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Abstract: In this study, the influence of pH adjustment sequence during green synthesis on
the structural evolution of TiO2 nanoparticles was investigated, specifically examining whether
the solution pH was modified before or after the addition of titanium(IV) isopropoxide (TTIP).
Jatropha multifida leaf extract was employed as a natural reducing, capping, and stabilizing
agent owing to its rich bioactive compounds, which are capable of directing nanoparticle for-
mation. Two synthesis pathways were systematically compared: pre-pH adjustment, where the
extract pH (∼5) was adjusted to acidic or basic conditions prior to TTIP addition, and post-pH
adjustment, where TTIP was first introduced into the extract, followed by pH modification. The
pH values were varied at 3, 7, and 10. The results revealed that the crystallite size increased
with increasing pH, and for the same pH value, the post-pH adjustment route consistently pro-
duced larger crystallites than the pre-pH adjustment route. Following synthesis, all as-prepared
samples were utilized as photoanodes in DSSCs, and their photovoltaic performance was eval-
uated via current–voltage (I–V) measurements under simulated solar illumination. The pre-pH
3 sample achieved the highest PCE of 5.52%, attributed to its smaller crystallite size, which
provides a higher surface area, greater dye loading, and improved charge transport. Thus, the
pre-pH adjustment method is more suitable for producing TiO2 for DSSC applications. This
study demonstrates that the timing of pH adjustment controls TiO2 nucleation and growth,
shaping its final structure, and affecting DSSC performance. It provides a simple, green, and
scalable way to tune TiO2 for improved solar cell efficiency.

Keywords: Dye-sensitized solar cells (DSSCs); Green synthesis; Morphology; pH sequence
control; TiO2 nanoparticle

1. Introduction

The growing demand for sustainable energy has placed renewable energy technologies at
the forefront of scientific and industrial development (Hassan et al., 2024). Among these, solar
energy is one of the most promising sources due to its abundance, cleanliness, and wide avail-
ability (Kabir et al., 2018). DSSCs have emerged as a cost-effective and flexible alternative to
conventional silicon photovoltaics, supported by their simple fabrication, low material usage,
and strong performance under low-light conditions (Sasikumar et al., 2024; Saud et al., 2024;
Devadiga et al., 2021). The photoanode material, which must offer high surface area for dye
adsorption and efficiently facilitate electron injection and transport, is a key factor influencing
DSSC performance (Sawal et al., 2023; Mohammadian-Sarcheshmeh et al., 2020; Karim et al.,
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2019; Fan et al., 2017). Titanium dioxide (TiO2) nanoparticles remain the most widely used
photoanode material because of their chemical stability, suitable energy band structure, abun-
dant, and non-toxicity (Priyono et al., 2018; Shakeel-Ahmad et al., 2017; Sofyan et al., 2017).
Nanomaterials are vital in solar energy technologies because their nanoscale size and high sur-
face area enhance light absorption, while their tunable shape, size, and optical properties further
optimize device performance and stability (Aftab et al., 2025).

Over the past several decades, a variety of synthetic methods have been developed to pro-
duce titanium dioxide (TiO2) nanoparticles with controlled size, morphology, and crystallinity
(Liu and Wang, 2019; Talebzadeh et al., 2019; Wang et al., 2014). Conventional approaches,
such as the sol–gel process, hydrothermal treatment, and precipitation methods, often rely on
high reaction temperatures, corrosive solvents, or expensive surfactants and templating agents.
These requirements not only increase the synthesis’s environmental footprint but also present
challenges in terms of scalability and cost-effectiveness (Ahmed et al., 2022). Green synthe-
sis has gained attention as a more sustainable alternative to address these limitations. This
approach utilizes naturally derived extracts from plants, fungi, or algae, which are rich in bioac-
tive compounds, including polyphenols, flavonoids, alkaloids, and saponins, that can function
as reducing, stabilizing, and capping agents during nanoparticle formation (Sarip et al., 2022;
Srikar et al., 2016; Virkutyte and Varma, 2011). This bio-mediated approach reduces the use
of hazardous chemicals while offering improved control over the nucleation, growth, and physic-
ochemical properties of the obtained TiO2 nanoparticles (Behzad et al., 2021; Gnanasangeetha
and Suresh, 2020).

