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A B S T R A C T

This comprehensive study aimed to optimize the performance of photogenerated carriers in catalytic and op-
toelectronic systems by effectively separating electron-hole pairs. Green-synthesized TiO₂ nanoparticles (average
size ~21 nm) and zinc acetate (99.5 % purity), augmented with eco-friendly integration of the plant Smilax
aspera, resulted in a tailored hollow direct Z-scheme photocatalyst, ZnO–TiO₂, with adjustable ZnO loading
ranging from 0.5 wt% to 5 wt%. Characterization techniques such as X-ray Diffraction, Fourier Transform
Infrared Spectroscopy, Ultraviolet–Visible Spectroscopy, Transmission Electron Microscopy, Thermogravimetric
Analysis and Energy-Dispersive X-ray Spectroscopy provided detailed insights into the atomic and electronic
properties of the material. The analysis revealed the coexistence of anatase TiO₂ and wurtzite ZnO phases, each
exhibiting distinct electronic band structures within the composite. Density functional theory calculated band
gap values of 2.02 eV for TiO₂ and 2.89 eV for ZnO–TiO₂ corroborated the experimental results, offering a deeper
understanding of electronic transitions within the heterojunction. The ZnO–TiO₂ composite showed significant
photocatalytic efficacy in degrading Methylene Blue (98 % in 15 min) and Rose Bengal (79.69 % in 40 min)
under UV light. It also exhibited antifungal potential against Aspergillus niger and Candida albicans, with inhi-
bition zones of 28.0 ± 0.12 mm and 30.23 ± 0.68 mm, respectively. This research provides valuable insights into
the eco-friendly, multifunctional applications of the ZnO–TiO₂ Z-scheme photocatalyst. This research thus pro-
vides valuable insights into the multifaceted applications of this synergistic, eco-friendly heterojunction pho-
tocatalyst in environmental remediation and its role as an effective antifungal agent.

1. Introduction

Ensuring access to clean water in the face of rapid global population
growth and economic expansion is a pressing and complex challenge.
The need to provide clean water is paramount, and addressing con-
taminants in freshwater sources and treating residual water has become
crucial for maintaining the balance of the natural biosphere [1,2].
Traditional water treatment methods such as coagulation, flocculation,
sedimentation, filtration, and disinfection have effectively removed
many common water pollutants [3,4]. However, these methods have
limitations when it comes to addressing persistent microscopic pollut-
ants and emerging micro-contaminants like antibiotics, pesticides, and

certain dyes. These substances are challenging to treat using traditional
methods, necessitating exploration and implementation of advanced
treatment technologies to effectively remove them from water sources.
These pollutants are well-known for their harmful effects on the envi-
ronment [5,6].
Extensive research has been dedicated to develop both conventional

and cutting-edge treatment methods for the removal of persistent
organic pollutants. Semiconductor heterogeneous photocatalysis,
particularly Z-scheme heterojunction photocatalysts, has gained signif-
icant attention due to their superior oxidation and reduction rates
compared to conventional type-II heterojunction materials. The Z-
scheme heterojunctions establish a unique pathway for transporting
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photogenerated charge carriers, effectively enhancing redox capabilities
and promoting efficient charge-carrier separation [7–9].
Titanium dioxide (TiO2) is a widely recognized and dependable

photocatalytic material for breaking down organic pollutants due to its
non-toxic nature, high activity, excellent stability, and cost-effectiveness
[10]. However, a drawback of single-phase TiO2is the rapid recombi-
nation of photo-excited electron-hole pairs, hindering its photocatalytic
activity. On the other hand, zinc oxide (ZnO) exhibits photocatalytic
activity comparable to TiO2 and is an attractive n-type semiconductor
with advantages such as non-toxicity and high stability. This study
presents a significant advancement where TiO2 and ZnO together form a
direct Z-scheme photocatalytic system. This innovative photocatalyst
system leverages the enhanced reduction ability of photo-induced
electrons in the ZnO conduction band (CB) and the heightened oxida-
tion ability of photo-induced holes in the TiO2 valence band (VB).
Consequently, the photocatalytic properties of this Z-scheme system
surpass those of conventional type-II heterojunction photocatalysts. This
study successfully synthesizes ZnO–TiO2direct Z-scheme heterojunction
photocatalysts featuring a unique macro/mesoporous TiO2 framework
[11–14].
Utilizing Z scheme, which involves combine ZnO and TiO2 instead of

using ZnO individually, offers several advantages in photocatalysis. ZnO
primarily absorbs light in the UV range due to its band gap of around 3.3
eV, while TiO2 possesses a band gap of approximately 3.0 eV [15].When
combined in a Z scheme, the effective band gap widens, enabling
enhanced light absorption, particularly in the visible spectrum. This
broader absorption range, resulting from the synergistic effects of their
distinct bandgap energies in the Z scheme, leads to more efficient gen-
eration of electron-hole pairs and subsequent redox reactions, signifi-
cantly improving the overall photocatalytic activity [16,17].
In the Z scheme, incident light excites electrons in both ZnO and

