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Abstract English

As all aspects of life become more automated and interconnected, sensors will be
needed in various applications. In particular, gas sensors will find widespread use, in
e.g. indoor air quality monitoring and breath analysis. Versus other detection
methods, semiconducting metal oxide (SMOX) based sensors are more compact,
sensitive, robust and inexpensive. Their major drawback is their inherent lack of
selectivity. This limitation could be addressed by using arrays of SMOX materials with
complementary sensing behavior. Today as a result of the historical development,
despite the decades of research, most commercially available sensors are still based
on SnO,. The work here examines three different options for creating complementary
sensors: using a different n-type base metal oxide (WQO3), noble surface loading and
the creation of metal-oxide-metal-oxide mixtures. Based on a literature review, WO3
appeared promising and here its complementarity was verified. It was identified that
the sensing behavior of WO3; is robust against changes in synthesis. Using operando
diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy, it was possible
to identify why the resistance of WO3 increases with humidity. From this finding it
became apparent why the response to oxidizing gases strongly decreases in the
presence of atmospheric humidity. In order to tune the sensing behavior, surface
loading with metal oxides is commonly used. Although two mechanisms, chemical
sensitization and Fermi level pinning, were already suggested in the 1980s,
experimental evidence was limited. Here, the effect of rhodium, palladium and
platinum loading on WO3 was examined. Using operando DRIFT spectroscopy, in
situ transmission electron microscopy (TEM) and X-ray absorption spectroscopy
(XAS) it was shown that the Fermi level pinning mechanism dominates. As a result,
Rh-loading reduces the complementarity of WO3 and SnO, based sensors. Finally,
sensors based on SnO, and Cr,O3 mixtures were examined. Reports of gas sensors
based on combinations of metal oxides, in particular mixtures of n- and p-type
materials, are common in literature. These mixed materials are usually created using
sophisticated and expensive methods, like the electrospinning of nanofibers. Here
sensors based on nanofibers were compared to those based on randomly dispersed
particles. By breaking apart the nanofibers using soft mechanical grinding, it was
possible, for the first time, to clearly separate the effects of the secondary structure
from the coupling between the materials. It was identified that the junctions between
the materials are largely responsible for the changed sensing. Furthermore, it was
shown that by varying the ratio of the metal oxides, the sensor response can be
tuned, i.e. shows a p- or n- type response, and in some cases no response. In total it
has been shown that other n-type materials should be considered for integration into
arrays with SnO,. It has been found that the applicability of noble metal oxide surface
loadings to increase the complementarity of materials is limited. It has been shown
that metal-oxide-metal-oxide mixtures can be used to tune the sensing behavior and
that the mechanical mixing of materials is a sufficient preparation method to attain the
desired results.
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Zusammenfassung Deutsch

In Zeiten der zunehmenden digitalen Vernetzung und Automatisierung von
unterschiedlichen Anwendungen im Lebensalltag werden Sensoren immer wichtiger.
Insbesondere Gassensoren konnen fir eine Vielzahl von Anwendungen eingesetzt
werden, bspw. fur die Raumluftiberwachung oder in der Atemgasanalyse. Hierbei
sind auf metalloxidische Halbleiter (SMOX) basierende Gassensoren besonders
interessant, da sie im Vergleich zu anderen Detektionsmethoden sehr robust,
kompakt, kostenginstig und sensitiv sind. Ein Nachtteil dieser Sensoren liegt in ihrer
geringen Selektivitdt. Durch die Integration von unterschiedlichen und
komplementaren Sensoren in Arrays, konnen Gase jedoch selektiv detektiert werden.
Heutzutage basieren die meisten Gassensoren immer noch auf Zinnoxid, obwohl
auch andere Basismaterialien seit Jahrzehnten erforscht werden. Diese Arbeit
untersucht drei verschiedene Madoglichkeiten, komplementdre Sensoren zu SnO,
herzustellen: WO3; als Grundmaterial (ein  weiterer n-typ Halbleiter),
Oberflachenbeladung mit Edelmetall-Nanocluster und die Benutzung von
Metalloxidmischungen. Fir WO3; konnte die Komplementaritdt zu SnO, bestatigt
werden. Zudem wurde entdeckt, dass unterschiedliche Herstellungsmethoden die
Sensoreigenschaften kaum beeinflussen. Mit operando diffuse Reflexions-
Fouriertransformationsinfrarotspektroskopie (DRIFT) konnte gezeigt werden, warum
der Widerstand von WO3; mit Feuchtigkeit zunimmt und weshalb das Signal zu
oxidierenden Gasen abnimmt. Sensoreigenschaften konnen auch durch Edelmetall-
Nanocluster verandert werden. Schon in den 80-iger Jahren wurden hierfir zwei
Erklarungen vorgeschlagen, Ferminiveau-Pinning und Chemische Aktivierung. Bisher
gab es jedoch keinen experimentellen Nachweis dafur. Hier konnte mit DRIFT-
Spektroskopie, in  situ  Transmissionselektronenmikroskopie  (TEM)  und
Rontgenabsorptionsspektroskopie (XAS) erstmals gezeigt werden, dass im Falle von
Oberflachenbeladung mit Rhodium, Palladium und Platin der Ferminiveau-Pinning
Mechanismus dominiert. Dadurch konnte auch erklart werden, warum eine
Oberflachenbeladung mit Rhodium die Komplementaritdit von WO3z und SnO,
zueinander verringert. Zuletzt wurden Sensoren basierend auf Mischungen aus
Cr,03 und SnO,, ein n- und ein p-typ Halbleiter, untersucht, welche gemaf bisheriger
Studien gunstige Eigenschaften aufweisen sollten. Zumeist werden durch komplexe
und teure Herstellungsmethoden, bspw. Elektrospinnen fur Nanofasern, die Proben
fur die Sensoren bereitgestellt. In der vorliegenden Arbeit wurden auf Nanofaser
basierende Sensoren mit Proben verglichen, in denen eine zufallige Verteilung der
oxidischen Partikel herrscht. Durch eine sanfte Zerlegung der Nanofasern konnte
gezeigt werden, dass die Kontakte zwischen den Oxiden hauptverantwortlich fur die
Anderung der Sensoreigenschaften sind und dass die Fasermorphologie keine
dominante Rolle spielt. Zusammenfassend konnte gezeigt werden, dass WOg3; ein
komplementéres Verhalten zu SnO, aufweist, die Oberflachenbeladung mit den
Edelmetallen Rh, Pd und Pt nicht nttzlich fir die Diversifizierung der Eigenschaften
ist und das die einfache Vermischung von Metalloxide eine ausreichende Methode ist
um das erwinschte Verhalten zu erreichen.



Introduction and Background Information
History

In 1962, Seiyama et al. from Kyushu University in Japan reported that the resistance
change of a metal oxide (ZnO) could be used to detect changes in the surrounding
atmosphere [1]. At the same time a second inventor, Naoyoshi Taguchi filed a patent
for a sensor based on SnO, activated with palladium oxide [2,3]. In the 1960s, the
use of liquefied petroleum gas (LPG) for cooking had become popular in Japan, and
as a result, the number of domestic gas explosions skyrocketed. In 1968, Taguchi
founded the company Figaro Engineering Inc. (Japan) and began to sell the Taguchi
Gas Sensor (TGS) 109 manufactured for residential gas alarms. The gas alarms,
using TGS109 were inexpensive, costing roughly one-third as much as the
predecessor which was based on catalytic-type sensors [4]. Detection systems
became widespread resulting in a drastic decrease of domestic gas explosions [4].

In the 1980s, there was renewed interest in SMOX based sensors as a method with
which the air intake into the car passenger cabin could be monitored. Car exhaust
contains toxic gases like CO, NOy and various other hydrocarbons [5]. The
concentrations are usually given in the volume mass ratio of the target gas to air in
parts per million (ppm). Values between 30 and 100 ppm (ca. 0.035 — 0,116 mg/L)
for CO and 2 to 10 ppm (0.003-0.019 mg/L) for NO, are relevant for outdoor air
monitoring [6]. These concentrations can be easily monitored using SMOX based
sensors. In order to ensure the comfort of the passengers, especially as the number
of cars increased and people spent more time waiting in traffic, an automatic
ventilation system was desired [7]. The packaging of the sensor needed to address
several challenges [7]: the extremely harsh sensing environment due to the presence
of water and dust, the extreme variations in temperature (-40 °C to 125 °C), and the
continuous vibration of the motor [7]. In addition, in order to be viable for the
automotive industry, the sensor cost had to be reduced. Standardized high-volume
manufacturing processes were developed [7]. In 1986, the first control unit based on
a single Figaro sensor, developed for gasoline powered BMWSs, was sold [8]. Shortly
after the Robert Bosch GmbH (Germany) developed a two sensor array which could
also detect NOy, making it useful for diesel exhaust gases [8]. In the 1990s, in order

to meet the increasing demand, thick film layers were first coupled with



microelectromechanical system (MEMS) substrates [8]. Today, this is the standard

sensor production method [8-10]. *

Motivation
As the world becomes more interconnected and automated, sensors will be widely

needed. In 2018, the global gas sensor market was valued at over USD 2 billion, and
the market is projected to continue growing [11]. Research is being done on the use
of gas sensors for a wide array of applications, ranging from indoor air quality

monitoring to breath analysis [12—-16], see Figure 1.
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Figure 1: Possible application fields for SMOX based gas sensors.

SMOX based sensors are a robust, sensitive, inexpensive and compact alternative to
other gas detection methods [3,17]. Specifically, SMOX based sensors can be used
in battery operated devices [17]. This simplifies the installation of sensor networks,
for example for automated heating, ventilation, and air conditioning (HVAC) control
[11]. For this application, monitoring volatile organic compounds (VOCs), which can
be released as a gas into indoor air at room temperatures is particularly interesting.
VOCs encompass a variety of chemical compound groups, e.g. ketones, alcohols,
and aromatics. Governments in developed regions, such as North America and
Europe, have issued guidelines about the indoor concentrations of such harmful
contaminants [18,19]. For example, the Canadian government, set a short-term
indoor air exposure limit of the aromatic compound toluene at 4 ppm (0,015 mg/L)
[19]. Ethanol is another common indoor contaminant that originates from human
activities.

VOCs are also relevant in other applications. For example, the detection of acetone
in breath is interesting as a means for diabetes monitoring [20] or in order to monitor
diet changes [21,22]. An acetone concentration between 0.5 and 2 ppm (0.001-
0.004 mg/L) is relevant [20].

