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A B S T R A C T

Current research efforts are directing considerable attention towards the green synthesis of nanomaterials, such 
as titanium dioxide nanoparticles (NPs) known for their versatile technological applications. The present work is 
the first to report on the synthesis of TiO2 NPs using eucalyptus globulus leaf extract - a gentle, renewable, and 
non-toxic agent - in conjunction with titanium butoxide as a precursor in a mild thermal treatment. The results 
comprise four distinct biosynthesised material samples, each obtained by applying different techniques, 
including single and double-thermal treatments of NPs. Initially characterized by Fourier-transform infrared (FT- 
IR) and UV–visible spectroscopy, the plant extract plays a dual role in both reduction and stabilisation, leading to 
a remarkable NPs stability. The phytochemicals components, including phenolic and flavonoid acids, are 
believed to reduce the Ti4+ ions, aiding in the creation of related NPs. The successfully synthesised TiO2 samples 
were characterised with diffuse reflectance UV–visible spectroscopy (DRS), FT-IR, Raman, X-ray powder 
diffraction (XRD), and scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX). The 
findings from these investigations highlighted the pure, uniform structure, and arrangement of all NP samples, 
exhibiting a spherical morphology and a predominance of the anatase form. The characteristic parameters of the 
NPs including particle size, band gap energy, crystallinity, and lattice constants, were calculated and compared 
to those of commercial TiO2. The double thermally treated sample exhibits a closer resemblance to commercial 
TiO2 compared to both the singal thermally treated sample and the untreated counterpart. This suggests that the 
proposed mild thermal treatment can serve as an alternative approach for the effective and environmentally 
friendly preparation of TiO2 NPs, ensuring good physico-chemical characteristics for a broad spectrum of 
advanced and sustainable applications.

1. Introduction

Over the past few decades, there has been a growing interest in 
nanotechnology research. Scientists across a wide range of disciplines 
and fields have shown interest in these advancements, envisioning their 
potential applications, particularly in the synthesis of metal oxides such 
as TiO2 and ZnO [1,2]. The former is a well-known versatile semi
conductor that is essential to many different catalytic and photocatalytic 

applications, including air treatment, water splitting and purification [3,
4]. TiO2 plays a key role in gas sensing [5], solar energy conversion [6], 
and development of nanostructured coatings for biomedical implants, 
due to its material properties and nanoscale chemical reactivity [7]. 
Additionally, it demonstrates efficacy in adsorbing larger amounts of 
dye molecules [8]. The good physical stability and non-toxicity of TiO2 
position it as one of the most researched nanoparticles (NPs) [9]; 
nevertheless, studying nanostructures requires a deeper comprehension 
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of the crystal form with flexible structures, which can be attained by 
novel, low-tech production techniques and designs [10]. Given this, 
there is a plethora of literature on TiO2 synthesis, which produces 
nanoparticles of varying sizes, morphologies, and crystalline phases [11,
12]. Several studies have extensively explored the advantages of wet 
chemistry, as a method for the synthesis of these nanocrystals. Among 
the reported techniques, sol-gel [13,14] and hydrothermal methods [15,
16] stand out as recommended approaches. Sol-gel synthesis is the most 
straightforward, successful, affordable, and widely used technique for 
producing TiO2 NPs with a range of morphologies, such as wires, aer
ogels, particles, rods, mesoporous, tubes, and sheets [1]. As an alter
native, green preparation method, utilizing natural sources such as 
bacteria [17,18], plants [19,20], plant extracts [21,22], and other pure 
biodegradable materials [23,24] as preparation agents, have been 

recently proposed as novel synthesis approaches. These environmentally 
friendly techniques have shown significant advancements in the syn
thesis of NPs across various materials, owing to their low toxicity, sta
bility, and cost effectiveness [21,25–27]. The adoption of these 
approaches has exerted a transformative impact on many scientific 
disciplines, including physics, chemistry, biology, and material sciences 
[28]. Moreover, plant extracts (flower, fruit, leaf, peel, root and stem as 
source) have been proposed as reagents in several recent articles on NPs 
synthesis, due to their perceived safety and applicability in industrial 
production [29]. Operational variables such as temperature, pH, and 
precursor concentration can have a significant influence on the 
morphology, size, shape, porosity, and crystallinity of the NPs [30,31]. 
However, the specific process by which phytochemicals induce the 
synthesis of NPs remains unclear.