TiO2, generating electron-hole pairs. Electrons in the CB of one material
can then transfer to the other, minimizing charge recombination and
maximizing charge separation efficiency. These efficient charge dy-
namics, along with the widened effective band gap in the Z scheme,
synergistically improve photocatalytic performance [18]. Additionally,
the Z scheme configuration facilitates effective charge transfer and
minimizes charge recombination, resulting in prolonged electron and
hole lifetimes. These enhancements further elevate catalytic efficiency,
making the Z scheme with ZnO and TiO2 a highly effective solution for
various photocatalytic applications.
In addition to this, fungal contaminants like Candida albicans and

Aspergillus niger pose a significant threat in water treatment processes,
necessitating thorough elimination. These fungi can contaminate water
sources and pose health risks, especially for individuals with weakened
immune systems or respiratory conditions. The contamination can occur
through various pathways, including sewage, organic matter, and
environmental exposure. Effective water treatment methods such as
filtration, chlorination, ozonation, or UV disinfection are crucial for
reducing or completely removing fungal presence, ensuring the safety of
the water for consumption and minimizing health hazards [19,20].
ZnO and TiO2 nanoparticles (NPs) are semiconductor materials with

potent photocatalytic properties. When exposed to ultraviolet (UV)
light, they produce reactive oxygen species (ROS) like hydroxyl radicals
that have strong oxidizing abilities. These ROS can effectively break
down the cell walls and membranes of fungi, rendering them inactive.
Integrating ZnO and TiO2 NPs into nanocrystals (NCs) or using them as
coatings on filtration membranes enhances their ability to combat
fungal contamination, allowing for efficient removal of fungal cells and
spores during water treatment [21,22].
Recent studies have shown that combining TiO₂ with other semi-

conductors can significantly enhance its photocatalytic efficiency [23].
For instance, a report demonstrated that coupling TiO₂ with ZnO in a
Z-scheme configuration improved the degradation of organic pollutants
under UV light due to enhanced charge separation and prolonged
electron-hole lifetimes [24].Similarly, another reported work has shown

a TiO₂-ZnO heterojunction exhibited better photocatalytic activity than
pure TiO₂ or ZnO, attributing this to the synergistic effect of the two
materials, which enhanced light absorption and reduced recombination
rates [7].This innovative photocatalytic approach offers a promising and
sustainable solution to address fungal contamination in water.
The synthesis process adopts environmentally friendly methods,

ensuring the eco-friendliness of the photocatalysts. Amidst efforts to-
wards effluent recycling, a new challenge has emerged: mitigating the
harmful effects of microorganism infection. The “Green Method,” uti-
lizing plant resources to create NPs, offers a promising solution to this
ongoing issue. Green methods, being economical, chemical-free, and
environmentally benign, prioritize generating the necessary output
without employing hazardous intermediates [25–27].In this study roots
of Smilax aspera were employed for the synthesis of NCs. Smilax aspera,
commonly known as “Rough Bindweed” or “Rough Smilax,” is a me-
dicinal plant with a rich pharmacological profile. Its potential medicinal
properties are attributed to a diverse array of phytoconstituents,
including saponins, flavonoids (quercetin, kaempferol), alkaloids (smi-
lagenin, sarsaparilloside), tannins, phenolic compounds, terpenoids, and
essential oils. These bioactive compounds contribute to the plant’s
therapeutic effects, encompassing anti-inflammatory, antioxidant,
antimicrobial, anticancer, hepatoprotective, diuretic, analgesic, anti-
pyretic, immunomodulatory, and antidiabetic activities. Smilax aspera
thus stands as an intriguing subject for further research and exploration,
promising potential benefits for various health applications. This inte-
grated approach emphasizes both advanced technology and sustainable,
environmentally friendly practices for effective water treatment and
environmental preservation [28–30].

2. Experimental section

2.1. Material collection

• Plant:Roots of Smilax aspera were gathered from Bairgaun (1499 m)
pauri Garhwal Uttarakhand.

