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ABSTRACT: Platinum (Pt) is a widely used counter electrode (CE) material
in dye-sensitized solar cells (DSSCs) due to its excellent catalytic properties.
However, the steep cost limits its widespread adoption. This has spurred
researchers to focus on carbon-based materials, which are abundant and
economically viable alternatives. In this study, charcoal was derived from
palmyrah seeds and activated by a simple thermal shock method involving rapid
water immersion. This palmyrah seed-based activated charcoal (AC) was then
combined with TiO, to create a novel composite paste, enhancing R
amalgamation between carbon particles and adhesion of the carbon particles

on the FTO glass substrate. XPS analysis confirmed the successful formation of 15 v
the palmyrah seed-derived charcoal. Raman spectroscopic analysis revealed that e o

the palmyrah seed-based AC showcases a graphite nature, a trait retained even DSSC

in the composite film formed with TiO,. A DSSC was fabricated employing the

as-prepared AC/TiO, composite as the CE, N719 dye-coated TiO, as the photoanode and an I" /I redox couple as the electrolyte.
While the optimized AC/TiO, (80:20) composite CE annealed at 400 °C demonstrated a power conversion efficiency (PCE) of
4.85%, an encouraging result relative to the PCE of a commercial Pt CE (6.88%), the AC/TiO, composite offers a cost-effective and
eco-friendly alternative, with potential for future optimization. Moreover, the device with the AC/TiO, composite CE displayed
notable catalytic reduction of I3 to I” and greatest stability compared to the DSSC fabricated with Pt CE.

FTO glass ———

AC/TiO, layer ——— TiO,

1. INTRODUCTION based CE.® These findings underscore the crucial role of each
DSSC component in determining the overall device efficiency.

In particular, the CE plays a critical role in facilitating charge
transfer between the electrolyte and the electrode interface,
while minimizing the recombination of I; ions with the

Dye-sensitized solar cells (DSSCs) are an emerging photo-
voltaic technology known for their low-cost production and
efficient solar energy conversion potential.' A typical DSSC
includes a transparent electrode with a dye-coated metal oxide
film, a redox electrolyte, and a counter electrode (CE) that is
often platinum-based.” In DSSCs, continuous advancements

electrons in the conduction band of TiO,.” Moreover, a good
CE material should possess superior catalytic activity, electrical

have been made by systematically analyzing and optimizing conductivity, and chemical stability as it acts as a catalyst to
each component to enhance the PCE. A DSSC utilizing an reduce the redox electrolyte by injecting electrons for
I"/I; redox couple electrolyte, a C106 (Ru complex) subsequent regeneration of the dye molecules.” Although Pt
sensitizer, and a Pt CE demonstrated a PCE of 11.7%.% In a is highly effective as a catalyst, its high cost and ene;grl-

intensive fabrication process limit its scalability in DSSCs.
Furthermore, the high cost of Pt due to its rarity, complex
extraction process, and high demand contributes significantly
to the overall cost of DSSCs with the Pt CE alone accounting

separate study, a DSSC using the same I" /I3 electrolyte and Pt
CE, but sensitized with XW61 (D—z—A structure, organic and
porphyrin dye) with coadsorbents, achieved an even higher
PCE of 12.4%." Subsequent modifications have demonstrated
significant improvements in the photovoltaic performance. For

instance, replacing the electrolyte, sensitizer, and CE with a Received: November 1, 2024
Co’*/Co*" redox couple, a porphyrin-based dye (SM315), and Revised:  July 10, 2025
graphene nanoplatelets, respectively, resulted in an increased Accepted: July 18, 2025

PCE of 13.0%.> Similarly, Ren et al. reported an outstanding Published: August 27, 2025

PCE of 15.2% by employing a Cu**/Cu* redox couple, SL9 +
SL10 (organic D—z—A structure) sensitizer, and a PEDOT-
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Figure 1. Schematic illustration of the AC prepared from palmyrah seeds.
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for nearly 50% of the total device cost.'” The limited
availability of Pt further exacerbates the challenge of meeting
the growing demand for its diverse applications.

In response to Pt’s limitations, research has focused on low-
cost carbon-based alternatives. The carbon-based materials are
among the most promising alternatives, which offer a cost-
effective solution without compromising performance. Various
carbon materials, including carbon black,"? graphite,14 hard
carbon spherule,15 carbon nanotubes,'® raphene,17 and
carbon derived from sources like sucrose'® and glucose,19
have been successfully employed as CEs in DSSCs. These
materials exhibit excellent conductivities and high surface
areas, resulting in DSSC efliciencies comparable to those
achieved with Pt CEs, but at a fraction of the cost.”’
Additionally, some studies have reported the successful
preparation of charcoal from natural sources and excellent
photovoltaic performance exhibited by DSSCs consisting of
charcoal-based CEs.