! For a more detailed history of gas sensors please see the book chapter by Izawa et al. [16].


http://www.hc-sc.gc.ca/ewh-semt/air/in/poll/construction/organi-eng.php

Currently, however, the low selectivity of SMOX based sensors is a significant
limitation for most of these applications. The use of sensor arrays (i.e. the
simultaneous use of two or more sensors) is now a promising solution to this issue
because miniaturization is possible and computation power is readily available
[12,23]. Over the last decades, however, most research has continued to concentrate
on SnO; [24]. As a result, most commercially available sensors are still based on this
material [16]. Although the sensing characteristics of SnO, can be tuned using
different preparation methods and additives, overall, the use of a single base material
significantly limits the variability of the sensors. In the future, a higher diversity in the
sensor behavior of the materials will be needed. The presented work examines three
different options for creating SMOX materials complementary to SnO,. Based on a
literature review, WO3; appeared to be a promising base material. Here, the
complementarity is verified and it is examined if the preparation method of WO3
significantly changes its sensing behavior. Another way in which the sensing
behavior of metal oxides can be tuned is through surface additives. Specifically noble
metals are widely used. Here, the effect of rhodium and platinum loading on WO3
was examined. The results of surface loading WO3; with rhodium are compared to
those achieved with loaded SnO,. Using operando diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopy, in situ transmission electron microscopy
TEM and X-ray absorption spectroscopy (XAS), the mechanism responsible for the
change in sensor response is identified. Finally, the applicability of preparing metal-
oxide-metal-oxide mixtures to create desirable sensing behavior is examined. The
response of sensors based on SnO,-Cr,O3 nanofibers will be compared to samples
without a secondary structure. By using a soft mechanical grinding to destroy the
secondary fiber structure to create randomly dispersed samples, it is possible to rule
out variations in the samples as a result of the synthesis method. This examination
allows changes in sensing behavior of the oxide mixtures compared to the pure
materials to be attributed to the secondary structure, contacts between the materials
or a combination of both.

In total, this work explores three possibilities to create sensors that are
complementary to those based on SnO,. The results of the work are highly relevant
for the future use of SMOX based sensors.



General Operation Principle

Variations in the surrounding atmosphere result in a change of the gas sensitive
material which is translated into a detectable output [25]. In the case of SMOX based
sensors, the presence of a target gas in the atmosphere results in a resistance
change [26,27]. In the work here, the metal oxide powder and 1,2- propanediol
(Sigma-Aldrich, 99.5+% ACS reagent) was ground with mortar and pestle into a
viscous paste. The paste was then screen-printed onto an inert Al,O3 substrate
containing platinum electrodes and a backside platinum heater (300 um electrode
gap, 300 um width and 5 pm thickness; Ceramtec AG, Germany) using an EKRA
Microtronic Il. The sensors were left at room temperature for 1 h and then dried
overnight at 80 °C (Heraeus UT12). The sensors were annealed for 10 min each at
400-500-400 °C with two steps to cool down in a tube furnace (Heraeus ROK 6/30).
A layer thickness of approximately 50 um, is attained (see Figure 2). As such, the

sensing layer is considered to be a thick film [28].
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Figure 2: Schematic of screen printed SMOX based gas sensors.

Platinum Electrodes

WL 7' X Wl 757

In the used porous thick film layers, the gas can interact at different sites on the
sensor, e.g. with the grain surface, the substrate and the electrodes [29]. The
influence of the chemically inert substrate (alumina) is considered negligible [30]. The
platinum electrons can, however, have significant catalytic effects. In the work here,
the electrodes are always made of platinum and the effect is not examined further.
Here, both n-type materials, e.g. WO3; and SnO,, and p-type materials, e.g. Cr,0s3,
were examined. In n-type semiconductors, the major charge carriers are electrons
while for p-type semiconductors, they are holes [31]. The reaction of the atmospheric
gases with the surface of the metal oxide grains is the reception mechanism of the
sensor. The translation of this reaction into an electronic change is the transduction
mechanism.

It is assumed that the sensitive layer is made up of loosely sintered monocrystalline
grains which are larger than the Debye length [32]. In air, between 100 and 500 °C,
atmospheric oxygen adsorbs onto the surface, leaving the bulk largely unaffected

[29]. This results in a resistive electron depletion surface layer for n-type materials



and correspondingly a hole accumulation layer for p-type materials. It is, thus,
generally accepted that under standard operation conditions the conduction of n-type
sensors is depletion layer controlled while for p-type an accumulation layer control
dominates.

In order for the electrons to take part in the conduction process of n-type materials,
they must pass between the grains and go over the surface energy barrier caused by
the adsorbed oxygen [33]. In the equivalent circuits of n-type gas sensors, the
resistance of the grain boundaries and the bulk resistance are considered to be in
series to one another. If the electrode gap is large enough, the resistance originating
from the junction between the platinum electrode and n-type metal oxide is
considered negligible because it is in series with a large number of resistances (the
grain to grain boundaries and the bulk resistance) [30]. As a result of the reaction
between the surface oxygen and reducing gases, electrons are released back into
the material decreasing the energy barrier between the grains [29]. It is assumed that
the Boltzmann distribution accurately describes the relationship between the electron

concentration that can reach the surface ns and the band bending eAV;s [32]:

ng = Npexp (— %) Eq. 1

Then, the relative change of the band bending under gas exposure can be directly

calculated as follows from the changes in the resistance [32]:

Ro_ _ axp (2%
Reas exp( e ) Eq. 2

In the case of a sensor based on a p-type material, the resistance of the narrow
accumulation layer on the grain surface (as a result of oxygen adsorption) is parallel
to that of the large highly resistive bulk region [24,33,34]. The electrons injected into
the material as a result of the reaction between the reducing gas and the surface
oxygen then decrease the concentration of holes in the accumulation layer resulting
in a higher sensor resistance. In the case of large grains, the contribution of the bulk
cannot be neglected. A major difference between n-type and p-type SMOX results
from the depletion versus accumulation layer transduction. In an accumulation layer,
the relative change of the band bending under gas exposure can be directly

calculated as follows from the changes in the resistance [33]:

Ro_ _ exp (%) Eq. 3

Rgas 2kT

Therefore, the sensor response of a p-type material (dominant accumulation layer

controlled transduction) is equal to the square root of that of an n-type based gas



sensor (dominant depletion layer controlled transduction) with identical morphology
[34]. Pokhrel et al. additionally found that unlike for n-type materials the resistance
corresponding to the junction between the metal oxide grains and the electrodes is
not negligible for the p-type material Cr,O3 [35]. However, this resistance is not
affected by the atmospheric gas. This explains the low sensor signal of the p-type

material in comparison to the n-type materials.
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Figure 3: Schematic representation of the sensitive layer and contacts between the WO3; (left)/ Cr,03
(right) grains and the electrode.

The response of SMOX based gas sensors is a complex interplay between their
reception and transduction mechanisms, see a schematic representation in Figure 3.
Both aspects must be considered when interpreting the results. More information

about WO3; SnO,, and Cr,O3 will be presented in the following sections.

Tin Oxide Based Sensors

Today, most commercially available gas sensors are based on SnO; [16]. There is a
large amount of research on SnO, based gas sensors. Comprehensive reviews on
the material characteristics have been published by Batzill and Diebold [36], and
about the sensor response by Das and Jayaraman and Barsan et al. [37,38]. In
addition to a general overview of reception and transduction mechanisms, the
reviews by Barsan et al. give a great deal of specific information about SnO, sensors
[39,40]. In their review, Das and Jayaraman concentrated on the analyte gases LPG,
NHs, ethanol, CO, H,, and NO; [38]. Unsurprisingly, noble metal loaded SnO; is
suited for the detection of LPG [38,41]. This explains why the first commercially
available gas sensor developed by Taguchi was based on palladium loaded SnO,
[2,3]. In order to understand why the material is so well suited for sensing, and in
order to identify methods for further optimization, surface science techniques were
applied [42,43].



The results, however, were obtained far from realistic conditions, resulting in
differences caused by variation in material state, pressure and temperature [44,45].
The necessity of studying SMOX based sensors under realistic operation conditions
became apparent [46]. Following earlier powder measurements [47] and emission
spectroscopy [48], in 2003, Harbeck et al. first used operando DRIFT spectroscopy
on SnO, based sensors activated with Pd [49]. This method allows the surface
reactions of SMOX that result in the sensor response to be identified. A reflectance
spectrum is taken under gas exposure and then referenced to a spectrum taken in
standard atmosphere, e.g. dry synthetic air. During the infrared measurements, the
sensors are heated and the resistance changes are measured [50]. Ideally, the
intensity of the bands visible in the DRIFT spectra should be linear with the adsorbate
surface concentration. This calculation is not trivial and the Kubelka-Munk theory is
poorly suited as many of the required conditions are not met by the porous layers of
the sensors, e.g. matrix absorption [51]. Olinger and Griffiths propose that in the case
of absorbing matrices, the best linear representation of the concentration is given by
log (1/R) [52]. This method is successfully applied to calculate the operando DRIFT
spectra taken of the sensors [52,53].

Most research on the sensor mechanism of SnO; and the effect of humidity has been
done using the chemically simple gas CO. Wicker et al. examined two different SnO,
samples: for the sample calcined at 1000 °C, the presence of humidity drastically
decreased the baseline resistance, while for commercially available powder (from
Sigma Aldrich, calcined to 500°C) the response was negligible. The authors attribute
the decrease in resistance of the highly calcined sample to the mechanisms
suggested by Heiland and Kohl: the dissociation of water and subsequent reaction
with surface lattice oxygen to form either two terminal hydroxyl groups or a terminal
and rooted hydroxyl group [54-56]. The authors postulate a charge neutral reaction
for the commercial powder in which water fills a vacancy and reacts with a surface
lattice oxygen to form two rooted hydroxyl groups [56]. CO reacts with the surface
lattice oxygen of SnO, to form CO; [57]. In both cases, CO competes with humidity
for oxygen vacancies, resulting in the decreased sensor response [56]. Unlike the
other reducing gases, the sensor response of SnO, to ethanol, however, is generally
found to increase in the presence of humidity [38,58]. It has been postulated that the
adsorption of the ethanol molecules is enhanced by a hydroxylated surface due to

hydrogen bonding [58].



