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e–property engineering and
visible-light photocatalytic performance of
ZnO:TiO2 nanocomposites synthesized via a solid-
state route

Saliou Bäılo Diallo,a N. Khlifi, *b Modou Fall a and Hajer Guermazi b

This study investigates the synthesis and characterization of (1− x)ZnO:(x)TiO2 nanocomposites (x= 0.01 to

0.15) using the solid-state method. The structural properties are analyzed using X-ray diffraction (XRD). The

XRD analysis reveals changes in phase composition, indicating TiO2-dependent structural modifications. At

low content (x # 0.05), Ti4+ ions dissolve substitutionally in the ZnO hexagonal structure. Beyond this

threshold, the system reaches Ti saturation in ZnO and instead forms discrete Zn2TiO4 crystallites as

a secondary phase. The crystallite size, estimated via the Debye–Scherrer model, decreases significantly

from 50.8 nm to 44.5 nm with increasing TiO2 content, and reaches 22.2 nm for 3% TiO2 addition.

Fourier transform infrared (FTIR) analysis likely confirms the Ti-doping of ZnO through the presence of

Zn–O and Ti–O bonding. The band-gap energy was calculated using Tauc's model based on optical

Reflectance data in the UV-Vis wavelength range. The direct band-gap transition exhibits a red-shift

from 3.224 to 3.185 eV, while the indirect band-gap transition shows a more noticeable red-shift from

3.121 to 3.021 eV. The red-shift suggests band-gap narrowing, possibly due to defect states introduced

by the Ti4+ cation. Furthermore, photocatalytic tests reveal that Ti-doping improves the methylene blue

(MB) degradation efficiency under visible light. Notably, the ZnTi10% and ZnTi15% samples exhibit the

highest degradation rates, reaching 87% with an apparent rate constant Kapp = 1.19 × 10−2 min−1, while

pure ZnO and TiO2 remain more active under visible light. This can be related to defects or interfacial

states induced by Ti-doping, which act as electron–hole recombination centers.
1. Introduction

The rapid industrialization in recent decades has contributed to
signicant environmental challenges, particularly the contam-
ination of water systems with hazardous dyes released mainly
from the textile industries. These pollutants deteriorate water
quality, disrupt aquatic ecosystems, and pose serious risks to
human health.1 Some dyes, especially azo dyes, are highly toxic
and have been associated with severe environmental and health
risks.2,3 Untreated industrial effluents introduce harmful
chemicals into aquatic environments and hinder sustainable
development efforts.

To address dye pollution, various detection and remediation
strategies have been developed. Analytical techniques such as
spectrophotometry, high-performance liquid chromatography
(HPLC), and mass spectrometry (MS) offer high accuracy but
nd Environmental Analyses, Department

chniques, Cheikh Anta Diop University,

ronment, andModeling (LMEEM), Faculty

038, Tunisia. E-mail: khlinadia1991@

106
remain unsuitable for in situmonitoring due to their complexity
and cost.4 Conventional physicochemical treatment methods,
including ltration, ion exchange, chemical precipitation, and
adsorption, as well as electrochemical processes such as
electrocoagulation, electro-otation, and electrodecantation,
are widely applied.2,5 However, these approaches oen suffer
from limitations, including secondary pollution, high opera-
tional costs, and low removal efficiency. Consequently,
advanced oxidation processes (AOP), particularly photo-
catalysis, have emerged as promising and sustainable alterna-
tives for dye degradation.6,7

Among photocatalytic materials, metal oxide semi-
conductors, such as zinc oxide (ZnO) and titanium dioxide
(TiO2) have attracted considerable attention due to their
multifunctional properties, photocatalytic activity, and appli-
cations in wastewater treatment and energy conversion.7–13 ZnO
is especially favored due to its low cost, environmental
compatibility, and exceptional chemical and thermal stability.14

It is widely utilized in diverse applications, including
sunscreens, foods, paints, and batteries, owing to its multi-
functionality and nature abundance.15–17
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Samples labels and the corresponding composition

Sample code Composition

ZnO ZnO
TiO2 TiO2

ZnTi1% (0.99)ZnO:(0.01)TiO2

ZnTi2% (0.98)ZnO:(0.02)TiO2

ZnTi3% (0.97)ZnO:(0.03)TiO2

ZnTi5% (0.95)ZnO:(0.05)TiO2

ZnTi10% (0.90)ZnO:(0.1)TiO2

ZnTi15% (0.85)ZnO:(0.15)TiO2
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ZnO is II–VI semiconductor with a direct band gap of 3.37 eV
and an excitonic binding energy of 60 meV at room tempera-
ture.18 ZnO nanoparticles exhibit enhanced photon absorption,
a high surface area, and strong oxidative capability, making it
highly effective in photocatalytic degradation of organic
pollutants.19,20 Moreover, its wide band gap, photostability, and
high transparency in the visible range make it suitable for
applications in optoelectronic, including light-emitting
diodes,21 photodetectors,22 or photovoltaic cells.23 Its high
piezoelectric constant and chemical stability further support its
use in spintronics and biosensors.24,25 Structurally, ZnO crys-
tallizes in three main phases: wurtzite (hexagonal), zinc blende
(cubic), and rocksalt, with the wurtzite structure being the most
thermodynamically stable at room temperature.26

TiO2, similar to ZnO, is extensively studied as a photocatalyst
due to its high photoactivity, chemical inertness, and strong
oxidative potential. Both materials exhibit comparable band
gap energies (3.27 eV for ZnO and 3.52 eV for TiO2).27 Impor-
tantly, the relative alignment of their valence and conduction
band energy levels facilitates efficient charge carrier separation
when combined in a heterojunction system.28 As a result, ZnO–
TiO2 nanocomposites have demonstrated enhanced photo-
catalytic performance through reduced electron–hole recombi-
nation and extended light absorption ranges.27–30