Among the various plant sources explored for green synthesis, Jatropha multifida has shown
considerable promise owing to its high content of bioactive phytochemicals, including alkaloids,
terpenoids, and phenolic compounds. These naturally occurring molecules possess functional
groups capable of chelating metal ions, modulating hydrolysis and condensation kinetics, and
acting as capping agents that stabilize nanocrystal growth (Dah-Nouvlessounon et al., 2023).
These interactions can influence the nucleation process and restrict uncontrolled particle growth,
enabling the formation of TiO2 nanostructures with improved size uniformity and dispersion
(Goutam et al., 2018). Despite the growing interest in using botanical extracts for the green
synthesis of TiO2, the mechanistic aspects that govern the formation and final structure of
the material remain poorly understood. The influence of specific process parameters, such
as precursor concentration, reaction pH, and the sequence of reagent addition, has not been
systematically studied, limiting our ability to optimize the physicochemical properties of the
resulting nanomaterials (Mulay et al., 2024).

One of the key factors influencing the final formation of TiO2 nanoparticles is the pH of
the reaction solution, which plays a critical role in controlling the hydrolysis and condensation
behavior of titanium alkoxide precursors such as titanium(IV) isopropoxide (TTIP) (Tryba et al.,
2016). In conventional synthesis protocols, the pH of the reaction solution is typically adjusted
after the addition of the metal precursor (post-pH adjustment), as demonstrated by Sridevi et al.,
2020. In their work, TiO2 nanoparticles were synthesized via a sol–gel method under controlled
pH conditions (pH 6, 8, and 10) to investigate the influence of pH on particle formation. The
results showed that pH significantly affected the nucleation and growth of the TiO2 particles. X-
ray diffraction (XRD) analysis confirmed that all samples predominantly exhibited the anatase
phase with minor brookite content. Transmission electron microscopy (TEM) revealed that the
nanoparticles possessed a nearly spherical morphology, with average particle sizes varying as a
function of pH. Specifically, the sample synthesized at pH6 yielded the smallest average particle
size of approximately 7 nm, while those synthesized at pH8 and pH10 exhibited larger particle
sizes of approximately 13.7 nm and 17.8 nm, respectively. This trend indicates that lower pH
conditions favor the formation of smaller and more uniform TiO2 nanoparticles due to faster
hydrolysis and more controlled condensation rates of the Ti precursor.

In contrast to conventional sol–gel methods, several studies on green synthesis approaches
have shown that increasing the pH of the reaction can reduce particle size. As reported by
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Muniandy et al., 2017, the reaction pH significantly influenced the physicochemical properties
of TiO2 nanoparticles synthesized without organic solvents using TTIP and starch as a biotem-
plate. Higher pH conditions enhanced hydrolysis and stabilized the titania network, resulting
in smaller, well-dispersed nanoparticles with a crystallite size of 8.9nm, compared to larger ag-
gregates formed under acidic conditions with a crystallite size of 12.2 nm. A similar result was
reported in the study by Hanafy et al., 2020. Titanium tetrachloride (TiCl4) was used as the
precursor, and aloe vera extract was used as a natural reducing and stabilizing agent. The syn-
thesis was carried out under varying pH conditions (acidic, neutral, and basic) without the use
of toxic solvents or high-temperature treatments. XRD analysis revealed that acidic conditions
led to the formation of mixed anatase, rutile, and brookite phases, whereas neutral pH produced
anatase and rutile, and basic pH resulted in pure anatase. High-resolution transmission elec-
tron microscopy (HRTEM) showed that the average particle size decreased with increasing pH:
approximately 22.9, 15.8, and 13.3 nm at acidic, neutral, and basic pH, respectively. This trend
indicates that higher pH promotes enhanced hydrolysis and nucleation control, resulting in the
formation of smaller and more uniform TiO2 nanoparticles.

