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The present study employed a simple hydrothermal approach to synthesize CuO nanoparticle-
decorated MoS, nanoflowers (MoS,/CuQ). The effect of the concentration of CuO(0, 1, 2 wt%, 4, and
6 wt%) on the surface morphological, structural, optical, and electrochemical properties of the
composite nanomaterials was studied. Surface imaging reveals the 3D nanoflower morphology of MoS,
and MoS,/CuO nanocomposites. The structural analysis showed a change in the structural parameters
due to the incorporation of CuO. Due to the incorporation of CuO, it was determined that the optical
band gap of nanocomposites dropped from 1.43 eV to 1.08 eV. The electrochemical performance of the
composites was found to be significantly improved due to the decoration of CuO, and the composition
with 4 wt% CuO showed the best electrochemical performance possessing a specific capacitance of
336 F g ! together with 90% capacitive retention after 6000 charge/discharge cycles. The
electrochemical performance of the nanocomposite is enhanced by several factors, such as a large
surface area, improved structural stability, and minimal charge transfer resistance. Density functional
theory was used to theoretically understand the influence of CuO nanoparticles on the electronic and
optical properties, as well as the electrochemical performance of the nanocomposite. Theoretical
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calculations showed that CuO prevents the restacking of MoS, layers, increasing its active surface area.
Hybridization in the interface region between Mo and O orbitals increases states near the Fermi level,
DOI: 10.1039/d3ma00858d leading to higher conductivity, specific capacitance, and a lower optical band gap. The charge transfer
from MoS, to CuO creates a strong intrinsic electric field that improves electron transfer, resulting in

rsc.li/materials-advances longer charging and discharging times and enhanced electrochemical performance.

fields, such as transportation, renewable energy, and consumer
electronics.

1. Introduction

Electrochemical energy storage materials and technologies have
drawn significant research attention due to the growing demand
for effective, eco-friendly, and renewable energy sources.'”
Batteries and electrochemical capacitors are primarily used for
energy storage applications. Among them, electrochemical capa-
citors have gained tremendous interest due to their excellent
capacitance, cyclic capacity, and low internal resistance, energy
density, and power density.* These distinctive features make
them suitable candidates for energy storage devices in various
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Layered structured materials have recently drawn consider-
able attention as electrode materials because of their unique
material characteristics and diverse applications. Among the
numerous layered materials, 2D layered MoS,, made up of an
S-Mo-S unit atomic tri-layer, is considered an appropriate
candidate for energy storage applications. The tight covalent
bonds between Mo and S and the van der Waals force that
holds the S-Mo-S layer together in MoS, make it easier for
charge carriers from the electrolyte to intercalate towards the
inner layer without causing significant deformation of the
crystalline structure, yielding better capacitive performance.>®
Several techniques, including micromechanical exfoliation and
CVD, are commonly used to synthesize layer-structured MoS,.”
These methods can achieve the most desirable properties when
MoS, is synthesized. However, the high cost, complex setup,
and low production yield of these methods restrict the large-
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scale manufacturing of MoS,-based devices. In contrast, the
MoS, nanoflower synthesized through a facile hydrothermal
process may offer a high-yield production of nanomaterials
using a simple, easy, and economical route. Also, the large
surface area and channels for ion intercalation/de-intercalation
provided by the nanoflower structure make it favorable for
energy storage applications.

Although MoS, shows many promising properties, its low
electrical conductivity and specific capacitance result in smaller
specific energy and poor cyclic stability, which is unsuitable for
electrochemical energy storage applications.”” Combining
MoS, with metal oxide nanoparticles is a valuable technique
to boost its electrochemical performance. Metal oxide nano-
particles provide better conductivity, and their rapid redox
kinetics can increase the charge carrier’s transportation rate
when incorporating the MoS, nanostructure, thereby improving
the capacitive performance.'®'" Different metal oxide nano-
particles, including NiO, MnO,, TiO,, and Coz;0,4, have been
incorporated to improve the electrochemical properties of MoS,
nanomaterials."* ¥ Wang et al.'® reported the synthesis of MoS,/
Mn;0, composite nanomaterials by a combined hydrothermal
and chemical precipitation method. They found that incorporat-
ing Mn;0, improved the capacitance of layer-structured MoS,
from 47.2 F g ' to 119.3 F ¢~ . Chanda et al.'® showed that
a specific capacitance of 152.22 F g~ at a current density of
0.1A g_1 is achieved when TiO, spheres are added into MoS,
nanoflakes. Ahmad et al'* fabricated Co,0,-decorated MoS,
nanoflowers by a simple hydrothermal route. They found that
the incorporation of 4 wt% Co30, increases the specific capaci-
tance by 135% compared with MoS,. Additionally, they demon-
strated that 87% cyclic stability was maintained after 10000
charging/discharging cycles.

CuO is a promising candidate for electrochemical applica-
tions due to its distinctive capacitive properties and good
electronic conductivity. Previous studies showed that when
hybridized with MoS,, the CuO-based heterostructure provides
an enlarged specific surface area, changes in surface states,
and modifies the energy states, resulting in improved photo-
luminescence properties and enhanced catalytic performance.
The MoS,/CuO heterojunction has also shown a number of
promising applications, such as a non-enzymatic glucose
sensor, photocatalyst, humidity sensor, photodetector, etc.'”'®
The enhanced surface area and the increasing structural stability
of the MoS,/CuO nanostructure may provide better electro-
chemical performance. More recently, Awasthi et al. reported
the preparation of p-n heterostructural CuO/MoS, composites
for supercapacitor applications by mixing MoS, nanosheets with
urchin-like CuO particles.'® However, MoS, nanosheets exhibit
inadequate electrochemical performance because of the small
electronic conductivity and significant surface energy of 2D MoS,
nanosheets. Furthermore, synthesizing MoS, nanosheets from
their bulk is time-consuming and may result in a low yield of
nanosheets. In this respect, the synthesis of MoS, nanoflowers
through the hydrothermal process may provide an economical,
easy, and high-yield path for the industrial fabrication of MoS,-
based devices.

2492 | Mater. Adv., 2024, 5, 2491-2509

View Article Online

Materials Advances

To consider the application, it is necessary to comprehend
the impact of CuO nanoparticles on the electronic structure and
capacitive performance of MoS,. Therefore, experimental and
theoretical analyses on CuO-decorated MoS, are required, which
have never been performed. To understand the properties of
materials in a way that is both accurate and computationally
efficient, density functional theory (DFT) can be utilized. Density
functional theory can effectively predict optical, electronic, and
electrochemical systems and helps design new materials with
improved properties. The charge transfer properties of different
materials and how they interact in an electrochemical environ-
ment can also be investigated using DFT.>° Previously, Li et al.*’
calculated the theoretical adsorption energy of the MoS,/CuO
structure using DFT, where H,O was taken as the adsorbate.

