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ABSTRACT

This study investigates a green synthesis route for titanium dioxide (TiO.) nanoparticles (NPs) using Malabar spinach
(Basella rubra) leaf extract, with graphene oxide (GO) as a dopant, for application as an electron transport layer in
perovskite solar cells (PSCs). The synthesized TiO, NPs were characterized using Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS), and field emission
scanning electron microscopy equipped with energy dispersive X-ray spectroscopy (FESEM/EDX). XRD results confirmed
the presence of a pure anatase phase with a smaller crystallite size than that of commercial TiO,, while EDX analysis
verified the successful synthesis through elemental analysis. FESEM imaging revealed a mixture of rugged and uniformly
distributed nanoparticles. Optical studies showed a reduced bandgap energy (3.0400 eV) compared to commercial TiO,
(3.2000 eV), indicating improved light absorption potential. The integration of GO suggestively enhanced photovoltaic
performance, with the highest power conversion efficiency (0.2467%) observed in the sample synthesized using distilled
water, leaf extract, and GO—an order of magnitude higher than commercial TiO, (0.0259%). However, performance
varied notably with different synthesis media, suggesting that solvent-specific interactions play a critical role in
determining device efficiency. These findings demonstrate the viability of eco-friendly synthesis in developing functional
nanomaterials and highlight the synergistic benefits of combining plant-based reductants and GO doping. The approach
offers a promising pathway toward more sustainable and cost-effective PSC technologies; however, optimizing plant
extract composition and nanoparticle morphology remains essential.

Keywords: Basella rubra, Graphene oxide, Green synthesis, Malabar spinach, Titanium dioxide nanoparticles

Introduction

Reducing greenhouse gas (GHG) emissions is a key
global priority, as energy-related emissions account
for over three-quarters of total GHGs worldwide.'
Global energy consumption has increased by one-
third since 2000 and is projected to rise substan-
tially by 2050, driven by population and economic
growth.? In light of intensifying global warming,

transitioning to cleaner energy sources—such as so-
lar energy—has become increasingly urgent. > Among
emerging solar technologies, perovskite solar cells
(PSCs) have garnered considerable interest due to
their efficiency and potential for low-cost produc-
tion. These devices typically incorporate perovskite-
structured compounds (ABX3),* where A is an
organic cation (such as methylammonium or for-
mamidinium), B is a metal (lead or tin), and X is a
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halogen (Cl, Br, or I) that serves as the light-absorbing
layer. >°

In advancing solar cells, nanomaterials have proven
instrumental in enhancing device performance by
enabling light-trapping architectures, forming inter-
layer transmission bridges, and facilitating efficient
charge-carrier transport pathways.” Among these,
titanium dioxide (TiO.) nanomaterials, particularly
TiO, nanoparticles (NPs), are favored over their
bulk counterparts due to their superior optoelectronic
properties and larger surface area, which improve in-
terfacial charge dynamics.® ° TiO, commonly serves
as the electron transport layer in perovskite solar
cells; however, its relatively wide bandgap energy
of 3.2 eV restricts absorption to the UV spectrum,
thereby limiting the utilization of visible light.'? To
address this limitation, extensive research has been
devoted by many investigators to narrowing TiO3’s
bandgap through techniques such as elemental dop-
ing,'' quantum confinement effects,'? and defect
mediation strategies. '®

Several routes are available for synthesizing
TiO,, including the conventional physical top-down
method and the chemical bottom-up process, both of
which form TiO, nanoparticles (NPs).'*!> Some top-
down conventional methods include lithography and
laser ablation.'%!” Notwithstanding their simplicity,
these approaches require high energy and high initial
costs. The bottom-up approaches, such as chemi-
cal vapor deposition (CVD), '® hydrothermal, '>?° and
the conventional sol-gel method,?"?? result in well-
defined shapes and sizes, narrow size distributions
of nanoparticles, and cost-effectiveness. These tech-
niques, however, have some disadvantages, including
complex chemistry and the generation of toxic chem-
ical waste.?® As an alternative to these conventional
methods, the green synthesis approach has gained in-
terest in nanotechnology, particularly in the synthesis
of TiO, NPs.?* It has emerged as a promising alter-
native, offering a more sustainable and cost-effective
route for producing TiO, NPs using biological mate-
rials, such as plant extracts. Numerous plant species
have been utilized by various investigators for the
green synthesis of metal oxide nanoparticles, in-
cluding orange peel,?® Terminalia catappa,*® Uncaria
gambir,?” Mangosteen,*® Morus nigra,?’> and Citrus
limon.*° Malabar spinach (Basella rubra) has been
known to contain active compounds that act as
stabilizing agents during the formation of nanopar-
ticles.®>-3> None has been used for perovskite solar
cells applications.

