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Abstract: The production of cost-effective novel materials for PV solar cells with long-term stability,
high energy conversion efficiency, enhanced photon absorption, and easy electron transport has
stimulated great interest in the research community over the last decades. In the presented work,
Cu/CuyS-MWCNTs nanocomposites were produced and analyzed in the framework of potential
applications for PV solar cells. Firstly, the surface of the produced one-dimensional Cu was covered
by Cu,S nanoflake. XRD data prove the formation of both Cu and Cu,S structures. The length and
diameter of the one-dimensional Cu wire were 5-15 pm and 80-200 nm, respectively. The thickness
of the Cu,S nanoflake layer on the surface of the Cu was up to 100 nm. In addition, the Cu/Cu,S
system was enriched with MWCNTs. MWCNs with a diameter of 50 nm interact by forming a
conductive network around the Cu/Cu,S system and facilitate quick electron transport. Raman
spectra also prove good interfacial coupling between the Cu/Cu;S system and MWCNTs, which
is crucial for charge separation and electron transfer in PV solar cells. Furthermore, UV studies
show that Cu/CuyS-MWCNTs nanocomposites have a wide absorption band. Thus, MWCNTs,
Cu, and Cu;S exhibit an intense absorption spectrum at 260 nm, 590 nm, and 972 nm, respectively.
With a broad absorption band spanning the visible-infrared spectrum, the Cu/Cu;S-MWCNTs
combination can significantly boost PV solar cells’ power conversion efficiency. Furthermore, UV
research demonstrates that the plasmonic character of the material is altered fundamentally when
CusS covers the Cu surface. Additionally, MWCN-Cu/Cu2S nanocomposite exhibits hybrid plasmonic
phenomena. The bandgap of Cu/Cu,S NWs was found to be approximately 1.3 eV. Regarding electron
transfer and electromagnetic radiation absorption, the collective oscillations in plasmonic metal-
p-type semiconductor-conductor MWCNT contacts can thus greatly increase energy conversion
efficiency. The Cu/CupS-MWCNTs nanocomposite is therefore a promising new material for PV solar
cell application.

Keywords: copper; copper (I) sulfide; MWCNTs; sulfidation; nanowire; hybrid nanomaterial

