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Synergistic enhancement of charge transfer and
catalytic activity in CNT@rGO@Cu,S composite
counter electrodes for high-performance quantum
dot-sensitized solar cells}
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Developing cost-effective high-performance counter electrodes (CEs) is critical for improving the
efficiency of quantum dot-sensitized solar cells (QDSSCs). In this study, a CNT@rGO@Cu,S composite
CE was synthesized using a hydrothermal method, incorporating carbon nanotubes (CNTs), reduced
graphene oxide (rGO), and Cu,S nanoparticles to enhance the charge transfer and catalytic activity.
Structural characterization (XRD, Raman, FESEM, and HRTEM) confirmed the successful integration of the
Cu,S nanoflowers within the rGO matrix. CNTs formed a conductive network that prevented rGO
restacking and facilitated electron transport. Electrochemical analysis (CV, EIS, and Tafel polarization)
demonstrated the superior electrocatalytic activity of the 6% CNT@rGO@Cu,S composite, exhibiting the
highest exchange current density (Jo) and lowest charge transfer resistance (R.y), indicating efficient
polysulfide redox reactions. When employed in QDSSCs with a CdS/CdSe co-sensitized photoanode, the
6% CNT@rGO@Cu,S CE achieved a power conversion efficiency (PCE) of 5.965%, surpassing those of
rGO@CuU,S (5.322%) and conventional Pt-based CEs (1.96%). The superior performance is attributed to
the optimized Fermi level alignment with the redox couple, enhanced charge mobility due to the CNTs,
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1 Introduction

Quantum dot-sensitized solar cells (QDSSCs) have garnered
significant attention in the field of renewable energy research
because of their high potential for efficiently converting
sunlight into electrical energy."” These solar cells utilize
quantum dots and semiconductor nanoparticles that are
capable of absorbing light and generating electron-hole pairs.
The quantum properties of these dots allow QDSSCs to absorb
a wider portion of the solar spectrum, enabling enhanced light
absorption and energy conversion efficiency compared with
traditional solar cells.>*” However, the overall performance of
QDSSCs depends on the properties of the quantum dots and the
materials used in the counter electrodes. The counter electrode
plays a critical role in facilitating redox reactions and must
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and improved electrolyte penetration.

possess high electrical conductivity, catalytic activity, and
stability in the operational environment of the cell. Tradition-
ally, platinum (Pt) has been used as the counter electrode
material owing to its excellent catalytic properties; however, its
high cost and scarcity have prompted researchers to explore
alternative materials.® Among the most promising alternatives
are carbon-based materials (such as carbon,”** graphene oxide
(GO), reduced graphene oxide (rGO),>*>** carbon nanotubes
(CNTs))," and transition metal sulfides (such as MoS,, PbS, and
Cu,S)*™*” which have favorable electrochemical and catalytic
properties.

CNTs are exceptional candidates for counter-electrode
applications because of their unique electron mobility and
conductivity. Compared to other carbon-based materials, such
as graphene, CNTs possess a tubular structure that provides
one-dimensional electron pathways, allowing electrons to move
rapidly through the material."®** This high electron mobility
reduces the series resistance of the electrode, which is crucial
for improving the power conversion efficiency (PCE) of
QDSCs.?*?" Furthermore, the tubular structure of CNTs offers
mechanical strength and flexibility, allowing CNTs to act as
scaffolds that support and disperse other active materials. Li
et al. (2021)** explored boron-doped CNTs (B-CNT) as a substi-
tute for Pt in QDSC counter electrodes. The B-CNT-based elec-
trodes exhibited catalytic properties comparable to those of Pt,
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while significantly reducing the production costs. The doped
CNTs not only provided efficient electron transport pathways
but also maintained the structural integrity of the material
during redox reactions. The combination of CNTs with other
materials, such as transition metal sulfides or graphene deriv-
atives, produces a synergistic effect that enhances both the
catalytic activity and electron transport. M. Que et al. (2014)*
investigated using CNT/graphene paper composites as counter
electrodes in QDSSCs. The synergy between CNTs and graphene
provides a large surface area and enhances the electron transfer
capability of the electrode. The CNTs maintained their struc-
tural integrity, preventing the graphene sheets from restacking,
which maximized the active surface area available for catalytic
activity. Similarly, Gopi et al. (2017)** combined CNTs with
cobalt sulfide (CoS) to form a hybrid counter electrode for
QDSSCs. The study found that the CNT component helped to
create an efficient electron transport network. This prevents the
aggregation of CoS, preserving a high surface area, which is
essential for catalytic reactions in solar cells. In another study,
Peter et al. (2021)* created a hybrid counter electrode using
MWCNT combined with Sb,S;. The CNTs acted as efficient
electron transport scaffolds, while the Sb,S; nanoparticles
provided catalytic activity. The researchers observed that CNTs
prevented Sb,S; from aggregating, ensuring a high surface area
and a uniform distribution of catalytic sites, which improved
the redox reaction efficiency in QDSSCs. M. Seol enhances
catalytic performance when combined with graphene and Mo
metal compounds (Mo,N, MoS, Mo,C), CNT improves catalytic
activity, helping to increase the electrochemical reaction rate,
achieving an efficiency of 5.41% for Mo,N/carbon nanotube
(CNT)-rGO CE. CNT acts as a continuous conductive network,
enhancing electron transport, reducing resistance, and
improving electrochemical performance. Simultaneously, CNT
helps maintain the structure of the material, minimize perfor-
mance degradation after many operating cycles, and prevent the
aggregation of nanoparticles, ensuring the uniform distribution
of active materials, thereby optimizing the reaction surface.*
Gopi et al. (2018) investigated the application of three-
component MoCuSe and rGO/CNT hybrid counter electrodes
in QDSSCs. The study demonstrated that a highly conductive
CNT@rGO network developed on electrochemically active
MoCusSe particles offered a substantial surface area and facili-
tated a rapid electron transport rate at the counter electrode/
electrolyte interface. The conversion efficiency achieved
(8.28%) was nearly double that of the MoCuSe counter electrode
alone (4.04%).>”

