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Powdered samples of Iny0O3-Au (0,1 wt%) with Au particle size of 1.5 nm and 3.5 nm have been obtained by
introducing either colloidal gold particles of a given size or ionic gold into an indium hydroxide sol followed by
its drying and annealing at 600 °C. This range of gold particle sizes is of interest for studying adsorption and
catalytic properties, since for particles d(Au) < 3.5 nm quantum size effects are observed that determine the
properties of gold particles. The structural features of the samples were studied by X-ray diffraction, TEM, ED, IR
spectroscopy, EPR and XPS. The sensitivity of InpOs—Au thick-film sensors with Au particle sizes of 1.5 and 3.5
nm has been measured to CO, acetone and methane. It has been established that the sensitivity of In,O3-Au
sensors depends not only on the particle size, but also on the method of introducing gold into the oxide matrix.
Iny03-Au thick-film sensors with dy, = 3.5 nm were found to be more active towards CO and acetone compared
to day = 1.5 nm. The responses of In,O3 and InpOs—Au sensors to methane at 360 °C are nearly equal and do not
depend on either da, or the method of Au introduction. In contrast, the highest sensitivity at temperatures above
400 °C is demonstrated by InpO3-Au layers with da, = 1.5 nm when gold was introduced in ionic form rather
than in colloidal. It was found that introducing gold ions leads to the most significant increase in the electrical
resistance of the sensors over the entire range of operating temperatures (300-470 °C) and results in a high
response to methane. The fixation of gold on the lateral faces of indium oxide crystals causes the emergence of
energy barriers, which impede current transfer in the polycrystalline layer of InyO3-Au. At the same time,
introducing colloidal gold particles does not have such a significant effect on the electrical resistance of the
sensors. The obtained results also show that the contact area between the oxide and gold nanoparticles is of great
importance, along with the size of Au nanoparticles, when the sensor layer interacts with reducing gases.

1. Introduction

In contrast to bulk state, gold being prepared in nanosized form on
the surface of metal oxides is known to exhibit adsorption and catalytic
activity [1-3]. A large number of research works are devoted to the
study of the catalytic activity in oxidation reactions of fine Au particles
on the surface of various oxide supports (Fe303, NiO, Co304, ZnO, CeOs,
Aly03, TiO, MgO, zeolites), for example [4-14]. Most of the studies on
the catalytic activity of nanosized gold were carried out by M. Haruta
et al. The properties of most of the studied oxides doped with gold
nanoparticles (AuNPs) are summarized in [1]. The high catalytic activity
of such materials in the low-temperature oxidation of CO has been
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demonstrated. It is emphasized that low-temperature heterogeneous
oxidation of CO occurs effectively only when the size of AuNPs does not
exceed a certain value [3,4,7,10].

However, there is ambiguous data on the optimal sizes of gold par-
ticles active in catalysis, since the activity also depends on the nature of
the support. It was shown in [6,11,14] that the most active in catalysis
are gold particles with sizes of 3 < 3.5 nm. However, a high activity of
gold particles with size less than 2 nm was demonstrated in [9]. There
are experimental results showing that a high effectiveness of CO
oxidation is achieved on single oxides (NiO, Ce;03) modified with Au
with average da, ~ 4.8-6.8 nm, however, the activity depends on the
size and morphology of the oxide carrier particles [8].
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According to theoretical concepts, the most significant changes in the
properties of AuNPs caused by the quantum size effect are observed at
dpy = 2-3.5nm [3,6,12]. Therefore, AuNPs of this size range is expected
to be optimal for catalytic applications. Along with the size of the Au
particles, the properties of the oxide support can influence the activity of
atoms at the Au /oxide interface. Metal oxides might also exhibit their
own catalytic effects, especially when prepared in nanosized state
[13-15]. The effect of the nature of the carrier is more pronounced in
case of semiconducting oxides as compared to insulators [8,15-18]. The
Au/oxide contact is more important than the Au particle size for some
semiconductor oxides [18]. Therefore, the activity of larger gold grains
on semiconductors is higher. The ambiguity of the available data on the
sizes of Au particles that are most active in adsorption and catalysis is
evidently caused by the fact that the influence of the oxide matrix on the
state of gold, as well as the catalytic effect of the oxide are not fully taken
into account. Therefore, a comparison of the activity of AuNPs on
various oxides supports is important for understanding the adsorption
and catalytic processes occurring in Au/oxide materials.

In all known methods of preparation of Au /oxide-support nano-
composites, gold particles with sizes of 1.5-3 nm have a hemispherical
shape, which contacts through a flat surface with the oxide matrix along
a certain crystallographic orientation [6,10,11,15]. An epitaxial growth
of Au particles on oxides is also possible under certain conditions [15].
The perimeter of the Au /oxide-support contact and the oxygen atoms at
the interface are active in adsorption and catalytic processes [10,11,18].
The electronic interaction between gold and oxide leads to the stabili-
zation of the adsorption- and catalytically active state of gold and oxy-
gen on the oxide surface. When heated, the interaction between the
components can be accompanied with the transfer of electron density,
stabilization of the oxidized states of gold — Au>* and Au*, as well as the
formation of mixed Au,Me clusters [7,17]. Advances in understanding
the electronic and chemical interactions of the metal/oxide interface are
reviewed in [19]. It is stressed that the metal/oxide contact is of greater
importance than the size of the metal particles. The important role of
oxidized states of gold in the process of catalytic oxidation of CO has
been experimentally confirmed in [7]. However, it is not necessary for
some Au /metal oxide materials in order to achieve their high activity
[6,17].

Most studies deal with the catalytic activity of supported AuNPs in
the low-temperature CO oxidation reaction. The mechanism of this re-
action was studied using the isotopes 16CO, 18¢0o and 1802 [20,21]. A
four-step mechanism assuming the activation of CO and O, at the Au/
oxide interface was proposed [21]. The Au/TiO, system prepared by
various methods has been most fully and widely studied
[1,6,10,11,17,20,21]. There is no data on the effect of gold on the cat-
alytic activity in the oxidation reactions of other substances, the
mechanism of which may be different from the oxidation of CO. An
important role of heterogeneous catalysis and catalytically active addi-
tives in determining the sensitivity of sensors based on semiconducting
metal oxides is well known [22-28]. Therefore, one can expect a cor-
relation between the changes in catalytic activity and adsorption-gas
sensitivity of oxide materials doped with AuNPs. However, there may
be differences, since the response of the sensors is determined not only
by the processes of adsorption and catalysis, but also by the process of
charge transfer in the sensitive layer [22,23,29].

It is worth noting that most studies examined the properties of
sensing layers with high gold content (2-4 wt%). One can assume that at
this concentration, AuNPs have sizes exceeding those optimal for
effective catalysts in CO oxidation processes. A considerable attention to
the size of gold particles, their activity and interaction with the carrier
oxide is only paid in works devoted to catalysis. In the studies on the
sensor properties of “Au/metal oxide”, the size of gold particles is not
given due attention, although, as is known from the literature on gold
nanoclusters, their electronic properties significantly depend on the size
[2,3,6]. The size of AuNPs is not taken into account when discussing
possible detection mechanisms. The effect of gold on the detection
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mechanism is mainly considered for SnO>-Au materials, less often for
ZnO-Au [25,28-30]. A favorable effect of gold on the efficiency of SnO5
sensors to CO was shown in [28] to be typical of both nanosized and
micron-sized gold particles, i.e. the effect is associated with Au itself.
Nevertheless, the response is significantly enhanced with decreasing the
grain size of gold. However, the structural and electrophysical proper-
ties of SnO and In, O3 differ significantly and, therefore, generalizations
are not always applicable.

As has been established in our previous studies, the gas-sensing
properties of layers based on SnO2-Au (0.2 wt%) towards CO,
methane, ethanol and acetone depend significantly on the method of
introducing gold into the oxide material [31,32]. A difference in sensi-
tivity was revealed when colloidal gold or Au™ ions were introduced
into SnO; at the same size of the resulting AuNPs. The influence of gold
on the properties of InyO3 sensors and the mechanism of detection of
various substances is considered [30,33-35]. The successes and prob-
lems of functionalization of the surface of AuNPs metal oxides for use in
sensors are analyzed in the review [30]. Among the revised methods of
formation of sensitive layers, the introduction of colloidal gold is not
considered. The properties of InpOs—Au sensors were only studied upon
deposition or introduction of Au™ in the amount of 0.5 wt% or higher
[33,34]. A high threshold sensitivity to CO (0.4 ppm) under pulsed
heating is demonstrated, which exceeds the sensitivity of known com-
mercial CO/CH4 sensors. A difference in their properties under detection
of CO and methane was revealed [34]. The mechanism of low-
temperature detection of CO on In;O3-Au was discussed [35].