1. Introduction

Sustainable, alternative energy sources are essential as the world’s energy needs grow
and environmental issues gain greater attention [1-3]. Since solar energy can produce
clean, limitless power, it is at the forefront of renewable energy technologies. Nonetheless,
the selection of materials for PV solar cell manufacturing has a significant impact on the
cells” efficiency, which is essential to their feasibility. The creation of novel materials or
the alteration of preexisting ones to improve their qualities has thus emerged as a key
field of study [4,5]. In PV solar cells, more advanced nanostructured materials have re-
placed conventional amorphous, polycrystalline, and crystalline thin films. Despite their
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effectiveness, first-generation cells have drawbacks such as expensive production costs,
decreased efficiency in low light, and possible environmental effects from certain hazardous
constituents [6]. The search for materials that can overcome these limitations has led to
exploring nanostructured compounds, which have unique optical and electrical properties
that make them suitable for next-generation photovoltaic technologies [7-9]. Nanowires
(NWs), nanotubes, and nanorods are examples of one-dimensional (1D) nanostructures
that have drawn interest because of their high aspect ratio, superior electrical conductivity,
and capacity to improve light absorption and scattering [10-13]. These characteristics make
one-dimensional nanostructures the best option for raising PV solar cell efficiency [14-16].
Presently, photovoltaics based on zinc sulfide, cadmium telluride, cadmium selenide, cop-
per oxide, titanium oxide, indium-gallium nitride, gallium arsenide, and indium arsenide
nanowires are being studied and manufactured [17-19]. Among these one-dimensional
nanostructures, copper nanowires (Cu NWs) have drawn significant attention because of
their high conductivity, low cost, and adjustable optical characteristics, particularly Surface
Plasmon Resonance (SPR), which improves light absorption. They are appropriate for
energy-related applications such as PV solar cells and lithium-ion batteries (LIBs) due to
their strong absorption in the visible light spectrum and good electrical conductivity [20].
One of the main disadvantages of one-dimensional copper is that it is easily oxidized, which
lowers its long-term durability in PV solar cells. To enable effective charge percolation
through Cu NWs films and networks, the native insulating oxide layer that is present in
produced Cu NWs must be eliminated. Numerous attempts have been made to increase
copper’s electrochemical stability by coating it with protective shells or creating alloys.
Regretfully, these tactics necessitate material post-processing, which raises production
costs. Therefore, finding techniques that can protect the Cu surface from oxidation without
additional treatment is important. Research has concentrated on integrating Cu NWs with
copper sulfide nanostructures to overcome this problem. Copper sulfides, especially Cu,S,
are well known for their superior optical qualities, chemical stability, affordability, and
eco-friendliness. Coating Cu NWs with CuyS increases the material’s optical and electrical
qualities additionally to the nanowires” overall stability. Due to their unique characteristics,
which include mixed valence states, non-stoichiometric composition, higher mechanical
stability, high electrical conductivity, affordability, nontoxicity, and improved stability un-
der ambient conditions, copper sulfides are a promising electroactive material for advanced
energy storage systems. Because of their structural, optical, and electrical characteristics,
copper sulfide is particularly regarded as a viable material for solar energy conversion
systems as a p-type semiconductor. CuyS structure research has gained major attention
lately due to its potential in photovoltaic cells and its numerous technological applications
in PV solar cells, tubular solar cells, and photovoltaic solar energy diversions. Research
suggests that employing hybrid structures to enhance electron transmission is a better
choice for these applications. The amalgamation of several nanostructures to fabricate
hybrid materials has emerged as an effective method to enhance solar device performance.
A possible technique to improve the efficiency of solar systems is the utilization of hybrid
materials which incorporate various nanostructure types.

Cu/CuyS NWs' incorporation with multi-walled carbon nanotubes (MWCNTs) is one
of the most remarkable combinations. MWCNTs are renowned for their notable mechan-
ical flexibility, enormous surface area, and electrical conductivity. MWCNTs can greatly
improve charge separation, lower recombination losses, and raise the PV solar cell’s overall
efficiency when combined with Cu/CuyS NWs. Cu/CuyS NWs and MWCNTs are two
1D nanostructures that work in cooperation to create a composite material with enhanced
physical characteristics. Structures with superior electrical conductivity, mechanical re-
silience, and high optical transparency can be formed by these hybrid materials [21,22].
They are therefore especially well-suited for usage in transparent, flexible PV solar cells,
which are becoming more and more crucial for applications involving next-generation
photovoltaics [23].



Micromachines 2024, 15,1318

3o0f14

The intricacy and expense of current synthesis techniques restrict the practical applica-
tion of Cu/CuyS NWs and MWCNTs-based hybrid materials, despite their encouraging
potential. High temperatures, costly chemicals, and intricate procedures that are chal-
lenging to scale up for large-scale manufacturing are all part of many existing processes
used to create these nanostructures [24]. Simpler, more affordable methods are required to
make these materials commercially feasible. Recent developments in synthesis techniques
based on solutions present a viable substitute [25-30]. Solution-based preparation can be
improved to create hybrid materials based on Cu/Cu;S NWs and MWCNTs that have the
required structural and optical characteristics, opening the door for their wider application
in PV solar cell technology in the future.

The goal of this study is to establish a straightforward, scalable method to produce
hybrid materials based on Cu/Cu,S NWs and MWCNTs. The suggested method aims
to solve the scalability and material constraints, advancing the creation of inexpensive,
highly effective materials for PV solar cell applications that can satisfy the rising demand
for renewable energy. Future investigations into the electrochemical characteristics of these
hybrid materials may unveil new opportunities for their utilization in other energy-related
domains, including supercapacitors and energy storage systems. By continuing to explore
novel materials and improving existing ones, we can pave the way for more efficient and
sustainable energy solutions.