In addition to operando DRIFT spectroscopy, operando XAS spectroscopy is a
powerful tool for monitoring material structural properties [45,59]. In 2009, Koziej et
al. first studied sensors based on SnO, loaded with palladium using operando XAS
[59]. This method is particularly well suited to identify changes in the small
nanocluster surface loadings. Recently, Degler et al. were able to identify the
dominant Fermi level pinning mechanism using operando DRIFT spectroscopy
coupled with operando XAS for platinum loaded SnO, [60].

During the decades of research on SnO,, many sophisticated measurement methods
were developed from which insight into the sensing mechanisms can be attained
[61,62]. More recently, these methods have been applied to different metal oxides,
e.g. W0s.?

Tungsten Trioxide Based Sensors

Although less popular than SnO,, there is literature examining gas sensing with the
n-type semiconductor WO3;. Most of the studies, however, examine only how the
sensor response of the material can be altered through changes in the crystal
structure [63—-65], morphology [66—69] and through surface dopants [70-72]. In
literature, there are few examinations of differently prepared WO3; samples from
which sensing characteristics inherent to the material can be identified. This becomes
apparent in the review of WO3 by Long et al. [65]. Here, very often the authors are
unable to identify sensor responses of pure WO3 and instead report largely on loaded
samples [65]. The limited studies that identify inherent material properties and
examine which surface reactions are responsible for the sensor response will be
reviewed here.

In 2009, Pokhrel et al. examined the sensor response of three differently prepared
WOj3; samples to CO and NO; in dry air and humidity [73]. Of the three, only the
sample prepared using hexadecyltrimethylammoniumbromide in acetylacetone
responded well to CO in dry air [73]. Huebner et al. examined the interaction between
this sample and CO using operando DRIFT spectroscopy [53]. The WO3; sensor
operated at 300 °C was exposed to CO in both the presence and the absence of
atmospheric oxygen. In both cases, CO, was detected in the exhaust (gas leaving
the measurement chamber) [53]. In the simultaneously measured DRIFT spectra, in

both cases, there was a visible decrease of bands attributed to tungsten-oxygen

*Fora comprehensive review of SnO, in general and specific information to its application as a gas
sensor please see the chapter by Staerz et al.[130]



bonds, 2065 and 1858 cm™ [53,74,75]. This led the authors to postulate that CO
reduces the surface of WO3, which results in the detected decrease in resistance
[53].

The sensitivity of WO3 to NO, at 300 °C was first reported by Akiyama et al. in 1991
[76]. It has also been found that WO3; sphere structures or nanolamellae respond well
to NO; [77,78]. All three of the differently prepared samples examined by Pokhrel et
al. showed high sensor signals to NO; in dry air [73]. Similar results were attained by
Baumann who further examined WO3 samples using impedance spectroscopy [79].
He suggested a major and a minor mechanism for the interaction between the WO3-
surface and NO; [79]. The major reaction is the adsorption of NO, via one of the
oxygen atoms to form a nitrite. The minor reaction is the subsequent oxidation of the
WO; surface and the release of NO [79]. Akamatsu et al. investigated the interaction
between WO3; and NO, using DRIFT spectroscopy done on powder samples [80].
Their work supports the mechanisms suggested by Baumann. The WO3; sample was
exposed to 1 ppm of NO,. In the DRIFT spectra, the bands attributed to tungsten-
oxygen bonds are increasing [74,75,80]. In addition, a nondescript band visible
around 1400 cm™ was found to increase during exposure to NO, [81]. The vibration
of surface nitrites is expected in this region, but no additional measurements were
done to conclusively identify the origin of the band [81]. The work of Bauman and
Akamatsu et al. does not examine the effect of humidity. In all of the samples
examined by Pokhrel et al., the response of the samples to NO; significantly
decreases in the presence of humidity. A similar behavior is also known for the other
oxidizing gas, ozone [82]. In all of the samples examined by Pokhrel et al. humidity
exposure, also, resulted in an increase of the resistance [73].

There is also a large body of literature which examines the response of WO3; to
VOCs. There are reports that the e-phase (stabilized using either chrome or silicon)
responds particularly well to acetone [63,83]. It has been found that microtubes
(unintentionally carbon doped) respond better than commercial WO3 to toluene [84].
In all cases, only a limited humber of WO3 samples (maximum two) were considered
and information about the surface reaction responsible for the signal is missing.

From this brief literature review, WO3; appears to be a complementary material for

application in arrays with SnO».
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Chromium Sesquioxide Based Sensors

p-type oxide semiconductors like Cr,O3, have received significantly less attention
than their n-type counterparts [24]. Cr,O3 has been used for the detection of Hy,
toluene, and NO; [85,86]. It is considered that the adsorbed oxygen on the Cr,0O3
surface act as an acceptor and its interaction with the valence band determines the
generation of holes [87]. This theory was supported by the simultaneously performed
work function and resistance change measurements by Pokhrel et al. [35]. In general,
it is considered that the exposure of a metal oxide to a reducing gas, i.e. ethanol
decreases the concentration of the ionosorbed oxygen. The electrons go back into
the valence band and decrease the concentration of holes [35]. Overall, however, the
sensor response to ethanol was low due to the large influence of the gas insensitive
resistive component of the metal oxide and electrode junction [35]. In order to make
them relevant for practical applications, the sensor response for p-type
semiconductors must be enhanced [24].

The combination of Cr,O3 with SnO, seems to be a promising option to enhance the
sensor response. The creation of core-shell nanofibers (CSNs) containing SnO, and
Cr,03 is reported to result in high responding p-type sensors for acetylene [88]. The
addition of SnO, to Cr,03 increased the sensors response to ethanol [89]. On the
other hand, Sn0O,-Cr,0; CSNs showed an increased n-type response to
trimethylamine [90]. A systematic study is needed to understand when the sensor
responds as p-type or n-type. In addition, the role of the secondary structure should

be examined.

Mixed Materials

In order to increase the stability and tune the response, noble metals are usually
added to the sensitive layer of commercially available SMOX based sensors [3]. For
a general review, please see the work of Degler et al. [91]. Palladium was already
added to the first commercially available gas sensor based on SnO, [2,3]. There is a
great deal of existing work which describes variation in the sensing behavior of SnO,
and WO3 as a result of noble metal surface additives, e.g. rhodium [72], platinum
[92—-94], palladium [95,96], and gold [95,96].



Spillover Effect Fermi Level Pinning
Mechanism

Figure 4: (left) Schematic of the spillover effect, in which the reaction between the base metal oxide and
the analyte gas is enhanced by the presence of the noble metal surface additive. (right) Schematic of the
Fermi level pinning mechanism, in which the analyte gas reacts with the noble metal surface clusters
resulting in a change of the electronic coupling between the materials.

Two possible interaction mechanisms were postulated by Morrison et al. and
Yamazoe et al. in the 1980s: Spillover and Fermi level control, see Figure 4 [97-99].
In the case of a spillover effect, the additive activates the reaction of the metal oxide
surface with the target gas. This increases the sensor response but effectively leaves
the mechanism the same. In the case of the Fermi level pinning mechanism, the
additive and the metal oxide are electronically coupled. The reaction takes place on
the additive, changing its oxidation state. This, in turn results in an electronic change
of the base metal oxide, which results in the sensor response [97-99]. Most work
attributes the change in sensing behavior to one of the mechanisms with little or no
experimental evidence. Knowing which of these mechanisms dominates for which
combination of material is, however, a prerequisite for the intentional development of
sensors.

In addition to surface loading, variation in sensing behavior can also be attained by
combining nanoparticles of two or more different metal oxides. Due to their inverse
sensing behavior (the resistance of n-type materials decrease in the presence of
reducing gases while that of a p-type increases), it would be advantageous to
incorporate materials of each category into arrays. The chemiresistive variation of p-
type materials, however, is significantly lower than that of n-type semiconductors [24].
One way in which the p-type sensing qualities can be enhanced is through
combination with n-type metal oxides [90].

In their review, Korotcenkov at al. list three possible methods of attaining metal-
oxide-metal-oxide mixtures [100]. They can be formed using layer by layer deposition
of the materials. They can be simply attained by mixing together already-synthesized
materials in certain proportions. They can be directly prepared during the process of

either synthesis or deposition of the initial material [100]. In this work, only the second
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two methods will be considered further. Korotcenkov at al. specifically identify
electrospinning as a promising method for the preparation of metal-oxide-metal-oxide
materials [100]. It ensures the formation of metal oxide nanofibers with minimal grain
size and maximal porosity of the gas sensing matrix [100]. Electrospinning is
particularly well-suited for the preparation of CSNs [101]. In general, CSNs consist of
an inner layer of nanoparticles encapsulated by a different material [102]. It is
important to note that the nanofibers are polycrystalline. Gas sensors based on CSNs
are reported to show a large number of advantages over pure nanofibers [103].
However, in their review Korotcenkov at al. conclude that the sensing mechanism
with metal-oxide-metal-oxide mixtures is not known [100]. In most cases the
explanations are solely based on speculations [100]. Specifically, the role of the
secondary structure (e.g. nanofibers) remains unclear. In their review, Ding et al.
conclude that nanofiber-based sensors show much higher sensitivity and quicker
responses to target gases in comparison to sensors based on flat films [104].
Abideen et al. argue that the conduction channel of nanofibers can be tailored to
enhance the gas sensing properties [103]. Yamazoe et al., however, theorize that
even if the arrangement of the grains in the sensitive layer is not random, as long as
the contact geometry is the same and changes in gas diffusion are negligible, the
response remains unchanged [105]. Although there are a large number of studies
that compare the response of pure nanofibers to those of nanofibers containing
several metal oxides, no study was found that compares CSNs with randomly
dispersed particles. The commercial applicability of electrospinning for gas sensor
production is limited due to its low throughput rate, requirement for specialized
equipment needing high voltage, and conducting targets [106]. In comparison, the
mechanical mixing of metal oxides is a far simpler way to achieve the desirable
sensor qualities. A systematic examination is done to identify if the variation in the
sensor response can be attributed to the secondary morphological structure, the

junctions between the metal oxides or a combination of both.



Results and Discussion
Tungsten Trioxide Based Sensors
The research described here is covered in papers 1, 2, and 8.

