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The work carried out studies to optimize the chemical composition and structure of the photocatalyst of the

ZnO−SnO2−Fe2O3 system for sensor and medical applications. Photocatalytic materials were synthesized by

liquid polymer-salt method and their structure and chemical composition were studied by XRD and SEM analysis

and optical and luminescence spectroscopy. Obtained composites are composed from hexagonal ZnO crystals,

tetragonal SnO2 crystals and ZnSn2O4 spinel. The band gap values of prepared materials are 3.17−3.24 eV. The

kinetic dependencies of the adsorption of organic diazo dye Chicago Sky Blue from solutions on the composite

surfaces are successfully described by kinetic equations of as pseudo-first so as pseudo-second orders. The kinetics

of photocatalytic dye decomposition under UV and visible irradiations is successfully described by kinetic equation

of pseudo-first order. It was found that Ag addition allows to remarkably enhance adsorptive and photocatalytic

properties of SnO−SnO2−Fe2O3 materials.
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Introduction

Photocatalytic materials for various practical applications

(solar and hydrogen power engineering, medicine, pho-

tocatalytic installations for air and water purification and

disinfection, etc.) are currently being developed actively.

The generation of reactive oxygen species (ROSs) by

a photocatalyst under the influence of light and their

interaction with the environment is the crucial mechanism

of photocatalytic processes [1–4]. The ROS photogeneration

intensity depends both on the parameters of excitation

radiation and on the chemical composition, structure, and

morphology of the photocatalytic material [5,6].

Processes of adsorption of organic compounds on the

surface of photocatalysts play an important role in photo-

catalysis and have been the focus of a number of studies [5–
9]. The adsorption of organic compounds on the surface

of a photocatalyst was regarded in [9] as the first stage of

a series of processes occurring during their photocatalytic

decomposition.

One of the most common areas of application of

photocatalytic processes is the purification of water from

various harmful organic compounds and its disinfection

from pathogenic microorganisms. Therefore, the rate of

photocatalytic decomposition of an organic dye in an

aqueous solution is often used as a criterion for assessing

the efficiency of a photocatalyst.

It was demonstrated in numerous studies that the kinetics

of decomposition of organic compounds with the aid of

various photocatalysts is characterized adequately in most

cases by a pseudo-first-order kinetic equation [6,8,9]. This

allows one to use the rate constant of decomposition of an

organic compound as a criterion for assessing the efficiency

of photocatalysts in experiments performed under similar

conditions (temperature, concentration of dye solutions,

light source type, etc.).

The detection of gases and vapors of combustible organic

substances [10,11] is one of the currently relevant areas of

application of photocatalytic materials. In certain studies,

photocatalytic detection of combustible gases was based

on the exothermic reaction of their oxidation by ROSs

generated by the photocatalyst under the influence of light.

Composites containing noble metals (Pd [12,13], Pt [14])
were used as photocatalytic materials in detectors in these

studies. This hinders the practical application of devices of

this kind.

A technique for optical detection of combustible gases

with the use of a photocatalyst of the SnO−SnO2−Fe2O3

system developed in [15] was detailed in [10]. The efficiency
of photocatalytic gas detection is largely determined by

the properties of the photocatalyst used (spectral sensitivity
range and ROS photogeneration capacity). Therefore,

optimization of the chemical composition and structure of

a photocatalyst is relevant for the development of optical
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Table 1. Weighed quantities of initial components

Sample Zn(NO3)2, g SnCl2, g Fe(NO3)3, g AgNO3, g PVP, g

ZnSnFe 2.5000 0.1065 0.0679 — —
ZnSnFe(PVP) 2.5000 0.1065 0.0679 — 2.5000

ZnSnFeAg(PVP) 2.5000 0.1065 0.0679 0.0239 2.5000
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Figure 1. Emission spectra of LEDs used in the study: 1 — blue

LED (λmax = 405 nm); 2 — LED emitting in the near UV part of

the spectrum (λmax = 375 nm).

sensors of flammable organic compounds. The aim of the

present study was to optimize the chemical composition

and structure of a photocatalyst to improve its adsorption

and photocatalytic properties.

It is known that a small amount of silver added to zinc

oxide-based materials enhances their capacity to generate

ROSs under the influence of light [16] and facilitates their

involvement in photocatalytic processes [17,18].

Optimization of photocatalytic processes includes both

adjustment of the chemical composition, crystal structure,

and morphology of a photocatalytic material and selection of

an external radiation source that provides the most efficient

excitation of the photocatalyst used. Therefore, a complex

analysis was performed in the present study to optimize a

photocatalytic material with the use of light sources with

different spectral compositions of radiation.