Fig. 1. Steps involved during TiO2 NPs synthesis by Eucalyptus globules leaf extract: a) Preparation of the Plant Leaf Extract (PLE) b) Preparation of different TiO2 
NPs samples.
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The Myrtaceae family of flowering plants includes Eucalyptus glob
ulus, which has long been used as a traditional medicinal plant to cure a 
variety of illnesses. This tall, evergreen tree is characterized by mostly 
smooth bark, juvenile leaves that are whitish and waxy on the lower 
surface, glossy green, lance-shaped adult leaves, glaucous, and ribbed 
flower buds [32]. Much information about using eucalyptus leaf extracts 
to prepare metallic [33–35] or bimetallic NPs [36] has been obtained 
and reported in recent years. Flavonoids, alkaloids, chlorophylls [37], 
alcoholic chemicals, ketones, and amines that function as reducing and 
capping agents are all present in eucalyptus leaf extracts [36]. Ethers, 
alcohols, amides, terpineols, aldehydes, and eucalyptols were also 
detected by GC-MS analysis, according to Jin et al. [38]. More recently, 
LCMS indicated the existence of 41 polyphenols as extract ingredients 
[39].

Given the abundance of Eucalyptus globulus in the north of Algeria 
and the hypothesis that phytochemicals are crucial to the NPs synthesis, 
Eucalyptus leaf extract was utilised in this investigation as a precursor 
for the synthesis of TiO2 NPs. For the first time, the impact of the syn
thesis process, involving stirring the TiO2 suspension at 90 ◦C for 24 h, 
on the optical, structural, and morphological properties of the bio
synthesised TiO2 NPs was examined using various characterization 
techniques, including Diffuse Reflectance Spectroscopy (DRS), X-ray 
diffraction (XRD), Fourier transformed infrared (FT-IR), scanning elec
tron microscopy with energy dispersive X-ray (SEM-EDX), and Raman 
analysis. The physicochemical characterizations of commercial P25 and 
synthesised TiO2 NPs were also compared.

2. Experimental

2.1. Chemicals

The present investigation used Eucalyptus globulus leaves as a bio
reducing agent (Fig. 1). Thus, fresh leaves of Eucalyptus globulus were 
collected from the east region of Constantine (latitude of 36◦ 17′ N, 
longitude of 6◦ 37′ E), Algeria. Titanium (IV) butoxide (TB) (purity 
≥97.0 %) was purchased from SIGMA-ALDRICH, and Commercial TiO2 
(Degussa P25) from INTERCHIM. All chemicals were used as received. 
Deionized water was used throughout the experiments for all syntheses.

2.2. Methods

TiO2 NPs were synthesised in two stages (Fig. 1). 

i) Preparation of the globular eucalyptus leaf extract: a simple, 
practical, and commonly used solid-liquid drying procedure was 
applied [10,22,40,41]. Fresh leaves were thoroughly washed 
with water to remove dust and dried at ambient room tempera
ture before being sliced. 5 g of chopped, cleaned leaves were 
boiled with 100 mL of distilled water in a 250 mL Erlenmeyer 
flask for 2 h at 70 ◦C. After cooling and filtering through a 0.45 
μm PTFE filter to remove particle debris, the transparent extract 
with a pleasant scent was stored in the fridge at 4 ◦C until use.

ii) Reaction with TB: the eco-friendly synthesis used in this study is a 
modified version of the method reported by Al Qarni et al. [41]. 
Additionally, for the first time, a mild thermal treatment was 
introduced in order to reduce the size of TiO2 NPs. Four different 
methods (1–4) were analysed, resulting in four distinct bio
synthesised material samples:

(1) In an Erlenmeyer flask, 5 mL of TB was added dropwise to 50 mL 
of the leaf extract while continuously stirring. The mixture was 
then stirred at room temperature overnight (sample a).