Graphene oxide (GO), known for its high
electron mobility and enhanced stability, has been
incorporated as a dopant in TiO, NPs to improve
the power conversion efficiency of a dye-sensitized

solar cell (DSSC).%° However, sufficient research is
still lacking in this field, presenting inconsistencies
and limitations, and has not been fully explored.
Additionally, while green synthesis methods aim to
reduce environmental impact, challenges remain in
achieving consistent particle size, morphology, and
crystallinity, which are crucial for optimizing the
performance of TiO, NPs.3® At the same time, the
interaction between GO and TiO, requires further
investigation to understand how doping affects
electron transport properties in perovskite solar
cells.>* Thus, despite these advances, gaps remain:
the effects of GO doping on electron transport, as well
as consistent control over particle size, crystallinity,
and morphology in green synthesis, are still not
fully understood. Research combining both Malabar
spinach extract and GO doping is notably lacking.

This study seeks to address these gaps by exploring
the green synthesis of TiO, nanoparticles using Mal-
abar spinach leaf extract, coupled with GO doping.
It aims to evaluate how this combined approach in-
fluences the characteristics and performance of TiO,
nanoparticles as an electron transport layer in PSCs.
To the best of the authors’ knowledge, this is the first
investigation to examine these specific variables in
tandem.

Materials and methods
Malabar spinach leaf extract preparation

The Malabar spinach (MS) leaf extract was pre-
pared according to the literature with slight modifi-
cations. > The Malabar spinach leaves obtained from
the local market were washed and dried under am-
bient conditions. Twenty grams of Malabar spinach
leaves were placed in a beaker and crushed before
being added with two solvent variations: distilled wa-
ter (DW) only or a combination of 1:1 distilled water
and ethanol (DWE) to form a 100 mL mixture. The
mixture was agitated for 2 hours using a magnetic
stirrer, then filtered to obtain Malabar spinach leaf
extract. The extract was stored in a dark bottle for
further use or characterization.

Green synthesis procedure

The environmentally friendly synthesis of titanium
dioxide using MS leaf extract as a medium was
conducted via the sol-gel method with slight mod-
ifications.>® The procedure is explained as follows.
Eight beaker glasses were prepared, and 10 mL of
titanium tetra isopropoxide (TTIP, Ti{OCH(CH3)2}4,
Sigma Aldrich) was poured into each beaker glass.
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Table 1. Solvent variations, doping, and sample codes for the green syn-
thesis. Commercial TiO, P25 was used as a comparison.

Solvent

Blank MS GO MS/GO

Distilled Water (DW)

1A 1B 1C 1D

Distilled Water + Ethanol (1:1) (DWE) 2A 2B 2C 2D

Solvent variation,
extract, GO-TTIP

Magnetic stirring for 3
hrs., left overnight.

Calcination 450 °C

/' Dry white powder /

I

Characterization
@ N
Y

Fig. 1. Flowchart for the green synthesis of TiO, NPs preparation steps.

Different solvent variation was added dropwise to
each beaker: distilled water only (DW), mixture of 1:1
distilled water and ethanol (DWE), Malabar spinach
leaf extracted using distilled water only (DW/MS),
Malabar spinach leaf extracted using distilled water
+ ethanol (DWE/MS), distilled water only with the
addition of GO (DW/GO), mixture of 1:1 distilled wa-
ter and ethanol with the addition of GO (DWE/GO),
Malabar spinach leaf extracted using distilled water
with the addition of GO (DW/MS/GO), and Malabar
spinach leaf extracted using distilled water + ethanol
with the addition of GO (DWE/MS/GO). A commer-
cial TiO5 P25 was used as a reference. For the sample
with GO addition, 0.08 mg/mL GO was dispersed
in 125 mL of deionized water and sonicated for 30
minutes. 5 mL of this dispersion was mixed with 5 mL
of distilled water or 5 mL of a 1:1 mixture of distilled
water and ethanol. See Table 1 for more details on
the solvent variation, doping, and sample code. The
mixture was agitated using a magnetic stirrer for 3
hours, then left overnight and filtered to obtain a wet
gel. The gel was dried at 100 °C for 1 hour before
being calcined at 450 °C for 2 hours. The dry white
powders of TiOz NPs obtained through green synthe-
sis with various solvent variations and/or dopants are
ready for further treatment and characterization. The
flowchart for the green synthesis steps is provided in
Fig. 1.