In our previous work, we investigated binary Cu,S@rGO
composites as counter electrodes for QDSSCs.?*** While these
materials exhibit promising catalytic activity, their performance
is constrained by the tendency of rGO sheets to restack and
aggregate, which reduces the accessible surface area and limits
electrolyte diffusion and active site exposure. Additionally, the
lack of a well-defined conductive network hinders efficient
charge transport. To address these limitations, the present
study introduces a ternary CNT@rGO@Cu,S nanocomposite,
where the incorporation of CNTs effectively prevents rGO
aggregation by acting as nanoscale spacers and forming
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a robust 3D conductive framework. This architecture enhances
both the electrical conductivity and dispersion of the Cu,S
nanoparticles, resulting in improved interfacial contact and
catalytic activity. By systematically tuning the CNT content (4, 6,
and 8%), we optimized the balance between conductivity and
catalytic site accessibility. Structural and electrochemical
correlations were established through comprehensive charac-
terization using XRD, Raman spectroscopy, XPS HRTEM, and
EIS.

2 Material and method

Graphene oxide (GO), polyvinylpyrrolidone (PVP) (C¢HoNO),,
thiourea SC(NHS,),, ethylene glycol (CH,OH),, copper(i) chloride
(CuCl), polyethylene glycol (PEG) (CcHoNO),, carbon nanotube
(CNTs), selenium (Se), sodium sulfite (Na,SO;), sodium
hydroxide (NaOH), cadmium acetate dihydrate (CH3;COO),-
Cd-2H,0, copper(n) chloride (CuCl,-2H,0), zinc nitrate hexa-
hydrate (Zn(NOs),-6H,0), and sodium sulfide nonahydrate
(Na,S-9H,0) were procured from Sigma-Aldrich. Methanol
(CH30H), ethanol (C,HgO), sulfur (S), acid chloride (HCL), and
potassium chloride (KCl) were obtained from Aladdin Reagent
Co. Ltd. In addition, titania paste (43T mesh) and fluorine-
doped tin oxide (FTO) glass (7 Q sq ') were sourced from
Dyesol.

2.1 Fabrication of photoanode FTO/TiO,/CdS/CdSe:Cu/ZnS

The FTO/TiO,/CdS/CdSe:Cu/ZnS photoanodes were fabricated
through a combination of screen printing and the sequential
ion layer adsorption and reaction (SILAR) technique. Initially,
the FTO glass substrates were ultrasonically cleaned in acetone,
ethanol, and deionized water to remove contaminants. A TiO,
film was then deposited onto the FTO surface using the screen-
printing method, followed by drying at 80 °C for 30 min and
subsequent annealing at 450 °C for 30 min to enhance the
crystallinity. After sintering, CdS and Cu’>-doped CdSe quantum
dots (with a Cd**/Cu*" molar ratio of 0.3) were deposited onto
the TiO, film via the SILAR method. The precursor solutions for
Cd, S, and Se were prepared according to a previously re-
ported.*® A ZnS protective layer was introduced using the SILAR
technique, employing 0.1 M Zn(NOj3), and 0.1 M Na,S in ethanol
as precursor solutions to improve stability and surface passiv-
ation further. Finally, the assembled photoanodes were rinsed
with ethanol and stored in an inert gas atmosphere in the dark
for further use.

2.2 Fabrication of photocathode FTO/CNT@Cu,S@rGO

The CNT@rGO@Cu,S hybrid catalyst was synthesized using
a two-step hydrothermal approach.

Step 1: synthesis of Cu,S nanoparticles.

Cu,S nanoparticles were synthesized by dissolving 0.1 M
(0.398 g) copper(1) chloride (CuCl), 0.1 M (0.304 g) thiourea
(SC(NH,),), and polyvinylpyrrolidone (PVP) in 20 mL of ethylene
glycol (EG), followed by mixing with 40 mL of deionized water
under vigorous stirring for 30 minutes. The homogeneous
solution was then transferred into a 100 mL autoclave and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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heated at 180 °C for 10 h. After natural cooling to room
temperature, the precipitate was collected via filtration, thor-
oughly washed with deionized water and ethanol, and dried
overnight at 60 °C.

Step 2: preparation of CNT@rGO@Cu,S composite.

In the second step, CNTs (sourced from Carbon Nano-
Material Technology Co., Ltd) and reduced graphene oxide
(rGO), prepared as described in ref. 30 were mixed in ethanol
(10 mL) with x-weight ratios (x = 4, 6, and 8) and dispersed via
ultrasonication. A suspension containing (0.03 g) and Cu,S (0.1
g) was prepared in 50 mL of deionized water, magnetically
stirred for 30 min, and subjected to ultrasonication for 1 h to
ensure uniform dispersion. The mixture was transferred into
a 100 mL autoclave, sealed, and heated at 180 °C for 10 h. After
cooling to room temperature, the resulting product was filtered,
rinsed with ethanol and deionized water, and dried at 60 °C
overnight.

