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Abstract—The structure and sensing properties of SnO,—In,0; composites synthesized by the impregnation
method are studied. These composites consist of In,O5; nanocrystals comprising SnO, nanoclusters with a
size of 5—7 nm on their surface. Using energy-dispersive X-ray spectroscopy, it is found that the SnO, nano-
clusters contain indium ions, which provide an increase in the number of catalytically active oxygen vacancies
in them. The maximum efficiency of the synthesized composites for hydrogen detection in air is achieved at
a SnO, content in the composite of about 40 wt %. In this case, the high sensor sensitivity of the composite
is attributed to the catalytic activity of SnO, clusters containing indium ions and the high specific surface area
of SnO, aggregates, which provide the conductivity of the composite.
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INTRODUCTION

The ever-growing challenges associated with envi-
ronmental pollution and safety show the necessity of
real-time environmental monitoring. To this end,
nanocrystalline semiconductor metal oxides, whose
electrical conductivity varies depending on the com-
position of the surrounding gas atmosphere, are cur-
rently used as sensors to detect reducing gases, such as
hydrogen, hydrocarbons, and carbon monoxide. The
sensor effect is attributed to a change in the electrical
conductivity of the sensor caused by the chemical
(sensory) reaction of the gas with anionic oxygen cen-
ters on the surface of the sensor nanocrystals [1—3].
This reaction, which is accompanied by the release of
trapped electrons and their transition into the conduc-
tion band of metal oxide, leads to an increase in the
electrical conductivity of the sensor.

The sensing properties of a nanostructured metal
oxide system are determined by its morphology, the
electronic structure of the particles, and the interac-
tion between them [4, 5]. In this context, new possible
designs of efficient fast-response sensors are enabled
by the use of composite systems consisting of metal
oxides with different electronic and catalytic proper-
ties. Depending on the nature and content of compo-
nents in this composite, the sensitivity and selectivity
of the composite change as it detects different com-
pounds (see, e.g., [6—8]).

Sensor effects in binary metal oxide systems are
founded in the specific contacts between dissimilar
metal oxide particles and the incorporation of ions of
one metal oxide into the crystal lattice of the other,
which can occur during the formation of the compos-
ite. Of particular importance for the sensing properties
of a nanostructured metal oxide semiconductor com-
posite is the morphology of the composite and in par-
ticular, the size of nanoparticles involved in the sen-
sory process. A decrease in the size of the nanoparticle
leads to an increase in the specific surface area of the
sensitive layer of the sensor, resulting in an increase in
the concentration of oxygen and analyte gas molecules
chemisorbed in this layer, which leads to an enhance-
ment of the sensor effect [9, 10]. It is particularly
important that the characteristic structural flexibility
of nanocrystalline metal oxide grains that are smaller
than 10 nm under the action of stresses generated by
the incorporation of foreign ions into their lattice
opens up possibilities of the directed modification of
nanoparticles to improve the sensitivity and selectivity
of a sensor. In particular, it is shown that, in the case
of doping of SnO, with indium ions, their dissolution
in the SnO, lattice is observed only for SnO, nanopar-
ticles with a size of 5—10 nm [11].

The size of a nanoparticle in a nanostructured

composite depends on the method of formation of the
composite. It has been found that the impregnation of
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metal oxide nanocrystals with a metal salt solution and
the subsequent heat treatment of the impregnated
sample under certain conditions lead to the formation
of another oxide with a size of up to 10 nm on the sur-
face of matrix nanocrystals of metal oxide nanoclus-
ters [12—15]. In this study, nanocomposites consisting
of In,0; nanocrystals with a size of 30—40 nm, which
contain SnO, nanoclusters with a size of 5—8 nm on
their surface, are synthesized by the impregnation
method. The structure, electrical conductivity, and
sensing characteristics of the resulting nanocompos-
ites for hydrogen detection are studied. It is shown that
high sensor sensitivity is achieved in the case of a cer-
tain composition of the nanocomposite provided by its
specific structure.

EXPERIMENTAL

The SnO,—In,0; composites were synthesized by
impregnating In,O; nanocrystals with an aqueous
solution of SnCl, and subsequently subjecting the
impregnated samples to a heat treatment. Commercial
In,0; nanopowder samples (AnalaR grade, 99.5%,
BDH/Merck Ltd., Lutterworth, Leicestershire, UK)
were used. To prepare the samples, a suspension of
In,0; nanocrystals in an aqueous solution of SnCl,
was stirred for 24 h and then held for 24 h to provide a
uniform penetration of the solution into all of the
pores of the powder. The SnCl, concentration in the
solution was 0.014 mol/L. After that, water was evapo-
rated in air at 70°C; the resulting impregnated powder
was held at 100°C for 5 h and then heated in air at
500°C for 5 h. This heat treatment led to the hydrolysis
of tin chloride and the subsequent formation of SnO,.
The tin oxide content in the synthesized impregnated
composite was calculated according to the amount of
the salt added per gram of the In,0; powder to the ini-
tial suspension.