Application in perovskite solar cell

Photocurrent characteristics of the TiO, NPs were
revealed by measuring the relationship between the
voltage, current, and power output under different
conditions in a perovskite solar cell (PSC) device. The
PSC device was fabricated according to the litera-
ture, as explained in the following.*”*® The TiO, NPs
were first deposited as electron transport layers on
an indium tin oxide (ITO) glass substrate using the
doctor-blade method. Further, the perovskite com-
pound was coated on top of the TiO, NPs layer. The
process began with the preparation of perovskite ma-
terials, which consisted of methylammonium iodide
(CH3NH3I, MAI), Pbl,, and ZnCl, in a molar ratio of
1:3:1. The perovskite materials were then dissolved
in dimethyl sulfoxide (DMSO). The MAI-PbI,-ZnCl;-
DMSO solution was then deposited on the TiO, NPs
layer from the previous stage using the doctor-blade
method. After the deposition, 100 uL of chloroben-
zene was dropped and left for 20 seconds before
heating to 100 °C for 5 minutes. In the next step, the
hole transport layer was prepared. The procedure in-
volved dissolving 72.3 mg of Spiro-OMeTAD in 1 mL
of chlorobenzene. The solution was deposited on top
of the perovskite layer using the same doctor-blade
method, then air-dried. At the final step, the gold
layer was deposited using a gold coater for 2 minutes,
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Gold
Spiro-OMeTAD

Glass

Fig. 2. Schematic diagram of the PSC device stacking layers.

and then the sample was left for 2 hours before char-
acterization of the photocurrent. The schematic of the
PSC device, showing the stacking layers, is illustrated
in Fig. 2.

Characterization

All characterizations were performed under am-
bient conditions. The functional groups of Malabar
spinach leaf extract were examined using Fourier
transform infrared spectroscopy (FTIR, PerkinElmer
ATR Spectrum One). The infrared characteristics of
TiO, NPs were also analyzed using FTIR to assess
the effect of the medium on the green synthesis pro-
cess. Furthermore, the optical characteristics were
evaluated using ultraviolet-visible diffuse reflectance
spectroscopy (UV-Vis DRS, Shimadzu UV2450), crys-
tallographic information was revealed using X-ray
diffraction (XRD, AERIS Malvern PANalytical), and
the surface morphology and the elemental compo-
sition were analyzed using field emission scanning
electron microscopy equipped with energy disper-
sive X-ray spectroscopy (FESEM/EDS, FEI Inspect
F50). The performance of the PSC device was then
characterized using a source meter coupled with a
solar simulator (Keithley 2450/ABET Sunlite™) at
100 mW/cm?.

100 &
90
80
70
60
50
40
30

20
4000 3400 2800 2200 1600

(a) Wavenumber (cm™)

Transmittance (%)

—DW
—DWE

1000 400

Results and discussion

Infrared characteristics

The infrared spectra of Malabar spinach leaf ex-
tracts with different solvent variations are given in
Fig. 3(a), whereas the infrared spectra of TiO, NPs are
presented in Fig. 3(b). The infrared spectra of Malabar
spinach extract show several absorption bands. As
shown in Fig. 3(a), all spectra show the presence of
hydrogen-bonded OH stretching from 3600 to 3000
cm™! and C-H stretching from 2973 to 2878.°° The
weak absorption at 2140-2100 cm™ corresponds to
C=C from alkyne. The region at 1710 cm™ indicates
the presence of C=0 from conjugated aldehyde, and
1630 cm™ suggests the presence of C=C stretching
vibration from alkene. The regions at 1423-1274
cm™ belong to an aromatic compound. The area at
1100 corresponds to C-O from alcohol, whereas the
stretching vibration of the C-O-C esters is found at
1046 cm™. The sharp absorption at around 985-995
cm! suggests the presence of C=C bending from an
alkene. It is expected that the presence of these func-
tional groups in the form of carboxyl and or hydroxyl
groups in the extracts will interact and bind to the
TiO, surface, affecting growth during the reaction
process. *0