For instance, Cha et al. utilized alkali-treated fallen leaves of
the quince plant to prepare honeycomb-like porous carbon for
CE, achieving a power conversion efficiency (PCE) of 5.52%.”"
Kumarasinghe et al. developed a CE with highly conductive
activated charcoal from coconut shells via thermal shock
treatment, yielding a DSSC with an impressive PCE of
7.85%.”> Similarly, Jiang et al. prepared highly ordered
mesoporous carbon arrays through carbonization of natural
bamboo and oak wood slices in an argon (Ar) atmosphere and
used them directly as CEs, with the devices achieving PCEs of
4.53% for bamboo-based mesoporous carbon arrays and 7.98%
for oak-based mesoporous carbon arrays.**

A common challenge when using charcoal materials is the
low amalgamation of carbon particles and poor adhesion
between the carbon particles and the FTO glass substrate. To
improve carbon particle cohesion and adhesion on substrates,
TiO, has been used effectively as a binder.”* In a separate
study, Don et al. incorporated TiO, as a binder in an acetylene
carbon black/graphite composite CE, achieving a PCE of 5.9%,
which is comparable to that of Pt-based DSSCs (PCE =
6.2%).”° Similarly, Younas et al. used TiO, as a binder in a
multiwalled carbon nanotube (MWCNT)-based CE, achieving
a PCE of 6.65%.°° Sigdel et al. employed an electrospun
carbon nanofiber/TiO, nanoparticle composite as a CE for
DSSC and obtained a PCE of 7.57%.”*

In this study, we developed a counter electrode for DSSCs
using activated charcoal from palmyrah seeds combined with
TiO,, offering a sustainable, cost-effective alternative to
platinum. The palmyrah tree, symbolic to Northern Sri
Lanka and known for its sustainable uses, provides a novel
source for carbon-based materials in clean energy applications

2. MATERIALS AND METHODS

2.1. Materials. Absolute ethanol (>99%), acetic acid
(99.8%), tert-butanol (>99.7%, GC), acetonitrile (gradient
grade, >99.9), and ditetrabutylammonium cis-bis-
(isothiocyanato)bis(2,2’-bipyridyl-4,4'-dicarboxylato)-
ruthenium(II) dye (N-719, 95%) were obtained from Sigma-
Aldrich. Titanium tetraisopropoxide (98+%) was sourced from
Thermo Scientific, and Triton X-100 was acquired from Acros
Organics. Palmyrah seeds were collected in Jaffna, Sri Lanka.

2.2. Preparation of Activated Palmyrah Seed-Based
Charcoal Powder. Palmyrah seed-based AC was prepared by
using a facile method. Initially, the fibers on the surface of the
palmyrah seeds were removed using sandpaper. The seeds
were then broken into small pieces and washed with distilled
water. After being cleaned, the pieces were dried in natural
sunlight. The cleaned and dried Palmyrah seeds were
physically activated by heating at 900 °C for 30 min in a
box furnace followed by instantly dropping the hot charcoal
into a distilled water tank. This activation process was repeated
twice more, and the resultant activated charcoal pieces were
dried and milled into a powder (Figure 1).

2.3. Preparation Photoanode. The photoanode of the
DSSC was prepared as reported elsewhere.”” Fluorine-doped
tin oxide (FTO)-coated glass substrates (sheet resistance 7 Q/
cm?) were first cleaned with soap water, followed by distilled
water and ethanol. The cleaning process was carried out in an
ultrasonic bath for 10 min with each cleaning agent, after
which the substrates were dried using a hair dryer. To prepare
the TiO, colloidal solution, 1.0 mL of acetic acid and 8.0 mL of
ethanol were added to 8.0 mL of titanium tetraisopropoxide
and stirred for 15 min. Steam was then passed through the
mixture to promote rapid hydrolysis. The resulting TiO, solid
was ground with 20.0 mL of deionized water using a mortar,
followed by 10 min of sonication. The resulting dispersion was
transferred into a Teflon-lined stainless-steel autoclave, where
the hydrothermal reaction occurred at 150 °C for 3 h. After the
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Figure 2. (a) Wide-scan XPS spectrum of palmyrah seed-based AC powder and (b) high-resolution XPS spectrum of C 1Is.