2. Materials and Methods
2.1. Materials

Copper (II) chloride (CuCly, 99%), sodium hydroxide (NaOH, 98%), natrium sulfide
(NazS, 99.0%), hydrazine (NoHy, 35 wt%), and ethylenediamine (C,HgNy, EDA, 99.5%)
were purchased from Karma Lab (Izmir, Turkey). MWCNTs (purity: >95.0%; 30-50 nm in
diameter and 5-20 pm in length) were purchased from Sky Spring Nanomaterials (Houston,
TX, USA). All chemicals were of analytical grade and used without further purification.

2.2. Synthesis of the Cu and Cu/CuyS NWs

Copper nanowires were synthesized utilizing a solution-based approach with varying
chemical concentrations [31]. First, 5 mL of the 9 M NaOH solution was prepared. After
10 min, 50 uL of EDA was added to the NaOH solution. Subsequently, 2 mL of a CuCl,
water solution was added to the colorless solution, which was stirred for 10 min. The
solution quickly turned bright blue, and, after an additional 10 min, it darkened. To ensure
that the reaction proceeded homogeneously, stirring was carried out using a magnetic
stirrer with 300 rpm. Furthermore, a water bath was employed to keep the solution’s
temperature at a constant 70 °C. The reaction was completed in 2 h. In the first stage of the
experiment, Cu(OH); (copper (II) hydroxide) was formed, and EDA covered its surface,
preventing aggregation. Then, 15 uL of NpHy solution, diluted with distilled water, was
added to the solution as a reducing agent. Initially, the reducing agent reduces Cu®* ions
in Cu(OH); into copper (I) oxide (Cu,O) particles. Specifically, this redox reaction occurs
as follows:

ZCU(OH)z + NoHy — Cu,O + N» + 2H,0,

As a strong reducing agent, NoH, donates electrons to Cu?* ions, facilitating the
conversion. Cu* ions gain electrons to form Cu*, while hydrazine loses electrons to form
N, gas. CupO was further reduced to Cu atoms by continuously adding N,H, and heating
in a water bath, resulting in the formation of Cu NWs—from the generation of seeds to
growth. During the 2 h reaction time, the color of the final solution changed from dark
blue to reddish brown. Finally, the solution was washed with methanol to remove any
remaining chemical contaminants from the produced NWs.

Cu/CupS NWs were produced by the sulfidation of Cu NWs [32]. In this basic
sulfidation technique, sodium sulfide serves as the sulfur source. To prepare Cu/Cu;S
NWs, 19.5 mg of sodium sulfide (2 mM Na,S) was dissolved in 50 mL of ethanol. Cu NWs
(1.2 mg/mL) was suspended in 5 mL of ethanol and mixed with the Na,S/ethanol solution.
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To obtain a uniform dispersion, the reaction flask was treated with ultrasonic radiation for
2 min (0.6 cm diameter; Ti-tip; 20 kHz; 30 W/cm?) at 300 °C, supported by a cooling bath.
Finally, the solution was placed in a vacuum oven adjusted to 80 °C for 2 h without stirring.
The Cu/CuyS NWs were then centrifuged several times at 5000 rpm for 10 min to remove
the reaction remains from the ethanol. Finally, the synthesized sample was kept in 40 mL
of ethanol for future use.

2.3. Fabrication of Cu/CuyS NWs-MWCNTs Nanocomposites

Cu/CuyS-MWCNTs nanocomposites were obtained through a simple mixing—-drying
procedure, which included sonication (20 kHz; 30 W/cm?). First, the optimal reagent
proportions were determined; the ratio of MWCNTs and Cu/Cu,S was chosen as 1:10,
respectively. Thus, 0.18 g/L and 1.8 g/L ethanolic solutions of the chemical substances
were prepared, subjected to sonication for 2 min, and then mixed for 3 min by adding
one to another. The resulting Cu/Cu,S-MWCNTs dispersion was centrifuged and dried
at 60 °C.