Various synthesis techniques have been employed to fabri-
cate (1 − x)ZnO:(x)TiO2 nanocomposites, including sol–gel
processing,31 co-preparation,32 and solid-state reactions.31–33

Among these methods, the solid-state approach is particularly
attractive due to its simplicity, low cost, and use of readily
available starting materials.33

In the present study, (1 − x)ZnO:(x)TiO2 nanoparticles were
synthesized through the solid-state method with varying of TiO2

molar concentrations. The inuence of TiO2 incorporation on
the structural, optical, and photocatalytic properties of the
prepared samples. The photocatalytic performance is evaluated
through methylene blue (MB) degradation under visible light
irradiation, and the observed activity is correlated with the
structural and optical modications induced by TiO2 addition.
2. Experimental
2.1. Samples synthesis

(1 − x)ZnO:(x)TiO2 nanocomposites were prepared by means of
a conventional solid-state process, using pure ZnO and TiO2

powders as starting materials. The raw oxides were purchased
from Sigma Aldrich. For each composition, the appropriate
mass of TiO2 and ZnO powders were weighed and thoroughly
mixed. The mixture was ground for one hour to achieve
homogeneity of the powders. The resulting powders were
calcined in a furnace at 400 °C for four hours. Aer calcination,
the powders was reground for 1 h 30 min to achieve thin
particles with better uniformity. Finally, the samples were sin-
tered at 900 °C, followed by additional grinding step for 30
minutes for each sample. The samples were labeled according
to Table 1 for easy following up.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.2. Material characterization techniques

The crystalline structure of the (1 − x)ZnO:(x)TiO2 powders was
characterized using an X-ray diffractometer (XRD) (Bruker's D8
Advance diffractometer) equipped with CuKa1 radiation (l =

1.5406 Å), operating at 40 kV and 40 mA. The molecular vibra-
tion energies of the samples is provided via Fourier Transform
Infrared (FTIR) experiments, investigated with a BRUKER
spectrophotometer in the 400–4000 cm−1 range. The morphol-
ogies of the composites were observed using Scanning Electron
Microscopy (SEM, model JEOL JSM7100F) coupled with Energy
Dispersive Spectroscopy (EDX), using double-faced adhesive
carbon pads (AGG3347N from Agar Scientic). In order to esti-
mate the average grain size, the Image J soware was then used.
The optical band gap energies of (1 − x)ZnO:(x)TiO2 nano-
composites were determined through the UV-visible Diffuse
Reectance Spectrophotometer (DRS, model Perkin-ELMER
365, 300–800 nm), then the Kubelka–Munk formula was used
for the estimation of band gap energy.

2.3. Photocatalytic activity evaluation

The photocatalytic activity of (1 − x)ZnO:(x)TiO2 powders was
evaluated by monitoring the degradation of methylene blue
(MB) aqueous solution under visible light irradiation. MB dye
was selected as a model pollutant due to its non-biodegradable
nature and its resistance to conventional treatment methods.34

50mL of MB solution at a concentration of 10mg L−1 wasmixed
with 50 mg of the photocatalyst. The suspension was magneti-
cally stirred in the dark environment at room temperature for 60
minutes to establish adsorption–desorption equilibrium
between the dye molecules and the catalyst surface. Subse-
quently, the suspension was exposed to visible light irradiation
under continuous stirring. A sample was collected immediately
before illumination to serve as the initial reference (t = 0 min).
At regular intervals of 15 minutes, 3 mL aliquots were with-
drawn, ltered, and centrifuged to remove the catalyst particles.
The degradation of MB was monitored by measuring its char-
acteristic absorption peak intensity (around 664 nm) using
a UV-visible spectrophotometer (SP-UV-300).

The degradation efficiency (D) was calculated using eqn (1):

Dð%Þ ¼
�
C0 � Ct

C0

�
� 100 ¼

�
A0 � At

A0

�
� 100 (1)

where C0 and A0 are the initial concentration and initial
absorbance of methylene blue, respectively, and Ct and At are
the concentration and absorbance at irradiation time t.
RSC Adv., 2026, 16, 4090–4106 | 4091
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3. Results and discussions
3.1. Structural and compositional analyses

The phase composition and crystallinity of synthesized (1 − x)
ZnO:(x)TiO2 powders (x = 0.0–0.15, 1) were characterized by X-
ray diffraction analysis.

3.1.1. Revised XRD analysis. Fig. 1 presents the X-ray
diffraction patterns of (1 − x)ZnO:(x)TiO2 composites across
the complete composition range (x = 0–1).

Fig. 1 presents the X-ray diffraction patterns of (1− x)ZnO:(x)
TiO2 composites (x = 0–1). For pure ZnO (x = 0), all diffraction
peaks correspond to the hexagonal wurtzite structure (JCPDS
01-080-0075), with characteristic reections at 31.97° (100),
34.65° (002), 36.42° (101), 47.78° (102), and 56.83° (110),
consistent with literature.35,36 Pure TiO2 (x= 1) exhibits a mixed-
phase composition, showing anatase reections (JCPDS 00-021-
1272, I41/amd space group) at 25.60° (101), 38.17° (004), and
48.40° (200), along with a rutile phase peak (JCPDS 01-082-0514)
at 27.62° (110).37 For intermediate compositions (0.01–0.15),
systematic evolution of the diffraction patterns is observed,
Fig. 1 (a) XRD patterns of (1 − x)ZnO:(x)TiO2 nanocomposites,
showing shift in ZnO peaks due to Ti4+ incorporation. (b) Enlarged
diffractograms of the prominent peaks, highlighting the appearance of
Zn2TiO4 as a secondary phase at higher Ti content.

4092 | RSC Adv., 2026, 16, 4090–4106
manifested through progressive shis in peak positions, varia-
tions in relative intensities, and changes in phase composition,
indicating TiO2-dependent structural modications.

