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ABSTRACT

Two-dimensional (2D) surface-terminated layered transition metal carbide MXenes with high electrochemical performance paved the way
for robust energy storage supercapacitor devices. However, because of the 2D nature of the MXene flakes, self-restacking of 2D MXene flakes
limits the use of all the flake functionalized surfaces in MXene electrodes. Here, we report the synthesis of V,CTx MXene and multiwall carbon
nanotube (MWCNT)/V,CT, composites as a promising electrode material for hybrid energy storage devices. Our hybrid electrodes exhibited
enhanced electrochemical performance and a gravimetric capacitance of 1842 F g™' at a scan rate of 2 mV s™", with a specific charge capacity
of 62.5 A h/g. Moreover, the electrodes presented an excellent rate performance, durability, and retention capacity of 94% lasted up to 10 000
cycles. Density functional theory calculations provided electronic and structural properties of the considered MWCNT@V,CTy. Therefore,
the introduction of MWCNTs enhanced the conductivity and reaction kinetics of the MXenes and facilitates the charge storage mechanism
useful for next-generation smart energy storage devices.
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I. INTRODUCTION

Owing to the continuous technological advancement and
increased fuel waste emission causing serious environmental con-
cerns, the demand for the development of eco-friendly, efficient,
and clean energy harvesting storage devices is increasing.! In recent
years, the production of wearable electronics, a proliferation of
portable devices, and a widespread electrical automobile industry
accelerated the energy demand. The current research in the field
focuses on the management of green energy production and con-
sumption, but the rapid growth in the population demands safe and

low-cost energy storage devices for the next generation of smart
electric grids. The electrochemical energy storage devices attracted
much attention due to their high energy and power densities
along with high durability.”* The high gravimetric energy density
(260 W h kg™') and long-life cyclability of Li-ion batteries made
them the most suitable candidate for energy storage devices. How-
ever, nonuniform global distribution and shortage of Li resources
require smart resource management.” Therefore, scientists are look-
ing for alternative energy storage systems for the miniaturization
of microelectronics and the emerging internet of things for differ-
ent energy applications.® In this scenario, supercapacitors emerge as
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promising alternatives to rechargeable batteries for their high-power
delivery and rapid energy harvesting due to the fast electron-ion
kinetics and long-life cycle.” "

Electrodes and electrolytes are two key factors that determine
the performance of supercapacitors. The reaction kinetics are highly
dependent upon the intrinsic properties of the electrode material,
and hence, the footsteps to the discovery of new electrode materials
never stopped.”” '* In 2011, a new family of two-dimensional (2D)
materials, namely, MXenes, was discovered at Drexel University,
and it exhibited excellent electrochemical performance to be the
promising candidate for energy harvesting/storage devices. Tita-
nium carbide was the first of the series that was made by acidic
selective etching of Al layers from the TizAlC, MAX phase'” and
has remained as the most studied MXenes.”” MAX phases are
ternary carbides and nitrides with the general formula of M,+1AX,,
re-discovered and expanded by Barsoum,”' *> where M represents
the transition metal, A is an element from group III or IV, while X
is either carbon or nitrogen and n ranges from 1 to 4.”*°** The
mechanical exfoliation of the A-element layers is more challeng-
ing,” while selective etching of the A-group layers using suitable
chemicals can lead to the formation of a stable 2D M,+1X, T lay-
ered structure; where T, represents surface terminations (-OH, -F,
or =0 attached to M atoms after the removal of the A atoms).”’
Similar to the MAX phase precursor, n = 1-4 in MXenes, giv-
ing the possibility of M,X, M3X,, MsX3, and MsXy, such as V,C,
Ti3C;, Nb3Cy, and Mo4VCy. Owing to the unique physicochemical
properties of MXenes, such as hydrophilicity, high electrical conduc-
tivity, tunable optical properties, functionalized and tunable surface
chemistry, and thermal and plasmonic properties, MXenes have
been used in various applications, such as energy storage devices,
electromagnetic interference (EMI) shielding,” catalysis,” electro-
magnetism, resistive random access memory devices (RRAMs),*”
and sensors, to name a few.”* "

Density function theory (DFT) studies have suggested that
V,CTx MZXene is one of the suitable materials for energy stor-
age devices, such as Li-ion batteries and supercapacitors.”** Being
one of the thinnest members of the large family of MZXenes,
vanadium carbide with relatively high electrical conductivity
(3300 S cm ™), and electrochemical properties having a pseu-
docapacitive functionalized surface, has grabbed much research
attention. Along the same line of inquiry, Zhan et al°! explored
pseudocapacitive performance for various M,+1X,Tx structures in
the aqueous H,SOy electrolyte. Similarly, DFT computations estab-
lished a correlation between Faradaic voltage windows of MXene
electrodes and charge transfer descriptors.”” Based on the total
energies from DFT calculations and thermodynamic formalisms,
charge-discharge curves of various MXene configurations were also
attained.”

