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Introduction

Dye-sensitized solar cell (DSSC) is one of the third genera-
tions of solar cells that converts light to electricity using a 
photoelectrochemical principle [1]. Some advantages of the 
DSSC include easy fabrication, a green approach, low costs, 
and working well under low light intensity conditions [2]. 
Unfortunately, the main common problem is due to the low 
efficiency of these DSSCs [3]. The highest DSSC efficiency 
of 14% is currently achieved using ruthenium artificial 
dyes with material optimization and structural properties 
enhancement [4].

Titanium dioxide is one of the materials used as a semi-
conductor layer in the DSSC because of its excellent opto-
electronic properties [5–7]. These properties, however, 
depend on their crystallographic phases, such as anatase, 
rutile, and brookite [8, 9], which in turn depends on their 
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Abstract
In this work, titanium dioxide nanoparticles (TiO₂ NPs) were green-synthesized using jasmine (Jasminum sambac) flower 
extracts as the medium with different solvent variation concentrations. The green synthesis was carried out using tita-
nium isopropoxide (TTIP) as a precursor via the sol-gel method. The obtained TiO₂ NPs were characterized using infra-
red spectroscopy (FTIR), ultraviolet spectroscopy (UV-DRS), X-ray diffraction (XRD), field emission scanning electron 
microscopy/energy dispersive X-ray spectroscopy (FESEM/EDX), Raman spectroscopy, and high-resolution transmission 
electron microscopy/selected area diffraction (HRTEM/SAED). The characterization revealed that the green-synthesized 
TiO₂ NPs possess a pure tetragonal anatase phase, which belongs to the space group I41/amd. Dye-sensitized solar cell 
devices were further fabricated using the obtained TiO₂ NPs and sensitized with the commercial dye N719 and a kesumba 
(Bixa orellana) seed extract as an alternative, inexpensive, yet sustainable natural dye. The highest efficiency of 2.52% was 
obtained from TiO₂ NPs sensitized using commercial dye N719 and synthesized using jasmine flower extract containing 
30% acetylacetone, followed by one containing 50% acetylacetone, which is higher than that of commercial TiO₂ (0.80%). 
The same materials sensitized using kesumba seed extract resulted in efficiency of 0.22%, 0.08%, and 1.22%, respectively. 
These findings offer insight and pave the way for more novel, environmentally friendly methods for developing green-
synthesizing nanomaterials and natural dye derivatives, ultimately contributing to a sustainable future.
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routes of synthesis [10]. In addition, TiO₂ has the drawback 
in terms of having a bandgap energy of 3.2  eV, which is 
considered a wide bandgap and uses UV light rather than 
visible light [11]. Because of that, many efforts have been 
conducted by many investigators in reducing this bandgap 
energy via doping [12], quantum confinement [13], and 
defect mediation [14].

In the advancement of DSSCs, nanomaterials play a key 
role in the DSSC device performance enhancement since 
they construct light-trapping architectures, create interlayer 
transmission bridges, and facilitate charge carrier transport 
pathways [15]. Because of that, the use of TiO₂ nanomate-
rials is preferred over the bulk one, one of which is TiO₂ 
NPs [16, 17]. There are many routes available to synthesize 
TiO₂ NPs, including the conventional physical top-down 
method [18] and chemical bottom-up process [19]. Some 
top-down conventional methods include lithography [20], 
laser ablation [21, 22] and mechanical techniques [23, 24]. 
Notwithstanding their simplicity, these approaches consume 
a high amount of energy and incur a high initial cost. In 
contrast, the bottom-up approaches, such as chemical vapor 
deposition (CVD) [25, 26], hydrothermal [27, 28], and con-
ventional sol–gel method [29] result in well-defined shape 
and size, narrow size nanoparticle distribution, and cost-
effectiveness. These techniques, however, have some disad-
vantages, including complex chemistry and toxic chemical 
waste [30].

Recently, environmentally friendly methods by employ-
ing natural extracts from plant parts [31, 32] have attracted 
special attention due to their green process, cost-effective, 
sustainable, and simple protocol [33]. During the green syn-
thesis, the natural plant extract can act as a reducing and sta-
bilizing agent [34]. In addition, the plant extract can impart 
its intrinsic properties contributed by the polysaccharides, 
flavanones, and terpenoids [35] contained in the extract. 
Several plant extracts utilized for green-synthesizing metal 
oxide NPs include Terminalia catappa [33, 36], Carissa 
carandas [36], Bixa oreallana [37–39], Mangosteen [32, 
40], Morus nigra [41], and Citrus limon [42]. Jasmine, a 
genus of shrubs and vines in the olive family of Oleaceae 
[43, 44] has been used to green-synthesize cupric oxide NPs 
[45] and known to contain phytochemicals such as alkaloids 
and flavonoids [46, 47]. Aravind and his coworkers [48] 
have used jasmine flower extract to green-synthesize TiO₂ 
NPs for photocatalytic applications. None has been used for 
solar cell applications.

The most effective sensitizer for high DSSC efficiency 
is currently achieved by using a synthetic commercial sen-
sitizer [49]. There are many different types of synthetic 
dyes, such as metallic complexes, porphyrins, and organic 
molecules, that have shown improvement in the conver-
sion efficiencies [50]. These synthetic dyes, however, have 

drawbacks because of their high synthesis cost, scarcity of 
metals, and environmental impact [51]. On the other hand, 
natural sensitizers from plant parts can be easily prepared 
and extracted with low production costs, and most impor-
tantly, they are non-toxic and environmentally friendly [52]. 
Even though natural sensitizers still have low power con-
version efficiency, they may open the door for more novel, 
environmentally friendly dye derivatives [53]. One of the 
natural dyes readily available in Indonesia is kesumba (Bixa 
orellana) seeds. Kesumba seeds are widely used as a source 
of natural dyes for many purposes, such as cosmetics, food, 
and pharmaceutical industries, because of their non-toxic 
nature and easy extraction [54]. It has also been used as a 
sensitizer in a DSSC device [55]. Kesumba seeds contain 
several active chemical compounds, such as bixin, which 
has a red color and is soluble in water, and norbixin, which 
has a yellow color and is soluble in fat, and several other 
types of carotenoids in smaller amounts [56–58].

