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ABSTRACT: The properties of planar sensors based on tin dioxide and indium
oxide used for the determination of acetone vapors have been studied. Sensors
based on synthesized SnO, and In,O; nanopowders showed high sensitivity to low
concentrations of acetone in a humid environment which simulates human | ¢
ions to hydroxide sols | £ s
significantly increases the threshold sensitivity and the sensor response in a wide 2
range of acetone concentrations. In,O;—Au sensors have the maximum sensitivity pecencon |

exhalation. The addition of a small amount of Au™

at an operating temperature of 325 °C. The In,O;—Au-sensors reliably record the :
change in acetone concentration in the concentration range from a minimum of Time, s

X2 o Snor- a0
P

0.05 ppm|

‘

o 200 400

0.1 to S ppm with high accuracy, which is necessary for rapid diagnostics of the
condition of patients with diabetes (1.8—5.0 ppm). The high sensitivity of the obtained sensors is explained by the structural features
and the surface conditions of oxides and gold nanoparticles, which depend on the sample synthesis conditions.

B INTRODUCTION

Methods to identify disease markers are used to diagnose
various diseases and monitor the health status of chronically ill
patients."” In particular, the possibilities of determining certain
substances in human exhalation in dental diseases and diabetes
are being widely studied.”® Many of these substances are
present in the exhalation of a healthy person, but their
concentration increases significantly in the presence of a
disease. The main research in this area is aimed at identifying
acetone in human exhalation as a biomarker for diabetes since
the concentration of other substances is much lower. Along
with the most common method of chromatography, intensive
work has been carried out in recent years that is aimed at
establishing the possibility of determining acetone using
sensors. Cheaper and faster approaches are being sought to
control the content of various substances in exhaled air
because carrying out chromatographic analysis is quite
laborious. The use of semiconductor gas sensors ™ or self-
powered sensors based on triboelectric nanogenerator®™” for
primary express analysis of acetone concentration are the
variants of one of these approaches. Human exhalation analysis
is a painless diagnostic method that can complement classical
diagnostic methods.

Currently, commercial sensors for volatile organic sub-
stances, including acetone, are produced.5 However, these
sensors are designed to detect high concentrations of acetone
(5—500 ppm). It should be noted that it is impossible to
achieve selectivity in the analysis of volatile organic substances
on resistive sensors based on metal oxides since the mechanism
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of their detection is similar. Therefore, it is necessary to use
multisensor systems with cross-reacting sensors with a signal
recognition system of the “electronic nose” type when
analyzing complex gas mixtures.'”""

It was found that the acetone concentration in exhaled
breath of healthy people ranges between 0.3 and 0.9 ppm.'”
Sensors with high sensitivity to low concentrations of acetone
(0.9-3 ppm) in a humid environment are needed for
monitoring and diagnosing diabetes. The search for promising
materials for such sensors has been intensively carried out.
Huge experimental work has been carried out to test various
metal oxide materials as acetone sensors and the results of the
studies are summarized in reviews.”'> SnO,, In,0; CuO,
WO,, TiO, oxides, etc., are used as semiconductor oxides in
gas sensors.”'>~'® An analysis of the available data shows that
it is possible to identify directions for increasing the sensitivity
of metal oxide sensors to acetone. Two approaches can be

distinguished:

1. Improving the synthesis technology to obtain nanosized
metal oxides with an active surface for adsorption and
catalysis.
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Figure 1. Appearance of the platform with measuring electrodes (a), the platform with the applied gas-sensitive film (b), the finished gas sensor (c),
SEM image of the platform with the film (d), and In,0;—Au film EDAX (e).

2. The injection of activating additives and, primarily,
catalytically active metals.

Both approaches were implemented in this work. We
present the development of planar-type sensors on the
standard microheating platforms with sensitivity to acetone
in the concentration range of 1—5 ppm. To create acetone
sensors, SnO, and In,0O;, which are widely used materials in
the production of gas sensors, were utilized. The use of SnO,
and In,O; as gas sensors is due to their chemical stability and
semiconductor properties, as well as a wide band gap.