2.4. Material Characterization

The ultraviolet—visible (UV-Vis) spectrum was recorded on a spectrophotometer, the
Specord250 Plus at a wavelength range between 200 nm and 700 nm. X-ray powder
diffraction (XRD) patterns were examined at room temperature using a PANalytical X'pert
PRO diffractometer with Cu-Ka radiation. The samples were scanned in the 26 range of
10-80°. Raman spectra were collected using a Renishaw Qontor equipped with a microscope
with a 150 mW 532 nm laser excitation source using a 20 x objective. The morphology of the
samples was characterized with a Carl Zeiss AURIGA CrossBeam Workstation scanning
electron microscope (SEM, Oberkochen, Germany) and a Hitachi HF5000 field-emission
scanning transmission electron microscope (STEM, Mito, Ibaraki, Japan) system operated
at 200 kV. Materials were processed ultrasonically using the Sonics Vibra-Cell mobil VCX
500 device.

3. Results and Discussion
3.1. The Morphological and Structural Characterization of Cu and Cu/CuyS NWs, and
Cu/CuyS-MWCNTs Nanocomposites

The morphology and sizes of the produced Cu NWs were examined by the SEM
method at various magnifications (Figure 1). SEM images of the Cu NWs reveal that high
aspect ratio wires with a cylindrical form were synthesized. The length and diameter
of the Cu NWs vary between 5 and 15 pm (Figure 1a), and 80 and 200 nm, respectively
(Figure 1b).

S~
460 nm 150 nm

<

3,0kv8:8mth x5, 00K SEQ) ||

Figure 1. SEM images of Cu NWs at different magnifications: 5 K (a); 30 K (b).

Figure 2 illustrates Cu/CuyS NWs SEM images at various magnifications. The Cu
NWs’ surfaces have been coated with Cu,S nanoflakes (ultra-thin nanosheets) due to the
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sulfidation processes. Figure 2a illustrates how the diameter of the initial NWs increased
and altered between 150 and 400 nm (Figure 2b). It is known that 1D Cu has much higher
electrical conductivity [33]. However, one major drawback of 1D Cu is its susceptibility
to oxidation, which reduces its long-term stability in photovoltaic devices. To address
this issue, research has focused on combining Cu NWs with copper sulfide (Cu,S) nanos-
tructures. Copper sulfides, particularly Cu,S, are widely recognized for their excellent
optical properties, chemical stability, cost-effectiveness, and environmentally friendly na-
ture [34,35]. In addition, Cu is a good conductor, and its main charge carriers are electrons.
CuySis a p-type semiconductor [36]. When a Cu/Cu,S contact is made, due to the different
distribution of electrons and holes between the two materials, a Schottky junction is formed.
The Schottky junction prevents the free transfer of electrons from metallic Cu to Cu,S,
which creates the basis for the formation of photovoltaic effects [37,38].

Figure 2. SEM images of Cu/Cu,S NWs at different magnifications: 10 K (a); 60 K (b).

The elemental analysis and chemical characterization of Cu/CuyS NWs phases were
studied using energy-dispersive X-ray microanalysis. The mapping of Cu/Cu,S NWs
to identify elemental concentrations is shown in Figure 3. Additionally, the results of
energy-dispersive X-ray spectra are given in Table 1. Quantitative analysis of the elements
in Cu/CuyS NWs has found that the phase is mainly composed of copper, sulfur, and
oxygen (Table 1). So, the examined atomic percentage ratio Cu is more than twice, which
confirms that the structure formed on Cu NWs is primarily Cu,S.

(c) (d)
Figure 3. (a) SEM—(b) EDS analysis of the Cu/Cu,;S NWs; (¢) Cu Kal; (d) S Kal; (e) O Kal.
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Table 1. The results of energy dispersive X-ray spectra of Cu/CuS NWs.
Element Line Type Apparent Concentration K Ratio wt% at%
Cu K series 31.35 0.31354 76.83 56.32%
S K series 4.58 0.03943 16.55 24.26%
O K series 1.27 0.00428 6.62 19.42%
Total 100.0 100.0

The sizes and morphologies of Cu/CuyS NWs were analyzed through transmission
electron microscopy (TEM) (Figure 4). The dimensions of the NWs determined by the TEM
study show good agreement with the SEM investigations. The observed structure shows a
clear distinction between the Cu and Cu,S layers. It is clear from the TEM images that the
thickness of the Cu,S nanoflake layer on the surface of Cu is up to 100 nm.

x4.0k DF 200kV

Figure 4. TEM images of Cu/CuyS NWs: 4 K (a); 36 K (b).