In this study, we prepared CuO-decorated MoS, nanoflowers
through a simple synthesis approach with varied amounts of
CuO nanoparticles (NPs). The effect of the concentration of
CuO nanoparticles was studied using different characterization
techniques. FESEM images showed how CuO nanoparticles
change the morphology of MoS, nanoflowers. The incorpora-
tion of CuO nanoparticles reduces the optical band gap from
1.43 eV to 1.08 eV. CuO was found to enhance the capacitive
properties of MoS,, with the highest specific capacitance of
336.72 F g~ ' achieved at a current density of 0.1 A g . The
composite nanomaterials demonstrate an excellent capacitance
retention of 90% even after 6000 cycles. DFT simulation was
performed to obtain theoretical insight into the impact of
CuO on the electronic, optical, charge transfer, and quantum
capacitance of MoS,. The theoretical study supports our experi-
mental results as it also predicts a decreased optical band gap
due to CuO incorporation. Quantum capacitance calculations
provide similar values and trends, reporting a Cq value of
around 61.01 F g~ for pure MoS, and an average value of
351.70 F g ' for CuO-incorporated MoS,. Moreover, these
calculations shed further light on novel mechanisms through
which CuO plays a synergistic role in improving the electro-
chemical performance of pristine MoS,.

2. Materials and methods

2.1. Materials

Analytical-grade chemicals were used in this experiment.
Sodium molybdate dihydrate (Na,MoO,-2H,0), dimethyl sulf-
oxide (C,H¢OS), copper nitrate (Cu(NO;),-3H,0) and citric acid
were received from Mark India. Thiourea (CH4N,S), polyvinyl
alcohol (C,H,0), and sodium sulfate (Na,SO,) were purchased
from Research Lab, India.

2.2. Synthesis of MoS, and MoS,/CuO nanocomposites

To prepare MoS, nanoflowers through a facile hydrothermal
approach, sodium molybdate dihydrate and thiourea as the
respective sources for Mo and S were utilized.'* A predeter-
mined quantity of the precursors was dissolved in DI water and
agitated vigorously. Subsequently, the solution was placed in a
Teflon-lined autoclave at 200 °C for 24 hours. Following

© 2024 The Author(s). Published by the Royal Society of Chemistry
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centrifugation, the precipitate underwent a washing procedure
involving DI water and ethanol. The MoS, nanoflower was
obtained by drying the resulting black powder at a temperature
of 80 °C for several hours.

CuO was prepared by the solution combustion method.*!
The FESEM images show the particle-like morphology of CuO,
which is presented in Fig. SF1(a) (ESIt). The typical particle size of
CuO varies between 30-40 nm. Fig. SF1(b) (ESI}) presents the XRD
pattern of CuO nanoparticles. Diffraction peaks at 32.52°, 35.57°,
38.73°, 48.83°, 53.58°, 58.22°, 61.54°, 66.26°, and 68.13° corre-
spond to the crystallographic planes (110), (11—1), (111), (20—2),
(020), (202), (11—3), (21—1) and (220), respectively (JCPDS card no.
05-0661). The as-prepared CuO exhibits a monoclinic crystal
structure without indicating a secondary phase. The narrow width
of the sharp peaks denotes the crystalline nature of the NPs.

To prepare MoS,/CuO nanocomposites, CuO nanoparticles
(1, 2, 4, and 6 wt% CuO) were added to 50 mL of DI water and
sonicated for 2 hours using a bath sonicator. Sodium molyb-
date dihydrate, and thiourea were added in 70 mL of DI water,
followed by vigorous stirring. The CuO solution was added to it
and stirred for several hours. The solution was kept in an
autoclave at 200 °C for 24 hours. The resulting precipitate
was then centrifuged, followed by washing with DI water and
ethanol. The resulting black powder was dried at 80 °C for
several hours to produce MoS,/CuO composites.

2.3. Characterization

The surface of the nanocomposite was examined using a field
emission scanning electron microscope (FESEM) (JEOL JSM-
7600F). The structural parameters of all samples were analyzed
through the X-ray diffraction (XRD) technique. The XRD data
were collected utilizing CuK,, radiation (1.5406 A) with an X-ray
diffractometer (RIGAKU Ultima IV). The electrochemical char-
acteristics were studied using a three-electrode setup. The
electrolyte solution employed was an aqueous solution of
Na,SO, with an ionic concentration of 0.5 M. The experimental
setup consisted of a modified graphite working electrode, a
platinum foil plate measuring 1 cm x 1 cm, and a silver/silver
chloride (Ag/AgCl) counter electrode. An electrochemical work-
ing station, model CS-310 (corrtest, China), was utilized to
oversee the cyclic voltammetry (CV), galvanostatic charge/dis-
charge (GCD), and electrochemical impedance spectroscopy
(EIS). For electrochemical characterization studies, the active
material of MoS, and MoS,/CuO composite was mixed with
polyvinyl alcohol (C,H,0) (4 wt% of the active material) and
solvent dimethyl sulfoxide (C,HeOS) to produce the working
electrode. These mixtures were sonicated for half an hour
before depositing 0.4 mg on the graphite electrode.

2.4. Computational methodology

The initial application of DFT calculations was executed using
the Vienna ab initio simulation package (VASP) software.>* The
present study employed the projector augmented wave (PAW)
technique,”?* which accounts for the interaction between
valence electrons and core ions. This method was originally
proposed by Peter Blochl** and implemented in the code

© 2024 The Author(s). Published by the Royal Society of Chemistry
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developed by G. Kresse.>® The valence electron configurations
of the following elements were taken into consideration:
molybdenum (Mo) with a configuration of 4s> 4p® 4d* 5s?,
sulfur (S) with a configuration of 3s> 3p®, copper (Cu) with a
configuration of 3d'® 4s', and oxygen (O) with a configuration
of 2s” 2p”. Due to the band gap underestimation limitation of
the DFT approximation for highly correlated materials, the
Hubbard DFT+U correction scheme was used for CuO in this
analysis, as originally introduced in ref. 26. The aforementioned
methodology is commonly employed in investigating various
transition-metal complexes.”””® Alternative computation methods,
such as the hybrid functional (HSE06)*® and GW functional,*® offer
greater accuracy, albeit at a significantly higher computational
cost. Moreover, dispersion-corrected DFT calculations were
employed to capture the van der Waals interaction from the
layered structure, which plays a vital role in determining the
bandgap as well as quantum capacitance values accurately.*!

The approximated functional utilized in this study was the
Perdew-Burke-Ernzerhof (PBE) functional, which is a form of
the generalized gradient approximation (GGA).>* In all calcula-
tions, a plane wave basis set with a cutoff energy of 520 eV was
employed. The Monkhorst-Park scheme was utilized to apply
an automatically generated K-point grid centered on gamma.
The k-point sampling was performed utilizing a spacing of
0.03 units between the two closest points. Ionic relaxation
was conducted during geometry optimization until the energy
variations and forces acting on individual atoms were less than
107% eV and 0.03 eV A™*, respectively. A Hubbard potential of
Uegr = 7.14 eV was added to the strongly localized 3d orbitals of
Cu, based on the value found in the literature.*® DFT-D3 (semi-
empirical-based) type van der Waals corrections were used in
the study to account for the dispersion error.

