. 1d).*° Fig. 1e shows the high-resolution S 2p

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) XRD pattern and (b) Raman spectra of VSe,, S-VSe, and S-VSe,/CNT; high-resolution XPS spectra of (c) V 2p, (d) Se 3d, (e) S2p and (f) C 1sin S-

VSe,/CNT sample.

spectrum deconvoluted into two peaks at 161.1 eV and 162.08 eV
corresponding to S 2ps;, and S 2py,, states of >~ ions.***H*?
These results imply the substitutional S doping by replacing Se
atoms in the VSe, lattice. A broad peak observed at 167.28 eV
corresponds to the formation of SO, after the surface oxidation
of the S-VSe,/CNT sample.>**' The C 1s core level spectrum
shows an intense peak at 284.4 eV due to the sp hybridized
graphitic carbon atoms, which double down the presence of
CNT; peak 285.5 eV can be attributed to C-O bond formation
due to the presence of phenols or ether (Fig. 1f).>* The oxyge-
nated species of vanadium and carbon can cause the origin of
the interfacial binding of S-VSe, and CNT during the hybrid
formation.*’

FESEM analysis reveals the morphologies of the synthesized
samples. Pristine VSe, exhibits a large hexagonal sheet mor-
phology similar to previous reports (Fig. 2a and b). After S
doping, a significant change is observed in the morphology of
VSe,. The S-VSe, samples show a nanoflower type of morpho-
logy with each flower comprising thin S-VSe, nanosheets
(Fig. 2c and d). Compared to the bulk VSe,, this nanoflower in
S-VSe, exposes many electrochemical active centres that even-
tually enhance the adsorption rate and energy storage perfor-
mance. In the case of S-VSe,/CNT, it can be observed that the
S-VSe, nanosheets were anchored by the multiwalled CNT (Fig. 2e
and f). This interconnected network of CNT and S-VSe,
nanosheets provides more active centres and short diffusion
pathways for ions that enhance the electrochemical performance
of the S-VSe,/CNT sample. Fig. 2g depicts the EDS elementary
mapping of S-VSe,/CNT showing the uniform distribution of V,
Se, and C in the sample, confirming homogeneity.

This journal is © The Royal Society of Chemistry 2023

2.2 Electrochemical Assessment of S-VSe,/CNT

Electrochemical analysis of VSe,, S-VSe, and S-VSe,/CNT is
studied in a conventional three-electrode setup with a glassy
carbon working electrode and a 0.5 M K,SO, aqueous electro-
Iyte. All the electrodes are assessed in a potential window
ranging from —0.25 to 0.65 V. Pristine VSe, shows a quasi-
rectangular CV shape, which indicates the pseudocapacitor
behaviour of the electrode. The broad redox peaks in the cyclic
voltammogram suggest a possible intercalation of the K" ions
during the electrochemical reactions (Fig. S2a, ESIt).>' Fig. 3a
illustrates S-VSe, with a significant enhancement in current
response and enclosed CV area compared to pristine VSe,. This
clearly suggests that S doping triggered a substantial enhance-
ment in energy storage performance in VSe,. The electroche-
mical performance of pristine VSe, and S-VSe, is illustrated in
Fig. S2 (ESIT). Similarly, the addition of CNT into S-VSe, has
further exceeded the energy storage performance (Fig. 3a). The
CV performance of S-VSe,/CNT at various scan rates is shown in
Fig. 3b. The CV shape of the S-VSe,/CNT electrode reflects the
signatures of an EDLC behavior, which are obviously contri-
buted by the presence of CNT in the sample. During all scan
rates, S-VSe,/CNT electrode maintained a similar CV shape that
indicates the reversibility of the electrode during the electro-
chemical activity. To confirm the cation contribution, we tested
S-VSe,/CNT electrode in KCI; in both cases, the electrode
retained a similar CV shape. This confirms the dominance of
cation contribution in pseudocapacitive activity (Fig. S3, ESIT).

To understand the charge storage mechanism in S-VSe,/CNT
electrode, we have the induced power law i = ai” in the CV
curve, where 7 is the current response at a specific potential,

J. Mater. Chem. C, 2023, 11, 2565-2573 | 2567
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Fig. 2 Low and high magnified FESEM images of (a and b) VSe,, (c and d) S-VSe,, (e and f) S-VSe,/CNT and (g) EDS elemental mapping of S-VSe,/CNT

sample showing the uniform distribution of V, Se, S, and C.
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Fig. 3 Electrochemical measurements of VSe,, S-VSe, and S-VSe,/CNT
electrodes in 0.5 M K,SOy4. (a) CV profile of VSe,, S-VSe, and S-VSe,/CNT
at a scan rate of 100 mV s~ (b) CV profile of $-VSe,/CNT in scan rates
ranging from 10 mV s * to 100 mV s, (c) segregated CV curves of S-VSe,/
CNT into capacitive and diffusive regions at selected scan rates and (d)
normalized capacitive and diffusive contribution in all the scan rates.