Few experimental studies were carried out in the past to inves-
tigate the properties of V,CTx MXene for its effective use in Li-,
Na-, and Zn-ion batteries and micro—capacitors.z‘r 954 Different
nanomaterials, such as carbon nanotubes (CNTs), have been used
as a spacer to create a more open structure and, hence, increase the
electrical conductivity and electrochemical stability. Previous stud-
ies showed that the addition of CNTs to MXene flakes increases
the charge storage as well as rate performance. Xie et al. reported
that the Ti3C,Tx/CNT film, made from self-assembly of CNTs and
Ti3C, Ty, exhibits a high volumetric capacity of 421 mA h cm™
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at 20 mA g~'.° Zhao et al. showed that the sandwich-like struc-
ture of the Ti3C,Tx/CNTs composite is stable even after 10000
cycles.”” Inspired by these studies and the above-mentioned man-
ifested properties of V,CT, MXene, we have prepared multiwall
carbon nanotube (MWCNT) composites with the V,CTy MXene
powder to stabilize the MXene structure and provide additional con-
ductive pathways, which can improve charge-discharge capacity. An
excellent charge storage capacity of ~2400 F g™*, enhanced storage
retention, and stability are observed in the presented structure with
a specific charge capacity of 57.407 Ah g™

Il. RESULTS AND DISCUSSIONS

We first characterized the as received V,AIC MAX phase pow-
der using x-ray diffraction (XRD). Figure 1(a) represents the XRD
pattern of the V,AIC MAX phase with peaks at 13.4°, 35.5°, 36.2°,
41.2°,45.3,55.5°, and 63.8°, which matched the previously reported
V,2AIC (JCPDS No. 29-0101). Our XRD result does not show any
impurity phase peaks. After acidic selective etching with 50% HF
(hydrofluoric acid) for 72 h, the (002) peak shifts toward a lower 20
of 8.9°, corresponding to a d-spacing of 9.9 A [Fig. 1(b)]. The pres-
ence of a small peak at around 13.4° and 41.2° represents a small

FIG. 1. XRD patterns of (a) the V,AIC MAX phase, (b) V,CTy MXene after HF
treatment, (c) Multiwall Carbon Nanotubes (MWCNTs), and (d) MWCNT@V,CT.
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amount of the unetched MAX phase, which is in good agreement
with the previous studies.”®

The as-synthesized multilayered (ML) V,CTx MXene was fur-
ther used for the synthesis of the hybrid structure with MWCNTs.
In Fig. 1(c), the diffraction peaks at 25.3° and 42.6° are reflec-
tions from (002) and (100) planes, belonging to hexagonal planes of
graphite for carbon nanotubes (JCPDS No. 41-1487). The MWCNT's
are highly pure with a lower count of graphite. The XRD of
the MWCNT@V,CTy [Fig. 1(d)] reveals the existence of the two
phases in the composite. The (002) peak of V,CT, remains at a
similar 20, which is a slight shift toward the lower angle, i.e.,
20 = 8.24°. Additionally, the non-out-of-plane MXene reflections
are visible. The appearance of a broad peak at 20 =22.14° rep-
resents the presence of multiwall carbon nanotubes in the hybrid
structure.”””"

Scanning electron microscopy (SEM) was carried out for the
morphological analysis (Fig. 2). Figure 2(a) reveals the bulk V,AIC
MAX phase particles. After the selective removal of Al layers, the
etched MXene has a typical accordion-like structure [Fig. 2(b)];

scitation.org/journal/apm

the inset shows a high-resolution image. This lamellar structure
indicates the successful etching of the Al layers after the chemi-
cal etching treatment.””"’ The cross-sectional SEM image of the
MWCNT®@V,CTy [Fig. 2(c)] shows that MWCNTSs form a uniform
coverage network around the surface of V,CTx MXene particles.
This unique structure provides an enhanced conductive network to
assist the accessibility of electrolyte ions for a better electrochem-
ical activity, hence resulting in improved energy storage.” * To
further investigate the assembly of MWCNTs on MXene particles,
the high-resolution transmission electron microscopy (HRTEM) of
MXene, MWCNT, and MWCNT@V,CTx MXene was carried out.
Figure 2(d) shows MXene sheets that are oriented along the basal
plane, and the selective area electron diffraction pattern (SAED) data
[inset, Fig. 2(d)] show that the pristine MXene possesses a regu-
lar hexagonal structure, as is also reported before.'”* Figure 2(f)
illustrates that upon the addition of MWCNTSs, MXene sheets
keep their crystalline structure. The inner section represents the
hexagonal structure of the MXene, whereas the outer ring corre-
sponds to the characteristic of MWCNT.*

