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Abstract 
In this work, ZnO/SnO2 and SnO2/ZnO composite thin films were synthesized by ultrasonic spray pyrolysis technique 
on silicon and glass substrates to investigate the effect of stacking order on structural, optical and catalytic properties. 
X-ray diffraction confirmed the existence of both hexagonal wurtzite ZnO and tetragonal rutile SnO2 phases with no 
detectable secondary phases confirming the high performance of the deposition technique. SEM analysis revealed a 
dense and homogeneous surface composed of compact nanoscale grains, while EDX confirmed high chemical purity. 
Optical measurements exhibited an average transmittance value of ~75% for ZnO/SnO2 and ~80% for SnO2/ZnO thin 
films in the visible region. Photocatalytic and sonocatalytic activities were evaluated through the degradation of the 
methylene blue dye. ZnO/SnO2 composite thin films exhibited enhanced photocatalytic efficiency, whilst SnO2/ZnO 
structures displayed higher sonocatalytic peformance, highlighting the remarkable effect of the deposition sequence on 
the catalytic behavior. In addition, the composites exhibited strong antibacterial activity against Pseudomonas 
bacteria. The ZnO/SnO2 configuration, with ZnO in contact with the agar exhibits markedly stronger antibacterial 
activity, as evidenced by a significant decrease in bacterial proliferation, compared to the relatively lower activity 
observed for the SnO2/ZnO configuration. Multiple mechanisms are responsible for this effect, including oxygen 
vacancies and surface electronic states, which can promote electron transfer to dissolved oxygen even under dark 
conditions. These findings highlight the strong influence of stacking order of ZnO/SnO2 and SnO2/ZnO systems for 
various applications, including sonocatalysis, photocatalysis and antibacterial activity. 
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1. Introduction  

The continuously escalating global water 
crisis, caused by industrial effluents and organic 
pollutants, remains a critical challenge for global 
water security and environmental sustainability. 
Photocatalysis and sonocatalysis as advanced 
oxidation processes have gained significant 
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traction thanks to their ability to degrade dyes 
into harmless products. Zinc oxide (ZnO) and Tin 
oxide (SnO2) semiconductors are among the best 
choice due to their attractive physical and 
chemical properties and their potential 
applications in various fields. These materials are 
widely used in photocatalytic application due to 
their non-toxicity, eco-friendly characteristics and 
excellent catalytic activity [1-8]. Various 
techniques for synthesizing these materials such 
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as spray pyrolysis [9-11], hydrothermal methods 
[12], Sol gel [13] have been reported. Among these 
techniques, spray pyrolysis as a simple, cost-
effective process, is vastly used to synthesized 
pure and doped metal oxide thin films [14-19]. 
However, the efficiency of single-layer films is 
limited by the rapid recombination of generated 
electron-hole (e-, h+) pairs. Owing to the synergetic 
interactions between different metal element, 
mixed metal oxides exhibit a higher density of 
active sites, enhanced stability, and high 
electrical conductivity compared to their single-
metal oxide counterpart [20-21]. Recent research 
has focused on the architectural structure of 
heterojunctions, where the stacking order 
determines the catalytic pathway. Mixed ZnO-
SnO2 thin films fabricated via RF magnetron 
sputtering from powder targets at different 
durations deposition. The results indicated that 
the ZnO-SnO2 as photocatalysts can effectively 
degrade dye pollutants under sunlight irradiation 
without posing any harmful effects on aquatic 
organisms, the authors reported that ZnO-SnO2 
film deposited for 1 h exhibited the highest 
photocatalytic activity. This improvement was 
mainly related to enhanced charge carrier 
mobility and concentration, together with the 
presence of intrinsic defects such as oxygen 
vacancies that facilitate interfacial charge 
transfer. These defects play the role of electron 
trapping centres, reducing electron-hole 
recombination.  

Furthermore, the synergetic interaction at 
the ZnO/SnO2 interface improves adsorption 
properties and promotes extende charge 
separation through efficient interfacial charge 
transfer between the two semiconductor 
components [22,23]. An enhanced photocatalytic 
efficieny was in the SnO2/ZnO/TiO2 thin film 
heterostructure relative to single-component 
films, owing to its heterostructural design, which 
promotes efficient charge separation, reduces 
electron-hole recombination and increases the 
avaibility of charge carriers for photo-degradation 
reaction [24]. BaTiO3/ZnO heterostructured 
photocatalyst was used to decompose the 
methylene blue under UV irradiation, 
Approximately, 94% of methylene blue was 
degraded within 60 min, which is attributed to the 
enhanced charge carrier separation arising from 
the heterojunction interface [25]. In another 
investigation [26], A ZnO/SnO2 heterostructure 
consisting of ZnO nanorods decorated with SnO2 
nanoparticles were fabricated on glass fiber 
membranes. The sample with a 40% surface 
coverage exhibited the highest photocatalytic 
performance toward methylene blue degradation. 
ZnO/SnO2 heterostructure exhibits the highest 
degradation of 82.45% compared to the individual 
components, pure ZnO (38.55%) and SnO2 
(32.68%) under visible light illumination for 2 