reaction, the autoclave was allowed to cool naturally to room
temperature. The TiO, colloidal solution was then mixed with
30.0mL of ethanol, 8.25mL of acetic acid, and 0.4 mL of
Triton X-100 to obtain a well-dispersed TiO, precursor. This
suspension was sprayed onto preheated (150 °C) FTO glass
substrates. The TiO,-coated substrates were subsequently
annealed at S00 °C for 30 min in a muffle furnace (average
TiO, particle size is 14.34 nm). The annealed TiO,-coated
glasses were then immersed overnight in a 0.3 mM solution of
N719 dye dissolved in a mixture of acetonitrile and tert-butyl
alcohol (50% v/v). Following the dye-sensitization process, the
photoanodes were rinsed with acetonitrile to remove any
unanchored dye molecules and dried.

2.4. Preparation of the Counter Electrode. Five
different palmyrah seed-based AC/TiO, composites were
prepared by mixing palmyrah seed-based AC and TiO, in
varied ratios (50:50, 60:40, 70:30, 80:20, and 90:10) with
Triton X-100 and ethanol. Then, the corresponding composite
pastes were individually coated on the FTO glass by a doctor-
blade method and annealed at 200 °C to obtain the respective
CEs. A control CE was prepared by utilizing the palmyrah
seed-based AC only.

2.5. Fabrication of DSSCs. The DSSCs were fabricated by
assembling the dye-coated TiO, photoanode, the as-prepared
CE (consisting of either AC/TiO,, AC, or Pt), and the I"/I5
electrolyte. Furthermore, the palmyrah seed-based AC/TiO,
(80:20) composite was employed as CE, and devices were
fabricated by varying the CE thickness (1—4 layers) and
annealing temperature (200 to S00 °C). The DSSCs had an
area of 1 cm? and a 025 cm? mask was used during
measurements to define the effective area, minimizing the
impact of light scattering.

2.6. Characterization of the Synthesized Nanoma-
terials. The structural properties of the synthesized AC were
studied using XPS analysis, performed with the Thermo
Scientific ESCALAB Xi instrument (Thermo Fisher Scientific,
Waltham, MA, USA) with Al Ka as the X-ray source. X-ray
diffraction (XRD) analysis was performed using a PANalytical
AERIS instrument (Almelo, Netherlands). The diffraction
pattern was collected with Cu Ka radiation (4 = 1.5408 A)
under ambient temperature under the following operational
conditions: an accelerated voltage of 40kV, an emission
current of 44 mA, a scan range (26) from 10° to 90° and a
step size of 0.0027°. Raman spectroscopy was carried out using
a Labram HR800 Horiba spectrometer equipped with an air-
cooled CCD detector (ANDOR) and Argon laser radiation
(514.5 nm). The surface morphology was analyzed using a
field-emission scanning electron microscope (FE-SEM, ZEISS,
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SIGMA, UK). The nitrogen adsorption—desorption isotherms
were performed using a Quantachrome Autosorb IQ analyzer
with ASiAwin software. The photovoltaic performance of the
cells was studied using a Keithley-2400 source measurement
unit (SMU) under simulated irradiation by a 150 W Xe lamp
with an intensity of 100 mW cm™ with AM 1.5 filter (Peccell-
PEC-L12, Kanagawa, Japan), and the effective area of the
device was maintained at 0.25 cm? Electrochemical impedance
spectroscopy (EIS) and chronoamperometry measurements
were performed using an SP-150 electrochemical workstation
(Biologic Science Instruments) through a two-electrode
electrochemical setup. Cyclic voltammetry analysis was
performed by using an SP-150 electrochemical workstation
with a three-electrode system. AC/TiO,, AC, and Pt served as
the working electrodes, while an Ag/AgCl (KCl saturated)
electrode and a Pt electrode were used as the reference and
counter electrodes, respectively. The incident photon-to-
current efficiency (IPCE) spectrum was recorded using a
Bentham TMc300 monochromator.

3. RESULTS AND DISCUSSION

3.1. Structural Studies. 3.1.1. Structural Study of
Palmyrah Seed-Based AC. To investigate the elemental
composition and chemical bonding states of the synthesized
AC, X-ray photoelectron spectroscopy (XPS) was carried out.
The wide-scan spectrum (Figure 2a) reveals dominant peaks
corresponding to C 1s (85.8 at. %) and O Is (12.3 at. %),
confirming that carbon and oxygen are the major constituents
of the charcoal. Minor peaks attributed to K 2p, Si 2p, and Na
1s were also detected, likely originating from residual inorganic
elements present in the biomass precursor or introduced
during activation processes.

