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Metal-oxide semiconductors such as In2O3 have been used
widely as gas sensing materials because of their high
sensitivity to target gases and their simple fabrication.[1–3]

Their operation is based on changes in the electrical
conductivity of the material through adsorption of gas
molecules on the surface of the semiconductor. Despite
progress in the field, a detailed mechanistic understanding of
the gas sensing process is still lacking. The knowledge-based
development of better gas sensors with increased selectivity
and sensitivity will crucially depend on the development of
experimental approaches which allow for simultaneous mea-
surement of the sensor response, adsorbed species, changes in
the metal-oxide material, and gas-phase composition (oper-
ando approach).[4] Ultimately, by correlating these results, the
mode of operation of gas sensors can be elucidated.

To demonstrate the potential of this approach, we present
an operando Raman–FTIR study of the sensing of ethanol gas
by bixbyite-type indium oxide (c-In2O3). Adsorbed species
and changes to the indium oxide during the gas sensing
process can be observed using visible Raman spectroscopy
Raman spectroscopy was chosen because it has the potential
to detect both adsorbed species, including anionic oxygen
species, and changes in the metal-oxide structure. Simulta-
neous recording of gas-phase FTIR spectra allows quantifi-
cation of the gas-phase composition. Such operando Raman
studies on gas sensors have not been reported before. The
developed experimental setup is shown schematically in
Figure 1. Simultaneous resistance and Raman spectroscopic
measurements on the In2O3 gas sensor were performed in
a teflon cell equipped with a flat optical quartz window. The
gas outlet was analyzed by FTIR spectroscopy.

Figure 2 depicts representative Raman spectra of the
operando experiments at 190 8C and 325 8C, with the spectra
shown bottom-up in the measured sequences. The indium
oxide bands at 304, 361, 493, and 624 cm�1 in the spectrum
recorded at 190 8C in nitrogen confirm the bixbyite-type c-
In2O3.

[5] The Raman bands at 304 and 361 cm�1 are attributed
to the bending vibration (d(InO6)) of the octahedron and the
In-O-In stretch vibration (u(In-O-In)), respectively. The
bands at 493 and 624 cm�1 are due to stretching vibrations
of the octahedron (u(InO6)).[6, 7] The high-frequency region of
the Raman spectrum is characterized by two bands at 3643
and 3659 cm�1, which are attributed to bridged surface
hydroxy species.[8] No anionic oxygen species such as O2

�
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were detected on the surface.
Upon exposure of the sample to 250 ppm ethanol in

nitrogen (EtOH/N2) at 190 8C (flow rate: 40 mL min�1), the
intensity of the band at 361 cm�1 increases and a new band
and a shoulder appear at 407 and 325 cm�1, respectively.[9,10]

According to the literature,[12] the latter two features result
from reduced indium oxide species near the surface, as these
bands disappear again when the sample is exposed to oxygen

Figure 1. The operando Raman-FTIR setup, which allows for simulta-
neous measurement of the sensor response (dc electrical conductiv-
ity), Raman spectra of the sensor material, and FTIR spectra of the
gas-phase composition.

Figure 2. Operando Raman spectra of the sensing of ethanol gas by
indium oxide at 190 8C (gray) and 325 8C (black). Spectra are offset for
clarity.
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(Figure 2). This behavior indicates that near-surface regions
can be reversibly switched between an oxidized and a reduced
state. In contrast, reduced In2O3 species inside the deeper
bulk regions of the indium oxide crystallites cannot be
reoxidized at this temperature.[12] Moreover, as shown in
Figure 2, in the presence of ethanol, the hydroxy band at
3659 cm�1 disappears and the band at 3643 cm�1 becomes
weaker because reaction with ethanol results in the formation
of acetate groups. The latter adsorbate species is character-
ized by new Raman bands at 937 (u(C-C), C-C symmetric
stretch) and 2937 cm�1 (u(CH), CH3 symmetric stretch).[13]

However, a contribution to the 2937 cm�1 band from
adsorbed ethanol can not be ruled out.[14] Both bands were
also observed during the reaction of acetaldehyde with
indium oxide under the same conditions. When the ethanol
source is switched off, the intensities of the bands at 937 and
2937 cm�1 decrease and those of the hydroxy bands increase
again. As will be shown in Figure 3, these changes in intensity
are slow at 190 8C because of the stability of the adsorbed
acetate species.

