lonics (2025) 31:3559-3573
https://doi.org/10.1007/5s11581-025-06118-2

RESEARCH q

Check for
updates

Sustainable coconut shell charcoal counter electrodes for efficiency
enhancement in CdS quantum dot solar cells

M. A. K. L. Dissanayake' - A. K. Karunaratne' - G. K. R. Senadeera'> - T. M. W. J. Bandara®* - G. R. A. Kumara’ -
A.D.T.Medagedara' - J. M. K.W. Kumari' - I. Albinsson’ - B.-E. Mellander® - M. Furlani® - N. B. Chaure’ - O. I. Olusola®

Received: 16 October 2024 / Revised: 31 December 2024 / Accepted: 26 January 2025 / Published online: 5 February 2025
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2025

Abstract

The use of activated coconut shell charcoal (ACSC) was explored as a cost-effective and viable alternative to platinum (Pt)
counter electrodes (CE) in CdS quantum dot—sensitized solar cells (QDSSCs). The photovoltaic performances of QDSSCs
with newly fabricated ACSC CEs by spraying method and Pt CEs were evaluated using current density—voltage measure-
ments under 100 mWem™? light illumination. While the QDSSC with a Pt CE showed an efficiency of 1.26%, the QDSSC
with an ACSC CE, with an optimal thickness of 25 pm, corresponding to a spray time of 60 s, showed an efficiency of
2.93%, demonstrating a more than two-fold increase in the efficiency. The physicochemical parameters of ACSC CEs were
analyzed using FTIR, Raman, X-ray diffraction, cyclic voltammetry (CV), and Tafel characterization. CV, Tafel, and elec-
trochemical impedance (EIS) analysis confirmed the superior electrocatalytic activity of the ACSC CE compared to the Pt
CE for QDSSCs. The efficiency enhancement can be attributed to the increased photocurrent density due to the superior
electrocatalytic activity of ACSC, which promotes efficient polysulfide reduction at the electrolyte/counter electrode inter-
face. The porous nature of ACSC provides an increased specific surface area, facilitating redox reactions and improving the
interaction between the electrolyte and the counter electrode. Additionally, the enhanced charge transfer capabilities of the
ACSC-based counter electrode contribute to efficient electron transport and reduced recombination losses. These properties
collectively optimize the cell’s performance by ensuring effective energy conversion. Consequently, ACSC is emerging as
a promising novel material for counter electrodes in QDSSCs.

Keywords CdS quantum dot—sensitized solar cells - Counter electrodes - Activated coconut shell charcoal - Efficiency
enhancement

Introduction

Since 1989, when Burnham and Diggan conducted their ini-
tial study on quantum dot-sensitized solar cells (QDSSC)
[1], scientists have gained increasing attention on using these
solar cells in the renewable energy sector. The interest stems
from the exceptional properties of quantum dots (QDs),
which include a strong response to visible light photons,
tunable bandgaps, and optical properties by controlling size,
as well as their ability of multiple exciton generation (MEG)
[2]. The typical structure of a QDSSC has a QD-sensitized
semiconducting photoanode, usually a thin film of TiO,, and
a counter electrode sandwiched with an electrolyte contain-
ing a sulfide-based redox couple. The nanostructure of TiO,
plays a significant role in the performance of QDSSCs, as it
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acts as a suitable electron transport layer, ensuring efficient
charge separation and collection. Among the quantum dots
available, CdS has received a great deal of attention due
to its bandgap of 2.42 eV, which lies in the visible spec-
trum. In addition, the position of the energy level of the
conduction band of the CdS is slightly higher than that of the
TiO,, thus enhancing the electron transfer from the CdS to
TiO,. Among the different deposition methods available for
fabricating QDs, the sequential ionic layer adsorption and
reaction or the SILAR method has emerged as a promising
method used for the deposition of semiconductor quantum
dots because of its effectiveness and lower cost compared
to other techniques. The SILAR method involves repeated
cycles of dipping a substrate into cationic and anionic pre-
cursor solutions, separated by rinse steps to prevent cross-
contamination. Each cycle adds an atomic or molecular
layer to the film, enabling precise control over the CdS film
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thickness and composition. The composition and the con-
centration of the precursor solution have a close relationship
with the nature of the QDs, and by adjusting the deposition
cycles, the SILAR approach allows us to regulate the load-
ing quantity and the crystallite sizes of CdS QDs. Because
of the quantum confinement effect of the QDs, hot electrons
can be used to produce numerous electron—hole pairs by the
impact ionization effect. This allows one to modify the opti-
cal characteristics and the band gap of a QD by simply vary-
ing its size. The high value of the extinction coefficient of
QD sensitizers, which is expected to lower the dark current
and raise a solar cell’s overall efficiency, is another advan-
tage over traditional dyes which are used to sensitize the
photoanode in dye-sensitized solar cells (DSSCs). However,
compared to traditional Ru dye-based DSSCs, comparatively
fewer investigations have been reported on QDSSCs to date,
and the reported efficiencies are still very low and far from
commercialization of these devices.