To determine the conductivity and sensing proper-
ties of the synthesized materials, they were mixed with
distilled and deionized water. The resulting paste was
deposited on polycor plates and annealed at 550°C
until a constant resistance of the resulting film was
achieved.

The structure of the composites was determined by
X-ray diffraction (XRD), transmission electron
microscopy (TEM), and energy-dispersive X-ray (EDX)
spectroscopy. The XRD spectra were recorded using a
Rigaku Ultima IV X-ray diffractometer (CuK, radia-
tion, A = 0.154056 nm) that was equipped with a nar-
row slit analyzer providing an increase in the resolution
of XRD patterns and a graphite monochromator provid-
ing the detection of weak peaks in XRD patterns.

Average nanoparticle size (D) was determined from
XRD spectra in accordance with the Debye—Scherrer
formula: D = 0.9A/(Bcos6), where A is the X-ray
wavelength, [ is the peak half-width, and 6 is the dif-
fraction angle corresponding to this peak. The relative
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position and contacts of particles in the composites
were determined by TEM on a JEM-2100 instrument
(Jeol, Japan). The EDX spectra, which characterize,
in particular, the distribution of metal ions between
the composite components, were recorded on a JOEL
JSM-5610 instrument equipped with an Oxford
Instruments X-MaxN 100TLE EDX microanalysis
system.

The sensory activity of the composites in hydrogen
detection was measured in a temperature range of
300—450°C. The temperature maintenance accuracy
was £1°C. Pure air or air containing 1100 ppm of hydro-
gen was pumped through a 1 cm? measuring chamber
with the sensor placed into it at a rate of 200 cm?®/min.
Sensor effect S was defined as § = (Ry/R,), where R,
and R, are the resistance of the sensor film in pure air
and in air containing the analyte gas, respectively.

RESULTS AND DISCUSSION

The initial In,0O5 nanocrystals have a cubic struc-
ture with a lattice parameter of 1.012 nm. The XRD
analysis data showed that, in the synthesized compos-
ites, this structure of In,0Oj; crystals is preserved, while
SnO, nanoclusters formed during impregnation have a
tetragonal structure characteristic of SnO, crystals.
The XRD data are shown in Table 1 for the (110) and
(400) peaks in the tetragonal lattice of SnO, and in the
cubic lattice of In,0;, respectively. These peaks were
selected because they do not overlap other peaks in the
spectrum of the composite even partially. The desig-
nations in Table 1 are given in accordance with the
Debye—Scherrer formula. The average size D of the
initial In,O5 nanocrystals, which was determined from
the XRD data in accordance with the Debye—Scherrer
formula, is 35 nm; it changes little during the forma-
tion of SnO,—In,0; composites by the impregnation
of the crystals (see Table 1).

At SnO, concentrations of up to 10 wt %, only
In,O; crystals are detected in the composite. It is
known that the dissolution of small amounts of SnO,
in In,0; crystals hardly changes the crystal structure
[16]. The increase in the conductivity of the composite
compared with the conductivity of pure In,0; (Fig. 1)
confirms the formation of SnO, solid solutions in
In,0O; crystals. This effect is also observed in compos-
ites synthesized by codeposition of SnO, and In,0;
from a solution of tin and indium salts [17]. The effect
is attributed to the fact that an increase in the localized
positive charge caused by the replacement of In®" in
the In,0; lattice by Sn** ions is compensated for by the
formation of negatively charged oxygen vacancies
containing electrons weakly bound to the lattice. The
transition of these electrons into the conduction band
of In,0; leads to an increase in the conductivity of the
composite at low SnO, concentrations, when the cur-
Vol. 13
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Table 1. X-ray diffraction data for SnO, and In,Oj; crystals
SnO,, tetragonal lattice, peak (110) In, 03, cubic lattice, peak (400)
SnO, content, % - -
> nanoparticle nanoparticle
26, deg B. deg size, nm 26, deg B, deg size, nm
0 - - - 35.46 0.265 35
40 26.55 1.75 5 35.49 0.251 37
100 26.59 0.181 49 - — —

rent paths in the composite are formed by In,0; crys-
tals. It is characteristic that the In,O; particles
observed under a transmission microscope (Fig. 2a)
are apparently aggregates of crystals recorded by XRD.

