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Abstract: This study investigates the eco-friendly synthesis of TiO2 NPs using Melastoma
malabathricum fruit extract and lime juice as natural reducing and capping agents. The ex-
tract was prepared by macerating the sample in ethanol. TiOs NPs were synthesized via the
sol-gel method with five variations: one control sample using ethanol only and four samples
incorporating plant extracts with varying lime juice concentrations. The results confirmed the
formation of pure anatase-phase TiO9 with crystallite sizes decreasing from 18.17 to 12.43 nm.
Optical analysis revealed bandgap energies of 3.09-3.14 eV, suitable for dye-sensitized solar cell
(DSSC) applications. The field-emission scanning electron microscopy (FESEM) images re-
vealed more uniform, smaller particles in the capped samples, as supported by the particle-size
distribution data. energy-dispersive X-ray spectroscopy (EDX) confirmed that the elemental
composition is close to stoichiometric TiOy. Electrochemical analysis indicated that the sam-
ple using Melastoma malabathricum fruit extract exhibited superior photovoltaic performance
(power conversion efficiency (PCE) = 3.12%) owing to enhanced charge injection, despite a
shorter electron lifetime (55 ms). Additionally, samples using Melastoma malabathricum fruit
extract and lime juice exhibited improved charge retention (7. = 205-274 ms), despite their
moderate efficiencies (2.26-2.49%). This study demonstrates the significant potential of tropical
plant-mediated synthesis for developing sustainable, high-performance DSSC photoanodes, with
performance governed by careful optimization of the composition of natural capping agents.

Keywords: Dye-sensitized solar cell; Lime juice; Melastoma malabathricum; Nanoparticles;
Photoanode; Titanium dioxide

1. Introduction

The urgency of transitioning to sustainable energy systems has grown in recent years, driven
by global energy insecurity exacerbated by post-pandemic disruptions, climate change, and
geopolitical tensions (Hussain et al., 2023). In this context, solar energy is a promising alter-
native, particularly for tropical countries, such as Indonesia, which receive abundant sunlight
year-round (Boediman et al., 2021). Despite this potential, the adoption of solar technologies
remains limited, primarily due to the high cost and technical complexity of conventional photo-
voltaic systems (Siagian et al., 2024). Dye-sensitized solar cells (DSSCs) have attracted attention
as a third-generation solar technology, offering several advantages, including cost-effectiveness,
versatility, and ease of fabrication (Ibrahim et al., 2025). This device operates on light absorp-
tion by dye molecules, which excite electrons and inject them into a semiconducting photoanode
to produce electrical energy (Sofyan et al., 2017). Recently, small-scale DSSC devices have been
developed for real-world applications, including indoor sensors, Internet of Things devices, and
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building-integrated photovoltaics (Szindler et al., 2021; Devadiga et al., 2021). Their potential
has also been highlighted in tropical regions such as Indonesia, where DSSC-based transpar-
ent photovoltaics and BIPV systems have been simulated and demonstrated significant energy
savings of up to 59.3% in building applications, along with strong suitability for local climates
(Hendinata et al., 2024; Rababah et al., 2021).

TiO2 nanoparticles (TiO2 NPs) are commonly used as a semiconductor layer in DSSCs ow-
ing to their high surface area, chemical stability, and strong photoelectronic properties (Drygala,
2021; Karim et al., 2019; Tyas et al., 2017). The choice and quality of the TiOs photoanode
are critical to DSSCs’ efficiency and overall performance (Muhammad et al., 2025). Among the
various phases, anatase is the most suitable for DSSC applications due to its superior electron
transport and low recombination rates (Roy et al., 2019; Yan et al., 2013). Its application en-
ables high dye-loading capacity and efficient charge collection, which are essential for achieving
favorable DSSC performance (Eddy et al., 2023). However, traditional methods for synthesizing
TiO2 NPs often involve hazardous chemicals, high energy consumption, and complex equipment,
making them less environmentally friendly (Xu and Chen, 2020; Bhagoria et al., 2019; Yadav
et al., 2015).

Green synthesis technologies have gained prominence over the past decade amid the rapid
depletion of natural resources, offering a sustainable approach to producing nanostructured
materials (Septiningrum et al., 2026). This approach avoids high-pressure reactors and high
temperatures while minimizing polluting residues and yielding biodegradable products by em-
ploying natural agents such as plants, fruits, flowers, algae, or microbial extracts, with plant
extracts proving especially viable (Rao et al., 2015). The presence of phytochemicals, such as
flavonoids, phenolics, and organic acids, in these natural extracts contributes to particle for-
mation, stabilization, and size control (Thiurunavukkarau et al., 2022). Several studies have
demonstrated the successful use of various botanical sources for synthesizing TiOs NPs with
improved morphological and optical properties suitable for DSSCs. Gambier leaf (Sofyan et al.,
2025a), tropical almond (Sofyan et al., 2024), Carica papaya (Kaur et al., 2019), Aloe vera
(Diilger et al., 2024), and Citrus sinensis (Singh et al., 2022) are some examples.

