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Abstract: We considered the effect of coverage of the surface of In2O3 films with rhodium on the
sensitivity of their electrophysical properties to ozone (1 ppm). The surface coverage with rhodium
varied in the range of 0–0.1 ML. The In2O3 films deposited by spray pyrolysis had a thickness
of 40–50 nm. The sensor response to ozone depends on the degree of rhodium coverage. This
dependence has a pronounced maximum at a coverage of ~0.01 ML of Rh. An explanation is given
for this effect. It is concluded that the observed changes are associated with the transition from the
atomically dispersed state of rhodium to a 3D cluster state.

Keywords: surface modification; atomic dispersion; clustering; conductometric response; adsorption;
decomposition; modeling

1. Introduction

Rhodium (Rh) is one of the noble metals (Pt, Pd, Au) widely used for surface modifi-
cation of metal oxides designed for gas sensors [1–3] and catalysts [4–6]. In many reactions,
rhodium exhibits specific properties that are not characteristic of other noble metals. Since
it gives hope for the development of gas sensors and catalysts with improved parameters,
it is of great interest in science and technology. Studies of the catalytic properties of Rh-
based catalysts confirmed these expectations. It has been shown that Rh-based catalysts
are promising for oxidation of carbon monoxide, catalytic carbonylation of methanol to
produce acetic acid, in the reduction of nitrogen oxides to nitrogen and oxygen [4–6] and so
on. It is believed that the high activity of rhodium is associated with its p-semiconducting
properties during oxidation and with a high population of oxygen species that are weakly
bound to the surface [7,8]. At the time, it was found that supported rhodium exhibits
dispersion-dependent catalytic activity [4,9,10]. As for gas sensors, we do not have a
sufficient experimental base for any specific conclusions regarding the prospects for using
rhodium to optimize the gas-sensitive characteristics of metal oxide sensors. We also do
not have generally accepted views on the mechanism of the influence of rhodium on the
parameters of the sensor. We also do not know how important the size effect is for rhodium-
modified sensors. The results obtained in the study of the properties of gas sensors based
on metal oxides modified with rhodium are too ambiguous [3,11,12].

Recently, interest in catalysts based on atomically dispersed or single-atom noble
metals has significantly increased [5,13–15]. It is believed that the atomic dispersion
generates high uniformity in the metal distribution over the catalyst surface and allows
using up to 100% of atoms as active centers [16]. Under certain conditions, atomically
dispersed noble metals, including Rh, exhibited significantly higher activity in comparison
with bulk material and clusters. It was found that it is due to unique electronic structure
and unsaturated coordination environments [15,17]. It is important to note that a number
of studies [18–20] have shown that the unusual properties of atomically dispersed noble
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metals should also be taken into account when considering the gas-sensitive characteristics
of metal oxide gas sensors.

Earlier, in [21], we found that Rh deposited on the surface of In2O3 films at a coverage
less than 0.01 ML is in an atomically dispersed state or close to it. On the other hand, it
begins to form 3D clusters at a coverage of more than 0.01 ML. In this regard, we decided
to evaluate the effect of this process on the sensor response of In2O3 films modified with
rhodium to ozone. Ozone is a strong oxidant [22], promising for use in environmentally
friendly technologies, such as cleaning of potable water and soil, disinfection of plant
and animal products, textile bleaching, the treatment of swimming pools and contami-
nated gases, complete oxidation of waste gases from the production of various organic
chemicals, and sterilization of medical supplies [23]. However, the presence of ozone in
ground atmospheric layers is harmful to human health, as ozone is highly toxic above
concentrations of 0.1 mg/m3 [24]. This makes it necessary to control its concentration in
the surrounding atmosphere [25]. It has been shown in numerous works that In2O3 has sig-
nificant advantages for the development of sensors aimed for this purpose [26–29]. In2O3
is also widely used as a model material for studying various gas-sensing effects [29–34].
In addition, according to [16,35], metal oxides such as In2O3 with a high concentration of
oxygen vacancies are excellent support for isolated metal atoms. It was established that
surface oxygen vacancies in metal oxide play the role of “traps” that accommodate and
stabilize isolated metal atoms.

It should be noted that our studies and conclusions refer to surface-modified metal
oxides. During bulk doping, carried out during synthesis or long-term high-temperature
annealing, many additional factors arise [36], which significantly complicate the under-
standing and interpretation of the results obtained.

2. Materials and Methods

The In2O3 films were deposited by spray pyrolysis on the alumina substrate using
the technology described in [37]. The In2O3 films used in these studies were deposited at
temperatures of 350–375 ◦C and 450–475 ◦C. For convenience, from now on these films
will be designated as LT (low temperature) and HT (high temperature) films, respectively.
The In2O3 films were 40–50 nm thick. Earlier in [28,29] we showed that such thicknesses
are optimal for the development of sensors designed to detect oxidizing gases such as
ozone (Figure S1b, supplementary materials). In this case, it is possible to exclude the
influence of the gas diffusion on the sensor response, which is very important for active
gases like ozone. The structural parameters of such films can be found in [38]. According
to Atomic Force Microscopy (AFM) measurements, the crystallites forming the LT and
HT films had an average size of 8–12 nm and 13–17 nm, respectively. Typical AFM
image and X-ray Diffraction (XRD) patterns of In2O3 films used are shown in Figure S2
(supplementary materials).

Rhodium (Rh) was deposited to the surface of the films using a microelectron beam
evaporation source described in [39]. Taking into account the absence of continuous
rhodium coating of the In2O3 surface, the degree of rhodium coverage was estimated in ML.
According to our estimation, average thickness of 0.03 nm corresponded to approximately
0.1 ML of Rh. The thickness of the applied rhodium was controlled by the deposition time.
Deposition rate was determined by an oscillating quartz microbalance system (MTM-10,
Tectra GmbH, Frankfurt, Germany) and was ~0.025–0.03 nm/min. This means that the
evaporation for 60 s allowed the formation of a coating corresponding to 0.1 ML of Rh.

Rh/In2O3-based sensors were tested in a flow-through measuring cell. The cell
volume was ~0.3 cm−3, which made it possible to control gas-sensitive effects with time
constants greater than 3–5 s. The test gas had a concentration of 1 ppm. The ozone source
was developed based on a UV lamp. The air humidity was maintained at 45–50% RH. The
operating temperature of the sensors varied in the range of 25–450 ◦C. It is important to
note that the structural properties of In2O3 films were stable during these measurements.
Previous studies, the results of which were published in [38], did not reveal any changes
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in the morphology and crystallite size of such films up to annealing temperatures of
550–600 ◦C, which could be detected by SEM images and XRD measurements. As a result
of measuring gas sensing characteristics, it was found that the maximum sensitivity to
ozone was observed at temperatures of 200–250 ◦C (Figure S1, supplementary materials),
regardless of the conditions used for surface modification of In2O3 films with rhodium.
Therefore, the main measurements were carried out at a temperature of 250 ◦C. The sensor
response was calculated as the ratio of the film resistance measured in an atmosphere
containing ozone and in atmosphere without ozone (S = Rozone/Rair). Time constants of
transient processes (response and recovery time) were determined on the 0.9 level from
steady state value of film conductivity. The measurements were carried out after artificial
aging of the sensors, which involved several preliminary testing procedures for reducing
and oxidizing gases at a temperature of 400 ◦C. Gold contacts to the films were formed by
vacuum deposition. The distance between the contacts was ~2 mm, which significantly
reduced the possible influence of the contacts on the sensor signal.