FIG. 2. (a)-(c) SEM micrographs of the V,AIC MAX phase, V,CTx MXene, and MWCNT@V,CT, MXene, respectively; (d)~(f) HRTEM of MXene, MWCNT, and
MWCNT@V,CT, MXene, respectively; (g) EDX of MXene; and (h)-(i) EELS mapping of MXene and MWCNT@V,CT, MXene, respectively.
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The composition of as-synthesized V,CT, MXene was ana-
lyzed via energy dispersive spectroscopy (EDS) in SEM, shown in
Fig. 2(g). The comparison of atomic percentages of the elements
indicates that the as-prepared MXene has a small remaining Al
(V:Al is ~10:1), which is due to the unetched MAX in agreement
with XRD results [Fig. 2(a)]. Additionally, EDS revealed that the
as-synthesized V,CTx MXene has more F than O, which is the
result of the use of 50% HF and agrees with the previously reported
results.””"” Because EDS does not quantify carbon accurately, we do
not include carbon values. Figure 2(h) presents the elemental map-
ping of as-prepared MXene. The fluorine map in Fig. 2(h) indicates
a higher concentration of F at the edges of V,CTx surface termi-
nations originated as a result of HF etching. While in the mapping
of MWCNT@V,CTy, these are shadowed by the carbon nanotubes,
hence, the MWCNT forms a homogeneous network that increases
the conductive channels between MXene layers for efficient charge
transport and enhanced storage.*®

The structural and phase transformations were investigated
by collecting and analyzing Raman spectra (Fig. 3). The exfoliated
MZXenes are very sensitive to the Raman laser depending upon the
etching route and the surface terminations.”” "’ Typical w; vibra-
tional mode (associated with V-Al bonding) is present in the V,AIC
MAX phase [Fig. 3(a)] that eventually disappears in the exfoli-
ated MXene, and new peaks appear in the range of 280-700 cm ™

FIG. 3. Raman spectra of (a) the V,AIC MAX phase, (b) V,CT, MXene,
(c) MWCNT, and (d) MWCNT@V,CT, MXene.
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[Fig. 3(b)]. The vanishing of w; in V,CTx MXene describes the
effective etching of Al and the formation of an exfoliated MXene
structure. A new peak that appears at a frequency of 284 cm™ E;g
is ascribed to the enhanced interlayer spacing in V,CTx MXene as
compared to its MAX phase precursor, representing the in-plane
vibration of V-atoms.”' The peaks at 406, 520, and 692 cm™! repre-
sent the active vibrational modes of surface-terminated MXene.”””
Champagne et al. reported that the peak at 406 cm™ is due to
V2C(OH), representing out-of-plane V-atom vibrational modes,
while the remaining two peaks are due to the A;g mode of MXene
corresponding to V,CF, and V,CO(OH),, respectively, confirming
further the etching of MXene with the presence of -O, -OH, and -F
surface terminations. The small deviation from the theoretical values
is due to surface chemistry as these functional groups can consider-
ably influence the V atom vibrations with both the D and G bands
present at 1336 and 1569 cm ™", respectively, in MWCNT along with
2D bands at higher frequency [Fig. 3(c)], representing high purity of
MWCNT with lesser defects. The humps present at higher frequen-
cies are due to the intrinsic defects associated with random stacking
of MXene sheets.®” In hybrid materials, i.e., MWCNT@V,CTy, fur-
ther shifting of peaks is observed along with the broadening of peaks,
which can be explained by weak covalent bonding of MWCNT over
the surface of V,CTy MXene.”””’