Melastoma malabathricum, a wild tropical plant with high flavonoid content, particularly in
its fruit, is an underexplored botanical resource (Isnaini et al., 2019). These bioactive compounds
exhibit strong reducing capacity and can stabilize nanostructures during synthesis (Saini and
Kumar, 2023; Marslin et al., 2018; Liu et al., 2018). Additionally, lime juice, which contains
citric and ascorbic acids, may provide additional benefits as a co-reducing and chelating agent,
further enhancing nanoparticle formation and surface functionality (Belle et al., 2023). The
synergistic use of Melastoma malabathricum fruit extract and lime juice for the green synthesis
of TiO2 has not yet been thoroughly investigated, particularly regarding its impact on DSSC
performance. Hence, there is a critical need to explore this approach further to produce TiOs
nanoparticles with desirable physicochemical properties and to improve the energy conversion
efficiency in DSSCs. In particular, understanding how bio-derived chelating agents influence the
interfacial charge-transfer kinetics at the TiOs—electrolyte interface is key to improving DSSC
performance.

This study focuses on the green synthesis of TiOy nanoparticles using Melastoma mala-
bathricum fruit extract as a natural reducing and capping agent under varying concentrations
of natural lime juice extract as the chelating agent. Subsequently, the synthesized nanoparticles
were used as photoanodes in a DSSC device to assess the effectiveness of tropical plant-based
materials in solar energy applications.

2. Experimental Setup

2.1 Materials

Titanium tetraisopropoxide (Ti|[OCH(CHz)als4, 97%) from Sigma-Aldrich (St. Louis, MO,
USA) was used as the synthesis precursor. Other chemicals, including ethanol (99.9%), N-
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methyl-2-pyrrolidone (NMP), and polyvinylidene fluoride (PVDF), were obtained from Merck
(Darmstadt, Germany), and Platisol T/SP, Ruthenizer 535-bis TBA (N719), iodolyte HI-30,
and Meltonix 1170-60 were obtained from Solaronix SA (Aubonne, Switzerland). Indium-doped
tin oxide (ITO) (1.1 mm thick, sheet resistance 6 ohms/square) was used as the conducting glass
for this experiment.

2.2 Lime Juice and Melastoma malabathricum Extract Preparations

Fresh Melastoma fruits were collected from a wild-growing population in an open field in
Bogor, Indonesia, and dried for 6 h at 50°C using a dehydrator. A 10 g sample of dried fruit was
ground and extracted with 50 ml of ethanol containing 0%, 20%, 40%, or 50% lime juice. Fresh
limes were manually squeezed to obtain lime juice, which was subsequently filtered to remove
pulp and insoluble solids. Clarified lime juice was added to the extraction solvent to adjust the
pH and serve as a chelating agent (Sangeetha et al., 2024). The mixture was filtered to separate
the insoluble residue from the solvent, yielding Melastoma fruit extracts. The extracts were
then used to green-synthesize TiOo NPs.

2.3 Green Synthesis of TiO, Nanoparticles

The environmentally friendly synthesis of titanium oxide was carried out following the
sol-gel method. Five beakers were prepared, each containing 5 mL of titanium tetraisopropoxide
(TTIP). For the control sample (C1), 80% ethanol (6.25 mL) was added dropwise to the first
beaker. For the remaining beakers, 6.25 mL of Melastoma malabathricum fruit extract prepared
using different ethanol-lime juice solvent compositions, as described in Section 2.2, was added
dropwise, and the samples were labeled M1, M2, M3, and M4, respectively (Table 1).

The mixture was stirred on a magnetic stirrer for 2 hours, then filtered to yield a wet gel.
The wet gel was dried at 80 °C for 8 hours, then calcined at 450 °C for 2 hours and 30 minutes.
The resulting TiO2 nanopowders synthesized under different solvent conditions were collected
and used in further characterization and application studies. To facilitate a clearer understanding
of the overall workflow for the green synthesis of TiOg nanoparticles, from extract variation and
sol-gel processing to structural confirmation, a flowchart is shown in Figure S1, Supplementary.