As indicated in Fig. 3(b), commercial TiO,
P25 shows several weak absorption bands at
around 3600-3000 and 650 cm™ as indications
of stretching vibrations from hydrogen-bonded water
and hydroxyl groups and the bridging stretching
mode of Ti-O-Ti, respectively.*' The presence of OH
groups is expected from the interaction of TiO, NPs
with environmental moisture.**> The spectra of TiO,
NPs obtained from the green synthesis with different
solvents and GO doping, the characteristics follow
that of commercial TiO, with the addition of a weak

100
=

90 1
= + O
= T 3
~ 80 | ©
o)
2 ° \
& 70
= 1A 1B
@ 60 1c 1D
@ 2A 28 !
— 50 2C 2D ) ‘

— P25 O-Ti—0O»
40 i ‘ -
4000 3400 2800 2200 1600 1000 400

Wavenumber (cm™)

Fig. 3. Infrared spectra of (a) Malabar spinach leaf extract using different solvents and (b) TiO, NPs synthesized using solvent variations:
distilled water (1A), distilled water/Malabar spinach leaf extract (1B), distilled water + ethanol (2A), distilled water + ethanol/Malabar spinach
leaf extract (2B), distilled water/graphene oxide (1C), distilled water/Malabar spinach leaf extract/graphene oxide (1D), distilled water +
ethanol/graphene oxide (2C), and distilled water + ethanol/Malabar spinach leaf extract/graphene oxide (2D).
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Fig. 4. Tauc plots for bandgap energy determination of commercial TiO, (P25) and those synthesized using solvent variations: distilled water
(1A), distilled water/Malabar spinach leaf extract (1B), distilled water + ethanol (2A), distilled water + ethanol/Malabar spinach leaf extract
(2B), distilled water/graphene oxide (1C), distilled water/Malabar spinach leaf extract/graphene oxide (1D), distilled water + ethanol/graphene
oxide (2C), and distilled water + ethanol/Malabar spinach leaf extract/graphene oxide (2D).

absorption band at around 1630 cm™ from stretching
vibrations of the C=C group. It has been confirmed
that the green-synthesized product is TiO5 nanoparti-
cles with a slight amount of environmental moisture.

Optical characteristics

The specimens were characterized using UV-Vis
DRS, and the obtained spectra, as shown in Fig. S1
in the supplementary information, were further an-
alyzed to reveal the optical characteristics of TiO,
NPs. Optical characteristics, such as absorption, com-
plex refractive index, and electron transition, depend
on the material’s bandgap energy.*> The bandgap
energies were calculated using the Kubelka—Munk
relation given in Eq. (1),*

X |-

(F (Rso) .hv) =B (hv — Eg) ¢))

In this Kubelka—Munk expression, the y factor will
depend on the electron transition mode. For a direct
transition, the y value is 1/,, whereas for an indirect
transition, the y value is 2. Further, the factor F(Roo)

is expressed as in Eq. (2),
F (Rw) = (1 = Rx)?/ (2Rx) (2)

where Roo is the reflectance from the UV-DRS exam-
ination. The bandgap energy was further determined
by fitting the data into a Tauc plot (F(Roo).hc/1)">
vs hc/A assuming an indirect allowed transition
bandgap energy. *° The results are illustrated in Fig. 4.
The bandgap energy for each NP was then obtained
by extrapolating the linear portion of the Tauc plot to
the intersection point on the x-axis.