(2) Under a magnetic stirrer, 5 mL of TB was introduced dropwise to 
50 mL of leaf extract in a Pyrex reactor equipped with a double 
envelope allowing water circulation and linked to a circulator 
bath (room temperature). The resulting heterogenious solution 

was covered and stirred overnight at 90 ◦C (sample b). In this 
work, we refer to this stage as the mild thermal treatment.

(3) The third process is similar to the second, except that TiO2 was 
collected and dried at 70 ◦C before being added to 50 mL of ul
trapure water in the Pyrex reactor. The resulting solution was 
covered and stirred overnight to undergo the same thermal 
treatment at 90 ◦C (sample c).

(4) The fourth method combines the first and second phases of pro
cesses (1) and (3). Thus, in an Erlenmeyer flask, 5 mL of TB was 
added dropwise to 50 mL of the leaf extract and stirred overnight 
at room temperature. The TiO2 suspension was collected and 
dried at 70 ◦C before being added to 50 mL of ultrapure water in 
the Pyrex reactor to undergo the same thermal treatment (sample 
d).

The four samples (a, b, c, and d) were centrifuged at 104 rpm for 15 
min and washed three times before drying in an oven at 70 ◦C. The dry 
gels were ground and calcined for 2 h at 500 ◦C to produce four bright 
white TiO2 nanoparticle powder samples (designated as S1, S2, S3, and 
S4, respectively), which were then stored in sealed glass containers 
(msample ≈ 1 g).

2.3. Characterization

2.3.1. UV–vis analysis
The globular eucalyptus leaf extract light absorption spectrum was 

obtained at room temperature using UV–Vis spectrometry (UV1800, 
Shimadzu Corp. Tokyo, Japan), while diffuse reflectance UV–vis spec
troscopy was performed on a Jasco V-750 spectrophotometer (Japan) 
outfitted with an ISV-922 integrating sphere and VWSP-966 SPF/PA 
calculation program. The TiO2 samples were analysed in their solid 
powdered form. The reflectance data were then converted to absorbance 
using the Kubelka-Munk function. This analysis aimed to obtain and 
assess the optical characteristics and structures of TiO2 NPs. All nano
materials’ spectra were obtained between 200 nm and 900 nm with a 1 
nm resolution at ambient pressure and temperature. This aided in 
illustrating the electronic absorption spectrum.

2.3.2. XRD analysis
To identify the crystal phase and estimate the crystallite size using 

Scherrer equation, the commercial and synthesised TiO2 NPs were 
examined by X-ray Diffraction using a Shimadzu LabX XRD-6100 
diffractometer set to 40 kV and 30 mA, with Ni filtered Cu Kα (l =
1.5406 Å) radiation with a scan speed of 2◦/min from 20◦ to 80◦ (scan 
range) and diffraction angles of 2θ.

2.3.3. FT-IR and Raman analysis
Fourier Transform Infrared (FT-IR) and Raman spectroscopy analysis 

were conducted to confirm the NPs structure, using the Shimadzu Af
finity 1-S (FT-IR) spectrometer and the Jasco RFT-6000 Raman spec
trometer, respectively. The samples were shaped into pellets with KBr 
for the infrared absorption spectra and the analyses were carried out in 
the transmittance mode in the 400–4000 cm− 1 frequency range. The 
Raman spectra were recorded directly on the pure powdered samples 
without any additional chemical preparation using a 532 nm laser. The 
spectral range was recorded from 100 to 1000 cm− 1 with a spectral 
resolution of approximately 2 cm− 1. Both techniques confirmed the 
characteristic vibrational modes of TiO2, with Raman spectroscopy 
providing additional phase identification through lattice vibrations.