2.3 Counter electrode fabrication

The synthesized CNT@rGO®@Cu,S composite was blended with
5 mL of ethanol and 0.5 g of polyethylene glycol (PEG) to form
a viscous slurry. This slurry was then applied to an FTO
substrate via screen printing to fabricate a counter electrode
(CE) with an active area of 0.25 cm”. Finally, the electrode was
annealed at 350 °C for 30 min to enhance the electrocatalytic
properties (Scheme 1).

2.4 Assembly of QDSSCs

The electrodes were assembled with Surlyn packing film and
infused with an electrolyte solution containing 2 M Na,S, 2 M S,
and 0.2 M KCl, resulting in a cell with a 1 cm? active area.

2.5 Measurements and characterizations

The phase compositions and crystallinities of the nano-
composites were determined using a Bruker D8 Advance X-ray
diffractometer. Microstructural analysis, including lattice
fringes and diffraction patterns, was performed using high-
resolution transmission electron microscopy (HRTEM) and
selected-area X-ray diffraction (XRD-SAED) JEM 2100 electron
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Scheme 1 Synthesis of the FTO/CNT@Cu,S@rGO counter electrode.
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microscope (JEOL, Tokyo, Japan). The surface morphology and
elemental composition of the samples were examined using an
S-4800 FESEM (Hitachi, Japan) equipped with an energy
dispersive X-ray (EDX) detector. Raman spectra were recorded
with a Horiba (XploRA PLUS) spectrometer at a 532 nm laser
wavelength. XPS was used to characterize the surface chemical
composition using a VersaProbe II spectrometer at a pressure of
2 x 10°® mTorr in a vacuum chamber. Electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV), and
Tafel polarization measurements were performed using a CHI
650E electrochemical workstation (CH Instruments, USA) in
a three-electrode configuration, with a platinum wire as the
counter electrode and Ag/AgCl as the reference electrode. CV
and Tafel measurements were carried out in a three-electrode
configuration using a platinum wire as the counter electrode
and an Ag/AgCl reference electrode in a polysulfide electrolyte
consisting of 0.1 M S, 0.1 M Na,S, and 0.1 M KCl. Tafel polari-
zation curves were recorded over the potential range of —0.9 V to
0.1 V vs. Ag/AgCl at a scan rate of 1 mV s~ . EIS was conducted
under dark conditions over a frequency range of 100 kHz to
0.1 Hz with an AC perturbation amplitude of 10 mV. The
photovoltaic performance of the QDSSCs was assessed by
recording the current density versus voltage (J-V) characteristics
using a Keithley 2450 source meter under 300 W m ™~ standard
solar illumination (Xe lamp with AM 1.5 filter).

3 Result and discussion
3.1 XRD

The crystallinity of the Cu,S decorated rGO sheets and CNT was
determined by X-ray diffraction (XRD) (Fig. 1). The rGO powder
exhibits a diffraction peak at 25.9°, corresponding to the (002)
plane. The peak of CNTs was typically observed around 20 =
25.8°.%' The XRD patterns of the x% CNT/rGO@Cu,S (x = 4, 6,
and 8) nanocomposites revealed a broad peak at approximately
20 = 24-26°, indicating restoration of the graphitic structure
with the disappearance or significant reduction of GO. x% CNT/
rGO@Cu,S nanocomposites show peaks corresponding to Cu,S
crystal structure (chalcocite) (JCPDS, pdf no. 26-1116) at 26
values of ~26.7°, ~29°, ~37.4° ~45.7°, and ~48.6°, correspond

2-/Q2+
S,2/S
Electrolyte
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Fig.1 XRD patterns of rGO, CNT, and x% CNT/rGO@Cu,S (x =4, 6, 8)
nanocomposites.

to (002), (101), (102), (110), (103) and (004). The broad peak of
rGO at 24-26° may still be visible, but potentially less intense
owing to the Cu,S coating, possibly weak peaks from CNTs,
typically around 26 = 26° (overlapping with rGO).

Raman spectroscopy was employed to analyze the structural
features of GO, rGO, and various compositions of the x% CNT/
rGO@Cu,S (x = 4, 6, and 8) nanocomposites, revealing material
interactions and transformations during processing (Fig. 2).
Raman spectroscopy reveals Cu,S-related peaks at 268 cm ™ *
and 472 cm ', corresponding to lattice vibrational modes
crucial for enhancing charge transfer and catalytic efficiency.**
The incorporation of CNTs influenced the Raman spectra by
altering the D band intensity and shifting the G band position,

Cu-s SS

G
1474 em’) D 8% CNT/rGO@Cu,S
265cm 474 cm

6% CNT/rGO@Cu,S

w A
1 | Al—/\—_-

L i h i i 1 n il n 1 L
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rGO@Cu,S

500 1000 1500 2000

Raman shift (cm™)

3000

Fig. 2 Raman spectrum of GO, CNT, rGO@Cu,S, and x% CNT/
rGO@Cu,S (x = 4, 6, 8) nanocomposites.
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indicating strong electronic interactions with rGO and Cu,S.
Additionally, CNTs contribute to an increased 2D peak
(2766 cm™") intensity, reflecting better graphitization and
improved carrier transport properties, which enhance the
overall conductivity and electrocatalytic performance.*® These
peaks indicated the successful incorporation of Cu,S into the
composite structure, facilitating polysulfide redox reactions.
Additionally, the D (~1342 cm™ ") and G (~1576 cm ') bands
confirm rGO formation, with the degree of disorder and sp>
hybridization influencing electron mobility and catalytic
performance.*** The Ip/I; ratio, indicative of the defect density,
was lowest in the 6% CNT@rGO®@Cu,S sample, suggesting
enhanced conductivity due to reduced disorder.*® The lower
defect density facilitates improved electron mobility by
reducing charge scattering and recombination losses,
enhancing the efficiency of charge transport within the counter
electrode. Additionally, the well-ordered carbon structure
promoted faster redox reaction kinetics at the CE/electrolyte
interface, contributing to superior electrocatalytic performance.