There is a study dealing with the deposition of colloidal gold (4 wt%)
on the surface of a ceramic layer of CeOy sensors [36]. It has been
established that in this case the sensitivity to both CO and H; increases
significantly, while to methane practically does not change, and to
ethane and propane it decreases. The size of the gold grains is not
specified in the paper, the gold concentration was controlled by the
number of drops of Au colloidal solution.

As noted above, the deposition of colloidal solutions of gold or other
metals (Pd, Pt, Ag) onto oxides leads to dissimilar results in case of CeO,
and SnO; [36]. One can come to an important conclusion that there are
differences in the sensitivity mechanism and properties of the sensors
when colloidal gold is deposited on the surface of CeO3 and SnO; oxides.
The properties of InpO3-Au and SnOy-Au layers are also expected to
differ when using colloidal gold solutions.

Therefore, the influence of both the size of AuNPs and the method of
their formation on the gas-sensing properties of sensors based on indium
oxide is worth studying. The comparison of the results will reveal the
effect of the matrix on the activity of AuNPs and the sensitivity of
In;03-Au and SnOy-Au to certain substances. Indium oxide, with its
fluorite-like structure, is similar to cerium oxide. Both oxides are char-
acterized by the non-stoichiometry in the form of oxygen vacancies and
ease of change of the charge of the metal over a wide range (In>* & In?",
ce*t & ce®h) without structural rearrangements [36-38]. These fea-
tures distinguish In,O3 and CeO; oxides from the structure of rutile-type
Sn0O,. The interaction between AuNPs and the oxide matrix is expected
to be stronger in case of InpO3 compared to SnO», given the chemical
properties of these oxides and their structural differences. The pecu-
liarities of interaction at the AuNPs/oxide interface can lead to the
occurrence of new electronic states that are active in adsorption and
catalysis.

It should be noted, however, that indium oxide is not as interesting
for the chemo-resistive sensor market as tin dioxide and some other
oxides [25,26]. In recent years, InpO3 has been studied for detecting
acetone vapors and shows high threshold sensitivity when doped with
platinum and gold [39,40]. There are numerous studies on the synthesis
of indium oxide in the form of crystallites with different morphologies:
morphologies such as sphere nanoparticles, hollow nanofiber, porous
hollow spheres, hierarchical nanostructure, nanowire and nanotube
have been developed for acetone detection) and the study of their gas
sensitivity. The results of these studies are analyzed in reviews [24-26].
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Such anisotropic morphology and porous structure of InyO3 particles
makes it possible to increase the gas permeability of the ceramic layer
and make a large surface area available for gas adsorption. The study of
hybrid structures, including composites based on a 1D/2D structure in
the form of “InpO3 nanorods/2D Ti3CyTy layers” has shown that it is
possible to reduce the detection temperature of organic substances to
room temperature [41,42]. In a review [26] devoted to the analysis of
studies of the last five years of doping indium oxide with transition
metals, a disappointing conclusion was made that despite the numerous
studies, no results were obtained that could be of commercial interest.
Undoubtedly, the results of these numerous studies on the development
of new methods for the synthesis of indium oxide and its modification
with active substances contribute to the understanding of the relation-
ship between the oxide structure, surface condition and functional
properties. However, for the commercial attractiveness of the de-
velopments, a more significant gain in sensor properties is necessary in
order to make the replacement of SnO; with In,O3 economically viable.

The aim of the research was to establish the effect of AuNPs with
sizes less than 5 nm on the sensitivity of sensors based on indium oxide.
In order to obtain AuNPs of such sizes, colloidal AuNPs and Au'™ ions
were introduced into an indium hydroxide sol followed by drying and
heat treatment.

We did not use the impregnation method in this work, since the
advantage of the fixation approach over impregnation was previously
shown for InpO3-Au composites [34]. The study was carried out on
samples with a low gold concentration (0.1 wt%) in order to obtain
AuNPs of small sizes and to exclude the enlargement of particles
(sticking particles together) during heating and crystallization of InyOs.
The goal of the paper was not to achieve the highest possible sensitivity
of InyO3—Au sensors, but to find out how the method of obtaining AuNPs
and their size affect the sensitivity to certain substances. The magnitude
of the effect of the presence of gold in InpO3-Au depends on the density
of AuNPs in the system [30].

The sensors have been measured towards CO, acetone and methane.
Molecules of these substances have electron-donor (reducing) properties
in relation to semiconductor metal oxides. However, the mechanism of
their detection may differ under certain conditions. The detection by
different mechanisms is most often implemented by regulating the
operating temperature of the sensor. There are several points of view on
the mechanism of detection of both CO and acetone on metal oxide
sensors [43-46]. The distinctions in the structure and properties of
materials can lead to the implementation of one or another detection
mechanism, which is desirable for achieving preferential sensitivity to
one or another substance.

2. Experimental
2.1. Synthesis of materials

Indium oxide was synthesized by sol-gel method described in details
in our paper published earlier [47]. This approach makes it possible to
obtain nanosized particles of indium oxide that is active in adsorption
and catalysis. Indium hydroxide was prepared by the sol-gel method
starting from In(NOs)3 aqueous solution using NH4OH as a precipitator
and nitric acid as a sol stabilizer. The sol was dried in air at room tem-
perature to form indium hydroxide xerogel. A powder of In,O3 (sample
1) was obtained by calcination of the xerogel at 600 °C in air.

In order to obtain InpOs3—-Au nanocomposites, two ways of InpO3
doping with gold were used in the paper: colloidal solution of gold
(samples 2, 3) or water solution of HAuCls (sample 4) were introduced
into the sol of indium hydroxide. The concentration of Au in the com-
posites was chosen to be 0.1 wt%. The formation of InpO3-Au nano-
composite structure proceeds under thermal treatment starting from the
colloidal solution of indium hydroxide in the presence either Au
colloidal particles or Au ions.

Colloidal solutions of nanosized gold were prepared by the reduction
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of Au jons with sodium borohydride in the presence of a stabilizer. The
well-known sodium citrate (Cit) (sample 3) and the less common 5-(2-
mercaptoethyl)-1H-tetrazole (Tet) (sample 2) were used to stabilize the
sols. The procedure for the synthesis of Tet is described elsewhere [48].
Tet was previously used to stabilize AuNPs on TiO, oxide [49]. The
formation of tetrazole-stabilized AuNPs occurs in Au'" solutions con-
taining 1,2-bis(2-(1H-tetrazol-5-yl)ethyl)disulfane. At the same time,
this substance is reduced with sodium borohydride to form 5-(2-mer-
captoethyl) [48]. It has been experimentally established that it is
impossible to stabilize colloidal gold particles with a diameter of 2 nm or
less using citrate ions. The minimum size of colloidal gold particles in
this case is 3.5-5 nm. To stabilize smaller particles, S-containing com-
pounds are required, which form stronger complexes with gold [3].

The average diameter was found for tetrazole-stabilized AuNPs to be
1.8 4+ 0.2 nm, and 3.5 & 0.5 nm in case of citrate stabilizer [31]. The
colloidal solution of indium hydroxide containing Au nanoparticles was
dried in air. The resulting xerogel was heated at 600 °C. Considering the
low concentration, the growth of gold particles was not expected under
heating due to both the stabilizer and the hydroxide/oxide matrix. When
Au jons are added into a colloidal solution of indium hydroxide, gold
ions incorporate into indium oxide structure followed by the trans-
formation into Au® state upon heating [47].

The denotations of the prepared samples together with a brief indi-
cation of the procedure for their synthesis are given in Table 1.

2.2. Structural characterization

The structure of the samples was studied by electron and X-ray
diffraction (ED and XRD), transmission electron microscopy (TEM),
infrared spectroscopy (IR), electron paramagnetic resonance (EPR) and
X-ray photoelectron spectroscopy (XPS).