2.3.4. SEM and EDX analysis
The microstructural and elemental analyses of the samples were 

performed using a field emission scanning electron microscope (FE- 
SEM) ZEISS Gemini 450, coupled with a Bruker X-Flash 6460 Energy 
Dispersive X-ray (EDX) detector. SEM imaging was used to investigate 
the surface morphology, particle size, and phase distribution of the 
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samples. The powdered samples were mounted on aluminium stubs 
using carbon adhesive tape and sputter-coated with a thin layer of gold 
(approx. 5 nm) to enhance conductivity. SEM images were captured 
under high-vacuum mode at an accelerating voltage of 15 kV, with a 
working distance of approximately 8–10 mm, and magnifications 
ranging from 1000 × to 20,000 × . EDX analysis was conducted on 
selected areas to determine the elemental composition and distribution. 
Spectra were acquired at the same accelerating voltage, with an acqui
sition time of 60 s per area. This combined SEM/EDX technique pro
vided comprehensive information on both the structural and chemical 
characteristics of the materials.

3. Results

3.1. Characterization of eucalyptus leaf extract

The physicochemical properties of Eucalyptus leaf extract can assist 
in explaining the mechanism of TiO2 NPs formation. Furthermore, the 
nature of the produced nanostructured materials can have a significant 
impact on their performance in several fields. The UV–vis spectrum of 
the Eucalyptus globulus extract solution (Fig. 2) shows only a broad 

shoulder around 147 nm, which can be assigned to the π → π* transition 
of aromatic C=C bonds. This result, which is consistent with previous 
findings, could be attributable to the main phytochemical components 
of the bio-reducing agent, such as phenolics, tannins, and flavonoids 
[38,42].

The functional groups present in the plant extract are well known to 
play a significant role in the TiO2 reduction into NPs. Therefore, to 
confirm their existence and identify those involved in the conversion 
reaction, the Fourier transform infrared spectra of the plant extract is 
frequently examined. Fig. 2 (insertion) depicts the FTIR spectra of 
Eucalyptus globulus leaf extract. The O-H group’s stretching vibration is 
shown by the broad absorption peak at 3452 cm− 1. The aromatic ring is 
represented by the absorption peak at 1635 cm− 1, and the aromatic C-H 
group by the second broad absorption pattern at 559 cm− 1. These peaks 
are related to typical mono-, di-, and tri-substituted benzene rings, from 
eucalyptols, terpineols, alcohols, amides and ethers and other essential 
oil components. Overall, the interpretation of FTIR spectra from our 
study is well supported by previous investigations [38,43].

Fig. 2. Eucalyptus globules leaf extract characterisation: UV–Vis spectrum, 
inset: FTIR spectra.

Fig. 3. UV–Visible diffuse reflectance spectra of commercial (com) and syn
thesised TiO2 NPs. Inset: UV–Vis spectra Tauc plot.

Fig. 4. FTIR spectrum of commercial (com) and green synthesised TiO2 NPs.

Fig. 5. XRD patterns of the commercial (com) and synthesised TiO2 NPs.
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3.2. Characterization of synthesised TiO2 nanoparticles

3.2.1. Optical properties
UV–vis spectroscopy is often used to ascertain the formation of 

metallic oxide nanoparticle by examining their optical characteristics 
[44]. Fig. 3 shows the UV–Vis diffuse reflectance spectra of commercial 
and synthesised TiO2 NPs between 200 and 800 nm at room tempera
ture. Overall absorbance versus wavelength patterns is consistent across 
all samples. As anticipated, the acquired spectra exhibit high UV ab
sorption below 400 nm with distinct absorption maxima (λmax), while 
the majority of light in the visible spectrum is reflected [45]. Sample S1, 
however, displays significant absorption in the visible light region. The 
emergence of TiO2 NPs in the four synthesised samples was further 
supported by these findings. Unlike samples S1, S2, and S3, which 
exhibit maximum absorption bands at 339 nm, 334 nm, and 331 nm, 
respectively, sample S4 displays a maximum at 328 nm, which is well 
aligned with that of pure TiO2 (325 nm).