• Reagent:

Zinc acetate (Zn (CH3COO)2.6H2O) Sigma Aldrich, TiO2 (Merck),
NaOH, Methylene blue (MB) (C16H18ClN3S), (C20H2Cl4I4Na2O5) Rose
Bengal (RB) were acquired from Fischer Scientific. The experiment
employed double-distilled water throughout.

• Fungal pathogen:

Candida albicans ATCC-10231 and Aspergillus niger ATCC-16404 were
sourced from CSIR-NCL, Pune, Maharashtra, India.

2.1.1. Plant extract preparation
The freshly harvested roots were meticulously cleansed using

distilled water to remove any adhering impurities. Subsequently, the
roots were subjected to an air-drying process to ensure complete
desiccation and removal of residual moisture. The desiccated roots were
finely powdered using amechanical grinder, yielding a finely particulate
powder that served as the foundation for all ensuing scientific inquiries.
To formulate the method [31] was employed after slight modifications
varying concentrations of the root extract solution (3 %, 5 %, 7 %, and
10 % w/v), precisely 250 mL of distilled water was introduced into a
500 mL Erlenmeyer flask. The solution was then subjected to controlled
heating at 60 ◦C, maintaining this temperature for a duration of 30 min.
After post-heating, the extract was allowed to achieve thermal equilib-
rium with the surroundings before being meticulously filtered using
Whatman no.1 filter paper, ensuring a refined solution. The resultant
concentrate was meticulously stored at a temperature of 4 ◦C to preserve
its integrity for subsequent rigorous scientific analysis and
experimentation.

M.T. Yassin et al.
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2.1.2. Synthesis ZnO–TiO2
The obtained filtrate was employed in the synthesis of ZnO–TiO2, as

elaborated in Fig. 1. For the solution preparation, 20 mL of SA roots
extracts, 70 mL of distilled water, and 3 g of Zn(CH3COO)2•2H2O were
combined. The solution was stirred consistently at a fixed temperature of
90 ◦C. Following 30 min of heating, TiO2 was introduced into the ZnO
solution. To create the TiO2 solution, 3 g of TiO2 powder was mixed with
10 mL of distilled water and homogenized for 5 min using a magnetic
stirrer set at a constant speed of 200 rpm. NaOH was then gradually
added drop by drop until the pH reached 7. The resulting mixture was
continuously heated and stirred overnight, resulting in the formation of
a paste. The sample paste was subsequently dried in an oven for 8 h to
obtain ZnO–TiO2 powder. The powder was then subjected to centrifu-
gation at 5000 rpm for 20 min, following the procedure illustrated in
Fig. 1.

2.2. Sample characterization

The biosynthesis process of ZnO–TiO2 NCs was meticulously moni-
tored using advanced characterization techniques. High-resolution
UV–Visible spectrometry was performed using an Elico SL spectro-
scope, covering the wavelength range of 200–800 nm. Fourier transform
infrared spectroscopy (FTIR) with PerkinElmer ES Spectrum 2.0 soft-
ware was utilized to analyze the surface adsorption of functional groups
on the biosynthesized NPs, covering the range of 450–4000 cm− 1 with a
resolution of 4 cm− 1.
For structural analysis, a PANalytical X’PERT PRO X-ray diffrac-

tometer with CuK radiation of 1.54 Å wavelength was employed to

examine the purified powders. Additionally, X-ray diffraction data
(XRD) of the NCs were obtained using a Philips PRO expert diffrac-
tometer, utilizing nickel-filtered CuK radiation, operated at a voltage of
40 kV and a current of 30 mA. These methodologies facilitated a
comprehensive exploration of the structural attributes of the bio-
synthesized ZnO–TiO2 NPs.
Scanning electron microscopy (SEM) with energy-dispersive X-ray

(EDX) analysis involved examining samples using a SEM Quanta 200
with an EDX system. The NPs colloid was deposited onto a carbon grid
and dried under low vacuum conditions (10–130 pa), maintaining a
voltage of 20 KeV. The initial sample scanning was conducted at a
magnification of 3000×, followed by focused analysis using the EDX
system to confirm the presence of elements. Furthermore, the NP sam-
ples were placed on a carbon-coated copper grid and scanned using the
FEI Tecnai TF20 equipped with a 200 kV FEG source, a ± 70◦ tilted
computer-controlled stage, and a 4K × 4K Eagle CCD Camera with a 4-
port readout and a 15 μm pixel size. EPU software was employed for in-
depth data exploration. Transmission Electron Microscopy (TEM) im-
ages were scanned over JEOL JEM-1400 TEM, at an accelerating voltage
of 120 kV.
To assess thermal stability, Thermogravimetric Analysis (TGA) was

performed using the TGA 2950 Thermogravimetric Analyzer. These
intricate characterization techniques collectively enabled an exhaustive
examination of the NCs morphology, composition, and thermal
behaviors.