3. Results and Discussions

It is important to note that the gas-sensitive characteristics of undoped In2O3 films,
including the sensor response to ozone, are described in sufficient detail in [28,29,31,34,40–43].
When studying films modified with rhodium, we found that the conductometric response
of these films to ozone obeys the general laws established for undoped films (Figure
S1, supplementary materials). Therefore, in this article, we will only consider the effect
of surface modification with rhodium on the absolute values of the sensor response to
ozone and the time of this response. The results of this consideration are presented in
Figures 1 and 2. The data shown in these figures were obtained by averaging results of
five measurements taken on two identically prepared samples. In particular, Figure 1
demonstrates the effect of surface modification with rhodium on the response of In2O3
based conductometric gas sensors, while Figure 2 shows the effect of surface modification
on the conductivity of In2O3 films measured in an air atmosphere with and without ozone.
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tometric response to ozone (~1 ppm): data are presented on (a) logarithmic and (b) linear scales
(Toper = 250 ◦C).
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When analyzing the behavior of the sensor response of rhodium-modified In2O3 films,
the following important features of the effect of rhodium can be distinguished:

1. Rhodium modification has a noticeable effect on sensor response. The sensor response
of rhodium-modified In2O3 films has a clearly pronounced maximum at Rh coverage
of ~0.01 ML. As the coverage increases further, the sensor response decreases. This
suggests that the activity of rhodium on the In2O3 surface depends on the degree of
surface coverage with Rh. At a low degree of coverage of the In2O3 surface, rhodium
acts as an activator of the interaction of ozone with the surface of In2O3. On the other
hand, at a larger degree of coverage it behaves as a poisoner or a catalytically active
filter that prevents the interaction of ozone with In2O3. Previously, we observed this
effect after surface modification of the SnO2 surface with silver and palladium [44].

2. The effect of surface modification with rhodium on the gas-sensing characteristics of
In2O3 films depends on the initial properties of the film used. In particular, In2O3
films deposited at higher temperatures had a higher sensitivity to ozone. However, it
should be noted that this behavior is typical for sensors deposited by spray pyrolysis.
In particular, we discussed this effect and the reason for this behavior earlier in the
articles [29,40]. For us, it is more important that the nature of the effect of surface
modification with rhodium on the sensor characteristics does not depend on the
deposition temperature of the In2O3 films, which increases the reliability of the
results obtained.

3. Comparison of the obtained results with the X-ray photoelectron spectroscopy (XPS)
measurement data presented in [21] shows their clear correlation. The decrease in
the sensor response occurs at the Rh coverage greater than 0.01–0.02 ML. As was
established in [21], at this coverage, Rh3d5/2 binding energy begins to decrease (see
Figure S3, supplementary materials). When analyzing XPS data [21], we concluded
that a decrease in binding energy is a consequence of an increase in the size of rhodium
nanoparticles. As we mentioned above, if rhodium on the surface of In2O3 is in the
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atomic state, or close to this state, at a coverage of less than 0.01 ML, then when the
Rh coverage exceeds 0.01 ML, the formation of 3D clusters begins. The size of these
3D clusters increases with increasing coverage of the In2O3 surface with rhodium and
can reach 1–2 nm with coatings 0.1 ML of Rh [21].

Taking into account the above processes occurring on the surface of In2O3 with an
increase in the degree of coverage with rhodium, one can conclude that the size-effect
really plays an important role in changing the activity of rhodium used to modify the
surface of gas-sensitive materials. If the atomically dispersed state of rhodium promotes an
increase in the sensitivity to ozone, then the transition to the cluster state is accompanied
by the drop in the sensor response. Moreover, with a certain degree of coverage with Rh,
the sensor response becomes even less than the sensor response observed for unmodified
In2O3 (see Figure 1). This explains why, when using the same metal Rh to modify the
surface of metal oxides, in some cases one can observe an increase [3], and in others, a
decrease in the sensor response to oxidizing gases [12,45,46]. It can be assumed that, in all
likelihood, Staerz et al. [12,46], who observed reduction in sensor response to oxidizing
gases after surface modification with Rh, have used too high a concentration of Rh. Another
reason may be related to the difference in surface modification methods. Typically, the
chemical methods used in [12,46] tend to form agglomerates on the surface of a solid rather
than individual atoms [14]. Indeed, scanning transmission electron microscopy of studied
samples has shown that rhodium on the surface of metal oxides was in the form of Rh2O3
particles and clusters with the size about 1–3 nm [12]. This is in good agreement with the
results reported by Matsubu et al. [47], who demonstrated that isolated Rh atoms and Rh
nanoparticles on the same support can exhibit uniquely different catalytic activity and
selectivity. This situation also applies to other noble metals. For example, Koziej et al. [48]
noted that Pd on the surface of SnO2 presented in atomic or nearly atomic distribution and
in the form of palladium oxide particles exhibits different redox properties.

It is important to note here that the observed changes in sensor response when the
coverage with Rh exceeds 0.01 ML cannot be attributed to a change in the chemical state
of rhodium, the main mechanism responsible for conductivity response of In2O3–based
sensors, modified with rhodium clusters, to reducing gases such as H2 or CO [48,49]. This
mechanism involves the reduction of rhodium oxide in the atmosphere of reducing gas
and its reoxidation in an oxygen-containing atmosphere. Experimentally, this effect has
been observed many times [50–52]. However, according to numerous studies [12,46,53,54],
rhodium clusters on the surface of metal oxides in an oxygen atmosphere, especially at
elevated temperatures, are already in an oxidized state. For example, Padeste et al. [51]
established that Rh clusters were oxidized to Rh2O3 at 200 ◦C. Schiinemann et al. [55]
reported that after calcination of the Rh/NaY catalyst to 380 ◦C both RhO2 and Rh2O3
were identified on the surface of zeolite support. Hwang et al. [56] and Hülsey et al. [52]
have shown that the highly dispersed rhodium clusters have been fully reoxidized to bulk
oxide even at room temperature. Hämäläinen [57] also deposited rhodium films and found
that deposition of Rh in an ozone atmosphere at T < 200 ◦C leads to the formation of Rh2O3
films. This means that the Rh3+ state is the most probable rhodium state in a Rh cluster
in an oxygen atmosphere at T < 300 ◦C. As for a possible change in the charge state of Rh
upon interaction with ozone, if it occurs (Rh3+ ↔ Rh4+) during the transition from one
oxide state to another (RhO2 ↔ Rh2O3), then it should not affect the sensor response. It
is known that Rh2O3 and RhO2 are stable in an oxygen atmosphere [58]. This means that
the RhO2 ↔ Rh2O3 transition under the action of ozone is irreversible. Therefore, if we
do not use reducing gases during our experiments, then this transition, RhO2 ↔ Rh2O3,
should be observed only one time after the first contact of the Rh/In2O3 film with ozone,
and during subsequent interactions with ozone it should not appear.