Normally, the QDSSCs operating under concentrated sun-
light can have a maximum theoretical conversion efficiency
of up to 66% [2]. In practice, however, certified power con-
version efficiency (PCE) values for QDSSCs have improved
from 5 to 14.4% over the past several years [3] with various
modifications applied to these QDs and devices. However,
the efficiencies still remain low in QDSSCs fabricated with
a single type of quantum dots (QDs). The recent impres-
sive advancements in engineering photoanodes for enhanced
efficiencies in these QDSSCs have simulated revisiting the
other major component of the solar cell, namely the counter
electrode.

To achieve higher efficiencies in QDSSCs, the CE must
satisfy several conditions. The CE should have a high elec-
trocatalytic activity to effectively catalyze the reduction of
polysulfide species to the polysulfide anions. It should be
photostable and chemically compatible with the polysulfide
electrolyte without dissolving in it. The work function of
the CE should be in the range of 4.3-5.3 eV. Additionally, it
should be non-toxic, inexpensive, and abundant [4]. Some
materials that fulfill these criteria include metal sulfides
such as NiS, CoS, and CuS [5] and conducting polymers
such as poly(pyrrole), polythiophene (PT), and poly(3,4-
ethylenedioxythiophene) (PEDOT) [6]. Moreover, noble
metals such as Pt and Au [7] and graphite nanostructures
such as reduced graphene oxide and multi-walled carbon
nanotubes [8—10] have been successfully employed as CEs
in QDSSCs. Among these materials, Pt has been extensively
used as the CE in QDSSCs. Most Pt-based CEs are prepared
by electrochemical deposition or sputtering of platinum.
These methods are expensive, and the fabrication processes
are highly energy-consuming. Moreover, Pt is an expensive
noble metal, which limits the large-scale commercial appli-
cation of QDSSCs. Even though Pt is commonly used, it also
has some drawbacks as a CE in QDSSCs with sulfide-based
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electrolytes, such as chemical adsorption and corrosion of
the Pt electrode [11]. Therefore, exploring alternative sub-
stitutes for Pt is crucial. One of the most viable and low-
cost approaches is to replace Pt with abundant, non-precious
materials such as graphite, graphite-based materials, or other
carbon-based materials [7].

Carbon-based materials, including graphite, graphite-
based composites, and activated coconut shell charcoal
(ACSC), have garnered significant attention as sustain-
able and cost-effective alternatives to traditional electrode
materials in electrochemical power sources. These materi-
als offer exceptional properties such as high electrical con-
ductivity, high electrocatalytic activity, chemical stability,
and tunable porosity, making them suitable for applications
in batteries, supercapacitors, and dye-sensitized solar cells
(DSSCs). Graphite and its derivatives, such as graphene,
provide excellent electron transport capabilities and struc-
tural integrity, enabling high performance in energy stor-
age and conversion systems. Similarly, ACSC, derived from
renewable coconut shells, combines a high specific surface
area with superior electrocatalytic activity and electrical
conductivity, ensuring efficient charge transfer and enhanced
energy efficiency. Together, these carbon-based materials
hold immense potential for advancing sustainable energy
technologies while addressing the cost and scalability chal-
lenges of conventional electrode materials.

The rising demand for cost-effective and sustainable
materials in electrochemical applications has driven sig-
nificant research into alternatives to platinum, a commonly
used but expensive and scarce material. Activated coconut
shell charcoal (ACSC) has emerged as a promising candi-
date due to its unique properties, including high specific
surface area, excellent electrical conductivity, and superior
electrocatalytic activity. These characteristics make ACSC
an attractive material for various applications such as fuel
cells, dye-sensitized solar cells (DSSCs), supercapacitors,
and batteries.

ACSC is derived from an abundant and renewable agri-
cultural byproduct, coconut shells, making it an environ-
mentally friendly and economically viable option. Through
activation processes, the surface area and porosity of the
material are significantly enhanced, providing more active
sites for electrochemical reactions. Additionally, its high
electrical conductivity ensures efficient electron transport,
a critical requirement for electrodes in energy conversion
and storage devices. Studies have demonstrated that carbon-
based materials, including ACSC, exhibit competitive cata-
Iytic performance in reactions such as the oxygen reduction
reaction (ORR), a key process in fuel cells, and the iodide/
triiodide redox reaction in DSSCs, thus presenting a viable
alternative to platinum [7, 12-14].

Furthermore, the cost of producing ACSC is substantially
lower than that of platinum, and its utilization aligns with
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global efforts to reduce reliance on critical raw materials.
By leveraging the intrinsic properties of ACSC, researchers
aim to develop high-performance, low-cost electrochemi-
cal systems that support the transition to sustainable energy
technologies. This paper investigates the potential of ACSC
as a substitute for platinum, focusing on its electrocatalytic
performance, structural characteristics, and practical appli-
cations in electrochemical systems.

