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Method of methane detection by a fiber-optic sensor using

a photocatalytic nanocomposite ZnO−SnO2−Fe2O3
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The possibility of detection of methane using fiber−optical sensor with ZnO-SnO2-Fe2O3C photocatalyst was

demonstrated. Photocatalytic composite sensor element was prepared by non-isothermal polymer−salt method from

solutions of inorganic metal salts and polyvinylpyrrolidone. Optical detection is carrying out by Bragg diffraction

grating of fiber−optical sensor at the temperature variations during photocatalytic methane oxidation.
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1. Introduction

The detection of combustible gases is an important and

urgent problem at all stages of their production, transport

and use. Numerous research and development efforts [1–10]
have been devoted to solving this problem.

Methane — the main component of natural gas — is

volatile and explosive, at concentrations of 4−5% in the air

it can form explosive mixtures jcite10. Therefore, the optical

detection of methane in gas pipelines, oil refineries and coal

fields is of particular relevance.

Currently, there are sensors based on both thermal and

photocatalytic methane oxidation. For example, a Pd/Al2O3

based methane sensor, which was applied to Pt coils, is

presented in paper [1]. Methane detection was carried

out by measuring the change in sensor resistance at a

temperature of 450◦C, which is characterized by thermal

oxidation of methane and a corresponding increase in

detector circuit resistance. A Ni2O3−SnO2 based sensor

has been described in paper [2], in which the gas sensing

properties were measured at a temperature of 300− 500◦C.

A methane sensor based on two-dimensional ZnO nano-

walls, in which the gas-sensitive properties reached their

maximum values at a temperature of 300◦C, was presented

in [3]. The problem with existing thermal oxidation methane

detectors is the high operating temperature (up to 500◦ C),
which causes a risk of gas explosion when detecting.

The modification of metal oxide surfaces with noble met-

als, which can lower the detection operating temperature, is

used to increase the sensitivity of methane sensors [4–8].
The Pt/Co3O4/MoS2 based methane sensor is presented

in [4], which is capable of operating at 170◦C temperature.

A SnO2/Pd film sensor with sensitivity to methane at a

temperature of 160◦C is presented in the [5]. A methane

sensor based on VO2/Au nano-plates operating at room

temperature has been developed in [6].

The development of photocatalytic gas sensors has been

described in papers [8–11]. A photo-oxidative methane

sensor based on hybrid graphene and ZnO/Pd structures

with high sensitivity to visible light irradiation at 470 nm

wavelengths has been reported in [8] . Paper [9] presents
a Au-ZnO based sensor for NO detection operating at

room temperature and a wavelength of 300−350 nm. The

ZnO nano-fibre gas sensor proposed in paper [10] showed
high sensitivity, reversible response and good selectivity

for HCHO when exposed to 365 wavelength UV light

at room temperature. A SnO2/Pd based sensor, which

has demonstrated high sensitivity to NO2 when exposed

to 365 wavelength UV light, has been developed at [11].
The photocatalytic composites used in [8,9,11] contain

noble metals, and the problem of using more affordable

components to create efficient photocatalysts is relevant.

One of the most effective photocatalysts is zinc oxide

and materials based on zinc oxide [8–10,12–16]. The zinc

oxide surface is sensitive to the chemical composition of the

surroundings, and this material is widely used in various

gas sensors (e.g., [8–10,12,13]). In [9,10], gas detection

is carried out in a visible [12] or ultraviolet [10,11] (UV)
light irradiation of the ZnO. Studies carried out in [14–17],
have shown that the morphology and presence of structural

defects in ZnO play an important role in its sensitivity to

environmental changes and the spectral composition of the

radiation used for photo-excitation of this material.

The purpose of this paper was to investigate the pos-

sibility of remote optical methane detection based on its

photocatalytic decomposition using modern − fiber optic

sensors that allow remote control of an object.
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Chemical composition of the solution used and the resulting oxide composite

Composition of the film-forming solution Composite composition, mol.% .

H2O Propanol-2 Zn(NO3)2 SnCl2 FeCl3 PVP ZnO SnO2 Fe2O3

47.62 47.62 2.26 0.07 0.05 2.38 95 3 2

A highly dispersed nanocomposite of ZnO−SnO2−Fe2O3

system was used as the basic photocatalytic component,

whose properties have been previously described in [14]. It
exhibits high photocatalytic properties under the influence

of visible spectrum radiation, as well as thermal stability and

chemical stability of this oxide material.

2. Materials and methods

2.1. ZnO−SnO2−Fe2O3 photocatalyst synthesis
and research methods

In this paper, ZnO−SnO2−Fe2O3 oxide powders were

produced by using a polymer − salt method according

to paper [14]. Aqueous solutions of 0.26 M Zn(NO3)2,
0.26 M SnCl2, 0.31 M FeCl3, as well as polyvinyl

pyrrolidone solution C = 5wt. % (PVP) (Mw = 10000;

BioChimica) in propanol −2. The salts and PVP solutions

were mixed at room temperature and stirred continuously

with a magnetic stirrer. The obtained solutions were dried

at 80◦C for 5 h, then the dried composite film was calcined

at 550◦C for 2 h to obtain composite photocatalyst powder.