FTIR spectroscopy was employed to complement the Raman
and XRD analyses by identifying the functional groups in the
composite materials (Fig. 3). The FTIR spectrum of GO exhibits
characteristic peaks at 1722 ecm™ ' (C=0), 1620 cm™ ' (C=C),
1225 cm ™' (C-0-C), 1050 cm ™" (C-0) and a broad peak at 3200~
3500 cm™ ' (O-H stretching),”” indicating the presence of oxygen
functionalities. Upon reduction to rGO, the intensity of these
oxygen-related peaks decreased significantly, confirming the
successful removal of oxygen groups and restoration of the sp®
carbon network.*® For the CNT@rGO@Cu,S composites, FTIR
analysis revealed a reduction in oxygen functional groups,
which is consistent with the XRD findings that indicate the
reestablishment of graphitic structures. Additionally, the Cu-S
stretching vibration at ~611 cm™' confirms the presence of
Cu,S.** The integration of CNTs within the composite further

———— :
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i 6% CNT/rGO@Cu,S |
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rGO |
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Fig. 3 FT-IR of GO, rGO, CNT and x% CNT/rGO@Cu,S (x = 4, 6, 8)
nanocomposites.
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enhanced the graphitic structure, as evidenced by the intensi-
fied C=C peak (~1625 cm™ "), supporting the improved elec-
tronic conductivity observed in the electrochemical
measurements.*

FESEM analysis provides a comprehensive understanding of
the morphological structure and spatial distribution of the Cu,S
nanoparticles, CNTs, and rGO within the nanocomposites, as
shown in Fig. 4. The micrographs revealed that the Cu,S
nanoparticles exhibited spherical to nanoflower-like structures,
with sizes ranging from 50 to 200 nm, and were uniformly
anchored onto rGO sheets (Fig. 4b). The rGO nanosheets
(Fig. 4a), with lateral dimensions extending to several
micrometers, displayed a wrinkled and layered morphology,
preventing excessive aggregation of Cu,S while maintaining
a high surface area. CNTs, with diameters of 10-30 nm and
lengths extending to several micrometers, form a three-
dimensional conductive network interwoven with rGO, effec-
tively preventing rGO restacking and enhancing charge trans-
port pathways. The variation in CNT content (4%, 6%, and 8%)
significantly influenced the porosity, conductivity, and catalytic

IMS-NKL 5.0kV 5.4mm x10.0k SE(M)
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activity of the composite. The 6% CNT@rGO@Cu,S composite
(Fig. 4d) exhibited an optimal porous architecture, ensuring
efficient electrolyte diffusion, maximum catalytic site exposure,
and enhanced charge transfer. In contrast, the 8% CNT
composite (Fig. 4¢) showed aggregation of CNTs, which blocked
the active sites and hindered electrolyte penetration, thus
reducing electrocatalytic efficiency. The 4% CNT composite
(Fig. 4c), which is more dispersed, lacks sufficient inter-
connectivity between CNTs and rGO, leading to a higher charge
transfer resistance (R.) and lower catalytic activity. These
morphological characteristics directly correlated with the elec-
trochemical performance, where the 6% CNT@rGO@Cu,S
composite achieved the best balance between structural integ-
rity, electrical conductivity, and catalytic efficiency. This
detailed structural analysis highlights the importance of the
CNT content in optimizing the counter electrode performance
of QDSSCs, demonstrating that a well-structured, inter-
connected network is essential for enhancing the charge
mobility and redox reaction kinetics at the CE/electrolyte
interface.

P Bn SRR N -
IMS-NKL 5.0kV 5.4mm x10.0k SE(M)

Fig. 4 FESEM images of (a) rGO, (b) rGO@CuUS,S, (c) 4% CNT/rGO@CuUS,S, (d) 6% CNT/rGO@Cu,S, and (e) 8% CNT/rGO@Cu,S nanocomposites.
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Fig. 5

