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gel technique, and dipping method and evaluated for photocatalytic
application to decompose methylene blue (MB). Structural, morphological,
and optical measurements were investigated using XRD, AFM, SEM, and
UV-Vis DRS spectroscopy. SEM images showed that the Ag/SnO, thin
films were homogeneous and the particle size increased with increasing
Ag doping content. The optical properties illustrated as Ag doping content
increased, energy gap values of Ag/SnO, films reduced. Results showed the
best Ag doping was 6wt%, with 82% degradation efficiency and obvious
constant (kapp) 0f 9.68 x 10> min~! after 3 h under UV irradiation.

How to cite this article

Mahdi A. Fabrication and Photocatalytic Evaluation of Ag/SnO, Composites in the Treatment of Polluted Water. ] Nanostruct,

2025; 15(3):1121-1129. DOI: 10.22052/JNS.2025.03.030

INTRODUCTION

Many industrials release various organic
and inorganic pollutants into the environment.
These liquid or solid wastes contain oils, dyes,
and various other chemicals that are harmful
for the environment and threaten human
life. Consequently, there is a need to develop
advanced, environmentally friendly wastewater
purification  technologies before releasing
pollutants into the environment. One of the
most promising and advanced methods is the
decomposition of organic pollutants such as
dyes and other harmless substances using
photocatalytic technology [1]. SnO, is one of the
important semiconductor materials, attracting the
interest of researchers as a photocatalytic material
[2]. SnO, is a semiconductor with a direct bandgap
of 3.6 to 4.0 eV, which depend on the preparation
method and related conditions. This compound is
* Corresponding Author Email: dnanmshb7@gmail.com

used in a variety of fields, including electronics,
sensors, detectors, cosmetics, and photocatalysts
[2]. However, since visible light accounts for
about 45% of radiation of solar energy, while
ultraviolet light less than 10%, tin oxide is an
excellent absorber of both ultraviolet and visible
light in photocatalytic applications. To increase
the photocatalytic activity, cations (transition
metals) have been added to semiconductors in
a number of studies to improve their properties
and make them more suitable for photocatalytic
applications [3, 4]. The performance and efficiency
of photocatalyst can be improved by adding a
metal to SnO, using a suitable doping material
and preparation technique. For example, SnO,
doped with Ag can be used in photocatalytic
applications to improve the efficiency. In Ag/Sn0,,
Ag ions have the ability to act as acceptors. The
addition of Ag ions can enhance the absorption
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of wide window of light by reducing the bandgap
of the semiconductor [5-7]. SnO, thin films can be
produced using several preparation techniques,
including metal oxide chemical vapor deposition
(MOCVD) [8], sol-gel [9], spray pyrolysis [10], and
pulsed laser deposition (PLD) methods [11]. Sol-
gel is one of the most popular techniques due
to its simplicity, lack of sophisticated equipment,
controllability of film thickness, and high quality.
In this work, we used sol-gel technique and dip-
coating method to prepare Ag-doped SnO, thin
films for photocatalytic purposes. We used MB
dye as a water contaminant for the study. This
research aimed to evaluate the high concentration
of Ag substitution in SnO, and the degradation
potential of MB.

MATERIALS AND METHODS

Sol-gel dip coating is used to deposit Ag/SnO,
thin films on silicon (Si) (111) substrates. To get 0.1
M sol in absolute ethanol (99.9%), tin (1) acetate
(Sn(C,H,0,),, Merck, purity 99%) and silver nitrate
(AgNO,, Merck, purity > 97.0%) were utilized.
Tin (I1) sol was initially prepared by dissolving an
appropriate amount of Sn(C,H,0,), in ethanol
using a magnetic stirrer for three h at 80 °C. A
appropriate amount of AgNO, was dissolved in
ethanol and agitated for 2 h at room temperature
to create [Ag)/([Sn] + [Ag]) =4 mol% Ag-doped
solution. Then, two solutions were mixed for 1 h at
room temperature. The thin films were obtained
using dip coating with a withdrawal speed of 15
cm/min. The coating films were dried for 15 min
at 100 °C. Ten iterations of the thin film deposition
and drying procedures were carried out. The
as-deposited samples were then annealed in
atmosphere for 2 h at 550 °C. The photocatalytic
test was accomplished by an aqueous MB solution
(A = 664 nm) under UV (15 W UV tube, Aquake).
The solution of MB dye was 40 mL and specimens
were irradiated with UV source. The degradation
of the MB dye was measured using the absorption
spectra at orderly period (each 30 min) by a UV-
Vis spectroscopy (Shimadzu 1245 SAB). The MB
degradation efficiency (1) was evaluated using
equation [4]:

C,—C
n=Mx100 (1)
Co

where the starting concentration is denoted
by C, and the concentration following t min of
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photocatalysis is introduced by C.