Furthermore, high-resolution TEM imaging (Figure 5) can reveal characteristic crystal
lattice elements, indicating the presence of crystalline structures with unique morphology.
Thus, the structure of Cu/CuyS NWs resembles specific simulations, displaying a crystalline
lattice with a hexagonal structure (Figure 5).

x1400k BF 200kV

Figure 5. HRTEM image of Cu/CuyS NWs.

The overlapping of copper and sulfur elements in the mapping image from TEM
shows that the formed structures were Cu/Cu,;S NWs (Figure 6). The atomic percentage
of the elements was 68.80 atomic % and 31.20 atomic % in copper and sulfur, respectively,
which is consistent with the SEM data and suggests that the Cu:S ratio was 2.2.
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Cu/Cu,S
Element | Atomic %
Cu 68.80
S 31.20
Total 100.0
(b)
Cu Kal C Kal.2

(d)

Figure 6. (a) TEM EDS analysis of the Cu/Cu,S NWs; (b) atomic percentage; (¢) S Kal; (d) Cu Kxl;
(e) C Kal.

In this investigation, MWCNTs were also added to the Cu/Cu,S system to enhance
the electron transport of electrons. The transport of electrons across the network of
nanometer-sized particles inside the material is recognized to be a significant obstacle
to achieving improved energy conversion efficiency [39-41]. The morphology of Cu/Cu,S-
MWCNTs nanocomposites was examined through the SEM method at different magni-
fications (Figure 7). SEM images confirm the strong connection between the Cu/Cu,S
NWs and MWCNTs. Cu/Cu,S wires are interlinked closely with MWCNTs. MWCNTs
create a network around Cu/Cu;S NWs. Moreover, the interaction between MWCNTs
and Cu/CuyS could facilitate quick electronic transport by forming interlinked conducting
networks [42,43]. Such tight and immediate connections (contacts) between Cu/Cu,S
and MWNTs can provide a direct route for charge transfer and lead to considering the
nanocomposite as an appropriate electrode material [43]. It is significant to state that the
direct electrostatic contact between Cu/CuyS NWs and MWCNTs may generate interfacial
coupling and separation that is effective for charge carrier transfer [44].
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Figure 7. SEM images of MWCNTs (a) and Cu/CuyS-MWCNTs (b) nanocomposites.

3.2. Structural and Optical Characteristics of Cu, Cu/CuyS NWs and
Cu/CupS-MWCN'T5 Nanocomposites

The X-ray diffractograms of Cu NWs, Cu/CuS NWs, and Cu/Cu,S-MWCNTs
nanocomposites are given in Figure 8. The peaks of Cu at 20 = 43.26°, 50.41°, and 74.02°
correspond to planes (111), (200), and (220), respectively, indicating a face-centered cubic
lattice [45-47]. In addition, Cu(OH), and Cu,O XRD patterns also appeared at 20 = 14.04°,
20.31°, and 22.72° [48]. The presence of oxygen can be explained by the fact that complete
sulfidation of copper NTs does not occur, but the dicopper oxide phase remains.

Cus Cu,Se MWCNT# Cu(OH)4 Cuz0m= @ ah
a

El

s
= 2
5 2 (200)
8 . 2 ¢ (220)
> T A mm .

102
% | (b) . (192 (110)(103) L A__
g \ ° e °° 20 30 10 50 60 70 80
E * . 2 6 (degree)
.
*

20 30 40 50 60 70 80
2 0 (degree)

Figure 8. X-ray diffraction patterns of Cu NWs (a), Cu/CuyS NWs (b), and Cu/CuyS-MWCNTs
(c) nanocomposites.