2.4 Fabrication of solar cells

Solar cell devices were fabricated by modifying the procedure in our previous work (Sofyan
et al., 2024) with slight modifications. In this study, five sensitized devices were prepared using
N719 dye. For each sample variation (C1, M1, M2, M3, and M4), pairs of ITO conductive glass
substrates were ultrasonically cleaned in acetone, followed by ethanol at room temperature. One
of the ITO glass substrates was designated as the counter electrode, and the other served as the
photoanode.

Table 1 Summary of sample codes (C1, M1-M4) used in TiO2 nanoparticle synthesis

Code Solvent Composition Maceration Parameter pH (measured)
Ethanol (% v/v) Lime Juice (% v/v)
C1 - - - -
M1 Ethanol 100 0 )
M2 80 20 4
M3  Ethanol + lime juice 60 40 4
M4 50 50 3

Two diagonal holes approximately 1 mm in diameter were drilled into the ITO glass sub-
strate to prepare the counter electrode. An area of 1 cm? was obtained by masking the un-
deposited area of the conductive I'TO glass substrate with a thin plastic tape prior to slurry
coating. Platinum paste was then applied to the exposed area using the doctor blade technique.
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After the plastic tape was removed, the coated substrate was heated to 400 °C for 30 minutes,
then cooled to room temperature.

The photoanode preparation began with the formulation of a binder solution by heating
1.00 mL of NMP at 60 °C for 30 minutes in an enclosed container. Subsequently, 50.00 mg of
PVDF powder was gradually added under constant low stirring, followed by continued stirring at
1000 rpm for an additional 30 minutes. From this binder solution, 10.00 uL. was transferred into
separate containers corresponding to each sample variation. A total of 90 mg of TiOy powder
was deposited onto the conductive side of the ITO substrate using the doctor blade method
over the same active area as the counter electrode. The coated photoanodes were dried at 65
°C for 2 h and then cooled to room temperature. A 0.8 mM N719 solution was prepared for the
sensitizer by dissolving 50 mg of the powder in 50 mL of ethanol (Yum et al., 2011). The dried
photoanodes were immersed in the dye solution for 12 h and then air-dried.

To prevent short circuits, the device was assembled by joining the photoanode and counter
electrode using Meltonix 1170-60 as a spacer and sealant. The assembled cells were heated to
90 °C to ensure proper sealing and then cooled to room temperature. Finally, the iodolyte was
carefully injected through one of the predrilled holes on the counter-electrode side until the
entire volume was filled. Once completed, the holes were sealed, and the device was ready for
examination of its photovoltaic performance.

2.5 Characterization

All characterization measurements were performed at room temperature under ambi-
ent laboratory conditions, without pressure or humidity control. Fourier transform infrared
spectroscopy (FTIR) was conducted using a PerkinElmer ATR Spectrum One spectrometer
(Waltham, MA, USA). Ultraviolet—visible diffuse reflectance spectroscopy (UV-Vis DRS) mea-
surements were performed using a Shimadzu UV-2450 spectrophotometer (Kyoto, Japan). X-ray
diffraction (XRD) analysis was performed on a Malvern Panalytical Empyrean diffractometer
(Malvern, UK) to retrieve the crystallographic information from the samples. Raman spec-
troscopy measurements were conducted using a HORIBA iHR320 Raman spectrometer (Ky-
oto, Japan). Surface morphology and elemental composition were examined using a field-
emission scanning electron microscope equipped with energy-dispersive X-ray spectroscopy (FE-
SEM/EDX, FEI Inspect F50, Hillsboro, OR, USA). Electrochemical properties were evaluated
using a Metrohm Autolab potentiostat (Utrecht, The Netherlands) under room-light conditions.
Photovoltaic performance was measured using a Keithley 2450 source meter (Cleveland, OH,
USA) coupled with an ABET Sunlite™ solar simulator (Milford, CT, USA) under standard illu-
mination of 1000 W m~2 (AM 1.5G). All experimental procedures were performed at the Faculty
of Engineering, Universitas Indonesia, except for Raman spectroscopy, which was conducted at
the Integrated Laboratory Research Center (ILRC), Universitas Indonesia.

3. Results and Discussion

To provide a better understanding of the green synthesis route and its role in forming TiO4
nanoparticles, a schematic illustration of the proposed green synthesis formation mechanism is
proposed, which may involve several reaction steps as provided in Equations (1) — (3) (Polte,
2015).