The high-resolution core-level spectrum of C 1s was
deconvoluted into four Gaussian peaks, corresponding to sp
carbon (sp* C), sp® carbon (sp®> C), C—0, and C=0 bonding
states.”” As illustrated in Figure 2b, the main peak at 284.7 eV
(53.4 at. %) is attributed to sp>-hybridized graphitic carbon.
This graphitic structure enhances electrical conductivity, which
is essential for efficient electron transfer when used as a CE in
DSSCs. The peak at 285.9 eV (12.3 at %) corresponds to sp’-
hybridized carbon, which indicates structural defects and
surface functionalization.”® These disordered carbon domains
contribute to increased porosity and surface roughness,”
thereby enhancing the electrochemically active surface area
and facilitating better interaction with the electrolyte. The
peaks observed at 287.9 eV (7.9 at %) and 290.1 eV (5.0 at %)
are assigned to C—O and C= O functional groups,
respectively. The presence of these oxygen-containing groups
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Figure 3. (a) XRD patterns and (b) Raman spectra of the AC/TiO,, AC, and TiO, films.
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Figure 4. FE-SEM images of (a) TiO,, (b) AC, (c) AC/TiO, films, and (d) EDX spectrum of the AC/TiO, film.

indicates surface oxygenation, which plays a dual role in
improving the electrocatalytic performance. First, these groups
can act as active sites for the reduction of triiodide (I3) in the
electrolyte,” mimicking the catalytic behavior of platinum-
based electrodes. Second, they enhance the hydrophilicity of
the carbon surface, promoting better contact with the liquid
electrolyte and thus improving charge transfer kinetics.”'
Therefore, the XPS analysis confirms that the prepared AC
powder possesses a favorable combination of graphitic
domains for electrical conductivity and oxygen-functional
groups for catalytic activity, making it a promising candidate
for use as a CE in DSSCs.
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3.1.2. Structural Study of Prepared AC, AC/TiO,, and TiO,
Films. The structural properties of the prepared AC, AC/TiO,,
and TiO, films were analyzed by XRD. The XRD analysis,
illustrated in Figure 3a, shows two broad bands centered at
23.73° and 43.67° corresponding to the reflection planes of
(002) and (100), respectively, and confirms successful
formation of the AC.*” The appearance of these broad bands
in a wide-angle range and the absence of sharp peaks reveal
poor crystallinity of the AC material.”> For the AC/TiO,
composite, the relative intensity of the (101) peak of TiO,
increases due to the overlapping of the diffraction intensity of

https://doi.org/10.1021/acsomega.4c09967
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films.

the (002) peak of AC with that of the (101) peak of TiO,
which confirms the composite formation.

Raman spectroscopic measurements were taken to further
confirm the formation of AC and AC/TiO, composite as
indicated in Figure 3b. The presence of well-resolved Raman
peaks with the Dy, space group at about 168 and 660 cm™'
(Ey), 545 em™ (A, + By,), and 422 em™ (B,) corresponding
to the anatase phase of TiO, are in consistent with the values
reported in the literature.” Furthermore, AC and AC/TiO,
composite exhibit two characteristic peaks located at about
1366 and 1616 cm™"' corresponding to disorder carbon (D-
band) and graphite carbon (G-band), respectively.”* Generally,
the G-band is attributed to stretching of the bond between sp*
hybridized carbon atoms (Ezg vibrational mode), while the D-
band represents the defect sites associated with vacancies and
grain boundaries.” It is noteworthy to mention that the ratio
of peak intensities between the aforementioned bands (ID/IG)
is crucial to estimate the structural disorder of carbon sheets.*®
The trend observed in these peak intensities also correlates
well with the XPS results. In the present study, the ID/IG ratio
was found to be 0.84 for both AC and the AC/TiO,
composite. As this ratio is less than one, it clearly demonstrates
that the palmyrah seed-based AC is mostly of graphitic nature,
which is retained in the composite as well.

3.2. Morphological Study. Surface morphologies of the
AC/TiO,, AC, and TiO, films were studied by field emission
scanning electron microscopy (FE-SEM), and the images are
displayed in Figure 4.