The electrochemical tests [cyclic voltammetry (CV), GCD
(galvanostatic charge-discharge), electrochemical impedance spec-
troscopy (EIS), and electrochemical cycling] were performed using
the Gamry electrochemical workstation in a 1M KOH electrolyte.
The Pt wire was used as a counter, while Ag/Ag Cl was used
as the reference electrode and MWCNT@V,CT, was used as the
working electrode in a three-electrode setup. The CV measure-
ments of MWCNTs, V,CTy, and MWCNT@V,CT, at a scan rate
of 200 mV s™" over a potential window of —0.2-0.5 V are shown in
Fig. 4(a). The better electrochemical performance and redox pro-
cess in MWCNT@V,CT, compared to the pristine MXene was
observed, which is a result of increased conductivity due to the
introduction of MWCNTs. Figure 4(b) represents the CV curves
for different CNTs: MXenes hybrids with weight ratios of 2:2, 1:2,
0.5:2, and 0.25:2, labeled, respectively as M1, M2, M3, and M4.
The shape of these CV curves is significantly different from the
porous carbon, which is rectangular owing to the double layer
phenomenon.” The redox peaks suggest that the capacitance of
these composites is mainly a pseudocapacitive based redox mech-
anism. An increase in CNT concentration results in an increased
area under the curve, but after a certain limit, it starts to decrease
again. Hence, by comparing the CV curves, we selected the M2
sample to carry on further electrochemical testing. Figure 4(c) rep-
resents the general trend of CV curves of the M2 hybrid structure
measured at different scan rates ranging from 10-200 mV s
The shape of the curves is maintained even at higher scan rates,
revealing the fast reaction kinetics and durability of the electrode.
The gravimetric capacitance [inset of Fig. 4(d)] gradually decreases
with the increase in scan rate; however, at the same scan rate, the
gravimetric capacitance of the hybrid structure is much greater com-
pared to that of the pristine MXene and MWCNT. For instance, at
200 mV s~', the gravimetric capacitance of the hybrid structure is
576 F g™', of the pristine MXene is 230.5 F g™*, and of MWCNT
is 98.14 F g_l. Electrostatic impedance spectroscopy of pristine
and hybrid MXene was carried out [Fig. 4(d)] to study the
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FIG. 4. (a) C-V of MWCNT, pristine, and MWCNT@V,CT, MXene at a scan rate of 200 mV s~". (b) C-V plots of various ratios of MWCNT@V,CT, at scan rates 200 mV s~".
(c) C-V plots of M2 at different scan rates. (d) Comparison of EIS plots of pristine and M2 in 1M KOH electrolyte; inset: specific capacitance vs scan rate graph of
MWCNT@V,CT, MXene. () GCD plots at different current densities. (f) Capacitance retention (green) and coulombic efficiency (red) plots.

internal resistance. The fitted Nyquist plots represent the electrode
impedance that includes the charge transfer resistance and inter-
nal series resistance at high frequencies. The Warburg impedance
at low frequencies is less for MWCNT@V,CTy as compared to pris-
tine MXene. The reason is the good hydrophilicity of MXene sheets
and an improved conductivity due to the introduction of MWC-
NTs.”” The improved electrical conductivity favors the rapid ion

diffusion during the charge-discharge process by effectively decreas-
ing the internal resistance and transportation of the electrolyte ions,
hence resulting in the enhanced electrochemical performance of the
hybrid material. The maximum specific capacitance of 1842 F g™*
was calculated from the CV curves at the scan rate of 2mV s™'. The
nonlinear capacitive GCD curves at different current densities are
represented in Fig. 4(¢), revealing the pseudocapacitive nature of the
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hybrid material. The following formula was used to calculate specific
charge capacity:

Ix At
Specific Charge Capacity = 3 6X .
6xm

A maximum specific charge capacity of 62.5 A h g™ was
obtained at a current density of 1 A g”'. The composite has a com-
petitive energy density of 100.85 W h kg™ with an admirable power
density of 451 W kg™'. The introduction of porous MWCNTs forms
a homogeneous uniform network that increases the accessibility of
active sites for fast ion diffusion. The cyclic performance was tested
via galvanostatic charge—discharge at a current density of 10 A g™".
It can be seen that the electrodes are stable up to 10 000 cycles with
94% capacitance retention capability, proving the higher rate capa-
bility of the hybrid material. The coulombic efficiency was tested at
a current density of 1 A g~' and was found to be 100% [Fig. 4(f)].
Keeping in view the enhanced performance, the hybrid material
was tested over a wider potential range of —0.4-0.7 V (Fig. S1). The
hybrid material has a larger area under the curve and possesses a
gravimetric capacitance of 696 F gl @200 mVs™', and a maximum
capacitance of 2386 F g™ was achieved at the scan rate of 2 mV s,
The phenomenon of oxidation is prominent at a lower scan rate
in this voltage window that might be due to the degradation of the
electrolyte or the base material. However, at the higher scan rates,
the electrode shows an outstanding performance due to enhanced
conductive channels provided by MWCNTs homogeneous
linkage.