hours. This improved photo-degradation arises 
from the efficient separation of charge carriers 
and interfacial interactions within the novel 
heterostructure [27]. SnO2/ZnO films were 
employed as photocatalysts in hygrogen 
production. Under UV light irradiation, a 
hydrogen yields up to 70 µmol was achieved after 
3 hours in the first experiment. In contrast, the 
photocatalytic activity declined markedly during 
the second cycle due to the photocorrosion of the 
films [28]. This phenomenon can be attributed to 
the photogenerated holes produced during the 
activation of the photocatalyst [29]. The 
photocatalytic performance of ZnO-SnO2 
nanocomposites synthesized via sol-gel method 
[30] and chemical precipitation techniques [31] 
was systematically investigated. 

 ZnO/SnO2 nanocomposites with varying 
SnO2 contents were prepared using sol-gel 
technique to study changes in the electrical 
properties at room temperature and low 
temperatures [32], the increased impedance 
observed at low temperatures resulted from their 
semiconducting behaviour and limited thermal 
energy of charge carriers. In another research, 
when SnO2/ZnO and Fe-doped SnO2/ZnO 
heterostructures were prepared using 
hydrothermal method to evaluate their gas-
sensing characteristics [33]. An improved xylene 
response was observed due to the porous nature in 
the nanoplatelets of Fe/SnO2/ZnO, which 
increased gas adsorption. Based on these studies, 
the efficiency of individual component is 
constrained by the rapid recombination of photo-
generated electro-hole pairs. In response to this 
challenge, ZnO/SnO2 and SnO2/ZnO composite 
nanofilms were prepared via ultrasonic spray 
pyrolysis technique. The synthesized composites 
were systematically investigated as sonocatalysts 
and photocatalysts for methylene blue (MB) 
degradation, as well as for antibacterial activity 
against Pseudomonas bacteria. The novelty of this 
work lies in demonstrating that the deposition 
sequence of ZnO/SnO2 and SnO2/ZnO 
heterostructures significantly influences their 
photocatalytic, sonocatalytic and antibacterial 
performances, offering new insights into the 
strategic design of multi-layered thin films for 
hybrid water treatment and antimicrobial 
disinfection technologies. 

 
2. Materials and Methods 

2.1. Preparation of Composite Thin Films 
ZnO/SnO2 and SnO2/ZnO composite thin films 

were fabricated via ultrasonic spray pyrolysis 
(Figure 1).  A glass and silicon substrates were 
used for characterization as well as on glass tubes 
for the dye degradation studies. The substrates 
were kept on the hotplate during deposition with 
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temperature of 350 °C for ZnO and 450 °C for 
SnO2.  The precursor solutions were prepared by 
dissolving zinc acetate dehydrated 
(Zn(CH3COO)2⋅2H2O) in methanol (CH3OH) and 
Tin(II) chloride dehydrate (SnCl2.2H2O) in 
ethanol (C2H5OH), each at a molar concentration 
of 0.3 M. The solutions were stirred at 40 °C for 30 
min and subsequently heated at 60 °C for 2 h to 
obtain homogeneous mixtures. Air was employed 
as the carrier gas at a controlled flow rate of 0.5 
L/min to convey the aerosol generated by an 
ultrasonic transducer operating at a frequency of 
40 kHz toward the heated substrate. To obtain the 
composite structure, SnO2 was first deposited on 
the substrate, followed by the deposition of ZnO 
thin film on the top of the SnO2 thin film to form 
ZnO/SnO2 composite thin film. Subsequently, ZnO 
was deposited on the substrate, and a SnO2 thin 
film was then deposited on the top of the ZnO thin 
film, resulting in SnO2/ZnO composite thin film.  

 
2.2. Characterization Methods 

The structural properties of the synthesized 
composites were analyzed by X-ray diffraction 
(XRD) using a BRUKER D8 ADVANCE 
diffractometer with Cu-Kλ radiation ((λ = 0.15418 
nm), operated at 40 kV and 40 mA. The diffraction 
patterns were collected over 2θ range of 20-70°. 
The surface morphology, microstructure, and 
elemental composition of the composites thin films 
were investigated by scanning electron 
microscopy coupled with energy-dispersive X-ray 
spectroscopy (SEM-EDX, Tescan MIRA3). 
Transmission spectra were recorded using aUV-
Visible spectrophotometer (JASCO V-630), which 
was also employed to monitor methylene blue 
degradation during the photocatalytic and 
sonocatalytic experiments. 