The UV–visible spectrum of nanomaterials is generally used to 
evaluate the optical properties namely bandgap energy absorption edge 
(Eg). For this purpose, Equation (1) is typically adopted to calculate Eg 

using the Tauc plot, (αhν)2 vs A(hν - Eg), which is derived assuming a 
direct transition between the edge of the valence band and conduction 
[22]: 

(αhν)2
=A(hν − Eg) (1) 

where A is a constant, α is the optical-absorption parameter, and hν is 
the energy of a photon. Eg can be estimated by extrapolating the recti
linear portion of (αhν)2 vs hν to the x-axis. According to this equation, 
and as depicted in the inset of Fig. 4, the bandgap of the four samples (S1 
to S4) falls within the range 3.16–3.20 eV. Notably, the band gap value 
of commercial TiO2, was observed to be 3.18 eV, aligning well with the 
literature value of 3.22 eV. As a result, the biosynthesised TiO2 nano
powders are deemed suitable for the nanooptic and electrooptical 
equipment fabrication.

3.2.2. FT-IR analysis
FTIR spectroscopy is generally used to investigate the potential in

teractions of NPs with various functional groups. This also implies that, 
during the bioreduction process, TB and the components of Eucalyptus 
globule leaf extract interact to form TiO2 NPs [44,46]. Previous studies, 
which presented the synthesis of TiO2 NPs using various techniques [44,
47,48] support the overall interpretation of the FTIR spectra obtained in 
the present investigation.

As depicted in Fig. 4, the spectra of commercial TiO2 and synthesised 
TiO2 NPs exhibit remarkable similarity. However, the curves obtained 
for S3 and S4 are significantly closer to that of commercial TiO2 than the 
other two samples (S1 and S2), indicating that the mild thermal treat
ment improves the quality, especially the purity, of the synthesised NPs. 
The FTIR spectrum shows three strong, separate peaks attributed to 
oxygen functional groups. The peak at 578 cm− 1 corresponds to the 
stretching band of metallic oxygen (O-Ti-O) in the anatase morphology. 
Additionally, characteristic bands related to surface-adsorbed water 
(δ-H2O) and hydroxyl groups are observed at 1631 cm− 1 and 3402 cm− 1 

[22,41,44,49,50]. Furthermore, the absence of additional bands sug
gests that all organic compounds were successfully eliminated from the 
samples following calcination at 500 ◦C, underscoring the high purity of 
the NPs [49]. However, slight variations in peak intensities between the 
synthesised and commercial TiO2 were observed, specifically, the in
tensity of the O-Ti-O stretching band (578 cm− 1). Several factors may 
contribute to this variation, including intrinsic material properties and 

Table 1 
Powder XRD and SEM characterization analysis of synthesised and commercial (com) TiO2 NPs.

Com TiO2 2θ hkl values Structure Cells parameters (A◦) Averagea crystallites size (nm) Sizeb range (nm)

S1 S2 S3 S4

25.27 25.30 25.32 25.27 25.27 (101) anatase ComTiO2 a = 3.7892 c = 9.5370 12–17 10–13
37.69 37.80 37.84 37.69 37.68 (004) anatase S1 a = 3.7848 c = 9.5124 20–24 18–23
47.99 48.03 48.07 47.98 47.98 (200) anatase S2 a = 3.7822 c = 9.5023 18–22 17–21
53.76 53.89 53.93 53.76 53.76 (105) rutile S3 a = 3.7892 c = 9.5370 15–18 13–15
55.06 55.11 55.40 55.23 55.23 (211) anatase S4 a = 3.7892 c = 9.5370 19–23 18–22
62.57 62.69 62.75 62.75 62.57 (204) rutile ​
68.59 68.76 68.84 68.59 68.59 (116) rutile ​
70.48 70.67 70,67 70.42 70.15 (220) anatase ​
75.93 76.03 76.10 75.93 75.93 (301) rutile ​
82.63 82.80 83.14 82.80 82.63 (303) anatase ​

a XRD analysis.
b SEM analysis.