A. Structures and electronic properties

Figure 5(a) depicts optimized structures of the V,CTx MXene
(T = F/O) and (T = F, OH), respectively. Saturation of surface O*
groups with hydrogen atoms (T = F and OH) results in a noticeable
deformation in reference to the V,CT, MXene (T = F/O). In the lat-
ter structure, V,CT, MXene (T = F/O), oxygen and fluorine atoms
reside at three-fold hollow sites over the V network at which the V-F
and C-O distances amount to 1.847 and 2.000 A; respectively. Like-
wise, the V-C distances feature two bond lengths, namely, 2.100 and
2.350 A. V, C, O, and F atoms uniformly entail partial atomic charges
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(Mulliken) of 0.67, 0.48, —0.32, and 0.45e, respectively. Saturation of
surface O* groups with the H atom results in a noticeable deforma-
tion, as portrayed in Fig. 5. In the top layer, fluorine atoms moved
downward to accommodate the positive charge influx by V atoms.
Vanadium atoms entail positive charges in the range of 0.55 and
0.81¢; respectively. The variation in atomic charges throughout the
structure reflects structural arrangements induced by OH* groups.

It was demonstrated recently that the charge extraction process
in various MXenes can be enhanced by fine-tuning their work func-
tion values.”” The computed work function of the V,CTy MXene
(T = F/O) attains a value of 5.7 eV. This value drops to only 2.16 eV
for the V,CTx MXene (T = F/OH). Thus, it is envisaged that the
latter structure exhibited enhanced super capacitance performance
than the V,CTx MXene (T = F/O). It will be insightful to assess
the influence of the relative loads of the T, functional groups on
the variation of the work function with the inclusion of a solvent
environment. The presence of the vanadium atom in these MXenes
renders them metallic character where all states around the Fermi
level are filled. Using the LST/QST (linear strain triangle/quadratic
strain triangle) method, we found that water dissociation over the
V,CTx MXene (T = F/O) incurs an accessible activation energy of
1.2 eV. Thus, hydroxylation reactions are expected to readily trans-
form V,CT, Mxene (T = F/O) into V,CT, MXene (T = F/OH). The
addition of an H atom to the O* group in the V,CTx MXene (T
= F/O) is highly exothermic by 2.39 eV and does not encounter an
activation barrier.

Figure 5(b) shows the optimized structure of the CNT-V,CT,
MZXene T = F/O structure. The outer carbon atom of the considered
CNT was terminated with hydrogen atoms. The CNT configura-
tions reside 2.930 A above the MXene. Carbon atoms in the CNT
hold minimal positive charges in the range 0.0-0.04e, revealing a
very minor interaction. As demonstrated in Fig. 5(c), the CNT-
V2CT,x MXene (T = F/O) structure retains a metallic character
owing to the d states of vanadium atoms. As expected, adding the
CNT does not alter the main structural and electronic features of
the neat V,CT, MXene (T = F/O) structure, in agreement with
SAED in inset of Fig. 2(f) where MXene retained their hexagonal
structure and a characteristic outer ring appears due to MWCNT.
Nevertheless, improved capacitance can be attributed to increased

FIG. 5. (a) Optimized structures of the two considered V,CT, MXene. (b) Optimized structures of the two considered CNT-V,CT, MXene (T = F/O). (c) Density of state
curve for the CNT-V,CTx MXene (T = F/O) structure. The dashed line represents the Fermi level.
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electrical conductivity of the CNT-MXene hybrid structure due to
MWCNTSs where the CNTs provide a conductive path rather than
influencing the intra-particle dynamics.”” In addition, higher elec-
trical conductivity of the CNT-MXene hybrid was observed during
electrochemical experiments in agreement with the 0 eV Fermi level
for conduction in Fig. 5(c).

Ill. EXPERIMENTAL SECTION
A. Preparation of MXene

The wet chemical etching route was used for the synthesis of
MZXene. 1 g of V,AIC MAX (300 mesh) powder was treated with
50% hydrofluoric acid in a Teflon bottle for 72 h while stirring at
400 rpm at room temperature. The chemically etched powder was
washed several times with de-ionized (DI) water and centrifuged at
3000 rpm/5 min per cycle until the PH of the supernatant reached
above 6. The solution was then vacuum filtered and dried under
vacuum at 50 °C for 24 h.