Fig. 1. Schematic presentation of formation of ZnO–TiO2.
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2.3. Computational study

Our investigation began with careful preparation of accurate crystal
structure details for the ZnO–TiO2. Quantum ESPRESSO software and
density functional theory (DFT) calculations were used to explore the
energy landscape. The PBE (Perdew-Burke-Ernzerhof) exchange-
correlation functional, incorporating van der Waals interactions, was
applied [32,33]. Geometry optimization at 300K and 700K using the
BFGS algorithm revealed stable atomic configurations. Thermodynamic
properties such as Gibbs free energies were computed, shedding light on
essential characteristics. Equilibrium calculations led to the formation of
a triangular phase diagram, illustrating stability regions and coexistence
spaces.
Simultaneously, the study delved into the combination of ZnO and

TiO2, analyzing electronic band structures and their alignment. Crystal
models for both were constructed using VESTA based on XRD data pa-
rameters. The simulation utilized the GGA-PBE exchange-correlation
functional, norm-conserving pseudopotentials, and accounted for elec-
tron spin polarization. Geometry optimization employed the BFGS
method with a plane wave expansion energy cutoff of 750 eV.
Monkhorst-Pack (MP) k-point spacings of 0.125/Å and 0.0125/Å were
employed for geometry optimization, band structure, and density of
states (DOS) calculations. The choice of method was guided by its
suitability for semiconductor systems and the balance between accuracy
and efficiency. These comprehensive studies contributed to an enhanced
understanding of ZnTiO3 and the combined ZnO–TiO2 system through
advanced calculations and insightful analysis.

2.4. Dye degradation

Photocatalytic degradation of RB and MB dyes using ZnO, TiO2NPs,
and a ZnO–TiO2 composite were investigated under solar light exposure
using earlier employed method [34,35].ZnO (0.5 g), TiO2 (0.5 g), and
ZnO–TiO2 (1.0 g) were dispersed in 100 mL of deionized water via
ultrasonication for 30 min. Stock solutions of RB and MB dyes (10 ppm)
were prepared. 50 mL of the dye solutions were mixed with their
respective NPs in 100 mL glass beakers. The pH of each solution was
adjusted to 7 using buffer solutions to ensure optimal reaction condi-
tions. The mixtures were exposed to solar light for 4 h. Samples (5 mL)
were collected every 30 min and centrifuged at 3000 rpm for 10 min to
separate NPs and any solid residues from the supernatant. Dye con-
centrations in the supernatant were determined using a UV–Visible
spectrophotometer at 664 nm for MB and 543 nm for RB [36–38]. In
conclusion, this study systematically examined the efficiency of ZnO,
TiO2, and ZnO–TiO2 composites in the photocatalytic degradation of RB
and MB dyes. The results, as reflected in the degradation kinetics, offer
valuable insights into the potential applications of semiconductor NPs in
environmentally friendly wastewater treatment processes.

2.5. Antifungal activity

To assess the antifungal potential of ZnO, TiO2, and their composite
ZnO–TiO2 we employed the previous reported method [28].We utilized
a modified well diffusion method to evaluate the antifungal activity. The
fungal pathogens were cultured in Sabouraud’s dextrose agar/broth,
and after 48–72 h of incubation, the cultures were transferred to Sabo-
uraud’s dextrose agar medium for an additional 48 h at 28 ◦C to allow
for fungal growth. To test the antifungal properties, we prepared test
samples of NPs at a concentration of 1 mg/mL, dissolved in dimethyl
sulfoxide (DMSO). Wells of specific diameter were carefully punched
into the agar, and each well was loaded with the respective nanoparticle
sample. For comparison, we included a well with Fluconazole (1
mg/mL), a recognized antifungal agent. Additionally, a well filled with
DMSO served as the negative control [39].After incubation at 28 ◦C, the
clear zones of inhibition around the wells were measured. The diameter
of the inhibition zones was indicative of the antifungal activity. A zone

equal to or larger than that of Fluconazole was considered as potent
antifungal activity for the respective NPs. This method provided insights
into the potential of these NPs as antifungal agents and their efficacy
compared to a standard antifungal drug.