Bl SUBSTANTIATION OF METHODS FOR THE
SYNTHESIS OF MATERIALS

Tin dioxide is the most widely used material in the
manufacture of gas sensors for toxic and combustible gases.
The advantages of SnO, are high thermal and chemical
stability and excellent electrical properties, in particular a wide
band gap of 3.6 eV. Its application fits into the existing
machine technology for manufacturing sensors. The sensitivity
of SnO, is low in a clean state, but with the introduction of
activating additives, the sensitivity can be significantly
increased.”'>"”

To fabricate sensors, we synthesized SnO, from either SnCl,
or SnCl,. However, the negative effect of the presence of
chloride ions on the adsorption-catalytic properties of the
oxide is known. This explains the insufficiently high sensitivity
of the SnO, sensors to CO and CH,. The use of other tin salts
makes it possible to eliminate the negative effect of chloride
ion impurities on the adsorption and catalytic properties of
SnO,. The modulating effect of sulfate ions on the surface state
of various metal oxides is known, which favorably affects their
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catalytic properties in oxidation reactions.'® >’ We developed
an original technology for the synthesis of tin dioxide from
SnSO, taking into account these data. Our synthesis
technology not only eliminates chloride ions in the precursors
but also leads to the production of an ultrafine SnO, powder
with a surface that is modified by sulfate groups.'*™*’

It was shown earlier that indium oxide is more sensitive to
many gases compared to tin dioxide, but it is less chemically
and thermally stable.'” Indium oxide is a very promising
material for thin-film sensors, where its good film-forming
properties and high electrical conductivity are important
qualities.”'

We used Au as a catalyst instead of the Pd activator, which is
traditionally used in the production of gas sensors. It is known
that bulk Au is inert and does not exhibit a catalytic activity.

It was found that gold catalyzes various redox reactions
when the size of gold particles is reduced to nanosize.”* The
problem is obtaining nanosized gold particles after the samples.
The use of the sol—gel technique for obtaining oxide systems
with the introduction of HAuCl, into the sol during the
synthesis is a feature of the approach in this work.”® The sol—
gel procedures used in this work for the synthesis of oxide
systems make it possible to insert gold ions into hydrosols.
This allowed us to provide the stabilization of the nanosized
state of gold in the resulting MeO,—Au system upon
heating.”>** In addition, such an insertion technique of gold
favors the formation of an active MeO,—Au interface in
adsorption and catalysis.'”** 7>

B SYNTHESIS TECHNOLOGY

Tin dioxide was synthesized according to a previously
developed procedure, which makes it possible to obtain
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Figure 2. TEM images of In,05 (a), In,05—Au (b), SnO, (c), and SnO,—Au (d) powders and EDAX spectrum of In,O;—Au (e) and SnO,—Au

(f) powders.

small tin dioxide particles with surface modification by sulfate
groups.'® The synthesis procedure includes pretreatment of
SnSO, by heating in H,SO, followed by the preparation of
SnO,'nH,0 sols by the standard method and their trans-
formation into powder by drying at 50 °C and heating in air at
600 °C.

Indium oxide was synthesized by the sol—gel method from
In(NO;); using NH,OH according to the previously published
procedure with sol stabilization with nitric acid.”® In,O;
powder was obtained by heating the xerogel of indium
hydroxide at 600 °C.

The solution of HAuCl, was introduced into the sol of SnO,
nH,O and In(OH); in an amount of 0.2 wt % Au relative to
oxide to obtain SnO,—Au and In,O;—Au nanocomposites.

40080

U \vere dried and heated

Then, the sols with the addition of Au
at 600 °C.

The X-ray diffraction (XRD) measurements were performed
by using a Philips X-ray PANalytical Empyrean diffractometer
with Cu Ka radiation. The particle size was estimated on a
transmission electron microscope. Scanning transmission
electron microscopy images were acquired by JEOL 2100F

at an accelerating voltage of 200 kV.

B MANUFACTURING OF SENSORS

The sensors were fabricated by using thick film technology. An
aluminosilicate suspension (semicolloidal solution of silicic
acid and aluminum nitrate) was added to the powders (In,05,
In,0;—Au, SnO,, SnO,—Au) and thoroughly dispersed. As a
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result, a mixture was obtained that was applied with a
microdoser to the sensor microplatforms from the side of the
measuring electrodes. We used standard microplatforms made
of aluminum oxide substrates 1.6 X 1.6 X 0.3 mm? in size with
a platinum heater and measuring electrodes. The appearance of
sensor elements is given in Figure 1. Heat resistance at room
temperature was 16 + 1 Q. Furthermore, the process of drying
and annealing (baking) was carried out at 600 °C. The
aluminosilicate suspension formed a porous carcass during
annealing, which contained powders of gas-sensitive materials.
Thus, a solid porous gas-sensitive film was formed as a result of
sintering (Figure 1b). The film thickness in the center was 175
pum. The film thickness was thinner at the edges of the platform
compared to that of the central part (Figure 1d).

