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Abstract

Diffuse reflectance FTIR spectroscopy (DRIFTS) was used in combination with resistance
measurements to study the mechanism of Au/SnO during ethanol gas sensing and to elucidate
the influence of gold on the sensor response. Time-resolved DRIFT spectra during ethanol gas
sensing reveal significant differences between Au/Sn0O; and bare SnO; regarding the amount of
C-H-containing adsorbates, which are less abundant on Au/Sn0O; due to their consumption by
adsorbed oxygen species. Modulation excitation DRIFT spectroscopy (ME-DRIFTS) was applied to
Au/Sn0O; in comparison to bare Sn0,, enabling a distinction of the temporal behavior of different
C-H-containing surface adsorbates such as acetate and formate. ME-DRIFTS reveals the presence
of a new surface species at 2030-2060 cm-1, not detected for unloaded SnO; and associated with
CO adsorbed on negatively charged gold particles. XP and UV /Vis spectra confirm the presence of
metallic gold, which makes an influence on the electronic properties of the Sn0O; sensor material
unlikely. Based on our spectroscopic findings, we postulate a detailed ethanol gas-sensing
mechanism and attribute the increase in sensor response to an oxygen spillover from gold to the

surface of tin oxide.

Keywords: Sensors, Tin oxide, Ethanol, Gold, IR Spectroscopy, Modulation Excitation
Spectroscopy

This document is the Accepted Manuscript version of a Published Work that appeared in final form in The Journal of
Physical Chemistry C, copyright © 2022 The Authors. Published by American Chemical Society after peer review and
technical editing by the publisher. To access the final edited and published work see https://doi.org/10.1021/
acs.jpcc.1c10384

Urheberrechtlich geschiitzt / In Copyright: https://rightsstatements.org/page/InC/1.0/



TOC Graphic

XPS and UV/Vis

Intensity CPS/ a.u.

DC resistance

19(R))

g Vol

o

ME-DRIFTS

Wavenumber/ cm!

—y

YT
" cHy @ Y
\‘?zx % .



1. Introduction

Gas sensors are widely used in safety technology for the early detection of toxic and explosive
gases in the ppm range. With the help of sensors, processes can be monitored, and thus limit
values can be complied with.12 In addition, the detection of gases such as CO and organic
molecules plays an important role in the monitoring of exhaust gas emissions in the context of
environmental protection. A widely used and well-studied sensing material with respect to
ethanol gas sensing is tin oxide.3-5 Its sensor properties can be significantly improved by adding
noble metals such as platinum or gold.67 Regarding the influence of noble metal loadings on the
sensor response, chemical and electronic influences have been discussed in the literature. In
particular two mechanisms, the spillover mechanism (chemical influence) and the Fermi-level
control mechanism (electronic influence), have been used to explain the influence of noble metals
on metal oxide gas sensors.8? To a first approximation, one may assume either a dominant

electronic or a dominant chemical influence of noble metals on the sensor response.810

The spillover-mechanism810 describes a purely chemical influence of the noble metal, typically
present as supported particles, leaving the support largely unchanged. Molecules adsorbed on the
surface of the noble metal may be activated by electron transfer, followed by transport from the
noble metal surface to the oxidic support across the metal/metal oxide interface.l12 For an
exclusive spillover of the analyte, the latter is activated on the noble metal, leading to a change in
reactivity. In the absence of the analyte, the surface of the metal oxide and the surface
concentration of charged species remain unchanged, leaving the space charge region unchanged
compared to the bare oxidic support. In the case of oxygen spillover, however, activation of the
metal oxide surface occurs even in the absence of the analyte, as the concentration of charged
oxygen species on the surface increases. Molecular oxygen ionosorbs on the noble metal, such as
gold, before the spillover onto the metal oxide support occurs. This leads to an overall increase in
surface reactivity and a more pronounced initial space charge zone due to band bending prior to

exposure to the analyte.11.13

An electronic influence on the sensor response can be achieved by direct reaction of the noble
metal with the metal oxide, either by forming a separate oxidic phase of the noble metal!415 or by
being incorporated atomically as a dopant into the lattice of the metal oxide.16 For an electronic
effect, the reaction of the noble metal must change the electronic properties of the metal oxide by
adjusting the space charge region. Since the original band bending of the metal oxide is changed
by the electronic influence, independently of the gas atmosphere, prior to exposure to the analyte,
the interaction with the noble metal leads to an improvement or deterioration of the response of

the sensor material during exposure to the analyte.89.17



Previous studies have shown that in situ and operando Raman, UV-Vis and diffuse reflectance FTIR
spectroscopy (DRIFTS) are powerful (non-invasive) methods for mechanistic studies on metal
oxide gas sensors.*>18 By combination of operando Raman/UV-Vis spectroscopy and gas-phase
FTIR spectroscopy on tin oxide gas sensors, ELGER AND HESS were able to show that the sensing
mechanism of tin dioxide during ethanol gas sensing is determined on the one hand by the
formation and consumption of surface adsorbates and hydroxyl groups, and on the other hand by
the formation of oxygen vacancies in the metal oxide.518 In addition to ethoxy species, formate and
acetate species were observed as surface adsorbates, and acetaldehyde, CO; and water as gas-
phase products of the oxidation of ethanol.5> These observations are in agreement with those
obtained previously for indium oxide during ethanol gas sensing.1? In addition to pure tin oxide,
Au/SnO0; has also been intensively investigated, especially for CO gas sensing, and the presence of
a spillover mechanism was proposed.1113.20 The presence of electronic influences was excluded by
work function and resistance measurements, as well as X-ray absorption near edge structure

(XANES) spectroscopy.613.21

DRIFTS is particularly applicable to powdered samples and allows the in situ identification of
adsorbates and other surface species by their vibrational bands. From the large number of
different surface species, only a fraction is actively participating in the surface reaction. It is
difficult to identify these active species as they are typically masked by spectator species. To
isolate the active species from the spectator species, modulation excitation spectroscopy (MES)
can be applied to DRIFT spectroscopy as a transient method by periodically varying a process
variable, such as the analyte concentration.22-26 During the modulation excitation, the investigated
system is in a steady state when averaged over time, but is constantly disturbed by the modulation
excitation and thereby brought out of the equilibrium state. The periodic excitation enables
signals of observer and active species to be distinguished due to their response to the external
modulation, because only active species react phase-shifted but with the same frequency as the
external modulation.23 By combining MES with the phase-sensitive detection (PSD) method, the
masked active species can be identified and their dynamics can be studied.2224 Thus, applying this
method provides detailed mechanistic insight, allowing us to establish new mechanisms or to

extend existing ones, including reaction intermediates.