Fig. 5a and b present TEM images of the CNT@rGO®@Cu,S
nanocomposite, revealing Cu,S nanoflower-like crystalline
particles uniformly embedded within wrinkled rGO sheets and
interwoven with CNTs, forming a conductive network. The
nanoflower morphology of Cu,S, with an estimated size of 50—
200 nm, provides an expanded catalytic surface area, which is
crucial for enhancing electrochemical performance. The TEM
images also indicate that CNTs were well dispersed throughout
the rGO matrix, preventing restacking of the rGO sheets and
facilitating better charge transport pathways. Fig. 5c and
d further confirm these structural characteristics through high-
resolution TEM (HRTEM) imaging, where distinct lattice fringes
are observed: a d-spacing of 0.35 nm, corresponding to the (002)
plane of rGO, indicating well-ordered graphitic stacking. The d-
spacing of 0.352 nm was associated with the (111) plane of Cu,S,
confirming the crystalline nature of the embedded Cu,S nano-
structures. The HRTEM images highlight the successful inte-
gration of Cu,S within the rtGO-CNT framework, demonstrating
a synergistic interaction between the components. The selected
area electron diffraction (SAED) pattern provided valuable
insights into the crystallinity and phase composition of the
CNT@rGO®@Cu,S composite. The presence of distinct diffrac-
tion rings corresponding to the (101), (102), (103), and (110)
planes of Cu,S confirms the successful formation of crystalline
CuS nanoparticles. Additionally, the (200) diffraction ring
associated with CNTs highlights their well-ordered graphitic
structure, indicating their role in enhancing electrical conduc-
tivity. While rGO also exhibits a characteristic (002) diffraction
ring around 0.34-0.35 nm, it may overlap with CNT.
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(a and b) TEM and (c) HRTEM images and (d) SEAD pattern of 6% CNT/rGO@Cu,S nanocomposites.

Energy dispersive X-ray (EDX) mapping and spectrum anal-
ysis are powerful techniques used to characterize the elemental
composition and distribution of the nanocomposites, as shown
in Fig. 6. For the 6% CNT/rGO@Cu,S nanocomposite (Fig. 6e-
h), EDX mapping provides a visual representation of the carbon
(C), copper (Cu), and sulfur (S) distributions across the sample.
Carbon showed a uniform distribution, representing both CNTs
and rGO. Copper and sulfur appeared colocalized, indicating
the presence of Cu,S. In addition, areas with higher carbon
concentrations may indicate the presence of CNT clusters. The
carbon peak intensity is significant because of the presence of
CNTs and rGO. Moreover, the ratio of the Cu to S peaks should
be approximately 2:1, reflecting the Cu,S stoichiometry.
Comparing rGO@Cu,S (Fig. 6i) and 6% CNT/rGO@Cu,S
(Fig. 6j), the increased carbon atomic percentage in the latter
reflects the contribution of CNTs, which improves electron
mobility, prevents rGO restacking, and enhances Cu,S disper-
sion. This structural optimization results in superior electro-
chemical and photovoltaic performances, demonstrating the
synergistic role of CNTs in enhancing the counter electrode
functionality for high-efficiency QDSSCs.

Fig. 7 shows the high-resolution XPS spectra of the 6% CNT/
rGO@Cu,S composite: (a) Cu 2p, (b) S 2p, (c) C 1s, (d) O 1s, and
(e) the survey spectrum. In Fig. 7a, the Cu 2p spectrum displays
prominent peaks at ~932.4 eV (Cu 2ps/,) and ~952.3 eV (Cu
2p4/,), characteristic of Cu’ in Cu,S, with minimal satellite
features, indicating negligible Cu®>" contamination.* Fig. 7b
shows the S 2p spectrum with a doublet at ~161.8 eV (S 2pa/,)
and ~163.0 €V (S 2p,/,), confirming the presence of S*~ species

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 EDX element mapping image of (a) carbon (C), (b) oxygen (O), (c) sulphur (S), (d) copper (Cu) of rGO@Cu,S CE, (e) carbon (C), (f) oxygen
(O), (g) sulphur (S), (h) copper (Cu) of 6% CNT/rGO@Cu,S, and atomic percentage of elements (i), of rGO@Cu,S, and (j) 6% CNT/rGO@Cu,S.

consistent with copper(i) sulfide.” The C 1s spectrum (Fig. 7c)
shows a dominant peak at ~284.6 eV, corresponding to sp’-
hybridized carbon (C-C/C=C), which is a clear signature of
carbon nanotubes (CNTs) and rGO. Besides, two peaks at
~286.2 eV (C-0) and ~288.4 eV (O-C=0), indicating partial
reduction of GO and effective integration of CNTs.**** The
deconvoluted O 1s spectrum reveals three primary components
centered at ~531.8 eV (C=0), ~532.9 eV (C-0), and ~530.1 eV
(Cu-0).*+* The C=0 and C-O peaks arise from the residual
oxygenated functional groups on rGO and CNTs (Fig. 7d). The
Cu-O component suggests partial surface oxidation of Cu,S
during synthesis or post-treatment exposure or possible inter-
facial Cu-O-C coordination with oxygen-containing groups in

© 2025 The Author(s). Published by the Royal Society of Chemistry

the carbon matrix. This interfacial bonding may enhance
nanoparticle anchoring and contribute to the improved charge
transfer across the composite interface. The survey spectrum in
Fig. 7e confirms the elemental presence of Cu, S, C, and O, thus
validating the structural integrity of the composite.

3.2 Electrochemical characterization

Cyclic voltammetry (CV) was performed to assess the electro-
catalytic activity of the synthesized counter electrodes (CEs) in
facilitating the polysulfide redox reaction $*>7/S,,>~ in QDSSCs
(Fig. 8). The electrochemical measurements were conducted in
a three-electrode setup using Pt and Ag/AgCl electrodes, within
0.1 M S, 0.1 M Na,$S, and 0.1 M KCl, at a scan rate of 10 mV s~ *.
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Fig. 7 (a) Cu 2p of (b) S 2p, (c) C 1s, (d) O 1s, and (e) XPS survey spectrum high resolution of 6% CNT/rGO@Cu,S.