2.3. Photocatalytic and Sonocatalytic Activities  
Photocatalytic and sonocatalytic activities of 

ZnO/SnO2 and SnO2/ZnO composite thin films 
were controlled by the degradation of methylene 
blue with concentration of 5 mg/L under 
Ultraviolet (UV) and Ultrasonic (US) irradiations, 
respectively. To increase the interfacial contact 
between catalyst and the methylene blue dye 
solution, the thin films were coated onto the inner 
surface of a transparent glass tube. The photo-
degradation and sono-degradation efficiencies 
(DPS %) were calculated using Equation (1):  
 
𝐷𝐷PS(%) = 𝐶𝐶0−𝐶𝐶t

𝐶𝐶0
. 100%       (1) 

 
Where 𝐶𝐶0  represent the initial concentration of 
MB and 𝐶𝐶t corresponds to the concentration at a 
given time t. 
 
2.4. Antibacterial Activity  

The antibacterial activity of the synthesized 
ZnO/SnO2 and SnO2/ZnO thin films was examined 
using Mueller-Hinton Agar disc diffusion 
technique against Pseudomonans aeruginosa. The 
bacterial suspension was calibrated to a 0.5 
McFarland turbidity equivalent to 108 colony-
forming units (CFU/mL). The bacterial solution 
was the diluted to be equivalent to 106 CFU/mL. 
After culture, the bacterial solution was diffused 
onto a nutrient agar plate at 37 °C for overnight. 

  
3. Results and Discussion 

3.1. X‑ray Diffraction 
Figure 2 displays the XRD patterns of both 

ZnO/SnO2 and SnO2/ZnO composite oxide thin 
films, revealing their microstructural properties. 

Figure 1. Schematic diagram of the preparation process of ZnO/SnO2 and SnO2/ZnO composite thin films. 
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 Composites a (Å) c (Å) c/a (h k l) FWHM  D (nm) 
 
 
ZnO 
 
 
 

 
ZnO/SnO2 

 
 
3.26 
 
 

 
 
5.22 
 
 

 
 
1.60 
 
 

  
(100) 
(002) 
(101)  

0.4081 
0.3068 
0.3695 

20.25 
27.12 
22.63 

 
SnO2/ZnO 
 

0.3800 
0.4790 
0.4460 

21.75 
17.38 
18.75 

  
 
SnO2 
 

 
SnO2/ZnO 
 

 
 
4.75 
 

 
 
3.19 
 
 

 
 
0.67 
 
 

  
(110) 
(101) 
(200) 

0.6575 
0.3524 
0.3209 

12.42 
23.57 
26.19 

 
ZnO/SnO2 

0.7124 
0.3420 
0.5970 

11.46 
24.30 
14.08 

All diffraction peaks in Figure 2(a, b) confirm the 
coexistence of the hexagonal wurtzite structure of 
ZnO (JCPDS 36‑1451) and the tetragonal rutile 
structure of SnO2 (JCPDS 41‑1445). For 
ZnO/SnO2 composite thin film, the diffraction 
peaks at 2θ values of 31.7, 34.3, 36.2, 47.4, 56.6, 
62.7, 67.9 and 68.9° are indexed to the (100), (002), 
(101), (102), (110), (103), (112) and (201) planes of 
hexagonal wurtzite ZnO. The diffraction peaks at 
26.4, 33.7, 37.8, 51.5, 54.5, 64.8 and 65.6° are 
assigned to the (110), (101), (200), (211), (220), 
(310) and (301) planes of tetragonal rutile SnO2, 
and for SnO2/ZnO composite thin film, the 
diffraction peaks at 26.4, 33.7, 37.8, 51.5, 54.5, 
64.8 and 65.6° are assigned to the (110), (101), 
(200), (211), (220), (310), and (301) planes of 
tetragonal rutile SnO2. The diffraction peaks at 2θ 
values of 31.7, 34.4, 36.2, 47.4, 56.6, 62.7, 67.9 and 
68.9° are indexed to the (100), (002), (101), (102), 
(110), (103), (112) and (201) planes of hexagonal 
wurtzite ZnO. These diffraction peaks confirm 
that both hexagonal wurtzite ZnO and tetragonal 
rutile SnO2 phases coexist in the ZnO/SnO2 and 
SnO2/ZnO composite films, indicating that ZnO is 
successfully deposited on SnO2 and SnO2 is 
successfully deposited on ZnO. It is also noted that 
the characteristic SnO2 peaks in the ZnO/SnO2 
composite and the ZnO peaks in the SnO2/ZnO 
composite are still present, confirming that 
neither phase disappears in the heterostructures.  