AGUIRRE AND COLLINS investigated the mechanism of the reverse water-gas shift reaction on Pd-
doped y-Ga;03 catalysts by concentration modulation excitation DRIFT spectroscopy (ME-
DRIFTS), including the influence of Pd-induced hydrogen spillover.2” By applying ME-DRIFTS to
y-Al;O3 catalysts, SRINIVASAN et al. were able to elucidate differences in the reactivity of hydroxyl

species towards ethanol.4



In the context of gas sensors, ME-DRIFTS has rarely been applied. The only study using ME
spectroscopy on gas sensor materials known to us is by PAVELKO et al, who investigated the
influence of chloride traces on the CO-sensing mechanism of tin oxide by alternately pulsing CO-
containing synthetic air streams, one of which was saturated with H,0O and the other with D,0.25
With this method, they constantly exchanged hydrogen isotopes on the sensor surface and so were
able to determine the water adsorption kinetics on different synthesized tin oxides in a steady
state. Although they used concentration modulation excitation by periodically switching between
H,0- and D,0-containing atmospheres to reduce the signal-to-noise ratio of the DRIFT spectra,

they did not apply PSD to the spectra obtained.25

For a detailed understanding of the influence of gold on the sensing properties of Sn0O, we have
combined resistance measurements with structural characterization and transient IR
spectroscopic methods. The data processing of the ME-DRIFT spectra was improved by
performing a background subtraction for all acquired spectra to minimize broad background
features, which interfere with the PSD. This allows the applicability of the ME-DRIFTS method to
be extended to sensor and catalyst materials. We highlight the potential of ME-DRIFTS for detailed

mechanistic studies on gas sensors.



2. Experimental

2.1 Material Preparation. In this work, we used commercial tin(IV) oxide SnO; (Sigma Aldrich)
with a purity 0f99.9% and ~325 mesh. To remove impurities from long-term storage, the tin oxide
was calcined at 600°C with a heating rate of 2°C/min for 12 h in a chamber furnace, crushed in a

mortar and sieved (mesh size: 56 um).

As a precursor for the gold loading of tin oxide, we employed tetrachlorogold(Ill) acid,
HAuCls-3H20 (Carl Roth, 99.9% purity metal basis). For a 0.5 wt% gold loading, 1.00 g SnO, was
dispersed in 254 mL of 1 mM aqueous HAuCl, solution by stirring and ultrasonication for 15 min.
Afterwards, 55 mL of 30 mM aqueous ammonia solution was added at room temperature for 1 h

until a pH value of 9.25 was reached. The pH value was monitored with a pH electrode.

After addition of the ammonia solution, stirring was continued for 2 h at room temperature. Then
the obtained purple suspension was dispersed again for 30 min in an ultrasonic bath. The
resulting solid was centrifuged at 8000 rpm for 5 min, the supernatant was discarded, and the
residue was washed four times with distilled water. The remaining residue was dried for 16 h at
85°C in a drying chamber, followed by calcination for 3 h at 300°C in a chamber oven (heating

rate: 2°C-min-1). The resulting solid was crushed in a mortar and sieved (mesh size: 56 pm).

2.2 Structural Characterization and in situ Spectroscopy. Diffuse reflectance UV-Vis spectra
were recorded on a Jasco V-770 UV-Vis/NIR spectrophotometer, equipped with a heatable
Praying Mantis gas cell (Praying Mantis High Temperature, Harrick Scientific Products) and a
Peltier-cooled PbS detector. A halogen lamp and a deuterium lamp served as radiation sources for
excitation. Spectra were recorded within the range 200-1000 nm with a resolution of 1 nm,

averaged over three individual measurements per spectrum. MgO was used as a white standard.

X-ray photoelectron (XP) spectra were recorded on an SSX 100 ESCA spectrometer (Surface
Science Laboratories Inc.) under high vacuum conditions, using monochromatic Al K, radiation.
The spot size was 0.25 x 1.00 mm2. To minimize charging effects, an electron flood gun with an
energy of 0.5 eV was employed. XP spectra were recorded at room temperature with a step size
of 0.05 eV and analyzed using Casa XPS software. Binding energies were calibrated based on the

4f signal of gold foil at 84.0 eV and the Cu 2p signal of a copper plate at 932.7 eV.

For X-ray diffraction measurements we employed an X-ray powder diffractometer (StadiP, Stoe &
Cie GmbH) in transmission geometry, using Cu Ku (A =1.5406 &; Ge[111]-monochromator)
radiation, and a Mythen 1K (Dectris) detector.

A Vertex 70 IR spectrometer (Bruker) with a liquid nitrogen cooled MCT detector was used to

record the time-resolved DRIFTS spectra and perform the modulation excitation measurements.
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The spectrometer was equipped with a heatable Praying Mantis gas cell (Praying Mantis High
Temperature, Harrick Scientific Products). The sample was placed on flat stainless-steel sample
plates with a diameter of 8 mm and a depth of 0.5 mm; the sample mass was about 25 mg. The
sample temperature was calibrated by inserting a thermocouple inside a ceria sample bed placed
on an equal sample plate as described above. During the calibration procedure, it was ensured,
that the thermocouple did not touch the sample plate. From this data, a calibration curve was
determined, which was used for all measurements. The measurement cell was closed by a dome
which, in addition to a quartz glass window, included two ZnSe windows (time-resolved
measurements) or, alternatively, two KBr windows (modulation excitation measurements). The
total gas flow was set to 80 mL-min-l. As a reference for the calculation of -log(R), we recorded
spectra of the respective samples at room temperature using synthetic air as a carrier gas. For
quantitative analysis of the exhaust gas from the in situ DRIFTS measurements, a Tensor27 FTIR
spectrometer (Bruker) was used, which was equipped with a silicon carbide pin as the MIR source,

a DLaTGS pyroelectric detector and an LFT 205-20 gas cell (Axiom Analytical Incorporated).

For the time-resolved DRIFTS measurements, a fixed sequence of different conditions was applied
at each operating temperature, which was increased stepwise from 100°C to 325°C. The sequence
was started with a pretreatment at 400°C in synthetic air for 20 min at a flow rate of 80 mL-min-
1. The material was then cooled to the respective operating temperature in synthetic air or
nitrogen (carrier gas) and treated for 10 min. Afterwards, 500 ppm ethanol was added to the
corresponding carrier gas for 20 min. Finally, the addition of ethanol was stopped but the flow of
the corresponding carrier gas was maintained for another 10 min before the sample was heated

again to 400°C for 20 min in synthetic air to start the next sequence at the next temperature.

