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ABSTRACT

To gain a deeper understanding of p-type chemiresistive and gasochromic sensor materials,
LaFeO3 and SmFeO3 were investigated using time-resolved operando UV-VIS spectroscopy. A
qualitative match in the electrical conductance and optical absorbance below the band edge was
observed. The two properties are connected by changes in the electron hole concentration caused
by the sensor surface reaction with ethanol, leading to a decrease in both conductance and free
carrier absorption. Quantitative differences between the conductance and free carrier absorption
behavior are explained based on surface effects caused by surface band bending and surface
adsorbates, which lead to significant changes in conductance but are only of minor importance for
changes in the free carrier absorption. Our results demonstrate the potential of time-resolved
operando UV-VIS spectroscopy to develop a detailed mechanistic understanding of chemiresistive
and gasochromic sensors, by discriminating between surface and bulk effects, and to combine their

use for future gas sensor development.



1. Introduction

Sensors are ubiquitous in many products of daily life and continue to gain importance in the
context of the Internet of Things (IoT), in which the sensors share one joint network, allowing their
linkage and exchange of individual measurement signals.! As a prominent part of this, gas sensors
are of great importance for safety engineering and gas-phase analysis in the qualitative and
quantitative determination of toxic and explosive gases in ambient and exhaled air.”> A large
proportion of these gas sensors is based on semiconducting metal oxides,® which show changes in
their electrical and optical properties when the analyte is present.* In chemiresistive gas sensors,>
changes in electrical resistance are recorded, and in optical, gasochromic gas sensors,’ changes in
absorbance of visible light are recorded.

Although materials such as WO3 or NiO show changes in both electrical and optical properties
when exposed to reducing gases (e.g. such as CO%’ or H,®), and are therefore used as both electrical
and optical gas sensors, the underlying sensing mechanisms have been studied mostly separately.
To gain an in-depth understanding of the sensing mechanism of gas sensors that are both
chemiresistive and gasochromic, and to unravel similarities, differences and possibly synergistic
effects between the two types of sensing, systematic operando spectroscopic studies that
simultaneously measure the electrical and optical changes during sensor operation are needed.

Perovskites such as LaFeOs are promising materials for various applications, for example, solid-
oxide cells,” photovoltaic cells,'” and gas sensors.!! As a sensor material, LaFeOs has shown good
sensitivity and selectivity for volatile organic substances.!! For example, LaFeO3; showed high
sensitivity to acetylenes with simultaneously high selectivity compared to ethylene and other
saturated and unsaturated hydrocarbons,!! as well as CO, CO» and H..!? The sensing properties of

these perovskites can be modified by exchanging one or both cations,!! as well as loading with



noble metals such as silver.'>!* Since LaFeOs; and SmFeOs are p-type semiconducting metal
oxides, in contrast to the metal oxide materials such as SnO; that have been much studied as gas
sensors®, a study of the two materials additionally helps to deepen the comparatively lower
fundamental understanding of p-type semiconducting gas sensor materials'®.

The aim of this work is to use continuous, time-resolved operando UV-VIS spectroscopy on the
time scale of one second (DC resistance) to one minute (UV-VIS) to simultaneously investigate
changes in electrical conductance and UV-VIS absorbance of LaFeO3; and SmFeO; gas sensors
during exposure to 250 ppm ethanol under working conditions, providing direct access to
mechanistic information in one setup. Such a time-resolved operando UV-VIS spectroscopy
approach has not previously been applied to metal-oxide gas sensors that show simultaneous
electrical and optical sensor responses, despite the potential of even steady-state operando UV-
VIS spectroscopy. Recent studies showed that UV-VIS spectra can provide complementary

information to the widely used vibrational spectroscopic approaches!"!® to study gas sensors!®!”

and catalysts'®2°

under in situ and operando conditions, providing new insights into their
fundamental sensor- and surface reaction mechanisms, respectively. For example, operando UV-
VIS spectra of tin oxide gas sensors during CO!” and ethanol'® gas sensing demonstrated an

increase in the concentration of free charge carriers in the conduction band due to the formation

and ionization of oxygen vacancies.