X-ray diffraction patterns of the samples were recorded on a
diffractometer PANalytical X“Pert PRO MRD with CuK,-radiation. The
X-ray diffraction measurements (XRD) was carried out using a Philips X-
ray PANalytical Empyrean diffractometer with CuKg-radiation. The
grain size was estimated using a LEO-906E transmission electron mi-
croscope. IR spectra were recorded on an AVATAR FTIR-330 spec-
trometer (Thermo Nicolet) supplied with Smart Diffuse Reflectance
accessary within the range of 400-4000 cm '. EPR spectra were ac-
quired on a VARIAN E 112 spectrometer at 9.35 GHz (X-band) and on an
ELEXSYS-II E500 CW-EPR (BRUKER) spectrometer (X-band) at 77 and
298 K. The g-factor values were determined relative to the hyperfine
structure (HFS) lines of Mn?*/MgO. X-ray photoelectron spectroscopy
(XPS) was carried out by using a Kratos DLD Ultra Spectrometer with an
AlKa X-ray source (monochromator) operated at 225 W. For the survey
spectra a pass-energy (PE) of 160 eV was used while for the region scans
PE was 40 eV. Spectra were calibrated to 530.1 eV binding energy (BE)
of Ols signal and to 284.8 eV BE of Cls signal. For all samples charge
neutralization was necessary. Data evaluation was carried out with
CasaXPS software version 2.3.17.

Table 1
Samples of gas-sensing materials based on indium oxide and conditions of their
synthesis.

N2  Sample Additive T, Synthesis conditions
°C
1 In,03 600 Sol-gel, In(OH)3, HNOj stabilizer

2 Iny,03-Au, 0,1wt%of 600
Tet Au

Sol-gel, In(OH)3;, HNOj stabilizer,
colloidal Au, da, 2 nm stabilized with
tetrazole (Tet)

Sol-gel, In(OH)3;, HNOj stabilizer,
colloidal Au, da, 3.5 nm stabilized with
sodium citrate (Cit)

0,1 wt% of 600 Sol-gel, In(OH)3;, HNOj stabilizer,

Au HAuCl, solution

3 In,03-Au, 0,1 wt% of 600
Cit Au

4 Iny05-Au™
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2.3. Fabrication of sensors and measuring their parameters

To produce the sensing elements of sensors, the corresponding
powders were carefully dispersed in alcohol to form a paste followed by
thick film layers formed on sensor microhotplates using this paste.
Standard microhotplate made of aluminum oxide substrates with a
platinum heater and platinum measuring electrodes were used [31]. The
sensing layer thickness was deposited to be 150-175 pm. Two series of
five sensors were made from each material. The appearance of the
sensor, the sensitive element, microhotplate scheme and the SEM image
of the surface of Iny,O3 sensing layer are shown in Fig. 1. The sensing
elements were mounted in standard housings. The resistance of the
sensors was measured both in air (Ro) and in gas-air mixtures (Rg) under
static voltage conditions. The dependence of the sensor characteristics
on the operating temperature was evaluated by varying the applied
voltage [31]. The sensor responses G were calculated as the ratio of
electrical resistance in air and in a gas-air mixture (G = Ro/Rg). The
compositions of the gas mixtures and relative humidity (RH) were as
follows: 100 ppm CO (RH = 30 %), 10 ppm acetone (RH = 98 %), 0.5 vol
% CH4 (RH = 30 %). Standard gas mixtures of air — CO and air — CHy4
intended for calibration of commercial sensors were used. A mixture of
air — acetone vapor with high humidity was created to simulate human
exhaled air [50].

3. Results and discussion
3.1. Structural characterization of the samples

X-ray diffraction. XRD patterns of indium oxide heated at different
temperatures are given in Fig. 2. A xerogel obtained by drying the in-
dium hydroxide sol at 50 °C appears to be a mixture of poorly crystal-
lized phases of In(OH); and InOOH. Heating the powder at 200 °C
causes the occurrence of pronounced reflexes assigned to C-InyO3 with
cubic symmetry. Successful annealing at 300, 400 and 500 °C leads to
the emerging of rhombohedral indium oxide (R-Iny03) as seen in Fig. 2.
The rhombohedral phase is thermodynamically unstable at room tem-
perature. However, it is being stabilized in the powder due to a high
concentration of structural defects arisen in the run of intense dehy-
dration of indium hydroxide, which is typical of sol-gel method [51].

Further structural rearrangement of R-Iny03, along with the thermal
removal of NOy and OH groups, contributes to the formation of oxygen
vacancies in the crystal lattice of C-Inp03. Calcination of the powder at
600 °C results in disappearing the R—InyO3 oxide reflexes (Fig. 2, curve
4). However, the fragments of R-InpO3 phase might remain in the
sample as shown by ED method.

The X-ray diffraction patterns of InpOs—Au samples are similar to
those of individual InyOg3 (Fig. 2b). Increased intensities of the R-InyO3
phase reflexes is observed. The occurrence of gold is not detected due to
its low content and nano-sized state.

Transmission electron microscopy and electron diffraction.
TEM images of samples 1-4 are presented in Fig. 3. The grain size of both
indium oxide and gold particles determined by TEM and other methods
is given in Table 2. Indium oxide particles have the same morphology in

b | Pt-heater
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all samples, differing slightly in size. The average diameter of indium
oxide decreases in the presence of gold. We were unable to visually
detect AuNPs in polycrystalline indium oxide samples due to small size
of gold grains. Due to the strong interaction with indium oxide, they can
be partially embedded in the matrix or attached to the lateral unfinished
faces of indium oxide. Partial immersion of AuNPs in the SnO5 layer was
observed earlier [52]. During the joint formation of Au and InyOs, this
process is even more probable in C-In,O3 with structural oxygen va-
cancies in the crystal lattice rather than in SnO, with a rutile structure.
Attachment to the lateral faces and crystal growth steps was observed in
the TiOx-Au system [20]. It was found possible to “tear off” some
colloidal gold particles from indium oxide in InpO3-Au,Tet sample by
ultrasonic treatment in methanol. The results obtained confirm that the
AuNPs in Iny03-Au,Tet retain the size that was in the initial colloidal
solution. In case of InyO3-Au,Cit it was not possible to tear off AuNPs,
which may indicate a stronger fixation of AuNPs in the InyO3 matrix.
This gives grounds to assume that in this sample there is also no
enlargement of the primary AuNPs due to the stabilizing effect of both
citrate shell and In;O3. The stabilization of AuNPs particles in InyOg is
confirmed by the obtained results discussed below.

The visualization of AuNPs in the InyOs-Au'" sample became
possible after partial dissolution of indium oxide. Thus, after etching the
surfaces of InyO3-Au™" sample in HNOg solution, AuNPs with dp, ~ 1.5
nm are observed (Fig. 3d). There are also very small particles (day ~ 1
nm), as well as aggregates of irregularly shaped particles with d =
3.8-4.7 nm. The aggregation of AuNPs occurs after removal indium
oxide in which they were anchored. An increase in AuNPs size was
observed with increasing etching duration and reaching the complete-
ness of Iny03 dissolution. The chosen method of formation of In,O3-Au™
from In(OH)g—AuIII sol, as well as the fluorite-like crystal lattice of
C-Iny03 with the presence of structural oxygen vacancies, favor the
inclusion of AuNPs into the oxide lattice [47].

Electron diffraction did not reveal the presence of gold in InpyO3-Au
sample, even with an increased gold content of up to 0.2 wt%. The
diffraction reflections were observed from the cluster of indium oxide
particles in InyO3-Au' sample, which the parameters are given in
Table 3. Very low-intensity ring diffraction with d = 2.35 A does not
allow confirming the presence of gold, since it can also refer to indium
oxides: C-InpO3 and R-InyOs3. No gold reflections were detected in the
diffraction pattern from individual indium oxide crystals. Point
diffraction from individual planes of indium oxide crystal lattice is
observed, as shown in Fig. 3e. One of the point reflections (113) in the
image can be attributed to R-InyOs. The state of gold in InyO3-Au!
sample can only be predetermined tentatively. The fact that gold par-
ticles appear after partial dissolution of indium oxide may indicate
encapsulation of AuNPs in the indium oxide matrix. The absence of
electron diffraction from Au may have various causes: a flat, very thin
particle shape with the (111) plane orientation perpendicular to the
electron flow, gold atoms pinned to incomplete side faces, ledges and
structural vacancies in indium oxide crystal lattice; formation of parti-
cles with an icosahedral rather than cubic structure. All these features of
the geometry and arrangement of gold atoms are possible at a particle
size of about 2 nm or less. They were previously observed in Au-TiO;

11

1.6 mm ) =

Gas sensing layer |

| 200 um

Fig. 1. Photograps of the sensor and sensing element (a), and scheme of the microhotplate (b), SEM image of the microplatform with the sensing layer (c).



