Open Access Article. Published on 12 December 2023. Downloaded on 6/16/2026 6:29:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5,1088

Received 7th September 2023,
Accepted 11th December 2023

DOI: 10.1039/d3ma00672g

rsc.li/materials-advances

Bridging the gap: an in-depth comparison of
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Muhammad Habib, (2 $*° Zahir Muhammad,#° Yasir A. Haleem, (2 *¢
Sajid Faroog, (2 9 Raziq Nawaz,® Adnan Khalil,“ Fozia Shaheen,” Hamza Naeem,?
Sami Ullah" and Rashid Khan*'

Layered transition metal dichalcogenides (TMDCs) have garnered immense interest in supercapacitor
energy storage applications. Despite the growing reports on TMDCs in the context of electrochemical
supercapacitor studies, the prevailing use of carbon-based additives often obscures their correct analysis
and overshadows their intrinsic behavior. In this work, we meticulously analyzed supercapacitor
characteristics of distinct TMDC materials without using carbon or any other conductive, revealing their
pure intrinsic behavior, specifically focusing on highly crystalline 2H phase tantalum (Ta), tungsten (W) and
zirconium (Zr)-based TMDCs, grown using the chemical vapor transport (CVT) technique. The grown
(XRD), Raman
spectroscopy, and high-resolution transmission electron microscopy (HRTEM), ensuring a comprehensive
perspective of the synthesized TMDCs. To delve into the electrochemical properties of the prepared
electrodes, extensive analysis using cyclic voltammetry (CV), galvanostatic charge—discharge (GCD) and
electrochemical impedance spectroscopy (EIS) was performed. The obtained results were further sup-
ported with density functional theory (DFT) calculations to get insights regarding the charge transfer
mechanism and electronic density distribution proximate to the Fermi levels. The synergy between the

materials were characterized using cutting-edge techniques like X-ray diffraction

experimental results and theoretical calculations significantly improved the validity of our findings, thus
probing the comprehension and optimization avenues of TMDCs for superior supercapacitor performance.
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1 Introduction

Layered transition metal dichalcogenides (TMDCs) have attained
so much consideration due to their diverse properties, which
make them valuable materials for optical, electronic, and mag-
netic applications.”™ Qualitatively, TMDC crystals usually have
highly pure, clearly defined crystal structures. The crystal growth
parameters are critical and include growth rate, temperature,
and pressure, etc. For high-quality crystals with consistent
qualities, these parameters must be optimized. The electronic
characteristics of these materials must be measured quantita-
tively in order to customize them for energy-related devices. The
conductivity of TMDC crystals is largely determined by their
electronic states. For electrical devices and energy storage sys-
tems to efficiently transmit charge, high charge carrier mobility
is preferred. Comprehending and managing these characteris-
tics is crucial for optimizing TMDC crystal performance in
energy-related applications. TMDCs are also successfully applied
as an active material in energy harvesting applications such as
batteries, fuel cells and supercapacitors.”” Among electro-
chemical energy storage devices, supercapacitors have emerged
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with multiple intriguing characteristics of high-power density,
stability, fast charging time and high capacitance values. There
are abundant reports on electrochemical supercapacitor devices
utilizing TMDCs as an active electrode material including their
hybrids and composites with other materials.®™°

For supercapacitor measurements it has become a common
trend to add conductive additives to the active electrode
materials. Generally, carbon black,’ conductive polymer,**
acetylene black’® and graphite'® are used as an additive mate-
rial and typically added in 7 to 10% of the total weight of the
active electrode material. There are dedicated reports that have
analysed the role of these additives and evaluated their
performance.””™"” These additives render overall improved
device performance, thus increasing the stability and capaci-
tance values manifold compared to the original value.'$>°
Besides improving performance, these additives may obscure
intrinsic features and factual characteristics of the active elec-
trode materials.