In this work, TiO₂ NPs were green-synthesized using a 
natural medium from jasmine flower extract as a capping 
agent, and the obtained TiO₂ NPs were used as a semicon-
ductor layer in DSSC devices. For the first time, the DSSC 
was fabricated by combining green-synthesized TiO₂ NPs 
using jasmine flower extract, sensitized with kesumba seed 
extract, and compared with the commercial dye N719. The 
key results of this study are thus the characteristics of TiO₂ 
NPs green-synthesized using jasmine flowers extracted 
under different solvent concentration variations and the per-
formance of the obtained TiO₂ NPs as a semiconductor layer 
in a DSSC device sensitized using natural and commercial 
dyes.

Materials and methods

Materials

The precursor for the synthesis was titanium tetra isopro-
poxide (TTIP, Ti{OCH(CH₃)₂}₄ Sigma Aldrich). Other 
chemicals include ethanol (Merck), acetylacetone (Sigma 
Aldrich), commercial TiO₂ (Merck), polyvinylidene fluoride 
(PVDF, Merck), N-Methyl-2-pyrrolidone (NMP, Merck), 
commercial dye N719 (C₅₈H₈₆O₈N₈S₂Ru, Solaronix), plati-
num paste (Platisol, Solaronix), and electrolyte solution 
(Iodolyte Z-50, Solaronix).

Preparation of Jasmine flower extracts

Jasmine flower extract was prepared according to the lit-
erature [43] with slight modification. Fresh jasmine flow-
ers obtained from a local market were washed and dried 
at room temperature. 20  g of fresh jasmine flowers were 
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weighed and ground using a household blender in four dif-
ferent solvent variations of 100 mL ethanol with 0%, 10%, 
30%, and 50% acetylacetone. Acetylacetone was used as a 
chelating agent because previous work has shown that acet-
ylacetone is involved in complexation with titanium precur-
sors, influencing the growth, stability, and crystallinity of 
TiO₂ nanoparticles [59]. The mixture was then filtered to 
separate the insoluble residue from the solvent, and jasmine 
flower extracts were obtained. The extracts were ready for 
use in the green synthesis of TiO₂ NPs.

Green synthesis of tio₂ nanoparticles

The environmentally friendly synthesis of titanium dioxide 
was carried out using the sol-gel method [60] with slight 
modifications. Five beaker glasses were prepared, and 10 
mL of TTIP was poured into each glass. Ten mL of etha-
nol was added dropwise to the first beaker glass (labelled 
as Eth), and 10 mL of jasmine flower extract, as described 
in the previous section, was added dropwise to the remain-
ing beaker glasses, labelled as J0, J10, J30, and J50, respec-
tively. The mixture was agitated for 3 h, then centrifuged 
and filtered. The obtained wet gel was dried at 100 °C for 
1 h, followed by calcination at 450 °C for 2 h. The dry pow-
ders of green-synthesized TiO₂ NPs from jasmine flower 
extract with solvent variation concentrations were obtained.

Natural dye preparation

Natural dye was prepared by extracting kesumba seeds fol-
lowing the literature [39] with slight modification. Several 
ripe kesumba seeds obtained from the local market were 
opened, and the seeds were removed. A total of 20  g of 
kesumba seeds were put into a beaker and crushed before 
being added with 100 mL of ethanol to form a mixture. The 
mixture was agitated for 2 h under a magnetic stirrer before 
being filtered to remove the remaining solids. Kesumba nat-
ural dye with a deep red color was obtained and stored in a 
dark container for further use as a sensitizer.

Fabrication of solar cells

Solar cell fabrication was carried out according to our 
previous work [33] with slight modification. A total of 12 
devices were prepared: six were sensitized using N719, and 
the other six were sensitized using kesumba natural dye. 
Two ITO conductive glass substrates with a dimension of 
2.50 cm x 2.50 cm and a thickness of 0.12 cm were ultrason-
ically cleaned in acetone and ethanol for each solvent varia-
tion concentrations of Eth, J0, J10, J30, and J50, plus the 
one from commercial TiO₂ (labelled as TC). One of the ITO 
glass substrates was prepared as a counter electrode, and the 

other as a working electrode. The fabrication process began 
with the preparation of the counter electrode. The conduc-
tive side of the ITO glass substrate was determined using a 
multimeter with an average surface area resistance of 9 Ω/
cm². Two small perforations, approximately 1 mm in diam-
eter each, were drilled at the diagonal corners of the ITO 
glass substrate for each variation. An area of 1 cm² was cre-
ated by covering the undeposited area of the conductive ITO 
glass substrate with a thin plastic tape for the slurry deposi-
tion. Further, platinum paste was deposited using the doctor 
blade coating method. After removing the plastic cover, the 
coated counter electrode was heated at 400 °C for 30 min.