3. Result and discussion

3.1. Characterization results

3.1.1. UV–visible spectroscopy and XRD study
The ZnO–TiO2heterojunction composite prepared in this study

exhibited a slight red-shift in comparison to the absorption peaks of pure
TiO2 and ZnO NPs as can be seen in Fig. 2. The absorption peaks in the
UV range were attributed to the TiO2 phase, while the peak in the visible
region was attributed to ZnO. Through experimental determination, the
optical band gaps (Eg) for all the three types of samples were estimated.
The pure TiO2NPs had an Eg value of 2.3 eV, while the ZnO-NPs had an
Eg value of 2.2 eV. These values are consistent with previous reports
[40].The slight difference in the Eg values further supports the suc-
cessful formation of the ZnO–TiO2heterojunction composite [17,18].
As shown in Fig. 3(a) XRD analysis indicates a significant overlap

between the (102) and (103) crystal planes of ZnO and the (200) and
(204) planes of TiO2. This pronounced overlap strongly suggests a robust
interaction within their respective lattice structures, affirming the suc-
cessful formation of the ZnO–TiO2 composite. Additionally, minor peaks
observed at 2θ(o) angles of 30.14, 42.96, 50.78, and 60.70 correspond to
the crystal planes (220), (400), (422), and (440), respectively, corrob-
orating the presence of the ZnTiO3 phase (JCPDS card No: 39–0190).
The lattice spacing values of 0.35 nm and 0.26 nm observed in the XRD
patterns of pure TiO2 and ZnO, respectively, closely align with those
reported for TiO2 (JCPDS 21–1272) and ZnO (JCPDS 89–1397) [41].
Importantly, the absence of any impurity phase confirms the two-phase
composition of the synthesized heterojunction composite. These XRD
findings furnish compelling evidence for the successful fabrication of the
ZnO–TiO2 composite, highlighting distinct lattice interactions and the
presence of two well-defined phases.
ZnO–TiO2 has an ilmenite structure, trigonal R 3 space group. Ti⁴⁺

bonds to six O2⁻ forming TiO₆ octahedra, sharing corners with nine ZnO₆
octahedra. Tilt angles range from 45 to 61◦. Zn2⁺ bonds to six O2⁻
forming ZnO₆ octahedra. Bond lengths: Ti–O (1.89 Å, 2.11 Å), Zn–O
(2.05 Å, 2.26 Å). O2⁻ forms a mix of edge and corner-sharing OTi₂Zn₂
trigonal pyramids as shown in Fig. 4.

Fig. 2. UV–Vis spectra of ZnO,TiO2&ZnO–TiO2.

M.T. Yassin et al.
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3.1.2. FTIR spectroscopy and TGA analysis
The FT-IR analysis encompassed both pure TiO2 and pure ZnO

samples, depicted in Fig. 5(a). In the FTIR spectrum for ZnO, discernible
peaks correspond to specific vibrational bands related to diverse func-
tional groups. Notably, the peak at approximately 3442.20 cm− 1 is likely
attributed to O–H stretching, indicative of hydroxyl groups or water
presence. Similarly, at 1684.22 cm− 1, the peak implies C––O stretching,
possibly originating from carbonyl groups such as aldehydes or ketones
[42].Moreover, the peak at 1432.05 cm− 1suggests C–H bending,
potentially indicating the presence of methyl or methylene groups.
Additionally, the peak at 1087.32 cm− 1corresponds to C–O stretching,
suggesting the presence of alcohol, ether, or ester groups, while the
peaks at 725.03 cm− 1and 559.05 cm− 1are likely associated with O–H
bending vibrations [43,44].In the FTIR spectrum of the ZnO–TiO2
composite, distinctive vibrational wavenumbers were identified, each
indicative of specific functional groups or molecular interactions. The