Table 2 
Component ratio (EDX analysis) of synthesised and commercial TiO2 NPs surface.

Commercial S1 S2 S3 S4

Weight (%) 
(Atomic) (%)

Oxygen 20.01 (40.36) 21.87 (40.56) 27.12 (42.58) 19.78 (38.11) 24.85 (43.60)
Titanium 77.13 (51.97) 72.18 (44.74) 60.64 (31.82) 74.89 (48.21) 68.10 (39.93)
Carbon 2.86 (7.67) 5.95 (14.70) 12.24 (25.60) 5.33 (13.68) 7.05 (16.47)

Fig. 6. Raman spectra of commercial (com) and synthesised TiO2 NPs.
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potential experimental inconsistencies. In this study, the X-ray diffrac
tion (XRD) spectra were overlaid in a single figure using OriginPro 
software, which may have led to an apparent narrowing of the peaks 
corresponding to the commercial TiO2 sample. Nonetheless, such dif
ferences may also reflect slight variations in crystallinity, particle size, 
surface area, or phase composition between the samples [44,49,50].

3.2.3. XRD analysis
X-ray Diffraction (XRD) was employed to examine the average 

crystalline size, purity, crystalline phase, and crystalline structure of the 
commercial and synthesised TiO2 NPs samples [31]. Fig. 5 displays the 
acquired XRD patterns, where the four synthesised samples exhibit the 
same peaks, 2θ values, obtained for commercial TiO2. This confirms the 
successful formation of TiO2 NPs derived from Eucalyptus globulus leaf 
extract and verifies their pure crystalline structure, as evidenced by the 
absence of any impurity peaks. Table 2 provides a summary of all 
recorded outcomes, including ten diffraction peaks corresponding to the 
planes of the tetragonal body-centred titanium dioxide (101, 004, 200, 
105, 211, 204, 116, 220, 301, 303, and 204) (JCPDS No. 01-071-1167 
and 01-084-1286). Compared to other peaks, the (101) orientation ex
hibits higher intensity, indicating its predominant presence. This JCPDS 
number was also utilised to verify that the patterns observed at 25.5, 
38.5, 48.2, and 55.4◦ matched the anatase structure of the NPs, whereas 
the rutile structure was represented by those at 54.0, 62.0, 69.0, and 
76.5◦ [19,20,51]. In this regard, it is worth noting that, according to 
supplier data, commercial TiO2 typically comprises approximately 80 % 
anatase and 20 % rutile. However, the predominant presence of anatase 
in the four samples (S1, S2, S4, and S4) can be attributed to the presence 
of excess oxygen gas during the synthesis process, which slows down the 
rearrangement of Ti and O atoms and the subsequent conversion of 
anatase into rutile [23]. Moreover, the diffraction peak intensities 
decrease and broaden for the fourth sample suggesting a reduction in 
particle size [22,45].

Besides, the average crystalline size of TiO2 nanoparticles was esti
mated using Sherrer’s equation as follow: 

D=
K.λ

β.cos θ
(2) 

where K is Scherer’s constant (K = 0.94), λ is X-ray wavelength (0.1546 
nm), β is the full width at half-maximum of diffraction line in radians 
(FWHM), θ is half diffraction angle, and D represents the average crys
tallite size. The obtained values in terms of average crystallite size and 
size range are reported in Table 1. Samples S3 and S4, which were 
subjected to the thermal treatment, exhibit smaller crystal sizes, 
measuring between 15 to 18 nm and 19–23 nm, respectively.

