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A B S T R A C T

Nanophosphors have attracted significant attention due to their tunable optical properties and potential pho
tocatalytic applications. In this study, titanium-doped ZnO (Ti–ZnO) nanophosphors were synthesized via hy
drothermal (H–TiZnO), sol–gel (S–TiZnO), and co-precipitation (P–TiZnO) methods to evaluate the effect of 
synthesis route on their structural and optical properties. UV–Vis spectra showed strong absorbance of H–TiZnO 
in the 250–400 nm region. Tauc plot analysis revealed synthesis-dependent optical bandgaps of 2.48 eV 
(P–TiZnO), 3.09 eV (H–TiZnO), and 4.71 eV (S–TiZnO), confirming the strong influence of preparation method. 
Photoluminescence spectra showed emission peaks at ~369 nm (H–TiZnO), ~396 nm (S–TiZnO), and ~402 nm 
(P–TiZnO), with H–TiZnO exhibiting the highest intensity, indicating improved optical quality. Dynamic light 
scattering results showed particle sizes of 377.47 ± 4.20 nm (H–TiZnO), 375.43 ± 1.52 nm (S–TiZnO), and 
1049.67 ± 5.49 nm (P–TiZnO), while zeta potential analysis confirmed better colloidal stability for H–TiZnO. 
FTIR and XRD confirmed Zn–O/Ti–O bonding and the wurtzite ZnO structure with successful Ti incorporation. 
HRTEM and XPS further supported improved crystallinity and uniform morphology in H–TiZnO. Overall, hy
drothermal synthesis produced Ti–ZnO nanophosphors with superior structural, optical, and stability properties, 
making them promise for optoelectronic and photocatalytic applications.

1. Introduction

Nanotechnology, the study and manipulation of materials at the 
nanoscale (1–100 nm), has emerged as one of the most transformative 
fields in modern science and engineering, offering unprecedented op
portunities to design materials with highly specific and unable proper
ties [1,2]. At the nanoscale, materials exhibit unique physicochemical 
characteristics that are markedly different from their bulk counterparts, 
including significantly enhanced surface area, quantum confinement 
effects, size-dependent optical and electronic behaviours, and increased 

chemical reactivity [3,4]. These distinctive features have opened new 
possibilities for creating materials with tailored functionalities for a 
wide range of applications. As a result, extensive research has been 
devoted to developing and exploring various nanomaterials such as 
metallic nanoparticles, semiconductor and metal oxide nanoparticles, 
polymer-based nanocomposites, and hybrid nanostructures [5,6].

Among the diverse array of functional nanomaterials, nano
phosphors have emerged as a particularly promising class of lumines
cent materials that exhibit exceptional optical properties when 
engineered at the nanoscale. Nanophosphors are crystalline materials, 
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typically consisting of a host lattice doped with activator ions (usually 
rare-earth or transition metal ions), that absorb energy and re-emit it as 
visible or near-infrared light through photoluminescence, electrolumi
nescence, or cathodoluminescence mechanisms [7]. Various host ma
terials, such as ZnGa₂O₄, can be doped with rare earth elements (REEs) 
like europium (Eu³⁺), and terbium (Tb³⁺) or various activators like Cr³ ⁺, 
Co³ ⁺, and Mn²⁺ to achieve different emission colours and functionalities 
[8].When synthesized at nanoscale dimensions, these phosphor mate
rials demonstrate enhanced quantum efficiency, improved color purity, 
reduced light scattering, and superior dispersion properties compared to 
their conventional micrometer-sized counterparts. The unique 
size-dependent optical characteristics of nanophosphors, including 
quantum confinement effects and modified electronic band structures, 
have positioned them at the forefront of numerous technological ap
plications. These include high-resolution display technologies (LEDs, 
OLEDs, and field emission displays), advanced bioimaging and bio
sensing platforms, solar energy conversion systems, solid-state lighting, 
anti-counterfeiting technologies, and radiation detection devices 
[9–11]. Recent advances in synthesis methodologies—such as sol-gel 
processing, hydrothermal synthesis, combustion methods, and 
microwave-assisted techniques—have enabled precise control over 
particle size, morphology, and surface chemistry, further expanding the 
functional capabilities of nanophosphors [12], which can be optimized 
through doping strategies and controlled synthesis [11,13]. As research 
intensifies in this domain, nanophosphors are increasingly recognized as 
essential building blocks for next-generation photonic devices and 
diagnostic tools, bridging the gap between fundamental nanoscience 
and practical technological innovation. Among these functional nano
phosphor systems, metal oxide-based semiconductors such as ZnO have 
attracted particular attention due to their strong UV response and 
tunable optoelectronic properties through defect and doping 
engineering.