1. Hydrolysis of titanium tetraisopropoxide

2. Condensation of amorphous hydrous titanium dioxide

TI(OH)4 — TiO9_xH50 + (2 — .’L‘)HQO (2)
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3. Nucleation and growth of the crystalline TiOo NPs during the calcination process

TiOQ )(HQO — TiOQ (3)

At this stage, phytochemical compounds in the extract, such as flavonoids, are adsorbed onto
the TiOs surface and act as capping agents, controlling and stabilizing growth. Furthermore, the
obtained TiOy was deposited on the conductive glass surface to serve as the DSSC photoanode.
The illustration of the TiOy formation process in this study is illustrated in Figure 1.
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R / o ° m‘
CH Wet Gel
Titanium Isopropoxide Melastoma malabathricum extract +
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- | T
} Dried Powder
s

Figure 1 Formation mechanism illustration of TiOs NPs green synthesized in the presence of
Melastoma malabathricum extract and lime juice

DSSC Assembly

3.1 Identification of Functional Groups

FTIR characterization enables the identification of additional functional groups that may
remain after TiOo synthesis. The observation was conducted over the range of 400-4000 cm™?,
as shown in Figure 2. Several distinct absorption bands were detected, which were attributable
to functional groups arising from both the synthesis process and residual organic compounds.
Table 2 summarizes the observed FTIR peaks, their assignments, and possible origins. The
distinct peaks observed at 3354 cm™! correspond to an O-H vibrational mode, likely arising
from residual ethanol solvent and adsorbed moisture. Vibration at 2340 cm~! (C-O bond),
indicating the presence of organic residues from the green synthesis process. The absorption at
1682 cm ™! is assigned to the bending mode of the H-O-H bond in adsorbed water molecules.
The prominent peak at wavenumber 1230 cm ™! and the broad band between 400 and 1050 cm™!
correspond to O—Ti—O and Ti—O-Ti lattice vibrations, respectively, confirming the formation of
the TiO2 crystalline structure (Singh et al., 2024).

3.2 Optical Properties

Bandgap energy is the energy that separates the valence band and the conduction band
in a material. This property is crucial because it also indicates the material’s ability to absorb
photons at a specific wavelength (Zanatta, 2019). In this study, UV-Vis DRS was used to assess
the optical properties of TiOg nanoparticles (NPs). To estimate the optical bandgap, the diffuse
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reflectance data were calculated using the Kubelka-Munk relation given in Equation (4) (Makuta
et al., 2018).

Table 2 Identification of functional groups from infrared spectra of as-synthesized TiOg NPs

Wavenumber (cm~!) Functional Group Assignment/Origin

3354 O-H stretch Hydroxyl/volatile alcohol  (from
ethanol solvent, adsorbed water)

2340 C-0 stretch Organic residue possibly from green
synthesis (phytochemicals, COy ad-
sorption)

1682 H-O-H bend Absorbed water/ambient moisture

1230 O-Ti-O vibration TiO9 lattice

400-1050 Ti-O-Ti stretch  TiOq crystal structure
O-H C-O H-O-H O-Ti-O Ti-O-Ti
3354 2340 1672 1230 1050
[ [ I
[ [ 1o
[ | (.
[ | [
MM Extragt | Lo

Transmittance (a.u)
<
N
_1 _—
1

! | ! I ! I I ! I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2 Infrared spectra of TiOy NPs synthesized using ethanol only (C1) and using
Melastoma malabathricum extract with lime juice variations (M1, M2, M3, and M4)

(F(Roo) - )7 = B(hw — E,) (4)

where F(Ro ) denotes the Kubelka-Munk function, ~ denotes the Planck constant, v is

the photon frequency, E, represents the bandgap energy, B is constant, and v is a factor that

depends on the type of electronic transition, taking a value of % for direct transitions and 2

for indirect bandgap transitions. In this study, the bandgap energy was determined from the

Tauc plot of (F(Re ).hv)Y/? versus hv assumed an indirect allowed transition bandgap energy

transition (Nagaraj et al., 2019). As shown in Figure 3, the corresponding Tauc’s plot revealed

the bandgaps for samples C1, M1, M2, M3, and M4 as 3.14, 3.12, 3.09, 3.09, and 3.10 eV,
respectively.
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The slight bandgap narrowing might be attributed to the incorporation or surface adsorption
of organic species from the extract, which could introduce localized states within the bandgap
(Sofyan et al., 2025a). Similar bandgap-narrowing mechanisms have been reported in doped
TiO2 nanoparticles, in which co-doping enhances visible-light absorption (Na-Phattalung et al.,
2022). This bandgap narrowing is favorable for DSSC applications because it improves visible-
light harvesting and facilitates more efficient electron injection and charge transport, thereby
enhancing the overall PV performance (Villanueva-Cab et al., 2018).
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Z 1.0 Z 10
3 3
= 0.5 = 05
3.14 eV 312 &V
0.0 0.0 '
27 28 29 3.0 31 32 33 34 27 28 29 3.0 31 32 33 34
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Figure 3 Tauc plots (F(R) hv)'/? versus photon energy (hv) of TiOy nanoparticles synthesized
via sol-gel method using ethanol only (a) C1, and Melastoma malabathricum extract with lime
juice variations (b) M1, (¢) M2, (d) M3, and (e) M4. The red arrow points to the bandgap
energy