Among carbon-based materials, activated charcoal (AC)
mainly comprises carbon atoms arranged in aromatic sheets
that are randomly cross-linked. Additionally, it may con-
tain heteroatoms such as oxygen, nitrogen, sulfur, or hydro-
gen, depending on the raw material used and the physical
or chemical treatments applied. The irregular arrangement
of these aromatic sheets creates a solid structure with free
spaces between them.

Any carbonaceous material with a high carbon concentra-
tion, whether of animal, plant, or mineral origin, can be con-
verted into activated charcoal. Common raw materials used
for manufacturing activated charcoal include wood, char-
coal, nutshells, bone, and synthetic polymers like polyvinyl
chloride (PVC). It has been reported that the highest-quality
AC can be derived from coconut shells and apricot pits [15].
AC is typically produced through two primary processes:
physical or gas activation and chemical activation. The
selection of the activation method depends on the starting
material and the desired carbon density, whether granular or
powdered. In the chemical process, both carbonization and
activation occur simultaneously.

This study illustrates the potential of using low-cost, sus-
tainable materials, such as activated coconut shell charcoal,
to create effective counter electrodes for QDSSCs. This
approach not only offers a cost-effective and eco-friendly
alternative to traditional platinum electrodes but also
improves the overall performance and sustainability of solar
energy conversion. The reported efficiency of 2.98% in this
study highlights the potential of using ACSC to reduce the
cost of solar energy conversion, while utilizing abundant and
environmentally sustainable resources.

Materials and methods
Materials

Activated coconut shell charcoal (ACSC), polyvinylpyrro-
lidone (BDH, England), and isopropanol were used as the
initial materials to prepare the counter electrodes. For the
TiO, photoanodes, fluorine-doped tin oxide (FTO) conduct-
ing glass substrates (8 Qcm™2, Solaronix), titanium dioxide
P90 powder (Evonik, Germany), titanium dioxide P25 pow-
der (Degussa), polyethylene glycol (99.8%, Sigma-Aldrich),
Triton X-100 (Sigma-Aldrich), and cadmium(II) chloride

(99.99%, Sigma-Aldrich) were utilized as received without
further purification. Additionally, potassium chloride (99%,
BDH), sodium sulfide hydrate (> 60%, Sigma-Aldrich),
and sulfur were used as received to prepare the polysulfide
electrolyte.

Preparation of the photo-anode

FTO plates (1 cm X2 cm) were cleaned according to the
standard procedure [16]. To deposit the less porous, com-
pact TiO, films on the FTO substrates, a paste was pre-
pared by mixing 0.25 g of TiO, P90 powder with 1 mL of
0.1 M HNO; and grinding it until a creamy consistency was
achieved. This paste was then applied to the conducting side
of the FTO glass using spin coating at 3000 rpm for 1 min.
The electrodes were subsequently sintered at 450 °C for
45 min and then cooled to room temperature.

To fabricate the porous second TiO, layer, 0.25 g of TiO,
P25 powder was ground with 1.0 ml of 0.1 M HNO;. Then,
0.02 g of Triton X-100 surfactant was added to prevent the
aggregation of TiO, particles [17]. Finally, 0.05 g of PEG
2000 was incorporated into the paste, and the mixture was
ground until it reached a creamy consistency. The P25 layer
was then applied on top of the previously prepared P90 layer
using the “doctor blade”” method. The FTO/TiO, P90/TiO,
P25 electrodes were sintered at 450 °C for 45 min, after
which they were allowed to cool gradually. The effective
area of all QDSSCs was adjusted to 0.25 cm? by removing
any excess material.

Deposition of CdS quantum dots

The CdS quantum dots (QDs) were grown on the previously
prepared TiO, electrodes using the SILAR method. Aque-
ous solutions of 0.1 M CdCl, and 0.1 M Na,S were used as
the cationic and anionic precursor solutions, respectively.
The mesoporous TiO, electrode was first immersed in the
cationic solution, allowing cadmium(II) ions to adsorb onto
the substrate’s surface. To remove any unabsorbed ions, the
substrate was rinsed with distilled water for 10 s. Next, the
substrate was dipped in the anionic precursor solution, where
sulfur ions react with the adsorbed cadmium ions. After-
ward, the substrate was again rinsed with distilled water for
10 s to remove loosely bound ions, completing one SILAR
cycle for CdS QD deposition. The dipping time for each pre-
cursor solution was kept constant at 1 min. The size of the
CdS QDs is determined by the concentration of the precursor
solutions, dipping duration, and the number of SILAR cycles
[18]. In this study, the quantum dot size was controlled by
adjusting the number of SILAR cycles while fixing the other
parameters constant.
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Preparation of activated coconut shell charcoal
(ACSC)-based counter electrodes

The preparation of ACSC was carried out following the
method outlined by Medagedara et al. in 2022 [19]. In brief,
cleaned coconut shells were combusted in a metal chamber
until the flames, produced by the volatile materials, became
incandescent. Once the shells were sufficiently burned, they
were immersed in distilled water to quench them. After
quenching, the coconut shells were heated in a box furnace
at 900 °C for 20 min. The hot charcoal was then transferred
to a tank containing distilled water for cooling. Finally, after
removing the cooled charcoal from the tank, it was dried and
ground into a fine powder [19].