The recorded CV curves displayed two key peaks: (1) an anodic  the redox activity of the system. As shown in Fig. 8a, the x%
peak corresponding to the oxidation of S,™ and (2) a cathodic CNT/rGO@Cu,S nanocomposite exhibited a significantly
peak associated with the reduction of S,>~ to 8>, confirming higher cathodic current density than the rGO- and Cu,S-based
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Fig. 8 (a) CV plots measured in 0.1 M S, 0.1 M Na,S, and 0.1 M KCl using a three-electrode setup at 10 mV s~* scan rate; (b) Tafel polarization of

rGO, rGO@Cu,S and x% CNT/rGO@Cu,S (x = 4, 6, 8) CEs.

electrodes, indicating enhanced electrocatalytic capability for
polysulfide reduction. Among the tested compositions, the 6%
CNT/rGO@Cu,S electrode displayed the highest cathodic
current density (6.72 mA cm ™ ?), attributed to optimized synergy
between CNTs, rGO, and Cu,S. The superior electrocatalytic
performance of this composite was attributed to the integration
of CNTs within the rGO matrix, which played a crucial role in
establishing a highly conductive 3D framework. This inter-
connected network prevented rGO restacking, enhanced charge
mobility, and ensured improved electrolyte penetration, all of
which are essential for efficient catalytic activity. Moreover, the
presence of the Cu,S nanoparticles further enhanced the elec-
trocatalytic efficiency by providing abundant active sites for the
polysulfide redox reaction. The synergistic interaction between
CNTs, rGO, and Cu,S not only accelerated the charge transfer
kinetics but also improved the structural stability and mini-
mized resistive losses.

Besides, the onset potential for reduction in the CV curves of
6% CNT@rGO®@Cu,S shifted more positively compared to rGO
and rGO@Cu,S, indicating that its Fermi level is better aligned
with the redox potential of the S, /Sn>~ couple (4.6-4.7 €V vs.
vacuum).*®*

Er = —(Eopset + 4.44 + 0.197) (for vacuum)

This alignment facilitates more efficient electron injection
from the counter electrode into the electrolyte, thereby
enhancing the charge transfer kinetics and reducing the over-
potential losses. The Fermi level of the counter electrode should
be close to or slightly above the redox potential of the electrolyte
to promote fast electron transfer. The 6% CNT/rGO@Cu,S
electrode has a Fermi level of —4.157 eV, which is closest to the
redox potential of the polysulfide couple (—4.6 eV) among all
tested CEs (Table 1).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 1 Onset potential and Fermi level of rGO, rGO@Cu,S, and x%
CNT/rGO@Cu,S (x = 4, 6, 8) CEs

Fermi level
(eV vs. vacuum)

Onset potential

Counter electrode (V vs. Ag/AgCl)

rGO —0.23 —4.407
rGO@Cu,S —0.30 —4.337
4% CNT/rGO@Cu,S —0.37 —4.267
6% CNT/rGO@Cu,S —0.48 —4.157
8% CNT/IGO@Cu,S —0.42 —4.217

The electrocatalytic properties of the synthesized counter
electrodes (CEs) were further examined using Tafel polarization
measurements, as shown in Fig. 8b. The Tafel plot was char-
acterized by three distinct regions: (1) the polarization region at
low potential, (2) the Tafel region with a steep slope at the
intermediate potential, and (3) the diffusion region at a higher
potential. The Tafel and diffusion zones are particularly rele-
vant for assessing the electrocatalytic efficiency of the elec-
trodes. The exchange current density (J,), a key indicator of the
catalytic activity, was determined by extrapolating the inter-
section points of the anodic and cathodic branches in the Tafel
plots. Additionally, the limiting current density (Jji,), which
signifies the mass transport limitations, was obtained from the
vertical axis in the diffusion region. Among all the samples, 6%
CNT/rGO@Cu,S exhibited the highest J, (0.192 mA cm™?),
confirming its rapid charge transfer kinetics. The trend in
electrocatalytic performance followed the order 6% CNT/
rGO@Cu,S > 4% CNT/rGO@Cu,S > 8% CNT/rGO@Cu,S >
rGO@Cu,S > rGO (Table 2). The enhanced performance of the
6% CNT/rGO@Cu,S electrode was attributed to its optimized
CNT-to-rGO ratio, which facilitated a well-distributed 3D
conductive framework that promoted efficient electron transfer.
While the 4% CNT composition exhibited slightly lower

RSC Adv, 2025, 15, 14463-14476 | 14471
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Table 2 Comparative current density parameters of rGO, rGO@Cu,S and x% CNT/rGO@Cu,S (x = 4, 6, 8) CEs

Cathodic peak current density

Exchange current density Jo Limiting current density Jjim

Counter electrode (CV, mA cm™?) (Tafel, mA cm™?) (EIS, mA cm™?)
rGO 2.56 0.082 3.18
rGO@Cu,S 4.01 0.129 4.23
4% CNT/rGO®@Cu,S 5.18 0.165 5.27
6% CNT/rGO@Cu,S 6.72 0.192 6.09
8% CNT/rGO@Cu,S 5.91 0.143 5.47

catalytic activity, the 8% CNT sample showed a decline owing to
possible CNT agglomeration, which could hinder active site
accessibility and charge transport.

Moreover, the J, value of the CE can be used to demonstrate
the charge transfer resistance (Re.rafe;) at the CE/electrolyte
interface, as shown in eqn (1):

RT

Jo=
nF Rcl-Tafel

1)
where R is the gas constant, n is the number of electrons
contributing to charge transfer at the interface, T is the
temperature, and F is Faraday's constant.