Titanium-doped zinc oxide (Ti-ZnO) nanophosphors have attracted 
considerable interest due to their enhanced optical, electrical, and 
antimicrobial properties. ZnO is a non-toxic, wide bandgap semi
conductor that exhibits high optical transparency, good chemical sta
bility, mechanical robustness, and strong nanoscale reactivity, making it 
a highly versatile material for a wide range of applications [14–16]. In 
addition, ZnO nanoparticles are widely used in biosensing and drug 
delivery systems due to their strong adsorption capability, high iso
electric point, surface-engineering potential, and photoconductive 
antimicrobial behaviour [17,18]. Furthermore, their properties can be 
effectively tuned through various doping strategies, including transition 
metal and rare earth element incorporation, enabling controlled modi
fication of their electrical and optical behaviour. Such modifications 
have been reported to enhance performance in optoelectronic devices, 
photovoltaics, and sensor applications [19]. Doping ZnO with D-block 
elements such as Ti, Fe, Cu, Co, and Ni has been shown to significantly 
improve its physicochemical and optical properties [15,16,20,21]. 
Among these, Ti is particularly suitable due to the close ionic radius 
match between Ti⁴⁺ (0.68 Å) and Zn²⁺ (0.74 Å), as well as its multiple 
valence states (+2, +3, +4), which enhance chemical activity and defect 
engineering [22,23]. Recent studies have demonstrated that Ti incor
poration into ZnO is an effective strategy for tailoring the optical and 
optoelectronic properties of the host material [24]. The substitution of 
Zn²⁺ by Ti⁴⁺ ions introduce localized electronic states and modifies the 
defect chemistry of ZnO, resulting in changes in charge-carrier con
centration, optical absorption, and photoluminescence behaviour. These 
modifications enhance ultraviolet (UV) light sensitivity by promoting 
efficient generation and separation of photogenerated electron–hole 
pairs while suppressing charge recombination. Consequently, Ti doping 
enables fine-tuning of key optical parameters, including band-gap en
ergy, absorption edge, and luminescence characteristics.

Although ZnO is widely studied for photocatalytic applications, its 
performance can be limited by structural instability. Titanium doping 
mitigates these limitations by improving lattice stability and optimizing 

defect states, thereby enhancing UV-light response and optical perfor
mance [25,26]. These improvements significantly expand the potential 
of Ti-ZnO for photocatalytic, sensing, and antimicrobial application [25, 
27]. Beyond single-element doping, multi-doping strategies have 
emerged as a promising approach for further enhancing ZnO perfor
mance. Co-doping with titanium and tin (Ti/Sn) has been reported to 
synergistically modify the electronic structure of ZnO, leading to 
enhanced UV photoresponse, improved crystallinity, reduced defect 
density, and controlled band-gap engineering [28,29]. The simultaneous 
incorporation of Ti and Sn ions influences the concentration of oxygen 
vacancies and zinc interstitials, which play key roles in determining 
luminescence efficiency, charge transport, and optical absorption 
characteristics. Such modifications contribute to improved photocon
ductivity, optical transparency, and photocatalytic activity. Further
more, studies on Ti-doped and Ti/Sn co-doped ZnO synthesized via 
sol–gel processing have shown that controlled dopant incorporation can 
regulate particle growth, crystallite size, and surface morphology, 
thereby affecting light absorption and emission processes [29]. A 
microwave-assisted solvothermal study reported that Ti addition 
changed ZnO particle size, band gap, and degradation efficiency [26]. 
These findings highlight the importance of doping engineering as a 
versatile strategy for designing ZnO-based nanophosphors with tunable 
optical properties for UV sensing, photocatalysis, and advanced opto
electronic applications.

The synthesis method plays a critical role in the final properties of Ti- 
ZnO nanophosphors, and techniques such as sol–gel, hydrothermal, co- 
precipitation, and microwave-assisted synthesis are widely used to 
achieve uniform doping and controlled morphology [13–15,30,31]. The 
physicochemical properties of Ti-ZnO nanophosphors, including particle 
size, morphology, crystallinity, and optical characteristics, differ 
significantly across synthesis methods. Studies have shown that Ti 
incorporation modifies crystallinity, reduces structural defects, and en
hances charge separation efficiency, leading to improved photocatalytic 
and biosensing performance [32–34]. However, excessive Ti doping can 
cause lattice distortions and reduced functionality, highlighting the 
need for an optimal doping concentration to achieve maximum perfor
mance [8].

Despite extensive research on Ti-doped ZnO nanomaterials, a clear 
research gap exists in the lack of systematic comparison of different 
synthesis methods on the structural, morphological, and optical prop
erties of Ti-ZnO nanophosphors. Since synthesis routes strongly influ
ence particle size, crystallinity, dopant distribution, defect 
concentration, and luminescence behavior, it remains unclear which 
preparation method yields the most optimized Ti-ZnO nanophosphors. 
Unlike previous reports that typically focus on a single synthesis route, 
this work provides a direct and controlled comparison of the structur
e–morphology–optical property relationships of Ti–ZnO nanophosphors 
synthesized via hydrothermal, sol–gel, and co-precipitation methods 
under identical conditions. The novelty of this study lies in this sys
tematic comparative approach, which enables a reliable evaluation of 
how synthesis routes influence the physicochemical properties of 
Ti–ZnO nanophosphors. Accordingly, this study aims to synthesize and 
evaluate their physicochemical and optical properties using XRD, FTIR, 
UV–Vis, PL, zeta potential and particle size, HRTEM, and XPS. XPS 
analysis will be conducted on the selected best-performing sample to 
determine elemental composition and chemical states. The findings are 
expected to identify the most suitable synthesis method for producing 
Ti-ZnO nanophosphors with enhanced structural and optical properties.