The bandgap energy for commercial TiO, (P25) is
3.2000 eV, consistent with our previous results.?°
For TiO, NPs synthesized using distilled water only
(1A), the bandgap energy is 3.1800 eV. In contrast,
the bandgap energy of those synthesized using Mal-
abar spinach leaf extract (1B), GO-doped (1C), and
a combination of GO-doped and green-synthesized
using Malabar spinach leaf extract (1D) remains at
3.1600 eV. It can be observed that the bandgap
energy decreases slightly with the use of a green
medium and/or GO doping. Notably, TiO, NPs syn-
thesized with distilled water + ethanol (2A) exhibit
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Fig. 5. Electron images of commercial TiO, (P25) and those synthesized using solvent variations: distilled water (1A), distilled water/Malabar
spinach leaf extract (1B), distilled water + ethanol (2A), distilled water + ethanol/Malabar spinach leaf extract (2B), distilled water/graphene
oxide (1C), distilled water/Malabar spinach leaf extract/graphene oxide (1D), distilled water + ethanol/graphene oxide (2C), and distilled

water + ethanol/Malabar spinach leaf extract/graphene oxide (2D).

a significant decrease in bandgap energy (3.0400 eV)
compared to other samples: 2B is 3.1600 eV, 2C is
3.1200 eV, and 2D is 3.1700 eV. Based on these
values, it is confirmed that the lowest bandgap en-
ergy was obtained from the solvent combination of
distilled water and ethanol, which is consistent with
the previous result.

Surface morphology and elemental composition

Surface morphology of TiO, NPs was elucidated
using field emission SEM, and the results are provided
in Fig. 5. In contrast, the results from the elemental
composition characterized using EDX are given in Ta-
ble 2. To better understand the characteristics of the

synthesized TiO, nanoparticles, the particle size and
porosity of each sample were analyzed using ImageJ.

As shown in Fig. 5, the morphology of the sample
synthesized with distilled water only (1A) shows a
rugged appearance, tending to agglomerate, with an
average particle size of 280 nm. In contrast, those
synthesized using distilled water and Malabar spinach
extract (1B) exhibit a finer, sand-like texture with
reduced agglomeration, characterized by an average
particle size of 123 nm. The particle size of GO-
doped TiO., synthesized using only distilled water,
shows notable differences, with smaller, more ho-
mogeneous particles of 75 nm and 72 nm for 1C
and 1D, respectively. The samples synthesized us-
ing a mixture of distilled water and ethanol (2A)
produced more uniformly distributed nanostructures,
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Table 2. Elemental composition of commercial TiO, (P25) and those synthesized using solvent variations: distilled water (1A), distilled
water/Malabar spinach leaf extract (1B), distilled water + ethanol (2A), distilled water + ethanol/Malabar spinach leaf extract (2B), distilled
water/graphene oxide (1C), distilled water/Malabar spinach leaf extract/graphene oxide (1D), distilled water + ethanol/graphene oxide
(2C), and distilled water + ethanol/Malabar spinach leaf extract/graphene oxide (2D).

Wt.%
Element P25 1A 1B 1C 1D 2A 2B 2C 2D
C - - - 1.6000 1.2900 - 1.4900 1.4200
(6] 29.6100 38.1100 34.8800 32.0800 31.9200 36.0500 33.8300 32.1300 38.6800
Ti 70.3900 61.8900 65.1200 66.3300 66.7800 63.9500 66.1700 66.3800 59.8900

albeit with larger particle sizes (262 nm), compared
to those synthesized using Malabar spinach leaf ex-
tract alone (2B), which produced 128 nm particles.
The samples synthesized using a mixture of distilled
water and ethanol with GO addition (2C), with an
average particle size of 139 nm, appear to be more
diverse compared to those synthesized using Malabar
spinach leaf extract with GO addition (2D), with an
average particle size of 150 nm. For comparison, the
commercial TiOy (P25) exhibits sphere-like particles
that tend to form agglomerates but with a homoge-
neous average particle size of 26 nm, consistent with
our previous finding.2°

Meanwhile, the porosity measured using ImageJ
also shows the same trend: the larger the particle size,
the greater the porosity. The porosity of the sample
synthesized using distilled water only (1A) is 21%.
In contrast, those synthesized using distilled water
and Malabar spinach extract (1B), which display a
finer, sand-like texture and less agglomeration, have
a porosity of 19%. The GO-doped TiO., synthesized
using only distilled water, has a porosity of 13% and
10% for samples 1C and 1D, respectively. The sam-
ples synthesized using a mixture of distilled water and
ethanol (2A) have a porosity of 16%, whereas those
synthesized using Malabar spinach leaf extract only
(2B) have a porosity of 21%. The samples synthesized
using a mixture of distilled water and ethanol with
GO addition (2C) have a porosity of 27%, compared
to those synthesized using Malabar spinach leaf ex-
tract with GO addition (2D), with a porosity of 17%.
The commercial TiO, (P25) exhibits the lowest poros-
ity of all, at 7%, consistent with its small particle size.