A higher J, corresponded to a lower R, indicating a faster
electron transfer rate and improved catalytic efficiency. These
findings confirm that CNT incorporation plays a crucial role in
enhancing electrocatalytic performance, with 6% CNT/
rGO@Cu,S achieving the most effective balance between
conductivity, active site exposure, and electrolyte interaction.

The limiting current density (Ji), which reflects the diffu-
sion of ionic species at the counter electrode (CE)/electrolyte
interface, is directly related to the diffusion coefficient (D) of
S, 7/S*~, as described by eqn (2):

2nFCD

Jiim = ] (2)

where D represents the diffusion coefficient of polysulfides, and
the other parameters have conventional meanings. As illus-
trated in Fig. 9b, the 6% CNT@rGO@Cu,S CE exhibited
a significantly higher Jj, (6.09 mA cm ?) than the rGO and
rGO@Cu,S electrodes. This suggests an enhanced ionic diffu-
sion rate at the CE/electrolyte interface, which leads to
improved reaction kinetics in the polysulfide electrolyte. The
higher Jiim, value of 6% CNT@rGO@Cu,S can be attributed to
the increased S,”>” concentration, which correlated with the
enhanced catalytic activity for polysulfide reduction. This
improvement likely results from the synergistic effect of CNTs
and Cu,S, which collectively enhances the charge transfer and
electrocatalytic efficiency.

To further evaluate and compare the electrocatalytic activi-
ties of the various counter electrodes (CEs), we compiled key
current density values obtained from cyclic voltammetry (CV),
Tafel polarization, and electrochemical impedance spectros-
copy (EIS) (Table 2). The 6% CNT@rGO@Cu,S electrode
exhibited the highest cathodic peak current density (6.72 mA
cm?), the largest exchange current density J, (0.192 mA cm™2),
and the greatest limiting current density Ji, (6.09 mA cm™?),
confirming its superior charge transfer and catalytic efficiency.
These results directly correlate with the structural advantages
observed in FESEM, XRD, and Raman analyses, where 6% CNT
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Fig.9 (a) J-V curves, (b) Nyquist plots of QDSSCs based on rGO, rGO@Cu,S, and x% CNT/rGO@Cu,S (x = 4, 6, 8) CEs measured with polysulfide

electrolyte (0.1 M S, 0.1 M Na,S, and 0.1 M KCl), fitted equivalent circuit model shown inset.
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Table 3 Photovoltaic and electrochemical performance parameters of QDSSCs based on rGO, rGO@Cu,S, and x% CNT/rGO@CusS (x = 4, 6,
and 8) CEs. Each value represents the meaning of the three independently fabricated devices

CEs Voe (V) Jse (mA em™?) FF Rea (Q) PCE (%)

rGO 0.480 + 0.046 10.622 + 0.1 0.492 + 0.004 235.6 £ 2.4 2.511 + 0.07
rGO@Cu,S 0.540 £ 0.052 21.157 £ 0.2 0.484 £ 0.004 36.90 £ 0.35 5.322 £+ 0.14
4% CNT@rGO@Cu,S 0.540 + 0.054 21.872 + 0.2 0.475 £ 0.004 30.20 £+ 0.30 5.408 + 0.12
6% CNT@rGO@Cu,S 0.540 £ 0.056 23.299 £+ 0.3 0.464 £ 0.004 24.05 £+ 0.24 5.965 + 0.11
8% CNT@rGO@Cu,S 0.540 + 0.054 22.165 + 0.2 0.484 + 0.004 28.62 + 0.28 5.575 £ 0.12

loading enabled optimal dispersion, minimal agglomeration,
and maximized exposure of electroactive sites. The increasing
trend in current density with CNT incorporation up to 6%
clearly demonstrates the critical role of CNTs in enhancing
electron transport pathways and facilitating redox reaction
kinetics, whereas the slight decline at 8% CNT may be attrib-
uted to CNT aggregation, which reduces electrolyte accessibility
and catalytic surface area.

3.3 Photovoltaic performance of QDSSCs

The photovoltaic performance of the QDSSCs employing
different counter electrodes (CEs) was evaluated under AM 1.5G
simulated solar illumination (100 mW cm™?), with the corre-
sponding /-V characteristics presented in Fig. 9a and the key
photovoltaic parameters summarized in Table 3. The 6%
CNT@rGO@Cu,S-based QDSSCs exhibited the highest power
conversion efficiency (PCE) of 5.96%, outperforming 8%
CNT@rGO@Cu,S (5.57%), 4% CNT@rGO@Cu,S (5.41%),
rGO@Cu,S (5.32%), and pure rGO (2.51%). These results
highlight the critical role of CNT incorporation in enhancing
the charge transport and catalytic activity. The increase in short-
circuit current density (Js.) for 6% CNT@rGO@Cu,S is attrib-
uted to the formation of a well-interconnected conductive
network, which minimizes charge recombination losses and
facilitates rapid electron transport. Additionally, CNTs pre-
vented rGO restacking, improved electrolyte diffusion, and
maximized the exposure of active Cu,S catalytic sites. The open-
circuit voltage (V,.) remained relatively stable across all
samples, with slight variations due to differences in the charge
recombination rates and Fermi level alignment at the CE/
electrolyte interface. The superior J,. and PCE observed for

6% CNT@rGO®@Cu,S are supported by electrochemical anal-
yses, where cyclic voltammetry (CV) confirms higher cathodic
peak current density, electrochemical impedance spectroscopy
(EIS) reveals lower charge transfer resistance (R..), and Tafel
polarization analysis indicates increased exchange current
density (Jo), all of which contribute to enhanced redox reaction
kinetics.