In this work, a comparative analysis was performed to reveal
the intrinsic supercapacitor properties of tantalum, tungsten
and zirconium-based 2H phase TMDC materials without using
conductive additives. Six different TMDC materials, namely
TasS,, TaSe,, WS,, WSe,, ZrS, and ZrSe,, were synthesized and
tested for electrochemical property studies without using con-
ductive additives. Although TMDCs can be synthesized with
CVD, hydrothermal, microwave-assisted or solution phase
techniques,”'>* we opted for the chemical vapor transport
(CVT) technique due to its high purity crystalline nature yield.”®
The CVT technique is highly suitable for our work as it only
requires distinctive constituent materials to grow a particular
TMDC compound and does not require unnecessary precursors
as in the case of other techniques. Other synthesis techniques
may result in materials with impurity remnants, surface func-
tional groups or defects®**” that make a profound contribution in
determining the supercapacitor efficiency and obscure the origi-
nal behaviour of the active electrode materials. This comparative
analysis work may cast new insight into the fabrication and
rational design of TMDC-based electrode materials.

2 Experimental
2.1 Transition metal dichalcogenide growth

For TMDC sample growth, research grade powder materials
such as tantalum, tungsten, zirconium, sulphur and selenium
were purchased from Sigma-Aldrich and used without applying
further purification steps. For the sample preparation, stoichio-
metric amounts of the desired powders were mixed with
100 mg iodine as a transport agent. After thoroughly mixing,
these materials were placed into a clean quartz tube. A quartz
ampoule comprising 5 mm inner diameter and 25 cm length
was used for growth purposes. Prior to use, ampoule tubes were
thoroughly cleaned with diluted nitric acid and vacuum dried
later. After putting powder materials in the clean tubes and
right before sealing off, a vacuum of 10> torr was created in
the tubes to get rid of air and to avoid oxidation of the sample
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during the growth process. Sealed tubes were carefully placed
in a two-zone split-type heat furnace with the sample-
containing side in a higher temperature zone, while the other
side of the tube where crystals were to be grown was in a lower
temperature zone. The growth temperatures for tantalum-
based crystals (TaS, & TaSe,) were 950 and 850 °C, for
tungsten-based crystals (WS, & WSe,) were 1030 and 930 °C
and for zirconium-based crystals (ZrS, & ZrSe,) were 950 and
850 °C for the sample and crystal growth zones, respectively.
After cooling down of the furnace, the quartz ampoules were
taken out and bulk form crystals were collected cautiously by
breaking the ampoule. In order to get rid of any unreacted
powder particles and iodine traces, the obtained materials were
gently washed with acetone and isopropyl alcohol.

2.2 Electrode preparation and electrochemical measurements

The grown TMDC crystals were in a bulk form and could not be
utilized directly for electrochemical measurements. For this
purpose, crystals were thoroughly ground for about two hours
to obtain the fine powdered form. For solution preparation,
2 mg of the ground powder was used in 750 ul DI water, 250 pl
isopropyl alcohol and 10 pl Nafion was also added as a binding
agent and the whole solution was sonicated for four hours.
From the prepared solution, 5 ul solution was poured onto a
glassy carbon electrode of 3 mm diameter and used for electro-
chemical measurements after drying at room temperature.
Electrochemical measurements were taken at room tempera-
ture in 1 M H,SO, electrolyte solution using a standard three-
electrode configuration system. For measurements, a platinum
mesh-shaped electrode was used as a counter electrode and Ag/
AgCl (3 M KCl) was employed as a reference electrode.

2.3 Material characterizations and calculations

The crystallographic structures of the prepared transition metal
dichalcogenides were studied with Panalytical X’Pert PRO MPD
X-ray diffraction with Cu Ko radiation (1 = 1.54178 A). Raman
spectroscopy was performed with an XploRa ONE Raman
microscope using a 532 nm laser and structural morphology
was analysed with HRTEM images obtained using JEOL
JEM2010. All electrochemical measurements were accom-
plished with a 600E potentiostat electrochemical analyser by
CH Instruments. All Density Functional Theory (DFT) results
were derived by employing the Vienna Ab initio Simulation
Package (VASP) code.'” The exchange-correlation functional*
by using the General Gradient Approximation (GGA) of Perdew-
Burke-Ernzerhof (PBE)® with the Projector Augmented Wave
(PAW) technique®” was used to generate all the DFT results
while taking into account spin polarization. The six com-
pounds, TaS,, TaSe,, WS,, WSe,, ZrS, and ZrSe, were formed
by combining transition metals (Ta, W and Zr) and chalcogens
(S and Se). The applied PAW-PBE pseudopotentials were
selected according to the valence electrons (ie., Ta & W:
5p6s5d, Zr: 4s4p5s4d and S & Se: 2s4p) and a suitable cutoff
energy was set for each compound. The cutoff energy of
520 eV for the plane wave basis set, the force convergence of
0.01 eV A™*, and the energy convergence criterion of 107° eV
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were used. The Brillouin-zone was modelled by 7 x 7 x 1
Monkhorst-Pack k-points for sufficient geometric optimization
and total energy calculation. The recommended I'-centred grid
for the hexagonal phase with an appropriate k-points set and an
accurate condition of forces (below 0.0001 > eV) are used for
structural relaxation. As a pseudopotential method, the effec-
tive core potentials, in which some degree of relativistic correc-
tions were introduced into the core electrons, were employed.