Although the effects of pH on nanoparticle size, crystallinity, and phase composition are
well documented, the timing of pH adjustment relative to precursor addition remains largely
unexplored, particularly in green synthesis, where it may significantly alter the final product. In
plant-mediated syntheses, where biomolecules influence precursor coordination and hydrolysis,
adjusting pH before or after the addition of metal precursors may significantly affect nanopar-
ticle formation. This study addresses this gap by investigating the impact of pH adjustment
sequence on the green synthesis of TiO2 nanoparticles using Jatropha multifida leaf extract,
with emphasis on their application as photoanode materials in DSSCs. Two synthesis pathways
were investigated: (1) pre-pH adjustment, in which the initial pH of the J. multifida leaf extract
was adjusted prior to TTIP addition and (2) post-pH adjustment, in which TTIP was first in-
troduced into the extract followed by pH elevation. The synthesized TiO2 nanoparticles were
characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
scanning electron microscopy (SEM) to evaluate their chemical, structural, and morphological
properties. In addition, their photovoltaic performance was assessed in DSSC devices. This
work provides insight into the role of reaction sequence in green synthesis, offering a simple and
sustainable approach to tailor nanomaterials for solar energy applications.

2. Methods

2.1 Chemicals and materials used

J. multifida leaves were collected from Cijantung, an area in East Jakarta. Ethanol,
sodium hydroxide (NaOH), hydrochloric acid (HCl), and acetic acid were purchased from Sigma-
Aldrich (Darmstadt, Germany). Titanium(IV) isopropoxide (TTIP) was obtained from Sigma-
Aldrich (India), while acetylacetone was sourced from Sigma-Aldrich (China). Triton X-100
and PVP were procured from Sigma-Aldrich (St. Louis, USA). The dye cis-diisothiocyanato-
bis(2,2′-bipyridyl-4,4′-dicarboxylato)ruthenium(II) bis(tetrabutylammonium) (N719), platinum
paste (Platisol T/SP), iodide/tri-iodide electrolyte (Iodolyte HI-30), and sealing polymer film
(Meltonix) were obtained from Solaronix (Aubonne, Switzerland). All chemicals were used
without further purification or treatment.

2.2 Extraction of J. multifida leaves

The leaves of J. multifida were separated from the stems, washed with tap water, and
soaked in warm distilled (DI) water to remove dirt and bacteria. The cleaned leaves were dried
in an oven to reduce their moisture content. Once dried, they were ground into a fine powder
using a chopper. J. multifida leaf powder (15 g) was weighed and transferred into a glass beaker
containing 100 ml of ethanol. The mixture was stirred and heated at 60℃ for 1 h. The extract
solution was filtered through Whatmann No. 40 filter paper from Cytiva (China). The obtained
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filtrate was stored and ready to be used for the next process.

2.3 Green synthesis of TiO2 NPs

The green synthesis of TiO2 in this study followed the method reported by Qamar et
al., 2024 with some modifications. Green-synthesized TiO2 nanoparticles were prepared using
titanium(IV) isopropoxide (TTIP) as the titanium precursor. Sodium hydroxide (NaOH) and
hydrochloric acid (HCl) was used as the pH-adjusting agents. In the pre-pH adjustment process,
the pH of 50 mL J. multifida leaf extract (15% v/v) was adjusted before the dropwise addition
of 6 mL of TTIP. During the post-pH adjustment process, TTIP was added dropwise to the
extract before the reaction solution was adjusted to the desired pH. In both routes, the initial
pH of the extract was approximately 5 and was modified to an acidic condition (pH 3) using HCl
or to basic conditions (pH 7 and 10) using NaOH. After the precursor was completely added,
the mixture was stirred at 50℃ for 3 h to allow the reaction to proceed. The solution was cooled
to room temperature and centrifuged for ±15 min to separate the solid precipitate from the
supernatant. The resulting precipitate was oven-dried and subsequently calcined at 500℃ for 2
h to improve the crystallinity and structural stability of the TiO2 nanoparticles. The initial pH,
pre-pH, and post-pH adjustment samples were denoted as Initial pH 5, Pre pH, and Post pH,
respectively. Figure 1 illustrates the overall synthesis route.

