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Abstract
                         

The current study used the spray pyrolysis method to prepare tin oxide, manganese oxide, and SnO2/
Mn3O4 hybrid bilayer thin films. The primary solutions for the deposition process were produced 
utilizing the sol-gel method. X-ray diffraction, energy-dispersive X-ray spectroscopy, field emission 
scanning electron microscopy (FESEM), Fourier transform infrared (FTIR) spectroscopy, and 
photoluminescence spectroscopy were used to analyze the grown films. XRD spectrum of SnO2, 

Mn3O4, and SnO2/Mn3O4 hybrid bilayer thin film shows that SnO2 thin film has a polycrystalline struc-
ture with a tetragonal cassiterite phase, Mn3O4 thin film shows a lower crystallinity degree due to the 
powdery nature of its surface, and XRD pattern of SnO2/Mn3O4 hybrid thin film has a polycrystalline 
structure. From the FESEM, the surface morphology of SnO2 thin film is crack-free and regular with 
incessant grain distribution. FESEM micrographs of the synthesized Mn3O4 thin film and the perfectly 
spherical grains of Mn3O4 are uniform and entirely separate, with an average size of less than 50 nm. 
FESSEM micrographs of SnO2/Mn3O4 hybrid thin film exhibit an uneven and porous polycrystalline 
structure with polyhedral granulation. The film’s antibacterial properties were evaluated for standard 
gram-negative bacteria  (GNB) and gram-positive bacteria (GPB), namely Staphylococcus aureus and 
Escherichia coli. According to the results, the hybrid bilayers have demonstrated better antibacterial 
properties than tin oxide and manganese oxide monolayers. These findings ascertain the role the 
hybrid thin film nanocomposites play in the biomedical field’s potential applications.
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Introduction

The disinfection of water, sewage, and various 
surfaces is essential in domestic consumption 
and different industries. It is obvious since, for 
instance, different surfaces contain large amounts 
of microorganisms, which renders the need to use 

antimicrobial agents that negatively impact the 
environment of particular importance. Conventional 
methods such as ultraviolet light, ozone, and chlorine 
dioxide are effective against most pathogens [1–4]. 
However, these chemical disinfectants can react with 
wide variety of compounds in water or air, many of 
which are deemed carcinogenic, in addition to the fact 
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that the synthesis methods are usually costly, thus, are 
not economical on a large scale [5–7]. 

The  pho toca ta lys t  mate r ia l s  a re  the  mos t 
straightforward and inexpensive methods of dealing 
with microorganisms [8]. Antimicrobial minerals 
are used in various forms, such as powder. The 
problem with using the powder is that the particles 
may agglomerate and disrupt the photocatalytic 
performance. In addition, powdery materials are 
difficult to separate and recover. For these reasons, 
using motionless photocatalysts such as thin films has 
been recently considered by researchers [9–11]. 

Matsunaga et al. first reported on titanium dioxide’s 
antibacterial properties in 1985 [12]. After that, 
researchers considered semiconductor materials with 
significant band gaps, such as zinc oxide, silicon oxide, 
and tin oxide, where intensive work was devoted 
to investigating the antibacterial properties of these 
materials [13–18]. Tin oxide- and manganese oxide-
based nanocomposites were potential materials for 
that researchers have intensively examined their 
antibacterial activity. For instance, Talebian et al. 
studied the antibacterial properties of ZnO/SnO2 

nanocomposite thin film on E. coli. Their results 
showed that the nanocomposite’s antibacterial activity 
was better than that of the thin film of tin oxide and zinc 
oxide alone [19]. Additionally, Henry et al. revealed 
that the sol-gel spin coating method of tin oxide thin 
film has good antibacterial action against Bacillus and 
E. coli. [20]. In another work, Belkhedkar and Ubale 
found that the antibacterial activity of manganese oxide 
thin film was significantly enhanced by increasing its 
film thickness [21]. In their later research, Belkhedkar 
and Ubale investigated the impact of adding iron 
impurities on the antibacterial properties of Mn3O4 
thin film. According to the study results, manganese 
oxide had a very high antibacterial activity, further 
increasing iron impurities [22]. Omar et al. examined 
the antibacterial and antifungal activities of ZnO-
SnO2 nanocomposite, which was grown by the sol-gel 
method, against different types of bacteria and fungi. 
Their findings showed greater effectiveness of ZnO-
SnO2 nanocomposite with 7 mg/cm3 concentration 
against the gram-positive bacteria and fungi with 
inhibition ability of 80% [23]. 

