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Abstract—Hydrogen sulfide, a toxic gas, can be released into the air during oil and natural gas extraction,
metallurgical production, and the storage and processing of industrial and household wastes. The determi-
nation of hydrogen sulfide in the atmosphere is a pertinent task in analytical chemistry. The established meth-
ods, such as chromatography or mass spectrometry, are unsuitable for continuous monitoring in hard-to-
reach places. This creates a practical need for a low-cost chemical sensor that offers high sensitivity and selec-
tivity. In this study, gas-sensitive materials based on In2O3 with catalytic additives—primarily palladium (as
PdO) and silver (as Ag2O)—were synthesized. The synthesis proceeded in several stages. Initially, an In(OH)3
sol was prepared, followed by centrifugation and thermal treatment to yield indium oxide nanopowder. The
material was characterized by transmission electron microscopy (TEM) and X-ray powder diffraction. Sub-
sequently, the indium oxide nanopowder was blended with catalytic additives and a binder to form a paste.
The gas-sensitive material was obtained by annealing the paste at 750°C. The sensor properties of these gas-
sensitive materials were investigated with respect to hydrogen sulfide and carbon monoxide under nonsta-
tionary temperature conditions: heating to 450°C for 2 s and cooling to 100°C for 13 s. The study demon-
strated that nanodispersed indium oxide-based materials exhibit high sensitivity to hydrogen sulfide and
exceptional selectivity.
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Hydrogen sulfide is a metabolic product and per-
forms several vital functions in a body. However, it is
also a potent neuroparalytic poison. Inhalation of
hydrogen sulfide in concentrations of 1−10 ppm can
cause dizziness, headache, nausea, and vomiting. In
concentrations of 10−100 ppm, hydrogen sulfide can
lead to coma, seizures, and pulmonary edema. Con-
centrations of hydrogen sulfide in air above 100 ppm
can lead to rapid poisoning: seizures and the loss of
consciousness can quickly progress to respiratory
arrest and death.

Hydrogen sulfide has strong odor; however, when
inhaled in sufficiently high concentrations, the paral-
ysis of the olfactory nerve causes the odor to become
almost immediately undetectable.

Hydrogen sulfide is present in natural gas and asso-
ciated petroleum gases, sometimes in significant
quantities. It also forms in metallurgy and during the
storage and processing of industrial wastes. Addition-
ally, hydrogen sulfide is released during the decay of
proteins [1].

The task of determining low concentrations of
hydrogen sulfide in the air is crucial due to the risk of

poisoning to humans. Hydrogen sulfide also serves as
a biomarker for the body’s condition. Furthermore,
hydrogen sulfide detection can be used to monitor the
quality of food products.

There are methods of gas analysis that combine
high sensitivity and selectivity, such as gas chromatog-
raphy, mass spectrometry, and chromatography–mass
spectrometry. However, these instruments are not
only highly expensive but also require highly qualified
maintenance. For the continuous monitoring of the
atmosphere in hard-to-reach places, there is a need in
developing compact and affordable gas analyzers
based on chemical sensors. For hydrogen sulfide detec-
tion, semiconductor or electrochemical sensors can be
used. Semiconductor sensors offer advantages over
electrochemical ones due to their lower cost and capa-
bility of continuous operation over extended periods.

The sensor response in semiconductor metal oxide
sensors is associated with changes in electrical con-
ductivity due to redox reactions on the surface. Gas-
sensitive materials of specific compositions, such as
copper or silver oxides, are commonly used for hydro-
gen sulfide detection. This is because hydrogen sulfide
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adsorption can lead not only to its oxidation to sulfur
oxides but also to changes in the phase composition
and the reversible transformation of oxides into sul-
fides, exhibiting high electrical conductivity. This pro-
cess can additionally contribute to the sensor
response. For instance, additives of copper (+2) oxide
lead to changes in the composition of the gas-sensitive
layer upon hydrogen sulfide adsorption [2, 3].

The most common material for hydrogen sulfide
sensors is tin dioxide doped with copper (+2) oxide
additives. High sensitivity and selectivity have been
demonstrated, particularly in electrospun nanofibers
of SnO2 coated with CuO [4, 5]. Sensors for H2S have
been developed based on SnO2 nanowires coated with
CuO nanoparticles [6, 7], and the sensor response
mechanism of SnO2:CuO thin films produced by ther-
mal spraying has been investigated [8]. A gas-sensitive
material based on hollow nanospheres coated with
CuO has been successfully used for hydrogen sulfide
detection in medical diagnostics [9]. A multilayer
structure SnO2–CuO showed response of more than
four orders of magnitude for 20 ppm H2S with low
response times [10]. The influence of the mutual dif-
fusion of SnO2 and CuO nanoparticles on the sensor
properties to hydrogen sulfide has been examined [11].
Sensor properties of thin-film nanostructures based
on CuO/SnO2 have also been studied [12]. However,
the most common method for fabricating SnO2/CuO
nanocomposites is the sol–gel process [13].

