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Adsorption-Semiconductor  
Sensor Based on Nanosized SnO2 
for Early Warning of Indoor Fires
Nelli Maksymovych, Ludmila Oleksenko and George Fedorenko

Abstract

The paper is devoted for a solution of indoors fires prevention at early stage by 
determination of H2 (fire precursor gas) in air using a semiconductor sensor. A 
material based on Pt-containing nanosized tin dioxide with an average particle size 
of 10–11 nm obtained via a sol–gel method was created for a gas sensitive layer of the 
sensor. The developed sensor has high sensitivity to H2 micro concentration, a wide 
range of its detectable content in air, selectivity of H2 measuring in the presence of 
CO and CH4, good dynamic properties. The combination of these properties is very 
important for prevention of inflammations on their early stages before the open fires 
appearance. Economic benefit of the proposed sensor is due to a lower cost and higher 
reliability of the fire situation detection.

Keywords: early fire detection, sensor, semiconductor, nanomaterial, tin dioxide, 
platinum

1. Introduction

Fires detection is an urgent task today, since every year, a large number of the fires 
occurs all over the world, leading to human casualties and economic losses. It can be 
seen from the Figure 1 that fires take place in all countries of the world regardless 
gross domestic product values and level of technology development.

These fires appear from various sources of ignition (structure fires, vehicles, 
forests, grass, rubbish) as shown in Figure 2.

The fires that occur in premises (the structure fires) are of particular importance 
among all fires, since they lead to human casualties (Figure 3). Besides, these fires 
lead to significant and often irreparable economic losses.

The decrease in the number of the fires and their consequences are determined 
mainly by the presence of special warning means, the so-called fire-alarm-systems. 
When the fire-alarm-system is creating the main responsibility lies on the choice of 
reliable detectors appropriate for providing a timely alert of inflammation. Modern 
fire detectors can be conventionally divided into the following groups: heat detec-
tors registering a temperature increase while the inflammation is present; smoke 
 detectors operating due to ionization or photoelectric effects; flame detectors based 
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on the use of ultraviolet or infrared irradiation and gas detectors registering changes 
in gas composition of surrounded air as a result of the inflammation [2, 3].

Among them the heat detectors and flame detectors are not capable of early 
registration of the fire, because they response on increasing temperature caused by a 
hot air flow, or by electromagnetic irradiation in various ranges of a spectrum attrib-
uted to burning process. All those physical phenomena are observed when the fire 
is already spread around several square meters. In the contrast to the heat detectors, 
smoke detectors give a fire-alert before the open flame will be present. But the walls 
of a smoke detector chamber become dusty with time that can cause false fire-alert 
and heat detectors that register an increase temperature of air in rooms are rather 
crude and cannot detect the occurrence of the fire at the smoldering stage. Figure 4 
shows some types of the fire-alarm systems with the above mentioned detectors.

Nowadays the above mentioned kinds of the fire detectors are widely eliminated 
by more universal systems based on analysis of a chemical composition of air which 
changes dramatically when processes of thermal decomposition of the overheated 
inflammable materials take place [4–6]. The type of gases produced at the initial 

Figure 1. 
Average annual fires distribution in percent within 65 countries (a) and average annual number of fires per 1000 
inhabitants (b) in 2014–2018 years [1].

Figure 2. 
Distribution of fires by types in the countries of the World in 2018 [1].
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stage of combustion are determined by the composition of materials involved in this 
process, however, in the most cases, the main components of the appeared gases (fire 
precursors) can be distinguished. In particular, in the work [7] it has been experi-
mentally established that the first gas component released during decay (pyrolysis) 
of wood, textiles, synthetic materials covering metal wires (telephone and electric) 
is hydrogen and its concentration at the early stage of ignition reaches 20–25 ppm. 
It is important, that appearance of CO and CH4, during the ignition, for example, 

Figure 3. 
Average annual number of fire death and injuries per 100 fires (in 2014–2018 years) [1].

Figure 4. 
Fire alarm systems based on different types of detectors: a – heat-type IP 105-1 D; b – smoke-type DUR-40 Ex; 
c – flame- type IP 330/1-20; d -gas type IP 435-1.
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of wood, polyethylene (PE), polyurethane (PUR) and mixtures of these materials 
(mixed crib) is observed only at a later stage, as can be seen from the data presented 
in Table 1.