In another work, Phukan et al. demonstrated a 
reasonable inhibition rate of successfully synthesized 
SnO2 nanoparticles supported with montmorillonite 
clay against GPB and GNP strains [24]. Most recently, 
Sathishkumar and Geethalakshmi managed to promote 

the antibacterial activity against P. aeruginosa and 
S. aureus microorganisms using SnO2 nanoparticles 
doped with 9% (mass fraction) of Cu content, which 
was produced via a simple microwave-assisted method.

Although manganese oxide was reported to 
demonstrate excellent antibacterial properties, 
in general, very few articles have examined its 
antibacterial activity. Furthermore, no research has 
been conducted to explore the antibacterial properties 
of bilayer thin film composed of tin oxide/manganese 
oxide. Thus, this research was meant to investigate 
the antibacterial properties of tin oxide/manganese 
oxide bilayer thin film nanocomposite and compare the 
obtained results with the monolayer of these structures. 
As far as the author knows, this is the first trial using 
a bilayer of SnO2/Mn3O4  to enhance the antibacterial 
properties.

Materials and Methods
Materials

Merck Sigma Aldrich supplied all the necessary 
precursors and chemicals used in this research. The 
standard GNB of Escherichia coli DH5 alpha (ATCC 
25922) (1399PTCC) and gram-positive bacterium of 
Staphylococcus aureus were purchased from Iran’s 
Scientific Industrial Research Centre.

Monolayer and bilayer thin films preparation
Initial solutions were prepared using tin chloride 

(SnCl2·5H2O) and manganese acetate (C4H6MnO4) 
precursors via the sol-gel method, as reported in 
previous research works [25, 26].  Tin oxide solution 
was prepared by mixing tin chloride (0.10 mol/L) and 
ethanol with appropriate molar ratios of 1:1.2 under 
vigorous stirring at ambient temperature. A white 
solution was obtained, which was discarded for 24 
h until the solution color changed to clear yellow. 
Manganese acetate (0.10 mol/L), citric acid, and propyl 
alcohol were mixed with appropriate molar ratios of 
0.1:1:1 to prepare a manganese oxide solution, and the 
solution was stirred for 12 h. The pH of the solution 
was set to 9 using ammonium hydroxide. Subsequently, 
acetone and an ultrasonic bath were used to clean glass 
substrates and deposit the synthesized solutions, which 
was carried out using spray pyrolysis technique. The 
deposition parameters, such as substrate temperature, 
solution spray rate, and substrate-nozzle distance, 
were 500 °C, 3 mL/min, and 30 cm, respectively. The 
detailed procedures used to perform the experimental 
preparation of the monolayer and bilayer thin films are 
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depicted in Fig. 1.

Characterization of monolayer and bilayer thin 
films 

The properties of the prepared monolayer of 
SnO2 and Mn3O4, as well as its hybrid bilayer thin 
film of SnO2/Mn3O4, were examined using different 
characterization tools. The structural properties 
were analyzed using XRD (Model D8 Advance 
Bruker YT diffractometer) via CuKα radiation of 
λ = 1.5418 Å in the 2θ range of 5°—80°. FESEM 
(Model MIRA3 TESCAN-XMU) equipped with EDX 
spectrophotometer was employed to examine the 
morphology of the surface and elemental chemical 
composition of the gained thin films. FTIR (Model 
Nicolet AVATAR 370) was used in the area of 400—
4000 cm–1 to confirm the successful synthesis of the 
monolayer and hybrid bilayer thin films by examining 
the chemical bonds’ vibrational modes in each sample. 
The photoluminescence properties were investigated 
employing the PL device (Model Perkin Elmer LS 
45) in the area of 400—800 nm, and the antibacterial 
properties of the synthesized monolayer and hybrid 
bilayer thin films against standard GNB and GPB were 
evaluated.