If we consider the effect of In2O3 surface modification with Rh on the film conduc-
tivity measured in different atmospheres, we will see that after surface modification with
rhodium, changes in the conductivity of the films are insignificant at measurement carried
out in air without ozone (Figure 2). When studying the gas-sensitive properties of SnO2
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films modified with Rh, we observed the same situation [3]. This means that despite
the common opinion [59,60] that Rh acts on the surface of metal oxides as a porthole of
the oxygen spillover, the dissociation of molecular oxygen into atomic rhodium is not a
factor, determining the conductivity of In2O3 in an oxygen atmosphere at a temperature of
200–250 ◦C. This behavior is understandable in principle. First, atomic rhodium, unlike
cluster rhodium, cannot be a porthole for an oxygen spillover, since for the dissociation
of oxygen on the Rh surface two adjacent vacant sites are needed, which atomic rhodium
cannot provide. Secondly, the temperature of 250 ◦C may not be sufficient to activate the
dissociation of oxygen on the oxidized surface of rhodium clusters, spillover on In2O3,
and the subsequent diffusion of atomic oxygen on the In2O3 surface. These assumptions
seem to be reliable. Measurement of conductivity at T = 450 ◦C showed that at these
temperatures a significant decrease in conductivity in an oxygen atmosphere is indeed
observed (see Figure 2). However, this decrease occurs only when the coverage with Rh
exceeds 0.03 ML (cluster zone), while in the range of 0.0–0.01 ML of Rh (atomic dispersion),
the conductivity practically does not change. This means that atomic rhodium, unlike
cluster rhodium, does not really stimulate the dissociative adsorption of oxygen.

The same conclusion cannot be drawn regarding dissociative adsorption of ozone,
since the most significant changes in conductivity are observed during conductivity mea-
surement in an atmosphere containing ozone (see Figure 2). Namely, in the region of the
atomically dispersed state of rhodium, an increase in the resistance of Rh/In2O3 films is
observed, and in the region of the cluster state of Rh, a sharp drop in the resistance of
Rh/In2O3 film occurs. As is known, the conductivity of polycrystalline semiconductor
metal oxide films of n-type of conductivity is controlled by the concentration of electrons
captured by particles adsorbed on the surface of metal oxide crystallites [61,62]. A decrease
in the negative charge leads to an increase in the conductivity of the films, and an increase
in the negative charge leads to a decrease in the conductivity. This means that if at low
coverages the appearance of rhodium on the In2O3 surface contributes to the growth of a
negative charge on the In2O3 surface during ozone detection, then this does not happen
at high coverages of Rh. Moreover, this charge becomes even less than on the surface of
the unmodified metal oxide. Based on the observed regularities, we can assume that the
adsorption of ozone on rhodium, which is in an atomic state or close to the atomic state,
is accompanied by electron exchange between the metal oxide and chemisorbed oxygen
generated due to dissociative adsorption of ozone, initiated by atomic rhodium. This
process can be represented as the formation of ozonide ion radical O−3 and its subsequent
dissociation into atomic and diatomic oxygen species (Equation (1)).

O3 →
Rhn+

O−3 → O− + O2 ↑ (1)

Thus, the observed change in the conductivity of Rh/In2O3 films under the influence
of rhodium, measured in an ozone atmosphere, can be explained. The increase in the
resistance of the metal oxide when interacting with ozone takes place due to the increase in
the concentration of ionized oxygen species on the surface of the metal oxide [34], which
occurs due to the appearance of additional centers of dissociative adsorption of ozone, the
role of which is played by rhodium atoms (Figure 3a). Such new sites of ozone dissociative
adsorption may affect the distribution of surface negative charge, concentrating ionized
oxygen species in the local area in proximity around rhodium atoms. Taking into account
the configuration of ozone, one could assume that two isolated rhodium atoms located at
a distance of less than 0.5–0.7 nm from each other can also participate in the dissociative
adsorption of ozone. For information, for 0.01 ML of Rh, the average distance between
atoms is ~3 nm. As a result of dissociation, atomic oxygen remains on one of these atoms,
which is active for the sensor effect, and molecular oxygen on the other. However, the
number of such pairs is naturally much less than the total number of rhodium atoms, and
therefore their contribution to the sensor response should be minimal.
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Figure 3. Schematic representation of the processes occurring on the surface of Rh/In2O3 during ozone detection. (a,b)—
processes occurring on atomic rhodium, (c,d)—processes on Rh clusters.

Taking into account what is mentioned above, the appearance of a maximum in the
dependence of the sensor signal on the degree of coverage of the In2O3 surface with rhodium
in the range of 0.0–0.01 ML is a simple consequence of an increase in the number of rhodium
atoms. If we take into account that one monolayer corresponds to ~(1–2)·1015 atoms per
cm2, then when the degree of coverage changes from 0.003 ML to 0.01 ML, the concentra-
tion of rhodium atoms on the In2O3 surface will change in the range from (3–6)·1012 to
(1–2)·1013 at/cm2. This means that with a coating of 0.01 ML of Rh on the surface of one
In2O3 crystallite with a size of 10 nm, there can be up to 10–20 isolated rhodium atoms. As
we indicated earlier, the process of sensor response increase stops when the formation of
3D clusters begins. It occurs due to the coalescence of rhodium atoms located on the In2O3
surface. Simple calculations show that with a coverage of 0.1 ML of Rh and a crystallite
size of 10 nm, on the surface of one crystallite there can be between two to eight clusters
with a size of 1 nm. In the calculations, we took into account the size of rhodium atoms
equal to 0.268–0.346 nm (empirical—calculated). It should be noted that the transition
from an atomically dispersed state to a cluster state at a certain degree of surface coverage
with atoms of noble metals, including rhodium, was confirmed experimentally in many
works [63,64]. For example, as applied to Pt atoms, it was found that in order to maintain
the atomically dispersed state on the Fe2O3 surface, it is necessary to maintain a very low
density of Pt atoms (<0.1 wt%) [64]. In this case, the atomically dispersed state is retained
even in reducing environments at elevated temperatures.