3 Results and discussion

The optical images of the CVT synthesized crystals are shown in
Fig. 1(a). It can be noticed distinctly that the synthesized
crystals exhibit random shapes within the millimetre scale.
X-ray diffraction patterns of the CVT grown TMDCs are shown
in Fig. 1(b). It can be observed that all TMDC materials showed
narrow and sharp peaks, which is evidence of high-quality
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Fig. 1 (a) Optical images and (b) X-ray diffraction patterns of the grown
transition metal dichalcogenides.
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crystal growth. High intensity sharp peaks, observed in the
range around 13 to 16°, reveal the layered growth of our
samples, which is a typical feature of transition metal dichal-
cogenide materials. In the XRD profiles of TaS, and TaSe,,
major peaks were found at ~14.8 and ~ 13.8° which referred to
the (001) and (004) planes, respectively. The peaks at around 35
and 46.6° were well matched with the (101) and (1010) peaks of
TaS, and TaSe,, respectively. In the case of WS, and WSe,, it
can be seen that major peaks appeared at around 14.3 and
13.7°, which corresponded to the (002) peaks. Similarly, the
peaks observed at ~39.5 and ~37.8° were ascribed as (103)
peaks of both materials. Likewise, two intense peaks at around
15 and 14.4° can be stated as (001) peaks of the XRD profiles of
ZrS, and ZrSe,, respectively, while at ~34°, the (101) peak of
ZrS, at around 31°, and (102) peak of ZrSe, were identified.
X-ray diffraction peak analysis confirms the hexagonal crystal-
lographic structure of the CVT-synthesized TMDC samples. It
was further investigated that the synthesized TaS, and TaSe,
matched with the JCPDS card numbers 02-0137 and 21-1200,
and WS, and WSe, with 08-0237 and 38-1388, while ZrS, and
ZrSe, with 11-0679 and 03-065-3376, respectively.

The structure of the synthesized materials was further
analysed by means of their vibrational modes using Raman
spectroscopy given in Fig. 2. The Raman spectra of TaS,
exhibited one in-plane vibrational mode E,, (or represented
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Fig. 2 Raman spectra of the CVT grown TMDCs. (a) TaS, and (b) TaSe,, (c)
WS, and (d) WSe,, (e) ZrS, and (f) ZrSe;.
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by Ej, as in ref. 28) at ~280 cm ™" and one out-of-plane mode
A,z at ~388 cm ™. The broader peak that appeared at around
212 cm ™ is attributed to the second order scattering. Similarly,
three peaks were observed in the TaSe, measured spectra at
~148, 206 and 236 cm ™" which correspond to E;,, E3, and A,,
modes, respectively. The measured Raman modes for TaS, and
TaSe, are in good agreement with the reported work.”>*° In the
WS, spectra, two peaks appeared at ~354 and ~422 cm ™ that
correspond to Ej, and A;, modes, respectively, whereas one
peak was observed in the WSe, spectra at ~245 cm™ " which
matches with its standard Ej, in-plane vibrational mode.*"
In the case of ZrS,, the observed peaks were ascribed to Eg
(in-plane) and A, (out-of-plane) vibrational modes that
appeared at ~247.5 and ~333.5 cm ' respectively. Corre-
spondingly, in the ZrSe, Raman curve, one major peak was
found at ~193 cm ™ * which was attributed to Az and a small
peak appeared at ~144 cm™ ' associated with the E, vibrational
mode. Another small peak was seen at ~263 cm™ " that possibly
appeared due to the density of the two phonon states.**> The
observed peaks and corresponding values in the spectra
matched well with the reported literature.***