Results and Discussion
XRD analysis

The XRD spectrum of SnO2 thin film is shown in 
Fig. 2(a) and is marked with black. Diffraction peaks 
with plane indices of (110), (101), (111), (211), (220), 
(221), and (112) referred to the formation of SnO2 
crystalline structure with a tetragonal cassiterite phase 
(JCPDS Card No. 41-1445). The lattice parameters 
of a = 4.71 Å and c = 3.19 Å were obtained, which 
perfectly accord with the bulk values published by 
other researchers [27–29].

XRD spectrum of Mn3O4 thin film deposited using 
the spray pyrolysis method is shown in Fig. 2(b). The 
Mn3O4 thin film shows a lower crystallinity degree 
because of its powdery surface. Poor crystallization of 
the structure might be due to the impact of saturation 
reaction and atomic species re-evaporation throughout 
spraying from the nozzle to the substrate [30]. The 
diffraction peaks related to plane indices of (101), 
(112), (103), (211), (004), (220), and with (103) 
predominant orientation confirm the formation of 
Mn3O4 tetragonal phase with I41/amd spatial group as 
compared with the standard value of JCPDS-24-0734. 

The XRD pattern of SnO2/Mn3O4 hybrid thin film 

Fig. 2 XRD spectrum of (a) SnO2 thin film (black color) and SnO2/Mn3O4 hybrid bilayer (red dotted line), (b) Mn3O4 thin film 
synthesized by spray pyrolysis method

Fig. 1 Experimental preparation procedures of the monolayer and bilayer thin films
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nanocomposite synthesized by spray pyrolysis method, 
shown in Fig. 2(a) with the red dotted line, suggests 
that it has a polycrystalline structure. X'Pert software 
was used to validate the existence of the two phases 
of SnO2 and Mn3O4, which agrees with the standard 
values of 01-077-0447 for SnO2 and 01-089-4837 for 
Mn3O4. Given that the intensity of the peaks related to 
manganese oxide is much lower than that of tin oxide, 
and SnO2 layer is synthesized on the Mn3O4 layer, the 
presence of these peaks related to Mn3O4 in the hybrid 
thin film nanocomposite is inconspicuous. 

The crystal size was calculated based on the most 
intense peak for all thin film samples using Scherrer’s 
formula that is given by

d = kλ/(βcosθ) (1)

where d is the crystal’s grain size, k = 0.9, λ = 0.154 
nm is the X-ray wavelength of CuKα source, β is 
FWHM of the most intense peak, and θ is the Bragg’s 
diffraction angle [31–34]. The mean crystal’s grain 
sizes of SnO2, Mn3O4, and SnO2/Mn3O4 thin films 
calculated based on their most intense peak are shown 
in Table 1.

SEM and EDX analysis
The morphological behavior was investigated 

using FESEM, as illustrated in Fig. 3. It is seen that 
the SnO2 thin film surface morphology, as depicted in 
Fig. 3(a), is crack-free and uniform with a continuous 
grain distribution. Large polyhedral grains in this 
micrograph indicate the formation of tightly packed-

shaped crystals. The structure of the formed grains is 
similar to that reported by other researchers [35, 36]. 
FESEM micrographs of the synthesized Mn3O4 thin 
film are shown in Fig. 3(b). According to the images, 
the perfectly spherical grains of Mn3O4 are uniform 
and entirely separate, with an average size of less than 
50 nm. Figure 3(c) shows the FESSM micrographs 
of SnO2/Mn3O4 hybrid thin film nanocomposite. 
The bilayer thin film sample exhibits an uneven and 
porous polycrystalline structure with polyhedral 
granulation. The elemental composition of SnO2/
Mn3O4 hybrid thin film nanocomposite was analyzed 
using energy-dispersive spectroscopy, as shown in Fig. 
4. The presence of Sn and Mn elements confirms the 
formation of tin oxide/manganese oxide hybrid bilayer.