Al and Si atoms of the aluminosilicate carcass were in the
EDAX spectrum of the sensor film in addition to the atoms
(In, O, and Au) of the initial powders (Figure le).

The sensitive elements were fixed in standard housings
(Figure 1c). The resistance of the sensors was measured under
static voltage conditions in air (R,) and in acetone-air mixtures
(Rg) with a relative humidity of 98%. The output signals (G) of
the sensors were determined as the ratio of resistances: G =
Ry/R,. The response time (TRes) of the sensors was determined
as the time to reach 90% of the output signal. The recovery
time (Tg..) was defined as the time to reverse the change in
90% of the output signal after the cessation of exposure to
acetone vapor.

It is known that the concentration of acetone in the air
exhaled by a person is on an average of 107 — 10~7 mg/cm?>.”’
It is generally accepted that the concentration of acetone in
exhaled air is less than 0.9 ppm in healthy humans. In a person
with diabetes, the concentration of acetone in his exhalation
exceeds 1.8 ppm.28’29 For acetone, 1 ppm = 2.54 mg/ms.27 We
prepared vapors of acetone with concentrations of 0.1, 0.5, 1, 2,
3, 5, and 50 ppm in equilibrium with a solution of acetone in
distilled water according to the procedure described.””*

We used an aqueous solution of acetone with a
concentration of ~107* mg/cm3 to obtain the desired
concentrations of the equilibrium vapor of acetone in a closed
vessel and used the Henry coefficient for this level of
concentrations of aqueous acetone solutions.”’ We also took
into account the temperature dependence of K given.’' Air
humidity can affect the accuracy of gas detection, including
that of acetone vapor. Usually, an increase in humidity worsens
the adsorption-sensitive characteristics of the sensors. It is
known that the relative humidity of human exhalation air can
vary within fairly wide limits. However, it is less than the
humidity of saturated water vapor in a closed vessel (100%).
For example, the relative humidity of the human exhalation air
is in the range of 41.9—91.0% according to the data given.’”
Gas sensors (connected by conductors to the measuring
system) were introduced into a closed vessel with acetone
vapors of appropriate concentrations for measurements. The
vessel with the sensor was also hermetically sealed during
measurements.

B RESULTS AND DISCUSSION

Dispersion and Structural Features of Samples. Figure
2 shows TEM images of SnO, and In,O; powders. The
presented TEM images show that the synthesized oxide
powders consist of nanosized particles. The diameter of SnO,
particles is 4—6 nm (d,, ~ 5.5 nm). The In,O; particles are
larger and have a rounded shape with an average diameter of

18—20 nm. The average particle diameter in In,O;—Au is
slightly smaller, 14—16 nm.

Only one rutile-type crystalline phase is identified by XRD in
the synthesized SnO, sample after heating at 600 °C (JCPDS
41—1445) (Figure 3). The SnO, reflections are broadened.

* - SnO2

20 (degrees)

Figure 3. XRD patterns of the SnO, samples after heating at different
temperatures: 1—50 °C and 2—600 °C.

The calculated coherent scattering region value is about 5 nm,
and this agrees with the TEM data. The unit cell parameters of
SnO, correspond to reference data (a = 0.4738 nm, and ¢ =
0.3187 nm).