In this case, as established experimentally in study of the combustion of vari-
ous objects commonly used in domestic premises (Table 2), the appearance of CO 
for some of them was not observed at all (for sponge and food), or CO appeared in 
air only at significant burning time (for wood). The appearance of smoke, in the 
amount required for responses of the smoke detectors, is observed only at a signifi-
cant heating time of burning objects (except of the sponge). But the production of 
hydrogen was always observed for all studied materials immediately after beginning 
of the heat (except for the roll), and a signal values for the gas sensor reached a large 
value, especially for the wood and sponge (the latter used as an example of organic 
matter because a lot of household items in premises consist it (wallpaper, furniture, 
dishes, etc.)).

Thus, the detection of fire at the early stage of ignition is possible by measuring 
the concentration of hydrogen, which is almost always can be detected in air of the 
room where the fire occurs, and which appears the first of the gases - precursors of 

Gas Wood PUR PVC Mixed crib

Hydrogen Time 

(min)

Signal 

(mV)

Time 

(min)

Signal 

(mV)

Time 

(min)

Signal 

(mV)

Time 

(min)

Signal 

(mV)

0–10 0–15 0–5 0 0–5 <5 0–10 <5

10–20 15–37 5–10 0–10 5–10 5–10 10–20 5–10

20–45 37–40 10–20 10–30 10–80 10–25 20–40 10–15

45–50 30–40 20–70 30–35 40–60 15–20

60–80 20–30

80–100 30

Carbon 

monoxide

Time 

(min)

Conc. 

(ppm)

Time 

(min)

Conc. 

(ppm)

Time 

(min)

Conc. 

(ppm)

Time 

(min)

Conc. 

(ppm)

0–10 0–5 0–5 0 0–80 <2 0–70 <2

10–20 5–12 5–10 0–12 70–100 2–5

20–30 12–20 10–15 12–7

30–40 20–25 15–65 7

40–50 25–27 65–70 <7

Smoke 

detectors

Time 

(min)

Detector 

alarm

Time 

(min)

Detector 

alarm

Time 

(min)

Detector 

alarm

Time 

(min)

Detector 

alarm

5 1st 

detector

No alarms No alarms No alarms

10 2nd 

detector

*CO concentration was measured by Fourier transformed infrared spectroscopy, H2 concentration was measured using 
a gas sensor based on a metal/solid electrolyte/insulator. Presence of smoke was determined by a commercial smoke 
detector [7].

Table 1. 
Occurrence of hydrogen, carbon monoxide and smoke in air with the pyrolysis time of different materials: Wood, 
polyethylene (PE), polyurethane (PUR) and mixtures of these materials (mixed crib).*
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the fire. At the early stage of the ignition it is still possible to assume adequate action 
and take control over the situation. For example, in a case of electricity wires being 
overheated it is not late to switch them off automatically, thus preventing the fire at 
the beginning.

Although the appearance of certain gases in air during the ignition of materials is 
separated in time, but reliable detection of the fire based on the hydrogen released at 
the first stage of combustion is possible only with sufficient selectivity of the sensor 
to hydrogen. But the sensors are known to do not possess good selectivity [8, 9].

That is why, for the early prevention of the fire, the gas sensors are included in 
complex systems, for example, in the MAGIC.SENS Automatic LSN Fire Detector 
(Bosch), that provides multipurpose detection of the fire-hazard using a joint action 
of optical, thermal and chemical sensors. Undoubtedly, a signal of such kind of the 
multiple-purpose detectors considerably increases veracity of the fire diagnostics, 
while the separate use of the detectors of this system do not provide effective diagnos-
tics of the fire situation. Indeed, using only a thermal detector will not allow deter-
mining the onset of smoldering materials, in the presence of dust the false fire alerts 

Gas Armchair Roll Sponge Food

Hydrogen Time 

(min)

Signal 

(mV)

Time 

(min)

Signal 

(mV)

Time 

(min)

Signal 

(mV)

Time 

(min)

Signal 

(mV)

0–10 <10 0–40 <5 0–3 0–50 0–10 <5

10–20 10–30 40–60 5–10 3–10 50–60 10–20 5–20

20–30 30–40 60–80 10–70 10–25 60–65 20–30 20–30

30–40 40–60 80–100 70 25–40 50–65 30–40 30

40–45 60–70

45–50 50–60

Carbon 

monoxide

Time 

(min)

Conc. 