Exposing the gas sensor at 190 8C to 250 ppm ethanol in
synthetic air (EtOH/syn. air) results in a smaller degree of
reduction of the indium oxide compared to EtOH/N2

(indicated by the lower intensity of the 407 and 325 cm�1

features). In addition, in the presence of oxygen, a new strong
Raman band at 2868 cm�1 (u(CH)) is observed in addition to
the bands at 937 and 2937 cm�1. This strong band is assigned,
in accordance with the literature, to the C�H symmetric
stretch of a formate-like species.[15] In contrast to the behavior
observed in pure nitrogen, the spectroscopic changes caused
by the presence of ethanol were completely reversible in
synthetic air, including the restoration of the initial back-
ground intensity of the spectrum.

The operando Raman spectra shown at the top of Figure 2
were recorded at 325 8C. The spectrum in synthetic air
resembles the previously described spectrum recorded at
190 8C. The addition of 250 ppm ethanol to the feed does not
induce any significant changes in the spectra. In contrast, the
absence of oxygen has a dramatic effect on the Raman spectra
recorded in the presence of ethanol. The intensity of the
features at 325 and 407 cm�1 increases, thus indicating
reduction of the indium oxide.[9] Furthermore, broad bands
at 852–1644 cm�1 arising from carbon species, as well as CHx-
related bands between 2670 and 2958 cm�1, are observed that
originate from adsorbate decomposition. This conclusion is
supported by temperature-dependent spectra.[16] As a conse-
quence of the presence of a carbon overlayer, the hydroxy
Raman bands are no longer observable. In contrast to the
reaction at 190 8C, the changes in the spectra caused by the
presence of ethanol were reversible in pure nitrogen.

Simultaneously to the Raman measurements, the FTIR
spectra of the gas products as well as the sensor resistance
were recorded. As discussed in detail in the following, there is
a temporal correlation between the sensor resistance and the
intensity of the spectroscopic bands (Figure 3). The assign-
ments of the relevant Raman and IR bands are listed in
Tables 1 and 2, respectively. Details on the ethanol conversion
and the concentrations of gas-phase products are given in
Table S1 in the Supporting Information. As shown in Figure 3,

switching the gas atmosphere from nitrogen to 250 ppm
EtOH/N2 at 190 8C results in the indium oxide being reduced,
bridged surface hydroxy groups vanishing, and adsorbed
acetate species appearing. The low conversion rate at 190 8C
results in the concentrations of the reaction products being
near the FTIR detection limit.

Thus, the only measured gas-phase products under these
conditions were acetaldehyde and water.[17] On the basis of
these observations, we propose the following reaction mech-
anism (Scheme 1):[18] After adsorption of the ethanol on the
indium oxide surface, it dissociates to an ethoxy species, which
can either desorb as acetaldehyde from the surface through
dehydrogenation (Scheme 1 a) or react with surface hydroxy
groups to form acetate (Scheme 1b). Hydrogen released
during the reaction can combine with hydrogen atoms, oxygen
atoms, or hydroxy groups to form gaseous hydrogen, surface
hydroxy groups, or water.

Figure 3. Temporal correlation of spectroscopic data and sensor resist-
ance for the operando Raman-FTIR experiment of ethanol gas sensing
by indium oxide. *: 10% O2 + 90% N2 .

Table 1: Assignment of the Raman bands from Figure 2 used for the
correlation in Figure 3.

Wavenumber
[cm�1]

Vibration Assignment

407 reduced In2O3
[12]

937 u(C-C) acetate
852–1644 carbon

2868 u(CH) formate,[15] adsorbed ethanol[14]

2937 u(CH) acetate,[13] adsorbed ethanol[14]

3659 u(OH) bridging hydroxy groups[8]

Table 2: Assignment of the IR gas-phase bands used for the correlation
in Figure 3.

