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ABSTRACT

Green synthesis of semiconductor nanomaterials offers a sustainable approach for developing functional materials
with enhanced physicochemical properties. In this study, Cu-doped(1wt%) TiO2 nanoparticles were synthesized through a
modified sol-gel method using extracts of five different plant seeds, namely Papaya, Bitter gourd, Gokshura, Drumstick
and Tamarind as natural reducing and capping agents. Each of these garden seeds, found in plenty in Indian households, is
rich in different types of phytochemicals. The study here shows the implicit relation between the influence of various
phytochemicals on the structural and functional properties of biosynthesized nanoparticles. This comparison shows how
each bio compound differently influences the synthesis process, which lies at the novelty of the study. The influence of
seed-derived phytochemicals on the morphological, optical and antibacterial properties of the nanoparticles was
systematically investigated. X-ray diffraction confirmed the formation of phase-pure anatase TiO2 with crystallite sizes
ranging from 8.1 to 10.4 nm. This indicates the different capping capacity of different plant extracts, while SEM revealed
extract-dependent variations in particle morphology and porosity. EDX analysis verified Cu presence, and FTIR confirmed
the presence of residual phytochemicals acting as surface stabilizers. Diffuse reflectance spectroscopy demonstrated
indirect optical band-gap energies between 2.63 and 3.09 eV, indicating enhanced visible-light absorption compared with
pristine TiO2, keeping similar doping conditions. The PL spectra exhibited a marked decrease in emission intensity,
indicating suppressed electron—hole recombination. The combined observations suggest that Cu doping and phytochemical-
assisted green synthesis may have introduced defect or intermediate energy states that facilitate charge separation while
simultaneously extending visible-light absorption. The Sd sample exhibited the lowest band gap (2.63 eV), suggesting
superior bandgap tuning, whereas the St sample showed the highest band gap (3.09 eV). All synthesized nanoparticles
exhibited antibacterial activity against Escherichia coli and Staphylococcus aureus, with Sp showing the highest inhibition
against E. coli (12.7 + 0.14 mm) and Sg against S. aureus (11.0 £ 0.28 mm). The study demonstrates that seed
phytochemistry provides an effective route for fabricating Cu-doped TiO2 nanomaterials with controlled crystallite size and
reduced band gap, which thereby foster their antibacterial activity against Gram-negative and Gram- positive bacteria.
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1.INTRODUCTION

Titanium dioxide (TiOz) is one of the most
widely investigated semiconductor metal oxides due to
its excellent chemical stability, non-toxicity, low cost and
higher photocatalytic and antimicrobial properties. These
characteristics have led to its wide application in
environmental modifications (Ganesan et al. 2024),
energy conversion (Parangi and Mishra, ez al. 2021), self-
cleaning coatings (Srivastava et al. 2025), sensors
(Nunes et al. 2022) and biomedical fields. However, the
practical performance of pure TiO; is often limited by its
wide band gap and rapid recombination of
photogenerated charge carriers. This restricts its
efficiency under visible light irradiation. To overcome
these limitations, different modification strategies like
metal ion doping, non-metal doping and surface
functionalization have been implemented. Among the

various dopants, copper (Cu) has attracted attention due
to its ability to alter the electronic structure of TiO»,
improve visible light absorption, reduce electron—hole
recombination and make a better photocatalytic
performance. Cu-doped TiO: nanomaterials have
demonstrated superior optical (Tien et al. 2026), catalytic
(Mingmongkol et al 2022) and antimicrobial
(Wojcieszak et al. 2017) properties compared to pristine
TiO2, making them promising candidates for
environmental and biomedical applications.

In recent years, increasing concerns regarding
environmental sustainability and the dangerous effects
associated with chemical synthesis methods have
encouraged the development of green synthesis
approaches for nanomaterial fabrication. Green synthesis
utilizes naturally occurring phytochemicals present in
plant extracts as reducing, stabilizing, and capping
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agents, thereby minimizing the use of toxic chemicals
and reducing environmental impact (Singhal ez al. 2022).
Plant-mediated synthesis is particularly attractive
because it is simple, cost-effective, eco-friendly, and
scalable (Oliveira and Lenzi, 2023).