The composition of the solution used is shown in the Table.

The ability of the synthesized material to photogenerate

chemically active singlet oxygen was investigated by lumi-

nescence spectroscopy [18] using the setup described in

detail in [19].
The surface morphology of the synthesized powders was

examined with a VEGA3 TESCAN scanning election micro-

scope (SEM), at 30 kV. The crystalline phase composition

was studied using a Rigaku Ultima IV X-ray diffractometer

(Japan). Copper anode with λ(CuKα) = 1.5418 Åradiation

was used. Goniometer radius 285mm. The radiographs

were taken in the range of angles 2θ/θ from 20◦ to 120◦

in the Bregg − Brentano shooting geometry. Measurements

were taken using an CuKβ filter. In the experiment, the tube

voltage was 40 kV, the current was 40mA, and the output

power was 1.6 kW. The scanning speed by 2θ was 5◦/min.

The ICDD PDF−2 (2008) diffraction database was used to

interpret the diffraction reflexes.

To evaluate the photocatalytic properties of the ob-

tained powder ZnO−SnO2−Fe2O3 , their influence on the

photolysis kinetics of Rhodamine 6G (BVDA, Holland)
dye in aqueous solution was studied by the methodology

described in [14]. In the present paper, an aqueous dye

solution (5·10−6 M) was used, made by dissolving a sample

of material in distilled water. The FC solution with dye

was poured into a quartz cuvette and subjected to UV

irradiation using a DKBU−9 UV lamp. The kinetics of the

dye decomposition process was investigated by periodically

measuring the spectral properties of the irradiated dye

solution. A spectrofluorimeter
”
Fluorat−02−Panorama“

was used to measure the photoluminescence spectra in the

near UV and visible spectral bands.

2.2. Methane detection experiments

Fig. 1 shows the setup for the methane photocatalytic

detection experiments. According to this diagram, a cylinder

of methane (P = 150 atm) is connected through a reducer

to a closed glass tube of a total volume of 3 ml. A

fiber Bragg lattice (BBL) coated with solder containing

63% Sn and 37% Pb was placed inside the glass tube. The

BBL was recorded in single-mode optical fiber SMF−28

by the method [20,21]. The recorded BBL has the

following characteristics: lattice length 1mm, central wave-

length 1550.392 nm, temperature sensitivity of the lattice

with solder 37.52 pm/◦C. The optical radiation generated

by the Thorlabs S5FC1005S broadband source (BFS) was

propagated along the optical fiber (OB) and fed to the BBL

via a Y− Tap, after which the reflected signal was recorded

by an Anritsu MS9740B optical spectroanalyzer (OSA). The
thermal effect of methane photo-oxidation was detected by

measuring the shift of the BBL resonance wavelength (1λB)
relative to the reference lattice, followed by converting the

1λB values to temperature values according to the equation

1T =
1λB

KT
, (1)

where KT — the temperature sensitivity of the BBL used.

For methane photocatalytic detection experiments, 0.05ġ

of photocatalyst powder (PC) and 0.5ṁl of distilled water

were placed in a glass tube so that the lattice was

immersed in the mixture. After the mixture was incu-

bated for 10−15min, methane was pumped into the tube

(P = 1.5 atm) and then the mixture was irradiated with UV

light from DKBU lamp −9 (power 9W, spectral range

205 to 315 nm, λmax = 254 nm) for the set time. The

wavelength change of the methane photooxidation input

1λpc was measured every 30 s. The wavelength change

of the reference lattice 1λnn under UV irradiation was

measured in parallel with this.

Under UV irradiation, the change in DVO reflects the

overall temperature change of the 1T photocatalytic cell and

is determined by the combined effect of two factors: 1) heat
release arising from exothermic methane photocatalytic

oxidation 1Tpc ;

2) heating of the photocatalytic cell elements by UV

radiation 1Tuv .
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SourceSpectral analyser
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Figure 1. Schematic of an experimental setup for photocatalytic methane detection.

20 mm 50 mm

a b

Figure 2. Electron microscopic images of photocatalytic powder ZnO 95mol.%; SnO2 3mol.%; Fe2O3 2mol.%.

Accordingly, the experimentally measured temperature

change 1T is:

1T = 1Tpc + 1Tuv . (2)

Experiments were carried out to study the effect of heat-

ing of a cell without FC under UV irradiation (correspond-
ing to 1Tuv), which allowed the influence of photocatalytic

methane oxidation on cell temperature changes, i.e. 1Tpc ,

to be determined. Given that this value is determined by

the thermal effect of the exothermic reaction of methane

oxidation, at the fixed parameters of the photocatalytic cell

and the excitation radiation used, the value of 1Tpc reflects

the methane concentration in the gas mixture.