The presence of the Sn** impurity in such a sample as well
as the presence of S in the form of SO,*” were previously
established by the XPS method.”* The stabilization of sulfate
groups on the SnO, surface was also confirmed by IR
spectroscopy.2 20

XRD patterns of In,O; and In,O;—Au samples at different
heating temperatures are shown in Figure 4. The cubic phase
C-In,0; (JCPDS 22-0336) is the main product during the
thermal dehydration of the In(OH); sol. The process of
formation of the crystal structure of In,O5 (without and with
the addition of Au™) occurs with the formation of an impurity
of the metastable hexagonal phase H-In,O; (JCPDS 06-0416)
at 300—500 °C that transforms into the thermally stable cubic
phase of C-In,O; after 600 °C. This process of structure
formation promotes the formation of C-In,O; with a deviation
from oxygen stoichiometry.”> C-In,O; is characterized by
defects in the form of oxygen vacancies and In** ions. The high
conductivity of In,O; is due to the presence of oxygen
vacancies (F centers), In* and In** ions, and the ease of
electron exchange between them.** In indium oxide, a band
mechanism of electron transfer is assumed as a result of
overlapping levels of In* and In*.

The crystallization process slows down slightly in the
presence of gold. As a result, the sizes of In,O; particles
decrease and the content of hydroxyl groups on the surface
increases.”” Metallic gold was not detected in the SnO,—Au
and In,O0;—Au samples by XRD due to the low Au
concentration. Usually, highly dispersed gold is fixed on the
surface of oxides by a (111) plane. Highlzr dispersed gold has a
thin hemispherical shape at small sizes.”> Au can form small
clusters comprising only several atoms due to the small gold
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Figure 4. XRD patterns of In,O; and In,0;—Au samples heated at different temperatures: 1—-300, 2—400, 3—500, and 4—600 °C.
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Figure S. Dependence of the output signal (G) of the sensors on the operating temperature at SO ppm acetone in a humid atmosphere: a—Sn0O,

(1); SnO,—Au (2); b—In,0; (1); In,0;—Au (2).
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Figure 6. Dependences of the output signals (G) of the sensors on the concentration of acetone at the optimal detection temperature: a—SnO,

(1), SnO,—Au (2); b—In,0; (1); In,0;—Au (2).

content, which is difficult to observe on the electron
microscope.36

Au nanoparticles were detected in the synthesized In,O;—
Au (Figure 2b) and SnO,—Au (Figure 2d) powders by the
scanning transmission electron microscopy method. The
detected Au particles in these powders were about S and 12
nm in size, respectively. Au nanoparticles are shown in red
rectangles. The Au atoms in these nanoparticles were
confirmed by measurements of the EDAX spectra (Figure
2e,f).

The presence of Au’ in the synthesized SnO,—Au and
In,O,—Au samples was confirmed by optical spectroscopy’’
and in SnO,—Au by the XPS method.”*

40082

Properties of Sensors in the Determination of
Acetone Vapors. Figure S shows the dependence of the
output signals of the sensors on the operating temperature at
S0 ppm of acetone in a humid atmosphere. The presented
dependences make it possible to establish the optimal
operating temperature for the detection of acetone on sensors
with different chemical compositions of the sensitive elements.
A strong increase in the sensor response was found when gold
was added to the starting material. This is a special
characteristic of indium oxide. The output signal also increases
in the case of SnO,—Au, but its value is lower than that for
In,0;-sensors without the addition of gold. The optimum
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Figure 7. Dynamics of the In,O;-Au sensor signal changes during detection of different concentrations of acetone in an adsorption—desorption
cycle (a). Acetone on: the sensor is in a closed vessel with acetone vapor. Acetone off: the sensor is in air without acetone vapors. Change in the
output signals of the In,O;—Au sensor during the detection of acetone (b). Curve 1.—after 2 days of storage of the sensor at room temperature,

2.—after 4 days of storage, 3.—after 6 days of storage, 4—after 1.

Table 1. Comparison of the Parameters of Sensors In,0; and In,O;—Au Presented in This Study with Sensors Known from

the Literature

composition structure, morphology

In, 05 mesoporous particles S0
In,0;—Sb thin film 80
In,05/Pd nanoparticles 100
In,0/Pt rods/nanoparticles 1
In,0, nanoparticles 50
In,0;/Au hybrid structures S0
In,0, hollow spheres 100
In,0, nanospheres 30
In, 04 nanowire 100
In, 05 mesostructures 100
In,0, nanoparticles S0

1

Cim = 0.04
In,0;—Au nanoparticles S0

1

Gy = 0.02

C, ppm, acetone

output signal, G T, °C source

29.8 300 38

20 300 39

30.6 370 40
6.2 320 41

11.6 240 42

10.2 240 39
8 300 40

11 200 43
4.2 400 44

13.5 220 45

32 325 this work
33

80 325 this work
8

acetone detection temperature for In,O;—Au sensors is lower
(325 °C) than that for SnO,—Au sensors (360 °C).