Seed extracts constitute a rich source of
bioactive compounds, including polyphenols, flavonoids,
alkaloids, proteins, carbohydrates, and other secondary
metabolites (Stawinska and Olas, 2022; Coyago-Cruz et
al. 2025). These phytochemicals can significantly
influence  nucleation, crystal growth, particle
stabilization, and surface modification during
nanoparticle synthesis (Bodor et al. 2025). Hence, the
nature and composition of the seed extract used may
affect the structural, morphological, optical and
biological properties of the synthesized nanomaterials
(Bhardwaj et al. 2022). Although numerous studies have
reported the green synthesis of Cu-doped TiO:
nanoparticles using individual plant extracts, systematic
comparisons of different botanical sources remain scarce.
In particular, comparative investigations involving
multiple seed extracts under identical synthesis
conditions, together with their influence on the structural,
optical, and photovoltaic performance of Cu-doped TiO,
photoanodes, have not been adequately explored.
Addressing this gap, the present study synthesizes Cu-
doped TiO, nanoparticles using five individual seed
extracts via a green synthesis approach. Understanding
the role of wvarious phytochemical environments in
tailoring material characteristics is essential for
optimizing synthesis protocols and enhancing functional
performance.

Therefore, the present study focuses on the
green synthesis of Cu-doped TiO, nanoparticles using
five different seed extracts as biogenic mediators. The
seeds, phytochemical composition of which is much
known through former studies used here are Papaya
seeds (Rani ef al. 2023), Bittergaurd seeds (Oyelere et al.
2022), Gokshura seeds (Chhatre et al. 2014),Drumstick
seeds (Saini et al. 2016) and Tamarind seeds
(Ganesapillai et al. 2017) identidied by sample names Sp,
Sb, Sg, Sd and St respectively abbrevating the first letter
of each seed name. The selected seeds exhibit distinct
phytochemical profiles, enabling investigation of how
variations in naturally occurring reducing and stabilizing
biomolecules affect the nucleation, growth, crystallinity,
optical behaviour and antibacterial activity of Cu-doped
TiO: nanoparticles. The chosen seeds are inexpensive,
readily available agricultural materials or by-products in
South India. These seeds are widely reported in
traditional medicine for their antioxidant and
antimicrobial activities, suggesting the presence of
bioactive metabolites capable of acting as reducing,
chelating, and capping agents during nanoparticle
synthesis (Singh et al. 2013; Bonin et al. 2023; Abbas et
al. 2024; AlSedairy et al. 2025). The synthesized
materials were characterized to evaluate their

morphological and optical properties and to investigate
the influence of the selected seed extracts on nanoparticle
formation. Also, their antibacterial activity was assessed

against pathogenic bacterial strains to establish
correlations between synthesis conditions,
physicochemical  characteristics and  biological

performance. The type and concentration of capping or
stabilizing agents influence the size, morphology, and
surface characteristics of nanoparticles, which may
consequently affect their functional properties, including
antibacterial activity. However, the contribution of
morphology to antibacterial performance is often
accompanied by other physicochemical factors such as
particle size, surface chemistry and composition This
comparative study provides insights into the role of seed-
derived phytochemicals in governing the properties of
Cu-doped TiO: nanomaterials and specifies the potential
of sustainable plant-mediated synthesis routes for
advanced antimicrobial applications.

2. MATERIALS AND METHODS
2.1 Materials

Titanium Isopropoxide 27.8-28.6 TTIP),
Copper Nitrate Trihydrate, Glacial Acetic acid (All
purchased from Sisco Research Laboratories India) and
the extracts of the five different seeds mentioned above.
All the chemicals were purchased from Sisco Research
Laboratories India directly.

2.2 Synthesis of Cu Doped TiO, Nanocomposite

The doped TiO, Nanoparticles(I1wt%) with
copper were synthesized by the modified sol-gel method.
Copper concentration of 1wt% was selected based on
previous studies demonstrating that low Cu loading
effectively modifies the electronic structure and optical
properties of TiO. while maintaining the anatase crystal
structure (Ganesh et al. 2014). Here, the copper dopant
was stabilized with the green extract before beginning the
doping process.