2. Experimental section

2.1. Material preparation. The LaFeOs; and SmFeO3s samples were synthesized by a sol-gel-
technique, using stoichiometric amounts of La(NO3)3-6H20O (Fluka, >99.0%) or Sm(NO3)3-6H20
(Acros Organics, >99.9%) and Fe(NO3)3-9H20 (Fluka, >99.0%). The metal nitrites were dissolved
in deionized water together with citric acid in a 1:1 ratio of metal ions to citric acid. After 1 h of
stirring, ammonium hydroxide was added under vigorous stirring to neutralize the precursor

solution. The resulting gel was dried at 90 °C for 4 h and then calcined at 600 °C for 2 h.!!

2.2. Sensor preparation. The transducers consist of an aluminum oxide substrate screen-
printed with a platinum heater on one side and platinum electrodes for the four-point resistance
measurement on the other. 30 mg of the respective sensor material was dispersed in 90 pL of
deionized water under ultrasonic bath treatment. The suspension was dropped stepwise onto the
electrodes. After each step, the supernatant water evaporated at room temperature. When the
deposition of the suspension was finished, the transducer was dried at 85 °C for 24 h and calcined

stepwise at 500 °C, 600 °C and 500 °C for 10 min each.

2.3.  Exsitu characterization. XRD patterns of the powder samples were recorded using a Stoe
Stadi P diffractometer with a Ge(111)-monochromator, Cu Ka; radiation (A = 1.54060 A, 40 mA),
and a MYTHEN-1K Dectris detector. The samples were prepared between two X-ray amorphous
polymer foils on a planar sample support.

Ex situ Raman spectra were acquired in a 180° backscattering geometry using a 20x objective

(Olympus SLMPLN20x) and an excitation wavelength of 632.8 nm using a diode laser (Ondax).



The laser power at the sample was about 5 mW. A HoloSpec f/1.81 Raman spectrometer (Kaiser
Optical Systems) with an axial transmission grating and a Peltier-cooled charge-coupled device
(CCD) was used as the detector. The spectrometer has a spectral resolution specified as 5 cm™.
Raman spectra were collected with an exposure time of 80 s, using an auto new dark and a cosmic

ray filter for each measurement, leading to total measuring time of 320 s.

2.4. Operando UV-VIS spectroscopy. UV-VIS spectra under operando conditions were
recorded in a custom-built operando cell, developed by ELGER AND HESS and described
previously.!¢ The operando cell allows UV-VIS and Raman spectra to be recorded in a defined
gas atmosphere while the sensor transducer is heated by its integrated heating meander. Contacts
integrated into the cell allow the DC resistance between the electrodes of the transducer to be
tapped by a four-point measurement, as well as applying a voltage to the heating meander. The
DC resistance is measured by a multimeter (Modell 2000, Keithley); the voltage is applied by a
programmable power supply unit (PSP 1803, Voltcraft). To extend the measurement range of the
multimeter, a 100 MQ parallel resistor was used, and the measured resistance of the sensor

transducer was calculated from the total resistance using Kirchhoff’s circuit laws (see Eq 1).

1 1 \*!
R = - (1)
Sensor <Rtotal Rparallel)

A defined gas atmosphere is created by feeding the following gases (Westfalen AG) into the
reaction chamber of the cell and by adjusting their volume flow via mass flow controllers

(Bronkhorst): oxygen 5.0 (<0.2 ppm CO2, <0.2 ppm C,H,, <3 ppm H>0O, <10 ppm No+ Ar),



nitrogen 5.0 (<3 ppm Oz, < 1 ppm C,H,,, <5 ppm H20), and 1000 ppm ethanol in nitrogen 5.0.
The cell is connected to 1/8-inch stainless steel tubing on the inlet and outlet sides of the cell via
Swagelok fittings. A stainless-steel attachment with a quartz glass window (Suprasil; Heraeus) in
the center is integrated in the upper Teflon block. For the UV-VIS measurements, a UV-VIS probe
can be inserted into the measuring cell through the same stainless-steel attachment. The UV-VIS
probe is positioned at a 45° angle to the sample surface. It is used for diffuse reflectance UV-VIS
spectroscopy and is connected by a glass fiber to a UV-VIS spectrometer (AvaSpec-ULS2048x14-
USB2, Avantes), used in diffuse reflection mode, and a combined D> and halogen light source
(Avalight-DH-S-DUV-LL, Avantes). Magnesium oxide (Sigma-Aldrich) placed on a sensor
transducer in the same position as the sensor was used as the white standard. The sampling time
was 60 s, resulting from 500 ms exposure time and averaging 120 spectra.