2. Methodology

2.1. Synthesis of titanium-doped zinc oxide (Ti–ZnO) nanophosphors

I. Hydrothermal method (H-TiZnO) 
Titanium-doped ZnO (3 mol% Ti) was synthesized using hy

drothermal synthesis process from modified published 
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procedures [27,35,36]. A 0.1 M zinc nitrate solution (Chemiz, 
Malaysia) was mixed with 0.05 M titanium (IV) isopropoxide 
(97%, Sigma-Aldrich, USA) and magnetically stirred for 30 min at 
room temperature. The pH of the resulting solution was adjusted 
to approximately 11 by the dropwise addition of 3 M NaOH 
(Chemiz, Malaysia). The homogeneous mixture was then trans
ferred into a Teflon-lined stainless-steel autoclave and subjected 
to hydrothermal treatment at 100 ◦C for 24 h. After natural 
cooling to room temperature, the obtained precipitate was vac
uum filtered through a 0.22 µm PVDF membrane filter (47 mm 
diameter) and washed three times with a 1:1 (v/v) mixture of 
absolute ethanol (Chemiz, Malaysia) and distilled water to 
remove residual ions and organic impurities. The filtered product 
was dried at 80 ◦C for 18 h and subsequently calcined at 500 ◦C 
for 2 h with a heating rate of 5 ◦C min⁻¹ .

II. Sol–Gel method (S-TiZnO) 
Titanium-doped ZnO (3 mol% Ti) was synthesised by sol-gel 

method followed by [15,37,38] with slight modifications. A 
0.1 M zinc nitrate solution (Chemiz, Malaysia) was mixed with 
0.3 M citric acid as a chelating agent and stirred for 10 min. A 
0.05 M titanium (IV) isopropoxide (97%, Sigma-Aldrich, USA) 
was then added to the solution and stirred for 30 min at room 
temperature. The pH of the resulting solution was adjusted to 
~11 by the dropwise addition of 3 M NaOH (Chemiz, Malaysia). 
The solution was stirred at 60 ◦C for 2 h and subsequently aged at 
room temperature for 24 h to allow gel formation. The gel was 
dried overnight in an oven at 100 ◦C to form a xerogel, which was 
then calcined at 500 ◦C for 2 h, the heating rate was 5 ◦C⋅min− 1.

III. Co-Precipitation Method (P-TiZnO)

.
Titanium-doped ZnO (3 mol% Ti) was synthesized following the 

method reported in [39], with slight modifications. A 0.1 M zinc nitrate 
solution (Chemiz, Malaysia) was mixed with 0.05 M titanium (IV) iso
propoxide (97%, Sigma-Aldrich, USA) and stirred for 30 min at room 
temperature. The pH of the solution was adjusted to ~11 by the drop
wise addition of 3 M NaOH (Chemiz, Malaysia). The resulting mixture 
was stirred at 60 ◦C for 2 h and then left to stand for 1 h. The white 
precipitate formed was vacuum filtered using a 0.22 µm PVDF mem
brane filter (47 mm diameter) and washed three times with a 1:1 
mixture of absolute ethanol (Chemiz, Malaysia) and distilled water. The 
filtered precipitate was dried at 80 ◦C for 18 h, followed by calcination at 
500 ◦C for 2 h the heating rate was 5 ◦C⋅min− 1.

2.2. Characterization of Ti-ZnO nanophosphors

2.2.1. X-ray diffraction (XRD)
Powder X-ray diffraction (XRD) analysis was carried out using a 

Rigaku X-ray diffractometer (Model: SmartLab (2), MiniFlex 600) 
equipped with Cu Kα radiation (λ = 1.5406 Å). Diffraction patterns were 
collected over a 2θ range of 10◦–80◦ at room temperature using a 
continuous scan mode. The obtained diffraction data were used for 
phase identification and structural analysis [40].

2.2.2. Fourier Transform Infrared (FTIR) spectroscopy
Fourier Transform Infrared (FTIR) spectra were recorded in the 

range of 500–4000 cm⁻¹ using a PerkinElmer Spectrum 100 FTIR spec
trometer. The samples were prepared using the standard KBr pellet 
method, and spectra were collected at room temperature with appro
priate spectral resolution to identify bonding and functional groups 
[41].

2.2.3. UV–visible (UV–Vis) spectroscopy
Prior to optical measurements, the synthesized Ti–ZnO nano

phosphors were dispersed in distilled water and sonicated for 30 min 
using an ultrasonic bath to obtain a homogeneous suspension and to 

minimize particle agglomeration. Ultraviolet–visible (UV–Vis) absorp
tion spectra were recorded using a PerkinElmer Lambda 25 spectro
photometer in the wavelength range of 200–800 nm, with distilled water 
used as the baseline reference. All measurements were carried out at 
room temperature using quartz cuvettes with a 1 cm optical path length 
[33,42]. The optical band gap (Eg) of the Ti–ZnO nanophosphors was 
estimated using the Tauc relation. The absorption coefficient (α) was 
calculated from UV–Vis absorbance data, and Tauc plots of (αhν)² versus 
photon energy (hν) were constructed assuming a direct allowed transi
tion. The optical band gap was determined by extrapolating the linear 
portion of the plot to (αhν)² = 0 [43].

2.2.4. Photoluminescence (PL) spectroscopy
Photoluminescence (PL) spectra were collected using a PerkinElmer 

LS− 55 fluorescence spectrometer at room temperature. The excitation 
wavelength was fixed at 325 nm, and emission spectra were recorded 
over the appropriate wavelength range with standard slit widths and 
scan speeds as provided by the instrument software [44].

2.2.5. Hydrodynamic particle size (d, nm) and zeta potential (mV)
The hydrodynamic particle size (d, nm) and zeta potential of the 

Ti–ZnO suspensions were measured using a Malvern Zetasizer based on 
dynamic light scattering (DLS) and electrophoretic light scattering 
techniques, respectively. Prior to measurement, the samples were soni
cated for 30 min in distilled water to obtain a well-dispersed suspension 
and minimize particle agglomeration and then diluted to avoid multiple 
scattering effects. All measurements were performed at room tempera
ture, and the reported values represent the average of at least three in
dependent measurements [45].