Figure 1 Schematic illustration of the synthesis procedures for TiO2 samples prepared via
pre-pH and post-pH adjustment routes

2.4 Fabrication of the DSSCs

To prepare the TiO2 paste, 100 mg of the as-synthesized TiO2 powder was mixed with 3 mL
of ethanol, 0.1 mL of acetic acid, 0.04 mL of acetylacetone, 0.01 mL of Triton X-100, and 0.01 gr
of PVP. The mixture was subsequently ground manually using an agate mortar and pestle for
approximately 30min to obtain a uniform and homogeneous dispersion. Fluorine-doped tin oxide
glass substrates (25 x 25 x 2.2 mm, 6Ω/cm2) were masked with adhesive tape to define an active
area of 0.25 cm2. The TiO2 paste was deposited via the doctor blade technique, annealed on a hot
plate at 450℃ for 30 min, and then cooled to room temperature. A dye solution was prepared
by dissolving 50 mi of cis-diisothiocyanato-bis(2,2′-bipyridyl-4,4′-dicarboxylato)ruthenium(II)
bis(tetrabutylammonium) or N719 in 50 mL of ethanol. The dried TiO2 photoanodes were
immersed in the dye solution and kept in a sealed dark container overnight to ensure complete
dye adsorption. Counter electrodes were prepared by drilling a 1-mm hole near the edge of the
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FTO glass for electrolyte injection. Platinum paste was applied using the doctor blade method.
After tape removal and cleaning, the counter electrodes were calcined at 450℃ for 30 min and
cooled to room temperature. The device was assembled by sandwiching the photoanode and
counter electrode with their conductive sides facing inward. A polymer-based spacer was inserted
between the electrodes to prevent short-circuiting and was thermally sealed using a heat gun
for 40 s. To avoid air entrapment, an iodide-based liquid electrolyte was injected through the
predrilled hole using a syringe until the active area was fully infiltrated.

2.5 Characterizations

The infrared spectra of J. multifida leaf extract and the green-synthesized TiO2 sample were
obtained using FTIR (Fourier-transform infrared spectroscopy (FTIR, Shimadzu IRXross) over
the wavenumber of 4000–400 cm-1. The phase structure of the as-prepared samples was analyzed
using X-ray diffraction (XRD, Malvern PANalytical Empyrean) with a Cu Kα radiation source,
scanned over a 2θ range of 20°–9020–90°, and the average crystallite sizes of the as-synthesized
samples were calculated using Scherrer’s equation (Uvarov and Popov, 2007):

d = K × λ

β × cos θ
(1)

where d is the crystallite size, λ is the X-ray wavelength, β is the full width at half maximum
(FWHM), θ is the Bragg angle, and K is the Scherrer constant. The surface morphology was
examined using field-emission scanning electron microscopy (FESEM, JEOL JSM-IT710HR LA).
The photovoltaic performance of the DSSCs was evaluated by measuring the J–V characteristics
under AM 1.5 illumination (100 mW cm−2) using a solar simulator (Newport Sol 3A).