(ppm)

Time 

(min)

Conc. 

(ppm)

Time 

(min)

Conc. 

(ppm)

Time 

(min)

Conc. 

(ppm)

0–5 0 0–50 0 0–40 <5 0–40 <5

5–10 <5 50–60 <5

10–20 5–10 60–70 5–40

20–30 10–15 70–100 40–50

30–40 15–25

40–50 25–30

Smoke 

detectors

Time 

(min)

Detector 

alarm

Time 

(min)

Detector 

alarm

Time 

(min)

Detector 

alarm

Time 

(min)

Detector 

alarm

20 1st 

detector

60 1st 

detector

2 1st 

detector

24 1st detector

40 2nd 

detector

65 2nd 

detector

4 2nd 

detector

2nd detector  

– no alarm

*CO concentration was measured by Fourier transformed infrared spectroscopy, H2 concentration was measured using 
a gas sensor based on a metal/solid electrolyte/insulator. Presence of smoke was determined by a commercial smoke 
detector [7].

Table 2. 
Occurrence of hydrogen, carbon monoxide and smoke in air with the time of pyrolysis of various household items: 
Armchair, roll, sponge, food with the time of their heating.*
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of an optical detector are possible, and using only a gas sensor in the system will not 
provide diagnostics due to its low selectivity to gases emitted during the fire.

At the same time, possessing, in general, insufficient selectivity, the semiconduc-
tor gas sensors have a number of other capabilities (high sensitivities to gases, good 
response time, a wide range of gas detection, an ability to operate in a significant 
range of the ambient temperatures (−45 ÷ + 45°C), low mass and dimensions), which 
make them promising for creation of devices and systems capable to provide reliable 
diagnostics of the onset of the fires.

The design of the semiconductor sensor created at the Department of Chemistry 
of the Taras Shevchenko National University of Kyiv is present in Figure 5.

The sensor consists of a ceramic plate with platinum heater on one side and Pt 
contacts on the opposite side of the plate (Figure 5a). These contacts intended to 
measure the current flowing through a gas sensitive layer deposited between them 
(Figure 5b). The gas sensitive layer is made of semiconductor material, whole sensor 
has a very small size (2x2x0,5 mm, Figure 5c).

A principle of the semiconductor sensor operation is based on a change in its 
conductivity in the presence of the analyzed gas in air. Figure 6 shows schematically 
the sensor sensitivity mechanism from the standpoint of the band theory of semicon-
ductors [11].

In the absence of the analyzed gas in air (Figure 6A), chemisorption of oxygen 
occurs on the sensor surface with localization of electrons from the semiconductor 
conduction band on the oxygen atoms [12, 13]. Reduction of the electrons number 
in the conduction band of the semiconductor leads to decrease in its electrical con-
ductivity. In the presence of the analyzed gas R (Figure 6B), its molecules interact 
with the active chemisorbed oxygen. The electrons, previously localized on the 
chemisorbed oxygen, return to the conduction band of the semiconductor and 
increase its conductivity. This increase will be the greater if the concentration of gas 
R will be higher. This is the basis for the use of semiconductor materials in the sen-
sors for determination of the concentration of the analyzed gas R. Finally, Figure 6C 
shows a role of the catalytic additive (Me), that increases a rate of catalytic oxidation 
reaction by the chemisorbed oxygen through activation of the R molecules, that leads 
to an even larger number of electrons returned to the conduction band - the sensor 

Figure 5. 
Design of the semiconductor gas sensor: a – schematic illustration of the main elements of the semiconductor gas 
sensor; b – view of a ceramic sensor plate with a sensitive layer; c – SEM image of the sensor in its measurement 
chamber [10].
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sensitivity to the analyzed gas becomes greater [14, 15]. This simple scheme shows a 
reason for the low selectivity of the sensor: at a given sensor temperature, molecules 
of many gases can overcome the energy barrier of the oxidation reaction [16] thereby 
increase the conductivity of the sensor.