2.2.1 Preparation of Green Extract

Seeds of all the above-given five plants were
collected from the garden, washed and sun-dried to
prepare individual powders. Dried seeds were taken and
crushed to powder them. 10 gm of each powder was
added to a glass jar and mixed with ethanol and distilled
water in the ratio 4:1(80 mL ethanol and 20 mL distilled
water) and was covered. The jar was placed undisturbed
for a week at room temperature with occasional stirring.
The seed powders were extracted by maceration in
ethanol for 7 days at room temperature following
established phytochemical extraction protocols (Kaur et
al. 2022). After a week, the extract was filtered using
Whitemans filter paper and preserved in amber glass
bottles in refrigeration. About 90ml of extract was
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obtained. Since the extract was employed in its liquid
form without solvent evaporation, the percentage
extraction yield and extract concentration were not
quantitatively determined. To ensure consistency among
all botanical extracts, identical extraction conditions,
including plant mass, solvent composition, solvent
volume, extraction duration, and filtration procedure,
were maintained for all samples

2.2.2 Synthesis of TiO.-Cu Nanoparticles

The modified Sol Gel method here employs the
mixing of copper dopant with green extract to prepare the
precursor. Copper nitrate trihydrate at 1wt% (0.766mM
of Cu) was dissolved in 10ml of green extract and stirred
for 10 minutes.10ml of Titanium isopropoxide was
slowly added to 100 mL of isopropanol with mild heating
and stirring. Glacial acetic acid(1ml) was added to this.
The copper precursor was slowly added with rapid
stirring at 80° C for about one and a half hours. The
solution thickened. Colours ranged from green to light
brown. The final gel-like material was dried overnight in
an oven at 80° C for 8 hours. The dried sample was then
calcined at 350°C for 3 hours. In earlier studies, it was
confirmed that calcination at 350°C produced pure
anatase TiO, whereas higher temperatures (500—-700°C)
resulted in mixed anatase-rutile phases and 800°C
produced rutile (Rajaram et al. 2023)

2.3 Material Characterization of Cu Infused
TiO, Nanocomposite

Structural morphology was analysed using
Scanning electron microscopy(SEM)

using the OXFORD XMX N (STIC India,
Kochi). Surface morphology was examined using a
scanning electron microscope operated at an accelerating
voltage of 20 kV. The surface texture of nanoparticles is
assessed. The chemical composition is checked, and
successful doping is confirmed using an Energy
Dispersive X-ray spectrometer (EDAX) study. Bruker
D8 Advance is used to examine the crystallite size by
powder X-ray diffraction. X-ray diffraction (XRD)
patterns were recorded with Cu Ka radiation (A = 1.5406
A) over a 20 range of 10-80° at a step size of 0.02°. The
organic functional groups are checked by Fourier
Transform infrared spectroscopy (FTIR). FTIR spectra
were recorded in the range of 4000—400 cm™. Band gap
variations are studied through Diffuse Reflectance
Spectroscopy (DRS). Diffuse reflectance spectra were
recorded over the wavelength range of 200-800 nm. All
of the Characterization tests were performed at the
Sophisticated Test and Instrumentation Centre(STIC
India), Kochi, Kerala.