3. Results and Discussion

To identify the biomolecules responsible for the reduction and stabilization of nanoparticles,
the FTIR spectrum of J. multifida leaf extract was compared with those of green-synthesized
TiO2 nanoparticles (initial-pH 5) and commercial TiO2 (P25, Degussa GmbH, Germany) at
wavenumber 4000 to 400 cm-1, as shown in Figure 2a. The FTIR spectrum of the J. multifida leaf
extract shows a broad peak at 3319.44 cm−1 corresponding to O-H stretching, indicating phenolic
compounds. The minor peaks at 2947.18 and 2829.26 cm−1 are associated with C–H stretching
(Lee et al., 2019). Peaks appearing at approximately 1400 and 1000 cm−1 correspond to C=C
bonding and C-O bonding or alcohol-related vibrations, respectively (Sofyan, Muhammad, et al.,
2025). An additional O–H absorption band appears at 615.75 cm−1 (Saini and Kumar, 2023).
The FTIR spectrum of green TiO2 closely resembles that of commercial TiO2, confirming the
successful synthesis of TiO2 nanoparticles via a green route, which is there is Ti-O-Ti stretching
mode, indicating the bonding between Ti and oxygen (Nethravathi et al., 2021).

As shown in Figure 2b, all the as-synthesized samples exhibited similar FTIR patterns. A
weak broad O–H stretching band appears between 3000–3500 cm−1, while a weak band at 2340
cm−1 may arise from O–C–O vibrations introduced during green synthesis (Sofyan, Muhammad,
et al., 2025). The absorption near 1500 cm−1 corresponds to C=C stretching, indicating the
presence of aromatic compounds (Golthi et al., 2024). The Ti–O–Ti stretching mode also
appears around 600 cm−1, consistent with previous reports of biogenic TiO2 (Sofyan, Rilda, and
and, 2025; Thammaacheep et al., 2024). Moreover, in green TiO2 synthesis, these functional
groups act not only as reductors but also as stabilizers that enhance the surface reactivity of
nanoparticles (Sangeetha et al., 2024; Singh et al., 2022).

Additionally, the use of ethanol as the extraction solvent promotes a higher yield of polyphe-
nolic compounds with strong reducing capability. This is consistent with previous studies re-
porting that J. multifida leaf extract contains up to 23.03 ± 6.9 mg EqGA/g of polyphenols
in ethanol-based extractions, thereby improving the efficiency of TiO2 nanoparticle formation
(Dah-Nouvlessounon et al., 2023).
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Figure 2 FTIR spectra of Jatropha multifida leaf extract, commercial TiO2 (P25),
green-synthesized TiO2 (initial-pH 5) (a), and all the as-prepared samples (b)

In this study, we investigated the effect of pH adjustment sequence on the structural and
morphological properties of green-synthesized TiO2 nanoparticles, aiming to identify the optimal
characteristics for their application as photoanode materials in DSSCs. The initial pH of the
reaction mixture was approximately 5 and subsequently adjusted to pH 3 using hydrochloric acid
(HCl) and to pH 7 and 10 using sodium hydroxide (NaOH). Figure 3 shows the X-ray diffraction
(XRD) analysis of both synthesis routes, post-pH adjustment, and pre-pH adjustment. All
samples exhibited distinct diffraction peaks corresponding to the tetragonal anatase phase of
TiO2, which was consistent with the reference pattern ICDS No. 01-071-1168. The observed
peaks at 2θ values around 25.18°, 37.50°, 47.83°, 53.58°, 54.82°, 62.33°, and 68.28°are indexed
to the (101), (004), (200), (105), (211), (204), and (116) crystal planes, respectively.

The average crystallite sizes calculated using Equation (1) are summarized in Table 1.
Commercial TiO2 (P25) was used as a reference and exhibited an average crystallite size of
22.95 nm. The initial sample (Initial-pH 5) synthesized via the green synthesis method had an
average crystallite size of 24.02 nm. In the pre-pH adjustment route, the crystallite size decreased
at lower pH but slightly increased with increasing pH, resulting in crystallite sizes of 16.38, 15.62,
and 17.65 nm at pH 3, 7, and 10, respectively. Similarly, in the post-pH adjustment route, the
crystallite size decreased from the initial condition but increased with higher pH, yielding 17.58,
18.50, and 19.24 nm at pH 3, 7, and 10, respectively. These results indicate that the post-pH
adjustment route consistently produced larger crystallite sizes than the pre-pH adjustment route
across all pH conditions, even at the same pH values.