a and b are the adjustable parameters, and v is the scan rate.**
Generally, if » = 1, then the mechanism is dominated by

2568 | J Mater. Chem. C, 2023, 11, 2565-2573

capacitive contribution, and if b = %, then the mechanism
is dominated by diffusion reactions. The power law can be

rewritten as follows:**
i(V) = kyw + k', (1)
or
iV)M? = kg + k. (2)

By calculating k; and k,, the CV profiles can be deconvoluted
into capacitive and diffusive contributions. The deconvoluted
CV profile of S-VSe,/CNT shows complete domination of capa-
citive behaviour over diffusion. Fig. 3c shows the segregation of
capacitive and diffusive contributions at lower and higher scan
rates. At a lower scan rate of 10 mV s ', the capacitive
contribution is 90.6%, which clearly suggests that the electro-
chemical mechanism is dominated by capacitive contributions
obtained from the intercalation pseudocapacitance of S-VSe,
and the EDLC of CNT. The power law-induced deconvolution is
performed at all scan rates, and the results are shown in
Fig. 3d. The electrochemical reactions in VSe, involve fast K"
ion accessibility, which can be represented as follows:*’

VSe, + K'e™ +> VSe — KSe, 3)

(Vsez)surface + K+ te < (Vsez_ - K+)surface- (4)

This journal is © The Royal Society of Chemistry 2023
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The GCD curves of S-VSe,/CNT show a quasi-triangular
shape without any potential independent region in current
densities ranging from 1 to 8 mA cm™? (Fig. 4a). Further, the
GCD curve limits the IR drop and exhibits excellent coulombic
efficiency, corroborating the reversible electrochemical reac-
tions involved with the S-VSe,/CNT electrode. Areal capacitance
as a function of current density for VSe,, S-VSe, and S-VSe,/CNT
is illustrated in Fig. 4b. S doping increased the areal capaci-
tance of S-VSe, more than twice that of pristine VSe,. The
addition of CNT further enhanced the areal capacitance to
83 mF cm ™, which is a significant enhancement from S-VSe,.
The enhancement in the capacitance value of the S-VSe,/CNT
electrode can be attributed to the synergistic effect between
S-VSe, and CNT. Cyclic stability is one of the most important
factors in analysing the performance of supercapacitor electro-
des. S-VSe,/CNT exhibited a capacitance retention of 87.5%
after 5000 charge/discharge cycles with a coulombic efficiency
of more than 97% (Fig. 4c). High capacitance retention and
coulombic efficiency indicate excellent electrochemical stability
and reversibility of the S-VSe,/CNT electrode. The kinetics of
the electrochemical reactions of all the samples are analysed
using EIS (Fig. 4d). The intersection at the high-frequency
region is usually considered the intrinsic resistance of the
electrode (R;), and the diameter of the semi-circular region at
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Fig. 4 (a) GCD curves of S-VSe,/CNT electrode in various current den-
sities, (b) areal capacitances of VSe,, S-VSe, and S-VSe,/CNT plotted
against corresponding current densities, (c) cyclic performance of S-
VSe,/CNT during 5000 cycles at a current density of 10 mA cm™2, (d)
Nyquist plots of VSe,, S-VSe, and S-VSe,/CNT and (e) schematic illustra-
tion of the possible charge storage mechanism in S-VSe,/CNT electrode
involving intercalation of K* ions in S-VSe; sheets.
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the mid-high-frequency region represents the charge transfer
resistance (R.). The Nyquist plot reveals that S doping reduced
charge transfer resistance of VSe,, which emphasises the
enhanced electrochemical performance in S-VSe,.*® After the
addition of CNT, the R value further decreased significantly.
This correlates with the excellent charge storage performance
of the electrode."* Pristine VSe, shows a low R value owing to
its inherent metallic nature. An increase in the R, value of the S-
VSe, sample is due to an altered electronic atmosphere after the
doping of a non-metal. The addition of highly conducting CNT
reduces the R value, which clearly affects the charge storage
performance of the S-VSe,/CNT electrode. Rg and R values of
all the samples are provided in Table S1 (ESIt). The diffusion-
controlled high-frequency region of the S-VSe,/CNT electrode
exhibits capacitor-type behaviour correlating with results
obtained after the deconvolution of CV.