3.3 Surface morphology and composition

In this study, the surface morphology of green-synthesized TiOo NPs was examined using
field-emission scanning electron microscopy (FESEM). As shown in Figure 4, all samples (C1,
M1, M2, M3, and M4) exhibited relatively similar spherical particle morphologies. These ob-
servations agree with previous studies reporting that spherical TiOgy particles are preferentially
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formed under low-acidity conditions during sol-gel synthesis (Yalcin, 2022; Aida and Sreekantan,
2011).

However, a clear difference was observed between the control sample synthesized with
ethanol only (C1) and the extract-assisted samples. The C1 particles tended to grow in a
less controlled manner, whereas the M1-M4 samples exhibited progressively smaller and more
refined particles. Quantitative particle-size analysis was performed by measuring representative
particle diameters from FESEM images using ImageJ. The average particle sizes of C1, M1, M2,
M3, and M4 were 152.86, 129.77, 117.17, 83.41, and 81.26 nm, respectively. This suggests that
plant-derived capping agents effectively restrict particle growth during synthesis.

Figure 4 shows secondary electron images and histograms derived from ImageJ measure-
ments. The distributions were fitted with Gaussian curves to provide insight into the particle-size
distribution for each sample. C1 shows a broader distribution and a larger size range, indicating
less uniform particle growth. In contrast, the extract-assisted samples, particularly M3 and M4,
show a more uniform distribution and a clear shift toward smaller particle sizes. This behavior
confirms that extract concentration affects particle growth and formation (Yuliarto et al., 2019).

Energy-dispersive X-ray spectroscopy (EDX) provides information on the elemental compo-
sition as provided in Figure S2 (Supplementary). The weight percentages of titanium (Ti) and
oxygen (O), as presented in Table 3, are indicated by the significant peaks at the range 64-67%
and 35-32%, respectively. These results suggest that the composition of the synthesized TiOo
matches its stoichiometric formula (Sofyan et al., 2025a).

Table 3 Elemental composition of TiO2 nanoparticles determined by EDX analysis, showing
the weight percentages of titanium (Ti) and oxygen (O) for all synthesized samples
Code Ti (wt%) O (wt%)

C1 65.89 34.11
M1 67.05 32.95
M2 65.72 34.28
M3 65.21 34.79
M4 64.42 35.58

The extent of particle agglomeration was measured using a particle size analyzer, and
the results are presented in Table 4. The particle size measurements obtained from the PSA
are generally larger than those determined from FESEM images using ImageJ software. This
discrepancy can be attributed to the fundamental differences between the two methods. When
combined with ImageJ, FESEM provides the physical size of the nanoparticles by direct imaging,
while PSA measures the hydrodynamic diameter, which encompasses the core particle plus any
bound solvent molecules, capping agents, and possible agglomerates in suspension. Moreover,
PSA assumes spherical, monodisperse particles, which is often not the case in real samples,
leading to size distributions skewed toward larger values. Despite this difference, both FESEM
and PSA results consistently demonstrated that the presence of capping agents in samples
M1-M4 effectively limited particle growth compared with that in the control sample C1. These
findings confirm the role of plant-based capping agents in controlling particle size and reducing
nanoparticle aggregation during green synthesis (Tasisa et al., 2024).

3.4 Crystallographic Properties

X-ray diffraction (XRD) analysis was used to determine the crystalline phase and approx-
imate crystallite size of the synthesized TiO2 nanoparticles. The XRD patterns of the control
sample, synthesized using ethanol only (C1), and the green-synthesized samples (M1-M4) are
presented in Figure 5. The diffractogram shows distinct peaks corresponding to crystal planes
(101), (004), (200), (105), (211), (204), and (116), which belong to pure anatase TiOs (JCPDS
Card No. 01-071-1167). This phase is favorable for DSSC applications because of its high sur-
face area and electronic properties, which support dye adsorption and charge transport (Eddy
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et al., 2023).

Figure 4 FESEM images of TiOg nanoparticles synthesized using ethanol only (a) C1 and
Melastoma malabathricum extract with lime juice variations (b) M1, (¢) M2, (d) M3, and (e)
M4. The insets show particle-size distribution histograms obtained from ImageJ analysis, with
a Gaussian fit (red line) illustrating the statistical distribution of particle sizes.