X-ray diffraction analysis reveals a structural transformation
in (1 − x)ZnO:(x)TiO2 composites as TiO2 content increases
from x = 0.01 to 0.15 (Fig. 1). For low compositions (x # 0.05),
the diffraction patterns predominantly retain the wurtzite ZnO
structure, though distinct peak shis are observed (Fig. 1b).
These angular displacements, particularly evident in the (101)
reection, demonstrate lattice strain resulting from successful
Ti4+ incorporation into the ZnO matrix. The observed distortion
arises from the signicant ionic radius mismatch between the
incorporated Ti4+ (0.605 Å) and the host Zn2+ (0.74 Å) cations.38

At higher TiO2 concentrations (x $ 0.10), four new diffraction
peaks emerge at 29.95° (220), 35.24° (311), 42.92° (400), and
62.11° (440), unambiguously identifying the formation of cubic
Zn2TiO4 spinel phase (Fd�3m space group, JCPDS 00-025-1164).38,39

This phase transformation occurs through cationic redistribu-
tion, where Zn2+ ions migrate into octahedral sites within TiO2-
rich regions while steric constraints prevent Ti4+ incorporation
into ZnO tetrahedral sites.38,40,41 Thus, the solid-state reaction
between excess ZnO and TiO2 drives spinel formation, yielding
a biphasic system containing both strained ZnO and crystalline
Zn2TiO4 phases. This solid-state reaction occurring during high-
temperature sintering can be expressed as:42

2ZnO + TiO2 / Zn2TiO4 (2)

This composition-dependent structural evolution matches
previous observations in Ti-doped ZnO systems.38,40 The results
suggest a clear evolution of phases with increasing TiO2

content. At low doping levels (x < 0.05), Ti4+ ions are effectively
incorporated into the ZnO lattice, causing strain but no signif-
icant formation of secondary phases. At higher doping levels (x
$ 0.05), the system evolves to a multiphase structure, gener-
ating ZnO/Zn2TiO4 composites.40,42 This indicates a saturation
point beyond which Ti4+ ions no longer integrate into the ZnO
lattice but instead contribute to the formation of separate
phases.43,44

To determine structural parameters, the lattice constants (a,
c) and unit cell volume (V) of hexagonal ZnO were calculated
from the (100) and (002) XRD peak positions using the following
equations:

1

dðhklÞ
2
¼ 4

3

�
h2 þ k2 þ hk

a2

�
þ l2

c2
(3)

a ¼ b ¼ lffiffiffi
3

p
sinqð100Þ

(4)

c ¼ l

sinqð002Þ
(5)

V = 0.866 × a2 × c (6)

where q is the Bragg's angle, and l is the X-ray wavelength of the
Cu-Ka line (l = 1.5406 Å).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR Spectra of (1 − x)ZnO:(x)TiO2 composites highlight the
metal–oxygen vibrational modes.
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The Zn–O bond length (L) was calculated using this
equation:45

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
a3

3
þ ð0:5� uÞ2 � c2

�s
(7)

where u ¼ a2

3c2
þ 0:25.

The micro-strain (3) and the stress s (GPa) in the crystallite's
plane were estimated via these expressions:45,46

3 ¼ b

4tanqð101Þ
(8)

s ¼ 233

�
cbulk � c

cbulk

�
(9)

where c and cbulk are the measured and the strain-free lattice
parameters of ZnO phase (cbulk= 5.2061 Å), respectively. b is the
full width at half maximum (FWHM) of the diffraction peaks.

The lattice parameters and the volume of unit cell of the
anatase phase of TiO2 were calculated using the basic equations
for tetragonal crystal structure:47

1

dðhklÞ
2
¼ h2 þ k2

a2
þ l2

c2
(10)

V = a2 × c (11)

The crystallite size (D) was calculated using the most intense
(101) diffraction peak by means of the Debye–Scherrer
formula:48,49

D ¼ 0:94l

bcosq
(12)

Table 2 shows slight variations of lattice parameters due to
the incorporation of Ti ions into the ZnO lattice, which induces
lattice distortion due to ionic radius mismatch between Zn2+

(0.74 Å) and Ti4+ (0.605 Å).50 At lower doping levels (1–10%), the
lattice expands slightly to accommodate Ti ions, while at higher
doping levels (15%), the sharp decrease in lattice parameters
indicates possible lattice relaxation, phase segregation, or the
formation of secondary phases.51

The variation of crystallite size and micro-strain as a func-
tion of TiO2 doping in ZnO reveals signicant structural
changes. Notably, the crystallite size (Table 2) shows a decrease
at ZnTi3% reaching about 22 nm, simultaneously with the
Table 2 Structural parameters of ZnO as a function of TiO2 content

Samples a = b (Å) c (Å) V (Å3) c/a

ZnO 3.157 5.057 43.658 1.601
ZnTi1% 3.166 5.073 44.031 1.602
ZnTi2% 3.162 5.067 43.865 1.602
ZnTi3% 3.159 5.065 43.781 1.603
ZnTi5% 3.162 5.069 43.877 1.603
ZnTi10% 3.166 5.073 44.036 1.602
ZnTi15% 3.151 5.049 43.414 1.602
TiO2 3.758 9.455 133.55 —

© 2026 The Author(s). Published by the Royal Society of Chemistry
highest micro-strain (3) value, giving rise to a constrained ZnO
structure. At higher doping levels, such as ZnTi15%, the
observed changes may be attributed to the formation of
secondary phases or partial relaxation of the lattice.38 These
structural variations are critical in determining the material's
photocatalytic and electronic properties, with ZnTi3% and
ZnTi15% representing points of interest for further optimiza-
tion.51 Moreover, the c/a ratio maintains the value of 1.6 (Table
2), which is the standard value for hexagonal cell c/a = 1.60.49

Thereaer, the Ti content does not alter the hexagonal structure
of ZnO NPs. Besides, the slight change in the Zn–O bond length
can be related to the change in lattice parameters. Therefore,
the obtained results prove the successful incorporation of Ti
element into ZnO host matrix, which will be conrmed by EDX
analysis.
3.2. FTIR analysis

FTIR is a non-destructive technique used to analyze the chem-
ical bonding in materials. In Fig. 2, the FTIR spectra of the (1 −
x)ZnO:(x)TiO2 composites provide valuable insights into the
vibrational modes and structural features of the synthesized
materials.