M. Ivanovskaya et al.

a

characteristic peak of
7 R-In O, phase

Intensity, a.u.

/! A P

T T

20 25 30 35 40 45 50 55

T T T

20, deg.

Microchemical Journal 209 (2025) 112676

U

characteristic peak of
/ R-In O, phase

4

/ &

2

Intensity, a.u.

|

200 25 30 35 40 45 50 55
20, deg.

Fig. 2. XRD patterns of In,O3 (a) and In,03-Au™ (b) samples heated at 300 °C (1), 400 °C (2), 500 °C (3), 600 °C (4).

[16,20]. As shown experimentally, gold was pinned to the edges and
ledges of indium oxide grains and other oxides [22].

In a colloidal solution, Au® is formed by chemical reduction of Au'" in
the presence of a stabilizing additive, which ensures the retaining of the
highly dispersed state of AuNPs. After thermal degradation of the sta-
bilizing shell, AuNPs are already surrounded by the In O3 matrix. In
Iny,03-Au'™ sample, the ionic state of Au™ changes to Au’ upon heating
to 300-400 °C, although the presence of the oxide matrix can inhibit this
process. In this case, the oxide matrix limits the growth of gold particles
and prevents their aggregation. The size of gold particles and the nature
of their fixation can be evaluated by some indirect indications. Thus, the
metallic state of gold and its high dispersion in InyOs3-Au' are
confirmed by studying the plasmon resonance (PR) phenomenon in the
520-540 nm region of optical spectra. Due to the quantum-size effect, a
plasmon resonance band appears in the optical spectra of small particles
of gold and other metals [3,53]. As found experimentally, the size of
gold particles affects not the position of the PR line in the spectrum, but
its intensity and width. According to the data reported in [3,53], the PR
peak is not recorded at gold particle size of 1.5 nm. An increase in the
particle size above 2 nm leads to the emergence of a very weak and wide
PR band. In [3], it is shown how the intensity of the PR peak increases
without changing the position of the maximum in the case of colloidal
gold particles with sizes of 1.5 nm (no PR), 3.4 nm, 5.4 nm, 6.8 nm and
8.7 nm. The particles were stabilized with dodecanethiol. Our studies of
plasmon resonance in InyO3-Au'™ thin films with different gold content
and heating temperature shown that the size of gold particles at a con-
centration of 0.1 wt% and a heating temperature of 600 °C does not
exceed 2 nm since the PR is not registered. However, the PR band
emerges after heating the sample at 800 °C, when the gold particles
become larger.

It follows from the presented results that the introduced colloidal
gold retains high degree of dispersion under heating to 600 °C and in the
run of joint formation of InpO3—-Au nanocomposites. This temperature is
insufficient for more significant changes in the crystalline structure of
indium oxide, which occur at 800 °C and cause particle enlargement. As
will be shown by the EPR method below, nitrogen-containing fragments
of the sol stabilizer will remain in indium oxide after 600 °C thus pre-
venting the ordering of the crystal lattice and the enlargement of
C—In203.

Infrared spectroscopy. The IR spectra of the samples are shown in
Fig. 4. The results of their analysis are summarized in Table 4.

Gold concentration in the samples is quite low. Hence, any pro-
nounced changes in the spectra related to In-O and In-O-H vibrations
were not expected. But still, there are some changes in the frequencies of
both characteristic vibrations of In-O and adsorbed/surface groups,
which may indicate the effect of gold on the energy of bonds in indium

oxide. The shape of the spectra in the region of characteristic vibrations
of In-O bonds is the same for all samples and it is typical of indium
oxide. The wavenumbers of In-O vibrations are close to both experi-
mental and theoretically calculated values. However, one can note a
slight change in the frequencies of certain vibrations, including those
related to In-O vibrations.

The following distinctions can be found in the IR spectra of the
samples:

1) A decrease in the vibration frequency of v(In-O) from 415 to 403
em ™! in the spectrum of InyO3-Au,Tet, while remaining unchanged
in the spectra of In,O3-Au,Cit and In203—AuIH.

2) Anincrease in the frequency of v(In-O) from 533 to 537 to 542 cm !
in the spectrum of InyO3-Au,Tet.

3) A slight increase in v(In-O) up to 568 cm ! in In,03-Au,Tet and a
decrease down to 560 cm ™! in Iny03-Au,Cit in comparison to 565
emlin Iny03.

4) A slight increase in 1(In-O) up to 600 em ! in In203—AuHI as
compared to 595 cm ! in InyOs, IngO3-Au, Tet and InyO3-Au,Cit.

5) The intensity of v3(In-O-H) band at 1118 cm L is higher in case of
Iny03 and InyO3-Au,Tet as compared to InyOs—Au,Cit; Iny03-Au™
samples.

6) The intensity of bands at 950 and 1115 cm™! is higher in the spec-
trum of InpO3-Au,Tet as compared to pure InyOs.

7) A decreased difference between the frequencies of symmetric and
asymmetric vibrations of bidentately adsorbed carbonate groups.
The following bands have been considered: 1289 em™! - v1(CO3H);
1337, 1358 cm ™! — 1;(CO3) in CO3; 1419, 1453 em ™! — v1(CO3),
14(C0O3) in CO3~; 1514, 1558 cm ™! — v4(CO3H) in CO3 [47]. One can
conclude that carbonate groups are adsorbed on the surface of
Iny03-Au,Cit and Iny03-Au'™ samples, while carboxylates (~OCO-)
in complex with OH groups are typically adsorbed on InyO3 and
InyO3-Au,Tet. The XPS data supports the assignment of the
mentioned vibrations to -OCO- groups rather than to NO,
molecules.

The changes in the spectrum of InyO3-Au,Tet within the region of
v3(In-OH) vibrations might be caused by the contribution of vibrations
related to sulfate groups adsorbed on InyO3 surface, which are formed
during the decomposition of tetrazole-stabilized AuNPs [49]. Therefore,
the observed increase in line intensity in this region of the spectrum is a
consequence of the superposition of In-OH and S-O vibrations. The
typical bands attributed to sulfate groups are as follows: v; at 948 and
1080, v3 at 1105 cm™! [31,54]. Individual hydroxyl groups are retained
in both InyO3 and InpO3-Au, Tet samples after their heating at 600 °C.

The results of IR spectroscopy show the similarity of the spectra of
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100 nm

Fig. 3. TEM images of samples: In,03 (a); In;O3-Au,Tet (b); In,O3-Au,Cit (c); 11‘1203—AuIII d, e); 11'1203—AuIII (e) and AuNPs in them. The inset images: in (b) — AuNPs
particles detached from the In,O3 surface; in (c) — colloidal AuNPs,Cit particles; in (d) — particles after etching of In,O3 in HNOs ; in (e) - electron diffraction from an

selected area.