The mechanism underlying the exclusive formation of anatase in this study can be explained
using the partial charge model. At moderately low acidity, the deprotonation of the titanium
precursor species yields [TiO(OH)(OHs)4]™, which then undergoes intramolecular deoxidation.
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This promotes condensation reactions along the apical direction, resulting in a distorted oc-
tahedral chain arrangement characteristic of the anatase structure. This pathway is favored
under relatively low acidity synthesis conditions, consistent with the absence of rutile peaks in
the present XRD data. Therefore, the pH of the synthesis environment plays a pivotal role
in directing the phase formation of TiO9, with lower acidity facilitating anatase crystallization
(El-Shear, 2017; El-Shear, 2017).

The average crystallite sizes of each nanoparticle were calculated from all diffraction peaks
using the Scherrer equation (Equation 5) (Purkait et al., 2023; Zak et al., 2011) and the results
are also provided in Table 4.

kA
b= B cosb (5)

where D denotes the average crystallite size, k is Scherrer’s shape constant (0.94); A rep-
resents the wavelength of the source X-ray (0.154 nm); 3 corresponds to the full width at half
maximum (FWHM); and 6 is Bragg’s diffraction angle. The average values for samples C1, M1,
M2, M3, and M4 were 18.17, 14.68, 14.01, 12.56, and 12.43 nm, respectively. This decrease
in crystallite size is attributed to the Melastoma malabthricum extract and lime juice that act
as a capping agent, limiting the growth and agglomeration of nanoparticles (Rajendhiran et
al., 2021a). These dimensions are similar to several investigations of green-synthesized TiOq
nanoparticles (Singh et al., 2024; Singh et al., 2022; Maurya et al., 2019).

The relatively small crystallite sizes obtained in this study are considered favorable for the
performance of DSSC. The combination of high surface area from the nanoscale size, nanopar-
ticle morphology, and predominance of the anatase phase may offer more active sites for dye
anchoring, which is expected to support improved charge generation in the device (Tijani et al.,
2024; Eddy et al., 2023; Hegazy et al., 2016).
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Figure 5 X-ray diffractograms of TiOy NPs synthesized using ethanol only (C1) and using
Melastoma malabathricum extract with lime juice variations (M1, M2, M3, and M4)
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Table 4 Average crystallite size from XRD and estimated band gap from Tauc’s plot for TiOq
nanoparticles synthesized using ethanol only (C1) and Melastoma malabathricum extract with
lime juice variations (M1, M2, M3, and M4)

Code Bandgap Crystallite size Particle Size Particle size

(eV) (nm, XRD) (nm, FESEM)  (nm, PSA)
C1 3.14 18.17 152.86 409.97
M1 3.12 14.68 129.77 338.63
M2 3.09 14.01 117.17 309.33
M3 3.09 12.56 83.41 288.27
M4 3.10 12.43 81.26 340.40

3.5 Raman Spectroscopy

Raman spectroscopy was used to confirm the phase composition and chemical structure
of the TiOs NPs. The Raman spectra of the synthesized sample were recorded in the range
800-100 cm~!. The spectra of all samples in Figure 6 show prominent peaks at 144 cm™', 199
em™!, 399 cm™!, 516 em ™!, and 638 cm~!. Thus, all of them strongly indicate the existence of
the anatase phase in each sample (Su et al., 2008). The results are consistent with the X-ray
diffractogram presented in Section 3.4.
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£ — M3
[
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Raman shift (cm™)

Figure 6 Raman spectra of TiOy NPs synthesized using ethanol only (C1) and using
Melastoma malabathricum extract with lime juice variations (M1, M2, M3, and M4)

A slight blue shift is observed in the primary Raman peak, shifting from 144.2 cm ™" for the
control sample synthesized using ethanol only (C1) to approximately 145.26 cm™! for samples
M1, M2, and M3, and further to 145.78 cm~! for M4. This gradual shift suggests a reduction in
crystallite size and potential strain effect caused by the bioactive compound (Khang and Minh,
2008; Sofyan et al., 2025b).

No D/G ratio was detected in the Raman spectra because the characteristic bands of sp?
carbon structures around 1350 and 1580 cm™! were absent. This finding is consistent with
the behavior of pure anatase TiO2 (Ruidiaz-Martinez et al., 2020). The absence of carbon
is further supported by the EDS results showing only Ti and O elements in Section 3.3 and
by the XRD patterns in Section 3.4. This indicates that the anatase phase is the only phase
present, with no carbon-related phases. It can be concluded that the green synthesis route
successfully produced high-purity anatase TiOs nanoparticles, with no significant incorporation
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of phytochemical species into the TiO4 lattice.