A study by Dey and Srivasta found a strong
connection between morphology and structure in
SEM images, linking them and revealing the ma-
terial’s properties.?” They demonstrated that the
rutile phase, characterized by a tetragonal structure,
is associated with a uniform spherical morphology
(120-160 nm), as observed in SEM and TEM images.
Another study by Estrada-Flores et al. demonstrated
a relationship among morphology, porosity, and the
photocatalytic activity of TiO, prepared by the sol-gel
method. *® They demonstrated that the spherical mor-

phology and porosity of mesoporous nanoparticles,
related to the anatase phase, enhanced the absorption
of light in the visible region. It is worth noting that
morphology can impact porosity and connectivity,
thereby influencing the material’s structural stability,
which, in turn, affects its performance in a specific
application.

For the elemental composition, as shown in Table 2,
the composition of titanium ranges from 59.89-70.39
wt.%, whereas oxygen ranges from 29.61-38.68
wt.%, which confirms the successful process of the
green synthesis of TiO, NPs using Malabar spinach
leaf extract as a medium and capping agent, and the
use of GO as a dopant.*’ The presence of carbon el-
ements in samples 1C-D and 2C-D can be understood
since they contain GO as a dopant.

Crystallographic properties

The crystallographic properties of TiOy NPs were
examined using the powder X-ray diffraction tech-
nique. The results are provided in Fig. 6. The diffrac-
togram of commercial TiOy (P25) shows the promi-
nent peaks centering at 26 positions 25.30°, 38.40°,
48.10°, 55.00°, 62.60°, 68.70°, 74.00° indicating the
presence of (101), (004), (200), (211), (204), (116)
and (215) planes, respectively, of tetragonal anatase
phase with space group I4;/amd (ICSD 98-015-
4604).'920 Other less prominent peaks are detected
at 27.32°, 35.84°, 41.12°, and 41.12°, indicating the
presence of (110), (101), (111), and (120) planes,
respectively, of the tetragonal rutile phase with space
group P4,/mnm (ICSD 98-003-3839). All diffrac-
tograms from the synthesis also reveal prominent
peaks indicating a pure anatase phase (ICSD 98-009-
2363), except for TiO2 NPs synthesized using distilled
water only (1A), where the second phase of brookite
is detected at 20 31.60° (ICSD 98-015-4605).°° The
second phase, with a rutile structure, is also de-
tected from the green synthesis using only a mixture
of distilled water and ethanol (2A). These findings
agree with those of others and confirm our previous
work. 25°1 Further analysis was conducted using Ri-
etveld refinement to determine the crystallographic
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Fig. 6. X-ray diffractograms of commercial TiO, (P25) and those synthesized using solvent variations: distilled water (1A), distilled
water/Malabar spinach leaf extract (1B), distilled water + ethanol (2A), distilled water + ethanol/Malabar spinach leaf extract (2B), distilled
water/graphene oxide (1C), distilled water/Malabar spinach leaf extract/graphene oxide (1D), distilled water + ethanol/graphene oxide (2C),
and distilled water + ethanol/Malabar spinach leaf extract/graphene oxide (2D).

Table 3. Lattice parameters of commercial TiO, (P25) and those synthesized using solvent variations: distilled
water (1A), distilled water/Malabar spinach leaf extract (1B), distilled water + ethanol (2A), distilled water +
ethanol/Malabar spinach leaf extract (2B), distilled water/graphene oxide (1C), distilled water/Malabar spinach leaf
extract/graphene oxide (1D), distilled water + ethanol/graphene oxide (2C), and distilled water + ethanol/Malabar

spinach leaf extract/graphene oxide (2D).