However, the situation discussed above (Equation (1)) in such an ideal case is realized
for sensors operated only in dry atmosphere. For sensors operated in usual atmosphere at
temperatures of 200–250 ◦C, which are optimal for ozone sensor operation, hydroxyl groups
predominate on the surface of metal oxides [62,65,66]. It was found that at these operating
temperatures the dissociative adsorption of water molecules at the surface of n-type
semiconductor metal oxides is energetically more preferable than dissociative adsorption
of oxygen, and as a result, the surface becomes hydroxylated [65]. Therefore, without any
doubt, when detecting ozone in a humid atmosphere, OH-groups must participate in the
ozone detection reaction. It is their participation, according to Korotcenkov et al. [31], which
causes an increase in the response time of sensors in comparison to the process of ozone
detection in a dry atmosphere (see Figure S4, supplementary materials). Several possible
reactions involving ozone and OH-groups can be proposed, which may be accompanied by
an increase in the concentration of chemisorbed oxygen-containing species on the surface
of In2O3. However, all these reactions involve the formation of intermediate HO−X surface-
bound radicals such as HO−2 or HO−3 (see Figure 3b). Their appearance upon interaction
of water and OH radicals with ozone has been repeatedly proved experimentally and
theoretically [67–70]. On the surface of metal oxides, ozone also intensively interacts with
surface hydroxyl groups. IR spectroscopy performed by Bulanin et al. [71] showed that
after the interaction of ozone with a hydrated surface of TiO2, the intensity of the band at
3751.5 cm−1, corresponding to OH-groups, decreases and a strong and wide band appears
at about 3670 cm−1, belonging to perturbed hydroxyls. If the amount of adsorbed ozone is
large enough, then the band of free OH groups disappears completely, while the maximum
of the band of perturbed hydroxyls shifts to 3640 cm−1. It is important to note here that
oxygen adsorption did not lead to such a strong disturbance of hydroxyls.
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As for the reasons for the decrease in the resistance of Rh/In2O3 films in ozone
atmosphere taking place in the region of cluster state of rhodium (Rh coverage on the In2O3
surface greater than 0.01 ML), and the decrease in the sensor response to ozone, which is
associated with this effect, here we are forced to state that these changes are a consequence
of reduction of negative charge captured by surface species adsorbed on the surface of metal
oxide crystallites during ozone detection. This is possible only if 3D clusters of rhodium
on the surface of In2O3 block the centers of dissociative ozone adsorption of the surface of
In2O3 or form a channel of ozone decomposition, which occurs on the surface of a rhodium
cluster without any electronic exchange between the rhodium cluster and the bulk of the
metal oxide. Due to the appearance of an additional channel for ozone dissociation, the
amount of ozone directly interacting with the In2O3 surface decreases. The latter is more
likely from our point of view. A similar approach to explain the observed characteristics of
surface doped Pt/SnO2 gas sensors was used by Degler et al. [19]. They suggested that
the decrease in the sensitivity of SnO2-based sensors with atomically distributed Pt to CO
in a dry atmosphere is a consequence of the appearance of a separate Pt oxide phase on
the SnO2 surface, which offers additional reaction sites for CO oxidation, which are not
electronically coupled to the SnO2. In other words, the decreased sensor signals in dry air
are caused by a parallel reaction of CO oxidation on the PtO2 phase with no effect on the
electrical properties of SnO2.

With regard to the not so pronounced decrease in the sensor response of HT films
of In2O3 with a Rh coverage more than 0.01 ML as compared to LT films, this behavior
can be explained as follows. Due to the more intense coalescence of rhodium on the HT
In2O3 surface and the formation of larger 3D clusters, their density on the In2O3 surface
decreases. This process reduces the filtering ability of the rhodium clusters to prevent the
interaction of ozone with the metal oxide surface. According to [21], the transition from the
atomically dispersed state to 2D and subsequently to the 3D cluster state of Rh on the In2O3
surface causes the deviation of the dependence of the I(Rh3d)/I(In3d) ratio on the surface
coverage by rhodium from the linearity. Here, I(Rh3d) and I(In3d) are the intensities of
Rh3d and In3d XPS peaks. During this transition, the area occupied by rhodium atoms
does not increase in proportion to the amount of Rh deposited on the In2O3 surface. The
larger the size of 3D clusters formed during metal deposition, the greater the deviation
from the dependence constructed under the assumption of the atomically dispersed state
of the deposited atoms should be. As one can see in Figure S5 (supplementary materials),
the greatest deviation from the linearity of the indicated dependence is observed for HT
In2O3 films.

It should be noted that our approach to explaining the results obtained is in good
agreement with many of the previously published results [5,13,22,72,73]. For example, it
has been reported that trace amounts of Rh (0.005 wt.%, which corresponds to the atomic
dispersion of the Rh) can promote direct participation of lattice oxygen of metal oxides
(NiO, CeO2–TiO2) including even chemically very inert supports such as aluminum oxide
(Al2O3), to oxidize reactant molecules such as methane, while the fundamental mechanism
is elusive [13]. Karin et al. [13] believe that the preferable Rh–O rather than the reductive
Rh–Me bond formation together with the ability of Rh to accumulate the large amounts
of electrons are crucial factors to drive the unique reactions promoted by a single atom of
Rh. At the same time, the mechanisms described by us in Figure 3c,d were used to explain
the decomposition of ozone in the presence of nickel oxide (NiO) [73] and manganese
dioxide (MnO2) [22]. It was found that part of the ozone was decomposed by molecular
mechanism (Scheme 1), and the other with the participation of atomic oxygen (Scheme 2),
which appears due to the dissociation of ozone into atomic oxygen species:

Sensors 2021, 21, x FOR PEER REVIEW 9 of 12 
 

 

 

Scheme 1. Ozone decomposition by molecular mechanism. 

 

Scheme 2. Ozone decomposition with participation of atomic oxygen. 

It should be noted that the reactions shown in Figure 3c,d cannot be implemented on 

a single atom of Rh, since these reaction pathways require two nearby active metal atoms, 

which is impossible in this case. The results obtained by Beyer et al. [4] are also in good 

agreement with our conclusion. They showed that Rh/MeOx catalysts with relatively large 

rhodium particles (dm = 2.1–2.4 nm) exhibited significantly higher activity at decomposi-

tion of N2O at low reaction temperatures (200–300 °C) as compared to catalysts with 

smaller rhodium particles (dm = 1.0–1.4 nm). It should also be borne in mind here that if 

on the surface of In2O3 modified with Rh the dissociation of ozone occurs according to 

Scheme 2, then in this case electronic exchange between the Rh cluster and the bulk of the 

metal oxide is possible. This means that with a more detailed examination of the processes 

occurring on the surface of In2O3 modified with Rh clusters, it will be necessary to take 

into account the contribution of both electronic and chemical properties and processes. 

The results of the analysis of the kinetics of sensor response are shown in Figure 4. It 

can be seen that while for LT films the response and recovery times are practically inde-

pendent of the surface modification with rhodium, for HT In2O3 films, the effect of rho-

dium on the kinetics of the sensor response is observed. We are not yet ready to offer a 

detailed explanation of the results obtained. More detailed research is required. In [74], an 

attempt was made to analyze the cross-sensitivity of In2O3 to O2, O3 and H2O using XPS 

measurements. However, the conditions for carrying out these experiments are far from 

the real conditions used in the operation of gas sensors. Currently we can only state that 

for HT films the main changes take place in the region of ~0.01 ML of Rh. This confirms 

our hypothesis that under such Rh coverage there is a change in the mechanism of the 

processes responsible for the sensor response. 

 

Figure 4. Effect of surface modification of LT and HT In2O3 films with rhodium on the time con-

stants of the sensor response to ozone (~1 ppm). Response time (τres) and recovery time (τrec) were 

measured at 225 °С. 

Scheme 1. Ozone decomposition by molecular mechanism.



Sensors 2021, 21, 1886 9 of 12

Sensors 2021, 21, x FOR PEER REVIEW 9 of 12 
 

 

 

Scheme 1. Ozone decomposition by molecular mechanism. 

 

Scheme 2. Ozone decomposition with participation of atomic oxygen. 

It should be noted that the reactions shown in Figure 3c,d cannot be implemented on 

a single atom of Rh, since these reaction pathways require two nearby active metal atoms, 

which is impossible in this case. The results obtained by Beyer et al. [4] are also in good 

agreement with our conclusion. They showed that Rh/MeOx catalysts with relatively large 

rhodium particles (dm = 2.1–2.4 nm) exhibited significantly higher activity at decomposi-

tion of N2O at low reaction temperatures (200–300 °C) as compared to catalysts with 

smaller rhodium particles (dm = 1.0–1.4 nm). It should also be borne in mind here that if 

on the surface of In2O3 modified with Rh the dissociation of ozone occurs according to 

Scheme 2, then in this case electronic exchange between the Rh cluster and the bulk of the 

metal oxide is possible. This means that with a more detailed examination of the processes 

occurring on the surface of In2O3 modified with Rh clusters, it will be necessary to take 

into account the contribution of both electronic and chemical properties and processes. 