To identify the inherent sensor qualities of WO3;, seven differently prepared samples
were examined. The platelets were prepared using the methods suggested by Kida
et al. [107]. In order to increase the anisotropy of the samples the synthesis
temperature was either 100 °C or 5 °C. The SA sensor is based on commercially
available WO3; nanopowder (Sigma Aldrich, <100 nm particle size). The ME sensor
was based on WO3; prepared from tungsten chloro-methoxide [108]. The sample was
prepared by Mauro Epifani at the Institute for Microelectronics and Microsystems
IMM in Lecce, Italy [108]. The RO sensor is based on a sample synthesized via a
hydrothermal method using a nonionic surfactant as a structural agent. The powder
was provided by Simona Somacescu from the Ilie Murgulescu Institute of Physical
Chemistry, Romanian Academy in Bucharest, Romania. The Sphere sensor is based
on a sample that was prepared using ultrasonic spray pyrolysis [109]. This sample
was prepared by Tae-Hyung Kim from the Lee Group in the Department of Materials
Science and Engineering at Korea University in Seoul, Republic of Korea. The
Epsilon sample was produced via flame spray pyrolysis (FSP) by members of the
Pratsinis Group from the ETH Zurich, Switzerland [110]. The samples are silicon
doped [110].

From scanning electron microscope (SEM) images and the X-ray diffraction (XRD)
pattern of the sensitive layers (see Figure 5) it is apparent that the sensors show a
strong variation in morphology. The platelets prepared at 5 °C are very large while
those prepared at 100 °C are significantly smaller. In the XRD pattern, the peak
attributed to the crystal facet (002) is reduced in the 100 °C platelets sample,
indicative of significant anisotropy. The SA, RO and the ME samples have spherical
crystallites. In the Sphere sample, the crystallites are arranged in a hollow sphere
structure (secondary morphology is present). In the XRD of the Epsilon sample, the
e-phase is present. The grain size of the samples also varies greatly and was
calculated using the Debye Scherrer equation. In the case of the 100 °C platelets, the
Debye Scherrer equation could not be applied because the particles are too large

(over 100 nm). In the case of the Epsilon sample, the particles are very small and the
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value for the grain size was taken from literature because of the large reflex overlap
in the XRD.
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Figure 5: SEM images taken of the sensitive layer of fully fabricated sensors. Reflexes attributed to the
substrate are marked with asterisk. The attained diffractograms are compared to those of e-WO3[111], B-
WO3[112] and y-WO3[113].

The response of the samples to different test gases was examined. NO, and CO
were selected as automobile exhaust pollutants. Acetone was selected due to its
relevance in breath analysis. Ethanol and toluene were selected as VOCs relevant in
indoor air quality monitoring. Application relevant concentrations were selected.
The sensor response was calculated using the following equation:

Ro

S = .
Rgas

Eq. 4

The inverse relation was used for the oxidizing gas NO..
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Figure 6: Temperature study of the SA and ME samples.

WOj3; sensors are typically operated between 200 and 400 °C. A temperature study

was done of the SA and the ME samples. It was found that the sensors respond

similarly at 200 and 300 °C, Figure 6. The response to several gases, e.g. NO;

significantly decreases at 400 °C. At 300 °C the response and recovery of the

sensors was faster. For the systematic study of all the samples, an operation

temperature of 300 °C was selected. This temperature is commonly used for WO3
based sensors [65,73,110].
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Figure 7: Gas sensor profile of seven different WO3 samples in comparison to SnO; from Sigma Aldrich.
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In Figure 7, the sensor responses of each of the materials to one concentration of
each gas in different levels of humidity are depicted. Although the sensors are based
on WO3; materials which were prepared using different methods and show variation in
morphology and crystal structure, the sensing behavior is remarkably similar. All of
the sensors show practically no response to CO and the response always increases
in the presence of humidity. The sensors respond well to NO in dry air but the signal
degrades in the presence of humidity. The sensors respond well to ethanol. The
sensors show high responses to the low concentration of acetone, regardless of the
crystal structure. The response to toluene shows the largest variation between the
samples.

In line with literature, all of the samples showed an increase of the resistance in the

presence of humidity, see Figure 8.
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Figure 8: Change in the resistance of the samples as a result of humidity exposure.

In order to understand the surface reaction responsible for the increase of resistance,
operando DRIFT spectra were taken during humidity exposure and referenced to dry
air. Operando DRIFT has been found to be an infrared method that shows high
sensitivity to changes of the surface groups [114]. The very broad band visible at
approximately 3450 cm™ in the case of the platelets, and the band at 3500 cm™ for
ME and Spheres have previously been ascribed to intercalated water molecules
[115,116]. There is no change of the hydroxyl region for RO and SA, but a very clear
increase of the bands at 1858 cm™ and 2065 cm™ attributed to tungsten-oxygen

bonds.
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Figure 9: DRIFT spectra taken of the sensors at 300 °C during exposure to 10 % RH referenced to dry
synthetic air.

An enlargement of the metal-oxygen bond region reveals that these bands also
increase for the other samples (with the exception of the Epsilon sample), see Figure
9. The Epsilon sample is prepared using FSP, which is known to result in very porous
materials. It is possible that there is much less of the Epsilon sample on the substrate
compared to the other materials and that as a result the signal strength is very low in
the infrared measurements. An increase of the bands at 1858 and 2065 cm™
indicates that surface vacancies are filled by the oxygen of water, which explains why
the resistance is higher in humidity. This suggests the following reaction:

V; +2e' + H,0 » 0%+ H, Eq.5
For some samples, e.g. Spheres and ME, the formation of hydroxyl groups is also
visible in the DRIFT spectra. In order to understand the origin of these bands, DRIFT

spectra of the SA and the ME sample during exposure to H, were done.
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Figure 10: DRIFT spectra taken of the SA and the ME sample during exposure to 250 ppm H; referenced to
the spectra taken in dry syn. air at an operation temperature of 300 °C .

Both samples show a low response (decreasing resistance) to 250 ppm H,. SA has a
sensor signal of ca. 3.5 while the ME sample has a response of about 2.5. In the
DRIFT spectra of the SA sample during exposure to hydrogen, only the reduction of
the sample is visible, see Figure 10. In the spectrum of the ME sample, only the
formation of the same hydroxyl groups as with water is visible, see Figure 10. In line
with the mechanisms suggested by Heiland and Kohl, the formation of hydroxyl
groups appears to result in a decrease of the resistance [42,55]. Based on these
findings, it is inferred that in the case of humidity, the formation of hydroxyl groups is
either a parallel or secondary reaction to the surface oxidation. The dominant
reaction for all samples, i.e. the reaction responsible for the increase of resistance, is
the oxidation of the surface by humidity.

In order to verify this finding and elucidate the mechanism further, a temperature
study was done. The SA sample was selected because the oxidation is clearly visible
in the DRIFT spectra. The sensor was exposed to 10 % RH at different operation
temperatures. Surprisingly, at temperatures less than 200 °C, humidity results in a
significant decrease of the sensors resistance. At 200 °C, the effect of humidity on
the resistance is minimal and at higher temperatures the resistance then increases,

Figure 11a.
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Figure 11: (a) The average sensor signal of four different sensors based on SA during exposure to
humidity at different operation temperatures. (b) DRIFT spectra of a sensor measured (in the same
position) at different temperatures during exposure to 10 %RH.

In the DRIFT spectra at 125 °C, there is a clear decrease in the bands at 1858 and
2065 cm™, see Figure 11b. Albanese et al. identified the tendency of H,O to adsorb
onto the surface vacancies of WO3 using DFT calculations [117]. In addition, the
substitution of an oxygen in the tungsten-oxygen octahedral with water is known to
occur during hydration of the material [118]. The bending mode unique to the
presence of adsorbed water is clearly visible in the DRIFT spectra at 1620 cm™ [74].
Molecular water blocks the oxygen vacancy. The following mechanism at low
temperatures is suggested:

Vs + H,0 = Hy0;. Eq. 6
This disrupts the equilibrium between the vacancies and the atmospheric oxygen, i.e.
less tungsten-oxygen surface bonds:

Vs + 0, = 03. Eq. 7
This disruption of the equilibrium is in line with the significant decrease of the
resistance. In order to verify that the interaction with humidity is restricted to the
surface of the material, operando XRD measurements were done. In the operando
XRD, there is no change visible after 10 hours at 125 °C in 90 % RH, i.e. even in high

humidity water does not enter the lattice, see Figure 12.
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Figure 12: Operando XRD of a SA sensor operated at 125 °C during an initial 3 h exposure to dry synthetic
air and then to 90 %RH. The attained diffractograms are compared to those of (H.O)WO3 [119],
(H20)0.5W03[120], (H,0)0.33W0O3[121] and y-WO3[113].

By considering the DRIFT spectra taken at 300 °C during humidity exposure in the
context of the DRIFT spectra at lower temperatures, a mechanism becomes clear.
While at 125 °C it molecularly adsorbs onto a surface oxygen vacancy site, at 300 °C
water is catalytically split at the surface of WOg, oxidizing the surface and releasing
hydrogen. At 200 °C, both mechanisms are present, explaining why the bands
attributed to tungsten-oxygen bonds are barely increasing and a band associated
with molecularly adsorbed water (1620 cm™) is hardly visible. This also fits well to the
resistance measurements. At 125 °C there is a significant decrease of the resistance,
while at 300 °C there is a slight increase. When both reactions are present, 200 °C,
the resistance change is the lowest.

The final verification for the suggested mechanism is the identification of hydrogen in
the exhaust. Due to the low concentration, the detection of H, in the exhaust is not
trivial. The setup shown in Figure 13a was used. 1 g of SA WO3 was heated to
300 °C. Using a gas mixing system air was guided through the WO3 powder at a flow
rate of 150 ml/min. 3 h of dry synthetic air were then followed by a 2 h exposure to 10
% RH. The exhaust gas was dried using silica gel and molecular sieve and then
monitored using a TGS2600 (n-type SMOX sensor from Figaro Engineering Inc.) gas
sensor. There is no significant response of the sensors when 10 % RH was added to

the dry heated glass tube, see the blue line in Figure 13b.
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Figure 13: (a) Setup of the hydrogen measurements. (b) Results of the exhaust measurements.

It is likely that the formation of hydrogen during the exposure of the heated WO3 to
humidity is responsible for the decreasing resistance of the TGS2600 sensor, see the
red and black line in Figure 13b. Based on measurements done using the TGS
sensor during exposure to hydrogen from the bottle, approximately 2 ppm H, are
released during the exposure of 1 g WO3 to 10 % RH.