The SEM image of TiO, exhibits spherical particles (Figure
4a) while that of AC shows irregular shapes and sizes (Figure
4b). Figure 4c illustrates the SEM image of the AC/TiO,
composite film demonstrating successful formation of the
composite in a homogeneous manner. The adsorption capacity
of AC is primarily influenced by its porosity and the chemical
reactivity of functional groups present on its surface. As shown
in the SEM images, both AC alone and the AC/TiO,
composite consist of large and small aggregates with numerous
pores. This porous structure results in a significantly larger
surface area, which enhances electrolyte adsorption and
subsequently catalyzes the redox reaction between I” and I
ions in the electrolyte. Furthermore, the I" /I3 electrolyte tends
to evaporate easily under open device conditions. However,
this evaporation is minimized when AC holds I”, IS ions, and
electrolyte solvents within its pores. The elemental composi-
tion of the AC/TiO, composite was analyzed using energy-
dispersive X-ray spectroscopy (EDX). The EDX spectrum of
the composite film reveals the presence of C, O, and Ti, further
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confirming the formation of the composite (Figure 4d). The
peak observed between 3 and 4 keV corresponds to the Sn
element in the FTO substrate. Furthermore, the high carbon
content observed in the EDX spectra of AC and AC/TiO,
composite films confirms that the prepared AC is of high
purity (Figures S1 and 4d).

3.3. BET and BJH Analysis. The nitrogen adsorption—
desorption isotherms provide valuable insights into the textural
characteristics of the materials. To evaluate the effect of TiO,
incorporation on the surface area and pore structure of
activated carbon (AC), BET and BJH analyses were conducted
on AC, the optimized AC/TiO, (80:20) composite, and the
higher TiO,-loaded AC/TiO, (50:50) composite films (Figure
5).

The nitrogen adsorption—desorption measurements reveal a
clear trend in the surface area and porosity of the AC/TiO,
composites as the TiO, content increases. The AC exhibits the
highest BET surface area of 479.48 m’/g, which gradually
decreases to 368.63 m*/g for the AC/TiO, (80:20) composite
and further to 233.17 m?/g for the AC/TiO, (50:50)
composite (Table 1). This decline in surface area is likely

Table 1. BET and BJH Parameters of the AC, AC/TiO,
(80:20), and AC/TiO, (50:50) Films

BET Surface Area Total Pore Volume BJH Surface Area

Samples (m*/g) (cc/g) (m*/g)
AC 479.48 0.25 13.11
AC/TiO, 368.63 0.28 20.85

(80:20)
AC/TiO, 233.17 0.35 28.93
(50:50)

due to partial blockage or coverage of micropores by TiO,
nanoparticles, reducing access to internal carbon surfaces.’’
Despite the reduction in surface area, a notable increase in
total pore volume is observed, from 0.25 cc/g for AC to 0.28
and 0.35 cc/g for the 80:20 and 50:50 composites, respectively
(Table 1). This suggests that the inclusion of TiO, not only
modifies the pore structure but also contributes to the
formation of new void spaces or interparticle porosity within
the composite matrix.

Interestingly, the BJH surface area, which reflects the
mesoporous contribution, increases consistently with TiO,
loading from 13.11 m?/g (AC) to 20.85 m’/g (80:20) and
28.93 m?/g (50:50) (Table 1). The improved mesoporosity is
advantageous for electrochemical applications, as it enhances
electrolyte diffusion and ion transport, particularly in DSSCs.*®
These results suggest that while excessive TiO, may reduce the
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Figure 6. (a) Influence of the amount of AC in the AC/TiO, composite on PCE. (b) J—V measurements of AC/TiO,, AC, and Pt CEs-based

DSSCs.

overall surface area, it simultaneously enhances the meso-
porous structure and pore volume, which could promote better
catalytic activity at the electrode/electrolyte interface. There-
fore, a balanced ratio such as AC/TiO, (80:20) may offer an
optimal trade-off between electrical conductivity (from
charcoal) and catalytic accessibility (supported by TiO, and
mesoporosity), making it a promising counter electrode
material for DSSCs.

3.4. Photovoltaic Study. The photovoltaic performance
of the fabricated DSSCs with different CEs was evaluated by
typical I-V characteristic study under simulated irradiation
with an intensity of 100 mW cm > using an AM 1.5 filter. As
indicated in Figure 6a, various AC/TiO, composites were
analyzed, and optimal photovoltaic performance was achieved
for the composite consisting of 80 mg of AC and 20 mg of
TiO,. In the subsequent study, the thickness of the AC/TiO,
(80:20) composite CE was varied from one to four layers using
Scotch tape and annealed at 200 °C. As the CE thickness was
increased, all photovoltaic parameters declined due to an
increase in total resistance. The best PV performance was
obtained when the CE thickness was two layers of Scotch tape
(Figure S2 and Table S1).