FTIR analysis

FTIR measurements performed for monolayer and 
bilayer in the area of 400—4000 cm–1 are illustrated in 
Fig. 5. As manifested in Fig. 5(a), the FTIR spectrum 
of SnO2 thin film shows a strong band noticed at 
1000 cm–1, which is specified to the vibration of Sn—
OH, while the bands seen at 760 and 500 cm–1 are 
related to Sn—O—Sn and Sn—O bending vibrations, 
respectively [37-39]. The observed bands in the 3000—
3600 cm-1 range are related to the stretching vibrations 
of hydroxyl groups [40]. Figure 5(b) demonstrates the 
spectrum of Mn3O4 thin film. It is apparent that the 
spectrum exhibits three distinct bands at 609, 513, and 
413 cm–1, which are ascribed to stretching vibrations 
of Mn—O and Mn—O—Mn, respectively [41, 42]. 

Table 1 Crystal’s grain size of SnO2, Mn3O4 and SnO2/Mn3O4 thin films

SnO2 Mn3O4 SnO2/Mn3O4

2θ(°) D (nm) 2θ(°) D (nm) 2θ(°) D (nm)

26.627 25.83 29.1749 14.03 26.634 25.44

Fig. 3 FESEM Micrographs of (a) SnO2 thin film, (b) Mn3O4 thin film and (c) SnO2/Mn3O4 hybrid bilayer synthesized by spray 
pyrolysis method
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200 nm 200 nm



284 Nano Biomed. Eng., 2022, Vol. 14, Iss. 3

http://www.nanobe.org

Finally, the formation of SnO2/Mn3O4 hybrid thin 
film nanocomposite is made evident by the spectrum 
shown in Fig. 5(c), where all vibrations at the bands 
designated for the monolayers of SnO2 and Mn3O4 are 
observed.

Optical properties

The obtained photoluminescence spectra of 
monolayer and bilayer thin films in the area of 400—
800 nm are demonstrated in Fig. 6. When excited at 
450 nm, one visible peak appeared at 650 nm. The 
photoluminescence spectrum of SnO2 thin film shown 

in Fig. 6(a) exhibits a prominent peak at 650 nm. The 
main peak recorded at about 650 nm is ascribed to a 
defect-related luminescence, possibly because of the 
oxygen vacancies and unoccupied electron states in the 
dangling bonds of the SnO2 crystal’s surface [43]. 

Figure 6(b) shows the photoluminescence spectrum 
of Mn3O4 thin film with an excitation wavelength of 
275 nm. As can be seen, four emission peaks at 399, 
416, 449, and 498 nm were attained. The emission 
bands set at 399 nm and 416 nm correspond to the 
recombination and emission of free excitons through 
an exciton-exciton collision process near band edges. 
A prominent blue emission at 449 nm and a green 
emission monitored at 498 nm can be assigned to the 
radial recombination of the photo-generated hole with 
an electron resulting in singly ionized oxygen vacancy-
related defects [44].

Finally, Fig. 6(c) shows the emission spectrum of 
SnO2/Mn3O4 bilayer hybrid thin film nanocomposite. 
The PL spectra of this sample show broad UV and 
low intense visible peaks at about 420 and 750 nm, 
respectively, when excited at 368 nm. The emission 
spectrum shows a strong band at 420 nm. From 
another perspective, it is noticed that the deposition of 

Fig. 4 EDS of SnO2/Mn3O4 hybrid thin film
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SnO2 film on Mn3O4 film reduced the intensity of the 
photoluminescence light produced. For pure SnO2 thin 
film, the emission resulting from the electron transfer 
is mediated by the level of a defect in the band gap, 
such as tin interstitial and oxygen vacancy. Therefore, 
defects in the luminescence process played a significant 
role after depositing SnO2 on Mn3O4 film.
Antibacterial properties 

The antibacterial properties of SnO2, Mn3O4, and 
SnO2/Mn3O4 heterojunction were investigated. The 
experimental results obtained for Staphylococcus 
aureus and Escherichia coli bacteria, when cultured on 

an empty glass substrate and the surfaces of these thin 
films for 24 h, are manifested in Figs. 7 and 8. 