3. Results and discussion

3.1. Surface morphology

Fig. 1(a) and (b) present a 3D flower-like morphology of MoS,.
The thickness of the petals of the flower ranges, on average,
between 4 to 7 nm, and they are connected to a common center.
Fig. 1(c)—(f) depict the morphology of MoS,/CuO at various CuO
nanoparticle concentrations. Incorporating CuO nanoparticles
at low concentrations has little effect on the growth of the
nanoflower. Due to ultrasonication and hydrothermal reactions,
the CuO nanoparticles were well dispersed in the nanocompo-
site. In addition, some CuO is observed on the nanopetals
of MoS, nanoflowers. The thickness of the nanopetals was found
to decrease with the incorporation of CuO nanoparticles, which
indicates that interaction occurred between MoS, and CuO nano-
particles. The reduction in thickness of the nanopetals can accel-
erate the charge transfer of the MoS,/CuO nanocomposite.**
For higher concentrations (6%) of CuO nanoparticles (Fig. 1(f)),
the nanopetals were fractured, and the size and morphology of
the MoS, nanoflower changed. Furthermore, the CuO nano-
particles were found to be agglomerated on the MoS, nanoflower.
These agglomerations reduce the surface area, active sites, and
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Fig. 1 FESEM images of (a) MoS, under low and (b) MoS; at high magnification, (c) MoS,/CuO(1 wt%), (d) MoS,/CuO(2 wt%), (e) MoS,/CuO(4 wt%), and (f)

MoS,/CuO(6 wt%).

interfacial interaction, which might diminish the electrochemical
performance of the nanocomposite. EDX analysis was performed
to study the presence of CuO on MoS,, and the Fig. SF2 (ESIY)
represents the corresponding EDX spectrum. The nanocompo-
sites’ elemental contribution is shown in the Table ST1 (ESIY).
This confirms the presence of Mo, S, Cu, and O in the MoS,/CuO
nanocomposite.

3.2. Structural properties

Fig. 2 illustrates the XRD patterns for MoS, and MoS,/CuO with
different concentrations of CuO. The diffraction peaks for MoS,
were found at 13.96°, 33.96°, 39.47°, and 59.17° corresponding
to the reflections from lattice planes (200), (100), (103) and
(110), respectively, and they are in good accordance with JCPDS
card number 37-1492, confirming the hexagonal structure of

(002) L JCPDS no: 37-1492
I 100
. 9 dos) alo
1 * 1 1 MoS2/Cu0(6%)
1 1 1 1
- A . | MoS2/CuO(4%)
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Y
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Fig. 2 XRD pattern of pristine MoS, and as prepared MoS,/CuO composites.
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2H-Mo0S,.*>’ The sharp peaks indicate a good crystalline and
well-stacked structure of MoS,.>® For low concentrations of CuO
nanoparticles, the diffraction pattern of MoS,/CuO composites
was found to be similar to that of MoS,. This suggests that the
incorporation of CuO does not change the hexagonal 2H-MoS,
structure. For higher concentrations (6%) of CuO, two additional
peaks were observed at 31.9° and 36.8° corresponding to the
(110) and (111) planes for CuO, respectively. This further con-
firms the presence of CuO in the MoS, nanoflower. Fig. 3 depicts
the change in different XRD parameters with the amount of CuO
in MoS,. The values of various structural parameters of the
synthesized MoS, and MoS,/CuO are presented in Table 1. The
incorporation of CuO caused the (002) peak to shift toward a
higher 20 value compared to that of pure MoS,, suggesting a
change in the d-spacing of the composites. The interlayer spa-
cing was calculated using the following equation:

2dsin 0 = ni

where d is the interlayer spacing, / is the X-ray wavelength, and
0 is the diffraction angle. The d-spacing of pure MoS, was found
to be 0.6327 nm, indicating that the 2H-MoS, nanoflower was
growing well along the c-axis. The d-spacing of MoS,/CuO
composites was found to be smaller than that of pristine
MosS, and reduced with the concentration of CuO. This change
in d-spacing might have been because of an enhanced crystal-
lite size to accommodate CuO; the structure may bend slightly,
resulting in a shift in the location of the lattice planes.*”

With the increasing amount of CuO, diffraction peaks
became narrower, suggesting a reduction in crystallite size.
The crystallite size (L) was determined from the (002) plane
using the Scherrer formula*’

0.947
" PcosO

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Variation of different XRD parameters as a function of CuO
concentration.

Here, 4 denotes the X-ray wavelength, 0 stands for the diffrac-
tion angle, and f is the FWHM of the corresponding diffraction
peak. The crystallite size of pure MoS, increased from 7.40 nm
to 8.93 nm due to the incorporation of CuO. This might be due
to the difference in ionic radius between the Cu®* ion
(0.072 nm) and Mo"" ion (0.068 nm). Larger crystallites tend
to have a more ordered structure, which can lead to better ionic
movement and improved electrical conductivity for the
nanostructure.

Dislocation density (6) and microstrain () of the as-prepared
samples were measured using the following relationships®!

£:4tan0

Table 1 Structural parameters of MoS, and MoS,/CuO nanocomposites

View Article Online

Paper

where L, 0, and f denote the crystallite size, diffraction angle,
and FWHM of the diffraction peak, respectively.

With the increase in concentration of CuO from 0% to 6%,
the value of ¢ of the nanocomposites was found to be reduced
from 18.26 x 107> to 13.43 x 10 >. The microstrain in MoS, was
also found to be reduced from 4.8 x 10> to 4.1 x 10> due to the
incorporation of CuO nanoparticles. When CuO was incorporated
into the MoS, structure, atoms bound in non-equilibrium posi-
tions might have shifted to more equilibrium places, resulting in
a reduction in strain.*” And this ordered arrangement of particles
in the crystal lattice allows for easier movement of electrons,
which is necessary for electrical conductivity.

3.3. Optical properties

The optical characteristics of all samples have been investi-
gated via analysis of the diffuse reflectance spectra. The absor-
bance (A) and diffuse reflectance (R) of material are correlated
by the Kubelka-Munk (K-M) function, (F(R)), as follows:

(1-R® k 2303x4

FR) = == x4

where absorption and scattering coefficients are represented by
k and S, while A and d represent the absorbance and thickness,
respectively, of the sample. Fig. 4 shows the K-M function for
MoS, and MoS,/CuO nanocomposites. It was found that with the
incorporation of CuO into the MoS, nanoflowers, the absorbance
increased significantly, suggesting a decrease in the optical
bandgap in MoS,/CuO composites. Fig. 5 presents the optical
band gap of all the samples, which is calculated by plotting
corresponding (F(R)iv)"* vs. photon energy (k). The estimated
band gap of MoS,/CuO composites for different concentrations
of CuO nanoparticles is tabulated in Table 2. The optical band
gap of MoS, reduced after the decoration of CuO nanoparticles.
The optical bandgap of MoS, nanoflowers declined from 1.43 eV
to 1.08 eV with the increase in CuO concentrations, which align
with the previously reported results.*’ The incorporation of CuO
might introduce additional states near the forbidden energy gap,
which can reduce the energy required to excite an electron from
the valence band to the conduction band.**