For the working electrode, a 1 mL NMP solution was 
heated to 60°C in an enclosed container for 30 minutes. 
50 mg of PVDF powder was gradually added to the solu-
tion under constant low stirring. After PVDF was added to 
the solution, the stirring was increased to 1000 rpm for an 
additional 30 minutes. This mixture was used as a solution 
and binder for TiO₂ deposition [61]. To do this, 10 µL of 
the binder was emptied into a container from each variation 
while heating it at 60°C, before 90 mg of TiO₂ was added 
to form a mixture. The mixture was stirred for 2 hours, until 
a dark grayish slurry was obtained. The slurry was coated 
onto the uncovered conductive side of the ITO glass sub-
strate using the same method applied for the counter elec-
trode under the same area. After removing the plastic tape 
cover, the coated substrate was dried in an oven at 65°C for 
2 hours. For the commercial sensitizer, a 0.8 mM N719 was 
prepared by dissolving 50  mg N719 in 50 mL of ethanol 
[62]. The already dried working electrode was immersed 
in the commercial solution or the sensitizer for 12 hours 
and air dried. The device sensitized using a natural dye was 
labeled with the addition of ‘B’ to the previous sample code.

After the two electrodes were prepared, they were assem-
bled using epoxy sealant, separated by a polymer sheet, and 
left to cure for 24 h. The electrolyte I₂/I₃⁻ was then injected 
through one of the small perforations until the entire vol-
ume was filled. The two small perforations were then sealed 
using the same epoxy, and the device was ready for perfor-
mance examination. The schematic of this DSSC fabrica-
tion sequence is provided in Figure S1, supplementary.

Results and discussion

Functional groups identification

The functional groups in a molecule can be identified by 
measuring the absorption of infrared radiation by the mol-
ecule and then using this information to determine the func-
tional groups present in the molecule [63]. In this work, the 
infrared spectra were obtained to reveal the characteristics 
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48], which could indicate the presence of quercetin and 
related compounds. It is believed that the yellow colors 
in the jasmine flower extract could be due to hydroxy and 
methoxy derivatives of flavones and isoflavones [64, 65] 
and are believed to affect the crystal growth and formation 
during the green synthesis [66].

As for the jasmine flower extract, the kesumba seed 
extract shows several absorption bands. The presence of–
OH group with a strong and broad absorption is observed 
at 3000–3600. This strong absorption is accompanied by 
the presence of C-H stretching, C = C stretching, and C-H 
bending vibrations observed at 2930, 1615, and 1383 cm⁻¹, 
respectively [37, 38]. Further, as has been shown in our pre-
vious work [33], the spectrum of commercial dye reveals 
the presence of the–OH and C–H groups at 3000–3600 and 
2500–3000 cm⁻¹, respectively [67]. The presence of thiocya-
nate (NCS), carbonyl (C = O), bipyridine (C = C), tetrabutyl-
ammonium from carboxylic acid and carboxylate groups is 
observed at 2100, 1710, 1542, 1464, and 1256 cm⁻¹, respec-
tively [68]. Other functional groups of C-N, C-O, aromatic 

of extracted jasmine flowers, kesumba seeds, and com-
mercial dye N719 as a comparison, and the results are 
given in Fig. 1(a). To observe any effect of jasmine flower 
extract during the green synthesis, the infrared spectra of 
TiO₂ NPs obtained from the green synthesis were also col-
lected, as shown in Fig. 1(b). Additionally, to identify the 
binding mode of the molecule on the semiconductor, the 
dye anchored on TiO₂ NPS is also presented as shown in 
Fig. 1(c) for the N719 dye-anchored TiO₂ and Fig. 1(d) for 
kesumba natural dye-anchored TiO₂.

As shown in Fig.  1(a), a broad and intense absorption 
is demonstrated by the extract of kesumba seed. Typical 
phenol compound with O-H group is observed at 3000–
3600 cm⁻¹, typical of C = C group with aromatic compound 
ring is observed at 1570.12  cm⁻¹, typical of alkane com-
pound with C-H stretching is observed at 1417.74  cm⁻¹, 
typical of alcohol compound with medium weak intensity 
C-O stretching is observed at 1069.57–1181.45 cm⁻¹, typi-
cal of alkene compound with C = C bending is observed at 
751.31–872.83 cm⁻¹. The characteristic peaks of flavonoids 
are observed at 3366 cm⁻¹, 1650 cm⁻¹, and 679 cm⁻¹ [44, 

Fig. 1  Infrared spectra of (a) commercial dye N719, jasmine flower 
extract, natural dye from kesumba seed extract, (b) commercial TiO₂ 
(TC), TiO₂ NPs synthesized using ethanol only (Eth), and TiO₂ NPs 

green-synthesized using jasmine flower extract with 0% (J0), 10% 
(J10), 30% (J30), and 50% (J50) acetylacetone, (c) N719 dye-anchored 
TiO₂ NPs, and (d) kesumba natural dye-anchored TiO₂ NPs
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electron transitions will affect the γ factor: the γ value will 
be equal to ½ for a direct transition and equal to 2 for an 
indirect transition. In this instance, the left exponent in Eq. 1 
will be equal to 2 for a direct transition and equal to ½ for 
an indirect transition. Further, the Kubelka − Munk function, 
F(R∞), is expressed as in Eq. 2,

F (R∞ ) = (1 − R∞ )2

2R∞
� (2)

In this expression, R∞ is the reflectance from the UV-DRS 
examination. The bandgap energy was further determined 
by first fitting the data in Tauc plot (F(R∞).hc/λ)½ vs. hc/λ 
with the assumption that the sample has an indirect allowed 
transition bandgap energy [78], and the results are provided 
in Fig. 2. By extrapolating the linear part of the Tauc plot to 
the intersection point of the x-axis, an estimated value of the 
band gap energy for each TiO₂ NPs was obtained.