The sensors installed in the custom-made reaction cell were exposed to a series of gas
atmospheres and operation temperatures between 100 and 250 °C. After baking out in synthetic
air (80% N2 + 20% O2) at 400 °C for 20 min, the sensor was cooled to the desired working
temperature for 40 min, followed by a 40 min exposure first to 250 ppm ethanol in the selected
carrier gas (synthetic air or nitrogen) and then to the bare carrier gas. While this temperature
program was being run in different gas phases, the DC resistance was measured continuously every

second and the UV-VIS spectra every 60 s.



3. Results & Discussion

Before deposition of the sensor material on the sensor transducers, the LaFeO3; and SmFeO3
powder samples were characterized by X-ray diffraction (XRD) and Raman spectroscopy. Both
XRD and Raman spectra confirm the identity of the used LaFeO3 and SmFeO3; powder materials,
showing the expected diffraction peaks (Fig. S1) and lattice phonons (Fig. S2) for LaFeO3 and

SmFeO3; when compared to Raman spectra?! and XRD patterns®>? in literature.
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Figure 1. Operando UV-VIS spectra of LaFeOs sensor layer during ethanol sensing at 250 °C
using a) synthetic air (80 Vol.-% N2 + 20 Vol.-% O:) and b) nitrogen as the carrier gas (total flow
rate: 100 ml'min!). After baking out at 400 °C, the sensor was cooled down to 100 °C (black
spectrum). Afterward, 250 ppm of ethanol was added for 40 min (red spectrum), followed by
exposure to the respective carrier gas (blue spectrum). In the case of N> as the carrier gas, spectra
after 2 and 10 min of ethanol exposure, as well as 20 min after ethanol exposure in nitrogen, are
also shown. An enlarged view of the region 600-1000 nm is found in the upper right corner of a)

and b) for better visualization of the changes in free charge carrier absorption due to changes in

the gas atmosphere. The asterisks (*) mark artifacts of the spectrometer.



Figures 1 and 2 depict UV-VIS spectra recorded at 250 °C for LaFeOs (Fig. 1) and SmFeOs
(Fig. 2). In synthetic air (Fig. 1a), during ethanol exposure no change is observed for LaFeOs3 in
the region of the fundamental absorption maximum. For band tailing in the region of the absorption
edge, an overall decrease in absorbance is observed, but no shift in the absorption edge, which
would hint at a Burstein—-Moss shift.>* This decrease in intensity continues for LaFeOs from about
500 nm over the entire region below the absorption edge, shown here up to 1000 nm. In this
particular region of the spectra, mainly free carrier absorption is expected.?* This range from
600 nm to 1000 nm is shown enlarged as inset in Figs. 1 and 2, to visualize the small changes in

free carrier absorption for SmFeOs due to changes in the gas atmosphere.
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Figure 2. Operando UV-VIS spectra of SmFeOs3 sensor layer during ethanol sensing at 250 °C
using a) synthetic air (80 Vol.-% N2 + 20 Vol.-% O.) and b) nitrogen as the carrier gas (total flow
rate: 100 ml'min!). After baking out at 400 °C, the sensor was cooled down to 100 °C (black
spectrum). Afterward, 250 ppm of ethanol was added for 40 min (red spectrum), followed by
exposure to the respective carrier gas (blue spectrum). In the case of N> as the carrier gas, spectra
after 2 and 10 min of ethanol exposure, as well as 20 min after ethanol exposure in nitrogen, are
also shown. An enlarged view of the region 600-1000 nm is found in the upper right corner of a)
and b) for better visualization of the changes in free charge carrier absorption due to changes in

the gas atmosphere. The asterisks (*) mark artifacts of the spectrometer.