According to [18], the solubility limit of SnO, in
In,0; is 10—15 wt %, which corresponds to 5—7 at %
Sn. With an increase in the SnO, concentration above
this limit, SnO, nanoclusters are formed in the com-
posite; according to XRD, the average size of these
nanoclusters is about 5 nm (see Table 1).

As the SnO, nanoclusters accumulate, low-resis-
tance current paths consisting of In,O; nanocrystals
are broken by inclusions of SnO, nanoclusters, whose
resistance is three orders of magnitude greater than
those of the In,0; nanocrystals. Simultaneously, the
formation and multiplication of current paths through
aggregates of SnO, nanoclusters are observed. All
these factors lead to an increase in the resistance of the
composite (Fig. 1). Owing to the small size of the
SnO, nanoclusters and, accordingly, the large width of

Resistance, MQ

80

their peaks in the XRD spectra, the resulting nano-
clusters are clearly detected only at a total SnO, con-
centration of about 40 wt %. In this case, assuming
that approximately 10 wt % SnQ, is dissolved in In,05,
the concentration of SnO, nanoclusters can be esti-
mated at 30 wt %. In the synthesized nanostructured
SnO,—In,0; composites, the Dy, /D, ratio is ~7. Cal-
culations based on the percolation theory [19] show
that, at this Dy,/Dg, ratio, all current paths through
In,0O; crystals are completely interrupted by SnO,
nanoclusters at their concentration in the composite
of about 30%. Thus, the final percolation transition to
conduction through SnO, in our SnO,—In,0; com-
posites occurs at a total SnO, concentration of about
40 wt %.

Sensor effect § in the studied SnO,—In,0; nano-
composites, as well as in other nanostructured metal
oxide sensors, varies with temperature and, at a certain
temperature value 7,,,, it achieves a maximum value
Smax (Fig. 3). The dependence of S,,,, on the SnO,
concentration in the case of hydrogen detection by an

B |
60 10 !{esislance, kQ
40+ St

|
20 - ~ 7
0 / 5 1
Op—m—nm
0 10 20 30 40 50 60

SnO, content, wt %

Fig. 1. Dependence of the resistance of the impregnated SnO,—In,05 composite on the SnO, content.
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Fig. 2. (a) Transmission electron microscopy image of an In,O5 composite particle with a SnO, cluster on the surface and (b)

EDX spectra of a SnO, cluster.

impregnated SnO,—In,0; composite sensor is shown
in Fig. 4. Small SnO, additives (up to 10 wt %), which
dissolve in In,0; crystals, lead simultaneously to an
increase in the conductivity and a decrease in the sen-
sor effect. Earlier, a decrease in .S with an increase in
the conductivity of the nanocrystalline sensor was
found for SnO, sensor films synthesized by the aerosol
method [20].

At low SnO, concentrations in SnO,—In,0; com-
posites, current flows through the In,O; crystals. In
this case, one possible cause of a decrease in the sensor
effect is an increase in the conduction electron con-
centration n., upon the introduction of Sn ions into the

A/A\
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T,°C

Il Il Il
300 310 320 330

Fig. 3. Temperature dependence of the sensor response §
of a 40% Sn0O,—60% In,05 nanocomposite film synthe-
sized by the impregnation method.
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In,0O; lattice. The S value is defined as the ratio of the
rate of the reaction of the analyte reducing gas with
oxygen anions O~ (V,) to the rate of the annihilation of
these anions in the absence of the gas (V) [1, 2]. The
V./ Vo ratio is determined by the annihilation mecha-
nism of O~ in the absence of the gas.

In the case of monomolecular annihilation due to
the electron detachment from the O~ anion [1, 9], the
V./ Vo= k|Al/ko, ratio does not depend on [O~]; here,
k. is the rate constant for the reaction between O~ and
the adsorbed gas, [A] is the adsorbed gas concentra-
tion, and kg, is the O~ — O + e~ reaction rate con-
stant. In the case of annihilation of O~ due to the

Smax
1400

1000

600

200

Il ]
20 40 60 80 100
SnO, content, wt %

Fig. 4. Dependence of the maximum sensor effect Sy, in
Sn0O,—In,03 composites on the SnO, content.
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bimolecular reaction 20~ — O, + 2e~ with rate con-
stant kg, [2], the V,/V,, ratio is determined by the fol-
lowing equation: V,/V, = k,[Al/ko, [O~]. An increase
in n, unambiguously leads to an increase in [O7];
therefore, in this case, the V,/V, ratio and, accord-
ingly, the § value should decrease with increasing #,.
Apparently, in the studied system, the annihilation of
O~ on the In,0; surface occurs via the recombination
of these radical anions; this factor is responsible for the
decrease in § with an increase in n., owing to the
incorporation of Sn ions into the In,0; lattice.