Several devices were created at the University using semiconductor sensors 
(Figure 7). In particular, with combination of the sensor and previous chromato-
graphic separation of the air sample, it was possible to ensure absolute selectivity of 
CH4, C2H6 and C3H8 measurements that was applied in a developed portable chro-
matograph intended to determine natural gas leaks from pipelines without digging 
the soil (Figure 7b).

Figure 6. 
Schematic illustration of the action mechanism of the semiconductor sensors: A – Sensor material in absence of 
analyzed gas (R); B – Sensor material exposed to the analyzed gas; C – Doped by catalytic additive me sensor 
material exposed to the analyzed gas.

Figure 7. 
Examples of developed devices based on semiconductor sensors created at the Taras Shevchenko National 
University of Kyiv: Semiconductor sensors (1, a), a device intended to determine alcohol in exhaled air (2,a), a 
domestic device in the form of a doll intended to determine presence of methane in air of kitchen (3,a), a device 
intended to determine concentrations of methane in air purposed for vehicles (4, a) a portable chromatograph 
intended to determine natural gas leaks from pipelines without digging soil (b) (Project #840 of Science and 
Technology Center in Ukraine).
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It should be noted that although the sensors have low selectivity, changes in the 
chemical compositions of the gas sensitive layers, their morphology and temperature 
can affect the rates of gases oxidation on the semiconductor surfaces and, thus, regu-
late the selectivity of measurement. These approaches allow to avoid the use of the 
sensors in conditions of the chromatography, that neutralize attractive possibilities 
of using the low-power sensors in the corresponding miniature portable devices or as 
sensors of stationary automated systems for monitoring indoor air.

In our work, tin dioxide, an n-type semiconductor, was chosen as a basis of the 
sensitive layer of the sensor [17]. Tin dioxide exhibits high chemical and thermal 
inertness, that is necessary to ensure a long-term stable operation of the sensor in the 
practice [12]. In order to increase the sensor response, the material of the gas sensitive 
layer based on tin dioxide was obtained in a nanoscale state [13, 14, 17]. This should 
ensure that the processes occurring on the gas sensitive surface of the sensor have a 
predominant effect on its volumetric characteristics, in particular, on the values of 
its electrical conductivities [18]. Taking into account the mechanism of the sensor 
response formation [12–15, 17], a catalytically active additive was introduced into its 
gas sensitive layer, that allows to accelerate the process of the oxidation of hydrogen 
by the oxygen chemisorbed on the sensor surface. One of such catalytic additive may 
be platinum, which has an extremely high activity in the oxidation reaction of H2 [19] 
and it is much higher than in the oxidation reaction of CO and CH4.

The aim of our work is to develop a fast semiconductor gas sensor based on nano-
sized SnO2 possesses very high sensitivity to H2 microconcentration and low sensitivi-
ties to CO and CH4 purposed for systems of fires detection at early stage.

2. Materials and methods of investigation

The initial substances for synthesis of the material of the sensitive layer were 
SnCl4 × 5H2O, ethanediol-1,2, and H2PtCl6.

In order to synthesize SnO2 1.5 g of SnCl4∙5H2O were added to 15 ml of ethanediol-1,2 
under sintering. The mixture was heated to 353 K until the salts were completely 
dissolved. The resulting solution was transferred to a ceramic dish and then was kept 
at 393 K C in a sand bath until approximately 80% of the solvent (by a volume) was 
evaporated. A resulting dark brown viscous gel was aged in air at a room temperature for 
30 minutes, then kept in an oven at 423 K for two days. The obtained brown xerogel was 
subjected to heat treatment with limited air access in a temperature range from 298 K 
to 873 K according to a special sintering program in a programmable oven “GERO” 
(Germany). The temperature mode of the program is shown in Figure 8. A light yellow 
nanosized SnO2 was obtained as a result of the treatment. Semiconductor sensors were 
created by applying a paste, consisted of the obtained nanosized SnO2 and an aqueous 
solution of carboxymethylcellulose, between the measuring electrodes of the ceramic 
plates of the sensors. Then the plates with applied paste were dried at 363 K impregnated 
with a solution of hexachloroplatinic acid (5,3x10−2M) and heated up to 892 K.