Fig. 3 shows the high-resolution transmission electron
microscopy (HRTEM) images of the synthesized TMDCs. The
results (Fig. 3(a)—(f)) reveal that bulk TMDC materials were
grown in multiple layer stacking. The measured layer spacing

SR \,\L

0:194nm /=

(004)
0.636nm

Fig. 3 High resolution TEM images showing layer and plane spacings of
the CVT grown TMDCs. (a) TaS, and (b) TaSe,, (c) WS, and (d) WSe,, (e)
ZrS; and (f) ZrSe,.
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for all TMDC materials was determined with their corres-
ponding XRD peaks found at around 13 to 16°. In more detail,
the (001) and (004) planes of the TaS, and TaSe, XRD data were
closely matched with the HRTEM measured ~0.602 and
~0.636 nm interlayer spacings of these materials. Similarly,
the assessed layer spacings of 0.618 nm for WS, and 0.638 nm
for WSe, corresponded to the (002) peak of their XRD data. For
ZrS, and ZrSe,, using HRTEM, the interlayer spacings appeared
to be 0.661 and 0.668 nm, which can be referred to their (001)
XRD peak. Correspondingly, lattice plane spacings were also
marked according to their matched X-ray diffraction peaks. The
appeared (101) and (1010) XRD peaks of TaS, and TaSe,
correspond to their lattice spacings of around 0.264 and
0.191 nm, respectively. Similarly, the ~0.231 and ~0.228 nm
plane spacings of WS, and WSe, matched with the (103) peak.
Relatedly, the plane spacings of the ZrS, and ZrSe, electrode
materials can be referred to their (101) and (102) peaks. Dis-
similar inter-layer spacing values observed in the HRTEM
images are obvious due to the different atomic radii of the
various transition metals and chalcogens used in this study.
The obtained HRTEM images clearly revealed the layered
structures and high crystalline quality of the grown TMDC
materials. The layered structure of these materials is one of
the key factors to determine their supercapacitive performance.
Wider layer spacing is favourable for the ions to interact and
swiftly flow through these layers, which will consequently
increase the specific capacitance. On the other hand, narrower
layer spacing restricts the flow of ions, which results in the
reduction of the performance.

Cyclic voltammogram (CV) curves, drawn from 0 to 0.5 V
potential range at 100 mV s~ ' scan rate, for all six electrode
materials are shown in Fig. 4(a) while Fig. 4(b) illustrates the
galvanostatic charge-discharge (GCD) curves, taken at a current
density of 0.3 A g~'. Specific capacitance values for the pre-
pared electrode materials were calculated with the GCD curves
by using the formula given in eqn (1).*

C = IAt/AAV )

where C is the specific capacitance of the electrode materials, I
and At are the discharge current and discharge time, A is the
area of the electrode and AV represents the potential (after IR
drop) of the GCD measurements.

The calculated specific capacitance values for TaS,, TaSe,,
WS,, WSe,, ZrS, and ZrSe, were 151.11, 102.6, 116.1, 152.3,
141.8 and 127.3 F cm ™2, respectively. The comparison of the
calculated gravimetric specific capacitances from both CV and
GCD is given in Table S1 of the ESI.{ All CVT grown samples
were electrochemical double-layer capacitor (EDLC) type with
nearly rectangular shapes and the absence of redox peaks in
the CV curves.*®*” Similar non-faradaic observations were
witnessed in the charge-discharge curves as well. It is most
probable that faradaic reactions occur at low scan rates and
current densities. Therefore, to further affirm the nature of the
prepared electrode materials CV curves at the low and higher
scan rates of 5, 10, 20 and 40 mV s~ * were conducted, which are
given in Fig. S1 in the ESL{ Similarly charge-discharge

Mater. Adv,, 2024, 5,1088-1098 | 1091
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plots of electrochemical impedance spectroscopy and (f) magnified plots at higher frequencies.