2.3.1 Antibacterial Properties of Nanocomposite

The synthesized nanocomposite is tested for its
antimicrobial properties against Gram-positive and
Gram-negative bacteria. Considering the diverse
applications of Cu-doped TiO: nanomaterials,
antibacterial activity has attracted considerable attention
owing to the increasing prevalence of multidrug-resistant
pathogenic microorganisms. Incorporation of Cu into the
TiO: lattice promotes oxygen-vacancy formation,
improves charge separation and enhances reactive
oxygen species (ROS) generation, which contribute to
bacterial membrane disruption, protein oxidation and
DNA damage. Moreover, Cu?** ions themselves exhibit
intrinsic antimicrobial activity through interactions with
bacterial cell membranes and intracellular biomolecules.
Green synthesis further introduces phytochemical-
derived surface functionalities that improve nanoparticle
dispersion and surface interactions with microbial cells.
Therefore, antibacterial evaluation represents an
appropriate model application for correlating the
structural and optical modifications induced by
phytochemical-assisted Cu doping with the functional
performance of the synthesized nanoparticles. In the
present case, the antimicrobials present in the given
sample were allowed to diffuse out into the medium and
interact in a plate freshly seeded with the test organisms.
The resulting zones of inhibition were uniformly circular
as there was a confluent lawn of growth (Bauer ef al.
1959a). The diameter of the zone of inhibition was
measured in millimeters. All experiments were
performed in triplicate (n = 3), and the results are
presented as mean =+ standard deviation (SD). The simple
T-test was performed using GraphPad Prism software
8.0, and the SD was calculated using MS Excel. The
required bacteria (E. coli —443 and S. aureus — 902) were
purchased from MTCC Chandigarh, India. Nutrient Agar
medium, Nutrient broth, and Gentamicin discs were
purchased from Himedia, India. Test samples, Petri
plates, test tubes, beakers, and conical flasks were from
Borosil, India.

3. RESULTS AND DISCUSSIONS

3.1 Scanning Electron Microscopy (SEM)
Analysis

The SEM image of the synthesized Cu- TiO;
nanocomposite using extracts of the five different seeds
is given below (Figure 1). Sample Sb shows a smooth
surface with dispersed nano-clusters and clear edges with
moderate agglomeration. Sd gives broken flakes with
mixed irregular blocks. More interparticle voids than Sb
are present. Sg has a mixed grain size distribution.
However, Sp shows dense-packed irregular grains and
moderate roughness. St gives overgrown grains. So,
together we can say SEM micrographs of seed-mediated
Cu-doped TiO: nanoparticles revealed agglomerated
micro-grains composed of finer nanostructures. SEM
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analysis revealed differences in particle morphology and
the degree of agglomeration among the synthesized Cu-
doped TiO, samples. Samples exhibiting relatively
smaller and more uniformly distributed nanoparticles
may provide a more accessible surface area for
interaction with incident light and bacterial cells.
However, SEM observations alone cannot establish the
origin of the improved functional performance.

2000 X3500 Spm 0094 1348SEI

Fig. 1: SEM images of samples (a)Sb (b)Sd (c)Sg (d)Sp and
(e)st

3.2 Energy Dispersive X-Ray Spectroscopy
(EDX) Analysis

The surface analysis of the samples is done
using EDX Spectroscopy. Figure 2 shows the graphical
representation of the spectral analysis. In all five samples,
we can observe clear Ti and O peaks along with Cu peaks.
The Cu peak intensity here depends upon the variation in
surface incorporation of Cu in the synthesized samples.
Sb achieved the highest Cu loading (1.77wt%), meaning
that seed extract likely had stronger reducing/chelating
phytochemicals for Cu attachment. St had the lowest
identified Cu presence. Similarly, Sb may contain more
oxygen vacancies. Summarizing, EDAX analysis
confirmed Ti, O, and Cu in all seed-mediated Cu-doped
TiO: nanoparticles with relatively uniform elemental
incorporation of copper within the analysed regions.
(Ahmadiasl et al. 2022). Copper content varied from 0.55
to 1.77 wt%, indicating that seed phytochemicals may
have affected Cu doping efficiency. However, EDX does
not provide direct evidence of substitutional lattice
incorporation or the oxidation state of Cu. Therefore,
definitive confirmation of lattice doping would require
complementary techniques such as XPS or EPR.
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Fig. 2: EDX spectra of samples Sb, Sd, Sg, Sp and St
3.3 X-Ray Diffraction (XRD) Analysis