3.2.4. Raman analysis
The prevalence of the anatase phase in the NPs derived from the 

Eucalyptus globulus leaf extract was confirmed by Raman spectroscopy 
through the identification of the characteristic peaks associated with 
anatase. The Raman spectra of the synthesised NPs are displayed in 
Fig. 6, revealing a consistent pattern across all samples. Five different 
bands were observed for all the examined samples at 139, 197, 391, 513 
and 634 cm− 1, aligning with the six Raman active phonon modes of TiO2 
anatase phase. These bands are respectively assigned to 3 Eg, 2 B1g, and 
A1g: 139 cm− 1 (Eg), 197 cm− 1 (Eg), 391 cm− 1 (B1g), 513 cm− 1 (A1g +

B1g), and 634 cm− 1 (Eg) [41,52,53]. This result is reasonably consistent 
with the XRD findings and the Raman spectra. While the S3 bands 
closely overlay with the commercial TiO2 counterparts, a slight fre
quency shift to higher values is observed in samples S1, S2, and S4. 
Additionally, the Raman bands of S4 exhibit a tendency to shift towards 
higher Raman intensity, particularly at 139 cm− 1. These shifts are 
commonly attributed to variation in structure, particle size, defect type, 
and other factors [53,54].

Fig. 7. SEM spectrum of commercial (com) and synthesised TiO2 NPs.
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3.2.5. SEM-EDX analysis
Scanning Electron Microscopy (SEM) was used to investigate the 

morphology and the shape of both commercial and green-synthesised 
TiO2 NPs (Fig. 7). The results of this analysis confirmed that the NPs 
agglomeration formed irregular structures, including quasi-spherical 
clusters. Table 1 summarises the calculated size range of the samples, 
which was plotted using the Image J programme. It is worth noting that 
the size (13–15 nm) closely resembles that of commercial TiO2 (10–13 
nm). Larger deviations were observed for the other synthesised samples.

The elemental composition of TiO2 NPs samples was determined 
using SEM and EDX analysis. While peaks for Ti and O were clearly 
identified, a minor carbon peak emerged indicating the presence of an 
impurity derived from the Eucalyptus globulus plant extract. Table 2
provides the atomic compositions determined by EDX for each element. 
The surface of each sample exhibits a thick layer of titanium oxide 
growth. The synthesis of TiO2 NPs, resulting from the hydrolysis of TB in 
a solution of ethanol or plant extract and water, has been shown to 
follow a similar pattern [55]. Additionally, titanium and oxygen are 
visible at remarkably similar concentrations in both commercial and S3 
samples, with values of 51.97 %–40.36 % and 48.21 %–38.11 %, 
respectively. This underscores the similarity between sample S3 and 
commercial TiO2. The observed behaviour is undoubtedly attributed to 
the utilization of a double thermal treatment during the S3 synthesis.

Based on the aforementioned results, we conclude that the structures 
of the synthesised NPs closely resemble those of commercial TiO2. 
Therefore, it can be inferred that using the aqueous extract of Eucalyptus 
globulus leaf as a capping and stabilizing agent for the synthesis of 
nanostructured anatase is an effective approach for the improvement of 
the TiO2 synthesis process towards sustainability. Moreover, the pro
posed mild thermal treatment appears to play a key role in the decom
position of dried precursors into nanocrystalline products.

4. Discussion

As previously noted, it is widely acknowledged that metal precursors 
can be reduced to metal oxide nanoparticles by plant extracts, which 

contain phytochemicals such as phenolic compounds, aldehydes, car
bohydrates, flavonoids, terpenoids, and alkaloids [46,56].