The structural parameters, including the 
lattice constants (a, c) and the (c/a) ratio, the 
crystallite size (D), microstrain (ε) and dislocation 
density (δ) were determined from the first 
crystallographic planes (100), (002), (101) for ZnO 
and (110), (101), (200) for SnO2  using the 
following equations: 
 
2𝑑𝑑ℎ𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑛𝑛𝑛𝑛                                                       (2) 
(ZnO) 1

𝑑𝑑ℎ𝑘𝑘𝑘𝑘
2 = 4

3
(ℎ2+ℎ𝑘𝑘+𝑘𝑘2)

𝑎𝑎2
+ 𝑙𝑙2

𝑐𝑐2
                                        (3) 

(SnO2) 1
𝑑𝑑ℎ𝑘𝑘𝑘𝑘
2 = ℎ2+𝑘𝑘2

𝑎𝑎2
+ 𝑙𝑙2

𝑐𝑐2
                                              (4) 

𝐷𝐷 = 0.9𝜆𝜆
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

                           (5) 

𝜀𝜀 = 𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
4

                                                                (6) 
𝛿𝛿 = 1

𝐷𝐷2
                                                                   (7) 

 
where λ is the wavelength, β is the full width at 
half maximum (FWHM) of the diffraction peak 
and θ is the Bragg’s diffraction angle. The 
calculated lattice parameters are listed in Table 
1. These values for both ZnO and SnO2 in the two 
composite configurations are in good agreement 
with literature values [32,34,35], thereby 
confirming the phase purity of the composite 
structures. The crystallite sizes range from 16.61 
to 23.33 nm, indicating well-crystallized 
nanocomposite thin films suitable for enhanced 
photocatalytic and sonocatalytic applications.  

In order to better understand the differences 
in crystallite sizes between the two phases in the 
two configurations and stacking-dependent 
growth, a comparative analysis is presented in 
Table 2. It can be observed that the crystallite 
size of ZnO in the ZnO/SnO2 configuration (ZnO 
on top of SnO2) is larger than that in the 
SnO2/ZnO composite (ZnO beneath SnO2). A 
similar trend is noted for SnO2, whose crystallite 
size in the SnO2/ZnO composite (SnO2 on top of 
ZnO) is greater than that in the ZnO/SnO2 

Figure 2. XRD pattern of ZnO/SnO2 and 
SnO2/ZnO composite thin films. 

Table 1. Lattice parameters of ZnO and SnO2 in ZnO/SnO2 and SnO2/ZnO composites. 
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Metal Oxide Composite Position Dav (nm) ε (%) δ (×10⁻³ nm⁻²) 
 
ZnO 
 

ZnO/SnO2 Top 23.33 0.15 1.84 
SnO2/ZnO Bottom 19.29 0.18 2.68 
Difference Top > Bottom +4.04 (+21%) -0.03 +0.48 

 
SnO2 

SnO2/ZnO Top 20.73 0.19 2.32 
ZnO/SnO2 Bottom 16.61 0.23 3.63 
Difference Top > Bottom +4.12 (+25%) -0.04 +1.31 

composite (SnO2 beneath ZnO). The consistent 
observation that top layer phases exhibit 21-25% 
larger crystallite sizes than the bottom layers 
suggests a systematic growth behaviour 
dependent on deposition sequence. This enhanced 
crystallinity correlates with lower microstrain 
and dislocation density in the top layers (Table 2), 
indicating reduced lattice distortion during later 
deposition steps of ultrasonic spray pyrolysis. 
 

3.2. SEM and EDX Analysis 

The surface microstructure and morphology 
of ZnO/SnO2 and SnO2/ZnO composite thin films 
were characterized by scanning electron 
microscopy (SEM). The images in Figure 3 show 
that both films exhibit a dense, continuous surface 
composed of compact nanoscale grains, indicating 
good coalescence and densification of the film. The 
homogeneous grain size distribution, together 
with the low defect density and absence of visible 
cracks, suggests high film quality, which is 
beneficial for efficient charge transport in 
photocatalytic and sonocatalytic processes. 
Overall, these SEM observations confirm the 
formation of high-quality composite thin film. A 
cross-sectional SEM analysis was performed to 
further investigate the layered architecture of the 
deposited heterostructure. Figure 3(c) presents 
the cross-sectional SEM image of the SnO2/ZnO 
heterostructure, where two distinct layers can be 
observed, consistent with the sequential 
deposition of SnO2 and ZnO. Thickness 
measurements performed at different positions 
yielded values ranging from 0.48 to 0.63 μm for 

Table 2. Comparative crystallite size, microstrain and dislocation density analysis. 