wavenumber at 553.864 cm cm− 1signifies metal-oxygen (M − O)
stretching, characteristic of the composite’s structure [45]. [][][]At
88.016 cm− 1, the composite exhibits potential lattice vibrations or other
structural features. Moreover, the vibrational wavenumber at 1095.74
cm− 1 suggests C–O stretching, potentially originating from carbonates
or organic compounds [46].Additionally, the peak at 1434.54
cm− 1implies C–H bending vibrations, often found in hydrocarbons or
alkanes. The wavenumber 1665.38 cm− 1 is consistent with C––O
stretching, suggesting the presence of carbonyl groups, potentially from
aldehydes or ketones. Furthermore, the peak at 2949.53 cm− 1implies
C–H stretching vibrations, common in hydrocarbons or alkanes [47].
Lastly, the wavenumber 3411.35 cm− 1indicates O–H stretching, point-
ing to the presence of hydroxyl groups or water in the composite. These
identified wavenumbers and associated functional groups provide
essential insights into the molecular composition and structure of the
ZnO–TiO2composite, contributing to a deeper understanding of its
properties and potential applications. Further analysis and comparison
with known vibrational frequencies for specific functional groups would
enhance the interpretation. The analysis of individual TiO2-FTIR spec-
trum revealed peaks corresponding to specific functional groups. For
instance, the peak at approximately 3171.68 cm− 1 indicates N–H
stretching, suggesting the presence of amines or amides. Similarly,
around 1587.67 cm− 1, the peak is indicative of C––C stretching, often
found in aromatic rings. At 1477.51 cm− 1, C–H bending vibrations in
aromatic compounds are suggested. The peak at 1092.11 cm− 1 corre-
sponds to C–O stretching, pointing towards alcohols, ethers, or esters
[48,49].Lastly, at 770.51 cm− 1, Ti–O stretching vibrations are indicated.
These assignments provide valuable insights into the molecular
composition and potential bioactive compounds present in the samples,
supporting the absorption of bioactive compounds on the surface [50] as
depicted in Fig. 5(a).& Fig. 5(b). Thermal stability of synthesized
nanomaterial was estimated with the help of TGA, obtained results
shows stability of ZnO NPs till 300 ◦C but sharp change of 25 %mass loss
was reported till 400 ◦C which again fall rapidly, and it was observed
that mass loss reach 29 % when temperature was 800 ◦C,TiO2 17 % of
mass loss was observed till 400 ◦Cwhich fall gradually and mass loss was
reported 34 % when temperature reach 800 ◦C⋅ZnO–TiO2 there was no
significance mass change till 300 but mass loss of 18 % was estimated at

Fig. 3. (a). XRD spectra of ZnO, TiO2&ZnO/TiO2.

Fig. 4. Crystal structure of ZnO–TiO2.

M.T. Yassin et al.
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400◦Ceven after that sharp mass change was found and it reach 41 %
when temperature was 800 ◦C (see Fig. 6).

3.1.3. EDX and TEM studies
The EDX analysis Fig. 7 Confirms the presence of Ti, Zn, and O ele-

ments, indicating a uniform distribution of these elements within the
heterojunction composite. This uniformity ensures consistent perfor-
mance across the material.
TEM images Fig. 8 shows a regular microporous structure in the TiO₂

matrix, further validating the high surface area and effective
morphology of the NC. The combination of EDX and TEM results

corroborates the successful synthesis of the ZnO–TiO₂ NC, demon-
strating the integration of ZnO into the TiO₂matrix and highlighting the
material’s potential for various applications.

3.2. Computational study

3.2.1. Compositional phase diagram
The triangular phase diagram Fig. 9 Obtained through DFT analysis

provides valuable insights into the thermodynamic stability and po-
tential phase transitions of a compound at different temperatures [51].
The complexity of the phase diagram at 300K, with 15 phacets, suggests
that the compound demonstrates intricate behavior at this temperature.
Each phacet represents a distinct stable or metastable phase that can
coexist within the given conditions. Conversely, the phase diagram at
600 K, characterized by 12 phacets, indicates a reduction in the number
of stable and metastable phases as temperature increases. This obser-
vation implies that certain phases or configurations that were stable at
300K become less prevalent or unstable at 600K. This transition could
result from changes in molecular interactions, crystal structures, or
chemical bonding due to the heightened thermal energy. This phe-
nomenon indicates that certain compounds or phases may become
thermodynamically unstable under the conditions of 600K, leading to
their decomposition into other forms or their transformation into more
stable phases. The decrease in the number of stable phases highlights the
influence of temperature on the equilibrium between different chemical
species and their respective phases.
In summary, this triangular phase diagram offers a comprehensive

view of the compound’s response to temperature variations. The
diminishing number of phacets as temperature rises underscores the
evolving nature of its stability landscape [52].

Fig. 5. (a). FT-IR spectra of ZnO&TiO2 Fig. 5.(b). FT-IR spectrum of ZnO–TiO2.

Fig. 6. TGA of ZnO, TiO2 & ZnO–TiO2.

Fig. 7. EDX analysis of ZnO/TiO2.

M.T. Yassin et al.
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3.2.2. Band gap and density of state
Fig. 10 illustrate the band structures of TiO2 and ZnO–TiO2,

respectively. In TiO2, the Fermi level resides at the valence band
maximum (VBM), whereas in ZnO–TiO2, electronic states are denser in
both the conduction band minimum (CBM) and VBM, leading to new
states near the VBM. These states emerge from impurity levels. Notably,
the CBM edge of ZnO–TiO2 has shifted compared to the Fermi level,
indicating the activity of electrons (e− ) and holes (h+) near the CBM and
VBM. The calculated energy gap of TiO2 was 2.02eV while experimental
UV–Vis results for TiO2 showed 2.3 eV, with theoretical values often
lower than experimental ones. In line with the ZnO–TiO2 structural
model the calculated band gap for ZnO–TiO2 was 2.89 eV. These
calculated results align well with established experimental data.