Analysing the X-ray diffraction data obtained
from the samples, a graphical representation of the
relation between the diffracting angle and intensity is
plotted. Samples exhibit diffraction peaks at
approximately 25.3°, 37.8°, 48.0°, 54.0°, 62.7°, 68.8°,
and 75.0°, corresponding to the crystallographic planes
(101), (004), (200), (105), (204), (116), and (215),
respectively. These peaks match well with the standard
anatase TiO: phase (JCPDS card No. 89-4921),
confirming the successful formation of anatase-
structured TiO: in all samples (Perarasan ef al. 2019) The
characteristic anatase peak (20 =~ 25.3°) corresponding to
the (101) plane is the most intense reflection in all
samples, indicating that anatase is the dominant
crystalline phase. No additional peaks associated with
rutile TiO-, brookite TiO2, CuO, Cu,O or metallic Cu are
observed within the detection limit of the instrument.
This suggests that Copper ions are either incorporated
into the TiO- lattice through substitutional doping or that
the Cu concentration remains below the XRD detection
limit. The graphical representation is given below in
Figure 3.
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Fig. 3: XRD patterns of samples St, Sp, Sg, Sd and Sh

The crystallite size was estimated using the
Debye—Scherrer equation given by

D= K\
BCosO .. (D

where K=0.89, A=1.5406 A (Cu Ko radiation),
B is the full width at half maximum (FWHM) corrected
for the instrumental broadening reported by the Bruker
DIFFRAC.EVA software, and 0 is the Bragg diffraction
angle. The software automatically performs Koo
stripping, determines the FWHM of the selected
diffraction peaks, applies the specified instrumental
broadening (0.050°) and calculates the crystallite size
according to the Debye—Scherrer equation. The same
analysis protocol was applied to all synthesized
samples.An average of the three calculated size is
considered to be the average crystallite size.
Representative FWHM values corresponding to the
principal diffraction peaks used for the Scherrer equation
calculations for one sample (Sb) is included below in
Table 1.

Table 1. Crystallite size calculation using FWHM for

sample Sh
Peak (20) Plane (hkl)  FWHM (°) Crystallite Size (nm)
25.43 (101) 0.779 104
38.03 (004) 1.053 7.9
48.04 (200) 0.774 111

Similar calculations are done for each sample
using the DIFFRAC.EVA software. The crystallite sizes
of green-synthesized Cu-doped TiO- nanoparticles varied
from 8.6 to 9.8 nm depending on the seed extract used.
Sb exhibited the highest average crystallite size, whereas
St showed the smallest size, indicating that
phytochemicals present in the seed extracts significantly
influenced nucleation and crystal growth. The crystallite
size for each sample is given below in Table 2

Table 2. Average crystallite size for each nanocomposite
sample

Average Size

Label Calculated Sizes (nm) (nm)
Sb 104,79, 11.1 9.8
Sd 9.8, 6,10 8.6
Sg 9.2,6.1,10.3 8.5
Sp 10.2,6.4, 11.3 9.3
St 6.4,9.7 8.1

3.4 Fourier Transform Infrared Spectroscopy
(FTIR) Analysis

The FTIR spectra of the Cu-doped TiO:
nanoparticles synthesized using five different seed
extracts exhibit several characteristic absorption bands
corresponding to Ti—-O bonding and residual
phytochemical groups derived from the green material.
The differences in band intensity among the samples
indicate that the seed precursor influenced the surface
chemistry and capping of the nanoparticles. The
absorption band in the 400—700 cm™* region is primarily
attributed to Ti—O-Ti lattice vibrations. Bands in the
850—1500 cm™ show several peaks. Region around 950-
1050 cm™ identifies C—O—C groups from polyphenols
and carbohydrates which may have been present in seed
extracts. Around 1100-1250 cm™, peaks depict either
alcoholic C-O stretching or polysaccharides s plant
metabolites. Peaks around 1300—1450 cm™ correspond
to C—H bending vibrations. These peaks indicate that
phytochemicals from the seed extracts remain adsorbed
on the nanoparticle surface and act as stabilizing/capping
agents. Weak bands near 15501650 cm™ may arise from
C=O0 stretching of carbonyl compounds. A broad region
around 3200-3600 cm™ is weakly visible in some
samples, which stands for surface hydroxyl groups or
adsorbed moisture (Maragatha et al. 2016). Sp and Sg
Samples give the strongest organic functional group
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absorption. Sd gives good nanoparticle formation with
lower residual organics. St has the lowest organic
content. Minor changes in band position or intensity
following Cu addition may indicate alterations in the
local bonding environment. However, FTIR
spectroscopy alone cannot conclusively identify Ti—-O—
Cu bond formation, and therefore these spectral changes
are interpreted as evidence of structural modification
rather than direct confirmation of specific chemical