2.2.6. High-resolution transmission electron microscopy (HRTEM)
The morphology and microstructural features of the Ti–ZnO nano

phosphors were examined using High-Resolution Transmission Electron 
Microscopy (HRTEM) (JEOL 1230, Japan). A small amount of the 
powdered sample was ultrasonically dispersed in distilled water, and a 
drop of the suspension was deposited onto a carbon-coated copper grid 
and allowed to dry under ambient conditions prior to imaging. HRTEM 
images were acquired at an accelerating voltage appropriate for high- 
resolution analysis [46,47].

2.2.7. X-ray photoelectron spectroscopy (XPS)
X-ray Photoelectron Spectroscopy (XPS) measurements were per

formed only for the best-performing sample using a Thermo Scientific X- 
ray Photoelectron Spectrometer. The analysis was conducted under 
ultra-high vacuum conditions using Al Kα radiation as the X-ray source. 
Survey spectra and high-resolution core-level spectra were collected for 
elemental and chemical state analysis, and all binding energies were 
calibrated with respect to the C 1 s peak at 284.8 eV [48]. The elemental 
atomic percentages obtained from XPS were used to calculate the Ti/Zn 
ratio using Ti/Zn = (atomic % Ti)/ (atomic % Zn).

2.3. Statistical analysis

Statistical analysis was performed using SPSS 16.0 (SPSS Inc., Chi
cago, IL, USA). Particle size, size distribution, and zeta potential data 
were analyzed by one-way ANOVA (Analysis of Variance) with post hoc 
Tukey’s test applied for paired comparison of means.

3. Results & discussion

3.1. X-Ray diffractometer (XRD)

X-ray diffraction (XRD) is a fundamental technique for character
izing the crystalline structure, phase composition, and crystallite size of 
materials. By analyzing the diffraction patterns produced when X-rays 
interact with the crystal lattice, XRD provides insights into crystal 
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symmetry, lattice parameters, and structural defects [49]. This infor
mation is essential for understanding the effects of synthesis methods, 
doping, and post-treatment on material properties. The powder X-ray 
diffraction (XRD) spectra of Ti-doped ZnO nanophosphors synthesized 
via hydrothermal (H-TiZnO), sol–gel (S-TiZnO), and co-precipitation 

(P-TiZnO) routes are presented in Fig. 1. The XRD patterns of nano
phosphors synthesized via hydrothermal, sol–gel, and co-precipitation 
routes confirm a single-phase hexagonal wurtzite ZnO structure, with 
no additional peaks corresponding to TiO₂ or other secondary phases. 
The most intense diffraction peaks in the 2θ range of 10◦–80◦ correspond 
to the (100), (002), (101), (110), (103), and (112) planes, consistent 
with JCPDS file 01–079–0206 [26]. The patterns confirm the presence of 
the hexagonal wurtzite ZnO structure, with primary diffraction peaks 
observed at theta values of approximately 31.8º, 34.4º, and 36.3º, cor
responding to the (100), (002), and (101) planes, respectively (JCPDS 
01–079–0206). Based on Table 1 and a comparative analysis reveal that 
H-TiZnO possesses the highest peak intensity (12,109 counts), indi
cating a high degree of crystalline abundance and phase formation 
compared to S-TiZnO (3800 counts). However, the Full Width at Half 
Maximum (FWHM) of the dominant (101) peak was found to be 0.42º for 
H-TiZnO, 0.37º for P-TiZnO, and 0.32º for S-TiZnO. According to the 

Fig. 1. XRD Spectra of Ti-ZnO nanophosphors.

Table 1 
Structural parameters of Ti-doped ZnO nanophosphors calculated from the 
dominant (101) peak.

Sample Peak position 
(2θ)

Max 
intensity

FWHM 
(º)

Crystallite size 
(nm)

H- 
TiZnO

36.28 12,109 0.42 19.9

S-TiZnO 36.24 3800 0.32 26.1
P-TiZnO 36.27 11,646 0.37 22.6
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Fig. 2. FTIR Spectra of Ti-ZnO nanophosphors. Characteristic absorption bands correspond to O–H stretching, nitrate/C–H bending, C–O vibrations, and metal
–oxygen modes (Zn–O, Ti–O, and Zn–O–Ti), confirming Ti incorporation into the ZnO lattice and the presence of surface functional groups.
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Scherrer equation, these values correspond to average crystallite sizes of 
approximately 19.9 nm, 22.6 nm, and 26.1 nm, respectively. While 
S-TiZnO exhibits the narrowest (sharpest) peaks, its significantly lower 
intensity suggests a lower overall crystalline volume or the presence of 
amorphous regions. In contrast, H-TiZnO and P-TiZnO demonstrate su
perior crystal growth and structural stability. Small secondary re
flections observed in the H-TiZnO sample at low angles suggest trace 

amounts of secondary phases, whereas P-TiZnO displays the highest 
phase purity. The enhanced diffraction intensity in H-TiZnO suggests 
improved crystallinity and better long-range structural ordering, which 
may contribute to enhanced photoluminescence efficiency typically 
observed in hydrothermally synthesized ZnO-based nanomaterials [50]. 
This trend is consistent with previous reports that hydrothermal syn
thesis generally produces better-crystallized ZnO-based nanostructures 
than sol–gel or co‑precipitation methods, due to slower crystal growth 
and improved lattice ordering [5]. The superior crystallinity of H-TiZnO 
is associated with improved structural ordering, which can facilitate 
radiative recombination processes and is consistent with the higher 
photoluminescence intensity observed for this sample compared with 
S-TiZnO and P-TiZnO, in agreement with previous studies on doped ZnO 
nanomaterials [7,38].