S doping alters the electronic atmosphere inside the VSe,
lattice and provides better electronic conductivity.>*** The
formation of the nanoflower morphology of VSe, after S doping
improves the electrode/electrolyte contact area, and the
increased number of active sites can enhance the rate of
electrochemical reactions.”” CNT addition provides further
improvement in electrochemical performance owing to the
synergistic effect between S-VSe, and CNT.*® The presence of
CNT facilitates the accommodation of more electrolyte ions,
and this enhances the electrochemical reactions. The highly
conducting CNT network decreases ionic and electronic path-
ways between S-VSe, nano sheets and fastens the rate of
electrochemical reactions. CNT acts as a conductive skeleton
and provides excellent electrochemical stability to S-VSe,.*’
This hybrid architecture of S-VSe,/CNT prevents the volume
expansion and restacking of S-VSe, layers during K" intercalation
and deintercalation. The plausible charge storage mechanism of
the S-VSe,/CNT electrode is schematically depicted in Fig. 4e.

2.3 Material Characterization of the BCN

The synthesis procedure of the BCN nanosheets is schemati-
cally illustrated in Fig. 5a. The structural characteristics of the
prepared BCN are analysed using XRD. The XRD pattern of the
BCN shows characteristic peaks of the (002) and (100) planes
located at 25.8° and 42.7° respectively (Fig. S3a, ESIf).
The broadening of the (002) peak indicates the formation of
few-layer thick BCN sheets.?*® Raman spectra show two distinct
peaks at 1349 and 1596 cm ™', respectively (Fig. 5b), corres-
ponding to in-plane B-N vibrations and graphitic D bands.?”"*°
Moreover, the peak observed at 1596 cm™" (G band) is attri-
buted to the sp®>bonded carbon atoms of the graphene
domains. FESEM images of the prepared BCN are provided in
Fig. 5c and d. The BCN shows a sheet-like morphology with
porous structures on the surface. This porous sheet-like mor-
phology enhances electrochemical adsorption and allows for
the use of almost the entire available electrode surface for
electrochemical reactions. EDS elemental mapping is provided
in Fig. S4e (ESIt), showing a uniform distribution of B, C and
N in the BCN sample. XPS analysis was implemented to
understand the elemental composition of the BCN sample.

J. Mater. Chem. C, 2023, 11, 2565-2573 | 2569
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Fig. 5 (a) Schematic illustration of the synthesis of BCN sheets using urea route, (b) Raman spectrum of BCN, (c and d) FESEM images showing the

porous sheet like morphology of BCN.

The high-resolution B 1s spectrum provided in Fig. S4b (ESIY)
depicts two distinct peaks located at 190.9 and 192.0 eV
corresponding to B-C and B-N bonds. The C 1s spectrum of
BCN was deconvoluted into three peaks at 283.8, 284.5 and
285.4 eV, representing C-B, C-C and C-N bonds, respectively
(Fig. S4c, ESIt). The deconvoluted N 1s spectrum shows N-B
and N-C bonding at binding energies of 398.4 and 400.1 eV,
respectively (Fig. S4d, ESIT).*!

2.4 Electrochemical assessment of BCN

Similar to S-VSe,/CNT, the electrochemical performance of BCN
is also analyzed in a 0.5 M K,SO, electrolyte by employing a
three-electrode cell. A cyclic voltammogram of BCN shows neat
EDLC behaviour in a potential window of —1.0 to 0.0 V (Fig. 6a).
From a lower scan rate to a higher scan rate, the BCN electrode
maintained a rectangular shape without any deformation,
showing excellent reversibility during electrochemical reactions.
To further understand the charge storage mechanism of BCN, we
segregated CV curves into capacitive and diffusive contributions
using power law. The segregated CV profile of the BCN shows a
complete dominance of capacitive contribution over diffusion due
to the EDLC mechanism of the electrode. The capacitive con-
tribution of the BCN electrode increases from 94.3% at 10 mV s~
to 97% at 100 mV s~ (Fig. 6b and c). Dominant capacitive
performance is beneficial for the BCN electrode in terms of
excellent cyclic stability and high-rate performance.