The absorption bands observed in the range of 400–500 cm−1

are attributed to characteristic Zn–O stretching vibrations,
consistent with literature reports of Zn–O modes around 430–
u L (Å) s (GPa) D (nm) 3

0.3799 3.295 6.682 50.83 0.22
0.3798 3.309 5.970 44.47 0.25
0.3797 3.302 6.206 59.29 0.20
0.3797 3.300 6.307 22.24 0.51
0.3797 3.302 6.142 59.30 0.19
0.3798 3.309 5.932 48.66 0.22
0.3798 3.286 7.029 44.50 0.25
— — — 21.66 0.74

RSC Adv., 2026, 16, 4090–4106 | 4093
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500 cm−1 in ZnO and ZnO/TiO2 systems.52–55 Specically, bands
near ∼500 cm−1 are widely assigned to Zn–O vibrations in
binary oxide systems.56 At lower doping levels (x = 0.01 to 0.05),
these bands dominate, aligning with the XRD results that
indicate ZnO as the primary phase, with minor lattice distor-
tions caused by the substitution of Ti4+ ions into the ZnO
lattice.56

As the Ti doping concentration increases (x $ 0.10), new
features appear in the 500–700 cm−1 region, which can be
assigned to Zn–O–Ti vibration modes associated with the
formation of the Zn2TiO4 spinel phase. Similar bands in this
region (typically 550–680 cm−1) have been reported for Zn2TiO4

and ZnO–TiO2 composite systems.54,57 The increasing intensity
of these bands with Ti content conrms the gradual evolution
from ZnO-dominated structure to a mixted-phase system
composed of ZnO and Zn2TiO4.58

In the 700–900 cm−1 range, a broad vibrational band is
attributed to Ti–O stretching modes, which have been reported
in TiO2 and ZnO–TiO2 systems around ∼700−850 cm−1.56 The
broad absorption bands in the 900–1500 cm−1 region are
associated with surface hydroxyl groups adsorbed on the
surface of nanoparticles, while the broad bands in the 1500–
3500 cm−1 region are attributed to O–H stretching vibrations,
indicating surface hydration or adsorbed water molecules.59,60

The presence of surface hydroxyl groups is particularly signi-
cant, as they play a crucial role in photocatalytic activity by
facilitating the generation of reactive oxygen species (ROS)
under light irradiation.61,62
Fig. 3 (a) FESEM pictures of (1− x)ZnO:(x)TiO2 nanostructures, (b) size
distribution histogram showing the length distributions fitted to
Gaussian curves and (c) EDX analysis of samples; the atomic and
weight percentage of Zn, Ti and O are depicted in the inset.
3.3. FESEM/EDX analysis

The surface morphology of the prepared samples was investi-
gated by Field Emission Scanning Electron Microscopy (FESEM)
and the images acquired are shown in Fig. 3a.

The FESEM image of pure ZnO revealed a heterogeneous
distribution of rod-like nanostructures, whereas pure TiO2

exhibited quasi-spherical nanoparticles (Fig. 3a). Incorporation
of TiO2 into the ZnO matrix signicantly inuenced the
morphology of the resulting nanostructures, particularly their
size and shape, leading to the formation of nanosheet struc-
tures. The observed increase in particle size at low doping
concentrations implies that Ti ions may promote anisotropic
growth along specic crystallographic axes, favoring the
formation of 2D-elongated structures.63 Enhanced optoelec-
tronic properties of Ti-doped ZnO nanorods have also been re-
ported for photodetector applications.64 Overall, these
observations indicate that the Ti content modulates the growth
dynamics of ZnO nanostructures.65

In addition to changes in average length, the standard
deviation (SD) values provide insight into the size distribution
and structural uniformity of the nanorods (Fig. 3b and Table 3).
The SD for pure ZnO was 41.07 nm, reecting a relatively broad
distribution of lengths. With Ti doping, a slight reduction in SD
was observed, especially at higher doping levels (36.88 nm for
ZnTi15%). This trend suggests that higher Ti content may
contribute to more uniform particle growth, potentially due to
better control over nucleation kinetics or reduced aggregation
4094 | RSC Adv., 2026, 16, 4090–4106 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Average particle size and standard deviations (SD) of (1 − x)
ZnO:(x)TiO2 nanostructured samples, determined using the Image J
software

Samples Average particle size (nm) SD (nm)

ZnO 78.95 41.07
ZnTi1% 93.53 40.37
ZnTi2% 94.65 41.61
ZnTi3% 99.01 45.08
ZnTi5% 85.06 38.06
ZnTi10% 89.36 42.84
ZnTi15% 89.08 36.88
TiO2 37.33 16.82

Fig. 4 Diffuse reflectance spectra of (1 − x)ZnO:(x)TiO2 samples.