After sulfidation of Cu NWs, the XRD pattern demonstrates peaks at 26.28°, 29.69°,
31.12°,37.59°, 43.29°, 46.41°, 48.64°, 50.42°, 54.20°, and 74.10°. The peaks at 26 = 26.28°,
29.69°, 31.12°, 37.59°, 46.41°, 48.64°, and 54.20° correspond to the hexagonal phase of
copper (1) sulfide, specifically the chalcocite phase Cu,S [49]. A pattern expansion between
10 and 30° in XRD is also seen, indicating the creation of an amorphous phase. Amorphous
phase presence suggests that the structure formed on the surface of Cu NWs is Cu,S [50,51].
Notably, the structure generated in the coating layer throughout the sulfidation procedure
could include various mixed phases of copper sulfide (CuS, CuySs, Cu,S, and others),
and the formed copper sulfide layer might protect copper against oxidation. The HRTEM
and XRD analysis results indicate the structure on the Cu NWs is most probably a p-type
semiconductor Cu,S with a hexagonal phase.

Figure 8c depicts the XRD pattern of the Cu/CuyS-MWCNTs nanocomposite. Diffrac-
tion at 26.53° corresponds to the (002) plane of the carbon nanotubes’ graphite layer with
hexagonal lattice [52]. The diffraction peaks corresponding to Cu/Cu,S NWs remain nearly
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the same after the MWCNTs’ addition, indicating that the phase structure has not changed
considerably. The XRD pattern shows good agreement with the SEM data, indicating strong
linking between Cu/CuyS NWs and MWCNTs [53].

It is known that the material’s surface plasmon resonance (SPR) feature also plays a
crucial role in PV solar cells’ efficiency [54,55]. The SPR effect helps to collect light energy
more effectively and increases the PV solar cell’s efficiency [56-59]. The absorption spectra
of Cu, Cu/Cu,yS NWs, and Cu/CuyS-MWCNTs nanocomposites were investigated to study
the (SPR) feature (Figure 9). The significant peak seen at 586 nm is due to the surface
plasmon absorption of Cu nanostructures. Its short-wavelength tail is associated with d-sp
interband transitions (Figure 9a).

=0 974 260

@) (b) (c)

972

Absorbance (a.u)
Absorbance (a.u)
Absorbance (a.u)

590

400 500 600 700 800 400 600 800 1000 200 400 600 800 1000

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 9. UV-Vis absorption spectrum of Cu NWs (a), Cu/Cu,S NWs (b), and Cu/Cuy;S-MWCNTs
nanocomposites (c).

The UV-Vis absorption spectrum of Cu/CuyS NWs (Figure 9b) shows a fundamental
change in the plasmonic nature of the material and hybrid plasmonic effects. The absorption
peak of Cu wires broadens at 586 nm. The absorption band broadness can be related to the
interaction of the Cu NWs with Cu,S flake layers. Such collective oscillations occurring in
metal-p-type semiconductor contacts can substantially increase energy conversion efficiency
in terms of absorption of electromagnetic rays and electron transitions [57]. The strong
near-infrared absorption is generated by the collective oscillation of free charge carriers
(holes) in the valence band on the surface of Cu/Cu,S NWs, resulting in the LSPR effect [58].
A maximum at 974 nm in the near-infrared region was observed, which is characteristic of
CuyS and related to the local surface plasmon resonance (LSPR) phenomenon. The LSPR
peaks are at wavelengths ranging from 900 to 1400 nm, depending on the structure’s form
and composition [59,60].

Figure 9c displays the UV-Vis absorption spectrum of the Cu/Cu;S-MWCNTs nanocom-
posite. The Cu/Cu;S-MWCNTs hybrid structures exhibit the characteristic absorption
peaks of pristine MWCNTs at 260 nm, which correspond to absorption bands of phenyl
groups [61]. The size effect of nanowires and nanotubes causes shifts in the Cu and Cu-CupS
NW peaks at 590 and 972 nm, respectively [58,59]. With all that said, UV studies show that
Cu/CupS-MWCNTs have a broad absorption band. Consequently, the Cu/Cu;S-MWCNTs
system, having a broad absorption band covering the visible-infrared range, can lead to a
substantial increase in the power conversion efficiency in PV solar cells.