2.3 Resistance measurements. For sensor preparation, the tin oxide-based samples (30 mg)
were ultrasonically dispersed in deionized water and then applied in drops to the surface of an
Al;O3-transducer substrate with interdigitated Pt electrodes (electrode separation ~150 pm) to
measure the sensor resistance R.. On the other side of the substrate, a meander Pt heater was
printed to heat the sensing material. The sensor resistance R.; was measured using a Keithley 2000
Multimeter. The temperature of the Pt heater was calibrated prior to experiments. For resistance
measurements, the following gases (Westfalen AG) were used: oxygen 5.0 (<0.2 ppm CO, <
0.2 ppm CyHp, <3 ppm H20, <10 ppm N3+Ar), nitrogen 5.0 (< 3 ppm 0z, < 1 ppm CyHm, < 5 ppm
H0), and 1000 ppm ethanol in nitrogen 5.0. To measure the sensor response S (see equation 1),
the carrier gas used was synthetic air or nitrogen cycled with 500 ppm ethanol in synthetic air or
nitrogen fed at 80 mL-min-t. Here, Rsa/n2 is the sensor resistance before the ethanol addition in the

carrier gas synthetic air (SA) or nitrogen (N2) and Rgwon the sensor resistance during ethanol

addition.
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To measure the resistance as a function of the oxygen fraction, a total flow rate of 100 mL-min-?
with nitrogen as a carrier gas was used and the volume fraction of oxygen was increased stepwise

from 7.5 Vol% to 90 Vol%.

2.4 Modulation Excitation Spectroscopy and Data Acquisition. The sensor was modulated by
periodically adding 500 ppm ethanol to synthetic air, using a four-way valve. Figure 1 depicts the
experimental setup of ME-DRIFTS used for measurements on gas sensors, including the gas-

supply system and the four-way valve.
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Figure 1. Schematic setup of ME-DRIFTS applied to gas sensors, including the gas-supply system, four-way valve and sensor;

A and B correspond to alternating gas mixtures passing the 4/2-valve.

Before each modulation excitation experiment, the sensor material was pretreated for 20 min in
synthetic air at the same temperature as used for the experiment (total flow rate: 80 mL-min-1).
During one modulation cycle (exposure to 500 ppm ethanol in synthetic air followed by an equally
long exposure to synthetic air), 60 infrared spectra were recorded at 40 kHz sampling rate using
the rapid scan acquisition mode of the FTIR spectrometer. For each spectrum, 5-10 scans were
averaged and so a new spectrum was recorded every 2.2 s.). One modulation cycle can be divided
into two half-periods of equal length (66.66 s). During the first half-period, ethanol in synthetic
air flows and during the second half-period, just synthetic air. The first ten modulation period

cycles of each modulation excitation experiment were excluded from further data processing. The
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IR spectra of the remaining modulation periods were averaged over 15-20 periods. The resulting

time-resolved IR spectra were demodulated with PSD according to equation 2:

tend
1(#,0) - sin(w - t + ®PSP) dt (2)

2
1(9,07P) = T
tcutoff
Here v is the wavenumber, w the stimulation frequency, T: the duration of one modulation period,
and ®PSP the demodulation phase angle. With one set of time-resolved spectra, equation 2 can be

@PSD resulting in a series of phase-resolved absorbance

evaluated for different phase angles
spectra. The obtained phase angles @5 can also be converted back into a time value At within a

period using the duration of one modulation period T: via equation 3.

At =T, (1- 202 3)

For the calculation of the time values At, 360 PSD spectra were calculated, corresponding to a
phase angle spacing of the PSD spectra of 1°. Hence, one PSD spectrum was calculated for each
time span of 0.37 s (Tt=133.33s). A more detailed description of the modulation excitation

technique and PSD can be found elsewhere.23.28



3. Results and General Discussion

The sensor materials used were characterized by inductively coupled plasma optical emission
spectrometry (ICP-OES) to determine their composition, by X-ray diffraction (XRD) to identify
changes in the material phases, and by BET (Brunauer-Emmett-Teller) measurements to
determine their specific surface area. The results of the ICP-OES and BET measurements are listed
in Tables S1 and S2, and the diffractograms obtained by XRD are shown in Figure S1. All materials
show reflex positions resembling those of a Sn0; reference. The mean crystallite size d of the tin
oxide samples was determined from the full width at half maximum (FWHM) by applying the
Scherrer equation,?? yielding a value of 58 nm. Reflexes for metallic gold were not observed due
to the low mass fraction of gold in the materials. The mass fraction of gold, determined by ICP-

OES, ranges from 0.04 wt% to 0.56 wt% Au.

To further characterize the gold-loaded materials, XP and diffuse reflectance UV-Vis spectroscopy
were used. Figure 2a) shows the Au 4f photoemission of 0.56 wt% Au/Sn0.. Peak fitting of the Au
4f signals reveals the exclusive presence of metallic gold, without an indication of cationic gold,
which would show bands shifted to higher binding energies.30 UV-Vis spectra of bare tin oxide and
tin oxides loaded with different amounts of gold were acquired to further investigate the influence
of gold on the electronic properties of the sensor material. As depicted in Figure 2b), compared to
the UV-Vis spectrum of bare SnO, discussed previously,5 the gold-loaded samples are
characterized by a new broad band at about 550 nm, which shows an intensity increase and a red
shift with increasing gold loading. Based on the observed behavior, we attribute the 550 nm band
to the surface plasmon resonance of metallic gold,3! while the red shift is consistent with the

reported shift of the plasmon resonance with increasing particle size.32

Apart from the surface plasmon resonance, no significant changes in the absorption maximum
and absorption edge were observed in the UV-Vis spectra of the Au/Sn0, samples compared to

bare SnO,.
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Figure 2. a) Au 4f photoemission of 0.56 wt% Au/SnO, together with the results from a fit analysis. b) Diffuse reflectance UV-
Vis spectra of bare and gold-loaded SnO,. The vertical line at 530 nmillustrates the red shift of the surface plasmon resonance

with increasing gold loading.