The results of the analysis of the kinetics of sensor response are shown in Figure 4. It 

can be seen that while for LT films the response and recovery times are practically inde-

pendent of the surface modification with rhodium, for HT In2O3 films, the effect of rho-

dium on the kinetics of the sensor response is observed. We are not yet ready to offer a 

detailed explanation of the results obtained. More detailed research is required. In [74], an 

attempt was made to analyze the cross-sensitivity of In2O3 to O2, O3 and H2O using XPS 

measurements. However, the conditions for carrying out these experiments are far from 

the real conditions used in the operation of gas sensors. Currently we can only state that 

for HT films the main changes take place in the region of ~0.01 ML of Rh. This confirms 

our hypothesis that under such Rh coverage there is a change in the mechanism of the 

processes responsible for the sensor response. 

 

Figure 4. Effect of surface modification of LT and HT In2O3 films with rhodium on the time con-

stants of the sensor response to ozone (~1 ppm). Response time (τres) and recovery time (τrec) were 

measured at 225 °С. 

Scheme 2. Ozone decomposition with participation of atomic oxygen.

It should be noted that the reactions shown in Figure 3c,d cannot be implemented on
a single atom of Rh, since these reaction pathways require two nearby active metal atoms,
which is impossible in this case. The results obtained by Beyer et al. [4] are also in good
agreement with our conclusion. They showed that Rh/MeOx catalysts with relatively large
rhodium particles (dm = 2.1–2.4 nm) exhibited significantly higher activity at decomposition
of N2O at low reaction temperatures (200–300 ◦C) as compared to catalysts with smaller
rhodium particles (dm = 1.0–1.4 nm). It should also be borne in mind here that if on the
surface of In2O3 modified with Rh the dissociation of ozone occurs according to Scheme 2,
then in this case electronic exchange between the Rh cluster and the bulk of the metal oxide
is possible. This means that with a more detailed examination of the processes occurring
on the surface of In2O3 modified with Rh clusters, it will be necessary to take into account
the contribution of both electronic and chemical properties and processes.

The results of the analysis of the kinetics of sensor response are shown in Figure 4.
It can be seen that while for LT films the response and recovery times are practically
independent of the surface modification with rhodium, for HT In2O3 films, the effect of
rhodium on the kinetics of the sensor response is observed. We are not yet ready to offer a
detailed explanation of the results obtained. More detailed research is required. In [74], an
attempt was made to analyze the cross-sensitivity of In2O3 to O2, O3 and H2O using XPS
measurements. However, the conditions for carrying out these experiments are far from
the real conditions used in the operation of gas sensors. Currently we can only state that
for HT films the main changes take place in the region of ~0.01 ML of Rh. This confirms
our hypothesis that under such Rh coverage there is a change in the mechanism of the
processes responsible for the sensor response.
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of the sensor response to ozone (~1 ppm). Response time (τres) and recovery time (τrec) were
measured at 225 ◦C.

4. Conclusions

Studies have shown that the size effect has a significant influence on the activity of
noble metals used to optimize the parameters of gas sensors, and this factor should be
taken into account when developing a technology for their manufacture. In particular,
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when rhodium is used to modify the surface of In2O3 films designed for application in
gas sensor aimed for ozone detection, the effect achieved during such modification has
a strong size-dependent nature. If at low coverages (<0.01 ML of Rh) it is possible to
achieve an increase in the sensor response to ozone, then at large coverages (>0.01 ML of
Rh), modification of the In2O3 surface with rhodium will lead to a decrease in the sensor
response. This effect is associated with the transition from the atomically dispersed state of
rhodium on the surface of In2O3 to the 3D cluster state with a corresponding change in the
mechanism of interaction of Rh with ozone and In2O3.

Supplementary Materials: The following are available online at https://www.mdpi.com/1424-822
0/21/5/1886/s1, Figure S1: Operation temperature influence on conductivity response of undoped
In2O3-based sensors, Figure S2: Characterization of In2O3 films, Figure S3: The effect of Rh deposition
on binding energies of Rh3d5/2 and C1s, Figure S4: Influence the air humidity on temperature
dependencies of response and recovery times, Figure S5: The effect of rhodium coverage on the
intensity of XRS Rh3d5/2 peaks.

Author Contributions: G.K.—conceptualization, methodology, samples preparation, data analysis,
visualization, writing—original draft preparation and editing; V.N.—investigation, data curation, dis-
cussions, draft editing. Both authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the State Program of the Republic of Moldova project
20.80009.5007.02 and by the Grant Agency of the Czech Republic, project number 15-01558S.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and supplementary material.
Additional data available on request.

Acknowledgments: Authors are thankful to P. Hanyš for his help during Rh deposition on the
In2O3 films and following surface characterization using XPS measurements and to V. Brinzari for
useful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hong, Y.; Lin, Z.; Chen, Z.; Wang, G. Preparation and super hydrogen gas sensing properties of Rh-doped coral-like SnO2.

J. Mater. Sci. Mater. Electron. 2017, 28, 8837–8843. [CrossRef]
2. Inyawilert, K.; Wisitsoraat, A.; Tuantranont, A.; Phanichphant, S.; Liewhiran, C. Ultra-sensitive and highly selective H2 sensors

based on FSP-made Rh-substituted SnO2 sensing films. Sens. Actuators B 2017, 240, 1141–1152. [CrossRef]
3. Korotcenkov, G.; Nehasil, V. The role of Rh dispersion in gas sensing effects observed in SnO2 thin films. Mater. Chem. Phys.

2019, 232, 160–168. [CrossRef]
4. Beyer, H.; Emmerich, J.; Chatziapostolou, K.; Köhler, K. Decomposition of nitrous oxide by rhodium catalysts: Effect of rhodium

particle size and metal oxide support. Appl. Catal. A General 2011, 391, 411–416. [CrossRef]
5. Li, X.-N.; Zhang, H.-M.; Yuan, Z.; He, S.-G. A nine-atom rhodium–aluminum oxide cluster oxidizes five carbon monoxide

molecules. Nat. Commun. 2016, 7, 11404. [CrossRef] [PubMed]
6. Erdohelyi, A. Hydrogenation of carbon dioxide on supported Rh catalysts. Catalysts 2020, 10, 155. [CrossRef]
7. Martin, D.; Duprez, D. Mobility of surface species on oxides. 1. Isotopic exchange of 18O2 with 16O of SiO2, Al2O3, ZrO2,

MgO, CeO2, and CeO2-Al2O3. Activation by noble metals. Correlation with oxide basicity. J. Phys. Chem. 1996, 100, 9429–9438.
[CrossRef]

8. Descorme, C.; Duprez, D. Oxygen surface mobility and isotopic exchange on oxides: Role of Hong and the structure of metal
particles. Appl. Catal. A 2000, 202, 231–241. [CrossRef]

9. Yates, D.J.C.; Sinfelt, J.H. The catalytic activity of rhodium in relation to its state of dispersion. J. Catal. 1967, 8, 348–358. [CrossRef]
10. Chmielarz, L.; Kustrowski, P.; Drozdek, M.; Rutkowska, M.; Dziembaj, R.; Michalik, M.; Cool, P.; Vansant, E.F. SBA-15 mesoporous

silica modified with rhodium by MDD method and its catalytic role for N2O decomposition reaction. J. Porous Mater. 2011, 18, 483–491.
[CrossRef]