3.4. Electrochemical properties

Cyclic voltammetry was conducted within a potential window
between —0.3 V and 0.2 V at different scan rates (5 mV s to
100 mV s '). The obtained quasi-rectangular CV curves
(Fig. 6(a)-(e)) indicate that the pseudocapacitive mechanism
dominates the charge transfer process.*> The area under the CV

curve increases with the scanning rate and the current because

Samples d-Spacing (nm) FWHM x 10 2 f (radian)  Crystallite size L (nm)  Dislocation density § x 10~  Micro strain ¢ x 107°
MoS, 0.6327 1.97 7.40 18.26 4.8
MoS,/CuO(1%)  0.6289 1.91 7.64 17.23 4.6
MoS,/CuO(2%)  0.6283 1.85 7.88 16.10 4.5
MoS,/CuO(4%)  0.6280 1.84 7.92 15.94 4.4
MoS,/CuO(6%)  0.6283 1.69 8.63 13.43 4.1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Kubelka—Munk plot, F(R) of MoS, and its composite with different
concentrations of CuO derived from diffuse reflectance spectra.

of the partial intercalation/de-intercalation of electrolyte ions in
the electrode. The curves deviated from the ideal rectangular
shape, possibly due to the electrolyte ions’ temporary movement
at the electrode surface.® The CV cutves of different samples at
30 mV s~ are presented in Fig. 6(f). The incorporation of CuO
nanoparticles leads to an increase in the CV area. The electro-
chemical reaction of MoS, and CuO in Na,SO, solution.

MoS, + Na* + e~ <> MoS - SNa
CuO +1H,0 +e~ < 1Cu,0+ OH™

Fig. 7(a)-(e) show the GCD curves of MoS, and MoS,/CuO at
different current densities. In addition, the GCD curve of CuO
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Table 2 The optical band gap of MoS, and MoS,/CuO nanocomposites

Sample Optical bandgap (eV)
MoS, 1.43
MoS,/CuO(1%) 1.40
MoS,/CuO(2%) 1.37
MoS,/CuO(4%) 1.28
MoS,/Cu0(6%) 1.08

nanoparticles is shown in the Fig. SF3 (ESIt). The deviation
from the symmetric and triangular form is caused by the
reversible conversion reaction occurring during the measure-
ment procedure, indicating the pseudocapacitive charge sto-
rage mechanism."” Fig. 7(f) illustrates a GCD plot of MoS, and
MoS,/CuO nanocomposites for different concentrations of CuO
at a constant current density. The specific capacitance (Cs) can
be measured using the following relationship,

A
ST mAV

where I is the applied current, A¢ is the discharging time, m is
the deposited mass, and AV is the potential window. Table 3
shows that the value of C, for MoS, is 58.07 F g~ and increases
with the amount of CuO. The highest capacitance, 336.23 Fg ™",
at a current density of 0.1 A g ', was achieved for MoS,/
CuO(4 wt%). However, a further increase in CuO concentration
to 6 wt% reduced specific capacitances to 189.14 F g~ . The
specific capacitances were also reduced as the current density
increased due to inadequate redox reactions at the electrolyte/
electrode interface.”® The specific capacitance for CuO was
estimated to be 78.2 F g~' at a current density of 0.1 A g~*
(Fig. SF3, ESIYt).

The energy density (E) and power density (P) of MoS, and
MoS,/CuO composites were estimated using the following
equations:

4}
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< 14}
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Fig. 5 (a)—-(e) The Tauc plot of all the as-prepared samples and (f) the variation of the optical bandgap.
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Fig. 7
densities and (f) 0.1 A g™t current density of all samples.

The estimated values of E and P for all the samples are
presented in Table 3, and the MoS,/CuO(4 wt%) sample gives
the highest values.

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

(a)—(e) Galvanostatic charging discharging (GCD) curves of pristine MoS, and as prepared MoS,/CuO nanocomposites at different current

EIS was implemented to analyze the electrode material’s
charge-storage mechanism. The Nyquist plot at frequencies
between 0.1 HZ to 100 kHz is presented in Fig. 8. This graph
displays an inclined line in the lower-frequency region and a
semicircular arc in the high-frequency region. A Randles circuit
is used to describe the system’s faradaic process shown in the
inset of Fig. 8, which was constructed to represent the frequency-
based electrical performance of the system. The small

Mater. Adv,, 2024, 5, 2491-2509 | 2497
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Table 3 Specific capacitance, energy density and power density of the
prepared samples

Specific capacitance Energy density Power density

Sample (Fg™ W h kg™ W kg
MoS, 58.07 2.02 24.94
MoS,/CuO(1%) 82.93 2.88 24.96
MoS,/Cu0(2%) 112.44 3.90 24.97
MoS,/CuO(4%) 336.23 11.67 24.99
MOoS,/CuO(6%) 189.14 6.57 24.98

interception of the semicircle to the x-axis in the high-frequency
region, defined by R; in the circuit, refers to the bulk resistance
of the electrolyte. The semicircle represents the response of
charge transfer resistance R. and the impedance of the
electrolyte-electrode surface reaction occurring because of the
faradaicreaction R and EDLC behavior. The Warburg resistance
W, in the circuit symbolizes the impedance caused by the
diffusion process and appears in the low-frequency region. The
constant phase elements (CPE) in the circuit are capacitive
elements. Table 4 presents the EIS fitting parameters of MoS,
and MoS,/CuO composites obtained from simulation. The series
resistance was found to be similar for all the samples. An
observable change in the charge transfer resistance was found.
The value of R . was significantly reduced as the amount of CuO
rose, suggesting that the addition of CuO boosted conductivity.
The lowest value of R, was obtained for the MoS,/CuO(4 wt%)
composite, suggesting that MoS,/CuO(4 wt%) possesses the best
ion conducting ability among all samples. This result is also
consistent with CV and GCD results.*’

The cyclic stability of MoS,/CuO(4 wt%) was investigated for
6000 charging/discharging cycles at a constant current density,
shown in Fig. 9(a). A capacitance retention of ~84% was
achieved after completing 6000 cycles of operation. A Coulom-
bic efficiency of 113% was achieved in the first cycle, which was

Mos,
MoS,/Cu0(1%)
MoS,/CuO(2%)

®
-2004 ©
{
@ MoS,/Cu0(4%)
@}
@

MoS,/Cu0(6%)

~
E -150 - Simulated
G
of
N i
-1004 X
g g
= ¢ W
10 12 14

100 150

Re Z(ohm)

Fig. 8 Modeled and observed Nyquist plots of different samples. The line
shows the fitted Nyquist plot for different samples. The inset in the figure
shows the magnified image at high frequency and the equivalent circuit
used for the simulation.
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Table 4 EIS fitting parameters of MoS, and MoS,/CuO composites