The bandgap energy for commercial TiO₂ (TC) and the 
one synthesized using ethanol only (Eth) is 3.2 eV, consis-
tent with our previous results [33] and the results obtained 
by others [77]. The bandgap energy of TiO₂ NPs green-syn-
thesized using jasmine flower extract only, jasmine flower 
extract with 10%, 30%, and 50% acetylacetone is 3.14, 
3.12, 3.09, and 3.07 eV, respectively. The decrease in band-
gap energy from 3.2 eV to 3.14 eV for the TiO₂ NPs synthe-
sized using ethanol only and those containing green medium 
demonstrates the effect of the green medium on the optical 
characteristics of TiO₂ NPs. The same is true for the use of 
acetylacetone as a chelating agent, with a shift from 3.14 eV 
to 3.07 eV. It can then be summarized that, indeed, the use 
of jasmine flower extract and acetylacetone decreases the 
bandgap energy and hence confirms the function of jasmine 
flower extract as a capping agent [42, 79] and acetylacetone 
as a chelating agent [80].

Composition and surface morphology

Surface morphology is one of the factors that determines the 
conditions for reaction, adsorption, and diffusion, and infor-
mation on the surface layer composition allows estimating 
the stability of the properties of the support upon contact 
with other active components [81]. A field emission scan-
ning electron microscope (FESEM) equipped with energy 
dispersive X-ray spectroscopy (EDX) was used to elucidate 
the surface morphology and composition of the green-syn-
thesized TiO₂ NPs, respectively. The results of the elemen-
tal composition characterized using EDX are provided in 
Fig. 3, whereas the surface morphology of all TiO₂ NPs is 
given in Fig. 4.

The elemental composition examination reveals that, as 
can be seen in Fig. 3, the prominent peaks of titanium (Ti) 

para ring, and = C-H with pronounced peaks are observed at 
1087, 1046, 880, and 623 cm⁻¹, respectively [69].

The infrared spectra of TiO₂ NPs were recorded to inves-
tigate any effect of the green medium used during synthesis. 
As shown in Fig.  1(b), the presence of stretching vibra-
tions of hydrogen-bonded water molecules and hydroxyl 
groups, bending vibrations of O-H group, and the Ti-O-Ti 
bridging stretching mode is detected at 3370, 1630, and 
650 cm⁻¹, respectively [70], for commercial TiO₂. The pres-
ence of OH groups is expected from the TiO₂ NPs inter-
action with environmental moisture [71, 72]. Similarly, 
the TiO₂ from the synthesis using pure ethanol (Eth) only 
shows the same characteristic as that of commercial TiO₂. 
The same is true for the spectra of green-synthesized TiO₂ 
NPs prepared at different solvent variation concentrations 
of jasmine flower extracts, plus an additional very weak 
absorption at 2326 cm⁻¹, possibly due to the O-C-O linear 
vibrations from the green synthesis [33]. The presence of a 
certain amount of carbon in TiO₂ NPs may affect morphol-
ogy, crystallinity, and bandgap energy, as reported by others 
[73, 74]. Similarly, the infrared spectra of dye-anchored TiO 
NPs were collected to identify the binding mode of the mol-
ecule on the semiconductor. As shown in Fig. 1(c) for N719 
dye-anchored TiO₂ NPs and Fig. 1(d) for kesumba natural 
dye-anchored TiO₂ NPs, the infrared spectra show the same 
characteristics as those of bare TiO₂ NPs. However, the dye-
anchored TiO₂ NPs show a more pronounced absorption at 
the wavelength 3000–3600 cm⁻¹ from stretching vibration 
of the OH group and C = C stretching at 1615 cm⁻¹. It is then 
concluded that these pronounced absorptions are due to the 
dye that is anchored on the TiO₂ NPs surface.

Optical characteristics

Optical properties such as absorption, complex refractive 
index, and transition are strongly dependent on the mate-
rial’s bandgap [75]. In this work, the optical characteristics 
of TiO₂ NPs were characterized using UV-Vis DRS, where 
the diffuse reflection of radiation in the ultraviolet to visible 
range of a sample is measured [76]. The results in the form 
of TiO₂ NPs reflectance spectra with solvent concentration 
variations and the one from commercial TiO₂ are provided 
in Figure S2, supplementary. These UV–Vis DRS spectra 
were further analyzed to reveal their optical characteristics 
by applying the Kubelka − Munk relation [77] expressed as 
in Eq. 1,

(F (R∞ ) .hν)1/γ = B (hν − Eg)� (1)

where h is the Planck constant, ν is the photon’s frequency, 
Eg is the band gap energy, F(R∞) is the Kubelka − Munk 
function, and B is a constant. The nature of the allowed 

1 3

Page 5 of 18  46



Materials for Renewable and Sustainable Energy (2025) 14:46

of acetylacetone, there is a tendency to form agglomeration 
and make the particle size larger.

The characteristics of particle size, influenced by vary-
ing media concentrations during the green synthesis, were 
further elucidated using high-resolution transmission elec-
tron microscopy (HRTEM) and selected area electron dif-
fraction (SAED) patterns. These two techniques enable 
direct visualization of atomic structures within a sample, 
providing detailed information about the crystal structure, 
morphology, defects, and other nanoscale features. Trans-
mission electron images for commercial TiO₂ and the one 
synthesized using ethanol only are given in Fig. 5 (a) and 
(b), whereas transmission electron images for TiO₂ NPs 
obtained from the green synthesis represented by samples 
J0 and J50 only are given in Fig. 5 (c) and (d), respectively.