Wavenumber [cm�1] Gas

2903 EtOH
2361 CO2

2178 CO
3902 H2O
2733 H3C-CH=O
3140 H2C=CH2

.Angewandte
Communications

3608 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 3607 –3610

http://www.angewandte.org


The indium oxide is reduced during the course of the
redox reaction (Scheme 1c). These changes are accompanied
by a strong decrease in the sensor resistance. According to the
literature,[4] the sensor response is explained by changes in the
electric surface potential resulting from “ionosorption” of
gaseous molecules (ionosorption model) or by changes in the
oxygen stoichiometry, that is, by variation of the amount of
(sub-)surface oxygen vacancies and their ionization (reduc-
tion–reoxidation mechanism).

Our results show that ethanol is oxidized to adsorbed
acetate by the indium oxide releasing electrons to the
conduction band, and consequently the resistance decreases.
The reduced In2O3 near the surface indicates the formation of
oxygen vacancies and ionization (Scheme 1c), which
increases the conductivity. A further reason for the strong
sensor response and the low ethanol conversion is the stability
of the acetate preventing the sensor material from reaching its
initial surface state. This is apparent from the slow reoxida-
tion of indium oxide as well as only small changes being
observed in the adsorbate and surface hydroxy band inten-
sities when the ethanol source is turned off (Figure 3).
Changes in the gas-phase composition are too small to
measure in the absence of ethanol. The resistance increases
very slowly because of traces of oxygen from air in the
nitrogen gas and/or tubing leading to oxidation of the indium
oxide, and accordingly removal of the oxygen vacancies
(Scheme 1c). Thermal decomposition of acetate
(Scheme 1d,e) enables the sensor to start returning to the
initial surface state.

When oxygen is added, the intensity of the reduced In2O3

drops and the intensities of the surface hydroxy groups
strongly increase, eventually reaching their initial state prior
to the reaction with ethanol (Figure 3). The adsorbate-related
bands also disappear immediately, which is attributed to
decomposition and further oxidation of acetate. Based on the
spectroscopic observation of formate-like species in EtOH/
syn. air at 190 8C, we propose, in accordance with the
literature,[19] that the acetate decomposes to formate-like
species by reaction with coadsorbed oxygen, thereby releas-
ing CO2 (Scheme 1 f). Further decomposition of the formate-
like species to CO2 by attack of coadsorbing oxygen decreases
the amount of adsorbates below the spectroscopic detection
limit. The prompt increase in the sensor resistance upon

exposure to oxygen is readily explained by the fast reoxida-
tion of the indium oxide removing electrons from the
conduction band. As at 190 8C, some adsorbate species
remain on the surface, and the resistance does not return to
its original value.

The reduction of indium oxide is less pronounced upon
exposure to 250 ppm ethanol in synthetic air than in EtOH/N2

because of the immediate reoxidation by oxygen. The band
corresponding to the surface hydroxy groups largely disap-
pears, similar as in EtOH/N2, but the the adsorbate-related
Raman bands change: In EtOH/syn. air, less acetate is
observed because of its partial decomposition to formate-like
species. Acetaldehyde, carbon dioxide, and water were
observed as reaction products. Compared to the reaction in
EtOH/N2, acetaldehyde can be formed at a higher rate
because there are a larger number of free sites resulting from
the lower stability of acetate groups in the presence of
oxygen.[19] As discussed above, the proposed mechanism is the
decomposition to CO2 via formate-like species (Scheme 1 f).
The fact that the resistance does not decrease as much as in
EtOH/N2 can be explained by the permanent reoxidation of
indium oxide resulting in an overall smaller degree of
reduction. Furthermore, the presence of different stable
adsorbate species may also play a role.

In synthetic air, the changes in the Raman spectra caused
by the ethanol reaction were largely reversible, that is, indium
oxide was oxidized, the hydroxy groups were restored, and
the adsorbate-related bands disappeared. Compared to
switching from nitrogen to synthetic air at 190 8C, the
resistance shows only a slow increase after reaction with
ethanol in synthetic air, which is correlated with the slowly
decreasing formation of carbon dioxide, according to
Scheme 1 f. Although no adsorbed species are visible in the
Raman spectra under these conditions, CO2 still desorps from
the sensor surface. This observation underlines the impor-
tance of simultaneous gas-phase analysis to allow for inter-
pretation of sensor activity in the case of adsorbate concen-
trations below the Raman detection limit. Figure 3 shows that
these remaining adsorbate species have a profound effect on
the resistance, which is significantly below its initial level.