Operando DRIFT spectroscopy was also used to identify the surface reaction
between WO3 and the analyte gases acetone and NO,. The DRIFT spectra taken of
the samples at 300 °C during exposure to acetone is similar to that reported by
Huebner et al. for the exposure of WO3 to CO [53]. The bands at 1858 and 2065 cm’
! attributed to tungsten-oxygen bonds, are decreasing, see Figure 14. The formation
of organic groups on the surface or a change in hydroxyl groups is not visible on the
samples. This indicates that the major reaction partner of WO3 with acetone is

surface oxygen.
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Figure 14: DRIFT spectra of the samples at 300 °C taken during exposure to 1.5 ppm acetone referenced
to the spectra taken in dry syn. air.

In order to better understand the reaction steps of acetone with the WO3 surface,

DRIFT spectra of the SA and the ME sample at 200 °C were examined.
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Figure 15: Spectra of the ME and SA samples at 200 °C taken during exposure to 1.5 ppm acetone
referenced to the spectra taken in dry syn. air.

At 200 °C, in addition to the decreasing bands attributed to the tungsten-oxygen
bonds, there are bands in the carbonyl region, see Figure 15. In the case of the SA
sample, there is a single carbonyl band visible at ca. 1680 cm™ which, in literature, is
attributed to surface bound acetone [122]. In the case of the ME sample there are
two bands visible at ca. 1710 and 1665 cm™, which is attributed to an acetone diolate

[122]. This indicates that acetone reacts with WO3 analogously to TiO,. It first



adsorbs via the oxygen of the carbonyl to the surface metal [123]. From there, it is
oxidized. In DRIFT spectra taken during exposure to the oxidizing gas NO, at 300 °C,
the increasing bands at 1858 and 2065 cm™ are visible, Figure 16. The classic nitro
symmetric and asymmetric bands are not visible in the spectra taken during NO,

exposure [81].
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Figure 16: DRIFT spectra taken during exposure to 0.75 ppm NO; referenced to the spectra taken in dry
synthetic air.

In the SA sample there is an increasing band visible at 1420 cm™. This band was
also detected by Akamatsu et al., and was inconclusively attributed to adsorbed NO,
[80]. In order to identify the origin of this band, the DRIFT spectrum of the SA sample

at 200 °C is consulted, see Figure 17.
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Figure 17: DRIFT spectra of the SA sample taken during exposure to 0.75 ppm NO: referenced to the
spectra taken in dry synthetic air at 200 °C.
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In the spectrum, in addition to the increasing bands attributed to the tungsten-oxygen
bonds, there are two strong bands (1487and 1437 cm™) and two weak bands (1720
and 1624 cm™) visible. In line with the reports of Akamatsu, the bands in this region
can be attributed to either nitrites (NOy) or nitrates (NO3) [81]. Yang et al. attribute
the bands at lower wavenumbers to nitrites and the bands at higher wavenumbers to
nitrates [81]. This indicates that NO, dominantly adsorbs into an oxygen vacancy of
the WO;3; surface, resulting in a nitrite. From there, NO is released into the
atmosphere (reoxidized with atmospheric oxygen to NO,) and the surface is oxidized.
It is possible that in addition to nitrites there is a band around 1420 cm™ that
originates from tungsten-oxygen bonds as, at 300 °C, the band is decreasing in the
spectra taken with acetone (and also increases in the presence of humidity).

From this broad study of the material, it was identified that, at 300 °C, the WO3
surface is always oxidized by humidity. The material responds well to acetone and
ethanol. It shows high responses to NO in dry air and a significant decrease of the
response in humidity. Conversely, the response to CO is low and increases with
humidity. The homogeneous sensing behavior, surprisingly similar despite variations
in morphology and preparation method, was attributed to the dominant adsorption of
the test gases with surface oxygen vacancies. Overall, WO3 is a very promising
material that is complementary to SnO..

Mixed Materials

Noble Metal Additives

The research presented here is covered in papers 3, 5, 6, and 7.

Surface loading is known to drastically change the sensor response of SMOXs.
Noble metals are commonly used additives. Here, the effect of platinum, palladium,
and rhodium surface clusters on WO3; based sensors was examined. The Spheres
sample was surface loaded with rhodium by the group of Professor Jong-Heun Lee at
Korea University in Seoul, Republic of Korea [124]. As a result, the identified inherent
characteristics of WO3 disappeared, see Figure 18. The addition of rhodium onto SA

via a sol gel process resulted in very similar results.
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Figure 18: Comparison of two different Rh-loaded WO3; samples.

In order to understand whether the Fermi level pinning mechanism or the spillover
effect is responsible for the drastic change in the response, a thorough examination
of the samples was done. Here, the results for the loaded SA sample will be detailed.
The analogous results were attained for the loaded Spheres sample.®
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Figure 19: Effect of different Rh-loading concentrations on the sensor response of WOs.

By increasing the loading concentration to 5 at%, the change in sensor response
becomes even more drastic, see Figure 19. The resistance of the loaded samples is
much higher than that of the sensor based on pure WO3 see Figure 20. Simplistically,
in the case of n-type semiconductors, oxygen absorbed on the surface traps
electrons resulting in a potential barrier between the crystallites of the samples. In an
inert atmosphere (nitrogen) without the presence of oxygen, it is assumed that the
increase in resistance of the loaded sample in comparison to the pure sample is as a

result of the coupling between the surface rhodium clusters and WO3, see Figure 20.

® For more detailed infomation please see the paper by Staerz et al. [131]
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Figure 20: (a) The baseline resistance change as a result of surface loading with rhodium in nitrogen and
dry synthetic air. (b) A schematic showing why the resistance increases so significantly as a result of the
loading and why the effect of oxygen is lower for the loaded materials.

The rhodium surface clusters result in a band bending of approximately 198 meV for
the 2.5 at% and 200 meV for the 5 at% sample, see Figure 21a. In order to
understand how the presence of the rhodium clusters changes the surface chemistry
of the sensors, operando DRIFT spectroscopy was used. All of the sensors show a

strong decrease in the resistance in the presence of ethanol.
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Figure 21: (a) The resistance change as a result of exposure to ethanol for both the loaded samples and
the pure material. (b) DRIFT spectra taken of the samples during exposure to 17 ppm ethanol. (c) A
schematic showing why the resistance of the loaded sample decreases even if an oxidation is visible in
the DRIFT spectra.

For pure WOg;, the absorbance DRIFT spectrum of the ethanol exposure is as
expected. There is a decrease in the two bands attributed in literature to tungsten-
oxygen bonds. This decrease signalizes a reduction of the surface by ethanol. This
surface reaction explains the decrease in resistance. The interpretation is less
straightforward for the loaded samples. For the 2.5 at% loaded sample, although the
presence of ethanol results in a more significant decrease of the resistance, the
reduction of WQOg3 is less significantly visible in the DRIFT spectra. Furthermore

despite a decrease of the resistance, the bands attributed to the tungsten-oxygen



bonds increase in the spectra of the 5 at% loaded sample, see Figure 21b. These
findings, in addition to the very significant increase of the resistance as a result of the
rhodium loading, strongly indicate a Fermi level pinning mechanism. In other words,
the ethanol reacts dominantly with the oxidized rhodium clusters, significantly
changing their stoichiometry. As a result, electrons are released from the junction
back into WO3;. More electrons are then available for the base oxide to react with
oxygen in the atmosphere. In total, however, the electronic effect is more strongly
affected by the release of electrons than by the re-oxidation of WO3; Figure 21c. To
verify the validity of this explanation, DRIFT measurements done in highly reducing

backgrounds are helpful.
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Figure 22: Low oxygen background measurements: (a) Resistance changes of the pure and loaded WOs3;
as a function of the CO concentration. (b) Operando DRIFT spectra taken during exposure to CO
referenced to the spectra taken in 50 ppm O (c) Operando Rh K-edge XANES spectra of 5.00 at% Rh-
loaded WO3. (d) Schematic of a possible surface mechanism.

The sensors were exposed to increasing concentrations of CO in a background of
50 ppm oxygen in nitrogen. In the case of the sensor based on pure WO3, the sensor
behaves as expected for an n-type metal oxide: it shows a power law relation
between the concentration of CO and the resistance, see Figure 22a. In the DRIFT
spectra, the decrease of the bands attributed to tungsten-oxygen bonds are visible,
see Figure 22b. At lower CO concentrations, the behavior of the sensors based on

the loaded samples is similar to that of pure WO3. The DRIFT spectra are very similar
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to those under ethanol exposure. At this point, the surface rhodium clusters are
oxidized, see Figure 22c. Between 200 and 400 ppm CO, however, there is a drastic
drop in the resistance of the sensors based on both loaded samples, see Figure
22a.. At this point, the DRIFT spectra indicate a change in the surface chemistry, see
Figure 22b. The 5 at% rhodium loaded sample no longer shows an increase of the
bands attributed to the tungsten-oxygen bonds but instead shows a reduction of the
surface. In the case of the 2.5 at% loaded sample, the reduction of WO3; becomes
more significant under exposure to 400 ppm CO. At this point, it can be seen using
operando XAS that the rhodium surface clusters are fully reduced to their metallic
state, see Figure 22c. It is possible that the concentration of the oxygen in the
background is too low to allow the WO3 surface to be fully re-oxidized or that the
metallic surface rhodium catalyzes the reaction with CO. It is also possible that
electrons are inserted from the metallic rhodium into WOas. In all cases, a surface
charge accumulation layer is responsible for the drastic drop in the resistance. A
schematic representation of the different situations identified for the loaded sample is
shown in Figure 22d.

Drastic changes in the sensor response were also attained by surface loading the SA
WO3; sample using platinum and palladium chloride, see Figure 23a. In addition,
similar results were attained for WO3 nanofibers surface loaded with platinum.*

* For more detailed infomation please see the paper by Staerz et al. [132]
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Figure 23: (a) The sensor response of the pure and Pd/Pt- loaded WO3 samples. (b) The baseline
resistance change as a result of surface loading with Pd/Pt in nitrogen and dry synthetic air. (c) DRIFT
spectra taken of the samples during exposure to 1.5 ppm acetone.

Both surface loading with palladium and with platinum results in a significant increase
of the baseline resistance under N, atmosphere, see Figure 23b. This increase is
indicative of an initial band bending of 154 meV for palladium and ca. 233 meV for
the platinum loading.

Like in the DRIFT spectra taken of Rh-loaded WO3; during ethanol exposure, the
oxidation of WOg3 is visible in the spectra taken of the palladium sample during
exposure to acetone, see Figure 23c. In the case of the Pt-loaded sample, no
information can be gained from the DRIFT spectra taken in synthetic air background.
Analog to the Rh-loaded sample, the samples were examined using low oxygen
measurements.