3.3. Dye degradation

The photocatalytic performance of ZnO–TiO2 materials in degrading
dyes was assessed using a UV–Vis spectrophotometer. During irradia-
tion, the solution exhibited an absorbance spectrum for ZnO–TiO2,

visible visually or through the absorbance spectra at 400–600 nm. The
degradation time for each sample varied due to the charge particles
ability to produce hydroxyl and superoxide radicals, crucial in the
photodegradation process. The relationship between the percentage of
degradation and irradiation times was established, along with corre-
sponding results for samples prepared with different calcination tem-
peratures and ZnO–TiO2 concentrations. The absorbance intensity
consistently decreased as the time intervals increased, resulting in sig-
nificant degradation percentages of MB (88.9 %) and RB (84 %) using
ZnO–TiO2. These findings demonstrate the excellent potential of
ZnO–TiO2 composites as photocatalytic materials. The photocatalytic
activity was influenced by several factors, including the type of photo-
catalyst material, crystallite size, and agglomeration level. The photo-
degradation process is likely influenced by various competing factors.
Previous reports have shown that reducing the crystallite size leads to an
increase in the specific surface area, which enhances the active reaction
of the photocatalyst materials [14].
The ZnO and TiO2 interface forms a conventional type-II hetero-

junction, facilitating the migration of photogenerated electrons from the

Fig. 8. TEM images of ZnO–TiO2at 15000x and 30000× magnification respectively.

Fig. 9. Phase diagram at 300K and 600K

M.T. Yassin et al.
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CB of ZnO to the CB of TiO2 under UV irradiation. Concurrently, the
holes migrate from the VB of TiO2 to the VB of ZnO, leading to effective
spatial separation of the photoinduced electron-hole pairs [53,54].
Despite the fact that the accumulated photogenerated holes in the VB of
ZnO are unable to oxidize H2O to •OH radicals due to the more negative
VB edge potential of ZnO compared to the standard redox potential of
•OH/H2O pair, and the accumulated electrons in the CB of TiO2 cannot
reduce O2 to yield •O2− due to the more positive CB of TiO2 compared to
the standard redox potential of •O2− /O2 pair, trapping tests have un-
equivocally demonstrated that •O2− and •OH radicals serve as the prin-
cipal active species in the photocatalytic degradation process, as

depicted in Fig. 11 [55].

3.3.1. Photo-catalytic degradation of MB dye by using synthesized nano
catalysts
Photocatalytic degradation of MB dye with the help of synthesized

nanomaterials was verified by UV–Visible spectrometer. The UV–Visible
spectroscopy result has shown decrease in the peak of MB at different
intervals of time. Initially, the absorption peak of MB was found at λmax
664 nm and at a high absorption value which decreased rapidly on
exposure to sunlight, as shown in Fig. 12(a). The completion of the
photocatalytic degradation of dye was confirmed when the absorbance

Fig. 10. Band structure and DoS of ZnO–TiO2.

Fig. 11. ZnO–TiO2 photocatalytic degradation mechanism.
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value for the MB peak reaches near the baseline. Amount of degradation
of dye in percentage (%) of ZnO was calculated 77 % in 15min, and
Fig. 12(b) shows degradation on MB dye with TiO2 amount of degra-
dation of dye in percentage (%) was found 89.77 % in 15min. while and
Fig. 12(c) shows degradation on MB dye with ZnO–TiO2 amount of
degradation of dye in percentage (%) was found 98 % in 15min. and
UV–Visible spectroscopy results reveal that dye degrades faster with
ZnO–TiO2 nano-composite than ZnO and TiO2.

3.3.2. Photo-catalytic degradation of RB dye by using synthesized nano
catalysts
Photocatalytic degradation of RB dye with the help of synthesized

nanomaterials was verified by UV–Visible spectrometer. The UV–Visible
spectroscopy result reveals that the decrease in the peak of RB at
different intervals of time, initially, the absorption peak of RB was found
at λmax 543 nm and at a high absorption value which decreases rapidly
when exposing to sunlight, as shown in Fig. 13(a). The completion of the
photocatalytic degradation of dye was conformed when absorbance
value for RB peak reach near to baseline. Amount of degradation of dye
in percentage (%) of ZnO was calculated 69.66 % in 15 min of exposing
time, while with TiO2 amount of degradation of dye in percentage (%)
was found 68.80 % in 15min of exposing time, as shown in Fig. 13(b)

while ZnO–TiO2amount of degradation of dye in percentage (%) was
found 79.69 % in 40 min Of solar expose Fig. 13(c) indicates synthesized
ZnO–TiO2have batter photocatalytic activity than ZnO for degrading RB
dye.