Study of the obtained nanomaterials by transmission electron microscopy (TEM) 
was performed on an electron microscope Selmi TEM - 125 K with an accelerating 
voltage of 100 kV and by X-ray diffraction analysis (XRD) diffractometer on a Bruker 
D8 Advance diffractometer with CuKα radiation.

Study of the sensor characteristics was performed in a special electric stand 
(Figure 9).
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Figure 8. 
A special thermal program for xerogel sintering.

Figure 9. 
Electrical diagram of the stand intended to determine the parameters of the sensors: A1 - power supply of the 
sensor heater; 1 – voltmeter or recording devices; 2 – a resistor for current registration through the sensor heater; 
3 - power supply of the heater of the sensor; 4 - power supply of the sensitive layer of the sensor; 5 – a load resistor; 
6 – a semiconductor sensor (6.1 – a heater; 6.2 – a sensitive layer).
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The electrical resistance of the sensor (Rs) was calculated according to the Ohm’s 
law for series connection of conductors:

  (1)

where U- voltage of the power supply of the sensitive layer; Ul is voltage drop on 
the load resistor; Rl is a value of the resistance of the load resistor.

The following notations were used to evaluate the properties of the sensors: Ro is 
the electrical resistance of the sensor in pure air, Rg is the electrical resistance of the 
sensor in the presence of an analyzed gas R. A ratio of the sensor electrical resistance 
in pure air to the electrical resistance in the analyzed gas – air mixture (Ro/Rg) was 
considered as a response of the sensor to this gas.

Before measuring the characteristics of the sensors, they were purged by a gas 
mixture with a hydrogen concentration of 935 ppm every 1 hour for three days at a 
temperature of the gas sensitive layer 675 K in order to stabilize sensors resistances.

Sensor response time (t0,9) was defined as the time to reach 90% of the constant 
value of the sensor response in the presence of the analyzed mixture, the sensor relax-
ation time (τr) was defined as the time to reach the sensor 10% of the sensor response 
when replacing analyzed gas mixture by pure air.

The investigated gas mixtures were prepared in pressure cylinders and certified at 
Ukrmetrteststandard.

3. Results and discussion

Figure 10 shows a schematic illustration of nanosized tin dioxide synthesis via 
sol–gel method, that allows to achieve high chemical homogeneity of products, 
particle size control and morphology of the material at different stages of synthesis by 
changing temperature, reaction time, nature of solvents, chemical composition and 
reagent concentrations [20–22].

In contrast to the most common variant of the sol–gel method, where water is 
used as a solvent and the final hydroxide or oxide is obtained by alkaline or acid 
hydrolysis [21, 22], the non-aqueous variant of the “classical” method has a number 
of advantages over the method. Ethylene glycol is used as a solvent that at the same 
time acts as a hydrolytic agent, reacting chemically with tin (IV) chloride to form HCl 

Figure 10. 
Scheme of the nanosized SnO2 synthesis by a sol–gel method: I –dissolving of SnCl4 in ethylene glycol at  
353 K II and III - evaporation of the obtained solution on a sand bath with consequent drying it in an oven;  
IV - heat treatment up to 873 K. SEM image of the synthesized SnO2 is shown in insert.
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and corresponding tin (IV) glycolate (Figure 10, stage I). Then, as the temperature 
rises, the glycolate is polymerized to form a three-dimensional grid (Figure 10, stages 
II, III), where ethylene glycol molecules act as bridges between tin atoms. Thus, 
ethylene glycol performs a structure-forming function. In addition, ethylene glycol 
also performs an important function of preventing agglomeration of particles during 
the heat treatment of the xerogel in an oven, as bimethylene linkers are quite stable 
and completely burn out of the material only at a temperature about 773 K [23]. Thus, 
in initial stages of the process, when the temperature rises and the oxide particles are 
just beginning to form, ethylene glycol molecules partially prevent the process of the 
nanoparticle aggregation.