Figure 3. SEM Images with EDX analysis of ZnO/SnO2 (a) and SnO2/ZnO (b), Cross-Sectional SEM of 
SnO2/ZnO (c). 

 (a) ZnO/SnO2 (b) SnO2/ZnO 

 
 
 

 

     

Si 
ZnO 
SnO2 
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the SnO2 layer and from 0.84 to 1.11 μm for the 
ZnO layer. Based on these measurements, the 
total film thickness was estimated to be 
approximately 1.32–1.74 μm. The clearly 
distinguishable layered architecture provides 
morphological evidence supporting the successful 
deposition and formation of the intended 
SnO2/ZnO heterostructure. 

The EDX analysis of ZnO/SnO2 and SnO2/ZnO 
composite thin films confirm the presence of the 
constituent elements Zn, Sn and O, with no 
additional impurity-related peaks within the 
sensitivity of the technique. In the ZnO/SnO2 
configuration a strong Zn and O peaks with low 
Sn intensity, consistent with a ZnO phase in the 
top layer and SnO2 in the bottom layer in the 
composite. Conversely, in the SnO2/ZnO 
configuration, the spectra are dominated by 
Intense Sn and O peaks with weaker Zn 
contribution, evidencing a SnO2 thin film 
deposited on a ZnO underlayer. The 
corresponding atomic percentages in both 
composite thin films are close to the nominal 
stoichiometry of ZnO and SnO2, indicating high 
chemical purity with absence of secondary phases 
or significant elemental contamination. 

 
3.3. Optical Properties 

Figure 4 displays the optical transmittance 
spectra in wavelength range of 350-850 nm for 
ZnO/SnO2 and SnO2/ZnO composite thin film. 
Both composite thin films display high 
transparency within the visible region. The 
ZnO/SnO2 thin film exhibits an average 
transmittance of approximately 75%, while the 
SnO2/ZnO thin film displays a higher 
transmittance of about 80%. In the near-
ultraviolet region, both composites exhibit a sharp 
decrease in optical transmittance, corresponding 
to a strong fundamental absorption edge. This 
strong absorption arises from interband optical 
transitions of electrons from the valence band to 
the conduction band.  

The optical band gap values of the two 
compounds were determined from Tauc plots 
using the following relationship [36]:  

 
𝛼𝛼(ℎ𝜐𝜐) = 𝐴𝐴(ℎ𝜐𝜐 − 𝐸𝐸𝐸𝐸)1 2⁄                              (8) 
 
Where α is the absorption coefficient, hν is the 
Photon energy and Eg is the optical band gap. 
From the plot of (αhν)2 versus (hν) in Figure 5, the 
gap energies were obtained by extrapolating the 
straight linear part of the curves to the photon 
energy axis. The ZnO/SnO2 composite thin film 
exhibits a band gap of 3.24 eV, whereas the 
SnO2/ZnO sample gives a slightly higher bad gap 
of 3.30 eV. These values correspond to absorption 
edges near 375-385 nm, indicating that both 
configurations are primarily activated under 
Ultraviolet or near-Ultraviolet excitation. These 
values are in good agreement with those reported 
in the literature [37-39]. 
 
3.4. Photocatalytic and Sonocatalytic Studies 

Figure 6 presents the absorption spectra of 
Methylene blue (MB) aqueous solutions under 
Ultraviolet and Ultrasonic irradiations using 
both ZnO/SnO2 and SnO2/ZnO composite thin 
films for photocatalytic (Figure 6 (a,b)) and 
sonocatalytic (Figure 6 (c,d)) degradation. The 
visible absorption spectrum of MB exhibits a 
characteristic peak around 664 nm, whose 
intensity decreases progressively with increasing 
irradiation time. The ZnO/SnO2 achieves 100% 
degradation after 240 min of UV irradiation and 
97% degradation after 40 min of US irradiation, 
whereas SnO2/ZnO reaches 65% after 240 min 
UV and 100% after 40 min US (Figure 7 (a,d)). 
Thus, the higher photocatalytic performance of 
ZnO/SnO2 compared with SnO2/ZnO is more 
plausibly associated with the different interfacial 
configurations resulting from the deposition 
sequence, which may influence interfacial charge 
transfer, defect states, crystallinity, and charge-

Figure 4. Transmittance spectra of ZnO/SnO2 and 
SnO2/ZnO composite thin films. 

Figure 5. Tauc plot of ZnO/SnO2 and SnO2/ZnO 
composite thin films. 
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carrier recombination. These interfacial effects 
can consequently affect the availability and 
lifetime of photogenerated charge carriers for 
surface redox reactions. 