The thickness of obtained films was measured
by an optical interferometer method; the thickness
was 260, 265, 256, and 264 nm for Ag/SnO, thin
filmsatO0, 2,4,and 6 wt% Ag, respectively. To display
the attributes of the structure, PW1841 Philips was
used for the X-ray diffraction (XRD, Cu-Ka, A=0.154
nm). A Shimadzu 1245 SA UV/Vis spectroscopy
was used to record the optical characteristics. The
MIRA3 TESCAN-XMU FESEM device was used to
identify the surface morphology.

RESULTS AND DISCUSSION

Fig. 1 showed the XRD patterns of the SnO,
thin films doped with Ag at 0, 2, 4, and 6 wt%.
The peaks recorded for the diffraction patterns
were appeared at angles of 31.16°, 36.34°,
51.01°, and 66.43°, which are related to the (111),
(200), (220), and (222) phase, respectively. These
results indicate that prepared films consist of
nanoparticles with a tetrahedral network, which
is consistent with JCPDS cards 43-1038 and 33-
1374. 1t can be observed that with increasing silver
concentration, the dominant reflection peak of
(111) decreases, indicating that the SnO, particles
have been deposited in non-substituted interfacial
sites [12]. Also, it can be observed that the Ag
diffraction peaks gradually appear with increasing
Ag concentrations from 2 to 6 wt% (JCPDS card
No. 04-0783), indicating the entry of Ag particles
into the SnO, crystalline structure, where new
peaks appeared at 40.64° and 51.01° corresponds
to the (201) and (302) phase of AgO, respectively.
The emergence of AgO phase led to a reduction
in the crystal size and thus will increase the
photocatalytic efficiency of the Ag/ SnO, particles
[13]. To calculate the crystallite size, the Debye-
Scherrer formula [14] was used at the (111) plane
(Table 1), as follows:

KA

- B cos6

()

where 0 represent diffraction angle, K represent
constant value (0.9), B represent full width at
half maximum (FWHM) of the peak in radians,
and A (1.54 A ) represent the wavelength of the
X-ray beam. We observe that the crystallite size
decreases when the silver concentration increases
to 6 wt%, which can be attributed to the stress
resulting from the difference in ion size between
silver and tin [15].
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Fig. 2 provides a good illustration of the SnO,
film structure, showing prepared films with good
surface homogeneity. We observe that the doping
with particles creates a more uniform particle
distribution in the prepared film, altering the
particle size, changing the atomic positions, and
causing recrystallization. The smoothness of the
films can be attributed to the arrangement of
surface atoms to produce a secondary energy
state. The small spherical grains cluster to express
the Ag doping, resulting in an extremely smooth
surface with little roughness. Results in terms of
grain distribution and roughness are summarized
in Table 2, which shows that the film grain size,

roughness, and root mean square (RMS) ratios
decrease with increasing silver doping ratios.
Consequently, as the grain size decreases, the film
roughness increases [16].

FESEM analysis was employed to examine the
surface morphology of the Ag/SnO, thin films.
FESEM images of samples on Si substrates were
displayed in Figs. 3(a-d). The surface of the films
varies with concentration of Ag. We discovered
that the surface of SnO, has a shape resembling
strings. The surface of the SnO,:2wt%Ag film is
not uniform, but the Sn0,:4wt%Ag film exhibits
a large number of uniformly sized particles. The
nonuniform surface of the SnO,:6wt%Ag film

(111)

o A P M

Intensity (a. u.)

(200) (201)

L

(222)

302) (2
(302) (220) @

—

.

| N )Y W

20

W W -
' WLJL N |
30 40

50 60 70

20 (degree)

Fig. 1. XRD patterns of (a) pure SnO,, (b-d) SnO, thin films doped with Ag at 2, 4, and 6 wt%.

Table 1. XRD data of resulting SnO, and Ag/SnO, thin films.

Samples 20 FWHM (8) Crystallite Size (nm)
Sn0O: 31.164 0.3304 24.746
Sn02:2wt%Ag 31.162 0.3721 23.883
SnO2:4wt%Ag 31.159 0.3578 22.855
Sn02:6Wt%Ag 31.158 0.3643 22.446
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was also demonstrated. Result of photocatalytic
activity can be affected by surface morphology.
The absorbance spectra of SnO, and Ag/SnO,
thin films coated on Si (111) substrates were
displayed in Fig. 4. It is evident that when Ag
concentrations rise, the absorption edge shifts to
higher wavelengths, ranging from 300 to 400 nm.
The transmittance spectra of SnO, and Ag/
SnO, thin films are displayed in Fig. 5. As the Ag
concentration rises, transmittance intensity of Ag/
SnO, thin films drop from around 90% to 30% in
the visible area. Grain boundary scattering can
reduce the transmittance value. Fig. 6 displays the
associated curves for as-obtained samples. For
SnO,, the optical band gap energy is 4.07 eV. The
ranges of 3.95 to 4.04 eV were recorded for Ag/
SnO, thin films. As the amount of Ag in composite
sample increased, the band gap value reduced

[17].