Figure 10 depicts the bandgap calculation for Cu/Cu,S nanostructures. The bandgap
of Cu/CuyS NWs was determined using the Tauc plot [62] and found to be approximately
1.3 eV, with a blue shift due to the particles” smaller size, compared to the bulk phase of
CuyS (1.2 eV) [63]. The investigation of the bandgap value also revealed that the structures
observed on the surface of Cu NWs were Cu,S. It can be concluded that the structure
formed at values less than 1.5 eV is Cu,S [64-66].
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Figure 10. The bandgap energy of Cu/Cu,S NWs'.

Raman spectroscopy was implemented to investigate the structural modifications of
the Cu/CuyS NWs and Cu/CuyS-MWCNTs nanocomposite (Figure 11).
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Figure 11. Raman spectrum of Cu/CuyS NWs and Cu/CuyS-MWCNTs nanocomposites.

Cu/Cu,S NWs exhibit a noticeable Raman band in the 270-280 cm ! range, attributed
to vibrational oscillations of the Cu-S phase and copper oxide structures. The weak signal
at 620 cm~! could be attributed to vibrations of oxide groups [67-69]. Raman spectroscopy
of Cu/CuS-MWCNTs nanocomposites shows sharp peaks at 280, 329, 629, 1350, 1583,
2329, and 2700 cm~!. The Raman maxima at 1350, 1583, and 2700 represent the D band
(defect), G band (graphite band), and G’ band (D tone) of MWCNTSs, respectively. The shift
of the Raman maxima at 1350, 1583, and 2700 cm ™! to a higher wavenumber compared
to that of pure MWCNTs occurs due to structural defects of nanocomposites, which cause
charge transfer between the components through modification [70]. Furthermore, this shift
indicates that structural interactions are occurring between Cu/CuyS and MWCNTs, which
is also a crucial factor for electron transfer.

4. Conclusions

Over the past few decades, the research community has become very interested in
novel materials development for photovoltaic solar cells that possess high energy conver-
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sion efficiency, improved photon absorption, long-term stability, and easy electron transport.
In this study, Cu/Cu;S-MWCNTs nanocomposites are synthesized successfully, demon-
strating the material’s encouraging potential for use in next-generation photovoltaic solar
cell applications. The experimental findings validate the development of a stable Cu/Cu,S
structure in which a protective layer of Cu,S nanoflakes covers the Cu wires. The thickness
of the Cu,S nanoflake layer on the surface of Cu wires is up to 100 nm. The incorporation
of MWCNTs with a 50 nm diameter further enhances the material by forming a conductive
network that facilitates charge separation at the interfaces and highly increases electron
transport. Raman and UV-Vis spectra also reveal that this interconnected network of Cu
NWs, CuyS-nanoflake layer, and MWCNTs offers strong interfacial coupling and facilitates
effective charge carrier transfer. Furthermore, the hybrid plasmonic effects are observed
in the composite material. Particularly, the broad absorption spectrum covering visible
to near-infrared ranges highlights the Cu/CuyS-MWCNTs nanocomposite’s capacity for
enhanced photon absorption. Thus, MWCNTs, Cu, and Cu,S exhibit an intense absorption
spectrum at 250 nm, 583 nm, and 974 nm, respectively. This broad absorption spectrum,
combined with the localized surface plasmon resonance (LSPR) characteristics, makes the
Cu/CupS-MWCNTs nanocomposite highly suitable for improving the PV solar cells” power
conversion efficiency.

It is important to emphasize that this research focuses on the material level, provid-
ing an essential basis for future exploration into device fabrication rather than electrode
development. The synthesized nanocomposite represents a foundational material for PV
solar cells and demonstrates its potential in addressing challenges such as stability, light
absorption, and charge transport. Since Cu/Cu;S-MWCNTs nanocomposite possesses
enhanced charge carrier transfer due to the metal Cu, p-type semiconductor Cu,S, and
conductive MWCNT combination, this material can play the role electron transport layer
to improve electron mobility and collection efficiency of PV solar cells.
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