According to TEM observation, the synthesized nano-SnO2 material consists of 
spherical particles with an average size 10–11 nm (Figure 11a).

According to X-ray diffraction analysis, the obtained tin dioxide has a cassiterite 
structure (ICDD PDF - 2 version 2.0602 (2006), card 00. 00–041-1445), and no 
other phases were found in the obtained material (Figure 12).

Calculation of the particle size according to the Scherrer equation (XRD size) [24] 
has shown that the size of the coherent scattering region for the obtained material is 
6.7 nm. The significant difference between the particle size according to TEM data 
and those calculated according to the Scherrer equation can be explained by existence 
of an amorphous surface layer or the presence of defects in the tin dioxide crystal 
lattice on the surfaces of nanoparticles [25, 26]. This may be due to the formation of 
the crystal structure of tin dioxide in the presence of the organic matrix, that has not 
yet fully oxidized in the conditions of the heat treatment [23].

It was established that the thermal formation of the semiconductor materials of 
the gas-sensitive layer (at temperatures up to 620°C) leads to the aggregation of SnO2 
particles. This effect can explain increase in particle size for the sensor materials in 
comparison with the initial SnO2. For example, average TEM size of the semiconduc-
tor particles for the undoped sensor materials is 19–20 nm while average TEM size of 
the initial SnO2 is equal to 10–11 nm [27]. No changes in the phase composition of the 
gas-sensitive layer were detected by the X-ray diffraction analysis, and the average 
particle size of tin dioxide material, calculated by the Scherrer equation, was 20.1 nm 
[27]. This correspondence between the values of the average particle size obtained 
by the different methods (TEM and X-ray diffraction) may indicate that additional 
high-temperature treatment in the formation of the gas sensitive materials reduces 
significantly a number of defects in the crystal lattice of tin dioxide.

Figure 11. 
TEM images of the initial tin dioxide (a) and platinum-containing sensor material obtained by impregnation 
with 5.3∙10–2 M solution of H2[PtCl]6 (b).
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Analysis of TEM images of the platinum-containing gas sensitive materials 
(Figure 11b) revealed that addition of platinum reduces significantly the average 
particle size of the tin dioxide material (from 19 to 20 nm to 14–15 nm). The particle 
sizes calculated by TEM and X-ray diffraction methods are the same, that indicates to 
good crystallization of tin dioxide in the platinum-containing sensor material.

Figure 13a shows the dependence of the sensor response to hydrogen (22 ppm) 
on the temperature of the sensor. As it can be seen, this dependence has an extreme 
character with a maximum response of the sensor at the temperature 595 K, that may 
be caused by oxygen adsorption–desorption processes on the surface of the semicon-
ductor layer.

Figure 13. 
The dependence of the sensor response to 22 ppm of hydrogen on the temperature of the sensor (a) and (b) - the 
dependence of the electrical conductivity in air (σ0) on its temperature in the coordinates σ0 from T (1) and ln σ0 
from 1/T(2) for the sensor based on Pt/SnO2.

Figure 12. 
X-ray diffraction of the sensor material without additives and platinum-containing sensor material (obtained by 
impregnation with 5.3∙10−2 M solution of H2[PtCl]6).
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To explain the obtained data, it should be taken into account that in the presence 
of hydrogen the charged forms of oxygen formed by the oxygen chemisorption on 
the surface of the gas sensitive layer are able to oxidize H2 molecules activated on 
platinum particles that leads to return of the electrons in the conduction band of the 
semiconductor and increases its conductivity. Naturally, if the rate of the oxidation of 
hydrogen is higher and, as a consequence, the greater is amount of the chemisorbed 
oxygen on the surface of the semiconductor is involved in oxidation of H2 molecules, 
the response of the sensor will be higher. It can be assumed that increase in the oper-
ating temperature of the sensor from 565 to 595 K leads to an increase in the amount 
of the oxygen chemisorbed on the surface of the gas sensitive layer and consequently 
to an increase in the response of the sensor from 8.6 to 9.2, respectively. A further 
decrease in the response of the sensor with increasing the operating temperature 
may be due to the dominance of the desorption of the chemisorbed oxygen from the 
surface of the semiconductor. At the same time, this assumption is contradicted by 
the experimental data shown in Figure 13b. These data show a monotonic increase in 
the conductivity of the sensor under conditions of the increasing temperature, which 
cannot explain the initial stage of increasing the response of the sensor to hydrogen 
(Figure 13a) by increasing the amount of the chemisorbed oxygen. To understand 
this discrepancy, it is necessary to consider the main factors that determine it.