3.2. Fourier Transform Infrared (FTIR) Spectra

Fourier-transform infrared (FTIR) spectroscopy is a widely used 
technique for identifying chemical bonds and functional groups in ma
terials by measuring their characteristic vibrational modes. FTIR pro
vides information on the molecular composition, surface chemistry, and 
possible interactions between dopants and the host matrix. It is partic
ularly useful for confirming the presence of hydroxyl groups, 

Table 2 
Reported FTIR spectral ranges from literature.

Assigned Functional Group Wavenumber 
Range 
(cm⁻⁻¹)

Supporting Literature

O–H stretching (hydroxyl 
groups / adsorbed H₂O)

3600–3200 Kayiwa et al. (2021)
3700–3584 Idress et al. (2019)
3443 Irshad et al. (2024)

Nitrate 1420–1520 General range supported 
by literature

C–H bending / Carbonate 
group (CO₃²⁻)

1350–1470 (C–H 
bending)

FTIR Spectrum Table

1380–1450 
(CO₃²⁻)

Tan et al. (2020)

Zn–O / Ti–O/Zn–O–Ti 
vibrations

400–600 Sarathi et al. (2022)
800–1050 Irshad et al. (2024)

Fig. 3. (a) UV–Vis absorption spectra of H–TiZnO, S–TiZnO, and P–TiZnO nanophosphors recorded in the wavelength range of 200–800 nm, and (b) Tauc plots of 
(αhν)² versus photon energy (hν) used for bandgap estimation of the corresponding samples.
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metal–oxygen bonds, and organic residues, offering insights into mate
rial structure, purity, and surface modification [51]. The FTIR spectra of 
the Ti-doped ZnO nanophosphors synthesized by hydrothermal, sol–gel 
and co-precipitation routes exhibit several characteristic vibrational 
modes that confirm both the oxide framework and the presence of sur
face species. Fig. 2 presents the FTIR spectra of the three samples, 
highlighting the functional groups identified based on the corresponding 
wavelength ranges, Table 2, and previously reported FTIR data from the 
literature. A broad band in the 3600–3200 cm⁻¹ region is assigned to 
O–H stretching from surface hydroxyl groups and adsorbed water, in 
agreement with reported values for ZnO-based nanomaterials [20,52, 
53]. Absorptions between about 1420–1520 cm⁻¹ are attributed to ni
trate groups originating from metal–nitrate precursors [20,53,54], 
whereas features in the 1350–1470 cm⁻¹ region, with a component 
around 1380–1450 cm⁻¹ , correspond to overlapping C–H bending [55]
and carbonate (CO₃²⁻) vibrations [20,36,56], consistent with earlier 
FTIR studies of ZnO prepared from nitrate and organic routes [22]. In 
the low-wavenumber region, strong bands in the 400–600 cm⁻¹ range 
are characteristic of Zn–O lattice vibrations [14,54,55] while additional 
modes between 800–1050 cm⁻¹ are associated with Ti–O and mixed 
Zn–O–Ti stretching, supporting successful incorporation of Ti into the 
ZnO lattice [48,56] rather than formation of a separate TiO₂ phase [53], 
as also observed in previous investigations of Ti-doped ZnO systems. 
FTIR analysis of the three Ti-doped ZnO samples shows that S-TiZnO has 
the sharpest and most defined peaks, indicating well-resolved surface 
functional groups, while H-TiZnO exhibits strong Zn–O and Ti–O–Zn 
vibrations with fewer impurity-related peaks, reflecting higher lattice 
purity. Therefore, S-TiZnO provides better peak clarity, whereas 
H-TiZnO demonstrates superior structural quality.

3.3. UV-visible spectroscopy

UV–visible spectroscopy is a credible technique that plays a crucial 
role in the study and primary characterization of synthesized nano
particles [57]. The UV–Vis absorption profiles of Ti-doped ZnO nano
phosphors synthesized via hydrothermal, sol–gel, and co-precipitation 
routes demonstrate a clear dependence of optical behaviour on the 
preparation method shown in Fig. 3(a). The hydrothermal sample 
(H–TiZnO) shows strong absorption in the 250–350 nm region, corre
sponding to dominant band-edge transitions of ZnO, along with a 
broadened shoulder extending into the 350–400 nm region, which may 
be attributed to defect-related states such as oxygen vacancies [50,58]. 
The co-precipitated sample (P–TiZnO) exhibits an absorption peak 
centred around ~300 nm, indicating pronounced band-to-band transi
tions and relatively well-preserved band-edge characteristics. 
Conversely, the sol–gel sample (S–TiZnO) displays a dominant absorp
tion feature at approximately 550 nm, sub-bandgap defect-related 
states, suggesting a higher density of localized electronic states 
compared with the other samples [7]. Thus, these results indicate that 
the hydrothermal method provides a balanced optical response with 
both band-edge absorption and controlled defect states, whereas the 
co-precipitation method favours stronger band-to-band transitions and 
the sol–gel method introduces more pronounced defect-related absorp
tion features [33].