The ACSC suspension was prepared by combining 0.5 g
of ACSC powder, 0.05 g of polyvinylpyrrolidone (PVP),
and 8.0 ml of isopropanol (IPA). This mixture was ground
in an agate mortar for 10 min and then ultrasonicated for
10-15 min. The resulting dispersion was sprayed onto a
cleaned FTO glass, covering a 1.0 cm X 2.0 cm area, using a
spray gun as described in the reference [20], while the glass
was placed on a hot plate set at 150 °C. The ACSC-coated
glass was subsequently sintered in air at 350 °C in a furnace
for 20 min.

Preparation of the solution electrolyte

To fabricate the QDSSCs, an electrolyte solution was used
with either Pt or ACSC as the counter electrode. The poly-
sulfide electrolyte solution was prepared as follows: sulfur
(2 M), 2 M Na,S, and 0.2 M KC1 were dissolved in a 3:7
(v/v) mixture of deionized water and methanol. This mixture
was stirred continuously for 3 h before being used as the
electrolyte in QDSSCs.

Characterization

For the structural characterization of the prepared ACSC
counter electrode, Fourier transform infrared (FTIR) spec-
tra were recorded using a Bruker Alpha FTIR spectrometer,
covering the wavelength range from 400 to 4000 cm™!. The
X-ray diffraction (XRD) pattern of the ACSC powder was
obtained with the Bruker D8 advanced eco X-ray diffrac-
tion system, where data were collected with a step interval
of 0.2° in the 260 range of 5 to 80°. Raman spectroscopic
measurements were performed in order to evaluate the
crystallinity, graphitization, and the degree of disorder of
the ACSC electrode. For the morphological characteriza-
tion of the ACSC counter electrode surface, as well as for
determining the thickness of the counter electrode, scanning
electron microscopy (SEM, Zeiss) was used. Each QDSSC
was characterized by current—voltage measurements under
100 mW cm™2 illumination, using an AM 1.5 spectral filter
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and a Keithley 2400 computer-controlled multimeter, with
an effective cell area of 0.25 cm?. Incident photon to cur-
rent efficiency energy (IPCE) measurements were carried
out with an experimental setup involving monochromatic
light illumination from a Bentham PVE 300 unit, equipped
with a TMC 300 monochromator-based system and a 150-W
xenon arc lamp, covering wavelengths from 300 to 1100 nm.
A calibrated Si photodetector (type DH) was used as the
reference.

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted using a Metrohom Autolab poten-
tiostat/galvanostat (Metrohm Autolab PGSTAT 128N)
equipped with an FRA 32 M module, covering the frequency
range from 0.01 Hz to 1 MHz. Nyquist plots of each QDSSC
were analyzed by fitting the data to an equivalent circuit
model using NOVA 1.11 software, and the EIS parameters
of ACSC and Pt counter electrodes (CEs) were determined
and compared. To study and compare the electrochemical
behavior of ACSC and Pt CEs, cyclic voltammetry (CV)
measurements, EIS analysis, and Tafel analysis were per-
formed. Cyclic voltammograms of both CE types were
recorded in a polysulfide-based liquid electrolyte at a scan
rate of 20 mV s~!, with a sweep potential ranging from — 1.0
to+1.0 V. The Ag/AgCl electrode served as the reference,
while a Pt rod was used as the counter electrode. ACSC
and sputtered Pt CEs were used as working electrodes, each
with an active area of 1.00 cm?. EIS and Tafel analyses were
conducted on the two counter electrodes separately using
symmetrical dummy cells, which were constructed with
two identical electrodes, each having an active area of 1.00
cm?, to investigate the charge transfer process at the CE/
electrolyte interface. These tests were performed in the dark
using the same Metrohom Autolab potentiostat/galvanostat
(Metrohm Autolab PGSTAT 128N).

Results and discussion
Structural analysis

The FTIR spectra of ACSC, as shown in Fig. 1, reveal nota-
ble structural characteristics. The broad absorption band
at 3433 cm™! is associated with the stretching vibration
of the OH functional group [21]. Additionally, a distinct
absorption band at 1642 cm™ corresponds to N-H bending
vibrations, which is typical of mesoporous activated char-
coal [21]. Smaller peaks are also observed at 1392 cm™!
and 1119 cm™!. The peak at 1392 cm™! is attributed to C-O
stretching, while the peak at 1119 cm™ corresponds to C-H
wagging [21]. The FTIR data obtained in this study closely
align with results from other research groups, further con-
firming the presence of ACSC [22].



lonics (2025) 31:3559-3573

3563

Fig. 1 FTIR spectrum of ACSC
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Fig.2 X-ray diffractogram of activated coconut shell charcoal

Figure 2 shows the XRD pattern of ACSC powder. The
broad peaks centered at 260 =24.65°, and 260=43.91° indi-
cate the poor crystallinity of the material with large crystal-
lite sizes 87.12 nm along the (002) direction and 176.84 nm
along the (101) direction (JCPDS 00-056-0159) [13, 23].
A similar XRD pattern has been observed for activated
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charcoal derived from orange peel [24]. Since the (200) dif-
fractions of graphite also appear in this region, the band cen-
tered at 260 =25° can be attributed to the graphitic structure
of the sample [12].