Materials and methods

The polymer-salt method was used to synthesize photo-

catalysts [5,6,16]. Tin chloride; zinc, iron, and silver nitrates;

and polyvinylpyrrolidone (PVP, Mw = 25000-35000) were

Table 2. Elemental composition of composites according to the

EMPA data

Elemental composition, mol.% Zn Sn Fe Ag

ZnSnFe 92.82 4.77 2.41 —
ZnSnFe(PVP) 91.13 5.22 3.65 —
ZnSnFeAg(PVP) 95.59 2.06 1.46 0.89

used as the starting materials for photocatalyst synthesis.

Weighed quantities of metal salts and PVP with a given

ratio of the initial components (Table 1) were dissolved in

25ml of distilled water and dried at a temperature of 70◦C.

The obtained polymer-salt composites were subjected to

heat treatment at a temperature of 550◦C for two hours in

an air atmosphere. These temperature and time parameters

of heat treatment ensure that metal nitrates and the organic

polymer decompose and gaseous products are removed

completely [15].

X-ray diffraction analysis was performed to study the

crystal structure of materials. A Rigaku SmartLAB 3

diffractometer (CuKα, 40 kV, 44mA) was used in these

experiments.

Diffuse reflectance spectra were measured with a Perkin

Elmer 900 UV/VIS/NIR spectrophotometer. Photolumi-

nescence spectra of the studied materials were measured

using a Perkin Elmer LS-50B spectrofluorimeter within the

250−650 nm spectral range.

The morphology and elemental composition of the ob-

tained composites were examined with a TescanVega 3

SBH scanning electron microscope (SEM) fitted with an

Oxford INCA x-act electron microprobe analysis (EMPA)
attachment.

The following light sources were used in photocatalytic

experiments: an LED emitting in the near UV part of

the spectrum (λmax = 375 nm), an HPR40E LED emitting

blue light (λmax = 405 nm), and a DRT-250 high-pressure

mercury lamp (λmax = 254 nm in UV). Figure 1 shows the

emission spectra of the LEDs used. The emission spectrum

of the mercury lamp was presented in [19].

The Chicago Sky Blue (CSB, Sigma Aldrich) diazo dye,

which was used in [5,6,19] to evaluate the photocatalytic

activity of materials, served as a model organic pollutant

component. A solution of this dye (0.01 g/l) was introduced
into a quartz cell 3ml in volume. A 0.0045 g sample of the

nanocomposite secured to a flat glass substrate with double-

sided tape was then introduced into this cell.
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Figure 2. Diffraction patterns for ZnSnFe (a), ZnSnFe(PVP) (b), and ZnSnFeAg(PVP) (c) samples.
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Figure 3. Electron microscopic images of ZnSnFe (a), ZnSnFe(PVP) (b), and ZnSnFeAg(PVP) (c) nanocomposites.

The light source was positioned at a distance of 7 cm from

the cell with the dye and the photocatalyst in experiments

on photocatalytic decomposition.

The concentration of the dye in solutions was deter-

mined in experiments on its adsorption and photocatalytic

decomposition using a Perkin Elmer Lambda 650 UV/VIS

spectrophotometer.

Results and discussion

Figure 2 shows the X-ray diffraction patterns of the ob-

tained powders. It is evident that the materials contain zinc

oxide crystals, tetragonal SnO2 crystals, and Zn2SnO4 spinel.

It should be noted that these components of synthesized

composites have fine photocatalytic properties [5,6,11,20–
24]. The AgCl phase is present in the sample synthesized

with the addition of silver. The EMPA data for samples are

listed in Table 2.

Figure 3 shows the electron microscopic images of pow-

dered nanocomposites. It can be seen that the composites

contain aggregates of micrometer-sized nanoparticles and

smaller particles. A comparison of Figs. 3, a and 3, b

reveals that PVP added to the initial solution facilitates the

formation of a more disperse photocatalyst structure.
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Figure 4. Diffuse reflectance spectra of ZnSnFe (1), Zn-

SnFe(PVP) (2), and ZnSnFeAg(PVP) (3) composites.

The diffuse reflectance spectra of nanocomposites are

shown in Fig. 4. It is evident that the transparency cutoff of

all materials is 375 nm (3.31 eV). This value is determined

by the high concentration of zinc oxide with a band gap of

Optics and Spectroscopy, 2024, Vol. 132, No. 4
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Figure 5. Dependences (FKMhν)2 = f (hν) for ZnSnFe (a), ZnSnFe(PVP) (b), and ZnSnFeAg(PVP) (c) composites.

3.27 eV [25] in them. It may be noted that the introduction

of relatively small amounts of silver into the composition

enhances significantly the reflection of light in the visible

part of the spectrum.

The reflectance spectra of composites 1 and 2 (curves 1

and 2 in Fig. 4) feature slight inflections at ∼ 500−520 nm

(2.38−2.48 eV), which may be indicative of light absorption

in this range.