measurements, performed at 0.2, 0.4 and 0.5 A g ' current
densities, are also provided in Fig. S2 of the ESL{ The nonap-
pearance of redox peaks, particularly in the low scan rate CV
curves, and the absence of any plateau in the GCD curves are
manifestations of EDLC behaviour. These observations are
reflected in the measurements due to the absence of functional
groups at the surface of the electrode materials. The exhibition
of double layer (EDLC) supercapacitor behaviour by transition
metal dichalcogenides is already reported in the literature.>'**>°

Fig. 4(c) represents a plot where the trend of the electrode’s
capacitance (normalized) against a range of frequencies can be
found. It can be observed that the WSe, electrode possessed the
highest capacitance value followed by ZrS, up to around 500

1092 | Mater. Adv, 2024, 5,1088-1098

Hz. On the contrary, although the TaS, electrode encompasses
relatively less capacitance, it holds it for a wide frequency range
that is ~15 kHz. Other electrodes demonstrated almost a
similar trend of capacitance versus frequency range. A typical
supercapacitor (SC) device features its nature at low frequencies
and resistive behaviour at higher frequencies, which are mea-
sured in the form of Bode plots.*® Fig. 4(d) illustrates phase
angle versus frequency Bode plots of the prepared electrode that

were calculated using eqn (2).*'
C = —1/2nfz"

2)

where C, fand Z” are the calculated capacitance, frequency and
imaginary part of the impedance. It can be observed in the plots

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that the WSe, and ZrS, electrodes manifested a better super-
capacitor nature with higher phase angle values of around 75°
and 65°, respectively, at low frequency ranges and then made
transition into resistive mode at ~700 and ~300 Hz, respec-
tively. Bode plots further revealed that the TaS, electrode
showed the highest phase angle of 77° by covering a broader
frequency range of up to around 3 kHz. The analysis further
unveiled that the WS, electrode initially displays low phase
angle values in the lower frequency region but attains a
relatively high value of 75° at around 1 kHz and sustains its
supercapacitor feature up to ~10 kHz. TaSe, and ZrSe, electro-
des displayed almost similar characteristics with starting phase
angle values of ~55° in the low frequency region (0.1 to 1.5 Hz)
and shifted to the resistive region of operation after 10 Hz.

The Nyquist plot of electrochemical impedance spectroscopy
(EIS) is another tool to analyse the intrinsic characteristics of
the synthesized electrode materials. EIS was performed in a
frequency range of 0.01 Hz to 1 MHz with a 0.005 (system
generated) AC voltage signal. The higher straight line in the low
frequency region corresponds to Warburg impedance and
reflects the ideal supercapacitor behavior.">*® From the
Nyquist plots of Fig. 4(e), it can be observed that the TaSe,
and ZrSe, electrodes showed higher straight lines at low
frequencies that eventually lessened while moving towards
the higher frequency region. The TaS, electrode, which showed
a high phase angle at relatively higher frequencies, can also be
differentiated in the EIS graphs with its high slope even after
the mid frequency region. Fig. 4(f) represents the higher
frequency region, which highlighted the x-axis (Z') intercepts
of the EIS curves to determine the interface resistance (Rs) of
the corresponding electrode materials. It is clear from the Z’
intercept that TaS, and WSe, materials showed similar inter-
face resistance values of 3.8 Ohm followed by a comparable
value of 4.1 Ohm for the ZrS,. The WS, electrode showed a
relatively high interface resistance value of ~7.1 Ohm among
all electrode materials. To further reveal the conductivity and to
determine the contribution of the charge transfer resistance
(Rey) in our electrode materials, we have plotted individual
impedance spectroscopy graphs in Fig. S3 of the ESL.{ EIS plots
are also supplemented with the inset circuit models con-
structed after EIS curve fitting. From the fitted data values, it
was observed that the TaS,, WSe, and ZrS, electrodes showed
low resistance values of around 32, 50 and 175 Ohm, respec-
tively, as compared to 300, 238 and 530 Ohm for the TaSe,, WS,
and ZrSe, electrodes, respectively. The interface resistance
values obtained from the simulated curves are comparable to
the values obtained at the high frequency region of the Nyquist
plots. The EIS findings are further verified with the density of
states calculations in the coming discussions.