Table 1 Average crystallite size of as-synthesized TiO2 nanoparticles with various of pH
adjustment sequence

Sample code
Lattice

constant (a)
in (Å)

Lattice
constant (c)

in (Å)

Volume of
unit cell

(Å)3

Strain
(ϵ)

Average
crystallite
size (nm)

TiO2 commercial (P25) 3.7989 9.5416 137.70 0.003773 22.95
Initial-pH 5 3.8456 9.0115 133.27 0.004655 24.02

Pre-pH adjustment
pH 3 3.7928 9.5184 136.92 0.005184 16.38
pH 7 3.8064 9.5028 137.68 0.005103 15.62
pH 10 3.7884 9.5339 136.83 0.005523 17.65

Post-pH adjustment
pH 3 3.7921 9.4994 136.60 0.005227 17.58
pH 7 3.7983 9.5107 137.21 0.004378 18.50
pH 10 3.7995 9.5218 137.46 0.004394 19.24
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Figure 3 XRD diffraction of as-synthesized TiO2 nanoparticles with various of pH adjustment
sequence

In the pre-pH adjustment route, the pH of the solution is controlled before adding the
titanium precursor, which accelerates the hydrolysis of titanium alkoxide. This rapid hydrolysis
generates several small nuclei within a short time, leading to the formation of smaller TiO2
NPs with lower crystallinity. The abundance of hydroxyl ions promotes fast condensation and
nucleation, thereby limiting subsequent particle growth (Yalcin, 2022; Sridevi et al., 2020).
Hence, during the post-pH adjustment process, hydrolysis proceeds more gradually, resulting in
the formation of fewer nuclei. Consequently, crystal growth dominates over nucleation, leading
to the production of larger TiO2 particles.

Moreover, the hydrolysis and condensation kinetics in the sol–gel process are highly depen-
dent on the pH environment. Under acidic conditions (pH < 4), the hydrolysis reaction generally
proceeds faster than condensation because the transition states can be more effectively stabilized
by the alkoxy (–OR) groups. This favors the formation of short Ti–O–Ti linkages in the early
sol–gel stage, which subsequently undergo branching and cross-linking during the aging process.
In contrast, under basic conditions, a higher concentration of hydroxyl ions stabilizes the tran-
sition intermediates, accelerating both hydrolysis and condensation. Consequently, extensive
Ti−O−Ti network formation occurs, leading to the development of larger agglomerates and
denser particle assemblies (Imanieh et al., 2010). Therefore, both the timing and pH of adjust-
ment are critical parameters that govern the balance between nucleation and growth, ultimately
determining the agglomeration behavior, particle size, and morphology of TiO2 synthesized via
the sol–gel route.

Figure 4(a–f) presents the surface morphology of the as-synthesized TiO2 nanoparticles ob-
tained under different pH adjustment conditions (initial, pre-pH, and post-pH 10). The FESEM
images revealed that the particles exhibited a strong tendency to agglomerate, forming clusters
and irregular aggregates with limited dispersion. Such agglomeration behavior is commonly ob-
served in sol–gel–derived TiO2 systems, where nanoparticles undergo a self-organization process
involving nucleation, growth, ripening, and sintering. At higher magnification (Figures 4b, d,
and f), smaller particles can be observed on the larger aggregate surfaces. This morphological
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feature is consistent with the findings of Chen and Kumar, 2012, who reported that primary par-
ticles, which are small, amorphous nanocrystalline units formed during the early sol–gel stage,
serve as the fundamental building blocks of TiO2. These primary particles tend to aggregate
and integrate through condensation or partial sintering, forming larger aggregates (secondary
particles) that are more compact, and exhibit lower surface area (Chen and Kumar, 2012).