A Tauc plot is essential because it provides a quantitative method to 
determine the optical bandgap by linearizing absorption data and 
enabling accurate extrapolation of the bandgap energy [59,60]. As 
shown in Fig. 3(b), the optical bandgap of TiZnO significantly varies 
with the synthesis route. P-TiZnO exhibits the lowest bandgap (2.48 eV), 
indicating enhanced absorption of lower-energy photons and improved 
suitability for visible-light-driven applications. H-TiZnO shows an in
termediate bandgap (3.09 eV), reflecting moderate optical activity, 

Fig. 4. Photoluminescence (PL) spectra of (a) H-TiZnO, (b) S-TiZnO, and (c) P-TiZnO nanophosphors under 325 nm excitation, and (d) comparative PL spectra of H- 
TiZnO, S-TiZnO, and P-TiZnO nanophosphors.
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while S-TiZnO presents the highest bandgap (4.71 eV), requiring higher 
photon energy for electronic excitation. This trend confirms that the 
synthesis method strongly influences the electronic structure of TiZnO, 
likely due to variations in crystallinity, defect states, particle size, or 
phase composition [60–62].

3.4. Photoluminescence (PL) spectra

Photoluminescence (PL) is a non-destructive, contactless optical 
technique used to probe the electronic structure of materials by 
analyzing light emitted after photoexcitation. Unlike absorption spec
troscopy, which measures transitions from ground to excited states, PL 
examines radiative transitions from excited states back to the ground 
state, providing insight into electronic structure, defect states, and 
luminescence properties. Excitation spectra, like absorption spectra, 
indicate the wavelengths at which materials efficiently absorb energy to 
produce emission [63]. Crystallinity is strongly correlated with PL 
behaviour, where a highly crystalline structure reduces defect-mediated 
non-radiative recombination, resulting in stronger radiative emission. In 
contrast, lower crystallinity introduces structural disorder that can 
reduce emission intensity and slightly shift the emission wavelength [64, 
65]. Photoluminescence (PL) spectra of the Ti-doped ZnO samples under 
325 nm excitation are presented in Fig. 4. The H-TiZnO sample (Fig. 4a) 

exhibits a sharp near-band-edge (NBE) emission peak at approximately 
369 nm with the highest intensity (168.84 a.u), indicating superior 
crystallinity and efficient excitonic radiative recombination with mini
mal non-radiative losses [33,66]. In comparison, the S-TiZnO sample 
(Fig. 4b) exhibits a redshifted emission peak at ~396 nm with reduced 
intensity (117.57 a.u), suggesting increased structural disorder that may 
enhance non-radiative recombination processes [67]. Similarly, the 
P-TiZnO sample (Fig. 4c) shows a further redshifted peak at ~402 nm 
with intermediate intensity (158.87 a.u), which may be attributed to 
variations in crystal growth dynamics and Ti incorporation during 
synthesis, influencing the local electronic structure This confirms that 
the synthesis route plays a key role in tailoring the optical properties of 
Ti-doped ZnO through its influence on crystallinity and emission 
behaviour. The comparative PL analysis (Fig. 4d) further shows that the 
hydrothermal-synthesised sample exhibits the strongest dominant 
emission, indicating superior structural quality compared to the other 
synthesis routes, which aligns with previous reports that hydrothermal 
synthesis generally yields nanocrystals with good crystallinity and pu
rity [17,31].

3.5. Hydrodynamic particle size (d, nm) and Zeta potential (mV)

Dynamic light scattering (DLS) particle size, expressed as the Z- 

Fig. 5. Z-average particle size (nm) (a) and zeta potential (mV) (b) of Ti-ZnO nanophosphors prepared by three methods. Data are presented as mean ± SE (n = 3). 
Different superscript letters indicate significant differences (p < 0.05, ANOVA, Tukey’s test).
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average diameter, measures the hydrodynamic size of GQDs, including 
the nanoparticle core together with any associated solvent layer, poly
mer coating, or surface-bound molecules [68,69], whereas zeta poten
tial (mV) is a key indicator of the surface charge and colloidal stability of 
nanoparticles in suspension [70,71]. It reflects the potential difference 
between the dispersion medium, and the stationary layer of fluid 
attached to the particle surface, providing insight into electrostatic in
teractions, aggregation tendencies, and surface reactivity. Materials 
with high absolute zeta potential (positive or negative) are generally 
more stable due to stronger electrostatic repulsion, whereas low zeta 
potential values often lead to particle aggregation and reduced disper
sion stability [71,72]. Fig. 5 illustrates the particle size distribution (a) 
zeta potential (b) and of the Ti-doped ZnO nanophosphors, revealing 
notable differences among the samples. All nanophosphors exhibited a 
positive surface charge at the measurement pH, suggesting the presence 
of protonated surface groups. Dynamic light scattering analysis showed 
that H-TiZnO and S-TiZnO had similar Z-average particle sizes of 
377.47 ± 4.21 nm and 375.43 ± 1.52 nm, respectively, indicating uni
form dispersion. In contrast, P-TiZnO exhibited a markedly larger hy
drodynamic diameter of 1049.67 ± 5.49 nm, likely due to particle 
aggregation. Zeta potential analysis further demonstrated that S-TiZnO 
possessed the highest negative surface charge (− 53.13 ± 1.75 mV), 
reflecting superior colloidal stability. H-TiZnO and P-TiZnO, with zeta 
potentials of − 29.00 ± 0.06 mV and − 31.97 ± 0.52 mV, respectively, 
showed moderate stability, suggesting a higher tendency for aggregation 

under similar conditions.
These results indicate that both surface charge and particle size are 