3.4. Antifungal activity

The assessment of antifungal activity was conducted by measuring
the diameter of the zone of inhibition (in mm) for the fungal pathogens
Aspergillus niger and Candida albicans. The results demonstrated varying
degrees of antifungal activity for ZnO, TiO2, and their composite
ZnO–TiO2 NCs, as well as for the positive control, Fluconazole (1 mg/
mL).
For Aspergillus niger, the diameter of the zone of inhibition for ZnO

NPs was approximately 13.0 ± 0.013 mm, while TiO2 exhibited a
slightly smaller zone with a diameter of 12.0 ± 0.012 mm. Notably, the
ZnO–TiO2 composite NPs showed significantly enhanced antifungal
activity with a larger zone of inhibition, measuring approximately 28.0
± 0.12 mm. Fluconazole, a common antifungal agent, displayed a zone
of inhibition with a diameter of 26.0± 0.034 mm. In the case of Candida
albicans, ZnO-NPs demonstrated a zone of inhibition with a diameter of
27.0 ± 0.021 mm, while TiO2 exhibited a slightly smaller zone,

Fig. 12. (a). Degradation of MB in presence of ZnO(b). Degradation of MB in presence of TiO2 (c). Degradation of MB using ZnO–TiO2.
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measuring 25.0 ± 0.027 mm. The ZnO–TiO2 composite NPs again dis-
played superior antifungal activity with a zone of inhibition measuring
approximately 30.23 ± 0.68 mm. Fluconazole exhibited an inhibition
zone diameter of 32.0 ± 0.038 mm.
Conversely, DMSO, used as the negative control, did not exhibit any

antifungal activity, resulting in no measurable zone of inhibition. These
results indicate that the ZnO–TiO2 composite NPs possess notably higher
antifungal activity compared to individual ZnO and TiO2NPs for both
Aspergillus niger and Candida albicans. The enhanced antifungal potential
observed in the ZnO–TiO2 composite could be attributed to synergistic
effects resulting from the combination of these NPs. These findings
emphasize the promising antifungal properties of the ZnO–TiO2 com-
posite, holding potential for effective antifungal applications in the
medical and environmental sectors.
Diameter of Zone of inhibition (mm)

Test samples/Controls Test organisms

Aspergillus niger Candida albicans

ZnO 13.0 ± 0.013 27.0 ± 0.021
TiO2 12.0 ± 0.012 25.0 ± 0.027
ZnO–TiO2 28.0 ± 0.12 30.23 ± 0.68
Fluconazole (1 mg/mL) 26.0 ± 0.034 32.0 ± 0.038
DMSO NA NA

4. Conclusion

In conclusion, our study successfully synthesized a TiO2–ZnO het-
erojunction composite, revealing distinct optical and structural prop-
erties. The observed red-shift in absorption peaks, along with
experimentally determined optical band gaps of 2.3 eV for pure TiO2 and
2.2 eV for ZnO- nanoparticles (NPs), affirmed the successful composite
formation and aligned with established literature. X-ray diffraction
analysis showcased robust lattice interactions and the presence of the
ZnTiO3 phase, further validating the composite’s dual-phase composi-
tion, with precise lattice spacing values. Fourier transform infrared
spectroscopy shed light on the composite’s functional groups, while
thermal analysis provided insights into its stability through distinct
weight loss regions. Energy-dispersive X-ray and transmission electron
microscopy analysis has confirmed uniform element distribution and a
regular macroporous structure within TiO2, adding to the comprehen-
sive characterization.
The computational study utilizing density functional theory enriched

our understanding by offering a phase diagram and band structures.
Remarkably, the composite displayed exceptional photocatalytic

Fig. 13. (a). Degradation of MB in presence of ZnO (b). Degradation of MB in presence of TiO2(c). Degradation of MB using ZnO–TiO2.
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activity, achieving significant degradation percentages for Methylene
Blue and Rose Bengal. Furthermore, the ZnO–TiO2 composite exhibited
superior antifungal activity against Aspergillus niger and Candida albi-
cans, surpassing individual NPs and even the positive control, Flucona-
zole. These collective findings underscore the promising attributes of
composites in terms of optics, structure, photocatalysis, and antifungal
efficacy, paving the way for its potential applications in various scien-
tific and technological domains.
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