extract showed the highest band gap (3.09 eV). This
behaviour may be caused by the unique phytochemical
composition of Tamarind seeds, which are rich in tannins
and polysaccharides. These strongly chelate Cu" ions
during the sol-gel process, reducing Cu doping into the
TiO; lattice. The absence of secondary crystalline phases
in XRD confirms that the optical variations arise
primarily from differences in defect chemistry and
surface characteristics rather than phase transformation.

bonding. The transmittance percentage versus From the obtained transmittance data, a Tauc curve is
wavenumber graph is given below in Figure 4. plotted for each sample as given in Figure 5 below
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Fig. 4: FTIR spectra of five seed samples

3.5 Diffuse Reflectance Spectroscopy(UV-Vis)
Analysis

The indirect optical band-gap energies of the
Cu-doped TiO: nanoparticles synthesized using different
seed samples ranged from 2.63 to 3.09 eV. This indicates
successful band-gap narrowing relative to pristine
anatase TiO.. Among the samples, Sd exhibited the
lowest band gap (2.63 eV). The reduced optical band gap
observed for the Cu-containing TiO, nanoparticles
indicates a modification of the electronic structure.
However, the present characterization techniques do not
permit direct identification of oxygen vacancies or defect
states, and therefore no definitive attribution is made. In
contrast, the St sample synthesized using Tamarind seed
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Fig. 5: Tauc curve for samples Sp, Sg, Sb, Sd and St

The plot clearly shows a reduction in Eg in all
the given samples. Doping with copper, which is a
transitional metal, may develop intermediate energy
levels, resulting in a more narrow band gap. Between all
the samples, Sd is expected to possess the highest
photocatalytic efficiency and is likely to exhibit superior
pollutant degradation and antibacterial performance due
to improved charge separation (Yoshida, 2024). The two
samples, Sg and Sb, have very similar band gaps.
Materials with similar band gaps were previously used
for DSSC applications and in self-cleaning coatings
according to earlier literature (Alcazar et al. 2026).

3.6 Antibacterial Activity

The antibacterial activity of Cu-doped TiO-
nanoparticles synthesized using different seed samples
was evaluated against E. coli and S. aureus using the disc
diffusion method as shown in Figure 6. Petri plates
containing 20 mL nutrient agar medium were seeded with
a 24-hour culture of bacterial strains that were adjusted
to a 0.5 OD value according to the McFarland standard.
The discs containing the test samples Sg, Sp, St, Sb and
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Sd were placed on the respective agar plates. The plates
were then incubated at 37°C for 24 hours. The
antibacterial activity was assayed by measuring the
diameter of the inhibition zone formed around the discs.
Gentamicin discs were used as a positive control. (Bauer
et al. 1959a) All synthesized samples exhibited
measurable antibacterial activity, although the extent of
inhibition varied depending on the seed extract employed
during synthesis. Against E. coli, the Sp sample
demonstrated the highest antibacterial activity with a
zone of inhibition of 12.7 = 0.14 mm, followed by Sd, Sb,
Sg, and St. In contrast, Sg exhibited the strongest activity
against S. aureus with a zone of inhibition of 11.0 + 0.28
mm, followed by Sp and Sd. The observed differences
suggest that the phytochemical composition of the seed-
derived solvent significantly influences nanoparticle
surface properties and antibacterial efficacy. The
enhanced antibacterial activity of the Sp and Sg samples
may be due to their superior crystallinity, introduction of
Cu and the presence of surface-bound bioactive
phytochemicals. The observed antibacterial activity
given in Figure 7 may be associated with mechanisms
reported for metal oxide nanoparticles, including
oxidative stress and interactions with the bacterial cell
envelope. However, these mechanisms were not
experimentally investigated in the present study, and
therefore no definitive mechanistic conclusions are
drawn. The lower activity observed for St indicates
comparatively weaker nanoparticle-bacteria interactions.
Overall, the results demonstrate that green synthesis
using different seed extracts can effectively tailor the
antibacterial ~ performance of Cu-doped  TiO:
nanoparticles, highlighting their potential for biomedical
and antimicrobial applications.