3. Results and discussions

Fig. 2 shows electronically − microscopic images of

the synthesized photocatalytic powder with its chemical

composition: ZnO 95mol.%; SnO2 3mol.%; Fe2O3

2mol.%. The illustration shows that the powder consists of

particles and aggregates and also contains microcrystalline

formations having the form
”
colors“, containing hexagonal

zinc oxide microcrystals. This powder morphology is due

to the non-simultaneous crystallization of different oxides

in the non-isothermal heat treatment process of the initial

mixture and ensures high photocatalytic characteristics of

the material [14].

X-ray diffraction analysis of the synthesized powder

showed the presence of hexagonal zinc oxide crystals

(JCPDS 01−070−8072). Calculations using the Scherrer

26 Optics and Spectroscopy, 2023, Vol. 131, No. 3
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Figure 3. X-ray of photocatalytic powder ZnO 95mol.%; SnO2 3mol.%; Fe2O3 2mol.%.

formula showed that the average size of the zinc oxide

crystals in the samples is 46÷ 49 nm. The presence

of SnO2 and Fe2O3 in the photocatalyst composition

leads to the appearance of these oxides as well as cu-

bic crystals of zinc orthostannates and ferrites (ZnSnO4

(JCPDS 24−1470) and ZnFe2O4 (JCPDS 79−1150)) on X-

ray patterns (Fig. 3). These crystals, like zinc oxide,

have photocatalytic properties, which can generate reactive

oxygen intermediates [22,23] and oxidize methane.

Fig. 4 shows the photoluminescence spectrum

(λex = 405 nm) of the oxide powder in the near infra-red

(IR) area of the spectrum. In the spectrum, an emission

band with a maximum of 1270 nm, characteristic of

chemically active singlet oxygen and corresponding to

the electronic transition 11g −
3 6g [18], is observed. It

should be noted that photogeneration of reactive oxygen

is observed under the influence of radiation in the visible

spectral range.

The Langmuir-Hinshelwood [24,25] model is often used

to describe the kinetics of photocatalytic decomposition of

dyes in solutions. According to this model, the change in

concentration of C dye in dilute (C ≪ 10−3 M) solutions

is described by a pseudo-first order photocatalytic rate

equation.

C
C0

= e−kt, (1)

where C0 — the initial dye concentration in solution, k —
the first order rate constant of pseudo −.
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Figure 4. Photoluminescence spectrum (λexc = 405 nm) of

photocatalytic powder ZnO 95mol.%; SnO2 3mol.%; Fe2O3

2mol.%.

Fig. 5 illustrates the effect of photocatalyst addition on the

photodegradation kinetics of Rhodamine 6G dye in aqueous

solution. It should be noted that in the absence of pho-

tocatalyst additions, the dye photodegradation in solution

was 20 times slower.

Fig. 6 shows the average of four independent exper-

iments as a function of the change in the DVO (1λ)
of photocatalyst-loaded BBL (curve 1) and control BBL

Optics and Spectroscopy, 2023, Vol. 131, No. 3
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Figure 5. Effect of the duration of UV irradiation on the change

in relative dye concentration in aqueous solution (curve 1) and

in analogous solution containing photocatalytic powder (curve 2).
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Figure 6. Kinetics of wavelength changes of reflectance of

photocatalyzed BBL (curve 1) and control BBL (curve 2) in the

photocatalytic methane oxidation process.

without photocatalyst (curve 2) depending on the duration

of UV exposure to PC in a methane-water environment.

The Fig. also shows that at irradiation duration of 800 s the

BBL DVO with photocatalyst (curve 1) ceases to change,

which is due to complete conversion of methane during its

oxidation and the corresponding cessation of heat release.

Fig. 7 shows the kinetic dependence of the temperature

change 1Tpc in the cell, determined by heat release in the

methane photocatalytic oxidation process, averaged from

four independent experiments. From the kinetic curve, it

can be seen that the methane photo-oxidation reaction can

be divided into three periods: I— induction period from 0

to 125.s; II— rate increase period from 125 to 289.s; III—
rate slowing period over 289 s.

Furthermore, the derivative curve of 1Tpc shows that the

maximum rate of the photo-oxidation process is observed

at 207 s and is 7.51mK/s. Thus, the most effective methane
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Figure 7. Kinetics of temperature change in the process of

photocatalytic oxidation of methane (1) and its derivative (2).

photooxidation is observed in the 125 to 289 s region, with

maximum 1Tpc values obtained in the experiments on this

time region, reaching ∼ 3K.

Conclusions

The paper demonstrates the possibility of optical

methane detection by an − fiber optical sensor using

ZnO−SnO2−Fe2O3 photocatalytic nanocomposite. The

nanocomposite was synthesized by the − polymer-salt

method, consisted of a mixture of different oxide crystals

smaller than 50 nm and was characterized by its ability

to photogenerate chemically reactive oxygen intermediates

and photocatalytic activity. Optical methane detection

was carried out by registering temperature changes caused

by methane oxidation in a photocatalytic cell using a

temperature-sensitive fiber-optic sensor. The maximum rate

of photo-oxidation was observed at 207 s and was 7.51mK/s.
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