The spacing between the crystal planes was further ana-
lyzed using the ImageJ software [85]. The crystal plane 
spacing for commercial TiO₂ (TC), the one synthesized 
using ethanol only (Eth), and those green-synthesized using 
jasmine flower extract represented by sample J0 and J50 
only was obtained to be 0.5091 nm, 0.3418 nm, 0.3427 nm, 

and oxygen (O) are established in the EDX spectra. The 
composition of titanium ranges from 65 to 68 wt%, whereas 
oxygen ranges from 32 to 35 wt%, which confirms the suc-
cessful green synthesis of TiO₂ NPs using jasmine flower 
extract as a green medium and capping agent [82–84]. Pre-
ceding FESEM characterization, all TiO₂ NPs were coated 
using Au/Pd alloy because of their low conductivity. This 
Au/Pd coating is confirmed as unlabeled peaks detected 
around 2 keV in the EDX spectra.

For the surface morphology, as can be seen in Fig. 4, the 
electron image of commercial TiO₂ (TC) shows sphere-like 
particles in an agglomerated manner but with a homoge-
neous average particle size of around 150 nm, as confirmed 
by transmission electron image in Fig. 5 (a). For the reg-
ular synthesis using ethanol only (Eth), the round shapes 
are maintained with a homogeneous particle size. With the 
addition of jasmine flower extract as a medium in the green 
synthesis, as can be seen in Fig. 4 (c), the round shape parti-
cles remain, but with a particle size smaller than that of TiO₂ 
synthesized using ethanol only. However, with the addition 

Fig. 2  Tauc plots for bandgap 
energy determination of (a) 
commercial TiO₂, (b) TiO₂ 
synthesized using ethanol only, 
and TiO₂ NPs green-synthesized 
using jasmine flower extract with 
(c) 0%, (d) 10%, (e) 30%, and (f) 
50% acetylacetone
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flower extract. The exact active contents, however, have yet 
to be further confirmed.

Crystallographic properties

X-ray diffraction is a powerful method for determining the 
crystallographic properties of a material. In this work, the 
crystallographic properties of TiO₂ NPs obtained from the 
green synthesis prepared at different concentrations of jas-
mine extracts, plus the one from commercial TiO₂ as a com-
parison, were examined using powder X-ray diffraction, and 

and 0.3431 nm, respectively, which are consistent with the 
results from X-ray diffraction. The homogeneous shape 
and small size of NPs are highly beneficial for photovoltaic 
activity: a smaller grain size results in a larger surface area, 
facilitating better interaction with photons. In this work, it 
is confirmed that, in the absence of a green medium, the 
formation of TiO₂ is primarily controlled by hydrolysis 
and condensation reactions [86]. In the presence of green 
medium, however, there will be another factor that controls 
the growth of TiO₂ NPs during the green synthesis, one 
of which is the presence of active contents in the jasmine 

Fig. 4  Electron images of TiO₂ 
NPs (a) commercial, (b) syn-
thesized using ethanol only, (c) 
synthesized using jasmine flower 
extracts with 0%, (d) 10%, (e) 
30%, and (f) 50% acetylacetone

 

Fig. 3  Energy dispersive X-ray spectra of (a) commercial TiO₂ NPs, (b) TiO₂ synthesized using ethanol only, and TiO₂ NPs green-synthesized 
using jasmine flower extract with (c) 0%, (d) 10%, (e) 30%, and (f) 50% acetylacetone. Elemental compositions are given in the inset figure
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due to the presence of brookite phase (ICSD 98-015-4605) 
[33, 87]. These findings are in line with our previous works 
and the results obtained by others [88–90].

As can be seen from the X-ray diffractograms, the peaks 
from each solvent variation concentration reveal a highly 
crystalline nature of the structure, as indicated by sharp and 
intense peaks. Additionally, no new peaks are detected, indi-
cating the formation of a pure anatase phase with the use 
of jasmine flower extract. In this instant, the use of green 
medium has not disrupted the crystallographic formation of 
TiO₂ NPs during the green synthesis. However, as shown in 

the results are given in Fig. 6. The diffractogram of commer-
cial TiO₂ shows very sharp peaks around 25.3°, 38.4°, 48.1°, 
55.0°, 62.6°, 68.7°, 74° corresponding to the (101), (004), 
(200), (211), (204), (116) and (215) planes, respectively, 
with no other impurities detected. These peaks belong to the 
tetragonal anatase phase with space group I41/amd (ICSD 
98-000-9853). All TiO₂ NPs diffractograms from the green 
synthesis also reveal the same prominent peaks as the com-
mercial TiO₂ (ICSD 98-015-4604) with no other phase 
detected. For the one synthesized using ethanol only, a small 
amount of impurity was detected at around 19.3° and 30.8° 

Fig. 5  Transmission electron 
images with particle size distribu-
tion (left), HRTEM with lattice 
fringe (middle), and SAED 
pattern (right) of TiO₂ (a) com-
mercial, (b) synthesized using 
ethanol only, and (c) and (d) 
green-synthesized using jasmine 
flower extract represented by 
sample J0 and J50 only
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given in Table 1. As can be seen from the analysis results, 
there is almost no difference in the lattice parameters and 
thus in the unit cells after refinement due to the green 
medium. There is a significant difference in crystallite size 
between green-synthesized TiO₂ NPs and commercial TiO₂, 
with a p-value of 0.0089, analyzed using one-way analysis 
of variance in MatLAB®. However, in this work, the crys-
tallite size of the synthesized TiO₂ NPs is independent of 
the treatment.

Raman spectroscopy

Raman spectroscopy is a versatile technique for obtaining 
detailed information on chemical structures. In this work, 
Raman spectroscopy was employed to examine the chemi-
cal structure of TiO₂ NPs further and to confirm the char-
acterization results obtained from X-ray diffraction. The 
Raman spectra of TiO₂ NPs obtained from the one synthe-
sized using ethanol only and those from the green synthesis 
with solvent variation concentrations are given in Fig.  7. 
The Raman spectra of commercial TiO₂ (TC) are also pro-
vided for comparison.