Sample R, (Ohm) Re; (Ohm) R (Ohm)
MosS, 7.40 0.76 26.64
MoS,/CuO(1 wt%) 7.78 1.43 56.90
MoS,/CuO(2 wt%) 7.57 1.01 51.63
MoS,/CuO(4 wt%) 6.28 1.21 10.60
MoS,/CuO(6 wt%) 8.47 1.23 20.93

found to be 108% in the last cycle. The close interaction of the
CuO nanoparticles with MoS, improves the cyclic stability of
the heterostructure. Fig. 9(b) presents the Nyquist plot of MoS,/
CuO(4 wt%) taken before the 1st cycle and after the 6000th
cycle of the charging-discharging test. The size of the semi-
circle in the high-frequency region became larger after 6000
cycles of charging and discharging than that after the 1st cycle.
The series resistance dropped after the cycles, whereas the charge
transfer resistance R and R, increased, revealing a lessening in the
conductivity of MoS,/CuO(4 wt%). Because of the repetitive expan-
sion and contraction during charging and discharging, the crystal
structure of the active material might have altered or got damaged,
causing a decrease in conductivity.”>”" Table 5 presents the fitting
parameters before and after the charge-discharge cycles.

3.5. MoS,/CuO(4 wt%) electrode material

The incorporation of CuO nanoparticles improved the electro-
chemical performance, and a Cg of 336.23 F g~ ' along with an
energy density of 11.67 W h kg~ " has been achieved for the
MoS,/CuO(4 wt%) nanocomposite. The layered structure of
MoS,/CuO composites contains abundant channels for electro-
Iyte transportation. The increased concentration of CuO pro-
vided a larger surface area for the electrochemical reaction. A
large crystallite size caused more intercalation of ions, increas-
ing electronic conductivity up to the amount of 4 wt% of CuO in
MoS,, but a further increase in CuO concentration (e.g., 6 wt%)
diminished the electrochemical properties, attributed to the
smaller surface area caused by the increase in d-spacing.

The material exhibited remarkable cyclic stability and demon-
strated outstanding retention of capacitance. The study’s notable
findings illustrate the potential of the MoS,/CuO nanocomposite
as a viable electrode material for energy storage purposes.
Table 6 displays the specific capacitance values of nanocompo-
site materials based on MoS, with varying morphologies. Table 6
displays that the MoS,/CuO(4 wt%) nanocomposite shows a
higher specific capacitance than previously reported values.
The remarkable outcome was attained due to the nanocompo-
site’s improved interlayer spacing, active sites, and defect states.

3.6. Computational models

According to the experimental findings, semiconducting 2H-
MoS, has been observed and the {002} planes are the favored
orientation of hexagonal 2H-MoS, nanoflowers.*®*>? The com-
putational study is performed with the creation of MoS, nano-
flowers (nF-MoS,) by utilizing of a 2 x 2 supercell that consists
of bilayer MoS, oriented along the [002] direction, as illustrated in
Fig. 10c. The interatomic distance between Mo and S atoms is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 EIS fitting parameters before and after 6000 cycles of MoS,/
CuO(4%) composites

Cycle R (Ohm) R (Ohm) R, (Ohm)
1 9.93 1.1 10.1
6000 6.80 4.5 20.8

measured to be 2.411 A. Upon relaxation of the vacuum slab
consisting of two layers of MoS,, a slight increase in this bond
length is observed. The interlayer spacing was 7.4395 A and 6.181 A
for the bulk and vacuum surface slab, respectively. The relaxed
lattice parameter values of hexagonal MoS, are reported as a = b =
6.3806 A and ¢ = 14.879 A for the bulk configuration (as shown in
Fig. 10a), and a = b = 6.3687 A and ¢ = 30.3082 A for the vacuum slab
configuration with a vacuum of 20 A (as shown in Fig. 10e).

CuO exhibits different oxidation states, crystal structures, and
electronic behavior. These differences in the crystal structure and
electronic behavior are due to strong electron correlation in Cu0.*
The morphology of CuO nanoparticles depends on the precursor
materials and synthesis pathways employed, resulting in a diverse
array of geometric configurations. Different surface orientations
are observed for various shapes. CuO nanoparticles have a mono-
clinic crystal structure, and the {111} planes are the most stable
surface planes.®’ However, when a heterogeneous nanostructure is
formed between nF-MoS, and nP-CuO, CuO slices are inserted into

Table 6 Comparison of specific capacitance of some reported MoS;-
based supercapacitors in the literature

Specific capacitance

Composite Morphology (F g™ Ref.
MoS,/C Nanoflower 201.4Fg ' (0.2Ag™") 52
MoS,/graphene-foam Nanosheet 48.85Fg '(1Ag ') 53
MoS,/Ti-plate Nanosheet 133 Fg '(1Ag ) 54
NizS,/MoS, Nanosheet 108 F g™* QO.S Ag) 55
SnS,/MoS, Nanoflower 105.7 Fg ' (2.35Ag ") 56
MoS,/ZnO Nanoflower 42F g ' (1Ag™) 57
MoS,/Cu0O Nanoflower 336.23 F g~' (0.1 A g~ ") This work

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

View Article Online

Paper
© Before 1% cycle
100 © After 6000 cycle
Simulated
-80

(b)

Im Z(ohm)
&
o

Im Z(ohm)

Coulombic efficiency(%)

0 20 40
ReZ(ohm)

100

60 80
Re Z(ohm)

(a) Cyclic stability performance of MoS,/CuO(4 wt%) at a current density of 5 A g~* (b) Nyquist plot for the MoS,/CuO(4 wt%) sample before the

MoS, petals, and these CuO slices have a layered structure with
{001} planes.**®> And on these planes, surface termination is
possible for both Cu and 0.** An appropriate CuO supercell was
constructed to model this specific termination behavior. Upon
conducting geometric optimization of the CuO bulk supercell, the
relaxed structure depicted in Fig. 10(b) exhibits lattice parameters
ofa=h ~ 59Aand c=517A.

In our study of the nanocomposite interface, we utilized a single
layer of the relaxed CuO structure featuring termination by both
copper (Cu) and oxygen (O). In both heterostructures, the lattice
parameters exhibited identical values for both the a and b direc-
tions while maintaining a 20 A vacuum in the ¢ direction to prevent
any potential self-interaction errors. The numerical values of the
lattice parameters a and b are determined to be 6.1338 A, while the
parameter ¢ is measured to be 37.3742 A. The angle between a and
b is found to be 105.038°, as depicted in Fig. 10f and g. Addition-
ally, the lattice mismatch parameter « is estimated to be approxi-
mately 0.35%, which is computed using the following equation:

2= (1

where Ayos, and Acyo represent the surface area of pure matter,
and Apes,cuo s the overlapping area of composites. The relaxed
structures for both Cu and O termination of CuO are presented in
Fig. 10(f) and (g), designated as NCg, and NCo, respectively.
Multiple potential global lowest energy configurations can be
obtained by utilizing lattice vector matching or alternative modern
techniques such as the nonperiodic screening approach.®®®*
Under the presumption that our local minimum configuration
supported by experimental observations closely resembles the
global minimum configuration for chemisorption of CuO onto
the MoS, slab, the findings presented in the subsequent sections
of this paper will remain valid and encompassing.