The Pd-loaded sample behaves very similarly to the Rh-loaded sample. During
exposure to low CO concentrations an increase of the bands attributed to tungsten-
oxygen bonds is visible and the effect on the resistance is minimal. Between 100 and

200 ppm CO, however, there is a drastic drop in the resistance, see Figure 24. Based
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on these findings, it is theorized that the effect of palladium on the sensing of WO3 is

analogous to rhodium. In other words the Fermi level pinning mechanism dominates.
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Figure 24: (a) Low oxygen background measurements: (a) Resistance changes of the pure and loaded
W03 as a function of the CO concentration (b) Operando DRIFT spectra taken during exposure to CO
referenced to the spectra taken in 50 ppm Oa.

The behavior of the resistance is also similar in the Pt-loaded sample: initially, a low
power law response to CO and then a drastic drop in the resistance between 100
and 200 ppm CO. In the DRIFT spectra taken of the Pt-loaded sample, no increase
of the bands attributed to tungsten-oxygen bonds is visible during exposure to low
CO concentrations. It is, however, possible to infer a similar situation to the Rh-and
Pd-loaded samples based on the presence of different platinum carbonyls. At low CO
concentrations, Pt"-carbonyls are dominantly visible. As the concentration of CO
increases, metallic Pt-carbonyls become visible. During exposure to 200 ppm CO,
only metallic Pt-carbonyls are visible and the bands attributed to tungsten-oxygen
bonds are clearly decreasing. At this point, the surface platinum clusters are fully
reduced to their metallic state. Infrared spectroscopy, however, only offers
information about the sample on average. Transmission electron microscopy (TEM)

supplies localized information about the platinum surface clusters.



Figure 25: STEM-HAADF images of the PtOx-WO3; sample before exposure to CO in (a) and after cooling in
CO (b). HR-STEM-HAADF in (c) and (d) shows metallic Pt nanoparticles after cooling in 400 ppm CO.
Inset of d): Fast Fourier Transformed of the corresponding high resolution image.

Ex situ high resolution scanning transmission electron microscopy (HR-STEM)
images taken of the sample before exposure to CO are shown in Figure 25a. HR-
STEM images of a sample cooled in 400 ppm CO are shown in Figure 25b. Before
exposure, the platinum oxide clusters are homogeneously dispersed on the surface.
In the sample that had been exposed to 400 ppm, the platinum is agglomerated.
High resolution images, shown metallic Pt particles with Pt(200) in Figure 25c and
Pt(111) in Figure 25d. These results are in line with the operando DRIFT spectra and
reveal that under these conditions the platinum clusters are reduced to their metallic
state. Using in situ STEM, it was possible to follow the reduction of the platinum

cluster optically.
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Figure 26 : In situ STEM-HAADF images in different environments showing particle coalescence in (a) and
In situ STEM-BF images showing the PtO.—Pt structural transformation when increasing the CO
concentration and under H; at 300°C.

In Figure 26, using STEM with high-angle annular dark-field imaging (HAADF) and
bright field (BF), the oxidation state of the platinum surface clusters is observed
under different atmospheres, see red box. Under exposure to 50 ppm CO, the
surface platinum clusters are largely oxidized. During exposure to 900 ppm CO,
reflexes belonging to metallic platinum are also detected. The in situ TEM provide
information about the drastic resistance associated with the reduction of the noble
metal clusters. These results show that, unlike the rhodium oxide surface clusters
which are either oxidized or metallic, the surface platinum clusters can be in a
partially reduced state. The extreme drop in resistance appears, however, to occur
once the clusters are fully reduced, i.e. the Fermi level pinning is completely
released.

The resistance drop could be because the WOs; is initially so drastically depleted by
the presence of the platinum oxide clusters that it cannot be sufficiently re-oxidized in
the low oxygen atmosphere. Mohammad examined the electrical properties of WO3
nanopowder at different reduction levels and found that until the material was
reduced to WO,, it showed n-type semiconductor behavior [125]. Venables et al.
report that at ca. 300 °C the reduction of WO3 to WO, is slow, needing approximately
40 minutes to reach completion in a flowing H, atmosphere [126]. Upon exposure to
pure hydrogen, the reduction of WO3 is visible in the TEM images, in line with the
findings of Venables et al. This can be seen by the amorphous structure of the

tungsten support under hydrogen exposure. On the sensor cooled in 400 ppm CO in



50 ppm O, although the platinum clusters are metallic, no reduction of the WO3 is
visible. These findings indicate that the decrease in resistance is most probably the
result of an electronic coupling between the metallic surface clusters and the WOs.

This study experimentally proves that the Fermi level pinning mechanism dominates
on WO3; based sensors that have been surface loaded with noble metal oxides. As a
result, the inherent characteristics of WO3 are lost and the chemistry of the noble
oxide clusters dominates the sensing behavior. Similar findings were reported by
Degler et al. for oxidized platinum clusters loaded onto SnO [60]. In this context, it
was hypothesized that surface loading with noble metal oxides should decrease the
complementarity of the n-type base oxides WO3; and SnO,. This hypothesis was

tested with rhodium oxide surface loadings.
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Figure 27: Sensor profile of pure and Rh-loaded WO3 and SnO, in dry synthetic air.

As predicted, surface loading with rhodium reduces the complementarity of the
materials and, with higher loadings, the sensors are only responsive to ethanol, see
Figure 27. In a comprehensive study using operando DRIFT and X-ray spectroscopy,
the Fermi level pinning mechanism was found to dominate for all the samples [46].°
Based on these findings, it is concluded that the addition of oxidized noble metal
surface clusters is not well-suited for creating a large palette of complementary gas

sensitive materials.

® For more detailed infomation please see the paper by Staerz et al. [133]
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Metal-Oxide-Metal-Oxide Mixtures

The research covered here is presented in the paper 4.

In literature it is widely reported that the sensor response of mixed metal oxide
materials is drastically different than that of the pure material. In most cases the
mixed materials have a secondary structure, e.g. the crystallites are ordered in
nanofibers. Here it is examined how the sensing response of SnO, changes through
the addition of the p-type semiconductor Cr,Os. In addition, the effect of the contact
between the materials is separated from the effect of the secondary fiber structure.
Pure nanofibers and CSNs were prepared by Xing Gao from the research group of
Prof. Tong Zhang at Jilin University in Changchun, People’s Republic of China. The
nanofibers (shown in Figure 28a and c) were compared to samples without a
secondary morphology (shown in Figure 28b and d). The randomly dispersed
materials were prepared by breaking apart the core-shell structure using soft

mechanical grinding in a mortar and pestle.

Figure 28: SEM image of the (a) Cr20s- SnO; core-shell sensitive layer of a sensor (b) crushed SnO;-Cr,03
core-shell sensitive layer of a sensor (c) SnO,-Cr,0O3 core-shell sensitive layer of a sensor (d) crushed
Cr,03- SnO; core-shell sensitive layer of a sensor. The higher magnification insets are taken of powder
samples.

Analog to the previous studies, the response of the sensors to five different gases in
varying background humidity was examined. The ground samples showed responses
very similar to their counterparts with intact secondary structure. In most cases, the
resistance of the samples containing the nanofibers is higher than the corresponding
crushed materials. As expected, the pure SnO, based sensors show an n-type
response, while the Cr,O3 sensors show a p-type response. Notably, the sensors



based on a mixture of both oxides showed an enhanced p-type response for CO and

ethanol, Figure 29.
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the test gases. (b) The resistance of all the samples to nitrogen and synthetic air. (c) The resistance of
samples based on different ratios of Cr,O3 to SnO; under different test gases.

In order to examine how the p-type response of the composite materials is enhanced,
samples with varying ratios of the oxides without a secondary structure were
prepared. A simple, albeit unprecise, approach to identify band bending is by
comparing the resistance of the samples in nitrogen. It is assumed that in N, the
surface acceptor state related to the ionosorption of O, can be neglected. The metal-
oxide-metal-oxide mixtures show a higher resistance than the pure materials. In
literature, there is a large variation in the reported work functions of the two materials;
SnO; between 4.7 and 5.7 eV [127] and for Cr,O3; between 4.6 [128] and 5.9 [129].
Based on the resistance changes, it appears that electrons migrate from SnO, to
Cr,0g3, resulting in a majority charge carrier depletion layer in both oxides.

The sample containing 50 wt% of each metal oxide shows a significantly enhanced p-

type response over that of pure Cr,O3;. At the examined operation temperature of
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200 °C, oxygen adsorbs onto the surface of the grains resulting in a surface hole
accumulation layer and a decrease of the resistance in p-type materials. The higher
response of the 50 wt% sensor to oxygen indicates a higher surface electron
concentration in Cr,O3 originating from the heterojunctions. In addition, it is known
that the presence of an initial band bending affects the transduction, shifts the
conditions for depletion or accumulation layer control [91]. The higher resistance of
the sample containing 50 wt% of each metal oxide in oxygen than that of pure Cr,O3
in nitrogen, also indicates that a depletion layer control may exist. It is known that for
the same band bending change, the resistance change in the case of an
accumulation layer is the square root of that in a depletion layer [91]. This change in
transduction may be an additional reason for the enhanced sensor response.

Overall no clear advantage could be attributed to the CSNs samples versus the
randomly dispersed samples. It was, however, verified that desirable sensor qualities
could be attained using metal-oxide-metal-oxide mixtures. It was shown, that when
added in an optimal ratio, the p-type sensing behavior of Cr,O3 could be enhanced. It
was postulated that this enhancement is a result of an increased surface reactivity
and change in the conduction mechanism. From this study, it can be seen that metal-
oxide-metal-oxide, using mechanically mixed oxide samples, is a feasible method to

produce sensitive p-type samples.

Conclusion
The goal of this work was to examine different possibilities of creating sensors that

show complementarity to SnO,. Based on literature, there were strong indications
that WO3; was suited as a base material. There was, however, no work which
examined how variations in morphology and preparation route affected this behavior.
Through a systematic study of different WO3; samples, inherent sensor characteristics
of the material were identified. It was found that the interaction between the test gas
and the surface vacancies plays a dominant role in sensing with WOs;. This finding
explains the homogeneity of the samples (little effect on sensing behavior originating
from e.g. surface hydroxyl groups) and the very different behavior of WO3 to humidity
in comparison to SnO,. It was found that water oxidizes the surface of tungsten
trioxide at 300 °C, resulting in the release of hydrogen.