The spectrum of commercial TiO₂ shows a strong charac-
teristic of the anatase phase with no other phases detected. 
These characteristics are indicated by the peaks centering 

the plane (101) of the inset Fig. 6, a slight shift of the peaks 
is observed in all the green-synthesized TiO₂ NPs to a higher 
angle compared to commercial TiO₂. This shift is attributed 
to crystallite size and lattice strain, which affect the Bragg 
peak by increasing the peak width and intensity, and shift-
ing the peak angle accordingly [91], as also observed in our 
previous work [33].

To further deepen our understanding of the effect of sol-
vent variation on the concentrations of the green medium on 
the crystallographic properties of TiO₂ NPs, Rietveld analy-
sis was performed using Highscore Plus [92, 93] on all TiO₂ 
NPs diffractograms. The results in the form of lattice con-
stants and the goodness of fit (χ²) after Rietveld analysis are 

Table 1  Lattice parameters of the refined phase in each tio₂ NPs green-
synthesized using Jasmine flower extract and the one from commercial 
tio₂
Sample Lattice parameter Good-

ness of 
fit (χ²)

Crystallite 
size (nm)a (Å) c (Å) V (Å)³

TC 3.7840(2) 9.5115(7) 136.1905 1.05 96.46(0.00)
Eth 3.7858(5) 9.4990(2) 136.1514 1.96 11.76(0.70)
J0 3.7854(4) 9.5020(1) 136.1496 2.13 11.87(0.03)
J10 3.7880(6) 9.4970(2) 136.2730 2.39 9.41(0.79)
J30 3.7920(3) 9.5160(6) 136.8337 2.31 9.69(0.37)
J50 3.7840(5) 9.4940(1) 135.9393 2.33 9.53(0.20)

Fig. 6  Superimposed X-ray dif-
fractograms of commercial TiO₂ 
(TC), TiO₂ NPs synthesized using 
ethanol only (Eth), TiO₂ synthe-
sized using jasmine flower extract 
only (J0), TiO₂ green-synthesized 
using jasmine flower extract with 
10% (J10), 30% (J30), and 50% 
(J50) acetylacetone. The arrows 
indicate the formation of the 
brookite phase
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metal nanoparticles [99]. Therefore, to better understand 
the mechanism behind the green synthesis of TiO₂ NPs, a 
proposed formation mechanism is necessary based on the 
hydrolysis reaction in the presence of jasmine flower extract 
as a green medium. In this work, the formation of TiO₂ NPs 
involves several reaction steps, which are initiated by the 
formation of titanium hydroxide species. This reaction is 
followed by the reduction of titanium due to the presence of 
active chemical components in the jasmine flower extract. 
The final step establishes nucleation and growth, followed 
by growth control and stabilization. The steps are schemati-
cally provided in the following mechanisms.

With no green medium, the formation of TiO₂ is merely 
controlled by hydrolysis and condensation reactions [100]:

Ti[OCH(CH3)2]4+2H2O → TiO2+4C3H7OH� (3)

During the green synthesis, the active components in the 
jasmine flower extract play a role in controlling the growth 
of TiO₂ NPs. In this instant, the reduction of TTIP to TiO₂ 
involved several reaction steps [101]:

1.	 Formation of titanium hydroxide species:

Ti[OCH(CH3)2]4+4H2O → Ti(OH)4+4OH − CH(CH3)2� (4)

2.	 Reduction of titanium precursor:

Ti(OH)4+e− → Ti(OH)3+OH−� (5)

3.	 Nucleation and growth:

During nucleation and growth, the reduced titanium species 
form nuclei and subsequently grow into TiO₂ NPs, involv-
ing a series of redox reactions that involve taking oxygen 
from the surrounding environment.

at 143 cm⁻¹, 197 cm⁻¹, 396 cm⁻¹, 514 cm⁻¹, and 637 cm⁻¹, 
which are attributed to the anatase phase [41, 94, 95]. It can 
then be confirmed that the commercial TiO₂ contains 100% 
anatase. The spectrum of sample TiO₂ NPs synthesized using 
ethanol only (Eth) reveals that it has the same characteris-
tics as the commercial TiO₂. The characteristics of a small 
brookite phase detected by XRD analysis mentioned in the 
previous section are confirmed by a weak peak at around 
326  cm⁻¹ [96]. All Raman spectra of TiO₂ NPs obtained 
from the green synthesis follow the same trend as the com-
mercial TiO₂ and are present in the pure anatase phase. A 
slight blue shift, however, is detected as indicated by the 
corresponding five characteristics with the principal peak 
locating around 144 cm⁻¹ and other peaks at 197–199 cm⁻¹, 
397 cm⁻¹, 516 cm⁻¹ and 638 cm⁻¹. This blue shift is attrib-
uted to a decrease in the particle size, as reported in other 
previous works [33, 97]. All the characteristics obtained 
from these Raman spectra agree with those revealed by the 
earlier X-ray diffraction examinations, as shown in Fig. 6.