Fig. 5 Kubelka–Munk function spectra of (1 − x)ZnO:(x)TiO2 samples
as a function of wavelength (l) in nm.
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effects.66 Interestingly, pure TiO2 particles exhibited the small-
est average length (37.33 nm) and the lowest SD (16.82 nm),
which is consistent with their typical spherical or near-spherical
morphology rather than rod-like structures.67

Overall, Ti-doping in ZnO modies both the average length
and distribution of the resulting nanostructures. Low levels of
Ti enhance axial growth, while higher doping concentrations
contribute to size homogenization. These morphological vari-
ations may inuence the surface area and interfacial charac-
teristics of the materials, which, in combination with phase
composition and charge carrier dynamics, can affect their
photocatalytic or anti-adhesive performance in subsequent
applications.68,69

Energy dispersive X-ray (EDX) analysis was performed to
investigate the elemental composition of (1 − x)ZnO:(x)TiO2

nanocomposites for different TiO2 contents (Fig. 3c). The EDX
spectra conrm the presence of Zn, Ti and O elements in all
analyzed samples, with no detectable impurity-related peaks,
indicating the chemical purity of the synthesized materials. For
low TiO2 contents, Ti signals appear with relatively low inten-
sity, consistent with Ti4+ incorporation into the ZnO lattice. As
the TiO2 concentration increases, the Ti peak intensity
increases systematically, accompanied by a corresponding
decrease in Zn intensity, reecting the progressive enrichment
of Ti in the composite. At higher TiO2 contents, the measured
Zn/Ti atomic ratios deviate from those expected for a single-
phase solid solution, which is consistent with the formation
of Zn2TiO4 as a secondary phase, as evidenced by XRD analysis.
These results conrm the composition-dependent evolution of
the ZnO–TiO2 system and support the coexistence of Ti-
saturated ZnO and Zn2TiO4 phases at higher TiO2

concentrations.

3.4. Optical properties

3.4.1. UV-vis absorption analysis. The diffuse reectance
spectra of the prepared (1 − x)ZnO:(x)TiO2 provided valuable
insights into their optical properties, complementing the
structural changes observed in the XRD analysis (Fig. 4).

The ZnO sample exhibits a sharp increase in reectance near
380 nm, corresponding to its characteristic band-gap energy.60

Similarly, pure TiO2 shows a sharp reectance edge at approx-
imately 360 nm, consistent with its intrinsic optical behavior.60
© 2026 The Author(s). Published by the Royal Society of Chemistry
At lower TiO2 concentrations (x < 0.05), the reectance spectra
remain largely similar to that of pure ZnO, with only minor
variations (Fig. 4). This aligns with the XRD results, where ZnO
remains the dominant phase, and the observed 2q shis suggest
lattice distortion due to the incorporation of Ti4+ ions into the
ZnO lattice.38

Notably, the ZnTi5% sample exhibits a distinct reectance
prole compared to other samples, with a higher reectance
across the UV-Vis region. This behavior may be related to
enhanced interaction between ZnO and TiO2 phases or the
formation of localized defect states.70,71 Overall, the optical and
structural analyses demonstrate the evolution of the material
properties with increasing TiO2 content.

3.4.2. Determination of the optical band-gap. The optical
band-gap energy (Eg) of the (1 − x)ZnO:(x)TiO2 nanocomposites
was determined using the Tauc formalism:

(F(R) × hn)n = A(hn − Eg) (13)
RSC Adv., 2026, 16, 4090–4106 | 4095
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Fig. 6 Graphical representation of (F(R) × hn)n as a function of hn for
the various (1 − x)ZnO:(x)TiO2 samples for n = 2 and n = 1/2
respectively.

Table 4 Band-gap energy values for direct and indirect transitions of
the various samples

Samples (F(R) × hn)2 Adj. R-square (F(R) × hn)1/2 Adj. R-square

ZnO 3.224 0.96 3.121 0.99
ZnTi1% 3.185 0.98 3.021 0.98
ZnTi2% 3.199 0.98 3.064 0.99
ZnTi3% 3.191 0.97 3.050 0.99
ZnTi5% 3.196 0.97 3.061 0.99
ZnTi10% 3.222 0.99 3.104 0.99
ZnTi15% 3.224 0.99 3.110 0.99
TiO2 3.368 0.99 3.083 0.99
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where hn is the photon energy, and. n = 2 or n = 1/2 correspond
to direct and indirect allowed transitions, respectively.4,72 R is
the diffuse reectance, F(R) is the Kubelka–Munk (K–M)
function:

FðRÞ ¼ ð1� RÞ2
2R

(14)

As shown in Fig. 5, all samples exhibit intense absorption
peaks in the UV region, accompanied by a shi of the absorp-
tion edge toward higher wavelengths, indicating a red shi.
This behavior is consistent with previous reports73 and can be
attributed to band-gap narrowing.74 The presence of two
distinct absorption edges suggests contributions from two
crystalline phases, in agreement with the coexistence of ZnO
and Zn2TiO4 phases observed by XRD.75

The band-gap values were obtained by extrapolating the
linear region of the (F(R) × hn)n versus hn plots to the photon
energy axis at (F(R) × hn)n = 0 (Fig. 6).76,77

The experimental band-gap values extracted from Fig. 6 are
summarized in Table 4.
4096 | RSC Adv., 2026, 16, 4090–4106
The band-gap energy values presented in Table 4 provide
insight into the electronic transitions within the pure and
doped ZnO–TiO2 samples. These values reveal how doping
affects the structural and optical properties of the materials.

For pure ZnO, the band-gap energy is 3.224 eV for direct
transitions and 3.121 eV for indirect transitions. These values
are consistent with the intrinsic semiconducting properties of
ZnO.78 On the other hand, pure TiO2 exhibits a higher band-gap
energy of 3.368 eV for direct transitions and 3.083 eV for indirect
transitions, which aligns with the known wide band-gap of
anatase TiO2.79,80 These differences reect the distinct electronic
structures of ZnO and TiO2.