3.6 Electrochemical Properties

The electrochemical properties of the DSSC devices were evaluated using EIS to assess
interfacial charge-transfer kinetics. The results are presented in the form of impedance spectra
and Nyquist plots in Figure 7(a). Although the semicircles are not fully closed within the
measured frequency range, clear differences in the radius of the semicircles are observed among
the samples, indicating variations in the interfacial charge transfer resistance. In ascending
order, the radius of the evident semicircle increases from M1 to M2, M4, M3, and C1. The
corresponding estimated charge-transfer resistance (R) is presented in Table 5 and follows
the same trend. A larger Rct value indicates greater resistance to electron transfer at the
interface, which may hinder charge transport and device performance (Mehmood et al., 2016).
Accordingly, the lower apparent R.; observed for M1 indicates a more efficient interfacial charge
transfer than in the other samples.
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Figure 7 Nyquist (a) and Bode imaginary (b) plots of DSSC devices fabricated using TiOg
nanoparticles synthesized using ethanol only (C1) and Melastoma malabathricum extract with
lime juice variations (M1, M2, M3, and M4), measured under room light illumination. The
Nyquist semicircle represents interfacial charge transfer at the TiOy/dye/electrolyte interface,
while the Bode peak frequency was used to estimate electron lifetime

The electron lifetime (7¢) of different TiOy photoanode materials was obtained using Equa-
tion (6) (Sofyan et al. 2026):

1
27 fon ©
where fnq: i the phase angle’s peak frequency from the Bode plot (Figure 7(b)). The
extended relaxation time can be attributed to more efficient charge collection and minimum
recombination losses. As described in Table 5, M2-M4 show a more balanced performance
profile, with electron lifetimes ranging from 205 to 274 ms and Rct values between 14,876-17,193
Q). This combination suggests that incorporating Melastoma malabathricum extract into lime
juice improves charge retention while maintaining reasonable charge-transfer kinetics, consistent
with the observed DSSC performance.

Te

3.7 Photovoltaic Performance

Current density-voltage measurements as seen in Figure 8(a) reveal an intriguing correlation
with the EIS results, and the corresponding photovoltaic parameters are summarized Table 6.
Among all the samples, M1 exhibited the highest power conversion efficiency (PCE = 3.12%),
despite its relatively low fill factor (FF = 0.38) and shorter electron lifetime (55 ms). This
suggests that the M1 photoanode structure optimizes both dye loading and charge injection
efficiency. In contrast, samples (M2-M4) showed more modest PCE values (2.26-2.49%), with
consistently higher fill factors (FF = 0.57), which can be attributed to their longer electron



International Journal of Technology 17(3) 1077-1095 (2026) 1089

lifetimes and more balanced interfacial charge-transfer properties. The corresponding power
density—voltage (P—V) curves derived from the J-V data (Figure 8(b)) further confirm these
trends, with M1 delivering the highest maximum power output among the investigated pho-
toanodes. This behavior indicates that the efficiency enhancement is primarily governed by
improved photocurrent generation rather than variations in open-circuit voltage. The presence
of residual organic species from the extract may partially counterbalance the beneficial effect of
the chelating agent on electron transfer, which could potentially reduce effective dye adsorption
or alter surface states, as reported in similar green-synthesized TiOy systems (Sofyan et al.,
2024; Rajendhiran et al., 2021b).

Table 5 EIS parameters of DSSC devices based on TiOs nanoparticles synthesized using
ethanol only (C1) and Melastoma malabathricum extract with lime juice variations (M1, M2,
M3, and M4), including series resistance (Rs), estimated charge transfer resistance (R;), peak

frequency (fmax), and electron lifetime (7)

Sample R () Ret (92) fmax (Hz) Te (ms)
C1 37.323 22123.836 0.374 425.809
M1 33.719 3625.759 2.910 54.722
M2 38.251 14876.175 0.778 204.639
M3 31.768 17193.234 0.580 274.331
M4 29.005 15645.045 0.580 274.331
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Figure 8 (a) J-V characteristics and (b) corresponding power density—voltage (P—V) curves of
DSSC devices based on TiOy nanoparticles synthesized using ethanol only (C1) and
Melastoma malabathricum extract with lime juice variations (M1, M2, M3, and M4), recorded
under standard illumination conditions (100 mW cm™2).
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The future of green synthesis is closely linked to the global push for sustainable, eco-friendly
technologies. This approach uses naturally derived reducing and capping agents, thereby avoid-
ing hazardous chemicals and making the process safer for human health and the environment.
Although dye-sensitized solar cells (DSSCs) are currently less efficient than other photovoltaic
technologies, they remain valuable for applications where efficiency is not the main priority.
Examples include indoor energy harvesting under low-light conditions to power small electronic
devices; wearable electronics, where their lightweight and flexible design enables integration
into smart textiles; building-integrated photovoltaics, such as transparent solar panels for win-
dows and facades that combine functionality with aesthetics; and low-power sensors for remote
monitoring, where energy requirements are minimal.