Lattice parameter

Goodness of fit Crystallite size

Sample a(A) c @) v (&) x? (nm)
P25 3.7864(2) 9.5072(6) 136.3031 1.8500 18.0000
1A 3.7888(6) 9.5060(1) 136.4541 1.7400 15.2700
1B 3.7881(5) 9.5010(1) 136.3398 1.4100 9.4600
1C 3.7863(5) 9.5110(1) 136.3561 1.5600 35.0900
1D 3.7895(7) 9.5110(2) 136.5844 2.0300 16.1800
2A 3.7882(5) 9.5120(1) 136.4364 1.9900 24.8600
2B 3.7900(1) 9.5050(4) 136.5388 1.0800 22.5000
2C 3.7858(3) 9.5121(7) 136.3279 1.9900 21.8500
2D 3.7871(3) 9.5068(7) 136.3514 1.1800 13.9900

properties, including lattice parameters and crystal-
lite size. The Rietveld refinement summary is given in
Table 3. As shown in Table 3, the average crystalline
size ranges from the smallest size of 9.46 nm observed
in the sample synthesized using Malabar spinach leaf
extract to the largest crystallite size of 35.09 nm ob-
tained from the one synthesized using a combination
of Malabar spinach leaf extract + GO with the solvent
of distilled water only.

Photocurrent characteristics

Photocurrent activities are revealed by analyzing
the relation between current and voltage (I-V) as

shown in Fig. 7(a), current density and voltage (J-V)
as shown in Fig. 7(b), and power density and voltage
(P-V) as shown in Fig. 7(c). The power conversion
efficiency (PCE) of the PSC device was calculated
by examining the J-V curve. The summary of the
performance characteristics is presented in Table 4.
The PSC device fabricated from the commercial TiO,
P25 has a PCE of 0.026%. For the device fabricated
from TiO, NPs obtained via regular synthesis without
a green medium, the PCE is 0.062% (1A) and 0.008%
(2A). For the PSC device fabricated using TiO, NPs
obtained via green synthesis with Malabar spinach
leaf extract only, the PCE is 0.006% (1B) and 0.036%
(2B). For the PSC device fabricated with TiO, NPs
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Fig. 7. Characteristics (a) I-V, (b) J-V, and (c) P-V curves of the PSC devices fabricated from commercial TiO, (P25) and those synthesized
using solvent variations: distilled water (1A), distilled water/Malabar spinach leaf extract (1B), distilled water + ethanol (2A), distilled water +
ethanol/Malabar spinach leaf extract (2B), distilled water/graphene oxide (1C), distilled water/Malabar spinach leaf extract/graphene oxide
(1D), distilled water + ethanol/graphene oxide (2C), and distilled water + ethanol/Malabar spinach leaf extract/graphene oxide (2D).

and no green medium, but with GO addition only,
the PCE is 0.009% (1C) and 0.198% (2C). For the
PSC device fabricated using TiO, NPs from the com-
bination of green synthesis using Malabar Spinach
leaf extract and GO addition, the PCE is 0.247%
(1D) and 0.002% (2D). The PCE value decreases with
the combination of Malabar spinach leaf extract pre-
pared with both distilled water and ethanol, and GO
addition. This combination may increase resistance
in the electron transport layer; however, the exact
mechanism has yet to be confirmed. Nevertheless, the

best performance was achieved in this work with the
PSC device fabricated using green-synthesized TiO,
NPs, prepared from Malabar spinach leaf extracts and
water, with the addition of GO.

Although the PCE obtained in this work is still
relatively low, the current results using natural plant
extracts are promising, particularly for developing
eco-friendly green synthesis combined with graphene
oxide addition. To compare with the PCE values ob-
tained in this work, Table 5 presents the methods
used to synthesize TiO; NPs and their corresponding

Table 4. Power conversion efficiency of the PSC device fabricated from commercial TiO, (P25) and those syn-
thesized using solvent variations: distilled water (1A), distilled water/Malabar spinach leaf extract (1B), distilled
water + ethanol (2A), distilled water + ethanol/Malabar spinach leaf extract (2B), distilled water/graphene oxide
(1C), distilled water/Malabar spinach leaf extract/graphene oxide (1D), distilled water + ethanol/graphene oxide
(2C), and distilled water + ethanol/Malabar spinach leaf extract/graphene oxide (2D).