The percolation transition to conduction through
SnO,, which is accompanied by an increase in the
resistance of the composite, leads to a gradual increase
in the sensor effect (Fig. 4). It is characteristic that the
maximum value of the sensor effect is achieved at
40 wt % SnO,, when, in accordance with the percolation
theory, the final percolation transition to conduction
through SnO, nanoclusters occurs in the composite.

Aggregates of SnO, nanoclusters contacting each
other, which form current paths in this composite,
have an exceptionally high specific surface area. This
factor is a cause of the enhancement of the sensor
effect after the percolation transition to conduction in
the composite through SnO, because, according to
theoretical analysis [9, 21] and experimental data [22],
the sensor effect in a nanostructured system increases
with an increase in the specific surface area of this sys-
tem. Another cause is the structure of SnO, particles
contacting with In,0O; crystals. The EDX data (Fig. 2b)
show that these particles contain In ions, due to the
dissolution of In,0; in SnO,.

The formation of a solid solution of In,0; in SnO,
is facilitated for SnO, nanoparticles, because they are
more readily deformed upon the replacement of Sn**
ions by the larger In** ions in the SnO, lattice, so that,
in small SnO, particles, the fraction of dissolved In
with respect to Sn in the nanoclusters can be up to
20% [11]. The dissolution of In,0; in SnO, can be rep-
resented by the following equation [23]:

In,0; + 2Sng, + Og <> 2Ing, + V5" +2Sn0,,

where Sng, and O, are the Sn*" and O? ions in the

SnO, lattice, Ing, is the In** ion that replaces Sn** in
the SnO, lattice and generates a localized negative

charge in the lattice, and Vg+ is the positively charged
oxygen vacancy compensating for the negative charge

at Ing,. The formation of positively charged oxygen
vacancies leads to a decrease in n, and, accordingly,
the conductivity of the composite. In addition, these
vacancies are centers of hydrogen adsorption to form
H atoms [24]; therefore, they increase the catalytic
activity of the composite in the sensory reaction of
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analyte hydrogen with O~ radical anions on the sur-
face of SnO, nanoparticles.

It is characteristic that the sensor effect increases
with an increase in the SnO, concentration to 40 wt %
and then decreases (Fig. 4). This result can be
attributed to the fact that, in the In,0;—SnO, compos-
ites, at a SnO, content of 40 wt %, the concentration
of SnO, nanoclusters contacting with In,0O; crystals
and containing indium ions, which increase the cata-
lytic activity of these nanoparticles in the sensory reac-
tion, apparently achieves a maximum.

Thus, the high sensor sensitivity of the composite is
attributed to the following: the catalytic activity of
SnO, particles containing indium ions in the dissocia-
tive chemisorption of H, and the small (5—7 nm) size
of these particles, which, in accordance with the per-
colation theory, determine the conductivity of the
composite at a SnO, content of more than 30 wt %. In
this case, the aggregates of SnO, particles that form the
current paths have a particularly high specific surface
area, which increases the sensor response of the com-
posite. Another factor that causes an increase in the
sensor response of the composite under these condi-
tions may be electron transfer from In,0; to SnO,,
which increases due to the sensor reaction. This con-
clusion follows from the results of studies of In,O;—
SnO, composites synthesized by mixing In,O; and
SnO, nanopowders [7]. It is obvious that the degree of
electron transfer between In,0; and SnO, is maximal
if the concentration of SnO, nanoparticles contacting
with In,0O; crystals achieves a maximum value.

CONCLUSIONS

The structure and sensing properties of a SnO,—
In,0; composite synthesized by the impregnation of
In,0; nanocrystals with an aqueous solution of SnCl,
and the subsequent formation of SnO, nanoclusters
during the heat treatment of the impregnated samples
have been studied. It has been shown that this method
provides the formation of SnO, nanoclusters with a
size of 5—7 nm on the surface of In,0; crystals. Using
EDX spectroscopy, it has been found that these SnO,
nanoclusters contain indium ions; therefore, the num-
ber of catalytically active oxygen vacancies in the clus-
ters increases.

The maximum efficiency of hydrogen detection in
air by the synthesized SnO,—In,0; composite sensors
is achieved at a SnO, content in the composite of
about 40 wt %, when, according to the percolation
theory, the current paths are aggregates of SnO, clus-
ters contacting with In,0O; crystals. In this case, the
high sensor sensitivity of the composite is attributed to
the catalytic activity of SnO, clusters containing
indium ions and the high specific surface area of SnO,
aggregates providing the conductivity of the composite.
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