B. Synthesis of MWCNT@V,CTx composite

Cetyl Trimethyl Ammonium Bromide (CTAB) grafted
MWCNT was prepared by dissolving 2 mg of CTAB in 20 ml DI
water via magnetic stirring to achieve a uniform aqueous solution.
After that, MWCNTSs were dispersed in CTAB solution via probe
sonication to a concentration of 0.5 mg/ml. Briefly, 20 ml of
CTAB grafted MWCNT solution was added drop-wise to 50 ml
(0.4 mg/ml) of V,CTy solution. The resultant mixture was probe
sonicated for 10 min followed by vacuum filtration and vacuum
drying at 50 °C overnight to get a composite material. In a similar
manner, different weight ratios of CNT:MXene (1:1, 1:2, 0.5:2, and
0.25:2) composites, labeled as M1, M2, M3, and M4, were prepared
for the thorough study of the effect of CNTS.

C. Material characterization

The crystal structure and phase identification were carried out
using a powder x-ray diffraction (DRON-8) diffractometer equipped
with the Cu K-« (1 0.154 nm) source in the 20 range of 3°-70°. A
Hitachi s-4800 FEG (field emission gun) scanning electron micro-
scope was used for the study of surface morphology. Transmission
electron microscopy (TEM) analysis was used to further investi-
gate the morphology. The high-resolution images were acquired
on Titan 60-300 from Thermo Fischer Scientific equipped with an
imaging Cs-corrector and working at 300 kV. Elementary mappings
were performed using the scanning TEM (STEM) mode associ-
ated with an energy-dispersive x-ray spectroscopy (EDS) detector
and an electron energy loss spectroscopy (EELS) detector (Gatan).
Raman spectra were obtained using a Thermo Renishaw with laser
excitation A = 532 nm of the He-Ne laser.

D. Electrochemical measurements

The electrochemical testing of the as-synthesized samples was
carried out in the 1M KOH electrolyte with the Gamry 1010B
Potentiostat workstation. The working electrode was prepared by
mixing the as-synthesized MWCNT@V,CT, composite with 5 wt.
% polyvinylidene fluoride (PVDF) binder dissolved in N-methyl 2-
pyrrolidone (NMP) in a 90:10 ratio. The prepared slurry was coated
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on the 1 x 1 cm® Ni foam current collector and then vacuum-
dried at 60 °C for 24 h. The dried electrodes were pressed under
5-10 MPa pressure for 10 s. The prepared electrodes were dipped
in 1M KOH overnight before performing the cyclic voltammetry.
All the tests were conducted in a three-electrode Swaglock cell. Plat-
inum wire was used as a counter electrode, while Ag/AgCl in 3.5M
KCl was used as a reference electrode. The CV voltammograms were
recorded in the voltage ranges of —0.2-0.5 V and —0.4-0.7 V under
a scan rate range of 2-200 mV s~*. The EIS was acquired at the open
circuit potential (OCP) in a frequency range of 20 kHz to 10 mHz
using a sinusoidal signal of 10 mV.

The following formulas were used to calculate the gravimetric
capacitance:

From CV,

C-= f 1(V)dV/mVAYV,

where I is the current, m is the active mass of the electrode, V is the
scan rate, and AV is the potential window.
From GCD,

C= I/(l/V(t))dt,

where Iis the constant current density and V is the working potential
as a function of time.

The specific capacity was calculated from GCD using the
following formula:

I'x At
Specific charge capacity = 3 6X .
6xm

The energy density and power density of the MWCNT@V2CTy
MZXene were calculated using the following formulas:
12
lev
3.6

E=

E
P=— x3600.
At

IV. CONCLUSION

In summary, we have demonstrated a simple method for the
synthesis of 2D V,CTx MXene and its composite with MWCNT.
The MWCNTs were used to enhance the electrical conductivity of
MXene sheets by forming a uniform network between the V,CTy
MZXene multi-layer particles. Hence, the electrode material exhibited
enhanced super-capacitive performance with a maximum gravimet-
ric capacitance of 1842 F g~'. The specific charge capacity was
found to be 62.5 A h g™'. The introduction of MWCNTs not only
increased interlayer spacing but also improved the electrical conduc-
tivity. The capacitive retention was found to be 94% until the 10 000
cycle that shows much higher stability of the composite. Hence, the
MWCNT®@V,CTx composite materials are promising candidates for
pseudocapacitive energy storage devices.
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See the supplementary material for experimental details of
electrochemical testing at higher voltage windows.
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