The GCD curves of the BCN electrode exhibited a nearly
triangular shape based on the EDLC behaviour (Fig. 6d). The
linear charge/discharge curves in current densities ranging

2570 | J Mater. Chem. C, 2023, 11, 2565-2573

from 1 to 8 mA cm > suggest the excellent capacitive behaviour
of the BCN electrode. The areal capacitance of the BCN elec-
trode calculated from the GCD is shown in Fig. 6e. The BCN
attained an areal capacitance of 115 mF cm > at a current
density of 1 mA cm ™2, and the electrode showed a great rate
capability by retaining almost 69% of its initial capacitance
after an eight-fold increment in current density. The cyclic
stability of BCN is measured, and the electrode exhibited a
93.7% capacitance retention after 5000 GCD cycles (Fig. 6f).
During the cyclic study, we observed that the capacitance value
exceeded 100% and decreased after reaching the maximum
value. The increase in capacitance is quite obvious in porous
materials owing to the entrapment of ions inside the pores and
the enhancement of pore size during long-cycle operation.>®>*
BCN showed near 100% coulombic efficiency during the cyclic
study, which emphasises the high reversibility and exceptional
electrochemical stability of the BCN electrode. The Nyquist plot
of BCN reveals a capacitor-type behaviour with an R, value of
6.2 Q (Fig. S5, ESIf).

2.5 Performance of S-VSe,/CNT//BCN asymmetric
supercapacitor

To evaluate the practical application of S-VSe,/CNT and BCN,
an asymmetric supercapacitor (ASC) was constructed with
S-VSe,/CNT as the positrode and BCN as the negatrode
(Fig. 7a). Before assembling, mass balance theory was imple-
mented to attain the charge balance in both electrodes, i.e.,
m_/m, = 0.64. The potential stability of S-VSe,/CNT//BCN ASC
is studied at various potential windows, and the optimized
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scan rates, (d) GCD curves of BCN in various current densities, (e) areal capacitance of BCN plotted against corresponding current densities and (f) cyclic
performance of BCN electrode during 5000 cycles at a current density of 10 mA cm™2.

working window of the device is set at 1.65 V (Fig. S6a, ESIt). admixture of pseudocapacitance and EDLC (Fig. 7b). During
The CV curve of ASC is analogous to that of S-VSe,/CNT and all the scan rates of the ASC, no considerable distortions are
BCN, showing that the working mechanism of ASC is an observed in the CV shape, signifying the excellent capacitive
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Scheme 2 Schematic representation of the working of S-VSe,/CNT//
BCN ASC.

behaviour of the device. The GCD profiles of the S-VSe,/CNT//
BCN ASC show a near-symmetric shape without any plateaus,
signalling the absence of diffusive contributions (Fig. 7c). The
areal capacitance obtained from the GCD profiles of ASC is
provided in Fig. 7d. The ASC delivered a high areal capacitance
of 96 mF cm ™2 at a current density of 4 mA cm ™2 and retained
68 mF cm ™ of its initial capacitance at a high current density
of 12 mA cm ™2, exhibiting the high-rate capability of the device.
The Ragone plot is important for evaluating the energy storage
capability of a full cell. S-VSe,/CNT//BCN ASC achieved a
high energy density of 36.3 W h cm™> at a power density of
3.2 mW em?, and the ASC retained 70% of the initial energy
density at a large power density of 9.2 mW cm > (Fig. 7e). The
energy storage performance of S-VSe,/CNT//BCN ASC is com-
parable to many recently reported values®>>° (Table S2, ESIY).
Fig. 7f illustrates the cyclic performance of ASC, exhibiting an
87.2% capacitance retention after 5000 charge/discharge cycles
performed at a current density of 15 mA cm™ > with a coulombic
efficiency of more than 96%. Comparing the Nyquist plots of
the ASC before and after stability, no considerable deviations in
their shape were observed (Fig. S6b, ESIt). This corresponds to
the electrochemical stability of the full cell. The working
mechanism of S-VSe,/CNT//BCN ASC is illustrated in Scheme 2.

3. Conclusions

In summary, S-doped VSe,/CNT is successfully synthesized
using a facile hydrothermal method. By applying sophisticated
characterization techniques, the effects of S doping and CNT
hybrid formation in VSe, are analysed. The substitutional
doping of S atoms in the VSe, lattice can provide a considerable
improvement in the charge storage capability of S-VSe,, but this
improvement is limited to a certain extent. The S-VSe,/CNT
hybrid as a positrode conferred excellent charge storage cap-
abilities with remarkable cyclic stability compared to S-VSe,
and pristine VSe,. The enhanced electrochemical activity of
S-VSe,/CNT can be attributed to the synergistic effect between
S-VSe, and CNT. BCN, an intriguing layered 2D material with
EDLC behaviour prepared via a solid-state urea route, was
electrochemically analysed as a negatrode. The material
and electrochemical characterization provide insight into the
chemical structure of BCN and its prodigious charge storage
capability. An asymmetric supercapacitor was constructed with
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S-VSe,/CNT and BCN, showing exceptional energy density and
power density along with long cycle life. The VSe,/CNT//BCN
ASC inherits all the individual advantages of each electrode
material to deliver a promising ASC for next-generation energy
storage applications.
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