11. Belle, C.J.; Simona, U. High-throughput experimentation in resistive gas sensor materials development. J. Mater. Res. 2013, 28, 574–588.
[CrossRef]

12. Staerz, A.; Boehme, I.; Degler, D.; Bahri, M.; Doronkin, D.E.; Zimina, A.; Brinkmann, H.; Herrmann, S.; Junker, B.; Ersen, O.; et al.
Rhodium oxide surface-loaded gas sensors. Nanomaterials 2018, 8, 892. [CrossRef]

https://www.mdpi.com/1424-8220/21/5/1886/s1
https://www.mdpi.com/1424-8220/21/5/1886/s1
http://doi.org/10.1007/s10854-017-6612-4
http://doi.org/10.1016/j.snb.2016.09.094
http://doi.org/10.1016/j.matchemphys.2019.04.069
http://doi.org/10.1016/j.apcata.2010.03.060
http://doi.org/10.1038/ncomms11404
http://www.ncbi.nlm.nih.gov/pubmed/27094921
http://doi.org/10.3390/catal10020155
http://doi.org/10.1021/jp9531568
http://doi.org/10.1016/S0926-860X(00)00537-8
http://doi.org/10.1016/0021-9517(67)90331-4
http://doi.org/10.1007/s10934-010-9401-5
http://doi.org/10.1557/jmr.2012.344
http://doi.org/10.3390/nano8110892


Sensors 2021, 21, 1886 11 of 12

13. Karin, C.B.; Wohlrab, S.; Rodemerck, U.; Kondratenko, E.V. The tremendous effect of trace amounts of Rh on redox and catalytic
properties of CeO2-TiO2 and Al2O3 in CH4 partial oxidation. Catal. Commun. 2012, 18, 121–125. [CrossRef]

14. Chen, Y.; Ji, S.; Chen, C.; Peng, Q.; Wang, D.; Li, Y. Single-atom catalysts: Synthetic strategies and electrochemical applications.
Joule 2018, 2, 1242–1264. [CrossRef]

15. Sun, Q.; Wang, N.; Zhang, T.; Bai, R.; Mayoral, A.; Zhang, P.; Zhang, Q.; Terasaki, O.; Yu, J. Zeolite-encaged single-atom Rh
catalysts: Highly-efficient hydrogen generation and shape-selective tandem hydrogenation of nitroarenes. Angew. Chem. Int. Ed.
2019, 58, 18570–18576. [CrossRef]

16. Wang, A.; Li, J.; Zhang, T. Heterogeneous single-atom catalysis. Nat. Rev. Chem. 2018, 2, 65–81. [CrossRef]
17. Kwon, Y.; Kim, T.Y.; Kwon, G.; Yi, J.; Lee, H. Selective activation of methane on single-atom catalyst of Rhodium dispersed on

zirconia for direct conversion. J. Am. Chem. Soc. 2017, 139, 17694–17699. [CrossRef] [PubMed]
18. Korotcenkov, G.; Cho, B.K. Bulk doping influence on the response of conductometric SnO2 gas sensors: Understanding through

cathodoluminescence study. Sens. Actuators B 2014, 196, 80–98. [CrossRef]
19. Degler, D.; de Carvalho, H.W.P.; Kvashnina, K.; Grunwaldt, J.-D.; Weimar, U.; Barsan, N. Structure and chemistry of surface-doped

Pt:SnO2 gas sensing materials. RSC Adv. 2016, 6, 28149. [CrossRef]
20. Gu, F.; Di, M.; Han, D.; Hong, S.; Wang, Z. Atomically dispersed Au on In2O3 nanosheets for highly sensitive and selective

detection of formaldehyde. ACS Sens. 2020, 5, 2611–2619. [CrossRef]
21. Korotcenkov, G.; Brinzari, V.; Nehasil, V. XPS studies of Rh/In2O3 system. Surf. Interface 2021, 22, 100794. [CrossRef]
22. Oyama, S.T. Chemical and catalytic properties of ozone. Catal. Rev. 2000, 42, 279–322. [CrossRef]
23. Rakovsky, S.; Anachkov, M.; Zaikov, G. Fields of ozone applications. Chem. Chem. Technol. 2009, 3, 139–161.
24. Brown, T.L.; Le May, H.E., Jr.; Bursten, B.E.; Burdge, J.R. Chemistry: The Central Science, 9th ed.; Prentice Hall: New Jersey, NJ,

USA, 2002.
25. Petani, L.; Koker, L.; Herrmann, J.; Hagenmeyer, V.; Gengenbach, U.; Pylatiuk, C. Recent developments in ozone sensor technology

for medical applications. Micromachines 2020, 11, 624. [CrossRef]
26. Takada, T.; Suzuki, K.; Nakane, M. Highly sensitive ozone sensor. Sens. Actuators 1993, 8, 404–407. [CrossRef]
27. Kiriakidis, G.; Bender, M.; Katsarakis, N.; Gagaoudakis, E.; Hourdakis, E.; Douloufakis, E.; Cimalla, V. Ozone sensing properties

of polycrystalline indium oxide films at room temperature. Phys. Stat. Sol. 2001, 185, 27–32. [CrossRef]
28. Korotcenkov, G.; Cerneavschi, A.; Brinzari, V.; Vasiliev, A.; Cornet, A.; Morante, J.; Cabot, A.; Arbiol, J. In2O3 films deposited by

spray pyrolysis as a material for ozone gas sensors. Sens. Actuators B 2004, 99, 297–303. [CrossRef]
29. Korotcenkov, G.; Brinzari, V.; Cho, B.K. In2O3 and SnO2-based ozone sensors: Design and characterization. Crit. Rev. Sol. St.

Mater. Sci. 2018, 43, 83–132. [CrossRef]
30. Epifani, M.; Comini, E.; Arbiol, J.; Pellicer, E.; Siciliano, P.; Faglia, G.; Morante, J.R. Nanocrystals as very active interfaces:

Ultrasensitive room-temperature ozone sensors with In2O3 nanocrystals prepared by a low-temperature sol-gel process in a
coordinating environment. J. Phys. Chem. C 2007, 111, 13967–13971. [CrossRef]

31. Korotcenkov, G.; Brinzari, V.; Stetter, J.R.; Blinov, I.; Blaja, V. The nature of processes controlling the kinetics of indium oxide-based
thin film gas sensor response. Sens. Actuators B 2007, 128, 51–63. [CrossRef]

32. Oprea, A.; Gurlo, A.; Barsan, N.; Weimar, U. Transport and gas sensing properties of In2O3 nanocrystalline thick films: A Hall
effect based approach. Sens. Actuators B 2009, 139, 322–328. [CrossRef]

33. Gurlo, A. Nanosensors: Towards morphological control of gas sensing activity. SnO2, In2O3, ZnO and WO3 case studies.
Nanoscale 2011, 3, 154–165. [CrossRef] [PubMed]

34. Korotcenkov, G.; Brinzari, V.; Cho, B.K. In2O3 and SnO2 based ozone sensors: Fundamentals. J. Sens. 2016, 2016, 3816094. [CrossRef]
35. Zhang, S.; Nguyen, L.; Liang, J.X.; Shan, J.; Liu, J.J.; Frenkel, A.I.; Patlolla, A.; Huang, W.; Li, J.; Tao, F.F. Catalysis on singly

dispersed bimetallic sites. Nat. Commun. 2015, 6, 7938. [CrossRef] [PubMed]
36. Korotcenkov, G.; Cho, B.K. Metal oxide based composites in conductometric gas sensors: Achievements and challenges. Sens.