To remove all adsorbates from the surface, the sensor was
heated to 400 8C. Desorption of the remaining adsorbates
through thermal decomposition results in the formation of
CO, CO2, and H2O as identified by FTIR spectroscopy
(Scheme 1d–f). In contrast to normal semiconductor behav-
ior, that is, a decrease in resistance on heating, an increase in
resistance was observed because of adsorbate desorption.
When the temperature was reduced to 190 8C again, the
resistance had a significantly higher value than that prior to
heating and adsorbate removal; finally, a further heating to
325 8C resulted in normal semiconductor behavior, that is,
a decrease in resistance.

Significantly higher gas product concentrations were
observed in EtOH/syn. air at 325 8C than at 190 8C. CO2,
H2O, acetaldehyde, ethylene, and CO were detected as
reaction products. The formation of acetaldehyde is proposed
to proceed according to Scheme 1 a, and with the ethylene
and water resulting from dehydration of ethoxy species
(Scheme 1g). CO2 and CO are produced from decomposition

Scheme 1. Proposed mechanism of the sensing of ethanol gas by
indium oxide. For details see the text.
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of acetate/ethoxy species via formate and/or carbon
(Scheme 1e,f,h).[19] As indicated by the increased formation
of product, surface processes are much faster at 325 8C.
Consequently, the presence of adsorbate species on the sensor
surface is not observed. Furthermore, the Raman spectra do
not show any reduced indium oxide. However, this behavior
does not exclude a permanent reduction and reoxidation of
the indium oxide.

When the feed was switched to synthetic air at 325 8C, the
resistance approached its initial value. The Raman spectra
showed no changes and the concentrations of gas products
subsided to zero. Switching from synthetic air to nitrogen
resulted in a decrease in the resistance, which may be
explained by an increase in the concentration of oxygen
vacancies.

The decrease in resistance in EtOH/N2 at 325 8C was
greater than in EtOH/syn. air because of the absence of
reoxidation by oxygen (Figure 3). As shown by the Raman
spectra, the indium oxide is similarly reduced as at 190 8C in
EtOH/N2 (Scheme 1c). However, at 325 8C no hydroxy bands
are observed as a result of carbon deposition onto the oxide
surface through ethanol decomposition (Scheme 1e,h). A
higher ethanol conversion was observed than at 190 8C. CO2,
H2O, acetaldehyde, ethylene, and CO were detected as gas
products, which were formed as discussed above
(Scheme 1a,g,i).[20]

Switching back to pure nitrogen leads to an increase in
resistance which is not as fast as in the presence of oxygen at
325 8C but faster than at 190 8C. The resistance nearly returns
to its initial value. The changes caused by exposure to ethanol
were also reversible in the Raman spectra. The bands related
to reduced indium oxide and deposited surface carbon
disappear, while those related to hydroxy groups reappear
(Scheme 1c,i). This observation indicates that at 325 8C, in
contrast to the behavior at 190 8C, diffusion processes in
indium oxide from the bulk to the surface are fast enough to
provide oxygen for reoxidation of the indium oxide and
oxidation of residual carbon. In pure nitrogen, the gas
products vanish except for CO2, which decreases more
slowly than in synthetic air because the oxidation of surface
carbon to carbon dioxide is limited by traces of oxygen or by
the indium oxide as a further oxygen source. Finally, when
oxygen was introduced, the resistance increased at once to the
initial state in synthetic air because of a refilling of the oxygen
vacancies.

We have demonstrated the potential of operando Raman-
FTIR spectroscopy to gain new insight into the mode of
operation of metal-oxide gas sensors. In particular, Raman
spectroscopy allows for the observation of changes in the
sensor�s properties (oxidation state), surface hydroxy groups,
and the presence of adsorbates. In the case of ethanol gas
sensing, the mechanism strongly depends on the gas environ-

ment and temperature, with both influencing the surface
species that are observed. The sensor signal is correlated with
the nature of the adsorbates, the presence of surface hydroxy
groups, and the indium oxide oxidation state. To this end,
surface hydroxy groups may influence the sensor response
either directly and/or as a reactant to form adsorbates. A gas
sensing mechanism solely based on the formation/ionization
and refilling of oxygen vacancies can be excluded. Our study
underlines that detailed spectroscopic analysis under the
working conditions of the gas sensor is essential to unravel its
mode of operation.
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