Notably, the diffusion of metal ions is crucial 
in determining antibacterial activity [45]. Various 
mechanisms behind bacterial growth inhibition 
because of the metal oxide nanostructures were 
reported, including nanostructures decomposition, 
reactive oxygen species formation, electrostatic 
interaction of nanostructures having cell walls, and 
their photocatalytic optical activity [46, 47]. As evident 
in Fig. 7, the antibacterial activity of SnO2 thin film 
against Staphylococcus aureus exhibited inhibition 

Fig. 6 Photoluminescence spectra of the thin films of (a) Mn3O4, (b) SnO2, and (c) SnO2/Mn3O4
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of bacterial growth of about 80%. On the other hand, 
the antibacterial efficacy against Staphylococcus 
aureus cultured on Mn3O4 thin film showed inhibition 
of bacterial growth of more than 90%. These 
results are believed to be related to the increase in 
manganese and hydroxyl ions released from the 
surface, which destroyed the surface microorganisms. 
More interestingly, it was found that the percentage 
of bacterial growth inhibition of the SnO2/Mn3O4 
heterojunction thin film was much better than that of 
the previous two films, which was above 99%. Various 
factors affect the antibacterial activity, including the 
concentration of nanoparticles used. Many studies 
show that increasing the concentration of nanoparticles 
increases their antibacterial activity [48–51]. In the 
bilayer sample, the concentration of nanoparticles is 
higher than in the monolayer samples, so the bilayer 
sample shows much higher antibacterial activity than 
the monolayer samples.

Similarly, as observed in Fig. 8, SnO2, Mn3O4, and 
SnO2/Mn3O4 heterojunction thin films, compared with 
the control sample, have also inhibited the Escherichia 
coli bacterial growth of more than 70%, 80%, and 99%, 
respectively. It is seen that the deposition of SnO2 and 
Mn3O4 on each other and the successful creation of the 
heterojunction had a significant impact on inhibiting 
the growth of both GPB and GNB. The reason for more 
resistance of Escherichia coli to Staphylococcus aureus 
is the difference between the membrane structure of 
GNB and GPB, and the difference in the thickness of 
their peptidoglycans. GPB, such as Staphylococcus 
aureus, has multilayered and thick peptidoglycans. 
Still, GNB, such as Escherichia coli, has thinner 
peptidoglycans, but their outer membrane contains 
lipopolysaccharide and low permeability to antibiotic 
and antibiotic agents. Therefore, the efficiency of the 
synthesized thin films against Staphylococcus aureus is 
higher than that of Escherichia coli.

Conclusion

In this research, primary solutions of tin oxide 
and manganese oxide were prepared using the sol-
gel method. Then, tin oxide, manganese oxide thin 
films, and SnO2/Mn3O4 hybrid bilayers thin film 
were deposited by the spray pyrolysis method at a 
temperature of about 500 °C. The XRD spectrum and 
EDX results confirmed the desired structures formed 
without impurities. According to FESEM images, the 
grain size in all samples was on a nanometer scale. 
FTIR measurements in the 400—1000 cm–1 were 
performed for all the studied films, and the existing 
peaks for the produced thin films were confirmed. 
Furthermore, the photoluminescence spectroscopy 
of the films showed that the deposition of SnO2 
film on Mn3O4 film had reduced the intensity of 
photoluminescence light of SnO2. Measurement of the 
monolayer and bilayer films’ antibacterial properties 
against the standard gram-negative and gram-positive 
bacteria of Escherichia coli and Staphylococcus 
aureus, respectively, showed that the hybrid bilayer 
had demonstrated better antibacterial properties as 
compared with that of tin oxide and manganese oxide 
monolayers. 
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