Actuators B 2017, 244, 182–210. [CrossRef]
37. Korotcenkov, G.; Cho, B.K.; Brinzari, V. Spray pyrolysis of metal oxides SnO2 and In2O3 as an example of thin film technology:

Advantages and limitations for application in conductometric gas sensors. Adv. Mater. Res. 2013, 748, 22–27. [CrossRef]
38. Korotcenkov, G.; Brinzari, V.; Ivanov, M.; Cerneavschi, A.; Rodriguez, J.; Cirera, A.; Cornet, A.; Morante, J. Structural stability of

indium oxide films deposited by spray pyrolysis during thermal annealing. Thin Solid Films 2005, 479, 38–51. [CrossRef]
39. Nehasil, V.; Masek, K.; Moreau, O.; Matolin, V. Miniature electron bombardment evaporation source: Evaporation rate measure-

ment. Czech. J. Phys. 1997, 47, 261–268. [CrossRef]
40. Korotcenkov, G.; Brinzari, V.; Cerneavschi, A.; Ivanov, M.; Golovanov, V.; Cornet, A.; Morante, J.; Cabot, A.; Arbiol, J. The

influence of film structure on In2O3 gas response. Thin Solid Films 2004, 460, 315–323. [CrossRef]
41. Korotcenkov, G.; Ivanov, M.; Blinov, I.; Stetter, J.R. Kinetics of In2O3-based thin film gas sensor response: The role of “redox” and

adsorption/desorption processes in gas sensing effects. Thin Solid Films 2007, 515, 3987–3996. [CrossRef]
42. Korotcenkov, G.; Stetter, J.R. Comparative study of SnO2- and In2O3-based ozone sensors. ECS Trans. 2008, 6, 29–41. [CrossRef]
43. Korotcenkov, G.; Cho, B.K.; Brinzari, V. The role of grain size in response of SnO2- and In2O3-based conductometric gas sensors.

Adv. Mater. Res. 2012, 486, 153–159. [CrossRef]
44. Korotcenkov, G.; Cho, B.K.; Brinzari, V.; Gulina, L.; Tolstoy, V. Catalytically active filters deposited by SILD method for inhibiting

sensitivity to ozone of SnO2-based conductometric gas sensors. Ferroelectrics 2014, 459, 46–51. [CrossRef]

http://doi.org/10.1016/j.catcom.2011.12.001
http://doi.org/10.1016/j.joule.2018.06.019
http://doi.org/10.1002/anie.201912367
http://doi.org/10.1038/s41570-018-0010-1
http://doi.org/10.1021/jacs.7b11010
http://www.ncbi.nlm.nih.gov/pubmed/29125746
http://doi.org/10.1016/j.snb.2014.01.108
http://doi.org/10.1039/C5RA26302F
http://doi.org/10.1021/acssensors.0c01074
http://doi.org/10.1016/j.surfin.2020.100794
http://doi.org/10.1081/CR-100100263
http://doi.org/10.3390/mi11060624
http://doi.org/10.1016/0925-4005(93)85412-4
http://doi.org/10.1002/1521-396X(200105)185:1&lt;27::AID-PSSA27&gt;3.0.CO;2-U
http://doi.org/10.1016/j.snb.2003.01.001
http://doi.org/10.1080/10408436.2017.1287661
http://doi.org/10.1021/jp074446e
http://doi.org/10.1016/j.snb.2007.05.028
http://doi.org/10.1016/j.snb.2009.03.002
http://doi.org/10.1039/C0NR00560F
http://www.ncbi.nlm.nih.gov/pubmed/20967316
http://doi.org/10.1155/2016/3816094
http://doi.org/10.1038/ncomms8938
http://www.ncbi.nlm.nih.gov/pubmed/26294191
http://doi.org/10.1016/j.snb.2016.12.117
http://doi.org/10.4028/www.scientific.net/AMR.748.22
http://doi.org/10.1016/j.tsf.2004.11.107
http://doi.org/10.1023/A:1022842115104
http://doi.org/10.1016/j.tsf.2004.02.018
http://doi.org/10.1016/j.tsf.2006.09.044
http://doi.org/10.1149/1.2831341
http://doi.org/10.4028/www.scientific.net/AMR.486.153
http://doi.org/10.1080/00150193.2013.837765


Sensors 2021, 21, 1886 12 of 12

45. Safonova, O.V.; Delabouglise, G.; Chenevier, B.; Gaskov, A.M.; Labeau, M. CO and NO2 gas sensitivity of nanocrystalline tin
dioxide thin films doped with Pd, Ru and Rh. Mater. Sci. Eng. C 2002, 21, 105–111. [CrossRef]

46. Staerz, A.; Kim, T.-H.; Lee, J.-H.; Weimar, U.; Barsan, N. Nanolevel control of gas sensing characteristics via p−n heterojunction
between Rh2O3 clusters and WO3 crystallites. J. Phys. Chem. C 2017, 121, 24701–24706. [CrossRef]

47. Matsubu, J.C.; Yang, V.N.; Christopher, P. Isolated metal active site concentration and stability controls catalytic CO2 reduction
selectivity. J. Am. Chem. Soc. 2015, 137, 3076–3084. [CrossRef] [PubMed]

48. Koziej, D.; Hubner, M.; Barsan, N.; Weimar, U.; Sikorazc, M.; Grunwaldt, J.-D. Operando X-ray absorption spectroscopy studies
on Pd-SnO2 based sensors. Phys. Chem. Chem. Phys. 2009, 11, 8620–8625. [CrossRef] [PubMed]

49. Boehme, I.; Herrmann, S.; Staerz, A.; Brinkmann, H.; Weimar, U.; Barsan, N. Understanding the sensing mechanism of Rh2O3
loaded In2O3. Proceedings 2018, 2, 754. [CrossRef]

50. Vis, J.C.; Van’t Blik, H.F.J.; Huizinga, T.; van Grondelle, J.; Prins, R. Reduction and oxidation of Rh/Al2O3 and Rh/TiO2 catalysts
as studied by temperature-programmed reduction and oxidation. J. Mol. Catal. 1984, 25, 367–378. [CrossRef]

51. Padeste, C.; Cant, N.W.; Trimm, D.L. Reactions of ceria supported rhodium with hydrogen and nitric oxide studied with TPR/TPO
and XPS techniques. Catal. Lett. 1994, 28, 301–311. [CrossRef]

52. Hülsey, M.J.; Zhang, B.; Ma, Z.; Asakura, H.; Do, D.A.; Chen, W.; Tanaka, T.; Zhang, P.; Wu, Z.; Yan, N. In situ spectroscopy-guided
engineering of rhodium single-atom catalysts for CO oxidation. Nat. Commun. 2019, 10, 1330. [CrossRef] [PubMed]

53. Martens, J.H.A.; Prim, R.; Koningsberger, D.C. Controlled oxygen chemisorption on an alumina supported Rhodium catalyst.
Formation of a new metal-metal oxide interface determined with extended X-ray absorption fine structure spectroscopy. J. Phys.
Chem. 1989, 93, 3179–3185. [CrossRef]

54. Wang, C.B.; Yeh, C.T. Calorimetric study on oxidation of alumina supported rhodium by dioxygen. J. Mol. Catal. 1997, 120, 179–184.
[CrossRef]

55. Schiinemann, V.; Adelman, B.; Sachtler, W.M.H. Formation of the rhodium oxides Rh2O3 and RhO2 in Rh/NaY. Catal. Lett.
1994, 27, 259–265. [CrossRef]

56. Hwang, C.-P.; Yeh, C.-T.; Zhu, Q. Rhodium-oxide species formed on progressive oxidation of rhodium clusters dispersed on
alumina. Catal. Today 1999, 51, 93–101. [CrossRef]

57. Hämäläinen, J. Atomic Layer Deposition of Noble Metal Oxide and Noble Metal Thin Films. Ph.D. Thesis, University of Helsinki,
Helsinki, Finland, 2013.