Then, the annealing temperature of the two-layered AC/
TiO, (80:20) composite CE was varied from 200 to 500 °C.
At lower annealing temperatures, reduced porosity and
incomplete evaporation of the Triton X-100 binder resulted
in decreased PCEs of the corresponding devices. Studies report
that at low substrate temperatures, excess binder remains in the
CE material, increasing resistance in the charcoal-based CE
and reducing efficiency.”” In a separate study, low annealing
temperatures were found to reduce porosity and spacing
between TiO, particles in the TiO, film.”” The AC in the said
CE began to ash at 500 °C, further diminishing the PCE.
Hence, this study reveals the optimal PV performance at an
annealing temperature of 400 °C (Figure S3 and Table S2).
Figure 6b and Table 2 illustrate the comparison of photovoltaic
performances of DSSCs fabricated with AC/TiO, composite,
AC, and Pt counter electrodes. A promising PCE of 4.85% was
achieved for the device consisting of the AC/TiO, (80:20)

Table 2. Photovoltaic Parameters of the AC/TiO,, AC, and
Pt CE-Based DSSCs

Counter Electrode  Joc (mA cm™2) Ve (V) FF PCE (%)
AC/TiO, (80:20) 14.61 0.70 047 485
AC 12.01 0.67 0.33 2.69
Pt 14.54 0.67 0.70 6.88
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composite CE, representing a slight reduction compared with
the Pt CE-based device (PCE = 6.88%).

The DSSC fabricated with the AC/TiO, (80:20) composite
CE shows slightly higher V¢ and Jgc values and lower fill
factor compared with the platinum-based device. As the AC/
TiO, composite CE is shown to possess greater porosity and
surface area than Pt CE, formation of the reduced iodide
species (I7) could have been facilitated, thus accelerating the
number of photogenerated electrons by the sensitizer dye
which could have led to an overall increase in Jgc. Poor
adhesion of AC/TiO, particles on FTO compared to Pt could
be attributed to the reduction in FF due to the increased series
resistance for the AC/TiO, CE-based device.

When the AC alone (without TiO,) was used as the CE, the
corresponding device exhibited the lowest Jsc, V¢, and FF
values. This could be attributed to the lack of amalgamation
between carbon particles and poor adhesion of the carbon
particles on the FTO glass substrate, which could have led to
higher recombination rate and internal resistance of the device
(Figure 7).

3.5. EIS Analysis. Electrochemical impedance spectroscopy
(EIS) is a powerful tool which reveals the inherent electro-
chemical behavior and the interfacial charge transfer process of
the DSSC. EIS analysis was carried out in the frequency range
from 1072 to 10°Hz with 0.70V forward bias under dark
conditions on the fabricated devices to study the effect of
interfacial resistance on the device performance, and the results
are illustrated in Figure 8a. The respective interfacial resistance
values for each device were extracted from the equivalent
circuit, and the results are displayed inside Figure 8a.

A typical EI spectrum of a DSSC consists of three
semicircles. The largest semicircle in the midfrequency range
corresponds to the charge transport resistance at the
photoanode/electrolyte interface, known as the recombination
resistance under dark conditions (R..).*”*' The third
semicircle in the low-frequency range represents the Warburg
diftusion process of the I /I3 redox couple in the electrolyte
(Z,,) while the first semicircle in the high-frequency region is
associated with the charge transfer resistance at the counter
electrode/electrolyte interface (R.).” The intercept of the first
semicircle on the X-axis represents the series resistance (Rg),
which is related to the intrinsic resistance of the assembled
cell.”?

In the present study, the photoanode/electrolyte interface
condition remains the same for all three devices based on
different CEs. Further, the Warburg diffusion process could
not be clearly resolved in this analysis. It should be noted that
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Figure 9. (a) Tafel polarization curves. (b) Cyclic voltammogram for AC/TiO,, AC, and Pt CEs.