At low doping levels (x # 0.05), the band-gap energies of the
ZnO-based samples show minor variations. For example,
ZnTi1% has a direct band-gap of 3.185 eV and an indirect band-
gap of 3.021 eV, while ZnTi5% has a direct band-gap of 3.196 eV
and an indirect band-gap of 3.061 eV. These slight shis can be
attributed to lattice distortions caused by the incorporation of
Ti4+ ions into the ZnO lattice.81 Despite these changes, the
adjusted R-square values remain close to 1.00 (ranging from
0.97 to 0.99), indicating a high degree of accuracy in the tting
process.

At intermediate doping levels (x $ 0.10), more pronounced
changes in the band-gap energies are observed. For instance,
ZnTi10% exhibits a direct band-gap of 3.222 eV and an indirect
band-gap of 3.104 eV, while ZnTi15% shows a direct band-gap
of 3.224 eV and an indirect band-gap of 3.110 eV. This trend
suggests the emergence of the Zn2TiO4 phase, which signi-
cantly inuences the electronic structure of the material.38 The
consistently high-adjusted R-square values ($0.99) across all
samples further validate the reliability of the measurements.
Overall, the band-gap energies for direct transitions are
consistently higher than those for indirect transitions across all
samples, a typical characteristic of semiconductors.82 The
progressive doping of Ti into ZnO results in slight reductions in
the band-gap energies, reecting the structural and electronic
modications induced by the doping.75 These ndings high-
light the tunability of the optical properties of ZnO–TiO2

composites, making them promising for applications in photo-
catalysis and optoelectronics.14

It's important to note that ZnTi1% has the lowest energy
value compared with the other samples, with a direct band-gap
of 3.185 eV and an indirect band-gap of 3.021 eV. This red shi
could be explained by the narrowing of the band-gap energy
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Evolution of UV-Vis absorption spectra of MB as a function of time in the presence of (1 − x)ZnO:(x)TiO2 samples under visible light
irradiation.
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resulting from the incorporation of Ti into the ZnO matrix.76 In
fact, this decrease in band-gap energy is probably due to the
increase in crystal defects, notably oxygen vacancies, which can
© 2026 The Author(s). Published by the Royal Society of Chemistry
act as electron acceptors below the ZnO conduction band,
thereby affecting its structure. These defects, which are natu-
rally present in ZnO, lead to the generation of localized energy
RSC Adv., 2026, 16, 4090–4106 | 4097
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Fig. 8 (a) Comparison of the degradation efficiencies (D (%)) as a function of reaction time, (b) the concentration ratio Ct/C0 of MB as a function
of irradiation time for all the catalysts.
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levels within the band-gap, resulting in a red shi.83 Further-
more, the red shi can be explained by hybridization between
the transition metal atoms and the Zn atom.84 In fact, in the
work of Selvinsimpson et al., tin-doped ZnO samples show
a decrease in electron density leading to a reduction in the
band-gap due to electron exchanges of the 3d–4s and 4d–5s
orbitals of Sn-doped ZnO.85 These latter interpretations are in
agreement with those made in the work of Zhao et al., where the
redshi of the absorption edge of Ni-doped ZnO samples was
explained by the strong interaction of sp–d electron exchange.86
Fig. 9 Variation of average particle size (from FESEM analysis) and
methylene blue removal efficiency as a function of TiO2 content for (1
− x)ZnO:(x)TiO2 nanostructured samples.
3.5. Photocatalytic study

3.5.1. Degradation of methylene blue. The photocatalytic
performance of (1− x)ZnO:(x)TiO2 nanopowders were evaluated
by the de-colorization of MB aqueous solutions under visible
light irradiation. Optical absorption spectra were recorded in
different time intervals (15 min) up to 165 min at room
temperature. The obtained results are presented in Fig. 7.

The results obtained (Fig. 7) highlighted the absorbance
decrease with the duration of visible light exposure.

The photocatalytic degradation efficiency (D%) of methylene
blue (MB) over time for ZnO photocatalysts modied with
various TiO2 weight percentages (1%, 2%, 3%, 5%, 10%, and
15%) is presented in Fig. 8a. Fig. 8b shows the corresponding
Ct/C0 ratios as a function of irradiation time, derived from
absorbance measurements.

The degradation proles reveal a clearl enhancement in
photocatalytic performance upon incorporation of TiO2 into the
ZnO matrix, with an optimal loading observed at higher Ti
concentrations. Notably, the ZnTi10% and ZnTi15% samples
exhibit the highest degradation efficiencies, approaching
complete MB removal aer extended illumination. In contrast,
the ZnTi3% sample displays the lowest efficiency, suggesting
that at this loading, TiO2 may induce less favorable effects, such
as incomplete heterojunction formation, partial surface
coverage, or increased charge carrier recombination.69,87
4098 | RSC Adv., 2026, 16, 4090–4106
These trends correlate closely with particle size evolution
(Fig. 9).

Pure ZnO and TiO2 show relatively high MB degradation
(∼99% and 92%, respectively), whereas low Ti-doped samples
(1–3%) exhibit signicantly lower efficiencies (∼38–70%). This
reduction is likely due to insufficient heterojunction formation,
limited surface-active sites, and enhanced recombination of
photogenerated electron–hole (h+–e−) pairs. Higher Ti loadings
(10–15%) result in optimal particle size and morphology,
favoring effective heterojunction formation, improved charge
separation, and enhanced surface activityn leading to higher
MB degradation (84–87%).

Overall, the photocatalytic performance demonstrates a non-
linear relationship with particle size and Ti content, empha-
sizing the importance of controlled morphology and hetero-
junction engineering in maximizing photocatalytic efficiency.