58. Chaston, J.C. The solid oxides of platinum and rhodium. Platinum Met. Rev. 1969, 13, 28–29.
59. Conner, W.C., Jr.; Falcone, J.L. Spillover in heterogeneous catalysis. Chem. Rev. 1995, 95, 759–788. [CrossRef]
60. Inui, T.; Ono, Y.; Takagi, Y.; Kim, J.-B. Oxygen spillover effects induced by Rh-modification on the low-temperature oxidation of CO

over Cu-incorporated zeolite A studied by the forced oscillating reaction method. Appl. Catal. A 2000, 202, 215–222. [CrossRef]
61. Brynzari, V.; Korotchenkov, G.; Dmitriev, S. Theoretical study of semiconductor thin film gas sensitivity: Attempt to consistent

approach. J. Electron. Technol. 2000, 33, 225–235.
62. Barsan, N.; Weimar, U. Conduction model of metal oxide gas sensors. J. Electroceram. 2001, 7, 143–167. [CrossRef]
63. Berko, A.; Menesi, G.; Solymosi, F. STM study of rhodium deposition on the TiO2-(1×2) surface. Surf. Sci. 1997, 372, 202–210.

[CrossRef]
64. Ren, Y.; Tang, Y.; Zhang, L.; Liu, X.; Li, L.; Miao, S.; Su, D.S.; Wang, A.; Li, J.; Zhang, T. Unraveling the coordination structure-

performance relationship in Pt1/Fe2O3 single-atom catalyst. Nat. Commun. 2019, 10, 4500. [CrossRef] [PubMed]
65. Egashira, M.; Nakashima, M.; Kawasuma, S.; Selyama, T. Temperature programmed desorption study of water adsorbed on

metal oxides. Part 2. Tin oxide surfaces. J. Phys. Chem. 1981, 85, 4125–4130. [CrossRef]
66. Korotcenkov, G.; Brinzari, V.; Golovanov, V.; Blinov, Y. Kinetics of gas response to reducing gases of SnO2 films, deposited by

spray pyrolysis. Sens. Actuators B 2004, 98, 41–45. [CrossRef]
67. Varandas, A.J.C. On the stability of the elusive HO3 radical. Phys. Chem. Chem. Phys. 2011, 13, 15619–15623. [CrossRef]
68. Oputu, O.; Chowdhury, M.; Nyamayaro, K.; Fatoki, O.; Fester, V. Catalytic activities of ultra-small β-FeOOH nanorods in

ozonation of 4-chlorophenol. J. Environ. Sci. 2015, 35, 83–90. [CrossRef]
69. Huang, Y.X.; Sun, Y.; Xu, Z.H.; Luo, M.Y.; Zhu, C.L.; Li, L. Removal of aqueous oxalic acid by heterogeneous catalytic ozonation

with MnOx/sewage sludge-derived activated carbon as catalysts. Sci. Total Environ. 2017, 575, 50–57. [CrossRef]
70. Hu, X.; Zuo, J.; Xie, C.; Dawes, R.; Guo, H.; Xie, D. An ab initio based full-dimensional potential energy surface for OH + O2 ↔

HO3 and low-lying vibrational levels of HO3. Phys. Chem. Chem. Phys. 2019, 21, 13766. [CrossRef] [PubMed]
71. Bulanin, K.M.; Lavalley, J.C.; Tsyganenko, A.A. IR spectra of adsorbed ozone. Colloid Surf. A Physchem. Eng. Asp. 1995, 101, 153–158.

[CrossRef]
72. Li, W.; Gibbs, G.V.; Oyama, S.T. Mechanism of ozone decomposition on manganese oxide: 1. In situ laser Raman spectroscopy

and ab initio molecular orbital calculations. J. Am. Chem. Soc. 1998, 120, 9041–9046. [CrossRef]
73. Batakliev, T.; Georgiev, V.; Anachkov, M.; Rakovsky, S.; Zaikov, G.E. Ozone decomposition. Interdiscip. Toxicol. 2014, 7, 47–59.

[CrossRef] [PubMed]
74. Berthold, T.; Katzer, S.; Rombach, J.; Krischok, S.; Bierwagen, O.; Himmerlich, M. Towards understanding the cross-sensitivity of

In2O3 based ozone sensors: Effects of O3, O2 and H2O adsorption at In2O3 (111) surfaces. Phys. Stat. Sol. B 2018, 255, 1700324.
[CrossRef]

http://doi.org/10.1016/S0928-4931(02)00068-1
http://doi.org/10.1021/acs.jpcc.7b09316
http://doi.org/10.1021/ja5128133
http://www.ncbi.nlm.nih.gov/pubmed/25671686
http://doi.org/10.1039/b906829e
http://www.ncbi.nlm.nih.gov/pubmed/19774296
http://doi.org/10.3390/proceedings2130754
http://doi.org/10.1016/0304-5102(84)80059-0
http://doi.org/10.1007/BF00806060
http://doi.org/10.1038/s41467-019-09188-9
http://www.ncbi.nlm.nih.gov/pubmed/30902990
http://doi.org/10.1021/j100345a059
http://doi.org/10.1016/S1381-1169(96)00424-4
http://doi.org/10.1007/BF00813911
http://doi.org/10.1016/S0920-5861(99)00011-5
http://doi.org/10.1021/cr00035a014
http://doi.org/10.1016/S0926-860X(00)00535-4
http://doi.org/10.1023/A:1014405811371
http://doi.org/10.1016/S0039-6028(96)01097-7
http://doi.org/10.1038/s41467-019-12459-0
http://www.ncbi.nlm.nih.gov/pubmed/31582748
http://doi.org/10.1021/j150626a034
http://doi.org/10.1016/j.snb.2003.08.022
http://doi.org/10.1039/c1cp20791a
http://doi.org/10.1016/j.jes.2015.02.013
http://doi.org/10.1016/j.scitotenv.2016.10.026
http://doi.org/10.1039/C9CP02206F
http://www.ncbi.nlm.nih.gov/pubmed/31210189
http://doi.org/10.1016/0927-7757(95)03130-6
http://doi.org/10.1021/ja981441+
http://doi.org/10.2478/intox-2014-0008
http://www.ncbi.nlm.nih.gov/pubmed/26109880
http://doi.org/10.1002/pssb.201700324

	Introduction 
	Materials and Methods 
	Results and Discussions 
	Conclusions 
	References