M) x 100%

" Amos, + Acuo(cu:0)

3.7. Electronic properties

Fig. 11 shows the atomic band projected band structure of
MoS, with an indirect bandgap (a) with and (b) without

Mater. Adv., 2024, 5, 2491-2509 | 2499
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plane(s) for (c) NF-MoS, (002) and (d) nP-CuO(001) with Cu and O terminations. (e) Surface slab of MoS, and (f) and (g) interface model for the nF-MoS,/
nP-CuO nanocomposite with Cu (NCc,) and O (NCo) terminations, respectively, with 20 A of vacuum along the c direction.

accounting for van der Waals interactions, the atomic band
projection, and the band projected onto the MoS, surface slab
for (c) and (d) NC¢y, (€), (f) NCo, nanocomposite interfaces.
Here, VBM = Ex = 0.

The analysis of atomic bands reveals that the MoS, bilayer
has an indirect band gap of 1.52 and 1.17 eV, with and without
dispersion correction, respectively (as depicted in Fig. 11(a)
and (b)). These values are smaller than the experimental value
(1.6 €V).”® Also the valence band maximum (VBM) and conduc-
tion band minimum (CBM) are found to be predominantly
composed of Mo atoms, with a minor contribution from S
atoms in the case of VBM. The analysis of the projected density
of states (PDOS) calculation reveals that the VBM and CBM are
derived from the 4d and 4p orbitals of the Mo atoms,

2500 | Mater. Adv., 2024, 5, 2491-2509

respectively. The interfacial states near the Fermi level in the
NCg¢, and NC,, systems are primarily composed of O-2p states,
as evidenced by the TDOS and band structure illustrated in Fig.
11c, e and 12a. Notably, the interfacial states in the NCc¢,
system are dominated by O-2p orbitals. In contrast, these
orbitals have minimal influence in the NCy, system, as demon-
strated by the projected density of states (PDOS) analysis of Mo-
4d, Cu-3d, and O-2p orbitals in Fig. 12c and d. Moreover, the
interfacial interactions have modified the Mo-d orbitals more
for NC¢, than NCg, shifting the orbitals to the left towards
lower energy in both cases. In our experimental study, the
primary component is nF-MoS,, while nP-CuO is added in a
minor capacity, serving solely as a modifier. MoS, predomi-
nantly governs the electronic characteristics, and the MoS,—

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Atomic band projected band structure of the MoS; surface slab with an indirect bandgap (a) with and (b) without accounting for van der Waals
interactions, atomic band projection and the band projected onto the MoS, surface slab for (c) and (d) NC¢, and (e) and (f) NCo nanocomposite

interfaces. Here, VBM = Er = 0.

CuO interface is a critical factor in altering this basic electronic
configuration. As the CuO content increases, the impact of
interfacial interaction becomes more pronounced. Our findings
reveal a significant impact on the band structure (as depicted in
Fig. 11d and f), with the most prominent feature being a
reduction in the band gap. This observation is further sup-
ported by experimental evidence. Due to a comparative abun-
dance of O-2p states near the band gap of NC, with respect to
NCo, the projected band gap of NCg, is smaller than that of

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

NCop, around 0.2 eV compared to 0.9 eV. Although the calcu-
lated band gaps of MoS, and CuO (001: Cu, O) in this work were
underestimated using the GGA+U functional, the relative trends
between these values were still helpful in analyzing the charge-
carrier transfer behavior. The hybridization between the 3p
states of the modified d orbitals from Mo sites and p orbitals
from O sites in the interface region helps to maintain an
increased number of states near the Fermi level by reinforcing
their presence, and as a result, we get two positive outcomes.

Mater. Adv,, 2024, 5, 2491-2509 | 2501
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for both NC¢, and NCo models only projected onto the MoS; slab. Here, VBM = E¢ = 0.

One is that the projected band gap of MoS, has decreased,
resulting in a higher conductivity suitable for capacitance.
Another outcome is that the increased states result in a higher
density of available states for charge storage, as shown in the
quantum capacitance calculation, resulting in an increased spe-
cific capacitance for CuO-incorporated MoS,. The Cu-3d states are
not present near the Fermi level as they reside deep inside the
VBs. Another important observation from Fig. 12e is that the
TDOSs have shifted towards lower energy, which is more promi-
nent for NCq, due to a stronger interfacial dipole than NCg,,.

3.8. Simulated optical properties

This study investigates the electronic transitions responsible
for the optical properties observed in the surface slab of MoS,
and in NC¢, and NCo. Fig. 13a (inset) illustrates that for a MoS,
surface slab, the lowest energy incident photons result in the
most positive value for the real part, while the imaginary part
approaches zero. In contrast, the heterostructures exhibit an
exponential increase in their actual value, resulting in a

2502 | Mater. Adv,, 2024, 5, 2491-2509

significantly high positive value for low-energy photons. Addi-
tionally, the imaginary component is non-zero and compara-
tively greater for NCc, than for NCq. The absorption coefficient
measures the proportion of energy that a wave loses as it
traverses a substance, resulting in a decrease in intensity at a
distance x from the surface, as expressed by the equation:

1(x) = 100)exp( 1) N

where 1(0) is the incident light intensity and = —_— with k
denoting the imaginary component of refractive index and w
representing the frequency of light. As depicted in Fig. 13b, the
absorption coefficient has exhibited a reduction across the
entire spectrum of photon energy for both heterostructures,
resulting in a red shift towards lower energy levels compared
with the MoS, slab. As a result of the red shift, a greater
quantity of low-energy photons will be absorbed compared to
the MoS, surface slab. As the CuO content rises, it has been
noted that the optical band gap is reduced. Consequently, the
nanocomposite exhibits a greater capacity for absorbing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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photons with lower energy levels. The optical band gaps
(Fig. 13b inset) are around 1.4 eV, 0.7 eV, and 0.9 eV for
MoS,, NC¢,, and NCo, respectively. The MoS,/CuO nanocom-
posite exhibits a smaller bandgap than the pure MoS, nano-
particles, and the presence of intermediate states may
contribute to an increase in the nanocomposite’s conductivity.
This enhanced conductivity may subsequently lead to a rise in
the nanocomposite’s capacitance.

The NCc, exhibits a reflectivity of approximately 35%, while
the NCo, demonstrates a reflectivity of about 31%. These values
are comparatively higher than the reflectivity of the MoS,
surface slab, about 18%, as depicted in Fig. 13c.

Typically, the difference in transmitting an electromagnetic
wave across a vacuum and other substances can be explicated
by a complex refractive index. For transparent materials, this
index is exclusively real. In the case of MoS, surface slabs and
heterostructures, it can be observed that both the real and
imaginary components make a significant contribution across
most of the energy spectrum. In the vicinity of low photon
energy, it can be observed that the refractive index of the MoS,
surface slab is entirely real, approximately 2.5, as depicted in
the inset of Fig. 13d. In both heterostructures depicted in
Fig. 13d, the lower energy range exhibits comparable
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characteristics to its dielectric function. Specifically, the real
component of the refractive index increases exponentially,
while the imaginary component remains non-zero.