As can be seen from Figure 13b, an increase in the temperature of the sensor leads 
to an increase in its conductivity according to the exponential law (Figure 13b, curve 
1), that is characteristic of semiconductors [28]. This dependence can be linear-
ized in the coordinates ln (σ) - 1/T, that allows to calculate the activation energy 
of conductivity. It was found that a value of the activation energy in the operating 
temperature range of the sensor 565–680 K is 0.65 eV. This value is characteristic of 
the interparticles barrier between the grains of tin dioxide [29] indicating a slight 
effect of the oxygen chemisorbed at the interface between the particles of platinum 
and tin dioxide on the value of activation energy of the conductivity of Pt/SnO2. That 
is why a change in the conductivity of the sensor from the temperature (Figure 13b, 
curve 1) does not reflect the effect of the chemisorbed oxygen on the conductivity 
of the sensor, which is usually observed for sensor systems [30]. Since an increase in 
the temperature of the sensor leads to an increase in its conductivity that is a result 
of an increase in the number of charge carriers (electrons) capable to overcome the 
interparticles barrier, an increase in the temperature leads to a decrease in the width 
of the space charge region (SCR). It is known that the width of the SCR is one of 
the factors that can directly affect the response of the sensor [12–14]. Likely, for the 
sensors based on nanosized Pt/SnO2 material, an increase in the temperature leads to 
a significant decrease in the width of the SCR. As a result, the surface processes, such 
as the involving of the chemisorbed oxygen on the SnO2 surface in the oxidation of 
H2 molecules, are masked by their own high conductivity of the semiconductor and 
therefore the processes of the oxygen chemisorption are not reflected in the change in 
the conductivity of the sensor with increasing the temperature (Figure 13b, curve 1).

As can be seen from the data presented in Figure 14, the sensor created on the 
basis of the Pt/SnO2 nanomaterial can measure hydrogen in air in a wide range of its 
concentrations (from 3 to 935 ppm).

In the logarithmic scale, the dependence of the conductivity of the sensor on the 
concentration of hydrogen in air becomes linear (Figure 14, curve 2) [31, 32]. That 
is very convenient to use the sensor in practice, because its periodic calibration, 
that usually accompanies the long-term operation of the sensor, can be carried out 
only by two concentrations of hydrogen-air mixtures.
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One of the most important properties of sensors is the reproducibility of their 
performance over a period of their operation. The data presented on Figure 15 shows 
a change in the conductivity of the sensor with periodic supply of 44 ppm H2 for 
100 minutes of its continuous operation. As it can be seen, the sensor signal is well 
reproduced -a deviation of its signal value does not exceed (± 4%) from the initial value.

Table 3 shows the data on the stability of the sensor response in the presence of 
44 ppm H2 during continuous operation for a working day (8 hours). As it can be 
seen, a deviation of the response value of the sensor (∆) from its initial value (in the 
first hour of the sensor operation) is insignificant, that indicates to sufficient stability 
of the sensor.

Figure 15. 
The reproducibility of the platinum-containing sensor signal to 44 ppm of H2 for 100 minutes of the sensor 
operation at its temperature of 595 K.

Figure 14. 
Dependence of electrical conductivity of the platinum-containing sensor on hydrogen concentration in air (1) and 
its linearized form in the logarithmic scale (2).
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The results of measuring the sensor response to 22 ppm of hydrogen before and 
after overloading the sensor with hydrogen (935 ppm), are presented in Figure 16.