In contrast, SnO2/ZnO exhibits higher 
sonocatalytic activity than ZnO/SnO2. This 
difference may be related, at least in part, to the 
distinct interfacial configuration and mechanical 
response of the two-layer systems under 
ultrasonic irradiation. The higher density of SnO2 
(6.95 g.cm⁻³) compared with ZnO (5.6 g.cm⁻³) may 
influence the mechanical behavior of the catalytic 
layer and its interaction with the acoustic field, 
although density alone cannot account for the 
observed difference in sonocatalytic activity. 
Other interfacial factors, including acoustic 
energy transfer, cavitation-related effects, surface 
properties, and charge-carrier processes, may also 
contribute to the enhanced sonocatalytic 
performance of the SnO₂/ZnO configuration [11]. 
In other research, High transparent ZnO-SnO2 
thin films with Zn:Sn (80:20) and sintered at 500 
°C, show the higher photo-degradation against 
MB [40].  

The contribution of direct UV photolysis to 
MB degradation was also investigated in our 

previous studies using the same irradiation 
conditions and in the absence of a photocatalyst 
[5,11]. The results showed only negligible MB 
degradation, confirming that direct photolysis 
has a limited role under the present experimental 
conditions. Therefore, the degradation observed 
in this work can mainly be attributed to the 
photocatalytic activity of the ZnO/SnO2 and 
SnO2/ZnO thin-film system. 

The degradation processes followed pseudo-
first-order kinetics, with degradation efficiencies 
(C/C0) shown in Figure 7 (b,e). The rate constant 
k was calculated using Langmuir-Hinshelwood 
relation: 
                                                                        
ln � 𝐶𝐶

𝐶𝐶0
� = −𝑘𝑘𝑘𝑘                 (9) 

 
Where k is the slope of the linear plot of ln(C/C0) 
versus time presented in Figure 7 (c,f) for both 
photocatalysis and sonocatalysis. All correlation 
coefficients (R²) exceeded the value of 0.9, 
confirming excellent fit to experimental data. 
Sonocatalysis exhibited the highest (k) values: 
0.081 min-1 for SnO2/ZnO and 0.073 min-1 for 
ZnO/SnO2 composite thin films. Compared to our 

Figure 6. Absorption spectra of MB with Photocatalysis in presence of (a) ZnO/SnO2, (b) SnO2/ZnO and 
with sonocatalysis in presence of (c) ZnO/SnO2, (d) SnO2. 
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previous work on individual components, SnO2 
showed superior sonocatalytic activity with k =  
0.148 min-1 [11]. In the other hand, for 
photocatalysis, ZnO/SnO2 achieved k =  0.016  
min-1 and  SnO2/ZnO k = 0.004 min-1, both 
exceeding pure ZnO ( k = 0.0038 min-1)  [24], and 
SnO2 (k = 0.00055 min-1, k = 0.00016 min-1) 
[11,24]. This demonstrates the synergetic effect 
between ZnO and SnO2, enhancing photo-
degradation.  

 
3.5. Photo-Sono-Degradation Mechanism 

A proposed photo-sono-degradation 
mechanism is illustrated in Figure 8. In the 

photocatalytic activity when the energy of light 
irradiation equal or greater than the energy 
bandgap of the photocatalyst, electrons ( 𝑒𝑒𝐶𝐶𝐶𝐶− ) are 
excited in the valence band (VB) to the conduction 
band (CB) leaving behind a holes (h+) [41,42]. 
(Equation 10). The semiconductors in the 
composite thin films ZnO/SnO2 and SnO2/ZnO 
exhibit matching band potentials and strong 
interfacial bonding. SnO2 displays the most 
positive conduction band edge potential, while 
ZnO has the least positive valence band edge 
potential. This configuration enables efficient 
photoinduced charge transfer, with electrons and 
holes migrating from one semiconductor to the 

Figure 7. Degradation of methylene blue vs time, (C/C0) vs Time (t), ln (C/C0) vs Time (t) with photocatalysis 
(a,b,c) and sonocatalysis (d,e,f). 
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other under energy light irradiation. Under UV 
irradiation, the photogenerated electron-hole 
pairs may participate in interfacial redox 
reactions. The photogenerated electrons can 
potentially reduce dissolved oxygen molecules 
(𝑂𝑂2)  to radical anion of oxygen (· 𝑂𝑂2−)  Equation 
(11), whereas photogenerated holes may oxidize 
surface H2O to generate hydroxyl radicals (· 𝑂𝑂𝑂𝑂) 
Equation (12). Further reactions involving 
oxygen-derived species may lead to H2O2 
formation and subsequent production of 
additional reactive species. These pathways 
represent plausible ROS-generation routes 
commonly proposed for semiconductor 
photocatalysis. In the sonocatalysis process, 
under US irradiation, a hot spots with high 
temperatures and pressure are formed by 
ultrasonic cavitation which pyrolyze the water 
molecules into  (𝐻𝐻 ·) and (· 𝑂𝑂𝑂𝑂) radicals Equation 
(13). 