Table 2

Grain size of In,O3 and AuNPs acquired by TEM and other methods.
Sample No 1 2 3 4
Designation Iny03 Iny,03-Au,Tet In;03-Au,Cit In,05-Au™
din203, NM 18.5 14.5 14.5 14.5
day, nm 1.5 3.5 nm 1.5

Iny03-Au,Cit and Iny03-Au', as well as their slight difference from the
spectrum of InpOs. The lines related to surface hydroxyl groups are less
intense in the spectra of the InpO3-Au samples in comparison with
Iny0s. In case of InyO3-Au,Tet, there is a growth of intensity of these
lines, which might be due to the effect of sulfate groups that emerge on
the surface of InpO3 after the decomposition of mercaptoethyltetrazole.
It is known that the resulting SO3 molecules are adsorbed on the surface
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Table 3
Electron diffraction parameters of Iny05-Au™ (0.2 wt% Au) sample.
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dmeasureds A C-In203 JCPDS06-0416

R-In203 JCPDS 21-0406

Au JCPDS 02-1095

d, A Irel, % hkl d, A Irel, % hkl d, A Irel, % hkl
2.90 2.92 100 222 2.885 100 104
2.54 2.529 30 400 -
2.35 2.385 8 411 2.384 20 113 2.36 100 111
2.24 2.262 2 420 2.255 10 202
2.13 2.157 6 332 - 2.04 90 200
1.97 1.984 10 431 1.985 70 24
1.78 1.788 35 440 1.814 60 116
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Fig. 4. IR spectra of InyOg; In;03-Au,Tet; Iny03-Au,Cit; Iny03-Au™ samples.
recorded at 298 K, only a triplet signal characteristic of eNO5 radicals is
;ab‘lie 4 . . dinIR 1050w and InOn A | registered with the parameters as follows: g,y = 2.003, A(“N) =5.5mT
ands (cm ) registered in IR spectra of In;O5 and In,O5-Au samples. (nuclear spin I(**N) = 1) (Fig. 5a) [56,57]. Nitrate ions captured within
In,03 In;05-Au, Tet In;05-Au,Cit In;05-Au'™ Assignement the polymer structure of indium hydroxide at the stage of sol formation
1.5 nm 3.5nm 1.5 nm might be preserved in the form of NO3 in InyO3 up to 600 °C [57]. In the
415 . 403 . 415 415 v(In-0) spectra of all samples recorded at 77 K (Fig. 5b), a broad signal with the
534370 ;ZZ ;Zg ;Zg 465 (1n-0) parameters indicated in Table 5 is emerged along with the triplet signal
65 68 560 565 v of eNO5 with g, = 2.002, A(*N) = 5.7 mT. No evidence of eNO, traces
595 595 595 595 600 was found in InyO3 sample heated at 800 °C as seen in Fig. 5 (spectrum
950°"1115 11(8-0/50%) 5). The acquired signal reflects the shape of the resonance line with g,
1119 1115 1120% 1120% v3(In-O-H) ~ 2.056 + 0.006 with no distortion arisen from eNO- radicals. This
1250 ¥1(COsH) signal appears in the EPR spectra of indium oxide after heating at
1355 1375 1363 1365*" 15(-0CO-) . . . . . R
1515 1505 1470 1465™ Vas(—OCO-) 500 °C, reaches its maximum intensity at 800 °C, and preserves up to
160 130 107 100 A = Vps— Vs 900 °C [57].
1640 1635 1635 1640 3(H -0 —-H) The signal at g,y ~ 2.056 £ 0.006 found in the spectra of samples 1, 3
3390 3425 3365 3415 V(OH...H,0) and 4 differs slightly in intensity, width (AB) and g-factor. All the pa-
3695 3695 V(0-H)

sh _ shoulder, ™ — weak, ™" — very weak.

of the oxide, causing a change in the state of metal cations and hydroxyl
groups [54,55]. This phenomenon has been revealed for many metal
oxides used in catalysis, including tin dioxide [31]. The occurrence of
adsorbed SO, molecules causes a change in the frequency of In-O vi-
bration observed in the spectrum of InpO3-Au, Tet, thereby changing the
electron-acceptor properties of metal ions in the oxide.

Electron paramagnetic resonance. In the spectra of the samples

rameters are increased in case of sample 2 only. These changes might be
caused by the effect adsorbed SO groups, changing the donor-acceptor
properties of metal cations on the surface of In,O3 [54]. Their formation
and adsorption are the result of thermal decomposition of mercaptoe-
thyltetrazole. Adsorption of SO, molecules can change the relaxation
parameters and spin-exchange interactions, thereby affecting the in-
tensity and width of the signal. It worth noting that in the case of wide
signals, the broadening of which can be caused by various reasons (some
will be discussed below), their parameters (intensity and width) are not
related to the concentration of spins. This is particularly true for
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Fig. 5. EPR spectra recorded at 298 K (a) In,O3 and at 77K (b): 1 — Iny03; 2 — Iny03-Au,Tet; 3 — Iny03-Au,Cit; 4 — Iny03-Au™ ; 5 — In,0s. Samples 1-4 are annealed

at 600 °C, sample 5 — at 800 °C.

Table 5
EPR spectroscopy data acquired from In;O3 and In,Os-Au samples at 77 K.

Sample eNO, Lavs AB,mT, I, Other paramagnetic
o o o centers, (V3)
In,03 g= 2.057 5.5 1.0 1.94;1.88
2.003
Iny03-Au, g= 2.062 11.5 1.68
Tet 2.003
In;05-Au, g= 2.054 5.5 0.95
Cit 2.003
Iny05-Au g= 2.050 5.5 0.91 1.87;1.84
2.003

complex centers in which electron exchange between components is
possible.

Low intensity signals with g < g can be assigned to such centers as
electron captured by oxygen vacancy (Vg). The value of g-factor is
predetermined by the symmetry of the coordination environment (field
potential).

A broad signal with a high value of g > g., similar to our signal with
gav ~ 2.056 + 0.006, was observed in the spectra of various oxides
(MgO, MoOQs, ZrOy) and attributed to O~ hole centers [58-61]. Hole
centers have a short lifetime in conducting matrixes since they capture
electrons quickly according to the equation: O~ + e — 0%~ [58] For this
reason, their registration is not always possible in well-conducting ox-
ides. However, they are detected in amorphous (GeO3) [58,59] and non-
conducting oxides (ZrOs, MgO) as “unbound” oxygen O~ [58,60]. The
registration of similar centers in photoactivated TiO; is favored by the

presence of titanium vacancies in the lattice [61]. One can assume that
the detection of O™ in C-Iny03 at 77 K also becomes possible due to the
occurrence of other defects. Interstitial indium ions [In;] as well as
cation vacancies Vy, are the defects typical of C-InyOs3 crystal lattice. The
mentioned defect could stabilize O™-centers.

Based on the measurements of electrical properties, the authors of
[55,62,63] concluded that the high quasi-metallic conductivity in in-
dium oxide is caused by indium ions in low oxidation states, oxygen
vacancies (Vp), and interstitial indium ions [In;]. Their formation occurs
according to the equations as follows:

[0,1%” & Vo + 2e + 1/20; 1)
2[Inp 13" + 3[001% « 2[Ini13" + 3Vp + 6e + 3/20, 2

The conduction electrons being formed in In,O3 can be delocalized in
the crystal lattice in the conduction band formed by the 5 s orbitals of
indium. Also, they can be captured by both single In®* ions and oxygen
vacancies Vo resulting in In>* ions and Vo® (F*-centers), respectively.
The shift of indium to the interstitial site leads to the formation of Vi,
vacancy. Some authors [38,46] suppose that the high electrical con-
ductivity of In,O3 at temperatures lower than 550 °C is due to the ease of
electron exchange between different states of indium: 2In** & In"™ +
In®*, AG = 0. The band mechanism of charge transfer is realized as a
result of overlapping levels of In** (5sY) and In™ (5 s%) [37,62].

Hole centers play an important part in the formation of In**, since
this state is formed by trapping holes in more stable In* sites (5 s states).
Under certain conditions, e.g. in the presence of defects in crystal
structures (like cation vacancies Vi), a stabilization of these In%* states,
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which are unstable under normal conditions, is possible. The formation
of In®* and O sites in Iny03 is an interconnected process. They are
formed together with a cation vacancy, which prevents the recombi-
nation of centers with donor and acceptor properties: In?" + 0~ — In>*
+ O%. Thus, the signal at g,y ~ 2.056 + 0.006 is an attribute of the
complex center referred to as In>*—0"-Vj,. The high signal width might
be due to the unresolved hyperfine structure (10 lines) from the inter-
action of the spin density with the magnetic moment of the neighboring
13,1151 jon, which has a nuclear spin of 9/2. The similar type centers
being a combination of In?>* and Vzn were previously revealed in In/ZnS
materials [64]. The described complexes are capable of participating in
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electron transfer in case of metal cations with variable valence. This
combination of donor and acceptor ions ensures reversibility of the
process, stability and reproducibility of the sensory response on indium
oxide [65]. Hole O™ centers have an increased reactivity in the range of
150-450 °C, in which most gases are typically detected. The surface of
AuNPs is expected to be activated with O sites by partial transferring
electron density between them [34,35,66]. This explains the slight
decrease in the intensity of the O~ EPR signal in InyOs-Au, Cit or
Iny03-Au' samples as compared to pure InyOs.