In addition to copper oxide additives, sensors for
hydrogen sulfide detection also contain silver addi-
tives. Similar to copper oxide, silver oxide can revers-
ibly transform into silver sulfide, which exhibits high
electrical conductivity. The conversion of silver oxide
to silver sulfide significantly contributes to the analyt-
ical signal of the sensor [14, 15]. Adding silver to nano-
crystalline SnO2 enhances response to hydrogen sul-
fide [16–18].

For hydrogen sulfide detection, pure SnO2 has
been employed [19], as well as SnO2 with additives of
platinum [20] or fullerenes [21].

Copper oxide in some cases serves as a basic mate-
rial for the sensor itself rather than as an additive to
other metal oxide materials. For instance, a highly
sensitive sensor has been developed based on palla-
dium-doped CuO nanoflowers [22]. The sensor prop-
erties of unsintered nanowires of copper (+2) oxide
have been investigated [23].

It is known that in going from typical stationary
temperature modes to nonstationary ones, a signifi-
cant increase in sensitivity in often observed [24]. As
demonstrated in this study, the use of nonstationary
temperature conditions also enhances the selectivity of
hydrogen sulfide determination.
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 79  N
EXPERIMENTAL
A 1.25-g weighed portion of indium nitrate (CAS

no. 207398-97-8; InN3O9·nHOH, Sigma-Aldrich)
was dissolved in 250 mL of glacial acetic acid. A 25%
aqueous solution of ammonia was added dropwise to
the resulting solution, cooled to 8–10°C, until reach-
ing the isoelectric point of indium hydroxide (pH 6),

(1)

Ammonia was added dropwise with continuous
stirring, and the temperature of the reaction mixture
was maintained at 8–10°C throughout. The precipi-
tated indium hydroxide gel was separated by centrifu-
gation. The supernatant solution was decanted, and
the precipitate with the remaining solution residues
was transferred to an evaporation dish and dried at
80°C for 12 h. The dried material was then calcined for
8 h at 300°C (sample 1) and additionally for 6 h at
500°C (sample 2). As a result of the calcination pro-
cess, indium oxide powder was obtained.

(2)

The obtained indium oxide powder was examined
by transmission electron microscopy (Fig. 1). Samples
of In2O3, obtained at calcination temperatures of
300°C and 500°C, were characterized by X-ray pow-
der diffraction (XRD) using a DRON-4 diffractome-
ter with a copper anode. The diffraction patterns were
analyzed using the Powder Diffraction File (PDF-2)
database. An analysis of the diffraction patterns
revealed that both samples (300 and 500°C) exhibited
cubic crystal structures. On the left ordinate axis of
Fig. 2, data from the PDF cards for cubic-phase In2O3
are plotted, while on the right ordinate axis, experi-
mental XRD data are presented.

To create a gas-sensitive layer based on indium
oxide with silver oxide additives, the indium oxide
powder was treated with a solution of silver nitrate.
After drying, terpineol was added to the powder as a
binding component. The resulting paste was applied
onto a dielectric substrate made of aluminum oxide,
featuring specialized platinum electrodes for conduc-
tivity measurements and a platinum heater. The sub-
strate with the applied paste was heated to 750°C,
during which the binding component was burned off,
leaving a gel of indium oxide with silver additives.

A gas-sensitive layer based on indium oxide with
palladium oxide additive was prepared using a similar
procedure, in which the indium oxide powder was
treated with a solution of tetraammine palladium(II)
nitrate instead of silver nitrate.

To assess the sensor properties of the resulting
materials, verification gas mixtures “hydrogen sulfide
in synthetic air” and “carbon monoxide in synthetic
air” were used in concentrations of 10 and 200 ppm,
respectively, diluted with synthetic air. The total f low
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Fig. 1. A TEM image of indium oxide powder particles.

100 nm
rate was maintained at 250 mL/min. The sensor,
housed in a TO-8 metallic package, was placed inside
a stainless steel chamber. Its temperature was con-
trolled using a special electronic device based on the
temperature coefficient of the resistance of the heater,
determined in preliminary measurements.

The electrical resistance of the gas-sensitive layer
was measured using a specialized electronic device
with a frequency of up to 40 Hz, and the data were
recorded as a computer file. Each measurement cycle
lasted 15 s, which consisted of 2 s of heating from 100
to 450°C, followed by 13 s of cooling from 450 to
100°C. These heating–cooling cycles were conducted
continuously without interruption. Measurements from
the first five cycles were discarded. For quantitative
analysis, only one of the 575 points in each cycle was
used, specifically at 14.95 s after the start of the cycle.