Figure 6 shows the dependence of the output signals of the
sensors on the concentration of acetone at the optimal
detection temperature. Sensors based on synthesized SnO, and
In,0; show a high sensitivity to low concentrations of acetone
in a humid atmosphere. In,O;—Au-sensors have the highest
threshold sensitivity (Cy,, = 0.02 ppm). In,O5 sensors (Cy,, =
0.04 ppm) are 10 times more sensitive than SnO, sensors (Cy,,
= 0.4 ppm) in terms of the minimum detectable acetone
concentration.

Obtained concentration dependences reflect a significant
change in the response of sensors, especially In,O;—Au, to low
acetone concentrations in the range from Cy, to 5 ppm. This is
important for reliable registration of small changes in the
acetone concentration in exhalation during express diagnostics.
The concentration of acetone in the exhalation of a healthy
person can be up to 0.9 ppm.”'* The threshold concentration
is 1.8 ppm for the diagnosis of diabetes, and it can increase to 3
ppm depending on the disease severity. The output signals of
the sensors increase in the following order SnO, < SnO,—Au <
In,0; < In,O3—Au in the concentration range from Cy, to S

It can be seen from the figure that a reliable fixation of the
sensor signal is observed over the entire presented range of
concentrations (including the range of concentrations of
acetone in the exhalation of healthy people). The sensor
recovery (desorption) time increases from 30 to 130 s if the
acetone concentration changes from 0.05 to S ppm when the
sensor is exposed to acetone vapor (absorption) for 40 s.
Obviously, the time between measurements should be greater
than the maximum desorption time when using such a sensor
in a device for diagnosing diabetes. The sensor readings are
well produced within 10 days of storing the sensors at room
temperature and when warming the sensors at 100° above
operating temperature before measuring the output signals
during acetone detection (Figure 7 b). There is no stability
degradation of the sensors over 10 days.

We compared the parameters of the In,O; and In,0;—Au
sensors developed by us with analogues known from the
literature. The parameters of the sensors are shown in Table 1.

It follows from the presented data that the In,O; sol—gel
synthesized in the form of isotropic nanoparticles with a
diameter of 18—20 nm is superior in sensitivity to the In,O;
samples with different particle morphologies which are
described in the literature. Sensors based on the In,0;—Au
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composite which are obtained by the method of inserting gold
ions into an indium hydroxide sol also outperform sensors
based on indium oxide with deposited metals In,O;—Pd and
In,0;—Au in terms of the output signal.””*’ The In,0;—Au
composite, in terms of the threshold sensitivity and output
signal, is comparable to the In,O;—Pt composite which is a
platinum nanoparticle deposited on the anisotropic indium
oxide particles.”"

Comparison of the Output Signals of Our Manufac-
tured and Commercial Sensors. We have reliably
determined the lower (threshold) concentrations of acetone
at which the electrical resistance of the sensors decreases by
about 1.5—1.8 times (by S0—80%). We used the concentration
dependencies of the output signals of the sensors for this.
These data are compared to similar parameters of commercial
sensors (Table 2). Table 2 shows the signal responses of our
sensors at S0 ppm of acetone with literature data.

Table 2. Comparison of the Parameters of Our* and
Commercial Gas Sensors for the Detection of Acetone
Vapors

acetone
platform  concentration, output output signal G at

sensor type ppm signal, G S0 ppm acetone
MQ 138 Tube 10 1.8 3.3
TGS 822 Tube 425
VSP 2110 Planar 2 LS S.0
*SnO, Planar 1 1.8 6.0
*SnO,— Planar 0.5 1.7 16

Au
*In,04 Planar 0.1 1.7 32
*In,03— Planar 0.05 2.0 80

Au

It follows from the presented data that the sensors we
present in this work are superior in sensitivity in comparison
with the available commercial sensors at both low and high
acetone concentrations. In the fabrication of commercial
sensors, as a rule, SnO, is used. These sensors are obtained
from SnCl, and activated with palladium. The size of SnO,
particles is higher with this method of synthesis (20—35 nm)
than those obtained from SnSO, (4—6 nm). The higher
sensitivity of sensors based on SnO, developed by us can be
explained by both the smaller particle size and the modifying
effect of the sulfate groups. The planar type of microheating
platforms with an optimal pattern of electrodes and a heating
element can also be affected by the value of the output signal.
These types of microheating platforms have shown their
promise in the production of sensors based on CH,/CO (ASE-
16, ASE-adsorption-sensitive element).