Sample Voe (V) Jsc (l‘nA/sz) Vmax (V) Imax (mA) PCE (%)
P25 0.9900 0.0100 0.7300 0.0035 0.0259
1A 0.9500 0.0024 0.5500 0.0113 0.0620
1B 0.9000 0.0020 0.4900 0.0012 0.0059
1C 0.9000 0.0050 0.5900 0.0016 0.0094
1D 0.9000 0.1290 0.5800 0.0425 0.2467
2A 0.9000 0.0012 0.8228 0.0009 0.0077
2B 0.8000 0.0107 0.5500 0.0065 0.0355
2C 0.9000 0.0854 0.4300 0.0459 0.1976
2D 0.9800 0.0009 0.4700 0.0004 0.0018
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Table 5. A comparative table of the method used in synthesizing TiO, NPs and their efficiency for solar cell applications: dye-

sensitized solar cell (DSSC) and perovskite solar cell (PSC).

Method Precursor Variation Application  PCE (%)
Green synthesis using Saccharum Titanium butoxide Water DSSC 0.6800
officinarum > Water + sugarcane juice DSSC 1.2900
Sugarcane juice DSSC 3.6500
Green synthesis using Calotropis gigantea®>  TiCly Leaf in water DSSC 0.0182
Flowers in water DSSC 0.0019
Seeds in water DSSC 0.0039
Green synthesis using Citrus limon>° Titanium butoxide 0.9% juice extract DSSC 3.8700
0.45% juice extract DSSC 4.5500
0.27% juice extract DSSC 2.7300
Green synthesis using Bixa orellana>* Titanium butoxide Seeds in ethanol DSSC 2.9700
Green synthesis using Terminalia TTIP Fruits in ethanol DSSC 1.3800
catappa'® Fruits in ethanol + GO DSSC 1.4600
Laser Pyrolisis >° TTIP TiOo PSC 11.4000
TiO2 + Graphene PSC 12.3000
Low temperature plasma °® Titanium Diisopropoxide  Plasma treated 16 s PSC 4.8900
Plasma treated 32 s PSC 9.0000
Plasma treated 64 s PSC 11.7600
Conventional sol-gel °” TiCly TiO, PSC 17.8600
TiO2 + 1% Nb PSC 18.4100
TiO2 + 3% Nb PSC 18.9700
TiO2 + 5% Nb PSC 18.2200

PCE values for various solar cell applications. Since
there is no available literature on the green synthesis
of TiO, NPs with perovskite solar cells, the applica-
tion in dye-sensitized solar cells (DSSCs) is presented
instead.

Conclusion

This study demonstrated that green-synthesized
TiO, nanoparticles, particularly those prepared us-
ing Malabar spinach leaf extract and graphene oxide
(GO), predominantly exhibited the anatase phase
with varying crystallite sizes and morphologies. The
samples synthesized using distilled water and ethanol
generally showed reduced crystallite sizes, while
SEM analysis revealed differing levels of agglomer-
ation, with minimal morphological disruption from
the plant extract. UV-Vis spectrometry indicated that
green synthesis and GO doping subtly lowered the
bandgap energy to approximately 3.1600 eV, with a
more pronounced decrease observed in TiO; synthe-
sized using a mixture of distilled water and ethanol
(3.0400 eV). This lower bandgap could enhance light
absorption, though it did not consistently translate
into better device performance. Photovoltaic testing
revealed significant variation in PCE, with the highest
efficiency (0.2467%) achieved by TiO. synthesized
using distilled water, Malabar spinach extract, and
GO, highlighting a synergistic effect between green

reductants and GO doping. In contrast, the lowest effi-
ciency (0.0018%) was observed in the ethanol-based
green synthesis with GO, indicating that solvent
interactions significantly influence charge transport
properties. Overall, green synthesis—especially when
combined with GO—presents a viable strategy for
producing efficient, sustainable TiO,-based materials
for perovskite solar cells. These findings offer insight
and may pave the way for more novel, environmen-
tally friendly methods in synthesizing nanomaterials
for a sustainable future. Green synthesis methods uti-
lize naturally reducing and capping agents, thereby
eliminating the need for toxic chemicals and making
the process safer for both the environment and human
health. At the same time, since TiO2 NPs are widely
used as an electron transport layer in perovskite
solar cell applications, the green synthesis would
make these applications more sustainable and cost-
effective. However, further research is required to
control nanoparticle morphology and optimize syn-
thesis conditions, particularly considering the compo-
sitional variability of plant-derived reducing agents.
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