It was examined if the complementarity of the samples could be enhanced through
surface loading, a commonly applied method to tune the sensing characteristics.

Here, the effect of platinum and rhodium surface clusters on WO3; was examined. For



the first time, it was possible to prove the Fermi level pinning mechanism already
suggested by Yamazoe and Morrison in the 1980s [97-99]. It was proven using the
inputs from different sophisticated analytical methods: Information of the sample on
average attained using operando infrared and x-ray absorption spectroscopy was
coupled with localized visual information from in situ TEM. As a result, it was shown
that the sensing behavior is dominated by the noble metal oxide clusters and not the
base material. This hypothesis was validated by the fact that the sensor qualities of
Sn0O, and WO3 become more similar as a result of loading with rhodium.

Finally it was examined, whether the sensing behavior can be diversified by creating
composite materials. In literature, it is widely reported that the mixing metal oxides
can result in improved sensing behavior. Specifically the combination of Cr,O3 with
SnO; in CSNs was found to result in enhanced p-type sensor behavior. In literature,
the origin of the improved sensor response was unclear. In many reports without
experimental verification, however, the importance of the CSN-structure was
stressed. Here, in order to unravel the different aspects, Cr,0O3-SnO, samples with
and without the secondary morphology were examined. By comparing fibers with the
sample in which the secondary morphology had been broken using only a mortar and
pestle, it was possible to ensure that any detected differences were not as a result of
variation in the preparation method or surface chemistry. Surprisingly, it was found
that the secondary morphology, only negligibly changes the sensor behavior.
Additionally, the results indicate that the enhanced p-type response of the sensors
can solely be attributed to the contacts between the different oxides.

In conclusion, the results presented here provide the following practical inputs for the
use of metal oxide gas sensors. It was found that there is a natural diversity in the
sensing behavior of the different metal oxide base materials, WO3 and SnO.,. This
complementarity is diminished through the addition of noble metal oxide clusters (the
chemistry is dominated by the additive). It is possible to enhance the sensor
response of materials, e.g. p-type oxides, by combining them with other oxides. Here,
simply mixing the two oxide materials is sufficient. A secondary morphology in which
the grains are rowed in porous structures, e.g. nanofibers, has no significant effect.
Instead the ratio between the two oxides and the resulting contacts dominates the

sensing behavior.
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Introduction

One challenge faced by society today is the production of enough energy to maintain
a high living standard for the increasing world population®. Oil, coal and natural gas
reserves are dwindling and global warming has become a concern®. The evolution of
hydrogen from water is an attractive carbon-free alternative®. Different methods have
been classically applied in order to address the high energy requirements of
producing hydrogen from water; ranging from thermochemical conversion to
photoelectrochemical water splitting®™. The interaction between WO3 and water has
widely been examined for application in the oxygen evolution reaction®®.
Thermochemical gaseous water-splitting on WOg3 is, however, less examined.
Typically, the two-step redox cycle consists of the endothermic thermal reduction of
the metal oxide (typically requiring temperatures over 2200 °C) releasing oxygen
followed by the exothermic oxidation of the reduced oxide with H,O to generate H,>°.
For thermochemical water splitting, bulk processes are usually considered®.
Recently, however, Daeneke et al. reported that under irradiation, the surface
reaction of a molybdenum sulfide and titanium oxide ink with atmospheric humidity
resulted in water splitting”. As the ink can be coated onto any substrate, the authors
argue that the hydrogen production from humidity is easy and inexpensive’. Using in
operando diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy, it was
found that humidity exposure oxidizes the surface of WO3 nanoparticles at 300 °C8.
WOg3; is a reducible oxide that can have a high concentration of surface oxygen
vacancies®. Here, it is examined if the oxidation of the surface of WO; results in
subsequent hydrogen evolution.

Results

It is known that in the case of porous films made of nanopowder, the reaction
between the atmospheric gas and the surface of the grains results in a detectable
change of the resistance’®*. In the case of an n-type material like WO3, an increase
of the resistance is expected for oxidizing gases'®. This effect is widely used for
metal oxide based gas sensors'>™**. The increase of the baseline resistance of
porous WOjs films at 300 °C in the presence of humidity is known®*>°.

Here, films (screen printed film thickness ca. 50 um) prepared from different WO3
nanomaterials were examined. In all cases, the film’s resistance increases upon
exposure to 10 % RH at an operation temperature of 300 °C, see Figure 1. In the
DRIFT spectra the bands attributed to tungsten-oxygen bonds are increasing for all

samples’’*®. This indicates that the oxidation of the surface by humidity is an
1



inherent quality of WO3. For some samples, the formation of hydroxyl groups is also
visible. The formation of the hydroxyl groups is either an intermediary step in the
oxidation or a secondary reaction with the formed hydrogen. The formation of
hydroxyl groups, however, is known to result in either a decrease of the resistance or
no detectable change'®™?'. The oxidation of the surface is responsible for the
detected increase of the resistance and is therefore the dominant reaction.
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Figure 1: The change in resistance of the different films as a result of exposure to 10 %RH and the corresponding DRIFT
spectra. SEM images of the different samples show the variation in morphology.

In order to identify the exact mechanism, a temperature study was done. For this
study a film based on commercially available WO3; powder (Sigma Aldrich, < 100 nm)
was used because it showed the strongest oxidizing signal in the DRIFT spectra. The
film was heated between 100 and 300 °C. Interestingly, at temperatures less than
175 °C (Figure 2, blue region) the presence of humidity results in a significant
decrease of the film’s resistance. Around 200 °C (Figure 2, purple region) there is a
negligible effect on the resistance and around 300 °C (Figure 2, red region) the
resistance is increasing. In order to understand the interaction between the surface of
WO3 and humidity, operando DRIFT spectroscopy was used.

At 125 °C, the bands attributed to overtones and combinations of the tungsten oxide
lattice are decreasing. Additionally, increasing bands attributed to the stretching and
bending vibrations of molecularly adsorbed water are visible around 3390 and
1620 cm™, respectively??>. By using an isotope exchange, the absorption
wavenumber of groups containing hydrogen will shift and can therefore be easily
identified®®. The water bands can be identified more clearly through the exchange
with D0, at 2494 and 1191 cm™.
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Figure 2: (a) The relative change in the resistance as a result of exposure to 10 % RH. The average of four identically
prepared films was taken and the error calculated. (b) The DRIFT spectra taken of the film at three different
temperatures during exposure first to 10 % RH (H,0) followed by 10 % RH (D,0). The reference state was the spectrum
taken in dry synthetic air.

In order to support the measurements, DFT calculations were done. Here, the
stoichiometric (001) B-WO3 surface was modeled. WO3 is known to have different
temperature dependent crystal structures®*°. Based on operando XRD, see S. 1, at
300 °C the SA sample is in a mixed y-and pB-phase. As a control, and in order to
examine the validity for y-phase, the findings were compared to work of Albanese et
al.? Here the bond between the terminal oxygen and tungsten has a length of 1.71 A
(compare Albanese et al. 1.69 A). This oxygen is stable singly charged with one
excess electron®?’. Based on theoretical calculations in literature, the dominant
surface vacancy (V) results from the loss of this singly coordinated oxygen (05.)%%’.
These vacancies are in constant equilibrium with the atmosphere. Based on the
calculations, the adsorption of water molecularly into this vacancy is energetically
favorable with AE,4s = -0.75 eV and a distance between the oxygen of water and
tungsten of 2.29 A (compare Albanese et al. AE,4 =-1.05 eV and a distance
between the oxygen of water and tungsten 2.38 A)°. The adsorption of an oxygen
molecule into the V§, with AE,4 = -0.41 eV and a distance between oxygen and
tungsten of 1.80 A is energetically less favorable than that of water. As their work
was meant to provide insight into processes occurring in aqueous medium, Albanese
et al., did not examine the adsorption energy of molecular oxygen into the vacancy °.
These calculations and the DRIFT spectra indicate that at 125 °C, the molecularly
adsorbed water hinders the equilibrium of the surface with atmospheric oxygen.
Overtime, the singly negatively charged surface oxygen is replaced by a neutral
water molecule, explaining the detected change of the film’s resistance. It is known
that water can be integrated into the lattice of WO3?%, but the reaction here is surface
based (no change in operando XRD, see S. 2).
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Figure 3: (a) The stoichiometric (001) B-WO; surface. (b) Adsorption of O, into Vg. (C) Adsorption of H,0 into Vg. (d)
Adsorption of H, onto a single terminal oxygen.

In the spectra at 300 °C, the bands attributed to the overtones and combinations of
the WO; lattice are increasing. At this temperature, the bands attributed to
molecularly adsorbed water are weakly visible. This, in addition to the detected
increase of the resistance, indicates that the tungsten oxide surface is more oxidized
in the presence of humidity. Albanese et al. examined the interaction between the
WO; surface and hydrogen. They found the tendency of hydrogen to dissociate on
the terminal oxygen (0%.)° as the energetically most favorable interaction, with
AE,4s = -0.56 eV (a similar energy was attained here, AE, 45 = -0.48 eV).

In total, the results here indicate that at the gas-solid interface, the dominant reaction
is the reverse of that suggested by Albanese et al.:

WO; + V§ + H,0 - W03 /(2H — 05) » W03 + H, eq. 1

At low temperatures the surface vacancy is filled by the oxygen of water (an
exothermic process) and at higher temperatures; hydrogen is released into the
atmosphere (an endothermic process). At 200 °C, the degree of molecular water
adsorption and the subsequent surface oxidation/ release of hydrogen are similar. As
a result the change of the films resistance is also low. In the DRIFT spectra, no
change of the bands attributed to tungsten-oxygen bonds is visible.

In order to verify that at 300 °C water is split on the surface, i.e. the evolution of
hydrogen, exhaust measurements were done. One gram of WOQOg;- powder was
heated to 300 °C in a reactor. The powder was first exposed to dry synthetic air and
then to 10% RH. The exhaust was monitored using a TGS2600 sensor (Figaro
Engineering Inc., Japan). The sensor is highly sensitive to low concentrations of
hydrogen®. As the sensor also responds to humidity the exhaust gas was dried using
silica and molecular sieve before arriving at the sensor.
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Figure 4: (a) Setup of the catalytic conversion measurements. 1g of WO; powder was heated to 300 °C and then exposed
to 10% RH. The exhaust was dried using silica gel and molecular sieve and then monitored using a TGS2600 (Figaro
Engineering Inc., Japan) metal oxide sensor. (b) The resistance of the TGS2600 sensor. The red and black lines are
measurements done of a heated gram of WO;. The blue line is the same measurement done without WO; (heated empty
tube). The green line is the resistance change during exposure to different concentrations of hydrogen.