Figure 3 shows the Raman spectrum pattern of ACSC
powder. This was conducted to evaluate the crystallinity,
graphitization, and the degree of disorder of the ACSC.
The Raman spectrum revealed the characteristic D-band
at 1343 cm™ and G-band at 1601 cm™!, with an intensity
ratio (Ip/I ;) of 1.49. Compared with the values reported in
the literature for the carbonesium materials such as graph-
ite and graphite flakes, this value seems to be high [25].
Several factors contribute to this high value, including the
formation of structural defects, the enhancement of edge
planes, intercalation effects, and surface modifications
during the activation process of the charcoal. Together,
these factors result in a material with a higher degree of
disorder, which is beneficial for electrocatalytic activ-
ity by increasing the availability of active sites for redox
reactions in QDSSCs [26]. Additionally, the 2D-band at
2898 cm~! suggests the presence of graphitic stacking.
The crystallite size was calculated using the Tuinstra-
Koening equation given in the Eq. 1,
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where, L, is the crystallite size, I/1 is the intensity ratio of
the D-band to G-band, and C is the constant typically around
4.4 for graphite-like materials. The crystallite size was cal-
culated to be 8.97 nm, confirming the graphitic nature of
the material.

Morphological analysis of ACSC-based CE

Figure 4a and b present the SEM images of ACSC coun-
ter electrodes. These images indicate that the ACSC thin
films exhibit a spongy-like structure, resembling the SEM
images reported by Kumarasinghe et al. [12]. The aggre-
gated particle sizes are estimated to range between 2 and
6 pm. As depicted in Fig. 4b, the thickness of the ACSC-
based CE, which corresponds to the best-performing solar
cell is approximately 25 pm. This optimum thickness was
achieved by varying the spray durations (5 s, 15 s, 30 s,
60 s, 90 s, 120 s), while maintaining a constant distance
between the spray gun and the cell, as described by Dissa-
nayake et al. [20]. In our previous studies, EDX measure-
ments confirmed that, aside from carbon (C) and oxygen
(0), no other elements were present in the ACSC [12].
Furthermore, the atomic percentages of C and O were
approximately 89% and 11%, respectively, suggesting the
presence of oxygen-containing functionalities attached to
at least ten carbon atoms. These findings are in strong
agreement with FTIR measurements, which indicated the
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presence of —-OH, -COOH, and other functional groups
in the ACSC.

Photovoltaic performance of QDSSCs

The current density—voltage (J-V) characteristics of the
QDSSCs with different CEs were examined under the light
irradiation of 100 mW cm™. Figure 5 presents the J-V
curves of QDSSCs based on ACSC CEs, varying in thick-
ness according to different spraying times used during fabri-
cation. The photovoltaic parameters derived from Fig. 5 are
listed in Table 1. For consistency, the number of FTO plates
and the solution composition were kept constant throughout
the experiments and all the measurements were repeated
at least five times with new cells. The highest efficiency,
2.93%, was achieved in QDSSCs with ACSC CEs sprayed
for 60 s. As the ACSC layer’s thickness increased, a sig-
nificant reduction in short-circuit current density (Jgc) and
overall efficiency was observed.

The experimentally observed maximum in the photocur-
rent in a QDSSC made with a TiO, photoanode, liquid redox
couple, and a nanoporous ACSC CE can be explained by
considering the interplay between the electrocatalytic effect
and the electron transport resistance of it. The electrocata-
Iytic effect of the CE plays a crucial role in facilitating the
redox reactions of the liquid electrolyte, such as the S*~, /
S*~ redox couple. The efficiency of this process depends on
the electrocatalytic activity, which is directly influenced by
the number of active sites available for these reactions. An
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Fig.4 SEM images of a surface of the ACSC counter electrode and b
cross section of ACSC counter electrode

increase in the thickness of the counter electrode enhances
its surface area, thereby providing more active sites. This
improvement in the electrocatalytic activity accelerates the
redox reaction rate, ensuring efficient regeneration of the
oxidized dye and contributing to higher photocurrent gen-
eration in the system. On the other hand, the mechanism
of electron transport in QDSSCs involves electrons gener-
ated in the external circuit traversing the CE reactions. As
the CE thickness increases, resistance to electron transport
rises due to the longer travel distance and the porous nature
of the material. This increased resistance beyond a certain
thickness impedes efficient electron transport, leading to
energy losses and a decline in photocurrent. At low CE
thickness, the number of active sites is insufficient for opti-
mal redox reactions, which limits the photocurrent despite
low resistance. As thickness increases, more active sites
become available, enhancing the redox reaction rate and the
photocurrent. The maximum photocurrent is achieved at an
optimal thickness where a balance exists between sufficient

active sites and manageable resistance. Beyond this point,
further increases in thickness result in excessive resistance,
reducing the photocurrent despite the presence of additional
active sites. This observed maximum arises from the inter-
play between the increasing electrocatalytic effect, which
enhances photocurrent, and the rising electron transport
resistance, which hinders it. Thus, optimizing CE thickness
is critical for achieving peak performance in QDSSCs [27].