Response S was calculated as the ratio of electrical
resistance R0 in pure air to electrical resistance Rg in
the investigated gas medium,
JOURNAL O
(3)

RESULTS AND DISCUSSION
Figure 3 shows dependences of the electrical resis-

tance of the In2O3–Pd sensor over time during one
measurement cycle for different hydrogen sulfide con-
centrations. Increasing hydrogen sulfide concentra-
tion led not only to a significant increase in the sensor
response but also altered the shape of the curves, par-
ticularly within the initial segment corresponding to
heating the sensor from 100 to 450°C.

We obtained time dependences of the electrical
resistance of the In2O3–Ag sensor during one mea-
surement cycle for various concentrations of hydrogen
sulfide (Fig. 4). The shape of the curves for the In2O3–
Ag sensor (Fig. 4) differed significantly from those of
the In2O3–Pd sensor (Fig. 3), indicating different
mechanisms of chemisorption processes for different
gas-sensitive materials not only in hydrogen sulfide
media but also in air.

0/ .gS R R=
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Fig. 2. X-ray powder diffraction of indium oxide powder.
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Fig. 3. Time dependence of the electrical resistance of an In2O3–Pd sensor during one measurement cycle with temperature rang-
ing from 100 to 450°C: (1) synthetic air and (2) 5, (3) 20, and (4) 50 ppm H2S.
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To assess the selectivity of hydrogen sulfide detec-
tion, measurements were also conducted for carbon
monoxide. Figure 5 illustrates time dependences of
the electrical resistance of the In2O3–Pd sensor in one
measurement cycle for different concentrations of car-
bon monoxide.
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 79  N
There are two approaches to the selective determi-
nation of gases using sensors. One approach involves
the use of low-selectivity sensors, such as In2O3–Pd.
The responses of this sensor in detecting carbon mon-
oxide (Fig. 6, curve 2) and hydrogen sulfide (curve 3)
are almost identical; however, the shapes of the curves
o. 9  2024
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Fig. 4. Time dependence of the electrical resistance of In2O3–Ag sensor during one measurement cycle with temperature ranging
from 100 to 450°C: (1) synthetic air and (2) 5, (3) 20, and (4) 50 ppm H2S.
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Fig. 5. Time dependence of the electrical resistance of In2O3–Pd sensor during one measurement cycle with temperature ranging
from 100 to 450°C: (1) synthetic air and (2) 5, (3) 10, (4) 20, and (5) 50 ppm CO.
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are different, particularly in the heating phase in the
first two seconds (Figs. 3 and 5). The difference in the
curve shapes offers a fundamental opportunity for
selective analysis with the processing of the resulting
multidimensional data arrays [24]. The qualitative and
quantitative analysis of various gas media can thus be
achieved using a single gas sensor. In this context, pal-
ladium is an optimal dopant for metal oxide semicon-
ductors, such as SnO2, ZnO, WO3, or, as in this case,
In2O3, because of its universal and highly effective cat-
alytic properties.
JOURNAL O
However, there is another approach to achieving
selective detection, based on the development of
highly selective sensors. As shown in Fig. 6, the
responses of the In2O3–Ag sensor in detecting hydro-
gen sulfide significantly exceed its responses in detect-
ing carbon monoxide. Thus, the In2O3–Ag sensor can
be used for the selective determination of hydrogen
sulfide. This capability stems from the fact that, along-
side the conventional mechanism involving a donor-
type sensor response through redox processes on the
surface, leading to a decrease in the electrical resis-
F ANALYTICAL CHEMISTRY  Vol. 79  No. 9  2024
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Fig. 6. Response dependences of (1, 4) In2O3–Ag sensor and (2, 3) In2O3–Pd sensor for (1, 3) hydrogen sulfide and (2, 4) carbon
monoxide concentrations.
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tance of an n-type semiconductor, an additional
mechanism is implemented. This mechanism is
induced by the reversible transformation of silver
oxide into silver sulfide,

(4)
Silver sulfide possesses high electrical conductivity,

thereby leading to an increase in the concentration of
electrons throughout the gas-sensitive material
(donor-type response).

CONCLUSIONS
Nanopowders of indium oxide were obtained by

precipitation from a liquid phase followed by centrifu-
gation, drying, and calcination. Subsequently, they
were characterized by transmission electron micros-
copy and X-ray powder diffraction. Pastes were pre-
pared from these nanopowders by adding catalysts
(palladium and silver) along with a binding additive.
Gas-sensitive layers (sensors) were formed by applying
these pastes onto specialized dielectric substrates with
electrodes and a heater, followed by calcination at 750°C.

The sensor material based on indium oxide with
palladium additives exhibited high sensitivity to both
hydrogen sulfide and carbon monoxide. In this sce-
nario, the selectivity of an analysis can be achieved by
analyzing the shapes of the obtained curves of electri-
cal resistance over time.

The sensor material based on indium oxide with
silver additives demonstrated high sensitivity to hydro-
gen sulfide and low sensitivity to carbon monoxide. In
this case, the selective determination of hydrogen sul-
fide can be performed without complex mathematical
processing of multidimensional data arrays.

2 2 2 2Ag O H S Ag S H O.+ → +
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