Figure 3a) presents the sensor responses S for bare tin oxide and two gold-loaded tin oxides when
exposed to 500 ppm ethanol in synthetic air for temperatures between 100°C and 325°C. Bare tin
oxide shows a decrease in the sensor response S with increasing operating temperature. In
contrast, the sensor response S of the gold-loaded tin oxides first declines, then passes through a
maximum, and finally decreases. With increasing gold loading, the maximum sensor response
shifts to lower operating temperature. Furthermore, the sensor response S increased with
increasing gold loading, especially within the range 150-300°C for 0.56 wt% Au/SnO.. Figure 3b)
depicts the corresponding resistance values Re after 18 min exposure to 500 ppm ethanol in
synthetic air. Both gold-loaded samples showed a noticeably higher resistance during ethanol
exposure than bare Sn0,. However, the basic course of resistance with increasing temperature
was quite similar. A minimum of resistance was reached at about 230-300°C, while the resistance

increased again at higher temperatures.
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Figure 3. a) Sensor response S for SnO; and gold-loaded Sn0O,, exposed to 500 ppm ethanol in synthetic air, as a function of

temperature. b) Corresponding resistance Re after 18 min of exposure to 500 ppm ethanol in synthetic air.

To investigate the influence of oxygen on the sensor response S as a function of the gold loading
in more detail, the volume fraction of oxygen in the gas phase was successively increased from
7.5Vol% to 90 Vol% O with nitrogen as the carrier gas at an operating temperature of 150°C.
Considering the equilibrium reaction shown in equation 4, a linear relationship between the
logarithm of the resistance R.; and the logarithm of the volume fraction of oxygen ¢o2 (equation 6)
can be established by using equation 5, assuming the volume fraction ¢o; to be approximately

proportional to the oxygen partial pressure po2 using the ideal gas law. The derivation of equations

4 to 6 can be found elsewhere.3334

1
Vo + Eoz,gas + Ze’(CB) = )((),surf (4)
1
R ~Poz (5)
e
InRg =n-Inpgy +b (6)
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Figure 4. Double logarithmic plot of the sensor resistance Re against the volume fraction of oxygen in the gas-phase ¢o, for

Sn0; and gold-loaded SnO, at a temperature of 150°C. Oxygen mixed with nitrogen, total flow rate: 80 mL-min-1.

As shown in Figure 4, the sensor resistance of unloaded and loaded SnO; follows the linear
behavior predicted by equation 6. With increasing gold loading, a decrease in the slope n of the
regression line and an increase in the measured resistances was observed. The resistance of the
gold-loaded samples was an order of magnitude higher than that of bare Sn0O,. Summarizing the
results of the resistance measurements in Figs. 3 and 4, a distinct effect of gold on the sensing

properties of SnO- is observed, which will be further discussed in Section 4.

In the following, the results of the time-resolved DRIFTS measurements will be presented. For the
DRIFTS measurements, the sensor material was treated with a sequence of different gas
compositions (see Experimental) at the same operating temperatures as used to determine the
sensor response S. An example overview DRIFT spectrum of sample 0.56 wt% Au/SnO; during
exposure to 500 ppm ethanol in synthetic air at an operating temperature of 150°C is shown in
Figure S2. The most important band assignments for the DRIFT spectra obtained by time-resolved

DRIFT spectroscopy and ME-DRIFTS are summarized in Table S3.

The time-resolved DRIFTS measurements of the sensor samples were coupled with simultaneous
gas phase FTIR spectroscopy to monitor the gas-phase composition. During exposure to ethanol,
COy, ethanol, acetaldehyde and water were observed as gas-phase products, whereas upon
heating to 400°C after ethanol exposure only CO, and water were detected. There was no

indication of other possible gas-phase products such as CO, methane and ethylene.

To investigate the dynamics of selected bands of the sensor material in response to the applied
sequences, first a background subtraction and then an integration were performed. Figures 5-7

show the time-dependent evolution of the resulting band intensities.
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Figure 5 depicts the accumulated intensity of the OH bands within the range 3450 cm-1-3800 cm-
1 for bare Sn0; and 0.56 wt% Au/Sn0O; when using synthetic air (see Figure 5a) and nitrogen (see

Figure 5b) as the carrier gas.
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Figure 5. Accumulated DRIFTS-intensity of the OH bands in (a) synthetic air and (b) nitrogen as a carrier gas for bare SnO; and
0.56 wt% Au/Sn0O,; red areas: heating at 400°C in synthetic air; white areas: sensor at operating temperature in the respective

carrier gas; grey areas: exposure to 500 ppm ethanol in the respective carrier gas; total flow rate: 80 mL-mint,

During the exposure to synthetic air (see Figure 5a), the gold-loaded sample shows a weaker
decrease in intensity than the unloaded sample at all temperatures. It is also noticeable that the
intensity for the gold-loaded sample became even positive in the presence of ethanol at higher
temperatures. Such a behavior was not observed outside the heating phases when using nitrogen
as the carrier gas (see Figure 5b). The gold-loaded sample showed a similar band intensity curve
to the unloaded sample. Hereby, the band curve is only slightly shifted compared to the band curve

of bare tin oxide.

Differences in the spectral behavior during ethanol exposure can also be observed for the
integrated intensity of the 2969 cm-! band, shown here as a representative for all C-H-containing
adsorbates (see Table S3), both in synthetic air (see Figure 6a) and in nitrogen (see Figure 6b). In
both carrier gases, the intensity follows a very similar course, showing an increase during ethanol
exposure up to a maximum at the beginning of the regeneration phase, where ethanol is switched
off, followed by a slight intensity decrease (see white areas), which is greater in synthetic air than
in nitrogen because of partial adsorbate oxidation and the complete disappearance of intensity
with the onset of heating to 400°C. For the loaded and unloaded samples similar behavior is
observed, except for the maximum intensity, which decreased upon gold loading, both in synthetic

air and in nitrogen. This decrease is smaller in nitrogen than in synthetic air, providing a first
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indication that the influence of gold on the sensing mechanism and the corresponding spectral

bands may be more pronounced in the presence of oxygen.
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Figure 6. DRIFTS intensity of the 2969 cm! band (v(CHs)) in (a) synthetic air and (b) nitrogen as a carrier gas for bare SnO; and

0.56 wt% Au/SnO,; red areas: heating at 400°C in synthetic air; white areas: sensor at operating temperature in the respective

carrier gas; grey areas: exposure to 500 ppm ethanol in the respective carrier gas; total flow rate: 80 mL-minL,