Figure 6 illustrates the J-V curves for QDSSCs fabri-
cated with conventional Pt and ACSC CE with optimized
thickness. The photovoltaic parameters obtained from
these QDSSCs are presented in Table 2. Through multiple
reproducible trials, the quantum dot—sensitized solar cells
(QDSSCs) fabricated with ACSC CEs showed a consistently
high power conversion efficiency (PCE) of 2.93%, accompa-
nied by a short-circuit current density (s.

In contrast, the Pt CE exhibited lower values of 1.23%
for PCE and 7.34 mA cm™ for J,.. This discrepancy can
be attributed to the incompatibility of platinum with the
polysulfide electrolytes, likely caused by corrosion, which
negatively affects the device’s stability and durability, lead-
ing to reduced values for PCE, J, and fill factor [28]. The
adsorption of sulfur atoms on the surface of the Pt electrode
affects negatively in its electrocatalytic activity and conduc-
tivity, hindering the regeneration of the sulfide electrolyte.
This results in increased series resistance, limiting the per-
formance of the QDSSC [29]. The enhanced photovoltaic
performance of ACSC CE-based QDSSCs can be attributed
to the improved retention of the liquid electrolyte within the
porous structure and the increased availability of active sites
for the redox reactions of the polysulfide electrolyte, facili-
tated by the larger effective surface area of the ACSC CE.

As noted by all performance of QDSSCs [30-32].

Figure 7 displays the IPCE spectra for QDSSCs fabri-
cated with ACSC and Pt counter electrodes. The data clearly
indicate that within the 400500 nm wavelength range, the
ACSC-based counter electrode yields a higher IPCE than
the cell with the Pt-based counter electrode. The observed
increase in J in the device with the ACSC counter elec-
trode (CE), relative to the device with the Pt CE, is further
substantiated by the larger integrated area under the curve
in the corresponding incident photon-to-current efficiency
(IPCE) spectrum.

Electrochemical impedance spectroscopy (EIS)
analysis of QDSSCs

EIS measurements were conducted to investigate the
interfacial transfer processes in QDSSCs made with
both ACSC-based and Pt-based counter electrodes.
Figure 8 presents the Nyquist plots for QDSSCs fabri-
cated with (1) an ACSC counter electrode and (2) a Pt
counter electrode. The smaller semicircle observed in
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Fig.5 Current density vs.
photovoltage (J, vs V) charac-
teristics of QDSSCs made with
ACSC CEs with different thick-
nesses prepared using different
spraying times
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Table 1 Photovoltaic performance of QDSSCs with ACSC CEs fabri-
cated using varying spray durations

Spraying  Jgo/mAcm™> Voc/mV FF % Efficiency %
time/S

5 7.50 582 36.7 1.60

15 8.10 569 37.6 1.73

30 9.30 588 39.5 2.16

60 13.62 513 41.9 2.93

90 10.51 649 36.0 2.46

120 8.51 631 339 1.82

the high-frequency region is associated with the elec-
trochemical resistance at the photoanode/electrolyte
interface (R2-r). In contrast, the larger semicircle cor-
responds to the charge transfer resistance at the coun-
ter electrode/electrolyte interface (RI.p). The series
resistance (Rg) is linked to the recombination of charge
transfer resistance at the FTO/TiO, interface as well as
the resistance of the external circuit [33]. The charge
transfer resistance values were determined by fitting the
impedance parameters to an equivalent circuit model, as
illustrated in the inset of Fig. 8, using NOVA software.
All the EIS parameters obtained from the equivalent cir-
cuit are listed in Table 3. The parameter R/ is linked
to electrocatalytic activity, where a lower R/~ indicates
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Table 2 Photovoltaic parameters of QDSSCs made with Pt and
ACSC CEs