To evaluate the performance of the DSSCs developed in this study relative to similar sys-
tems, their photovoltaic characteristics are compared with those of previously reported devices
that employed green-synthesized TiOo photoanodes. Table 7 presents the results of this bench-
marking. By placing the current findings alongside earlier reports, the comparison shows how key
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material properties—such as crystallite size and interfacial charge-transfer resistance—directly
influence overall device efficiency. The table highlights how different plant-derived synthesis
routes affect these parameters, revealing the link between the microstructural features of TiOg
photoanodes and PV performance.

Table 6 Photovoltaic parameters of DSSC devices based on TiOg nanoparticles synthesized
using ethanol only (C1) and Melastoma malabathricum extract with lime juice variations (M1,
M2, M3, and M4) under standard illumination (100 mW cm~2)

Sample I, (mA) V. Loz Vinaz Jse FF PCE Ii; (mA)
(V)  (mA) V) (mA/cm?) (%)

C1 3.20 1.00 2.75 0.66 3.2 0.57 1.81 3.20

M1 8.13 1.00 9.77 0.54 8.13 0.38 3.12 8.13

M2 4.38 1.00 3.84 0.65 4.38 0.57 2.49 4.38

M3 3.93 1.00 3.42 0.66 3.93 0.57 2.26 3.93

M4 3.95 1.00 3.43 0.66 3.95 0.57 2.27 3.95

Table 7 Comparative benchmark of green-synthesized TiO9 photoanodes derived from
different plant parts, summarizing TiO2 phase, crystallite size, charge-transfer resistance (Rct),
and power conversion efficiency (PCE) reported in this study and other similar studies

Plant Species  Plant Part Variation TiOq Crystallite Rct (Q) PCE Ref
Phase Size (nm) (%)
Melastoma Fruit Extract Anatase  14.68 3625.78 3.12 This Study
malabathricum
Extract + 20% Anatase 14.01 14876.17 2.49
lime juice
Extract + 40% Anatase 12.56 17193.23 2.26
lime juice
Extract + 50% Anatase 12.43 15645.05 2.27
lime juice
Saccharum of- Sugarcane Water Anatase  8.76 16.87 0.68 (Singh et
ficinarum al., 2024)
Water + sugar- Anatase 5.99 7.21 1.29
cane juice
Sugarcane juice Anatase  7.65 6.68 3.65
Citrus limon Fruit 0.9% juice extract Anatase  10.00 43.35 3.87 (Singh et
al., 2022)
0.45% juice ex- Anatase 8.00 50.23 4.55
tract
0.27% juice ex- Anatase 11.00 31.34 2.73
tract
Gambir leaves  Leaf Extract Anatase  9.23 66.77 4.10 (Sofyan et
al., 2025b)
Extract + 10% Anatase 8.24 42.83 2.42
Acetylacetone
Extract + 30% Anatase 8.37 92.84 2.09
Acetylacetone
Extract + 50% Anatase 7.19 92.84 4.40
Acetylacetone

4. Conclusions

This study demonstrates that bio-derived chelating agents can systematically tune the prop-
erties of TiO2 photoanodes, offering a scalable strategy for sustainable DSSC fabrication. Melas-
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toma malabathricum fruit extract, as a reducing and capping agent, and lime juice, as a chelating
agent, were shown to produce anatase-phase TiOs NPs. Variations of extract composition were
found to inhibit crystallite and particle growth of TiOy NPs, though aggregation still occurred
to some extent. The DSSC devices showed a clear improvement in photovoltaic performance
compared with the control sample, achieving an efficiency of 3.12% for the TiOs photoanode
synthesized without lime juice. While samples synthesized with lime juice exhibited better
charge retention, their efficiencies were slightly lower (2.26-2.49%), highlighting a trade-off be-
tween charge transport and light harvesting. These findings provide valuable guidance for future
DSSC development, particularly in the design of bio-capped TiO5 photoanodes. Future research
could explore the optimal performance achievable by combining the exceptional light-harvesting
capability observed in samples without lime juice with the enhanced charge-preservation proper-
ties demonstrated by samples synthesized with lime-juice extract. This work demonstrates the
promise of green synthesis routes for developing efficient, environmentally friendly photovoltaic
materials while providing clear strategies for further performance enhancement.
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