Figure 4 FESEM images of TiO2 nanoparticles synthesized at different pH adjustment
sequences: initial pH 5 (a, b), pre-pH 10 (c, d), and post-pH 10 (e, f), shown at 5.000x× (a, c,

e) and 50.000x× (b, d, f) magnifications

Green-synthesized TiO2 nanoparticles derived from J. multifida leaf extract were evalu-
ated as photoanode materials in DSSCs. The current–voltage (I–V) characteristics, presented
in Figure 5, illustrate the relationship between current density and applied voltage. Table 2
summarizes the corresponding photovoltaic parameters. The DSSC fabricated with commercial
TiO2 (P25) achieved a PCE of 3.34%. Notably, the PCEs of the pH 3 samples from both pre-
and post-pH adjustment routes surpassed that of the commercial TiO2 with PCEs of 5.52%
and 5.16%, respectively. This improvement indicates that the green synthesis process produces
TiO2 with favorable structural and characteristics, which contribute to enhanced dye adsorp-
tion, electron transport, and interfacial charge transfer. These results are consistent with the
crystallite size analysis, where the pH 3 sample exhibited a smaller crystallite size. Smaller
crystallites generally correspond to higher surface areas, which promote increased dye loading
and, consequently, improved DSSC performance (Ashrafuzzaman et al., 2025; Fan et al., 2017).

Furthermore, variations in the timing of pH adjustment significantly influenced the nu-
cleation and growth kinetics of TiO2 nanoparticles, resulting in distinct particle morphologies,
size distributions, and surface areas. The dye adsorption capacity, light-harvesting efficiency,
and charge-transport dynamics within the photoanode are determined by these physicochemical
properties. Specifically, a high surface area enhances dye uptake, whereas an interconnected
particle network facilitates electrolyte diffusion and suppresses charge recombination (Ashrafuz-
zaman et al., 2025; Karim et al., 2019; Ye et al., 2015).
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Figure 5 I–V characteristic (a) and current density (b) curve of DSSCs based on
as-synthesized TiO2 nanoparticles with different pH adjustment sequences

Table 2 Comparison of photovoltaic characteristics of DSSCs based on as-synthesized TiO2
nanoparticles with different pH adjustment sequences

Sample code Jsc (mA/cm2) Voc (V) FF PCE (%)
TiO2 commercial (P25) 6.90 0.71 68.20 3.34
Initial-pH 5 2.82 0.73 81.96 1.69

Pre-pH adjustment
pH 3 10.38 0.70 76.07 5.52
pH 7 3.44 0.69 88.80 2.10
pH 10 1.43 0.73 90.29 0.95

Post-pH adjustment
pH 3 13.33 0.73 53.37 5.16
pH 7 0.81 0.70 104.27 0.59
pH 10 2.78 0.75 92.69 1.93

4. Conclusions

TiO2 nanoparticles with an anatase phase were successfully synthesized through a green
method using J. multifida leaf extract as a natural reducing and stabilizing agent. The timing
of pH adjustment during synthesis was found to play a crucial role in determining the nucle-
ation and growth behavior, thereby influencing the final structure and morphology of TiO2.
When the pH was adjusted before precursor addition (pre-pH adjustment), rapid hydrolysis
occurred, leading to smaller nanoparticles due to faster nucleation and stronger interaction with
biomolecules in the extract. Conversely, adjusting the pH after precursor addition (post-pH
adjustment) resulted in slower nucleation, promoting the formation of larger particles through
extended growth. Hence, these structural variations significantly affect the performance of TiO2
when used as a photoanode material in DSSCs. The pre-pH 3 sample delivered the highest PCE
of 5.52% owing to its smaller crystallite size, which enhances the surface area, dye adsorption,
and charge transport. Thus, the pre-pH adjustment method is preferable for producing TiO2
for DSSC applications than the post-pH adjustment method, which tends to yield larger parti-
cles. Overall, this approach offers a simple, sustainable, and scalable strategy for tailoring TiO2
properties for enhanced solar energy conversion efficiency.
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