CE composition  Jgo/mAecm™  Voo/mV  FF %  Efficiency %

Pt 7.34
ACSC 13.62

429.0 39.1 1.23
513.0 41.9 2.93
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Fig.7 IPCE spectra of the
QDSSC:s fabricated with (1)
ACSC-based CE and (2) Pt- 20 4 —— (1) ACSC CE
based CE —(2)PtCE
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X
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o
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Fig.8 Nyquist plots of DSSCs
with (1) ACSC-based counter 140 -
electrode and (2) Pt counter ® ©oT@® ®
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Table 3 Electrochemical parameters of QDSCs with the two different ~ greater electrocatalytic activity for the polysulfide elec-
counter electrodes extracted from EIS data as shown in Fig. 7 trolyte [33]. Higher electrocatalytic activity of ACSC CE
CE R, (Q) Rler (Q) R2¢1 (Q) enhances the kinetics of the redox reactions involving the
polysulfide electrolyte, resulting in a lower R/ com-
pared to Pt. Another reason is the structural defects and
heteroatoms such as oxygen present in ACSC improve

Pt 34.36 205.84 93.85
ACSC 49.88 123.02 14.79
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the electron transfer rates by serving as additional cata-
lytic sites. This higher surface area and defect-rich struc-
ture promote faster charge transfer between the electro-
lyte and the photoanode, thereby reducing the value of
R2-p [34] Similarly, a lower Rg would correspond to the
higher electrical conductivity of the ACSC CE and an
improved fill factor [35].

Therefore, the lower RI-p value of 123.02 Q for the
ACSC counter electrode, compared to the Pt counter elec-
trode, reflects the superior electrocatalytic activity of the
ACSC CE.

Cyclic voltammetry (CV) analysis

The results of the CV measurements are presented in Fig. 9a.
In the CV curve, a more negative potential indicates reduc-
tion, while a positive potential signifies the oxidation of the
polysulfide electrolyte [36, 37]. The catalytic performance
of the CEs is quantitatively evaluated by measuring the
peak current densities (J,, and J,.4) and the peak-to-peak
separation (AE,) between the reduction and oxidation peaks
of the redox couple. Enhanced electrocatalytic activity is
marked by higher peak current densities and a smaller AE,

Fig.9 a Cyclic voltammograms
of ACSC CE and Pt CEs and

b ACSC CE for 20 cycles at a
scan rate of 20 mVs.™!
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value. Moreover, the electrical conductivity of the CE is
closely associated with the peak currents for oxidation
and reduction [37]. While the Pt CE shows no significant
peaks, the ACSC CEs exhibit clear J,, and J,.4 peaks, with
2.36x 107> mA cm™2 and 1.45x10™* mA cm™2, respec-
tively, along with a AE, value of 0.096 V. These findings
indicate that ACSC CEs demonstrate superior electrocata-
Iytic activity compared to Pt CEs, especially in the context
of quantum dot—sensitized solar cells (QDSSCs). This is
mainly due to the superior electrocatalytic activity of ACSC
due to its porous structure and high density of active sites,
which enables efficient redox reactions of the polysulfide
electrolyte. On the other hand, the performance of Pt in poly-
sulfide electrolytes is hindered by the adsorption of sulfur
species on its surface, which blocks active sites and sup-
presses redox activity.

The electrochemical stability of the ACSC CE was evalu-
ated through preliminary investigations by recording cyclic
voltammograms over 20 consecutive cycles at a scan rate of
20 mV s7!, as illustrated in Fig. 9b. The cyclic voltammo-
grams exhibit negligible shifts in peak positions, indicating
that the ACSC counter electrode demonstrates potential as
an effective counter electrode for use in QDSSCs.

identical electrodes, each having an active area of 1.00 cm?,
to investigate the charge transfer process at the counter elec-
trode/electrolyte interface.

The associated Randles circuit used to fit the Nyquist
curves is displayed in the inset of the graph, while the result-
ing Nyquist plots can be found in Fig. 10. An expanded ver-
sion of the plot is included in the inset to enhance clarity
for the Nyquist plot of the ACSC CE. The standard Nyquist
plot features a distinct semicircle with a half curve, which
indicates the charge transfer resistance (R.r) and the corre-
sponding constant-phase element at the electrolyte/electrode
interface. The remaining portion of the curve represents the
Nernst diffusion impedance of the electrolyte. The series
resistance (Rg), which primarily consists of the bulk resist-
ance of the CE material, the resistance of the FTO layer,
and the constant resistance at the FTO/electrode interface,
is incorporated into the equivalent circuit and can be deter-
mined from the intercept on the real axis. This study mainly
concentrates on the Rg and R values associated with the
ACSC CE and Pt CE, as outlined in Table 4.

Table 4 Electrochemical parameters of the two counter electrodes
extracted from both EIS measurements and Tafel plot results

c s . Counter electrode  Rg(Q) Rep(Q)  log J/mAcem™  log J,/
Electrochemical impedance analysis of counter ounterelectrode Rs (&) Rer (@) logJ/mAcm™ - log Jy
electrodes by EIS cm™2
EIS tests were also performed on two different counter elec- ACSC 25:59 265133 1.90

. . . Pt 237 33352 1.27 1.35
trodes using symmetrical dummy cells constructed with two
Fig. 10 Nyquist plots for sym- 200
metric cells fabricated with (1) J
ACSC CE and (2) Pt CE 180
. —»—PtCE
I . —® ACSC CE
160 -
0 T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400
z' / ohm
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As shown in Table 4, the Ry value for the ACSC CE
is 2.65 Q, considerably lower than that of the Pt CE. This
reduced R suggests that the ACSC CE facilitates electron
transfer dynamics, leading to better photovoltaic perfor-
mance of the QDSSCs compared to the Pt CE. However,
the Rg value for ACSC is 25.59 Q, which is significantly
higher than that of the Pt CE, quite likely due to the poor
interface attachment between ACSC powder and FTO and
the excellent electronic conductivity of Pt.