As it is known, modification of the surface of tin dioxide with
sulfate groups increases the adsorption capacity of tin cations
as Lewis acid centers."”” The strength of acid sites is
important for the eflicient adsorption of acetone molecules by
one of the possible detection mechanisms, in which the
acetone molecules adsorption occurs by oxygen of the carbonyl
group on metal cations.'”*® Such a mechanism for detecting
acetone makes it possible to explain the higher sensitivity of
the samples synthesized by us compared to that of commercial
analogues.

Considering the similarity between the detection mecha-
nisms of ethanol and acetone,"”*’ the high sensitivity of
indium oxide to acetone can be explained on the basis of the

data which are obtained by the detection of ethanol.”’ The
effect of the structure and electronic surface states of oxide and
gold nanoparticles on the gas sensitivity with respect to ethanol
was studied.””***" Two structural factors determine the gas-
sensitive properties of indium oxide. One of them is the ease of
changing the indium oxidation state within a significant range
without structure restructuring and the occurrence of
electronic exchange between them: In** — In* + In*".** The
second factor is the presence of indium oxide which is obtained
by the sol—gel method of the complex structural defects in the
form of oxygen vacancies in interaction with partially reduced
states of indium (In**, In%).>>™** Such defects are effective
centers of adsorption and catalysis, which proceeds according
to the associative mechanism through the formation of
intermediate complexes from adsorbed molecules and oxy-
gen.’

Such a mechanism of adsorption and catalytic oxidation on
oxides is characteristic of the molecules of many organic
substances.”” > Acetone is detected by one of these
mechanisms.”'” It has been proved by theoretical calculations
and experimentally confirmed that initially the coordination of
ketone molecules occurs on tin ions by oxygen of the carbonyl
group””** followed by a nucleophilic attack of the neighboring
hydroxyl group on the carbonyl carbon atom or oxidation with

the participation of the active oxygen O~*%>
CH,COCH, + O — CH,CO'CH, + OH™ + e (1)
CH,COCH, + OH™ — CH,COO + CH,0" (2)

It has been shown that oxygen activation in the case of
indium oxide is géossible on In** ions in coordination with
oxygen vacancies.

Acetone molecules are adsorbed on the surface of Au
nanoparticles in the Me,O,—Au composites. After that,
acetone molecules can react with hydroxyl groups or active
oxygen at active sites on the perimeter of the Au particles.”> A
decrease in the electrical resistance of the sensor is recorded at

the same time (Figure 8).

H3C\ /CH3

perimeter active
sites

Figure 8. Schematic diagram of acetone oxidation on a Me,O,—Au
sensor surface.

The increase in sensor sensitivity when adding gold atoms
into oxide materials is associated with its participation in the
activation of adsorption and catalysis and with its effect on the
surface states of the oxide, including on the content of hydroxyl
groups.”” The activity of gold manifests itself upon stabilization
in the nanoscale state.””> The strong binding of Au nano-
particles to the oxide matrix creates sites which are active in
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adsorption along the Au/MeO, perimeter.”* >° With indium
oxide, this interaction of Au nanoparticles with indium oxide is
stronger than that with tin dioxide. This is explained by the
features of the crystal structure of oxides considered above.
Gold clusters on the surface of indium oxide have an electronic
bond with indium oxide.”»*

B CONCLUSIONS

The results of the study showed that sensors based on SnO,
and In,O; oxides, which have been synthesized by the sol—gel
method, have a high sensitivity to low acetone concentrations
in a humid environment. The addition of a small amount of
Au™ jons (0.2 wt %) into tin and indium hydroxide sols
increases both the threshold sensitivity and the response of the
In,0;—Au and SnO,—Au sensors in the wide range of acetone
concentrations. The slope of the calibration curve of In,0;—
Au-sensors makes it possible to reliably record changes in the
acetone concentration in the range of 1.0—5.0 ppm, which is
necessary for diagnosing diabetes.
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