A similar behavior like shown before for LaFeOs is also observed for SmFeOs (Fig. 2a) when
using synthetic air as a carrier gas. No changes are observed for the absorption maximum and the
band tailing of the absorption edge up to 600 nm. However, above 600 nm up to 1000 nm, a
decrease in free carrier absorption is observed, like for LaFeO3 before, but to a lower extent when
compared to LaFeOs. After the end of the ethanol exposure, both LaFeO3; and SmFeO3 show a
renewed increase in absorbance in the 600—1000 nm range. At 250 °C, the change in absorbance
is completely reversible for LaFeOs and almost reversible for SmFeOs. At lower temperatures,
these changes in absorbance are either irreversible (100-150 °C, see Figs. S3-S6) or only slightly

reversible (200 °C, see Figs. S7 and S8). A reversible change in absorbance in the visible and near-
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infrared region below the band edge, like observed here for p-type LaFeOs; and SmFeOs, has
already been reported under in situ as well as operando conditions for chemiresistive n-type
semiconducting metal oxide gas sensors. For SnO», a reversible increase in absorbance was
observed during both ethanol!'® and CO!” gas sensing, representing the exact opposite of the
behavior detected here for p-type LaFeO3; and SmFeOs gas sensors. These reversible changes in
absorbance have been attributed to changes in the concentration of free electrons in the conduction
band resulting from the formation and ionization of oxygen vacancies.>> A decrease in absorbance
has been observed previously for NiO during optical CO gas sensing, and attributed to a change in
the concentration of free electron holes in the valence band.%®

When nitrogen is used as the carrier gas (see Fig. 1b and Fig. 2b), a decrease in absorbance in
the 600—1000 nm range is also observed during ethanol exposure, for both LaFeO3 and SmFeOs.
However, this decrease in absorbance is irreversible at the same operation temperature as the
ethanol exposure before in synthetic air, since at most a very low concentration of oxygen (<3ppm)
is present after ethanol exposure to reoxidize the metal oxides when using only nitrogen as a carrier
gas. It is noteworthy that the decrease in absorbance during ethanol exposure is not steady for
either material. At the beginning, a decrease in absorbance is observed (see dark yellow spectrum),
but after a few minutes, there is a renewed increase in absorbance, despite the same reaction
conditions (see orange/red spectrum). To illustrate this behavior, Figs. 1b) and 2b) show several
spectra during and after ethanol exposure. Furthermore, after ethanol exposure, another weak
decrease in absorbance is observed (see purple/blue spectrum), instead of the expected weak
increase. Since the observed effects in the range from 600 to 1000 nm are much more pronounced
for LaFeOs than for SmFeOs, we will focus on LaFeOs in the following, but the corresponding

data for SmFeOs3 can be found in the Supporting Information (see Figs. S9 and S11).
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Figure 3 depicts the temporal evolution of the conductance G as the reciprocal of the DC
resistance R and the absorbance 4 at 800 nm as a measure of the free carrier absorption, enabling
a direct comparison of their temporal behavior as a function of gas-phase composition and
temperature. For synthetic air as the carrier gas (see Fig. 3a), qualitatively, an identical course is

observed for the conductance G and the absorbance A4 over all phases and temperatures.
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Figure 3. Conductance G and absorbance 4 (at 800 nm) of the LaFeOs sensor during O2/N2, N
and ethanol exposure using a) synthetic air and b) nitrogen as the carrier gas (total flow rate:
100 mL-min'). Red areas: heating at 400 °C in synthetic air; white areas: sensor at operating
temperature in the respective carrier gas; blue areas: exposure to 250 ppm ethanol in the respective
carrier gas. The colored symbols mark the final conductivity values for each phase and serve as an

orientation for Fig. 4; SA: synthetic air, EtOH: ethanol.

As expected for a p-type semiconductor, both quantities show a decrease during cooling down
and ethanol exposure, while regeneration of the sensor material at 200 and 250 °C as well as
elevated temperatures (400 °C) leads to an increase.