Besides the accumulated OH and adsorbate-related bands, also the band at 934 cm-1, which can
be assigned to a deformation vibration of a terminal surface hydroxy group 6(Sn-OH),*3536 shows
differences for unloaded and gold-loaded samples. A comparison of Figure 7a and b shows that
the integrated intensity was lower for the gold-loaded sample than for the unloaded sample
during 400°C treatment and ethanol exposure. On the other hand, the gold-loaded samples
showed a stronger intensity increase during the regeneration phases, which was more
pronounced in the presence of oxygen. Based on the results of Figure 7a, we can conclude that the
presence of gold in combination with oxygen in the gas phase facilitates consumption of specific

terminal hydroxy groups during ethanol exposure as well as their regeneration.
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Figure 7. DRIFTS-intensity of the 934 cm™ band (6(Sn-OH)) in (a) synthetic air and (b) nitrogen as a carrier gas for bare SnO,
and 0.56 wt% Au/Sn0O,; red areas: heating at 400°C in synthetic air; white areas: sensor at operating temperature in the

respective carrier gas; grey areas: exposure to 500 ppm ethanol in the respective carrier gas; total flow rate: 80 mL-min-1.

Next, we employed ME-DRIFTS in combination with PSD to identify active species during ethanol
gas sensing and to gain more detailed insight into the role of gold. Figure 8 illustrates the data
processing steps including PSD and background subtraction. Based on the time-resolved spectra
in Figure 8a, which were averaged over 15 periods, only minor differences can be identified. The
spectra are rather dominated by a broad mid-IR absorption, which hampers a more detailed

analysis of individual band changes.
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Figure 8. ME-DRIFTS data for pulsing 500 ppm ethanol in synthetic air over 0.56 wt% Au/Sn0O; at 150°C. (a) Time-resolved
spectra averaged over all periods, (b) PSD spectra without background subtraction, (c) Time-resolved spectra with background

subtraction averaged over all periods, (d) PSD spectra with background subtraction. Total flow rate: 80 mL-min-1.

Figure 8b) presents the PSD spectra obtained from the time-resolved spectra in Figure 8a). Again,
the spectra are dominated by the broad mid-IR absorption and its changes during the modulation

excitation. Despite the use of the MES-PSD approach, the active species were masked. We
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therefore performed a background subtraction for each of the time-resolved spectra to allow the
observation of the active species despite the broad mid-IR absorption. The corrected spectra after
background subtraction are shown in Figure 8c) and those after application of PSD in Figure 8d).
As intended, the new PSD spectra show a horizontal baseline from which the bands of active

species emerge.

To elucidate the influence of gold on the mechanism of ethanol gas sensing over tin oxide, we
performed MES measurements for bare and gold-loaded SnO; under otherwise identical
conditions. Sections of the corresponding PSD spectra, recorded during pulsing of 500ppm
ethanol at 150°C, are presented in the top (Sn0) and middle (0.56 wt% Au/Sn0:) panel of Figure
9. These were used to calculate PSD difference spectra (bottom panel), by subtracting the PSD
spectrum of bare SnO; from that of Au/Sn0O; at each time point during a period. It should be
mentioned that this procedure led to the same results as forming difference spectra of the time-
resolved spectra and then performing the PSD. Please note, that this type of difference spectra
should be interpreted with caution and only in connection with the spectra, from which they are
calculated. Only bands, which appear exclusively in one of the spectra, or differences between
bands with the same band maximum, which appear in both spectra, should be interpreted. New
bands, which appear only in the difference spectra, but not in the original spectra, should not be
considered for interpretation. Difference bands of bands, which result from very weak features,
should also be discarded, as well as differences of bands from very noisy regions of the spectra. If
these guidelines are considered, difference PSD spectra may provide additional information on
the influence of surface loading on the surface reactions. It is expected that especially at low
surface loadings the use of substrate PSD spectra as background spectra is a suitable

approximation allowing the influence of the surface loading to be isolated.

The band assignments of the most important vibration bands are summarized in Table S3.
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flow rate: 80 mL-min-1.

Inspection of the PSD spectra of the two materials and the difference PSD spectra reveals
significant differences regarding the intensity and dynamics of individual bands. For gold-loaded
tin oxide, a new band is observed at 1705 cm-!, which has been assigned to the v(C=0) stretching
vibration of acetaldehyde.3” The 6(HOH) deformation vibration of water4 observed at 1626 cm-!
can be detected for bare tin oxide, but not for gold-loaded tin oxide. The bands at 1379 cm! and
1432 cm! were slightly more pronounced for the gold-loaded sample than for the unloaded
sample, whereas the bands at 1349 cm! and 1515 cm! were slightly weaker. The bands at
1379 cmt and 1432 cm-! can be assigned to surface carbonates,3363839 and the bands at 1349 cm!
and 1515 cm-! to surface carboxylates.33839 Principally, the bands at 1349, 1432 and 1515 cm'!
could alternatively be assigned to acetate species. The band at 1349 cm-! would be related to the
6(CHs3) vibration, the band at 1432 cm-! to the vs(OCO) vibration, and the band at 1515 cm-! to the
Vas(OCO) vibration#0. These bands have previously been observed for the adsorption of acetic acid
on tin oxide*!. However, in the context of this work, the assignment of acetate to this synchronic
appearing bands can be safely excluded based on a comparison to the behavior of the bands
between 2850 cm! and 3000 cm-!, which can be clearly assigned to the v(C-H) vibrations of
ethanol, acetate and formate. These bands show there maxima in the PSD spectra during the first
half period, where ethanol is exposed to tin oxide. In contrast, the bands at 1349, 1432 and
1515 cm! do not show their maxima until the second half-period. Thus, they cannot be assigned
to the same species and the assignment to carbonates and carboxylates is more likely. A
contribution of Sn-O-Sn overtones to the bands at 1349, 1379, 1432 and 1515 cm-! cannot be

excluded based on the results presented here.3542

18



At about 2040 cm'!, gold-loaded tin oxide shows a new band, which is not detected for bare tin
oxide and which shows its maximum intensity after about 100 s in the second half-period
following the end of ethanol exposure. We attribute this band to CO adsorbed on negatively
charged gold particles (CO-Au?),43-45> based on a comparison of the band position with those
reported for conceivable surface species on gold such as CO, oxygen,*¢ ethanol,*” acetaldehyde,*8
ethylene,* water,5 hydrogen,5! carboxylates or carbonates.®852 The new band at 2040 cm-!
exhibits an asymmetric profile that can be decomposed into two contributions at 2030 cm-! and
2040 cm-L. The time-shifted appearance of the two sub-bands may indicate a transition from a
Kinetically preferred (2030 cm-!) to a thermodynamically more stable surface species (2040 cm-

1), as discussed below.