Stability is an essential parameter of a supercapacitor which
was conducted for 5000 charge-discharge cycles at 0.3 A g~ *
current density for each electrode. In terms of capacitance
retention, curves illustrating the stability of the individual
electrode material are shown in Fig. 5(a)-(f). Some of the
highest capacitance retention of about 98% was displayed by
the WS,, WSe,, and TaSe, electrodes. They were followed by Zr-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Stability curves of (a) TaS,, (b) TaSe,, (c) WS,, (d) WSe,, (e) ZrS, and
(f) ZrSe, electrodes measured for the first 5000 cycles.

Cycle Number

based electrode overlapping curves that experienced about 8%
loss in capacitance, while the TaS, electrode showed around
19% capacitance loss. To elaborate a comparative view, com-
bined stability curves for all electrodes are given in Fig. S4 of
the ESL.{ Careful analysis of the prepared materials revealed
that almost all electrode materials exhibited stable supercapa-
citor features due to the least defects and highly crystalline
nature obtained from the adopted chemical vapor transport
technique. It can be interpreted that a loss in capacitance
occurred for the first couple of hundred cycles and then the
electrode materials possess very stable features up to the rest of
the 5000 cycles. The early decrease in capacitance retention is
attributed to the preliminary time taken by the system to get
electrochemically stabilized. The initial capacitance reduction
in the stability is due to the feeble interactions between the
electrolyte and active electrode material and saturation of active
sites. A similar trend of initial capacitance reduction was also
observed in the previously published works.?****3
Understanding how conductivity and electrochemical per-
formance interplay is essential to comprehending material
behaviour, especially in the context of devices like supercapa-
citors. As semiconductors, TMDCs have the capacity to con-
tribute electrons to the conduction band and this capability has
a direct impact on their conductivity. When TMDCs have high
conductivity, they can readily donate or accept charges during
electrochemical reactions. This ability is particularly important
for the overall efficiency of the electrochemical processes
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Fig. 6 Calculated band structure and partial density of states (PDOS) of (a) TaS,, (b) TaSe,, (c) WS,, (d) WSe,, (e) ZrS,, and (f) ZrSe,, respectively.

occurring in the device. The electronic band structure and depends on the electronegativity of the anion and cation atoms
partial density of states (PDOS) were calculated for all the that contributed near the Fermi level in the d-orbitals. Fig. 6(a)
structures to see the contribution of orbitals in the conduction and (b) show the band structure and PDOS of TaS, and TaSe,,
and valence band in the electronic structure of these materials respectively. It can be seen that for TaS, the conduction band
and their conductivity related to the bandgaps is shown in crossed the Fermi level, which belongs to Ta-d orbitals, while
Fig. 6. The electrochemical performance of these materials from the PDOS it is also observed that below the Fermi level the
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Table 1 A comparison of our work with previously published studies on 2D materials

S. no. Material Binder Additive No. of cycles Capacitance retention (%) Ref.

1 Tas, Nafion None 5000 81 This work

2 TaSe, Nafion None 5000 98 This work

3 WS, Nafion None 5000 98 This work

4 WSe, Nafion None 5000 98 This work

5 ZrS, Nafion None 5000 92 This work

6 ZrSe, Nafion None 5000 92 This work

7 Ti,C PTFE Conductive carbon 6000 93 Rakhi et al.>*

8 TizC, PVDF Acetylene black 6000 88 Cao et al.”®

9 Nb,C PVDF Acetylene black 10000 81 Ayesha et al.>*
10 V,C PTFE Carbon black 10000 90 Yunfeng et al.>®
11 V,N PVDF Carbon black 10000 96 Sandhya et al.>®
12 MoS,, PVDF Carbon black 1000 70 Gupta et al.”’
13 MnO, (nanoflake) PVDF Carbon black 1000 50 Sagar et al.”®
14 RGO@Cuf None None 5000 92 Taniya et al.>