In this study, Eucalyptus leaf extract, which incorporates several 
phytochemicals, i.e. eucalyptols, aldehydes, terpineols, alcohols, amides 
and ethers was used as the source for synthesizing TiO2 NPs [38]. The 
FTIR study suggests that strong reducing agents, namely the hydroxyl 
and carbonyl groups in the plant extract, may be responsible for the 
bioreduction of titanium metal, which in turn leads to the formation of 
TiO2 NPs. The sol-gel synthesis involved inorganic polymerization pro
cesses that occurred in solution using TB as a molecular precursor. 
Comprising four titanium-oxygen bonds, the TB molecule possesses two 
free electronic doublets on each oxygen atom, endowing it with nucle
ophilic, basic Lewis, and Brønsted properties which are essential for the 
reactivity of the precursor in the synthesis process. Due to its polar
isation, the Ti-O bond is prone to ionic rupture, indicating the potential 
occurrence of nucleophilic attacks on the metal. Similar to other metallic 
alcoxides, TB easily undergoes reactions with water (i.e. hydrolysis). 
Additionally, it reacts with the phytochemicals extracted from Euca
lyptus globulus leaves initiating the formation of hydroxides, as illus
trated in Fig. 8. Following the formation of the hydroxyl groups, the 
condensation reaction takes place. This mechanism is in good agreement 
with various studies suggesting that the metal ions stabilize after being 
reduced by plant extracts by forming an organic coating in three distinct 
phases: (1) the complexing of Ti4+ with the aforementioned phyto
chemical in the mixed solution of Ti4+ and eucalyptus leaf extract; (2) 
the simultaneously reduction of Ti4+ by phytochemicals leading to the 
creation of TiO2 NPs, and (3) encapsulation with alkanes, flavones, 
amines, and alcoholic chemicals [42,44,46].

While previous studies have explored the synthesis of TiO2 NPs from 
various plant extracts, as well as the influence of several operating pa
rameters such as pH, temperature, and contact time, the present study 
represents the first report, to our knowledge, investigating the effects of 
a mild thermal treatment on the synthesis process. This treatment con
sists of maintaining TiO2 particles in suspension at a temperature of 
90 ◦C under magnetic agitation for 24 h. Our findings, based on optical, 
XRD, FTIR, Raman, and SEM-EDX investigations, demonstrate that this 

Fig. 8. Proposed mechanism of TiO2 NPs synthesis by Eucalyptus globules leaf extract.
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process enhances the properties of the synthesised TiO2 NPs as exem
plified by the analysis presented for sample S3. This enhancement is 
likely a result of the thermal treatment stage’s ability to prevent or 
reduce the agglomeration of titanium dioxide NPs, owing to strong 
particles’ collisions and their size reduction. This leads to a significant 
dispersion of TiO2 NPs in the aqueous solution. Additionally, the process 
contributes to the washing of the produced tiny particles.

5. Conclusion

Using Eucalyptus plant extract as a bio-template, four distinct tech
niques were used to successfully synthesise TiO2 NPs in a rapid, simple, 
cost-effective, and environmentally friendly approach. Three of these 
techniques involved the novel application of a mild thermal treatment 
were the TiO2 suspension is maintained at 90 ◦C for 24 h under magnetic 
stirring. Using various characterisation techniques, the properties of the 
four samples were accurately determined. The FT-IR and Raman spectra 
revealed that all the synthesised TiO2 NPs are primarily associated to the 
mainly pure tetragonal anatase phase with an O-Ti-O characteristic band 
around 580 cm− 1, whereas the SEM analysis revealed the NPs spherical 
shapes. The proposed thermal treatment also produces NPs with smaller 
sizes closely resembling those of commercial TiO2. The presented 
methodology is a promising alternative to conventional TiO2 
manufacturing techniques which typically rely on harsh reaction con
ditions (high temperatures and/or high pressures). In contrast, the uti
lization of Eucalyptus plant extract, coupled with the described thermal 
treatment introduces a more sustainable approach. With its emphasis on 
simplicity and efficiency, this method represents a significant advance
ment in TiO2 synthesis, opening up new avenues for application across 
various fields in the bioengineering, electronic, environmental, biolog
ical, and medical sectors.
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