Finally, the hydroxyl radicals and oxygen 
anions produced during both photocatalysis and 
sonocatalysis processes play a crucial role in the 
degradation of organic pollutants, as depicted in 
Equation (14). 
 
𝑍𝑍𝑍𝑍𝑍𝑍/𝑆𝑆𝑆𝑆𝑆𝑆2 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆2/𝑍𝑍𝑍𝑍𝑍𝑍 + ℎ𝜈𝜈 →  𝑒𝑒𝐶𝐶𝐶𝐶− + ℎ𝑉𝑉𝑉𝑉+         (10) 
𝑒𝑒𝐶𝐶𝐶𝐶− + 𝑂𝑂2  → · 𝑂𝑂2−                  (11) 
ℎ𝑉𝑉𝑉𝑉+ +𝐻𝐻2𝑂𝑂→ · 𝑂𝑂𝑂𝑂 + 𝐻𝐻+                                       (12) 
𝑍𝑍𝑍𝑍𝑍𝑍/𝑆𝑆𝑆𝑆𝑆𝑆2 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆2/𝑍𝑍𝑍𝑍𝑍𝑍 +𝑈𝑈𝑈𝑈ͻͻͻ +𝐻𝐻2𝑂𝑂 → 𝐻𝐻 · + ·
𝑂𝑂𝑂𝑂                                                  (13) 

· 𝑂𝑂𝑂𝑂 (𝑜𝑜𝑜𝑜 · 𝑂𝑂2−)  + 𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑→ 𝐶𝐶𝐶𝐶2 +  𝐻𝐻2𝑂𝑂+
 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝                                         (14) 

 
It should be noted that previous XPS 

investigations of ZnO and SnO2 thin films have 
reported defect-related oxygen species and 
oxygen-vacancy-related contributions [8,11]. In 
ZnO thin films, the O 1s spectrum was resolved 
into metal-oxygen, defect-related oxygen, and 
organic-related contributions, with the defect-
related oxygen component located at 
approximately 531.8 eV [8]. For SnO2 thin films, 
the Sn 3d spectra revealed contributions 
associated with Sn⁴⁺ and Sn²⁺ chemical states, 
while the O 1s spectrum was deconvoluted into 
components attributed to metal-oxygen bonds, 
hydroxyl/defect-related oxygen species, and 
organic species [11]. Based on these previous 
reports, the possible contribution of oxygen 
vacancies and surface defects to the 
photocatalytic and antibacterial performance is 
therefore discussed as a plausible contributing 
factor rather than as a directly established 
mechanism. 

In this study, the ZnO/SnO2 and SnO2/ZnO 
composites thin films exhibit a marked 
enhancement in photocatalytic and sonocatalytic 
performance compared to their individual 
components. This enhacement may be associated 
with improved interfacial charge-transfer 
processes and reduced electron-hole 

Figure 8. proposed charge transfer mechanism over ZnO/SnO2 and SnO2/ZnO heterostructure. 
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recombination at the ZnO/SnO2 and SnO2/ZnO 
heterojunction interface. These processes are 
proposed based on the observed photocatalytic 
and sonocatalytic behaviour.   

 
3.6. Antibacterial Study  

The antibacterial activity of the ZnO/SnO2 
and SnO2/ZnO thin-film heterojunctions was 
qualitatively evaluated under strictly dark 
conditions after 24 h of incubation. The 
macroscopic observations presented in Figure 
9(a–c) reveal clear differences in bacterial 
proliferation depending on the nature of the outer 
layer in direct contact with the agar medium. As 
shown in Fig. 9(a), the control sample exhibits 
abundant and relatively homogeneous bacterial 
proliferation of Pseudomonas aeruginosa, 
confirming that the experimental conditions and 
culture medium were suitable for bacterial growth 
and did not intrinsically inhibit proliferation. In 
Figure 9(b), corresponding to the SnO2/ZnO 
configuration, with SnO2 as the outer layer in 
contact with the agar, a noticeable reduction in 
bacterial proliferation is observed compared with 
the control, indicating a moderate antibacterial 
effect. In contrast, Figure 9(c), corresponding to 
the ZnO/SnO2 configuration, with ZnO as the 
outer layer in contact with the agar, exhibits a 
substantially lower bacterial proliferation, 
suggesting a stronger antibacterial effect under 
the investigated dark conditions. These 
observations indicate that the antibacterial 
response is influenced by the nature of the 
outermost oxide layer and, consequently, by the 
surface properties of the heterostructure. 