The ethanol, acetate and formate bands> present in the v(C-H) range from 2850 cm-! to 3000 cm-
1 (see table S3) show a slightly smaller intensity change for the gold-loaded sample compared to
bare tin oxide. A band at around 1100 cm-! should be expected for the v(C-O) vibration of
ethoxy®354 but was not observed in the PSD spectra, neither for both bare nor gold-loaded tin
oxide. However, such a feature was observed in the DRIFT spectra recorded during ethanol
exposure with concentration modulation at 100 to 190 °C, besides the §(CH3) vibration of ethanol
and ethoxy3743 at around 1390 cm! (see Figure S2). This band could not be clearly observed in
the PSD spectra. The band expected at 1100 cm-! occurs in a region of the PSD spectra, where the
signal-to noise ratio is too low for a reliable differentiation between bands. The expected band at
1390 cm! for the §(CHs3) vibration seems to overlap with the band of carbonate and carboxylates
as well as the suggested contributions of Sn-O-Sn overtones. Thus, it cannot be differentiated from

the bands of carboxylates and carbonates in the PSD spectra.

Within 3450 cm! to 3800 cm! differences in the magnitude of the intensity changes were
observed, resulting mainly from v(OH) stretching vibrations. While differences were small for
wavenumbers >3650 cm! and hardly present for >3700 cm-, significant differences were
detected between 3450 cm-! and 3650 cm-1, which were smaller for the gold-loaded tin oxide than

for bare tin oxide.

In order to investigate the dynamics of selected bands and identify overlapping sub-bands of
slightly different time values within broader band groups, we determined for selected
wavenumbers the time values At within a period at which their maximum intensity was observed
(see equation 3). As shown in Figure 10, besides the 2040 cm-! band, the two ranges 2850-
3050 cmtand 3450-3650 cm-! were considered for analysis. The upper panel of Figure 10 depicts
the sections of the PSD spectrum examined for the 0.56 wt% Au/Sn0O; sample, recorded during
pulsing of 500 ppm ethanol in synthetic air at 150°C, while the lower panel presents the

corresponding time values for the maximum band intensity as described above.
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The maximum of the new band at about 2040 cm-! appears after about 100 s and shifts with
increasing time from about 2030 cm! (100.0 s) to 2040 cm! (102.5 s), indicating that the species
corresponding to the lower wavenumber position transforms into a species characterized by a

higher wavenumber.
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Figure 10. Temporal analysis of selected wavenumber ranges in the PSD spectra for 0.56 wt% Au/SnO; during pulsing of
500 ppm ethanol in synthetic air at 150°C. Time values At (bottom panel) were calculated from the phase angles at maximum
band intensity. Dashed lines indicate the maxima of observed features and their corresponding time values. Time values in
the first half-period are colored green, while those in the second half-period are colored red. The error bars show the standard

deviation of the time values At within a range of +5 cm with respect to the position of the maximum.

For the v(C-H) stretching vibrations within the range from 2850 cm-1 to 3050 cm! (see Table S3),
different time values At were determined. In fact, the features at 2873 cm-1, 2929 cm-!, and
2969 cm! (see Figure 10) reached their maxima after about 24.2+0.9 s, i.e., about 2.4 s after the
band fractions at 2901 cm-1, 2947 cm-!, and 2989 cm-l. This difference in time values At is
significant because the difference in time values is greater than both the step size of the PSD with
respect to time values (0.37 s) and the time interval between two recorded DRIFT spectra (2.2 s).
Also, there is no overlap of the error bars, which correspond to the standard deviation of the time

values within a range of +5cm-! with respect to the position of the maximum.

The bands at 2901 cm1, 2947 cm-1, and 2989 cm! have been assigned to stretching vibrations of

adsorbed ethanol,>374355 whereas the bands at 2873 cm-1, 2929 cm-1, and 2969 cm-! can be
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attributed to stretching vibrations of ethoxy and the products of the partial oxidation of ethanol
and ethoxy such as acetate or formate.5>374355 Thus, the appearance of IR features of adsorbed
ethanol precedes those of ethoxy, acetate and formate species, which are formed by consumption
of ethanol. Furthermore, CO is formed delayed with respect to acetate, formate and other possible

reaction products such as carboxylates and carbonates.

In the hydroxyl region (3400-3800 cm-1, see table S3) a more complex overall dynamic is observed
(see Figure 10). Within 3470 cm'1-3630 cm! the time at which the maximum band intensity is
reached decreases from about 107 s to 95 s, i.e., bridged hydroxyl species (at < 3600 cm-!) show
their maximum intensity considerably later than terminal hydroxyl groups (at > 3600 cm-1). By
using a sine function for the PSD (see equation 2), the time values of the minima of the bands
always occur shifted by half a period relative to the time values of the maxima. Since the maxima
of the bridged hydroxyl groups show their maximum at larger time values, this indicates that
during the surface reaction, terminal hydroxyl groups are consumed, before bridged hydroxyl

groups.

Terminal hydroxyl bands located at higher wavenumbers, i.e., within 3650-3700 cm-, also show
dynamics to some extent. In contrast to the hydroxyl bands considered above, these bands did not
show their maximum intensity during the second, but already during the first half-period after
about 19.3+2.7 s. Thus, the corresponding hydroxyl species are not consumed but formed on the
timescale of the formation of C-H adsorbates or slightly before. The hydroxyl band at 3657 cm-!
exhibits its maximum after 19.0+2.0 s, the band at 3677 cm! after 21.6+2.9 s and the band at
3690 cmt after 17.3+3.1s. In contrast to the C-H vibrations bands, these features show
overlapping error bars and therefore cannot be conclusively assigned to hydroxyl species formed
at different times, as the standard deviation in the time values of these bands is too high compared

to the time between two DRIFT spectra.