The quantum size effect in gold clusters with a size of 1.5-3 nm leads
to a decrease in the electron density of d-levels due to a partial transfer of

b Au4f Audf

Intensity, a.u.

80 85 90
Binding Energy, eV

d O 1s

In O,

(0], ./OH, /O’
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Fig. 6. Au 4d (a) and Au 4f (b) XPS spectra of the In,O3-Au,Tet (1), In,03-Au,Cit (2), Iny05-Au™ (3); In3d (c), O1s (d) and Cls (e) lines in the XPS spectra of

In,O3 sample.
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the electron density from the d-orbital to the p-orbital: [d*%'] — [dsslpz]
[3]. Such a change in the filling the orbitals in clusters promotes the
interaction of gold with oxygen and its activation [67]. Due to the low
concentration of gold, we did not detect the formation of gold cluster
complexes with oxygen using the EPR method, although this effect is
observed in InpO3-Au samples with a higher gold concentration (0.5 wt
%).

There is a correlation between the occurrence of oxygen deficiency
(oxygen vacancies) on the surface of indium oxide and the content of
surface hydroxyl groups and O™ centers. Both oxygen vacancies and O™
sites emerge under thermal dehydration of indium hydrosol. Their for-
mation from hydroxyls can be represented by the schemes as follows
[58]:

OH +0OH -0 +Hy0+e 3

20H — 0%™ 4+ H,0 + Vo )]

The O™ centers are also produced under thermal decomposition of
nitrate ions, which are introduced a sol in form of nitric acid as a
stabilizer:

NO,™ = O™ + N2O = O~ + Ny 5)

In accordance with one of the declared mechanisms of acetone
detection, an important role of O"-centers in the oxide is emphasized
[24,25]. The presence of O is also important for the activation and
detection of CO. These can be either ionically sorbed or lattice O-
centers.

X-ray photoelectron spectroscopy. In3d, Ols and Cls lines in the
XPS spectra of InyO3 and InpO3-Au samples differ slightly. Therefore,
the In3d, Ols and Cls spectra recorded from InyO3 sample are only
depicted in Fig. 6, c-e. The results are analyzed and summarized in
Table 6.

In 3d u Ols spectra recorder from InyO3 or InpO3-Au samples are
typical of indium oxide [66, 657 The single-shaped In 3d lines are
separated into two components of approximately equal width (FWHM
1.24 and 1.33 eV) with binding energies (BE) listed in Table 6. Higher
intensity line with BE In 3ds,5 = 444.2 eV is undoubtedly attributed to
In®* in Iny03 [66]. Taking into account the high dispersity of InyOs, the
state with 445.0 eV might be assigned to near-surface In>* sites coor-
dinated with various ions like 02',0H' and CO, giving rise to [In(0%:
OH™:CO, )] complex. The occurrence of surface O~ centers in the coor-
dination environment of In>* would also contribute to this peak.

Two states of oxygen with a small admixture of a third state are
distinguished in O 1 s spectra (see Table 6). The chemical nature of the
second peak of lower intensity but greater width (FWHM 1.92 eV) might
be complex. Different forms of oxygen can contribute into the signal:
OH, O, Olza’t in non-stoichiometric surface layers [66,67]. However,
according to some researchers, two peaks in the O 1 s spectrum of the
cubic phase C-Iny03 are attributed to lattice oxygen in the coordination
of an octahedron or a prism.
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In the spectra of InpO3 and InyOs-Au, the quantitative difference
between the In 3d and O 1 s peaks is insignificant. An increase in the
content of surface oxygen in the spectrum of InyOs-Au,Tet and a
decrease in case of InyO3-Au,Cit is observed in comparison with InyO3
sample. This change may be due to the effect of thermal decomposition
products of the introduced gold stabilizers on the state of indium oxide
surface. Due to a small amount of gold and stabilizer being introduced,
the effect is not pronounced. The discussed XPS results are consistent
with the above IR and EPR data supporting the increased content of OH™
and O™ in InyO3-Au,Tet.

Weak N 1 s lines with BE = 400 eV are registered in the spectra of all
samples under study. They are evidently attributed to N-C bonds, which
encounter in different types of compounds. In particular, the indicated
BE value is characteristic of pyrrole type nitrogen. According to the
relative intensity of N 1 s peaks (indicated in parentheses), the samples
are arranged in a row:

Iny03 (2) > Ing03-Au" (1.6) > InyO3-Au,Tet (1) > InyOs-Au,Cit (0.8)

As follows from the XPS data, the presence of gold particles reduces
the efficiency of formation and adsorption of (- N < C) structures on the
surface of indium oxide.

The oxidized state of nitrogen (NO2), which was revealed by EPR, is
not detected on the surface of the samples by XPS method. This confirms
NO, fixation in the bulk of indium oxide.

Low-intensity S 2ps,2 and S 2p; /3 lines with BE =169 and 174 eV are
registered in spectrum of InyOs—Au,Tet. They are characteristic of S0%
state [54,66].

Neither Au 4f nor Au 4d lines are emerged in XPS wide-scan spectra
due to the low gold concentration. Increasing the magnification level
allowed detecting very weak Au 4f and Au 4d lines. The spectra are
shown in Fig. 6, a, b. The position of the maxima corresponds to the Au
state (marked with dash lines). Poor resolution of the Au4f and Au4d
lines, which is due to their broadening and low intensity, confirms the
high dispersion of gold in the samples and does not allow evaluating the
features of the electronic state of the AuNPs surface with complete
certainty. It can be assumed that the large line width might be a
consequence of the inhomogeneity of the state of gold atoms on the
AuNPs surface [68]. It can be noted that in the Au4d spectra of
InyO3-Au,Cit and InyO3-Au" samples, a decrease in the value of A =
Au4ds,; - Audds,, is observed relative to metallic gold, which is
evidently a consequence of a decrease in the electron density in the d-
orbitals, which is very characteristic of particles of this size. Gold clus-
ters with the sizes of 1.5-3 nm are characterized by rather molecular
bonds than metallic ones [2,3,6].

3.2. Results of sensor measurements

Electrical resistance. The temperature-dependent resistance and
response of the sensors to CO and CHy are depicted in Fig. 7a, b, c. As
follows from Fig. 7a, all Au-doped InyOs sensors have maximum

Table 6

Results of analysis of XPS wide-scan spectra recorded from In,O3 and In,Oz-Au.
Sample In,03 InyOs-Au, Tet In,03-Au,Cit In,03-Au™
Parameters BE, eV % BE, eV % BE, eV % BE, eV %
O 1s/[InOglon 529.8 34.7 529.8 349 529.9 35.9 529.9 35.6
[InOg]prism, /OH, /O™ 531.6 18.2 531.6 20.1 531.7 18.4 531.8 18.4
COy 533.5 1.1 533.2 0.6 533.2 1.2 533.6 0.9
In 3ds,5/Iny03 444.2 23.3 444.2 23.4 444.3 22.3 444.3 22.4
[In(O2’,OH’, COy)] 445.0 8.5 445.0 7.8 445.0 9.9 445.0 9.4
C1s,C-C 285.0 10.2 285.0 8.7 285.0 7.1 285.0 8.1
Cc-0 286.3 1.2 286.3 0.8 286.0 1.5 286.3 1.7
C=0 287.0 0.8 287.0 1.0 287.0 0.8 287.0 0.7
0C=0 289 3.0 289 2.9 289 2.9 289 2.9
N 1s/-N<C 400.0 <1 400 <1 400.0 <1 400.0 <1
S 2p3,»/S03 169 <1

10
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Fig. 7. Effect of working temperature on electrical resistance (R) (a) and
response (G) of sensors to CO (b) and CHy ().

electrical resistance (at 360 °C) higher than that of pure InyO3 sensors.
The greatest increase in resistance over the entire temperature range
(800-470 °C) was measured for the sample when gold was introduced in
form of Au' ions. The resistance of all layers displays only minor dif-
ference at low (300-320 °C) or high (420-470 °C) temperatures. The
greatest increase in the electrical resistance within the entire

11
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temperature range (300-470 °C) occurs with the introduction of Aull
ions.