Similarly, for nitrogen as the carrier gas (see Fig. 3b), there is a qualitative resemblance of the

observed conductance and absorbance behavior. Due to the almost complete absence of oxygen in
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the gas phase (<3 ppm O), the changes are not reversible at 100 °C and 150 °C, and at 200 °C
only a weak increase in conductance is observed after the ethanol exposure, but no renewed
increase in absorbance at 800 nm. In comparison to the oxygen-rich conditions this clearly shows
that at these lower temperatures (100-200 °C) oxygen is necessary for both a reversible electrical
as well as optical sensor response, which was not clear from the measurements in oxygen-rich
conditions alone. During exposure to ethanol and the carrier gas at 250 °C, the conductance and
absorbance at 600—1000 nm show a behavior that differs significantly from that between 100 °C
and 200 °C. At the beginning of the ethanol exposure at 250 °C, the conductance shows a decrease
as expected for a p-type semiconductor, but then, surprisingly, an increase is detected. Such a
behavior was not observed for LaFeOs at 250 °C under oxygen-rich conditions. After the ethanol
exposure in nitrogen, no renewed increase is observed, but rather a decrease in conductance, which
is characteristic of an n-type semiconductor. This indicates that under such strongly reducing
conditions in the almost complete absence of oxygen at 250°C, a p-n transition occurs for LaFeOs.
Such a transition was observed experimentally for a-Fe,O3?® and predicted theoretically for
LaFeOs*’ and other perovskites at low oxygen partial pressures.”® The majority charge carriers
under these conditions are no longer electron holes, which are neutralized by the consumption of
oxygen species and the release of electrons,!> but electrons themselves. Consequently, the
electrical conductivity and the free carrier absorption are significantly influenced. The absorption

of free charge carriers is given by Eq. 2.
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Here, arca is the absorption coefficient of free carrier absorption, N; the concentration of free
charge carriers, A the wavelength of the irradiating light, &0 the vacuum permittivity, m. the
effective mass of the majority charge carrier, n the refractive index, 7 the mean free time, and w;
the mobility of the free charge carrier. Since usually either electrons or electron holes have a
concentration several orders of magnitude higher than the other species, the contribution of one of
the charge carriers dominates. If the simple Drude model** is used to describe the electrical
conductivity o, a qualitative agreement of the conductance and absorbance changes is expected,
since both quantities are proportional to each other (Eq. 3), fully consistent with the experimental
observations. Both quantities are dependent on the concentration of the majority charge carrier N,
which changes due to the reaction of ethanol with the sensor surface, since oxygen species are

consumed at the surface.!'°

1 N-e?-t Ng?2?

E= G~O‘=m—C~A~aFCA =m (3)
Although there is good qualitative agreement between the free carrier absorption and the
conductance curves, upon closer inspection, distinct differences become apparent. In fact, when
comparing the course of both quantities in Fig. 3, it is noticeable that the absolute values of the
conductance and absorbance do not show a uniform trend from temperature to temperature. To

investigate this aspect more closely, Fig. 4 shows the absorbance against the median of the

conductance G over one minute in a double logarithmic plot.
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Figure 4. Double logarithmic plot of the absorbance 4 at 800 nm as a function of the conductance
G for the LaFeOs sensor using a) synthetic air (SA) and b) N> as the carrier gas (total flow rate:
100 mL-min!) during (i) heating out in synthetic air at 400 °C (circles), (ii) cooling down to
operation temperature (squares), (iii) exposure to 250 ppm ethanol (EtOH) (diamonds) and (iv)
reoxidation after ethanol exposure (triangles). The median value for a time interval of 1 min was
plotted for the conductance in each case. The last data point of each phase is marked by a filled-in
symbol; the different temperatures are indicated by the different colors of the symbols. For clarity,

the number of data points has been reduced (for all data points, see Fig. S10).