Fig. 6: Antibacterial assay of five samples against bacteria
(a) E. Coliand (b) S. Aureus
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Fig. 7: Comparison of antibacterial activity of 5 samples
against E. Coliand S. aureus

4. CONCLUSION

In the present study, Cu-doped TiO;
nanoparticles were successfully synthesized through a
sustainable green sol-gel approach using five different
seed extracts as biogenic mediators. The study shows that
the phytochemical composition of the seed extracts may
play an important role in controlling the structural,
morphological, optical and antibacterial properties of the
synthesized nanoparticles. XRD analysis confirmed the
formation of phase-pure anatase TiO: in all samples
without detectable secondary copper oxide phases.
Considering the low Cu concentration together with the
absence of detectable crystalline Cu oxide phases, Cu is
likely to exist as highly dispersed species or to be
partially incorporated into the TiO. framework.
Nevertheless, definitive confirmation of lattice
substitution would require techniques such as XPS,
Raman spectroscopy, EXAFS or XANES. The crystallite
sizes confirm the formation of nanoscale materials with
extract-dependent crystal growth behaviour.

EDX analysis verified the presence of Ti, O and
Cu in all samples and revealed variations in Cu presence
on the region examined. This may be due to the presence
of different phytochemical environments during
synthesis. FTIR spectra further confirmed the presence of
residual surface phytochemicals that acted as natural
capping and stabilizing agents.

Diffuse reflectance spectroscopy demonstrated
successful band-gap engineering, with varying indirect
optical band-gap energies indicating enhanced visible-
light absorption compared to pristine TiO,. Materials
with similar band gaps were previously used for DSSC
applications and in self-cleaning coatings according to
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earlier literature (Alcazar et al. 2026) and hence can be
considered as prospects for future investigations. The
antibacterial studies confirmed that all synthesized
nanoparticles possessed activity against both Gram-
positive and Gram-negative bacteria, although their
effectiveness varied depending on the seed extract
utilized. The synthesized Cu-doped TiO, nanoparticles
exhibited distinct structural, morphological, optical and
antibacterial characteristics. While variations among
these properties were observed, the present study did not

establish  direct causal relationships  between
morphology, optical properties, and antibacterial
performance. The enhanced optical response and

antibacterial activity are interpreted in conjunction with
the reduced optical band gap, suppressed PL emission
intensity and the experimental antibacterial results,
suggesting that both morphological and electronic
modifications collectively contribute to the observed
performance.

Overall, this study establishes that seed-
mediated green synthesis is an effective strategy for the
physio-chemical and biological properties of Cu-doped
TiO: nanoparticles. The results demonstrate that careful
selection of plant-derived phytochemicals enables
controlled modification of nanoparticle properties,
thereby allowing the design of nanomaterials for specific

applications. The synthesized Cu-doped TiO:
nanoparticles show  considerable  promise  for
antibacterial applications. This study presents a

systematic comparative investigation of five different
botanical seed extracts for the green synthesis of Cu-
containing TiO, nanoparticles under  identical
experimental conditions. The results demonstrate that the
choice of seed extract influences the structural,
morphological, optical and antibacterial characteristics
of the synthesized nanoparticles. Rather than proposing
mechanistic explanations beyond the available evidence,
this work provides an experimental comparison of
botanical extract-assisted synthesis and establishes a
foundation for future studies employing advanced
spectroscopic  characterization and  mechanistic
investigations. Future studies may analyse the
applicability of the samples for photocatalysis and self-
cleaning surfaces, environmental remediation and other
sustainable nanotechnology applications.
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