Green synthesis mechanism

As previously stated, in the absence of a green medium dur-
ing synthesis, the formation and growth of TiO₂ NPs are con-
trolled solely by hydrolysis and condensation reactions. In 
the presence of jasmine flower extract, however, other factors 
influence the formation and growth of TiO₂ NPs, namely the 
active chemical components of the jasmine flower extract. 
It has been known that green synthesis based on biological 
precursors is affected by various reaction parameters such as 
solvent, temperature, pressure, and solvent conditions such 
as acidic, basic, or neutral [98]. Furthermore, for the synthe-
sis of metal oxide nanoparticles, plant biodiversity has been 
broadly considered due to the availability of effective phyto-
chemicals in the plant extracts, such as ketones, aldehydes, 
flavones, amides, terpenoids, carboxylic acids, phenols, and 
ascorbic acids that are capable of reducing metal salts into 

Fig. 7  (a) Raman spectra of TiO₂ 
commercial (TC), synthesized 
using ethanol only (Eth), green-
synthesized using jasmine flower 
extract only (J0), synthesized 
using jasmine flower extract with 
10% (J10), 30% (J30), and 50% 
(J50) acetylacetone at 1000–
100 cm⁻¹. (b) The region zoomed 
at 200–100 cm⁻¹

 

1 3

46  Page 10 of 18



Materials for Renewable and Sustainable Energy (2025) 14:46

J30, J0, J0, and TC. For the device sensitized using natu-
ral dye extracted from kesumba seeds, in ascending order, 
the smallest semicircle radius is given by sample EthB, fol-
lowed by samples TCB, J10B, J30B, J0B, and J50B. The 
impedance spectra can be interpreted and modeled using 
equivalent circuits, with each component explained below. 
Each equivalent circuit consisted of several components, 
as shown in the inset of Fig. 8(a). Ohmic resistance (R1), 
charge transfer resistance at the counter-electrode/electro-
lyte (R2), charge transfer resistance at the photoelectrode/
electrolyte (R3), resistance at the Warburg (Ws) diffusion of 
the redox I/I3 couple in electrolyte (Ws), the constant phase 
element of capacitance corresponding to R1 (C1), and the 
constant phase element of capacitance corresponding to R2 
(C2). The electrochemical parameters of the DSSC device 
measured under room light conditions are summarized in 
Table 2. However, these electrochemical characteristics do 
not necessarily have a linear relationship with the obtained 
power conversion efficiency, as shown by the photovoltaic 
activities in the next section. As for the Nyquist plots, the 
same trends can be observed in the Bode imaginary plots, 
which represent the imaginary parts of the impedance as 
a function of frequency. The Bode imaginary plots reveal 
that the peaks related to the recombination processes at the 
TiO₂/electrolyte interface [105, 106] shift toward higher 
frequencies.

Photovoltaic performance

The characteristics of TiO₂ NPs as a photoanode in the DSSC 
device were characterized using a source meter equipped 

4.	 Growth control and stabilization:

During this step, the active compounds in the jasmine flower 
extract can be adsorbed onto the surface of the forming TiO₂ 
NPs, which will, in turn, control and stabilize the formation 
of TiO₂ NPs by preventing agglomeration and providing 
surface modifications. In the last step, the overall formation 
of TiO₂ NPs can then be summarized as:

Ti[OCH(CH3)2]4+2H2O →TiO2NPs+
4OH − CH(CH3)2

� (6)

Electrochemical characteristics

Electrochemical impedance spectroscopy is a valuable tech-
nique for characterizing solar cells, as it enables the exami-
nation of their characteristics under various conditions and 
material components [102]. In this work, the electrochemi-
cal characteristics of the DSSC device were examined using 
EIS under room light conditions, and the results, in the form 
of Nyquist and Bode imaginary plots, are shown in Fig. 8. 
As can be seen in the figure, the electrochemical charac-
teristics of all DSSC devices exhibit a similar semicircle, 
representing the interface resistance of electrons, but with 
varying values indicated by the differences in the semicir-
cle radius. A semicircle radius in a Nyquist plot indicates a 
charge transfer resistance [103, 104].

For the DSSC device sensitized using the commercial 
N719 dye, the smallest semicircle radius in ascending 
order is given by sample Eth, followed by samples J50, 

Fig. 8  Impedance spectra of the 
DSSC device measured under 
room light conditions with 
Nyquist representation (a, b) and 
Bode imaginary plots (c, d) of the 
devices sensitized using commer-
cial dye N719 (left) and kesumba 
seed extract (right)
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fabricated from TiO₂ NPs obtained via regular synthesis 
with no green medium and sensitized using the commercial 
dye, the PCE is 0.80%, whereas the device sensitized using 
kesumba seed extract yields a PCE of 0.63%. For the DSSC 
device fabricated using TiO₂ NPs obtained from the green 
synthesis, the PCE value is consistently larger than the PCE 
value from commercial TiO₂ and from the one synthesized 
using ethanol only. The best performance in terms of the 
highest PCE is given by TiO₂ NPs green-synthesized using 
jasmine flowers extracted in the presence of 30% acetylac-
etone with a PCE value of 2.52%.

with a solar simulator to reveal their photovoltaic activity 
under a standard illumination of 100 mW/cm². The charac-
terization results in the form of I-V characteristic, current 
density (J-V), and power density (P-V) curves are given in 
Fig. 9(a), (b), and (c), respectively, and were further exam-
ined to calculate the power conversion efficiencies (PCE) of 
the DSSC device. The summary of these performance char-
acteristics is presented in detail in Table 3.