Tafel analysis

Figure 11 displays the Tafel curves, where logarithmic cur-
rent density is plotted against applied voltage. The Tafel
curve is primarily divided into three regions: the polarization
zone, the Tafel zone, and the diffusion zone. The exchange
current density (J,) and the limiting diffusion current den-
sity (J;;)» both associated with the polarization zone, are
directly related to the electrocatalytic activity of the counter
electrode [37]. J, is particularly tied to the catalytic activ-
ity of the CE and is used to evaluate the ability of the CEs
to reduce the polysulfide electrolyte, with a higher J  value
indicating better catalytic activity for electrolyte reduction
[38]. The limiting diffusion current density (Jy;,,), deter-
mined by the intersection of the cathodic branch with the
Y-axis, assesses the diffusion performance of the redox cou-
ples. J, is calculated from the polarization region, whereas
Jiim 18 derived from the diffusion region [39]. The exchange

current density can be directly determined by extrapolating
the linear region of the Tafel plot to =0, which corresponds
to the equilibrium potential where the current density equals
Jo.
Table 4 summarizes the J, and J};,, values for ACSC CEs
and Pt CEs. As shown, the J, values for ACSC CEs and Pt
CEs are 1.33 mA cm™2 and 1.27 mA cm™2, respectively.
These values are consistent with the relationship between

Rt and J, as expressed by Eq. (2).

RT
° = WFRy &)

where R represents the gas constant, T denotes the abso-
lute temperature, and Ry is the charge transfer resistance
extracted from the EIS data. According to the equation, J,
is inversely related to R.-;. As a result, the findings from
the EIS measurements are in strong agreement with those
obtained from the Tafel plot. Specifically, the higher J, and
Jiim Vvalues correspond to the lower resistance observed in
the EIS measurements for the counter electrodes. These
increased values of J, and J);,,, may be attributed to the larger
specific surface area of the ACSC CE, which enhances the
electro-catalytic activity of the counter electrode towards the
polysulfide electrolyte.

Table 5 presents a comparison of the efficiencies of vari-
ous CdS QDSSCs fabricated with carbon-based counter
electrodes, as reported by different research groups in the

Fig. 11 Tafel polarization
curves for symmetric cells with
(1) ACSC CE and (2) Pt CE

20
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Table 5 Comparison of the performance of carbon-based counter electrodes reported in the literature with the present work (listed in the final

row)
Material Binder Preparation Sinter temperature Efficiency (%) Redox electrolyte Ref
Carbon black/CuS Ethyl cellulose Spin coating Dried at 60 °C 15 min 1.3 Polysulfide [40]
Black carbon soot - Holding substrate - 0.38 Polysulfide [41]

on top of the

flame
Activated carbon/conductive carbon PVDF Screen printing 100 °C overnight 1.47 Polysulfide [42, 43,

black 44]

HCMSC Nafion Doctor blade 400 °C/15 min 1.08 Polysulfide [8]
Activated coconut shell charcoal PVP Spray 350 °C/20 min 2.93 polysulfide This work

literature, along with their preparation methods, sintering
temperatures, and the type of electrolyte used. The results
from the current study, based on ACSC CE, are listed in the
final row. To the best of our knowledge, there have been no
prior reports on the performance of QDSSCs made with
this innovative and cost-effective ACSC counter electrode.

Conclusion

A straightforward method was successfully applied to pro-
duce activated charcoal from coconut shell charcoal and
fabricate ACSC-based counter electrodes for use in CdS
QDSSCs. A cost-effective and simple spray technique was
used to create a counter electrode with a nanoporous struc-
ture, offering an increased specific surface area, improved
electrocatalytic activity, and enhanced electronic conductiv-
ity. This nanostructured CE also appears to provide more
effective interconnecting pathways for efficient electron
transfer dynamics, along with improved electrocatalytic
performance for the reduction of the polysulfide electro-
lyte at the CE. In comparison to the 1.26% efficiency of Pt
CE-based QDSSCs, the novel ACSC CE-based QDSSCs
achieved a significantly higher power conversion efficiency
of 2.93%, with an enhanced short-circuit photocurrent den-
sity (J,.) of 13.62 mA cm™2. The ACSC CE showed excellent
electrocatalytic activity towards the reduction of polysulfide
electrolyte at the electrolyte/CE interface, as confirmed. The
results presented here highlight the novel ACSC CE as a
promising, low-cost alternative for fabricating high-perfor-
mance QDSSCs.
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