The electrochemical impedance spectroscopy (EIS) results
presented in Fig. 9b display Nyquist plots of QDSSCs employing
various counter electrodes, modeled using an equivalent circuit
consisting of a series resistance, two charge-transfer resis-
tances, and the charge transfer resistance (R.) at the counter
electrode (CE) of QDSSCs using different composite electrodes,
R., at the photoanode/electrolyte interface, and constant-phase
elements (CPEs) representing the interfacial capacitance.
Among these, this study focus is on (R.y), which governs the
electron transfer kinetics at the counter electrode—directly
reflecting the catalytic efficiency of the CNT@rGO®@Cu,S
composites The Nyquist plots exhibit a decreasing semicircle
diameter with the incorporation of Cu,S and CNTs into the rGO
matrix, indicating enhanced charge-transfer kinetics at the
electrode/electrolyte interface. The pristine rGO sample
exhibited the highest R.; value, suggesting poor catalytic
activity and interfacial conductivity. The introduction of Cu,S
significantly reduced R, which is attributed to the improved
electrocatalytic activity and electron mobility of Cu,S. The
addition of CNTs further enhances the conductivity by facili-
tating electron transport pathways, as evidenced by the reduced
semicircle diameter, with the 6% CNT/rGO@Cu,S composition
exhibiting the lowest resistance, signifying optimal synergy.

A comparative analysis of various CNT- and rGO-based
counter electrodes (CEs) in QDSSCs revealed key trends in

Table 4 Comparison of CNT- and rGO-based counter electrodes in QDSSCs

Counter electrode (CE) Synthesis method Sensitizer(s) Jee(mMAcem™) V.. (V) FF PCE (%) Ref.
CNT@rGO®@Cu,S (6% CNT) Hydrothermal synthesis Cds/CdSe 23.299 0.540 0.464 5.965 This work
CNT@rGO@MoCuSe Two-step hydrothermal Cds/CdSe 20.540 0.633 0.636 8.280 48
S-doped rGO@CNT Hydrothermal doping Cds/CdSe/ZnS 19.290 0.630 0.470 5.700 44
CNT@NiS Solution deposition Cds/CdSe 17.530 0.595 0.595 6.410 49
CNT@CoS Solution deposition Cds/CdSe 16.140 0.588 0.578 5.780 49
CNT@CuS Solution deposition Cds/CdSe 14.500 0.581 0.581 5.050 49
CNT@PbS Solution deposition Cds/CdSe 12.500 0.578 0.578 4.270 49
N,S doped rGO@CNT Doctor blade CdS/ZnS/N,S:rGO/CNT  12.11 0.609 0.548 4.040 45
N-MC:CNT Sonicate + screen printing ~ ZnCulnSSe/ZnS 27.820 0.828 0.720  16.680 50
B doped CNT Hydrothermal Cds/CdSe 17.400 0.52 0.520 4.550 22
Pt CE (reference for QDSSCs)  Standard deposition Cds/Cdse 10.430 0.595 0.316 1.960 48

© 2025 The Author(s). Published by the Royal Society of Chemistry
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power conversion efficiency (PCE), charge transport properties,
and catalytic activity (Table 4). The integration of CNTs with
rGO and metal sulfides offers a promising approach for devel-
oping high-performance CEs for QDSSCs. The synergistic
effects of these materials lead to enhanced charge mobility,
catalytic activity, and electrolyte interaction, ultimately
improving photovoltaic performance.

4 Conclusions

This study successfully developed a CNT@rGO®@Cu,S
composite counter electrode (CE) for QDSSCs, demonstrating
superior electrocatalytic performance, enhanced charge trans-
port, and improved photovoltaic efficiency compared with
conventional CEs. Comprehensive structural and spectroscopic
analyses (Raman, FTIR, FESEM, and HRTEM) confirmed the
successful integration of CNTs, rGO, and Cu,S into the well-
engineered nanocomposite. Raman spectroscopy revealed
a reduced Ip/Ig ratio in the 6% CNT@rGO@Cu,S composite,
indicating improved graphitization and enhanced charge
transport properties. FTIR analysis verified strong interfacial
bonding within the composite, contributing to structural
stability and efficient electron mobility. FESEM imaging showed
that CNTs formed an interconnected network that prevented
rGO restacking, while Cu,S nanoparticles were uniformly
dispersed, providing increased electrochemically active sites.
HRTEM analysis confirmed the crystallinity of Cu,S and rGO,
highlighting well-defined lattice fringes that enhanced the
charge transfer at the CE/electrolyte interface. Electrochemical
characterization (CV, Tafel, and EIS) demonstrated significant
improvements in charge-transfer kinetics and catalytic activity.
The 6% CNT@rGO@Cu,S composite exhibited the highest
cathodic peak current density in CV, the highest exchange
current density (J,) in Tafel analysis, and the lowest charge
transfer resistance (R.y) in EIS, confirming its superior elec-
trocatalytic properties. These enhancements translated into an
impressive power conversion efficiency (PCE) of 5.965% in
QDSSCs, outperforming rGO@Cu,S (5.322%) and Pt-based CEs
(1.960%).
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