maximum density of states appeared contributed by the Ta-d
orbital. The PDOS also further crossed the Fermi level and
enhanced the conductivity of the TaS,. Whereas, for TaSe,
(Fig. 6(b)) the conduction band also crossed the Fermi level,
however, the uneven distribution of PDOS is less deep in the
conduction band than TaS, (see Fig. 6(a)). This could be the
reason for the better electrochemical properties of TaS,.
Fig. 6(c) and (d) show the band structure and PDOS of WS,
and WSe,. Compared to WS, (see Fig. 6(c)), the WSe, has a
lower energy gap (see Fig. 6(d)); therefore, WSe, has better
conductivity. Meanwhile, the PDOS distributions in the valence
bands are closer to the Fermi level, with strong hybridization of
the W-d orbitals near the Fermi level. Therefore, due to the
smaller band gap energy and strong hybridization of the W-d
orbitals adjacent to the Fermi level, the transfer of charge is
easier in the case of WSe,, which causes better electrochemical
performance. Similarly, Fig. 6(e) and (f) shows the band struc-
ture and PDOS of ZrS, and ZrSe,, respectively. From the band
structure of ZrSe,, it is shown that the valence band is closer to
the Fermi level for ZrS, as compared to ZrSe,, which reveals
that the transfer of charge is much stronger for ZrS,. At the
same time, it can also be seen that the PDOS near the Fermi
level in ZrS, is much higher as compared to ZrSe,, which makes
ZrS, a better conductive material than ZrSe,, having better
performance for electrochemical properties. From these
results, it is determined that the energy gap and carrier
concentration near the Fermi level have a major role in the
electronic conductivity of these TMDCs, which enhances
the electrochemical performance of these materials due to
the charge transfer mechanism.

The materials with higher carrier concentration near the
Fermi level are more appropriate to donate electrons or holes to
the conduction band, which increases their conductivity and
hence increases the electrochemical performance. Our calcula-
tion results are in agreement with the experimentally obtained
EIS results and the predicted higher (comparative) conductiv-
ities of the TaS,, WSe, and ZrS, are verified with the charge
transfer resistance value trend found from the EIS results. It is
further mentioned that the performance of any electrode
material is markedly influenced by factors like conductivity,*®
surface area,”” electrolyte-type,*®*° defects®® and surface

© 2024 The Author(s). Published by the Royal Society of Chemistry

functional groups.®" In addition, we have made a comparison
between our results and the previously published literature that
focuses primarily on 2D materials; this comparison is shown in
Table 1.

The comparison clearly shows that the intrinsic perfor-
mance of TMDC electrodes without additives approaches pre-
viously published studies on 2D materials.>*™>°

In the presented work, we kept the same electrolyte for the
entire electrochemical measurements to get clear insights into
the material’s intrinsic behaviour and preferred the CVT tech-
nique that yields high quality crystalline materials with the
least defect density. From CV and GCD observations, it is also
concluded that no functional groups were present at the surface
of the electrode materials, so the exhibited electrochemical
behaviour of our TMDC electrode materials can be decisively
regarded as due to their intrinsic conductivity and layer spa-
cings. In our synthesized electrode materials, the highest
capacitance of TaS, can be dominantly attributed to its high
conductivity, as substantiated with EIS and PDOS results,
followed by ZrS,, which although has slightly large interfacial
resistance, on the other hand also possesses comparatively
high inter-layer spacing. On the contrary, though the WSe,
electrode keeps a small interface resistance value, it has mod-
erate layer spacing which places it after TaS, and ZrS,.

4 Conclusions

In summary, we have synthesized highly crystalline Ta-, W- and
Zr-based 2H phase TMDCs using the chemical vapor transport
technique and utilized them as an electrode material for
electrochemical supercapacitors. The calculated specific capa-
citance values for the TaS,, TaSe,, WS,, WSe,, ZrS, and ZrSe,
electrodes were 151.11, 102.6, 116.1, 152.3, 141.8 and
127.3 F cm™? respectively. No functional groups were present
on the surface of the electrode materials, and their capacitance
values depend on the layer spacings and intrinsic conductivity.
In the EIS results, it was observed that the WSe, electrode
possessed the highest capacitance value followed by ZrS, up to
around 500 Hz. On the contrary, the TaS, electrode encom-
passes comparable capacitance but holds it for a wide fre-
quency range that is ~15 kHz. The high capacitance value of
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the TaS, electrode was due to its high conductivity as revealed
in the EIS analysis, which was further confirmed by the DFT
calculations. Moreover, the supercapacitor behaviour was tested
without using any type of conductive additive to confirm the
intrinsic behaviour of the prepared crystalline TMDC electrode
material. This study provides insights into the role of high inter-
layer spacing and intrinsic conductivity of the TMDC electrode
materials in the field of electrochemical energy storage devices.
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