As it can be seen from the above data, the hydrogen overload has almost no effect 
on the value of the conductivity of the sensor, that corresponds to the presence in air 
of a H2 microconcentration (22 ppm). This indicates to the stability of the material of 
the gas-sensitive layer, that remains unchanged when exposed to a high concentration 
of hydrogen at relatively high operating temperatures of the sensor. Thus, the sensor 
is able to correctly measure the hydrogen content even after exposure to almost 50 
times the concentration of H2 This, of course, indicates to possibility of the stable 
sensor operation in real conditions. In addition, these data confirm good dynamics 
of the sensor, because it quickly returns to its initial state in air after exposure of 
high hydrogen concentrations to it. In particular, it was found that at the operating 
temperature of 595 K, the response time of the sensor (t0.9) in relation to 22 ppm H2 is 
10 s, and the relaxation time is 30 s.

To assess a possible effect on the conductivity of the sensor of carbon monoxide and 
methane, which are also classified as fire precursor gases and which appear in air of the 
room behind hydrogen, the same CO and H2 concentration in air were applied to the 
sensor. It was found (Figure 17), that the conductivity of the sensor in the presence of H2 
is much higher than for CO (the value of the conductivity of the sensor for CO is about 
10% of the conductivity of the sensor to H2), and the sensor is practically not felt CH4 

Sensor response 

and its change

Time (hours)

1 2 3 4 5 6 7 8

γ 13.22 12.95 13.412 13.21 13.66 13.19 13.24 13.59

∆ (%) −1.98 1.45 −0.05 3.38 −0.20 0.21 2.82

Table 3. 
Stability of the sensor response to 44 ppm H2 at a sensor temperature of 595 K for 8 hours of the sensor continuous 
operation.

Figure 16. 
Change in the conductivity of the platinum-containing sensor to 22 ppm of hydrogen after it exposure to 935 ppm 
of hydrogen at a sensor temperature 595 K.
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at even much higher concentration (935 ppm) than for H2. Since CO and CH4 appear in 
air after some time after the appearance of hydrogen, and the sensor response time for 
H2 is 10 seconds, it becomes clear that such sensor can detect the presence of H2 before 
presence of CO and CH4 in air and thus detect the earliest stage of appearance of the fire.

The proposed sensor for the fire diagnostics will have the following advantages 
in comparison with already known analogues: presence of the open flame will not be 
necessary for generating the alert (as in the case of the heat or smoke detectors), and 
the detector will not be impeded by the dust (as in the case of the optical sensors). The 
assumed high sensitivity of the sensor to H2 (the first precursor of the fire) and the 
good response time will allow to determine the onset of smoldering at the earliest 
stage before the start of the open fire). In addition, taking into account the low power 
consumption of the sensors (0.4 watts), they can be used in controlled rooms with 
organizing their power supply from the electrical networks, that is usually presented 
in the rooms, which is convenient when using sensors in practice.

It should be noted that production of hydrogen is usually highest at first stage of the 
ignition while with appearance of the open fire production of hydrogen can drastically 
decrease [7, 33] while production of smoke and other organic and inorganic compounds 
(such as benzene, biphenyl, ethane, hydrogen chloride, hydrogen cyanide etc.) has 
begun [33]. This fact allows to suggest the use of the created hydrogen sensor with other 
type fire sensors in a complex device. This will allow to determine the initial stage of the 
fire situation by monitoring of the hydrogen sensor signal and to track fire development.

4. Conclusions

In this work by using a sol–gel method sensor material based on nanosized tin 
dioxide with an average particle size of 10–11 nm was created and possibility of its 

Figure 17. 
The response of the Pt/SnO2-based sensor to different concentrations of hydrogen (22 ppm), carbon monoxide 
(60 ppm) and methane (935 ppm).
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use as a gas-sensitive layer of the semiconductor hydrogen sensor was investigated. It 
was found that the addition of platinum to the synthesized nanomaterial increases the 
sensitivity of sensors to hydrogen compared to tin dioxide. It was shown that due to 
high sensitivity to hydrogen, fast response time, a wide range of H2 detectable con-
centrations in air, resistance to hydrogen overloads, good reproducibility of the sensor 
signal and selectivity to hydrogen measurement, the created sensor is promising for 
use it in the detector of early warning of the fire.
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the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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