For the §(Sn-OH) band at 934 cm-!, the low band intensity and/or signal-to-noise ratio in the PSD
spectra results in a large error in the time value, preventing an assignment to a specific hydroxyl
species (see Figure S3). However, a comparison with the bands at 979 cm-! and 1247 cm-1, which
can also be assigned to §(Sn-OH)-vibration bands of terminal hydroxyl-groups, is feasible.345657
These two bands have time values At of 23.3£5.0 s and 15.4+3.8 s, respectively, thus showing their
maximum intensity in the first half-period. The occurrence of hydroxyl bands with maxima in the
first half-period indicates, that hydroxyl groups not only participate in the reaction with ethanol,
resulting in the formation of ethoxy-species and consumption of hydroxy species, but may also be
involved in other reaction steps, leading to the formation of hydroxyl-groups, e.g., the formation
of acetaldehyde by dehydration or oxidative dehydration, where hydrogen atoms could be

accepted by oxygen and hydroxyl species. Alternatively, during adsorption of ethanol hydrogen
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atoms may be transferred to a hydroxyl- or oxygen species next to the ethanol adsorption site,
leading to the formation of ethoxy species and new hydroxyl species. The latter scenario could
especially be true for the hydroxyl species, characterized by the bands at 979 cm-t and 3677 cm1,

which has its maxima at similar time values as the ethanol and ethoxy-related C-H species.

4. Influence of Gold-Loading and Proposed Mechanism

For the measurements of the resistance as a function of oxygen partial pressure, a decrease in the
exponent n was observed with increasing gold loading. It was also found that the resistance of the
sensors steadily increased with the gold loading, especially at low volume fractions of oxygen.
These observations lead to the following important findings: The resistance of the sensor is
dependent on the oxygen partial pressure, as correctly predicted by equations 5 and 6, both for
unloaded and gold-loaded samples. This dependence is considerably affected by the gold loading,
even at very low loadings, such as 0.1 wt% Au. Such a behavior was also observed previously for
tin oxide used as a gas sensor material for CO detection.6 Loading SnO; with gold further leads to
a large increase in the absolute resistance value, which is also observed in synthetic air without
the presence of ethanol. Thus, an exclusive spillover of the analyte to explain the increase in sensor
response can be excluded, since changes in the sensor properties are detected even in the absence
of ethanol. A clear influence of the gold loading on the sensor response is apparent in the
temperature-dependent measurements using synthetic air as the carrier gas (see Figure 3a).
While bare SnO, showed a steady decrease in sensor response with increasing temperature, the
sensor response passed through a maximum in the case of the gold-loaded samples. Since the
resistances during ethanol exposure were higher than that of bare tin oxide at all temperatures
studied (see Figure 3b), the increase in sensor response is attributed to the interaction of gold
with oxygen rather than ethanol. Besides, with increasing volume fraction of oxygen, the
resistances of the gold-loaded samples were observed to be higher than those of bare tin oxide
(see Figure 4), indicating that the activity of the sensor surface is influenced by gold even before
the actual sensor reaction. This behavior may be caused either by an electronic effect or by the
interaction of gold with the gas environment, i.e., oxygen. The interaction with nitrogen should be

negligible because it is chemically inert.

The XPS and UV-Vis results in Figure 2 contradict an electronic effect as gold is present in metallic
form. No significant change was observed when comparing the X-ray powder diffractograms of
bare and gold-loaded tin oxide (see Figure S1). The conclusion regarding the presence of metallic
gold particles on the surface is also supported by literature results obtained by high energy
resolution fluorescence-detected XANES (HERFD-XANES) for gold-loaded tin oxide,!3 especially
in comparison with platinum- and palladium-loaded tin oxide.1658 Simultaneous DC resistance and

work function change measurements by HUBNER et al further support the exclusion of an
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electronic effect of gold based on Fermi-level control of the sensor resistance, because bare and
gold-loaded tin oxide show the same dependence of the DC resistance and the work function

change for oxidizing and reducing gases.13

In the case of oxygen spillover from gold to the surface of tin oxide, an increase in resistance could
occur without any change in the properties of gold. In fact, oxygen spillover would be accompanied
by an increased concentration of oxygen species on the surface, which in turn would affect the
electron density in the conduction band. As a result, we would expect an increase in the resistance

of the gold-loaded samples with gold loading, which is fully consistent with the observed behavior.

Further evidence for an increased oxygen concentration was also provided by the lower intensity
of C-H-containing adsorbates for gold-loaded tin oxide compared to bare tin oxide during ethanol
exposure (see Figure 6a), which can be attributed to the enhanced oxidation to acetaldehyde and
CO2 in the presence of gold. Furthermore, the integrated intensity of the sum of OH bands showed
a smaller change for the gold-loaded samples than for the unloaded samples because oxygen and
hydroxyl species provided and formed by oxygen spillover are preferentially consumed (see
Figures 5a and 7a). These effects of the gold loading on the band intensity of surface species
involved in the sensor mechanism are mainly observed when oxygen is present in the gas phase,

further highlighting the importance of the interaction of oxygen with metallic gold.

Finally, based on the findings of this study as well as previous results by ELGER AND HESS,518 we
propose a mechanism for ethanol gas sensing over gold-loaded tin oxide. The mechanism is
dominated by the consumption of hydroxyl groups, as well as the formation of surface adsorbates
such as ethoxy, acetate, and formate. Acetaldehyde, water, and CO, were observed as gas-phase
products of the oxidation of ethanol. In contrast to the mechanism postulated by ELGER AND
HESS,%18 which is mainly based on operando Raman and UV-Vis spectra, in this work carboxylates
and carbonates were observed as additional surface species by using DRIFTS. The concentration
of carboxylates and carbonates decreased during ethanol exposure but increased during the
regeneration phase as revealed by the MES measurements, strongly suggesting that carboxylates
and carbonates are formed by the decomposition of adsorbates or re-adsorption of CO; from the

gas phase.
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Figure 11. Proposed mechanism of ethanol gas sensing over gold-loaded tin oxide considering the surface species observed
by transient IR spectroscopy. For clarity, the formation and reoxidation of oxygen vacancies is not included in the Figure, but

is not excluded to take place. For details see text.