3.9. Interfacial structure

Upon relaxation, the distance between the nF-MoS, and nP-CuO
interface was determined to be 2.13 A for NCc,. Additionally, the
interlayer spacing between MoS, layers increased from 6.18 A to
7.795 A. The interfacial distance between the two heterostruc-
tures in NCo has been observed to decrease to 1.56 A, while the
interlayer distance of MoS, reduces from 7.795 A to 7.74 A.

The calculation of the surface energy of the MoS, surface
oriented along the (002) direction is performed through the
utilization of equation in the following manner,

Esurf = EMOSZ—bulk - EMDSZ—surface slab

where Enos, bulk a0d Enos,-surface slab are the energies of bulk-,
and a surface slab of MoS,, respectively.

To assess the interfacial stability of the composites quanti-
tatively, the interfacial interaction energy (E;,) was calculated
using the formula

Eint = Emos,-cuo(cu:0) — Emos, — Ecuo
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Fig. 13 Optical properties (a) dielectric function, (b) absorption, (c) reflectivity and (d) refractive index for the MoS; surface slab, NC¢, and NCo.
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where Ewmos,-cuo(cu:0)s Emos,, and Ecuo are the energies of the
composite for both terminations, bilayer MoS, and CuO. A higher
degree of stability of the interface (surface) is indicated by a more
negative value of the obtained Ej,. Additionally, the interfacial
stability of the nanocomposites was evaluated by utilizing the
work of adhesion (W,q). The term W,q4 refers to the interfacial
bonding energy required to separate the interface into two
surfaces reversibly, as expressed in the following equation

Ewmos, + Ecuo — EMos,—cuo(Cu:0) Eint(surf)

Waa = A T4

The variable Ej,sup represents the interfacial (surface)
interaction energy, expressed as a negative value, and A denotes
the interfacial area.

Table 7 indicates that the surface and interfacial energies
exhibit negative values, signifying stability. Notably, NCc¢,
demonstrates the most stable configuration, with an interfacial
interaction energy of —4.8 eV, the lowest among the observed
values. In terms of both interfacial distances and energetics,
NCg, aligns more closely with experimental findings. The
experimentally observed interfacial distance is around 2.54 A,
similar to our calculated value of 2.13 A, and the inter-layer
distance between MoS, layers has increased in both cases.®?
Moreover, according to previous research, adsorption distances
between 2.0 A and 2.5 A indicate chemical interactions.®® Based
on this criterion, all the studied systems exhibit chemisorption
behavior. This strong interaction between MoS, and CuO can
prevent other MoS, layers from sticking to themselves, resulting
in a more exposed active surface area.

To gain insight into the bond properties of the suggested
models, a Mulliken bond population computation was carried
out. Sanchez-Portal et al. have proposed a method for popula-
tion analysis, which involves projecting the plane wave (PW)
states onto a localized basis.®” Subsequently, the studied states
are analyzed using a Mulliken formalism-based population
approach.®® The utilization of the overlap population can help
in determining whether a bond is covalent or ionic. A high
population is indicative of a covalent bond, while a low bond
population value is indicative of an ionic contact. The findings
presented in Table 7 suggest a decreasing trend in the cova-
lence of the Mo-S bond for the MoS, layer in proximity to the
interface exhibits, with the MoS, surface slab demonstrating
the highest covalence, followed by NC¢, and NCo. Regarding
NCcu and NCo heterostructures, the Cu-O bond exhibits a
higher degree of ionic character than the Cu-S bond. Addition-
ally, a comparison between the two heterostructures reveals

Table 7
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that the Cu-O bond in NC¢, displays a greater level of covalency
than that in NCg.

3.10. Redistribution of charge

To offer quantitative depictions of the charge distributions, it is
advantageous to partition the system into distinct atomic
fragments. As defined by Hirshfeld charge,®® the deformation
density is the distinguishing factor between molecular and unre-
laxed atomic charge densities. A general approach is to distribute
the charge density among the atoms at every location in a manner
that corresponds to their respective free-atom densities at the
corresponding distances from the nucleus. The aforementioned
prescription results in bonded-atom distributions that are highly
localized and exhibit a close resemblance to the molecular density
in their respective vicinity. The definition of the charge on atom A,
qa, is given using the following equation:

Par)

I A Gl
=7 Jd§p%<r>””

The equation mentioned above pertains to the nuclear charge of
element A, denoted as Z,, the isolated ground-state atomic density
of element B, represented as pg, and the molecular density,
characterized as p. The Hirshfeld charges are prone to under-
estimation when compared to empirical data. As per the Hirshfeld
charge analysis, it can be observed that the atom-centered nega-
tive charge on the sulfur atoms of the MoS, layer for both
heterostructures (Fig. 14b and c) has decreased compared to the
MosS, surface slab (Fig. 14a).

This decrease in the negative charge on the S atoms means
they are less polarizable. As we know, van der Waals force is
proportional to the polarizability of the molecules, and so more
polarizable molecules will experience a stronger van der Waals
force. The observed expansion of interlayer spacing in the MoS,
bilayer can be attributed to a reduction in the van der Waals
attractive force. The disparity in charge between interfacial O-S
atoms in NCo, is more pronounced than that between Cu-S
atoms in NCc,. This leads to the inference that the charges in
NC¢, are centered on the bond, whereas NCO charges are
centered on the atom. This distinction will be further elucidated
in the subsequent analysis of the charge density difference.

To gain a deeper understanding of the electronic structure
evolution resulting from interfacial interaction, the charge
density differences were computed (as depicted in Fig. 14).
The definition of the charge density difference was established
as presented in eqn (1),

Interfacial (surface) interaction energy, bonding energy, interlayer distance between MoS; bilayers and average Mulliken bond population of

Mo-S, Cu-S, O-S and Cu-0O bonds situated at surface (interface) sites for the MoS, surface slab (two layers) and interfacial models with Cu and O

terminations of CuO

MosS, interlayer distance d (A)

Average bond population

Materials Eing(surt) (€V) Waa ( m™2) Exp.®? Theor.®® This work Mo-S Cu-S 0-S Cu-O
MoS, —1.1 0.026 6.2 7.88 6.18 0.435 NA

NCcu —4.8 0.127 6.22 NA 7.79 0.403 0.530 NA 0.41
NCo —0.88 0.023 7.74 0.370 NA 0.390 0.305
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2p; (1)

where p; and piota are the charge density of the crystal slab and
total charge density of the nanocomposite, respectively. The
variation in density indicates the transfer of interfacial charges
from MoS, to CuO in the heterostructures (e.g., Fig. 14d and e).