The device fabricated from commercial TiO₂ (TC) and 
sensitized using the commercial dye N719 has a PCE of 
0.80%, while the one sensitized using a natural dye from 
kesumba seed extract has a PCE of 1.22%. For the device 

Table 2  Electrochemical parameters of the DSSC device measured under room light conditions
Sample R1 (Ω) R2 (Ω) R3 (Ω) Ws (Ω) Sample R1 (Ω) R2 (Ω) R3 (Ω) Ws (Ω)
TC 13 350 898 276 TCB 14 450 1201 329
Eth 16 180 420 383 EthB 4 125 342 1077
J0 18 250 571 374 J0B 19 2500 7800 1462
J10 16 150 567 512 J10B 17 900 2322 1211
J30 15 200 553 419 J30B 13 1500 2640 137
J50 17 150 491 553 J50B 16 5500 11,900 2603

Fig. 9  I–V characteristic (a), 
current density (b), and power 
density (c) curves of the DSSC 
devices fabricated using TiO₂ 
obtained from the green synthesis 
and the commercial TiO₂. All 
DSSC devices sensitized using 
natural dye are symbolized with 
the addition of letter B
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promising. Furthermore, although the use of acetylacetone 
has a detrimental effect on the natural dye of kesumba seeds 
as a sensitizer, the use of natural dye for the development of 
environmentally friendly new derivative dyes, specifically 
for future sustainability, remains promising. The future of 
green synthesis aligns with the global push for sustainable 
and eco-friendly technologies because the green synthesis 
methods use natural reducing and capping agents, which 
eliminate the need for toxic chemicals, making the process 
safer for both the environment and human health [114]. In 
terms of their application, the future of DSSCs may depend 
on their integration into wearable electronics, smart win-
dows, and indoor energy harvesting, where their ability to 
function in low-light conditions gives them an edge over 
traditional solar cells [115].

Conclusion

The jasmine flowers, extracted using different concentra-
tions of ethanol containing 0, 10, 30, and 50% acetylacetone, 
were successfully used as a green medium in green-synthe-
sizing TiO₂ NPs. In general, the optical characteristics, such 
as bandgap energy, decrease with the use of green media 
and chelating agents. The same is true for crystallite size. 
The obtained TiO₂ NPs were further successfully used as 
semiconductors in dye-sensitized solar cell devices sensi-
tized using both natural dyes extracted from kesumba seeds 
and commercial N719. The highest efficiency of 2.52% 
was obtained from the TiO₂ NPs green-synthesized using 
jasmine flowers extracted under 30% acetylacetone, fol-
lowed by TiO₂ NPs green-synthesized using jasmine flow-
ers extracted under 50% acetylacetone (2.16%). The use of 
acetylacetone as a chelating agent, in this work, has a detri-
mental effect on natural sensitizers from the kesumba seed 
extract. Nevertheless, the use of a natural sensitizer from 
kesumba seeds improves the PCE of commercial TiO₂ as 
compared to the commercial dye (0.80% vs. 1.22%). These 
findings are promising for green-synthesizing nanomaterials 
and the use of natural dyes in the environmentally friendly 
development of DSSC devices.
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As shown in Table 3, the green medium alone is able to 
increase the PCE from 0.80% (Eth) to 1.60% (J0). How-
ever, with the addition of acetylacetone, the PCE decreases 
to 0.87% (J10). The PCE value is then increased with the 
addition of more acetylacetone, reaching 2.52% (J30), but 
subsequently decreases to 2.16% (J50). Hence, in this work, 
the optimal chelating agent concentration for the green syn-
thesis of TiO₂ NPs in DSSC devices sensitized with N719 
was found to be 50% acetylacetone. On the contrary, the 
device sensitized using a natural dye extracted from kes-
umba seeds exhibits opposite trends, where the PCE value 
decreases with the addition of acetylacetone in the green 
medium. In this instance, it seems that the use of acetylac-
etone in the green synthesis has a detrimental effect on the 
natural dye of kesumba seeds. It is expected that the natural 
dye stability and deposition consistency might have affected 
the PCE results [87]. Further work, however, has yet to be 
carried out on this difference.

The PCE value obtained in this work is still relatively low, 
however, the current PCE values are better than those of our 
other work from TiO₂ NPs green-synthesized using mango-
steen pericarps extract (2.46%) [107] and some PCE values 
obtained by other groups. For example, the work of Arifin 
et al. resulted in a PCE value of 1.29% [67], Jeganathan et 
al. obtained a PCE value of 1.32% [108], whereas Sadikin 
obtained a PCE value of 1.47% [109]. The work of Hossain 
et al. [110] revealed a PCE value of 0.33, while Pavithra et 
al. [111] obtained PCE values of 0.0182%, 0.0019%, and 
0.0039% for pristine, flower, and seed of Calotropis gigan-
tea extracts mediated green-synthesized TiO₂, respectively. 
Some works from other investigators obtained better PCE 
values, such as the work of Sharma et al., who obtained a 
PCE value of 4.81% [112] and Patil et al., who obtained 
a PCE value of 4.43% [113]. Nevertheless, the current 
results in utilizing natural plant extracts as media in an 
eco-friendly method for synthesizing nanomaterials are 

Table 3  Performance of the DSSC device sensitized using commercial 
N719 and Kesumba natural dye. The DSSC device sensitized using 
Kesumba natural dye is symbolized with the addition of the letter B
Sample JSC (mA/cm²) IMax (mA/cm²) VMax (V) FF η (%)
TC 1.27 1.18 0.68 0.63 0.80
TCB 2.65 2.10 0.58 0.46 1.22
Eth 1.26 1.19 0.67 0.63 0.80
EthB 1.00 0.85 0.74 0.63 0.63
J0 3.40 2.50 0.64 0.47 1.60
J0B 0.56 0.45 0.78 0.63 0.35
J10 1.35 1.24 0.70 0.64 0.87
J10B 0.22 0.18 0.68 0.56 0.12
J30 6.20 4.50 0.56 0.41 2.52
J30B 0.44 0.32 0.68 0.49 0.22
J50 5.00 4.50 0.48 0.43 2.16
J50B 0.14 0.12 0.64 0.55 0.08
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