3.5.2. Kinetics modeling. In the present study, ZnO was
combined with varying percentages of TiO2 to evaluate the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Modeling of MB dye photodegradation kinetics by means of (L–H) model.
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photocatalytic performance of the resulting composites. Inves-
tigating the kinetics of photocatalytic degradation is crucial to
gaining insights into the reaction mechanisms and efficiency
under specic experimental conditions.88 Compared to
© 2026 The Author(s). Published by the Royal Society of Chemistry
suspended systems, kinetic analysis in systems involving
immobilized or composite photocatalysts such as ZnO/TiO2

mixtures can be more complex due to reduced light penetration
within the catalyst matrix and potential internal mass transport
RSC Adv., 2026, 16, 4090–4106 | 4099
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Table 5 The parameters values of pseudo-first order (PFO) model fitted

Model PFO

Samples Velocity constant, Kapp (×10−3 min−1) Half life time, t1/2 (min) R2

ZnO 40.7 17 0.998
ZnTi1% 1.9 364 0.940
ZnTi2% 6.4 107 0.998
ZnTi3% 2.7 256 0.976
ZnTi5% 3.8 178 0.988
ZnTi10% 9.9 70 0.993
ZnTi15% 11.89 58 0.989
TiO2 13.34 52 0.929
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limitations.89 To interpret the reaction behavior, the Langmuir–
Hinshelwood (L–H) kinetics was the most widely usedmodel for
explaining the kinetics of heterogeneous photocatalytic
processes.

The Langmuir–Hinshelwood (L–H) model is usually used to
describe the kinetics of photocatalytic reactions of organics.90,91

It relates the degradation rate (r) to reactant concentration in
water at time t (C), which is expressed according to eqn (15):92

r ¼ �dC

dt
¼ KrKad

1þ KadC
(15)

where Kr is the rate constant and Kad is the adsorption equi-
librium constant.

When the absorption is relatively weak and/or the reaction
concentration is low, eqn (15) can be simplied to the pseudo-
rst order (PFO) kinetics with an apparent rst-order rate
constant Kapp:

ln(Ct) = −Kappt + ln(C0) (16)
Fig. 11 A proposed photocatalytic mechanism for the (1 − x)ZnO:(x)TiO

4100 | RSC Adv., 2026, 16, 4090–4106
where C0 is the initial concentration, Ct is the concentration at
time t, and Kapp represents the apparent rate constant (min−1).
Plotting ln(C0/C) versus illumination time (t) yields a straight
line, and the slope is the apparent rate constant Kapp.

3.5.2.1 Half-life time reaction. The calculation of half-life
time reaction (t1/2) is one of the most useful means to eval-
uate the reaction rate of rst order kinetic. At the half-life of
reaction, C= 0.5C0. For the reaction with the pseudo-rst order,
the half-life (t1/2) time can be calculated as the following:

t1=2 ¼ lnð2Þ
Kapp

z
0:693

Kapp

(17)

This is independent of the initial concentration.
3.5.2.2 Kinetic analysis of photocatalytic degradation. To

elucidate the reaction mechanism and evaluate the photo-
catalytic performance of the synthesized samples, the degra-
dation kinetics were analyzed using the pseudo-rst-order
(PFO) kinetic model (Fig. 10). The corresponding rate constants
2 catalyst.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Kapp), half-life times (t1/2), and correlation coefficients (R2) were
determined and are presented in Table 5.

The photocatalytic degradation of MB in water using (1 − x)
ZnO:(x)TiO2 under visible LED light (Fig. 10) was successfully
tted using the L–H model, and can be described by a pseudo-
rst order kinetic as conrmed by the obtained straight line.

The kinetic parameters obtained from the pseudo-rst-order
(PFO) model reveal meaningful trends in the photocatalytic
degradation performance of the studied samples (Table 5). All
samples exhibit high correlation coefficients (R2 values ranging
from 0.929 to 0.998), indicating a good t of the experimental
data to the PFO model and supporting its suitability for
describing the MB degradation kinetics. Notably, the velocity
constant k shows signicant variation with doping concentra-
tion, reecting changes in photocatalytic activity. For instance,
ZnTi10% and ZnTi15% display markedly higher rate constants
(0.0099 and 0.0119 min−1, respectively) compared to ZnTi1%
(0.0019 min−1), suggesting enhanced degradation efficiency at
higher doping levels. This enhancement can be attributed to
improved charge separation, increased surface area, or modi-
ed electronic structures that facilitate pollutant interaction at
the catalyst surface.93 The corresponding half-life times (t1/2)
also reect this trend, where higher k values are associated with
shorter degradation times (e.g., ZnTi15% shows a t1/2 of 58
minutes), signicantly lower than the 364 minutes observed for
ZnTi1%. These results suggest an optimal doping range (10–
15%) for maximizing photocatalytic efficiency, while very low
doping levels may lead to insufficient activation or higher
recombination rates.94 Taken together, the consistency and
physical relevance of the PFO parameters across all samples
Table 6 A comparison study of (1 − x)ZnO:(x)TiO2 powders with other

Samples Dye Dye con. (mg L−1) Light irradiated

Cu-doped ZnO MB 3.2 UV light
TiO2-Ag NPs RhB 5 Not mentioned
CuO/
TiO2

MB 5 Simulated sunlight

TiO2 MB 10 UV light
0.05Fe2O3/
TiO2

RhB 4.79 UV light

Ag loaded
TiO2–ZnO

MB 10 UV light

ZnO@TiO2 MB 10 Solar light
irradiationMR

(ZnO@TiO2) MB 10 18 W UV-lamp
ZnO@TiO2

p–n junction
MO 32.73 Photoreactor

ZnO MB 10 Visible light
irradiationZnTi1%

ZnTi2%
ZnTi3%
ZnTi5%
ZnTi10%
ZnTi15%
TiO2

a Abbreviation: Methyl Orange (MO), Rhodamine B (RhB), Methylene Blu

© 2026 The Author(s). Published by the Royal Society of Chemistry
validate the choice of this model for further kinetic and
mechanistic analysis in this study.