The phenomenon of charge separation is observed to be
more pronounced in the NC, model as compared to NCg,. This
is attributed to the formation of strong S-O chemical bonds at

Apdifterence = Protal —

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

the interface of the NCo model, which serves as a significant
driving force for facilitating the transfer of charges. The
observed phenomenon entailed a reduction in electron density
oscillation from the MoS,-CuO interface. Regarding NCc,, the
redistribution of charges is confined to the interfacial vacuum
region, in contrast to the previous scenario where the charge
redistribution was primarily concentrated on the Cu-S bond.
Moreover, the charge redistribution is concentrated mainly in
the interfacial region between the first layer of the MoS,, which
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is consistent with the fact that gap states are mainly present in
the first layer of MoS,. In other words, gap states do not
significantly penetrate into the “bulk” region of MoS,. Upon
closer examination, it is observed that the electrons on the CuO
side extend about 0.87 A and 2.2 A for NCg, and NCo,
respectively, while the positive charges on the MoS, side extend
about 3 A for NCg, and 3.22 A for NCo, respectively. Overall, the
electrons extend over a shorter distance in the CuO region
compared to MoS,. This can be attributed to the high electron
density of CuO.

The transfer of net charge from the MoS, slab to the CuO
monolayer yields a significant inherent built-in electric field
(Ein) that extends from MoS, to CuO. The significant electric
field that is inherently present facilitates the movement of
electrons from CuO toward MoS,, thereby enhancing the inter-
layer coupling. The phenomenon of charge density attraction
between MoS, and CuO is believed to play a significant role in
augmenting the charge storage capacity of the composite.

3.11. Quantum capacitance

To elucidate the increased specific capacitance due to the
incorporation of CuO, we performed calculations to determine
the quantum capacitance (Cq) of pure MoS, and CuO incorpo-
rated nanocomposites utilizing the DOS of MoS, and MoS,/
CuO nanocomposites. The concept of quantum capacitance
refers to the manner in which excessive charges, specifically
ions, respond to a change in applied potential and is measured
as the rate of this change.”® The expression for the derivative of
the net charge on the substrate or electrode with respect to
electrostatic potential can be formulated as follows,

_d9
de

where Q is the electrode’s excessive charge and ¢ is the
chemical potential. The overall electric charge is directly pro-
portional to the weighted summation of the electronic states’
density up to the Fermi energy level Er. This charge can be
expressed as an integral involving the electronic density of state
D(E) and the Fermi-Dirac distribution function f(E) as follows:

Ca

00
0| “DEE) - s(E - $)aE
Hence, it is possible to compute the quantum capacitance (Cq)
of a channel at a non-zero temperature T by utilizing the
density of states (DOS) as,

_do_ &
T d¢  4kT.

E—e¢¢
T )dE 2)

The aforementioned equation involves the charge of elec-
trons denoted by e, the chemical potential represented by ¢, the
density of states (DOS) indicated by D(E), and the Boltzmann
constant represented by k. Thus, the computation of the charge
quantization for the entire system has been approximated
solely based on the density of states. The study employed a
potential window ranging from —0.5 to 0.5 V, which was

Cq ‘~+OCD(E)sech2 (

—00
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determined based on the established limit of MoS, capacitance
in aqueous electrolytes, as reported in the literature.””

From Fig. 15, it can be observed that NC¢, and NCq show Cj
values of around 401.3 and 302.1 F g~ ' near the Fermi level
(Eg = 0), representing an increase of around 6.6-fold and 5-fold,
respectively, compared to pure MoS,, which has a Cq value of
around 61.01 F g~'. These values are comparable to our
experimental calculation of specific capacitance shown in
Table 3. The highest specific capacitance was found for 4 wt%
CuO incorporation with a value of 336.23 F g, which is 5.8-fold
greater than that of pure MoS,, which shows a specific capaci-
tance value of 58.07 F g~ '. This trend is consistent with theore-
tical calculations.

Eqn (2) presents the formulation of Cq, indicating that the
quantum capacitance exhibits a direct correlation with the density
of states in the vicinity of the Fermi energy. The contribution of
states that are energetically distant from the Fermi level is
negligible. This is because the energy relative to the Fermi level
is represented by (E — e¢), and the function sech®(x) approaches
zero rapidly for |x| > 0. The increased capacitance observed in
CuO-incorporated MoS, nanocomposites can be attributed to the
amplified density of states near the Fermi level. The origin
of these states has been discussed in the electronic properties
section.

In summary, the hybrid experimental and computational
study has demonstrated that the inclusion of CuO has resulted
in an augmentation of the charge storage capacity and specific
capacitance of MoS, for various reasons. (1) CuO slices posses-
sing a layered structure with {001} planes have the potential to
demonstrate super capacitance behavior independently. (2)
MoS, nanosheets can function as a substrate to uniformly hold
CuO nanoparticles, thereby preventing their agglomeration. (3)
Likewise, introducing CuO slices can prevent the restacking of
MosS, nanosheets. (4) Using modified MoS, nanosheets results
in a considerably greater active surface area. (5) The inclusion

CQ (F/g)

Applied Potential (V)

Fig. 15 Calculated quantum capacitance (Cqg) for the MoS; surface slab,
NCc, and NCo with values near E¢ = 0.
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of CuO would lead to the generation of numerous energy levels
in proximity to the Fermi level. The collective impact of these
factors can enhance the specific capacitance of MoS, nano-
flowers synergistically.

4. Conclusion

In brief, a hydrothermal synthesis method was employed to
fabricate MoS,/CuO composite nanomaterials with varying con-
centrations of CuO nanoparticles. The electrochemical investiga-
tion revealed that the inclusion of CuO nanoparticles resulted in
a noteworthy enhancement of the electrochemical efficacy of
MoS,/CuO nanocomposites. The study showed that the MoS,/
CuO(4%) composite material demonstrated a specific capaci-
tance of 336.23 F ¢~ and an energy density of 24.99 W h kg™*
when subjected to a current density of 0.1 A g~ '. Furthermore,
the specimen demonstrates exceptional cyclic stability, evi-
denced by its capacitive retention rate of 89.7% even after 4000
cycles. From a structural, morphological standpoint, the theore-
tical calculations suggest that the incorporation of CuO nano-
particles can prevent the restacking of MoS, layers due to their
assertive chemisorption behavior, thus increasing the active
surface area for the intercalation of charges and ions. The
hybridization in the interface region between Mo and O orbitals
leads to an increase in states near the Fermi level, resulting in
higher conductivity and specific capacitance for MoS, with CuO
incorporation. Due to these states, we see a decreasing trend in
the optical band gap from absorbance calculations, resulting
in higher conductivity. Moreover, the quantum capacitance
calculations demonstrate that these newly generated states can
accommodate more charge. The charge transfer from MoS, to
CuO results in a strong intrinsic electric field that improves
electron transfer and creates a longer path for the charges. As a
result, the charging and discharging processes take longer,
resulting in increased specific capacitance of MoS,. Thus, the
presented experimental and theoretical evidence indicates that
the inclusion of CuO into MoS, yields a beneficial synergistic
outcome, leading to a promising material that can effectively
compete in advanced energy storage applications.
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