Since the experiments were conducted in 
complete darkness, the observed antibacterial 
activity cannot be attributed to conventional light-
induced photocatalytic excitation. Instead, it may 

involve light-independent surface-mediated 
interactions between the oxide surface and 
bacterial cells. In the case of ZnO, previous 
studies have reported that oxygen vacancies and 
other surface electronic defects can influence 
charge-transfer processes involving adsorbed 
oxygen species, potentially contributing to the 
formation of reactive oxygen species (ROS) even 
in the absence of external illumination [43]. Such 
defect-mediated surface redox processes have 
been proposed as possible contributors to 
antibacterial activity under dark conditions. 
ROS, when generated, may induce oxidative 
stress through membrane lipid peroxidation, 
protein oxidation, and DNA damage, ultimately 
affecting bacterial viability [44]. 

However, it should be emphasized that ROS 
generation under dark conditions was not 
directly measured in the present study using 
specific techniques such as fluorescence-based 
ROS probes, electron paramagnetic resonance 
(EPR/ESR), or ROS-scavenging experiments. 
Therefore, oxygen-vacancy-mediated ROS 
generation is considered here as a plausible 
mechanistic pathway based on previous 
literature rather than as an experimentally 
demonstrated mechanism for the present 
ZnO/SnO2 heterostructures. Further dedicated 
experiments would be required to directly verify 
the contribution of ROS to the observed 
antibacterial activity under dark conditions. 

For SnO2, although oxygen vacancies and 
surface electronic states have also been reported 
[45], its antibacterial behavior under dark 
conditions may additionally involve direct 
surface–bacteria interactions. Direct contact 
between the oxide surface and bacterial cells can 
affect cell-envelope integrity and bacterial 
adhesion, potentially leading to membrane 
destabilization and loss of cellular viability [46]. 
Furthermore, physicochemical surface 
characteristics, including surface roughness, 
nanometric topography, surface energy, and 
surface charge, may influence bacterial adhesion 
and subsequent cell–surface interactions [46,47]. 
Depending on the physicochemical conditions of 
the medium, surface charging of SnO2 may also 
affect its electrostatic interactions with bacterial 
cell membranes and contribute to membrane 
destabilization [47]. 

In summary, this comparative analysis 
demonstrates that the antibacterial activity 
under dark conditions strongly depends on the 
nature of the exposed surface. The more 
pronounced inhibition observed for the ZnO/SnO2 
configuration is consistent with a mechanism 
involving local ROS generation mediated by 
structural defects in ZnO, independently of any 
photocatalytic process. 

 

Figure 9. Optical images of Pseudomonas 
Aeruginosa bacteria growth after 24 h of 
incubation under effect of ZnO/SnO2 and 
SnO2/ZnO nanofilms. 
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4. Conclusion  
ZnO/SnO2 and SnO2/ZnO composite thin films 

were successfully prepared using the ultrasonic 
spray pyrolysis technique. XRD investigations 
confirmed the existence of the hexagonal wurtzite 
ZnO and tetragonal rutile SnO2 phases in both 
composites films. SEM analysis revealed dense, 
continuous surface with compact nanoscale grains 
showing good coalescence, while EDX analysis 
confirmed the presence of Zn, Sn, and O, without 
detectable impurities. Optical properties 
measurements showed high transparency in the 
visible range and strong UV absorption, 
consistent with the wide bandgap nature of the 
constituent oxides. The composite thin films 
exhibited significantly improved photocatalytic, 
sonocatalytic and antibacterial performance 
compared with the corresponding individual 
components, over pure components due to efficient 
heterojunction charge separation and reactive 
oxygen species generation with the magnitude of 
the enhancement depending on the stacking 
sequence. In particular, ZnO/SnO2 showed 
superior photocatalytic and antibacterial 
performance, whereas SnO2/ZnO exhibited higher 
sonocatalytic activity. These differences indicate 
that the deposition sequence plays an important 
role in determining the functional performance of 
the ZnO/SnO2 heterostructures. The observed 
enhancement may be associated with interfacial 
interactions between ZnO and SnO2 and with 
improved charge-transfer and reactive-species 
processes; however, these mechanistic aspects 
should be considered as proposed interpretations 
rather than directly verified conclusions. Overall, 
the results demonstrate that controlling the 
stacking sequence of ZnO/SnO2 and SnO2/ZnO 
thin-film heterostructures is an effective approach 
for tuning their photocatalytic, sonocatalytic, and 
antibacterial properties. 
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