key determinants of colloidal behaviour, with S-TiZnO being the most 
stable dispersion among the tested nanophosphors. These relatively low 
magnitudes (< 10 mV) indicate limited electrostatic stabilization and 
help explain the large hydrodynamic diameters observed, especially for 
the co-precipitated sample, which likely consists of loosely aggregated 
primary particles [3,6]. In line with previous reports on ZnO and doped 
ZnO, the higher zeta potential of the co-precipitated powder can be 
ascribed to a freshly formed, highly hydroxylated and largely 
organic-free surface that favours protonation, whereas the lower value 
for the sol–gel product reflects partial coverage by residual organic 
species and extensive condensation of surface –OH groups, which screen 
or reduce the number of protonatable sites [6,30]. The intermediate zeta 
potential of the hydrothermally synthesized sample is consistent with 
literature showing that elevated temperature and pressure promote 
crystallite growth and partial surface sintering, decreasing hydroxyl 
density but maintaining a relatively clean, crystalline surface. This zeta 
potential results revealed that the co-precipitation route yields Ti-ZnO 
with the most reactive, strongly charged surface, the sol–gel route pro
duces more passivated particles with weaker electrostatic interactions, 
and the hydrothermal method offers a balance between surface charge 
and structural order, which should be considered when selecting ma
terials for photocatalytic, optical, or biological applications.

Fig. 6. HR-TEM image (left) and lattice fringes (right) of Ti-ZnO nanophosphors, (a) hydrothermal (H-TiZnO), (b) sol–gel (S-TiZnO), and (c) co-precipitation 
(P-TiZnO).
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3.6. High-resolution transmission electron microscopy (HRTEM)

High-resolution transmission electron microscopy (HRTEM) is a 
powerful imaging technique for studying materials at the atomic scale, 
providing direct visualization of morphology, lattice fringes, and de
fects. Unlike diffraction methods, which average over large regions, 
HRTEM reveals local structural information, making it particularly 
useful for non-crystalline or defect-containing crystals. Care must be 
taken in interpreting HRTEM images, as dynamical and nonlinear effects 
can distort projections, especially in thicker samples, so thin specimens 
are preferred [73]. HRTEM analysis revealed distinct differences in 
particle morphology and crystallinity among the Ti-ZnO nanophosphors 

synthesized using hydrothermal, sol–gel, and co-precipitation routes as 
shown in Fig. 6. The hydrothermal method produced aggregated but 
well-defined nanocrystals with particle sizes in the range of 12–30 nm, 
exhibiting sharp and continuous lattice fringes that confirm high crys
tallinity with minimal internal strain. These features suggest the for
mation of well-ordered crystal domains and reduced density of 
non-radiative centers, which is desirable for enhancing luminescence 
efficiency [74]. In contrast, the sol–gel–derived Ti-ZnO showed heavily 
aggregated, ultra-small nanoparticles approximately 12–30 nm with 
fragmented and less distinct lattice fringes, indicating a polycrystalline 
structure with higher internal strain and numerous lattice defects [31]. 
The co-precipitation samples formed larger approximately 47–54 nm, 

Fig. 7. XPS spectra of H–TiZnO nanophosphors. (a) Wide survey scan indicating the presence of Zn, Ti, O, and C on the sample surface. High-resolution core-level 
spectra for (b) C 1 s, showing adventitious carbon and bonding states; (c) Zn 2p, showing the 2p3/2 and 2p1/2 spin-orbit doublets; (d) Ti 2p, indicating the Ti4+

oxidation state; and (e) O 1 s, deconvoluted into lattice oxygen (OL) and surface-adsorbed oxygen (OS) components.
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irregular clusters but still displayed visible parallel fringes, confirming 
crystallinity; however, their broader and less uniform fringes imply 
lower structural ordering compared to the hydrothermal product. 
Overall, the hydrothermal method yielded Ti-ZnO nanophosphors with 
superior crystalline quality and optimal particle size, aligning with 
previous reports that highlight hydrothermal synthesis as an effective 
route for producing defect-reduced, highly crystalline metal oxide 
nanostructures suitable for luminescent applications [7].

3.7. X-Ray photoelectron spectra (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive 
analytical technique used to determine the elemental composition, 
chemical states, and electronic structure of materials. By measuring the 
binding energies of core electrons, XPS reveals information on oxidation 
states, dopant incorporation, and surface chemical environments. This 
technique is essential for understanding surface chemistry and the in
teractions between dopants and the host material [75]. The XPS survey 
scan (Fig. 7(a) and Table 3) confirms the presence of C, O, Cl, Ti, and Zn 
in H-TiZnO sample, with oxygen (46.56 at%) and zinc (45.69 at%) being 
the dominant surface elements, indicating that the material is mainly 
composed of zinc oxide–based species. The high-resolution C 1 s spec
trum (Fig. 7(b) and Table 3) further reveals four main carbon bonding 
states: C–C at 284.81 eV (49.32%), C–O at 286.31 eV (25.80%), C––O at 
287.50 eV (7.91%), and a high-binding-energy C6HCl5 component at 
289.45 eV (16.96%), confirming the presence of oxygenated functional 
groups and trace chlorinated carbon species, consistent with the chlo
rine detected in the survey scan [76,77]. Meanwhile, the high-resolution 
Zn 2p spectrum (Figure7 (c) and Table 3) shows distinct peaks for both 
metallic Zn (Zn 2p3/2 at 1021.29 eV and Zn 2p1/2 at 1044.29 eV) and 
ZnO (Zn 2p3/2 at 1021.69 eV and Zn 2p1/2 at 1044.79 eV), with the 
quantification indicating 54.84% metallic Zn and 45.16% ZnO [78]. The 