Figure 11 illustrates the most important steps of the postulated mechanism of ethanol gas sensing
over gold-loaded tin oxide, supported by the results obtained in this study. As mentioned
previously, molecular oxygen is first adsorbed on the surface of the gold particles and then spilled
over onto the tin oxide surface. The resulting adsorbed oxygen has previously been proposed to
be present as molecular or atomic surface adsorbates5969, but such isolated, charged adsorbed
oxygen species (e.g. 022, 02°), have not been detected for tin oxide by spectroscopic methods under
operando conditions yet>4259, Hydroxyl species, on the other hand, have been observed under
operando conditions in several studies,*>35 and were also observed in this work (see Table S3). In
fact, hydroxyl species show a pronounced temporal development in band intensity when ethanol
is added, as well as when the addition of ethanol is stopped and the sensor material is regenerated
in the presence of oxygen. Therefore, in Figure 11 the adsorbed oxygen from spillover is proposed
to transform into hydroxyl-type species as reactive surface species on the sensor material tin
oxide. These newly-formed hydroxyl-type species can accept electrons from the conduction band
of the tin oxide, leading to an increase in the resistance of the tin oxide. Hydrogen necessary for
the formation of these hydroxyl-type species could be provide by reaction with water pre-
adsorbed on the surface or transport and donation of hydrogen by hydroxyl-species on the
surface. It should be kept in mind, that the conversion of ethanol also provides hydrogen for
subsequent modulation periods. Hydroxyl species in proximity to the gold particles could form
hydroxyl-type species with spilled oxygen, in which several oxygen atoms share a hydrogen atom
in a hydrogen bond-like situation to stabilize otherwise ionic states by forming polar bonds of

covalent nature.

Alternatively to these proposed hydroxyl-type species, oxygen surface lattice sites could be
formed by reoxidation of oxygen vacancies, consuming oxygen provided by oxygen spillover.1142
Such newly formed oxygen lattice sites could alternatively act as reaction sites for ethanol gas

conversion during gas sensing., as shown by DEGLER et al. for CO gas sensing on Sn0;*42 and
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Au/Sn0,¢. However, intensity changes of bands related to this surface lattice oxygen species were
not observed during our ME measurements. This could be attributed to the poor signal-to-noise
ratio in the range below 1200 cm-1, masking the corresponding bands. Besides, the corresponding
vibrational bands may overlap to some degree with the deformation modes of the hydroxyl-type
species, as well as the features of carbonate and carboxylate species. On the other hand, it cannot
be excluded that after an initial reduction of the material due to the consumption of oxygen surface
lattice sites, they are no longer actively involved in the mechanism of ethanol gas sensing within
the modulation of the ethanol concentration, and thus do not show any intensity changes in the
PSD spectra. Nevertheless, as also suggested by DEGLER et al.#61 and other researchers2539, surface
oxygen lattice sites and different types of hydroxyl-groups are connected by several equilibrium
reactions. Hence, a decrease in hydroxyl-type species could also be connected to a decrease in
surface oxygen lattice sites and vice versa. Because of this, our results do not contradict the
formation and consumption of surface oxygen lattice sites, under the assumption, that both gas
sensing mechanisms (ethanol, CO) involve the same reactive surface sites in their respective
mechanism, despite their clear difference in molecular structure and chemical behavior. In any

case, our ME-DRIFTS results do not provide any evidence for the contribution of such species.

Upon exposure to the analyte, the hydroxyl-type species are consumed by reaction with ethanol,
releasing electrons back into the conduction band, as shown by the time-resolved DRIFTS
measurements in Figures 5 and 7, as well as the MES measurements in Figure 10. Detailed analysis
of the time values At reveals (see Figure 10) that hydroxyl groups can also act as hydrogen
acceptors during the formation of ethoxy species or acetaldehyde, followed by their desorption as
water or transport between different surface sites. Adsorbed ethanol is then further oxidized to
ethoxy and acetate, or, by further oxidation, to formate. The formation of these oxidized surface
adsorbates could be identified by their time values At (24.2+0.9 s), which deviated from the time
values At of adsorbed ethanol (21.8+0.5 s). Formate, carbonate and carboxylates can possibly
dissociate near gold particles, forming CO and new hydroxyl groups. CO adsorbed on negatively
charged gold particles was accessible by transient spectroscopy, showing its maximum at a time
value At in the second half-period (~100 s), which is significantly later than the maxima of ethanol
and other C-H-containing groups. Coupled to the formation of CO, new hydroxyl groups are
formed, supporting the regeneration of the tin oxide surface in the second half-period. CO
adsorbed on gold particles reacts with oxygen from the gas phase to form CO;. Part of the CO;
resulting from the oxidation of ethoxy, formate or acetate species can re-adsorb on the surface of
tin oxide, forming carboxylates (see Figure 11) or carbonates (not shown here) by accepting
electrons from the conduction band. These species also show their maximum in the second half-
period (At =~ 92 s), before the maximum of CO on gold particles, leading to the conclusion that they

are also involved in the formation of CO and are formed by CO».
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5. Conclusions

The combination of resistance measurements and DRIFTS, in particular by using the modulation
excitation (ME) method, provides new insight into the mechanism of ethanol gas sensing over tin
oxide-based sensors and the role of gold. It is demonstrated that the IR spectroscopic methods
used provide complementary information on surface processes of tin oxide gas sensors. Based on
the results of the IR spectroscopic measurements, a mechanism for ethanol gas sensing over gold-
loaded tin oxide was postulated, which involves an oxygen spillover to activate the tin oxide
surface by formation of adsorbed oxygen, followed by the reaction to acetate and formate, and its
decomposition, leading to CO adsorption on gold. The use of ME-DRIFTS, which detects species
actively participating in the reaction processes, enabled the detection of this CO species for the
first time, besides the discrimination of other adsorbates from a broad C-H-related band based on

their different temporal behavior.

For amore detailed mechanistic picture, the resistance and IR measurements were complemented
by XPS and UV-Vis spectroscopy, providing information on the electronic properties of gold
supported on tin oxide. Gold was found to be present exclusively in its metallic state, not affecting
the electronic properties of tin oxide through electronic coupling or formation of gold oxides.
These findings underline the proposed mechanism of oxygen spillover in the presence of gold
when oxygen from the gas phase is available. The resulting increase in the concentration of oxygen
on the sensor surface then results in an increase in the sensor resistance in the absence of ethanol
and an increase in the sensor response S in the presence of ethanol. Thus, based on the resistance
and spectroscopic measurements, we developed a fully consistent picture of the role of gold for

ethanol gas sensing.

By using ME-DRIFTS in combination with the novel analysis approach outlined in this study, also
other oxide-based gas-sensing materials should be readily accessible to transient spectroscopic
studies. We expect that the application of ME-DRIFTS together with PSD will open exciting
possibilities for studying the mechanistic details of metal oxide gas sensors in the future, including

the detection of new intermediates and the elucidation of their dynamical behavior.

Supporting Information
Results of sample characterization (XRD, XPS, ICP-OES) and further analyses; additional DRIFT

and PSD spectra; summary of vibrational band assignments.
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