R, is inversely proportional to the catalytic ability of the CE to
reduce I3 to I" species. The AC/TiO, composite CE exhibits a
higher R, value compared to the Pt CE but a lower R than
the AC CE. This indicates that the AC/TiO, composite
catalyzes the reduction of IS to I” more efficiently than AC but
less effectively than Pt. As a result, the improved catalytic
activity of the AC/TiO, composite CE plays a significant role
in enhancing the Jg- value observed in the J—V measure-
ments.”> Moreover, it is well known that the FF in a DSSC is
strongly influenced by Rg; thus, minimizing Rg is critical to
achieve a higher FF.”> The elevated Rg values observed for the
DSSCs with AC and AC/TiO, composite CEs confirm poor
adhesion of the particles to the FTO substrate.”” The trend in
R values aligns with the FF values obtained from the J—V
measurements, further corroborating the EIS data with the
photovoltaic performance results. The R value is higher for
the Pt CE device, which could contribute to improved V.
However, in our study, R.. does not significantly limit the
overall device performance. Figure 8b presents the Bode plots
of devices with all three counter CEs. The electron lifetime

39421

(T.), also known as the charge recombination time under dark
conditions, was estimated using the following equation:

1
27 (1)

where f ., is the maximum frequency corresponding to the
peak.*’ In this study, the calculated charge recombination
times were 48.82, 46.53, and 46.40 ms for Pt, AC/TiO,, and
AC, respectively. A higher charge recombination time reduces
the recombination rate, thereby improving the V. However,
in our study, no significant variations in the charge
recombination time were observed among the devices with
different CEs, which explains the unchanged V¢ values in the
J—V measurements.

3.6. Electrocatalytic Analysis. The electrocatalytic
activities of the AC/TiO,, AC, and Pt electrodes in DSSCs
were analyzed using Tafel polarization measurements, as
shown in Figure 9a. For these measurements, complete
DSSCs were fabricated with each CE separately, and J—V
measurements were conducted under dark conditions. The
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data were then converted to Tafel polarization curves by
plotting the logarithmic value of the absolute current density
(J) as a function of voltage (V). The limiting diffusion current
density (Jyn) is positively correlated with the diffusion
coeflicient, reflecting the diffusion behavior of the I7/I3
redox couple in the electrolyte.”* The slope of the Tafel curve
represents the exchange current density (Jp), which can be
expressed by the following equation:

RT
f=
nPRct,Tafel (2)

where R 1, is the charge transfer resistance from Tafel
polarization, R is the gas constant, F is the Faraday constant, T
is the absolute temperature, and 7 is the number of electrons
involved in the reaction. Ry 1y is inversely proportional to
Jo' meaning a higher J, corresponds to a lower R 1y
indicating superior electrocatalytic activity. The R 1, values
follow the order: AC > AC/TiO, > Pt, confirming that Pt
exhibits the highest electrocatalytic activity. However,
compared to AC, the AC/TiO, composite demonstrates
significantly improved electrocatalytic performance. This
trend is consistent with the R values obtained from the EIS
analysis.

To further evaluate the electrocatalytic activity of the CEs,
cyclic voltammetry (CV) was performed, and the results are
presented in Figure 9b. The analysis was conducted using AC/
TiO,, AC, and Pt CEs in an I"/I; electrolyte containing 10
mM Lil and 1 mM I, in acetonitrile solution.*® The
measurements were carried out at a scan rate of 100 mV s
to investigate the electrocatalytic activity of the samples within
the potential range of —0.8 to 1 V. In CV curves, the potential
at which the oxidation peak occurs is referred to as the anodic
peak potential (E,,), while the potential at which the reduction
peak occurs is known as the cathodic peak potential (E,).

Both oxidation and reduction peaks were clearly observed
for the AC/TiO, and Pt CEs, while the cathodic peak was not
observed in the AC CE, and the AC material was immediately
removed from the substrate during the measurement. The
difference between the anodic peak potential (Epa) and
cathodic peak potential (E,.) is referred to as the peak-to-
peak separation (E,,), which is inversely correlated with the
standard electrochemical rate constant of the redox reaction
and the electrocatalytic ability of the samples.