The obtained diffuse reflectance spectra of the exam-

ined materials were used to estimate the band gap with

Kubelka−Munk function FKM:

FKM =
(1− R2)

2R
, (1)

where R is the diffuse reflectance of a material measured

relative to a perfectly white body. Band gap Eg in the

obtained composites was estimated based on the calculated

FKM values with the use of the Tauc equation [26]:

(FKMhν)2 = A(hν − Eg), (2)

where hν is the photon energy, Eg is the band gap, and A is

a constant. (FKMhν)2 = f (hν) plots were used to evaluate

Eg of the composites.

Figure 5 shows the (FKMhν)2 = f (hν) dependences for

the obtained composites. The Eg values for all materials

were 3.17−3.24 eV. Thus, they were only slightly smaller

than the band gap of ZnO (3.27 eV [25]). and close to

the values of Eg determined earlier for the ZnO−SnO2

(3.15−3.19 eV [27]) and ZnO−Fe2O3 (3.15 eV [28]) com-

posites.

It is known that structural defects producing electron

levels in the band gap of an oxide semiconductor may exert

a significant influence on its photocatalytic properties [21].
Figure 6 shows the photoluminescence spectra of the

ZnSnFe(PVP) composite at different excitation wavelengths.

The exciton luminescence band of ZnO found in the

390−395 nm region is observed under UV irradiation.

Emission peaks with maxima at 415, 440, and 455

nm, which are attributed to structural defects of zinc

oxide [29,30], emerge in the visible part of the spectrum.

When the composite is irradiated with blue light, emission

peaks are observed in the luminescence spectrum in

different parts of the visible range (curve 3 in Fig. 6).
Emission bands within the 525−575 nm spectral interval

suggest the presence of oxygen vacancies in the structure

of ZnO crystals [31]. It should be noted that the intensity

ratio of bands corresponding to oxygen vacancies for the

ZnSnFe(PVP) sample was lower than the one for the

SnO−SnO2−Fe2O3 composite with a similar composition,

which was examined earlier in [15]. This difference may

be attributed to the fact that iron chloride (FeCl3) was

the precursor in polymer-salt synthesis in our previous

experiments [15], while Fe(NO3)3 was chosen in the present

study. Nitrate has a greater oxidizing capacity than chloride

and, when heated, may itself serve as a source of oxygen.

This is the likely reason for the observed reduction in

intensity of lines in the red part of the spectrum (relative
to the spectrum of a similar composite in [15]) associated

with a reduction in the number of oxygen vacancies. Thus,

it can be concluded that the nanocomposite has structural

defects that may affect its photocatalytic properties.

Figure 7, a presents the kinetic dependences of adsorption

of the CSB dye on the surface of photocatalysts. It is evident

that the photocatalysts with added PVP (curves 2 and 3)
have a higher adsorption activity than the sample synthe-

sized by thermal decomposition of metal salts (curve 1).

It is well known that the kinetics of adsorption of dyes

on the surface of solids is often characterized by a pseudo-

first-order equation of the following form [8,32]:

dqt

dt
= k f (qe − qt), (3)

where qt (mg/g) is the amount of dye adsorbed by 1 g of

the sorbent at time point t; qe is the equilibrium adsorption

capacity of the sorbent; k f (min−1) is the adsorption rate

constant; and t is the adsorption duration (min).

Optics and Spectroscopy, 2024, Vol. 132, No. 4
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Figure 6. Photoluminescence spectra of the ZnSnFe(PVP)
nanocomposite. Luminescence excitation wavelength: 239 (1),
256 (2), 400 nm (3).

Figure 7, b presents the ln(qe − qt) = f (t) dependences

plotted based on the experimental data on adsorption of

the dye on the surface of composites. It is evident that the

experimental data agree closely with the linear dependences

(R2 > 0.9).
The pseudo-second-order kinetic equation is also used

often to characterize the kinetics of adsorption of organic

substances on the surface of photocatalysts [23,33] and may

be presented in the following integral form:

t
qt

=
1

k2q2
e

+
t

qe
, (4)

where k2 is the adsorption rate constant. Figure 7, c presents

dependences t/qt = f (t) of CSB adsorption on the surface

of composites. It can be seen that the dependences are

linear and that the pseudo-second-order kinetic equation

provides a satisfactory fit to experimental data.

The kinetic dependences of photocatalytic decomposition

of the dye in solutions under the influence of radiation from

various sources are shown in Fig. 8.

A pseudo-first-order kinetic equation is often used to

characterize the kinetics of photocatalytic decomposition of

organic dyes in solutions [6,8,9,22,34]. Its integral form for

dilute dye solutions (C ≪ 1mmole) is

C = C0e−kt, (5)

where C0 and C are the initial and current concentrations of

a dye in a solution; k is the pseudo-first order rate constant

of photocatalytic decomposition, min−1; and t is time, min.