Ti 2p spectrum (Figure7 (d) and Table 3) shows Ti 2p₃/₂ and Ti 2p₁/₂ 
peaks at 458.49 eV and 481.49 eV, confirming the presence of Ti⁴⁺ in 
TiO₂. The absence of Ti³ ⁺ or Ti²⁺ features indicates that titanium exists 
exclusively in its fully oxidized state, with quantitative fitting showing 
100% TiO₂, reflecting high chemical stability [79]. O 1 s quantitative 
analysis (Fig. 7(e) and Table 3) reveals multiple chemical environments, 
including lattice oxygen associated with Zn–O (32.74%), Ti–O-related 
oxygen species (42.19%), and surface oxygen-containing groups 
attributed to C––O (16.04%) and C–O (9.03%) species from adsorbed 
oxygenated carbon contaminants. These results indicate the coexistence 
of lattice oxygen and surface-related oxygen functionalities within the 
samples. Therefore, the O 1 s deconvolution confirms a ZnO-based 
structure with Ti–O chemical interactions and surface defect-related 
states, in good agreement with the single-phase XRD analysis. [80]. 
Taken together, the experimental Ti/Zn ratio (0.031), corresponding to 
approximately 3 at% Ti, is in good agreement with the theoretical 
doping level, confirming successful Ti incorporation into the ZnO.

4. Conclusion

In conclusion, the comparative analysis of Ti-doped ZnO nano
phosphors synthesized via hydrothermal, sol–gel, and co-precipitation 
methods demonstrates that the synthesis route strongly influences 
their structural, optical, and stability-related properties. A quantitative 
comparison of these properties is summarized in Table 4. Among all 
samples, H–TiZnO exhibited superior overall performance, as evidenced 
by XRD, optical, and morphological analyses showing higher crystal
linity, improved optical response, and enhanced structural ordering 
within a single-phase hexagonal wurtzite ZnO structure. FTIR analysis 
confirmed the presence of characteristic metal–oxygen vibrational 
modes (Zn–O and Ti–O-related bonds), indicating successful incorpo
ration of titanium into the ZnO matrix and the formation of a stable 
metal–oxygen framework. UV–Vis spectroscopy showed enhanced ab
sorption in the 250–400 nm region. Photoluminescence spectra exhibi
ted an emission peak at ~369 nm for H–TiZnO.The hydrothermal 
sample (H–TiZnO) exhibited moderate colloidal stability (− 29 mV), 
whereas the sol–gel sample showed superior stability (− 53.13 mV) due 
to stronger electrostatic repulsion. However, despite its lower zeta po
tential, the hydrothermal sample demonstrated better overall crystal
linity, optical response, and defect suppression, making it more effective 
for enhancing the structural and optoelectronic performance of Ti-doped 
ZnO nanophosphors. HRTEM analysis further revealed a more homo
geneous morphology with fewer structural imperfections. XPS 
confirmed Zn²⁺, Ti⁴⁺ with Ti–O bonding, and minor Zn⁰-like surface 
states, while O 1 s revealed Zn–O, Ti–O, and surface oxygen species, 
consistent with a ZnO-based structure in agreement with XRD results. 
Thus, these results demonstrate that hydrothermal synthesis is the most 
effective method for producing highly crystalline, optically active, and 

Table 3 
XPS elemental composition and chemical state distribution of the sample.

Element Atomic 
%

Weight 
%

Compound / Chemical 
State

Contribution 
(%)

C 4.56 1.40 C–C 49.32
​ C–O 25.80
​ C––O 7.91
​ C₆HCl₅ 16.96
O 46.56 19.01 TiO₂ 42.19
​ ZnO 32.74
​ C––O 16.04
​ C–O 9.03
Cl 1.78 1.61 – –
Ti 1.41 1.72 TiO₂ 100.00
Zn 45.69 76.25 Zn (metallic) 54.84
​ ZnO 45.16

Table 4 
Quantitative comparison of structural, optical, and stability properties of Ti-doped ZnO nanophosphors synthesized via hydrothermal, sol–gel, and co-precipitation 
methods.

Characterization Criterion Hydrothermal 
(H–TiZnO)

Sol–gel 
(S–TiZnO)

Co-precipitation 
(P–TiZnO)

X-ray diffraction (XRD) Sharp XRD peaks indicate high crystallinity High crystallinity, sharp 
peaks

Broader peaks, less 
ordered

Moderate crystallinity

Fourier-transform infrared 
(FTIR)

Zn–O at 400–600 cm⁻¹ , Ti–O at 500–700 cm⁻¹ , no organics 
> 1000 cm⁻¹ indicates high purity

Cleaner surface / high 
purity

Organic residue / 
poor purity

Minimal residue / 
moderate purity

UV–Vis spectroscopy Absorption edge ~375–380 nm; Eg from Tauc plot (~3.3 eV for 
ZnO benchmark)

Eg = 3.09 eV Eg = 4.71 eV Eg = 2.48 eV

Photoluminescence (PL) NBE emission ~360–380 nm; defect emission ~400–650 nm ~369 nm (strong 
intensity)

~396 nm (moderate 
intensity)

~402 nm (lower 
intensity)

Hydrodynamic Particle size 
(d.nm)

Particle sizes < 500 nm favour good dispersion 377.47 375.43 1049.67

Zeta potential (mV) ≥ 30 mV indicates good colloidal stability − 29.00 − 53.13 − 31.97
High-resolution TEM 

(HRTEM)
Primary particle size < 20 nm desirable for high surface area; 
uniform morphology

~12–30 nm ~6–10 nm ~47–54 nm
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structurally stable Ti-doped ZnO nanophosphors for photonic and op
toelectronic applications.
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