A slightly lower E,,, was observed for Pt compared to AC/
TiO,, indicating that the Pt CE exhibits faster reversibility of
the redox reaction or better kinetics. The cathodic peak current
density (Ipc) and anodic peak current density (Ipa) represent
the maximum current densities at E,. and E,,,, respectively. A
higher absolute value of I, implies better electrocatalytic ability
of the material. In contrast, higher values were observed for
AC/TiO, compared to Pt. The AC/TiO, composite has a
highly porous structure and active surface sites, which increases
the surface area and allows more redox reactions to occur
simultaneously, leading to higher peak current densities.
Despite its high surface area, the intrinsic catalytic activity of
AC/TiO, is lower than that of Pt, as Pt has a superior work
function and electrical conductivity, resulting in better
electrocatalytic performance. Nevertheless, the AC/TiO, CE
still demonstrated comparable electrocatalytic activity. Figure
S4a,b presents the cyclic voltammetry (CV) curves of AC/
TiO, and Pt CEs at varying scan rates. Similar to Pt, the peak
current of AC/TiO, increases as the scan rate rises from 50 to

250 mV/s. The linear relationship between peak current and
VY2 confirms a diffusion-controlled process, where the
movement of electroactive species toward the electrode surface
is governed by diffusion rather than surface adsorption or
kinetic limitations (Figure S4c,d). Furthermore, the higher
peak current observed at elevated scan rates indicates efficient
charge transport in the AC/TiO, electrode. Additionally, the
AC/TiO, CE exhibits well-defined and stable redox peaks
across different scan rates, demonstrating good electrochemical
stability

In summary, AC already possesses a high surface area, but
the incorporation of TiO, nanoparticles further enhances
porosity, providing additional active sites for electrolyte
interaction and improving redox reactions at the CE, as
illustrated in Figure 10. Moreover, the synergistic effect of

AC counter electrode

AC/TiO, counter electrode

Figure 10. Schematic illustration of the working mechanisms of AC
and AC/TiO,.

TiO, and AC plays a crucial role in enhancing the electron
transport. TiO,, known for its excellent electron conductivity,
facilitates more efficient charge transfer when combined with
AC. Additionally, TiO, boosts the catalytic activity of AC,
significantly improving the reduction of Iy to I, thereby
enhancing the overall performance of the CE.

3.7. IPCE and Stability Study. The ratio of the electrons
generated in the external circuit at a specific wavelength to the
incident photons under a short-circuit state is known as the
incident photon-to-current efficiency (IPCE) of a dye-
sensitized solar cell. The IPCE spectra, measured as a function
of wavelength from 300 to 800 nm for the DSSCs with AC/
TiO, composite, AC, and Pt as CEs are presented in Figure
11a. The integration of the said IPCE curves reveals minimal
differences between DSSCs with AC/TiO, composite and Pt
counter electrodes, both of which exhibit significantly larger
areas than the device with AC CE. This observation is
consistent with the trend in Jsc values obtained from J—V
measurements, confirming the superior performance of the
AC/TiO, composite compared to AC and comparable
performance to Pt as CEs.

Stability of the devices with all three CEs was investigated
using chronoamperometry by continuously exposing the
devices without sealing at 1 sun illumination for 250 s (Figure
11b). DSSCs with AC/TiO, composite CE exhibited low
current reduction rate compared to a Pt CE based device. This
could be attributed to holding more iodide and triiodide ions
and preventing evaporation of the electrolyte by the AC/TiO,
CE based devices due to the presence of high porosity and
surface area. In contrast, the electrolyte in Pt CEs can remain
on the surface.

4. CONCLUSION

Palmyrah seed-based activated charcoal (AC) was successfully
synthesized using a simple method, followed by the fabrication
of the counter electrode (CE) consisting of an AC/TiO,
composite, and its effective application in dye-sensitized solar
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Figure 11. (a) Incident photon-to-current efficiency (IPCE) spectra and (b) stability study of the DSSCs with AC/TiO,, AC, and Pt CEs.

cells (DSSCs). The synthesized AC powder was analyzed by
XPS, while the prepared AC and AC/TiO, CEs were
characterized by XRD analysis and Raman spectroscopy. The
graphite-like structure of the synthesized AC was confirmed by
XPS, and this structural nature was retained in both the AC
and AC/TiO, CEs. Although the power conversion efficiency
(PCE) of the AC/TiO, composite CE was 4.85% lower than
that of the traditional platinum (Pt) CE, the result is
promising, demonstrating the AC/TiO, CE’s viability as a
cost-effective, eco-friendly option. Furthermore, EIS and
electrocatalytic studies revealed significant catalytic reduction
of I to I” species by the AC/TiO, composite CE compared to
the Pt CE. Additionally, the AC/TiO, CE demonstrated better
stability than the Pt CE under open-device conditions by
retaining iodide and triiodide ions due to high porosity and
surface area. Hence, the simple fabrication process, notable
catalytic reduction of I to I” species, better stability, and low
cost of the palmyrah seed-based AC/TiO, composite CE acts
as a promising alternative to the Pt CE used in the existing
DSSC applications.
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