When Ag/SnO, thin films are irradiated with
light energy greater than the bandgap energy of
films, photocatalytic activity begins. The valence
band forms holes (h*) and the conduction band
forms electrons (e”). Electrons are then produced
as superoxide (0,¢") and other reactive oxygen
species (H,0, and ¢OH), while the holes interact
with water to form ¢OH. As a result, organic bonds
and the oxidizing capacity of ¢OH radicals can
break the C—C and C-H bonds of the MB on the
surface of Ag/SnO2 films, producing CO, and H,0
[18]. After being submerged in 40 mL of MB (10
ppm), thin films were exposed to UV (A) light for
3 h. UV/Visible spectroscopy was used to measure
the absorption spectra of MB dye after each
irradiation cycle to calculate the photodegradation
of MB dye during UV exposure. Fig. 7 shows

20 um

2.0 um

Fig. 2. AFM graphs of (a) pure SnO,, (b-d) SnO, thin films doped with Ag at 2, 4, and
6 wt%.

Table 2. AFM data of resulting SnO, and Ag/SnO, thin films.

Samples Grain size (nm) Roughness (nm) RMS (nm)
Sn0O:; 98.77 0.764 0.638
Sn02: 2wt%Ag 93.97 0.413 0.412
Sn0z2: 4wt%Ag 80.51 0.396 0.327
Sn0z: 6Wt%Ag 78.95 0.379 0.316
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Fig. 3. FESEM images of (a) pure SnO,, (b-d) SnO, thin films doped with Ag at 2, 4,

and 6 wt%.
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Fig. 4. Absorbance spectra of SnO, and Ag/SnO, thin films.
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the relationship between irradiation time and in water without photocatalyst yield about 17%.
concentration difference (Ci/Co). It is evident These results indicates that MB does not change
that after 3 h, the photodegradation of MB by significantly in the absence of photocatalysts. Ag
Ag/sSn0Q, thin films can reach 82%, while MB dye actively forms hydroxyl radicals on the surface
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Fig. 5. Transmittance spectra of SnO,and Ag/SnO, thin films
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Fig. 6. The plots of (ahv)? as a function of (hv) for SnO,and Ag/SnO, thin films.
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of Sn0, thin films, describing high photoactivity
[19]. In addition, the surface plasmon resonance
(SPR) effect also had an effect. SPR can enhance

The kinetics of MB is described by the Langmuir-
Hinshelwood model, and related rate (r) calculated
as below [22]:

photoactivity by increasing light absorption and

charge carrier separation upon exposure to UV dc K Kgay C (3)
light [20, 21]. = =

dt 1+ KgaC
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Fig. 7. The MB dye degradation under UV irradiation for SnO,and Ag/Sn0O, thin films.
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Fig. 8. The kinetic of MB dye degradation under UV irradiation for SnO, and Ag/SnO,
thin films.
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Table 3. The rate constants (K) of MB dye degradations.

Samples Kapp x 10-3(min)* R?
Sn0O: 6.73 0.94
Sn02:2wt%Ag 6.29 0.94
SnO2:4wt%Ag 9.65 0.95
SnO2:6Wt%Ag 1.29 0.80

where the dye concentration (mg/L!) at
irradiation time (t) is represented by C, the
degradation rate (mg/L* min?) is represented by
dC/dT, the rate constant (min™® g/L?) is k, and the
dye adsorption coefficient (mg?) is Ky At a first-
order apparent rate constant kapp (min?) and low
concentrations (KdyeC<<1), equation (4) reduces to
a first-order kinetic model [23]:

Ci
In (C—) = —KKgyet = —Kgppt (4)

The slopes of the linear plots of In(Ci/Co) over
time (t) yield the constants kapp of MB (Table 3).
The results showed that the maximum apparent
first-order rate constant (kapp) for Ag/SnO,
thin films was about 9.68 x 107 min™, and the
correlation coefficient was about 0.94, as shown
in Fig. 8. These results are consistent with those of
Babu et al. [24].

CONCLUSION

Sol gel and dipping techniques have been
used to create Ag/SnO, thin films onto Si (111)
substrates for photocatalysis applications. The
films feature a polycrystalline phase, according to
XRD examination. Each Ag doping concentration
displayed a distinct shape in the SEM images. The
optical characteristics of Ag/SnO, thin films were
investigated by increasing Ag concentrations.
About 3.95 eV was the lowest energy gap found
in SnO,:6wt%Ag film. Under UV light irradiation,
the degradation of MB solution was examined
in the presence of Ag/SnO, thin films. The most
effective sample for MB photodegradation was
Sn0,: 6wt%Ag thin film.
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