The observed changes in the electrical resistance of InpO3-Au layers
can be explained by taking into account the temperature dependence of
the electrical conductivity of indium oxide. Indium oxide is a typical
semiconductor with impurity conductivity at low temperatures (up to
200 °Q), intrinsic conductivity at high temperatures (400-600 °C) and a
conductivity saturation region between them, the position of which can
vary [37,69]. The observed maximum resistance of In,Os—Au sensors is
in the temperature range corresponding to In,O3 saturation region of
conductivity and its slight decline in the range of 280-400 °C [69].

An increase in the resistance of semiconducting metal oxides when
modified with noble metal is typical and has been observed previously
[34,36]. The reasons for the increase in the resistance of oxide com-
posites in the saturation temperature region when modified with noble
metals might be a decrease in the effective concentration and mobility of
free charge carriers. At T > 300 °C, surface oxygen vacancies are sup-
posed to be effective donor conduction centers in the structure of most n-
type semiconductor oxides [37,62]. The presence of AuNPs can affect
the number of such conduction centers as well as their mobility, making
current transport more difficult.

One can assume that the substantial growth of resistance in sample 4
within a large temperature range might be a result of creation of energy
barriers at the grain boundaries of InpO3 due to the distribution of gold
atoms over them.

Sensitivity to CO and acetone. As follows from Fig. 7b, the response
to CO of InpO3 oxide increases significantly when modified with gold.
The magnitude of the response values decreases in the row:

InpO3-Au,Cit > IngO3-Au,Tet > InyO3-Au'™ > Iny03

The maximum response signal corresponds to temperature of 360 °C,
at which the electrical resistance reaches its maximum (see Fig. 7a, b),
with a slight shift in the position of the maximum (370 °C) in case of
Iny,03-Au™ and Iny04 layers. One can note the narrow temperature
range of effective detection of CO in case of In;Os-Au sensors and the
weak dependence of the response of pure In,O3 layer to CO on working
temperature.

The behavior of the studied sensors to acetone is similar to that
revealed for CO. The temperature dependence of similar In;O3-Au and
In,03 sensors was studied earlier [70]. It was shown that no shift in the
position of the maximum of the response signal is observed upon the
introduction of gold. An increase in the response value was only
revealed. The sensitivity of the sensors to CO and acetone are comparted
together in Fig. 8. The evident correlation in changes of the response of

== Acetone
I

In:OS-Au (Cit)

ln:O}-Au (Tet)

In,0-Au"
In O,

G, a.u.

Fig. 8. Comparison of sensitivity of In,O3 and In,O3-Au sensors when detect-
ing 100 ppm of CO (T = 350 °C) and 10 ppm of acetone (T = 325 °C).
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Iny03-Au sensors to CO and acetone might be a consequence of the
similarity of their detection mechanisms in the range of 300-400 °C. The
temperature range of the maximum response of the In;O3-Au sensors
coincides with the region where the reaction of catalytic oxidation of CO
proceeds effectively on In,O3 oxide. Using the method of temperature-
programmed catalysis, it was found that the maximum conversion of
CO with the release of H,O and CO, occurs at 350-400 °C [69].
Consequently, AuNPs increase the efficiency of catalytic oxidation on
the surface of InyO3, promoting the activation of oxygen 0% at the
Iny03/Au interface. Acetone is detected by the same oxida-
tion-reduction mechanism [44]. Using '°0 and 170 isotopes, it has been
shown the important role of surface 02~ ions of metal oxide in the
mechanism of catalytic oxidation of CO [20,21,45,65]. We did not
observe a decrease in the detection temperature of CO and acetone by
Iny03-Au sensors in the low temperature region, where another detec-
tion mechanism could be realized [31,32]. One of the reasons for this
may be the low concentration of gold.

The response values of the layers to CO and acetone have been found
to correlate with the size of the AuNPs. The maximum output signal of
the InpO3—Au sensors is achieved at day = 3.5 nm. With the same AuNPs
size of about 1.5 nm, the response of the InpO3-Au,Tet sensor is higher
than that of In,O3-Au™™. This can be explained by the different tech-
nology of obtaining these samples, which leads to different arrangement
of AuNPs in them. Sulfate (SOF) groups, as well as a higher concen-
tration of OH groups, can have a positive effect on the adsorption
properties of InpO3—-Au,Tet.

The maximum degree of CO conversion to form CO, is observed at
350 °C. There is a clear correlation between the oxidation process and
the change in the electrical conductivity of the oxide or sensor.

The previously established sensitivities of SnO2-Au sensors to CO
and acetone are placed in the rows as follows [31]:

CO: SnOx-Au,Cit > SnOs-Au,Tet; SnO2-Au™ > SnO,.
Acetone: SnO-Au,Cit > SnOo-Au,Tet > SnOz—AuIII > SnOs.

The same dynamics of the response of InyOs-Au and SnO-Au
sensing layers is observed, which shows the similarity of factors influ-
encing the characteristics of these sensors when detecting CO and
acetone. The results obtained on the response of InpO3-Au and SnO2-Au
sensors to CO are in accordance with the data reported in [6] and [11]
where a great importance of AuNPs size had been revealed. The highest
activity of gold with da, = 3.5 nm as compared to da, < 2 nm was
shown. It has been noted [14] that an optimal ratio between the surface
Au atoms and the atoms located at the Au/oxide (TiO3) boundary is
typical of gold particles with d = 3.5 nm. At temperatures higher than
300 °C, the activation of CO and O proceeds at the Au/oxide interface.

To date, the most cited model of the mechanism of acetone or CO
detection by resistive metal oxide sensors assumes the interaction of gas
molecules with ionically adsorbed forms of O™ [24,25]. However, this is
not the only mechanism of detection of both CO and acetone [24,43,44].
On some oxide materials with high sensitivity to acetone, such forms of
oxygen do not exist [43,44]. Moreover, it has been shown that the
detection of acetone or CO, is possible even in the absence of oxygen in
the gas phase [43-45]. Therefore, other mechanisms are proposed to
explain the observed phenomena. It has been shown that detection of
acetone, as well as CO, can be realized by the oxidation-reduction
mechanism of the so-called “oxygen-vacancy model” [44]. Using Com-
bined Operando UV/Vis, Raman, and IR Spectroscopy, it was shown that
the response of SnO; sensors to ethanol correlates directly with the
number of surface oxygen vacancies and the occurrence of surface ac-
etate and hydroxyl groups [46]. The similarities in the mechanisms of
acetone and ethanol detection are observed [24,25]. The correlation in
the change in the response of InyO3—Au sensors to CO and acetone may
indicate the similarity of their detection mechanisms in the temperature
range of 325-360 °C. A relation was found between the degree of CO
conversion and the change in the electrical conductivity of indium
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oxide, the maximum change in these parameters is observed at
350-400 °C [69]. This result also suggests an oxidation-reduction
mechanism involving lattice oxygen and the formation of oxygen va-
cancies. At the first stage, oxygen is activated, and then gas molecules
are oxidized as follows:

[n*"-0%Jja¢ = [In*"~0Tias 6)
COads + [O Tsurf = CO2¢as + Vo + ¢; (7)
CH3COCH3a4s + [0 lsurf = CH3CO,4s + CH304a4s + Vo + e. (8)

The increase in the efficiency of the detection process with the
introduction of Au can be due to the activation of oxygen and CO along
the perimeter of AuPNs in the area of contact with InyO3 [34,35]. The
participation of AuPNs in the process changes the number and nature of
gas adsorption centers, thereby enriching the InpO3-Au surface with
active oxygen forms.

In case of InyO3, oxygen activation can also occur on In?* ions,
which, together with oxygen vacancies, occurs in non-stoichiometric
indium oxide:

)
(10)

InZi + Ozads — Indie + Ogas;
O2ads + [e] = 205¢s.