3.5.3. Principle of heterogeneous photocatalysis. When (1
− x)ZnO:(x)TiO2 samples were irradiated with light energy equal
to or greater than its band-gap energy (Eg), electrons in the
valence band (VB) are excited and transition to the conduction
band (CB), creating electron–hole pairs.27 These charge carriers
then migrate to the surface of the photocatalyst, where the
photofenerated electrons (e−) typically reduce adsorbed oxygen
molecules to superoxide radicals (cO2

−), while the holes (h+)
oxidize water or hydroxyl groups to produce hydroxyle radicals
(cOH).29 Both these radicals are highly reactive species that play
a crucial role in the degradation of organic pollutants.29 This
incorporation of TiO2 into the ZnO lattice modies the band
structure and charge carrier dynamics, reducing recombination
and thereby enhancing the overall photocatalytic activity.29

The following scenarios can occur during this process:
(1) Migration of photogenerated holes (h+) to the catalyst

surface, where they participate in oxidation reactions.
(2) Recombination of electron–hole pairs in the bulk of the

material, which reduces photocatalytic efficiency.
(3) Migration of photogenerated electrons (e−) to the catalyst

surface, where they participate in reduction reactions.
(4) Recombination of charge carriers at the catalyst surface,

which also reduces photocatalytic activity.95

The addition of TiO2 into ZnO modies the band-gap energy
and charge carrier dynamics, as shown in Table 4. At low doping
levels (e.g., ZnTi1%), the band-gap energy decreases slightly
(e.g., 3.185 eV for direct transitions), which enhances light
absorption in the visible region. This is attributed to the
introduction of defect states (e.g., oxygen vacancies) and lattice
recent similar photocatalysts materiala

Time Removal (%) Kapp (10−3 min−1) Ref.

2 h 74 5.6 98
3.5 h 99.7 19.1 99
1 h 40 Not mentioned 100

2 h 53.06 4.1 101
5 h 60 Not mentioned 102

2 h 70 9.92 103

2 h 25 1.27 27
13 1.38

2 h 59.56 6.64 104
3 h 26.2 Not mentioned 105

42.8
165 min 98.95 40.7 This work

38.63 1.9
69.54 6.4
42.72 2.7
55.90 3.8
83.63 9.9
86.81 11.89
93.18 13.34

e (MB), Methylene Red (MR), Oxidation (Ox), Reduction (Re).
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distortions caused by Ti4+ ions.87 For intermediate doping levels
(e.g., ZnTi10%), the formation of the Zn2TiO4 phase further
modies the electronic structure, leading to improved charge
separation and reduced recombination rates.96

The photogenerated charge carriers (electrons and holes)
drive redox reactions at the catalyst's surface:

� Electrons (e−) in the conduction band reduce molecular
oxygen (O2) to form superoxide radicals (cO2

−).
� Holes (h+) in the valence band oxidize water (H2O) or

hydroxide ions (OH−) to produce hydroxyl radicals (OHc).
These reactive species (e.g., cO2

− and OHc) are highly oxida-
tive and play a key role in the degradation of organic pollutants.
The overall process can be summarized by the following reac-
tions (Fig. 11):

(1) Excitation of TiO2-doped ZnO by light:

ZnO:TiO2 + hn / e− (CB) + h+ (VB)

(2) Reduction of oxygen by electrons:

e− + O2 / O2c
−

(3) Oxidation of water/hydroxide by holes:

h+ + OH− / OHc

(4) Degradation of pollutants:

OHc or O2c
− + organic pollutants / degradation products

The hydroxyl radicals (OHc) and superoxide radicals (O2c
−)

attack organic pollutants, breaking them down into simpler,
less toxic compounds such as H2O, CO2 and N2. This process
contributes to environmental purication by removing harmful
substances from water or air.97

Table 6 shows a summary of the doped/heterojunction/
nanocomposite photocatalysts based ZnO@TiO2, dye concen-
tration, pollutant type, exposed light source, and photocatalytic
performance.
4. Conclusion

In this study, (1 − x)ZnO:(x)TiO2 composites were successfully
synthesized using the solid-state sintering method. Structural
analyses by X-ray diffraction conrmed the presence of the
hexagonal wurtzite phase of ZnO at low TiO2 contents, while
increasing TiO2 content led to the appearance of the anatase
TiO2 and spinel Zn2TiO4 phases. This structural evolution,
accompanied by a decrease in crystallite size and deformation
of the crystal lattice, conrms the effective integration of Ti4+

ions into the ZnOmatrix. FTIR analyses reinforced these results
by indicating the presence of characteristic Zn–O, Ti–O, and Zn–
O–Ti bonds, highlighting interactions between the oxides.
Electron microscopy reveals that Ti doping modies the
4102 | RSC Adv., 2026, 16, 4090–4106
morphology of the particles, inuencing their size and distri-
bution. Optically, the incorporation of Ti slightly reduced the
band gap, linked to lattice distortions and the appearance of
crystal defects, although this reduction did not systematically
improve the photocatalytic performances. Indeed, the photo-
catalytic study demonstrated that while pure ZnO and TiO2 offer
excellent methylene blue degradation efficiency under visible
light irradiation, the doped samples exhibit lower perfor-
mances, although the compositions containing x $ 0.1 were
distinguished by a notable activity, without however surpassing
that of pure ZnO. These results suggest that the synergistic
effect between ZnO, TiO2, and Zn2TiO4 can promote charge
separation and reduce electron–hole pair recombination, but
that excessive doping or poor surface defect management can
limit photocatalytic activity. Thus, this study demonstrates the
complexity of the effect of Ti doping on ZnO properties and
emphasizes the need for ne-tuning of synthesis conditions to
improve its photocatalytic efficiency under visible light. Further
work will be essential to better understand the relationship
between structure, optical properties, and photocatalytic
activity, particularly by exploring the inuence of morphology,
specic surface area, and operating conditions.
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