According to Eq. 3, pairs of values would be expected to fall on a straight line. Figure 4 clearly
shows that this is not the case, neither for synthetic air nor for nitrogen as the carrier gas. The data
points at the end of the bakeout (circles) and the ethanol exposure (diamonds) phase would serve
as endpoints of such a line but are rather connected by a sigmoidal curve (see Fig. 4). At the
beginning of the cooling phase (squares), first the conductance shows a rapid decrease with
otherwise almost constant absorbance before the change in absorbance occurs with a time lag. At
the beginning of the ethanol exposure (diamond), on the other hand, the absorbance first shows a

sudden decrease before the conductance undergoes a significant change. This difference in the
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response time indicates that, in addition to the change in »V, another process needs to be considered
that affects conductance and absorbance to different degrees. Moreover, this process appears to be
temperature dependent since the endpoints of ethanol exposure do not lie on the theoretically
expected line. From 100 °C to 200 °C, the absorbance decreases in relative terms compared to the
increasing conductivity. Only for a temperature increase from 200 °C to 250 °C do the absorbance
and the conductance increase again, both for synthetic air and for nitrogen as the carrier gas. This
additional effect, which significantly influences the conductivity of the sensor material but plays
only a minor role for the free carrier absorption, originates from the formation of a hole
accumulation layer towards the surface, resulting in back-to-back Schottky barriers between the
grains of the sintered sensor material.>® The height of these potential barriers eV significantly
determines the conductivity and undergoes changes due to the consumption of surface oxygen
species and the formation of adsorbate species (e.g., formate).*!> As a consequence, the
conductivity of surface-near layers dominates the conductivity of the entire grain. A quantitative
description of the total conductivity of a p-type semiconductor has been developed by BARSAN et

al*® and is shown in Eq. 4:

L V. 1
R=Rg: —D-exp(—qs>+ 4)

Here Rg is the electrical bulk resistance, Lp the Debye length, Dc the effective contact area
between grains, D¢ the effective grain size, g the charge of the majority charge carrier, Vs the
surface potential, k£ the Boltzmann constant and 7 the temperature. Equation 4 clearly shows that,

in addition to the electrical bulk resistance, to which Drude’s model can be applied, the height of
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Schottky barriers els determines the absolute value of the DC resistance via the exponential
Boltzmann terms, thus underlining the important influence of surface effects on the total
conductivity. The free carrier absorption, on the other hand, is mainly influenced by N, and thus
correlates more with the bulk resistance, which is only one contribution to the total sensor

resistance.

4. Conclusions

Using time-resolved operando UV-VIS spectroscopy we were able to simultaneously investigate
the electrical and optical properties of LaFeO3 and SmFeOs gas sensors. The qualitative match of
the conductance and absorbance behavior of LaFeOs; and SmFeOs at 600—-1000 nm can be
attributed to changes in the free carrier concentration, which are involved in the sensor mechanism
of chemiresistive and gasochromic gas sensors, as demonstrated here for LaFeO3; and SmFeOs.
The involvement of free charge carriers in both sensing mechanisms was further supported by the
observed p-n transition. Quantitative differences in the temporal development of conductance and
absorbance reveal mechanistic differences between chemiresistive and gasochromic gas sensors.
In addition to changes in free carrier absorption, the electrical conductance is strongly influenced
by the formation of potential barriers and hole accumulation layers. For the free carrier absorption
and the mechanism of gasochromic gas sensors, on the other hand, these potential barriers play
only a minor role even though the same surface reactions are taking place in contact with the gas
phase.

Our results demonstrate the potential of time-resolved operando UV-VIS spectroscopy to

discriminate between surface effects and bulk effects in chemiresistive and gasochromic sensors,
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thereby enhancing the understanding of both fields of research. Comparing the electrical sensor
response (changes in DC resistance) and the optical sensor response (changes in free carrier
absorption) gives an indication of whether the sensor mechanism is dominantly based on changes
in subsurface areas of the sensor material and the majority charge carrier concentration, as

4,16,17

described for a reduction—reoxidation mechanism, or on changes in adsorbed oxygen species

and surface adsorbates, as described for an ionosorption mechanism.>*

Our results can also be the basis for the development of novel gas sensors with enhanced target
gas selectivity, based on a fundamental mechanistic understanding. Combining electrical and
optical sensor response of one sensor material can lead to an enhanced degree of information,
because target gases other than ethanol (e.g., CO, Hz) may lead to varying ratios of the electrical
and optical sensor responses resulting from their specific surface adsorbates and reduction

potential, thus influencing the electrical and optical sensor responses to different degrees.’!
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