It should be kept in mind, however, that the O™ hole centers, detected
by EPR method, can also participate in the detection reaction on indium
oxide. Due to their high activity, surface [O7] hole centers can them-
selves participate in the oxidation of gas molecules or activate adsorbed
oxygen. The participation of hole centers can be represented in the form
of equations as follows:

1)

[O Tsurf + O2ads = Osurf (complex of O~ with O3 on InyOg3 surface); (12)

[O7Tsurf + COads = CO2gas + Vo + [elbuik;

COads + Ogurf = COZgas + OZgas + Vo + [elpuiks 13)

Adsorption of oxygen leads to re-oxidation of the oxide surface:

[elbuik + O2ads — Oads; 14)
Oags + [elpuk = 205ucf- (15)
Ofurt + [elpuik = OZut. (16)

Sensitivity to methane. The introduction of gold into indium oxide
increases its sensitivity to methane (Fig. 7c). However, the response of
the InpO3—-Au sensors as a function of temperature is more complex than
in case of CO. One can distinguish two temperature ranges of detection
as seen from Fig. 7c. Within the range of 200-400 °C the electrical
conductivity of indium oxide reaches saturation, while at higher tem-
peratures the conductivity changes exponentially with an activation
energy (E,ct) higher (0.18-0.20 eV) than in the region of impurity con-
ductivity (Eaet = 0.1 eV up to 200 °C) [69]. The low response maximum
is observed at the same temperature (360 °C) as the maximum to CO. At
this temperature, all In,O3—Au sensors demonstrate similar magnitudes
of the signal to CH4. Therefore, one can assume a similarity in the
mechanisms of CO and methane detection at this temperature. This
assumption follows from the previously established correlation between
the processes of CO and CH4 conversion, as well as from the change in
the electrical conductivity of indium oxide in air and in the presence of
the gas [57,69].

The second maximum is observed for the Au-containing layers at
temperatures (415-440 °C) slightly lower than for InyO3 (450 °C). This
temperature range corresponds to the intrinsic conductivity of indium
oxide [35,67]. It was previously shown that the highest growth of the
electrical conductivity of indium oxide in the presence of methane is
observed at 450 °C when CH4 conversion reaches its maximum [69].
This fact allows us assuming that at 415-450 °C, methane detection is
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realized through the mechanism of alternating oxidation-reduction with
the participation of lattice oxygen 0% according to quazi-equation (6).

High temperature is necessary to activate oxygen and break the
strong C-H bond in CHy4 [71]:

CH4 —» CHs + H; a7

Further transformation of methyl groups by different mechanisms is
possible. In [21] the following scheme is proposed:

CHs3 + H + 4[07] — CO2 + 2H20 + 4V, + 4e. (18)

At 400 °C, the process probably proceeds according to scheme 18.
However, at lower temperatures, reactions with the formation of inter-
mediate products are possible, for example, as follows [72]:

CH3 + CH3 + Ojat = CH3CH2O014t + Hags; (19)

CH3CH201at + Hads — HZOgas + C2H4gas + Vo. (20)

The adsorbed oxygen re-oxidizes the formed oxygen vacancies ac-
cording to reactions (14) (15) (16).

An unexpectedly high output signal is registered in case of
In203—AuIII sensor in contrast to the other InpO3-Au layers or to SnOs.
—Au™. The introduction of Au™ into SnO, sol does not affect the sensi-
tivity to methane as shown in [31]. Apparently, the high response of
Iny05-Au'" sensors to methane may be due to a specific state of AuPNs in
this sample, which significantly reduces the electrical conductivity in
the polycrystalline InpO layer. To explain the significant increase in
resistance and the growth of the response to methane in the high-
temperature region, a model can be used that assumes the formation
of a Schottky barrier at the In,O3 grain interface, which hinders current
transfer in the contact region of indium oxide grains. The AuPNs can
create this type of local energy barriers in indium oxide at In203 grain
boundaries if they are distributed at the edges and steps of the lateral
faces of InyO3 grains. This model is consistent with the TEM and ED
results discussed above, as well as with the data available in the litera-
ture [23,73]. As a result of the adsorption of CH4 molecules and the
activation of oxygen along the perimeter of the In,O3/Au contact, a
decrease in the Schottky potential barriers occurs at the grain boundary.
Thus, when gold ions are introduced into indium hydroxide sol, fol-
lowed by joint formation of the InyO3-Au'" system, the decisive role in
determining the sensitivity belongs to the intergranular contacts and
current transfer in them.

The sensitivity of InyOs—Au,Cit sensors to CH4 at high temperature
(the second maximum) was found to be low, which might be due to the
high electrical conductivity of the sensors. The effect of low response of
indium oxide sensors at elevated temperature is consistent with the idea
that the current at high temperature may be controlled by the so-called
“non-surface type” current transport. This type is different from the
surface type, which is characteristic of, for example, SnO5 [18,28,74]. It
has been shown how the properties of sensors can be changed by con-
trolling this type of conductivity [74]. In the process of the sol-gel
synthesis, indium oxide grains presumably form conductivity channels
characterized by the absence of energy barriers in them [47,51].
Whereas InyOs-Au' is the only material where Schottky energy barriers
are created at the grain boundaries, which might be due to the location
of gold atoms on the lateral faces of indium oxide.

4. Conclusion

The aim of the research was to prepare InpO3—-Au nanomaterials with
AuNPs smaller than 5 nm and to study their properties as sensing ele-
ments for reducing gases. Samples of In,Os—Au with AuNP diameters of
1.5 and 3.5 nm have been prepared. Within this range of AuNPs sizes,
the quantum-size effect is most pronounced, which can significantly
change the electronic and, as a consequence, the adsorption-catalytic
properties of gold in comparison with its bulk state. However, in order

13

Microchemical Journal 209 (2025) 112676

to obtain AuNPs with the mentioned sizes, we had to reduce signifi-
cantly the gold concentration relative to the one optimal for In;O3-Au
gas sensor operation.

Due to the low gold concentration, the measurement techniques used
to characterize the structure of InpO3 phase and AuNPs (TEM, XPS, EPR)
turned out to be insufficiently effective. They did not allow revealing
certain subtle differences in the surface properties of gold particles and
indium oxide, which are essential for effective detection and justifica-
tion of the mechanism of this process. At such low gold concentration,
the density of gold particles per unit volume is low. Therefore, any
significant changes in the sensor parameters were not expected.

However, in spite of the low concentration, AuNPs with d = 1.5-3
nm were found to have a significant effect on both electrical resistance
and sensitivity of indium oxide when detecting CO, acetone, and
methane. A correlation between the Au particle size and the response of
Iny03-Au sensors to CO and acetone was revealed. Gold particles with a
diameter of 3.5 nm are more active compared to those with d o, = 1.5
nm. The sensitivity of all the studied sensors to methane in the region of
maximum electrical resistance at 360 °C is nearly identical and does not
depend on either Au grain size or the method of its introduction into
In203.

However, at 400-450 °C (high-temperature maximum), a significant
increase in the response of InoO3-Au sensors to methane is achieved by
the introduction of gold in ionic form rather than as nano-sized metal
particles. This phenomenon is explained by a significant increase in the
electrical resistance of indium oxide due to the creation of energy bar-
riers (Schottky barriers) at the interface of InyO3 grains.

The obtained results support for the difficulty of establishing a clear
correlation between the AuNPs size and the parameters of In;O3-Au
sensors to methane, CO, and acetone. The fact that the samples were
prepared using different gold introduction techniques and applying
stabilizers of various chemical nature, complicates the revealing of
correlations between the AuNPs size and InyOs—Au sensitivity. There is
no single technology for introducing AuNPs with a particle size adjust-
able over a wide range and their uniform high-density distribution on
oxide materials yet. The development of such a technology is highly
desirable for creating efficient Au/metal oxide sensors.

To achieve a significant effect of gold on the properties of InyO3
sensors, a higher AuNPs density (than in the studied samples) in the bulk
or on the oxide surface is required. For sensors with polycrystalline
sensing layers, it is important that nano-sized gold particles are located
near the contacts between metal oxide grains. An introduction of highly
concentrated colloidal solutions of gold with adjustable AuNPs size
might become a promising approach to achieve this goal. However, an
effective stabilizer for gold particles is required in this case. The search
for such stabilizers or their synthesis can solve the problem of intro-
ducing AuNPs of uniform size with a high density of their distribution
per unit area or volume of oxide. This would make it possible to create
sensors based on “Au/metal oxide” materials, which are promising for
various applications. In particular, they are of interest for the selective
detection of low concentrations of CO, as well as some organic sub-
stances. Besides, the InyOs-Au system might serve as a model for
studying the adsorption-catalytic properties of nano-sized gold for the
case of strong “metal/oxide” interaction.
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