It can be seen from Fig. 8 that Eq. (5) provides a

satisfactory fit (R2 > 0.9) to all experimental data. A

comparison of the kinetic dependences corresponding to

different radiation sources reveals that the rate of pho-

todecomposition of the dye reaches its maximum under

the influence of mercury lamp radiation and decreases

when UV and blue LEDs are used. The results of

a comparative analysis of the emission spectra of LEDs

(Fig. 1) and the diffuse reflectance spectra of the composites

(Fig. 4) suggest that the observed significant reduction in the

rate of photocatalytic decomposition of the dye is largely

attributable to reduced absorption of blue (λmax = 405 nm)
LED radiation by the composites.

At the same time, the data in Fig. 8, c indicate that visible

radiation is suitable for decomposition of organic dyes with

the use of the synthesized composites. Specifically, ∼ 40%

of dye molecules decompose within 40min when the

ZnSnFeAg(PVP) and ZnSnFe(PVP) composites are used.

A comparison of the kinetic dependences of adsorption

of the dye on the surface of composites (Fig. 7, a) and

its photocatalytic decomposition under the influence of UV

radiation (Fig. 8, a, b) reveals that the rate of photocatalysis

is significantly higher than the rate of dye adsorption. This

effect has already been observed in [6,8,35] and attributed

to the fact that both CSB molecules adsorbed on the surface

and molecules in solution are subjected to the influence of

ROSs released by the photocatalyst.

It follows from the data in Fig. 8 that the highest rate of

dye decomposition is achieved when the ZnSnFeAg(PVP)
composite is used as a photocatalyst. Thus, it can be

concluded that the addition of small amounts of silver

to SnO−SnO2−Fe2O3 composites has a beneficial effect

on their photocatalytic properties. It is also evident that

the introduction of PVP into the composition of initial

components helps improve the photocatalytic characteristics

of materials.

Table 3 lists the data on rate constants of photocatalytic

decomposition of the dye under the influence of mercury

lamp radiation in the presence of various photocatalysts.

Comparing the results of the present study with literature

data, one finds that optimization of the chemical com-

position ensures the formation of a material with fine

photocatalytic properties.

Conclusion

The photocatalytic properties of composites of the

SnO−SnO2−Fe2O3 system were enhanced after optimiza-

tion of their chemical composition and structure achieved by

introducing small amounts of silver into the material. The

obtained composites consist of hexagonal ZnO nanocrystals,

tetragonal SnO2 crystals, and Zn2SnO4 spinel. The kinetic

dependences of adsorption of the organic Chicago Sky Blue

diazo dye from solutions on the surface of composites are

characterized well by kinetic equations of both pseudo-first

and pseudo-second order. The kinetics of photocatalytic

decomposition of the dye in solutions under the influence

of both UV and visible light is characterized well by a

first-order kinetic equation. A comparison of the kinetic

dependences of adsorption of the organic Chicago Sky Blue

dye from solution onto the surface of composites and its

photocatalytic decomposition revealed that the interaction

of organic molecules with reactive oxygen species generated

Optics and Spectroscopy, 2024, Vol. 132, No. 4
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Figure 8. Photocatalytic decomposition curves of the CSB dye in the presence of ZnSnFe (1), ZnSnFe(PVP) (2), and

ZnSnFeAg(PVP) (3) photocatalysts under the influence of mercury lamp radiation (a), UV diode emission with λmax = 375 nm (b),
and blue diode emission with λmax = 405 nm (c).

Table 3. Rate constants of photocatalytic decomposition k of the CSB dye under the influence of mercury lamp radiation in the presence

of various photocatalysts

� Material Rate constant Reference

of photocatalytic

decomposition k, min−1

1 Granular powder of ZnO 0.025 [6]

2 Porous powder of ZnO 0.042 [6]

3 Powder of ZnO 80.16 mol.%+ZnAl2O4 0.021 [35]
19.83mol.%+CuO 0.04 mol.%

4 Powder of ZnO 20.81mol.%+ZnAl2O4 0.005 [35]
79.18mol.%+CuO 0.01 mol.%

5 ZnO
”
nanoflowers“ 0.032 [36]

6 ZnSnFe 0.026 Experiment

7 ZnSnFe(PVP) 0.030 Experiment

8 ZnSnFeAg(PVP) 0.038 Experiment

by photocatalysts proceeds not only on the surface of the

semiconductor composite, but also in the bulk solution.

The maximum rate of photocatalytic decomposition of

the dye (a decomposition rate constant of 0.038min−1)

was observed in experiments with a composite of the

SnO−SnO2−Fe2O3 system modified with silver and syn-

thesized from an initial mixture with polyvinylpyrrolidone

added to it.

25 Optics and Spectroscopy, 2024, Vol. 132, No. 4
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