The sensor’s responses during the exhaust measurements are shown in Figure 4.
The red and black lines are measurements done with one gram of WOg3 in the reactor
heated to 300 °C. The measurements were done twice with two samples to show that
the results are reproducible and that the process is reversible. The blue line is the
same measurement done without WO3 (only a heated tube) to show that the sensor
is not responding to residual humidity. The green line is a measurement done during
gas pulses from a bottle, in order to show the response of the sensor to hydrogen.
This shows that hydrogen is not eliminated by the molecular sieve or the silica gel. It
also indicates that based on the response of the TGS2600 to the exhaust, that the
reaction between WOj3; and humidity results in a production of over 1 ppm of H,.The
measurement indicates that the hydrogen evolution is constant and that once
humidity is removed the process stops. In addition the measurement was repeated,
and the same result is attained. Repetition of the measurement using the same
sample showed the same response indicating that the process is fully reversible.

It was found that the oxidation of the surface nanoparticles is an inherent quality of
WOs;. By coupling inputs from theoretical calculations, the resistance measurements,
DRIFT spectroscopy and exhaust monitoring, it was possible to fully elucidate the
mechanism: At low temperatures water absorbs molecularly onto the surface
vacancies of WQOj3;, thus disturbing the equilibrium with atmospheric oxygen. At 300
°C, the surface vacancy is healed by the oxygen from water releasing hydrogen.

Methods

Film Preparation:
Films were made based on differently prepared WO3; nanopowders. The Platelets

were prepared using a variation of the preparation method developed by Kida et al. in
which the acidic solution was brought to 100 °C.?° The RO sample was prepared via
a hydrothermal method using a nonionic surfactant- Birj 37- as a structural agent.
The Fibers were prepared using electrospinning®. The Spheres were prepared using
ultrasonic spray pyrolysis®. The sample labeled ME was prepared via a Chloro-
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Alkoxide Route®?. The SA sample was based on commercially available nanopowder
(< 100nm, Sigma Aldrich). In the case of the acidic SA sample, the nanopowder was
stirred in an acidic (HCI. at pH 1) for two hours®®. The powders were mixed with 1,2-
propanediol (Sigma-Aldrich, 99.5+% ACS reagent) and ground with mortar and
pestle into a viscous paste which was printed using an EKRA Microtronic Il onto an
Alumina substrates containing platinum electrodes and a backside platinum heater
(300 um electrode gap, 300 um width and 5 pum thickness; Ceramtec AG, Germany).
The films were dried at room temperature for 1 h, overnight at 80 °C (Heraeus UT12)
and then annealed for 10 min each at 400-500-400 °C in a tubular furnace (Heraeus
ROK 6/30). The Platelets were only heated to a maximum of 400 °C. Based on the
geometry of the screen, a final film thickness of 50 um is achieved. The sensitive
layers were characterized using a JOEL JSM-6500F Scanning Electron Microscopy
(SEM) with an acceleration of 15kV, a probe current of 7 and a stage height of 10
mm.

The X-ray diffraction measurements of the heated films under humidity exposure
were done using a BRUKER D8 discover GADDS microdiffractometer equipped with
a Co-X-ray tube, HOPG-primary monochromator, X-ray optics and a large
2dimensional VANTEC-500 detector covering 40° 20 and 40° 26 and 40° y allowing
fast and locally resolved measurements of the film®34,

DC Resistance Measurements and Operando DRIFT Spectroscopy

The films are mounted into a homemade Teflon chamber and heated using a Agilent
E3614A DC power source. The gas flow was regulated using a computer monitored
mass flow controller unit. The resistance was monitored using a Keithley 6517B
electrometer. For the operando DRIFT spectra, a Vertex80v with a mid-band mercury
cadmium telluride (MCT) detector (Bruker, Billerica, MA, USA) and a spectral
resolution of 4 cm™" was used. The films were mounted in a homemade chamber with
a KBr window. The films were heated and their resistance monitored simultaneously.
A single-channel spectrum was recorded every 15 min. The absorbance spectra, was
calculates using the relation suggested by Olinger and Griffiths®: In this case, bands
that are decreasing in the absorbance spectra are attributed to groups that are
leaving the surface as a result of exposure to humidity, while those that are
increasing are being added.

Theoretical Calculations

The periodic calculations were performed using the DFT method based on the GGA
approximation employing the PBE exchange-correlation functional as implemented
in the plane-waves program VASP 2% The projector-augmented wave (PAW)
potentials were applied for the core electron representation.®**° A converged value of
Ecut = 500 eV was used asthe cutoff energy of the plane wave. The integration in
reciprocal space was performed with a Monkhorst-Pack grid.** One simulation cell
was used. The stoichiometric (001) B—WO3 surface was modeled by the period slab
shown in S2. The cell is composed of a total number of 128 atoms with 32 W- and 96
O- atoms. A vacuum zone of 15 A in the z direction was used to create a surface

effect. 16 W and 44 O atoms were frozen in their bulk positions at the bottom of the
6



cell to simulate a bulk effect *. All other atoms were free to relax. The periodic slab
was repeated in the three directions. A k-point mesh of (4 x 4 x 1) was used. The
energy of oxygen vacancy formation AE was calculates using the following relation:

1
AEg = Eyac + EEOZ — Esurface eq. 2
and the adsorption energies are calculated using the following formula:

AEads = Ladsorbed molecule — Esurface_Egaseous molecule €dq. 3

where Ey, is the energy of the surface with one terminal oxygen vacancy, Eo,is the
energy of the isolated spin polarized O;, Eg,race IS the total energy of the relaxed
surface, Egaseous moleculelS the total energy of the isolated gaseous molecule,
E.dsorbed molecule 1S the total energy of the system with a gaseous molecule adsorbed.

The visualization of the cell was done using VMD*. Pictures were then rendered
using POV-Ray**.
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S. 1: Temperature dependent XRD of the film based on SA. The attained diffractograms are compared to those of
B-WO3%° and y-WO3*.
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and then to 90 %RH. The attained diffractograms are compared to those of (H.0)WO; *®, (H.0)0.5W05*’,

(H20)0.33WO05* and y-W05™.
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ABSTRACT: Semiconducting metal oxide-based gas sensors are an attractive option for a
wide array of applications. In particular, sensors based on WOj; are promising for
applications varying from indoor air quality to breath analysis. There is a great breadth of
literature which examines how the sensing characteristics of WO; can be tuned via changes
in, for example, morphology or surface additives. Because of variations in measurement
conditions, however, it is difficult to identify inherent qualities of WOj; from these reports.
Here, the sensing behavior of five different WO; samples is examined. The samples show
good complementarity to SnO, (the most commonly used material)-based sensors. A
surprising homogeneity, despite variation in morphology and preparation method, is
found. Using operando diffuse reflectance infrared Fourier transform spectroscopy, it is
found that the oxygen vacancies are the dominant reaction partner of WO; with the
analyte gas. This surface chemistry is offered as an explanation for the homogeneity of

WOj;-based sensors.

KEYWORDS: WO, metal oxides, gas sensor, DRIFT spectroscopy, acetone, NO,, humidity, CO

S ensors based on semiconducting metal oxides (SMOXs)
are attractive for a wide array of applications. They are
robust, sensitive, and inexpensive. SMOX-based sensors were
first developed in the 1960s." The use of natural gas for
cooking had become popular in ]apan, resulting in an increased
number of domestic gas explosions.” It was this situation that
motivated Naoyoshi Taguchi to develop, and eventually
patent the first commercially available SMOX-based gas
sensor.” Although they have been commerc1ally available and
optimized for over half a century,” SMOX-based sensors are
inherently unselective, limiting their more widespread use. YA
promising method to address this limitation is the use of
sensor arrays, a combination of several complementary SMOX
sensors.” Using readily avallable computing power, the outputs
of arrays can be analyzed.® Certain gases can then be identified
based on patterns instead of a single response.”” This concept
is already being implemented by the industry. In 2018, Riiffer
et al. introduced the new Sensirion Gas Platform based on
sophisticated electronics and sensitive layer deposition
methods.® It contains four different SMOX materials, each
measured separately using a read- out electrode that is
deposited onto a 50 pm large hotplate.® In order to take full
advantage of this versatile setup, however, a large diversity of
sensitive materials is needed.® The first commercially available
gas sensor developed by Taguchi was based on the n-type
material SnO,.>* Over the last decades, a disproportionate
amount of research has continued to concentrate on this base
material.® As a result, most commerc1ally available gas sensors
are still based on SnO,” In fact, even in the highly
sophisticated array presented by Riiffer et al. the sensitive
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layers were all based on SnO, modified with varying
concentrations of Pd.° Even though it is possible to change
the sensing behavior of SnO, through, that is, the addition of
surface additives, operation temperature, and preparation
methods, the resulting diversity is limited. In order to
maximize the potential of arrays, a spectrum of different,
well-characterized SMOX-based materials is vital.

Although significantly less investigated than SnO,, there is
literature examining the sensing behavior of WOj;. Already in
1967, Shaver reported a gas detector based on platinum-
activated tungsten oxide.'” Even today, most literature on
WO;-based sensors concentrates on samples activated with
various noble metals, platinum,m_13 palladium,M'15 old,'*"
and rhodium.”*~** For example, the addition of palladium,*
gold," and even carbon™ reportedly results in an increased
response to low concentrations of toluene. This is of interest
for monitoring indoor air quality.”> The outgassing of furniture
results in increased indoor concentrations.”” The Canadian
government has set a short-term indoor air exposure limit of
toluene at 4 ppm (0.015 mg/L).*

There are also reports that by controlling the morphology,
desirable sensor qualities can be achieved. Nanolamellae of
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WO, are reported to show a high response to NO,.”° NO, is
an oxidizing gas that is found in low concentrations, between 2
and 10 ppm (0.004—0.019 mg/L), in the exhaust of diesel
cars.”” Favorably, unlike SnO,, WOj is reported to show low
cross sensitivity to CO, a reducing gas prominent in car
exhaust, between 30 and 100 ppm (ca. 0.035—0.116 mg/
L).””~* Based on operando diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy performed on crystalline
blocks of WO;, it was found that CO reduces the surface of
WO;.°"** On the contrary, NO, is found to oxidize the
surface.’*™*” In addition to an increase in the two bands
attributed to tungsten—oxygen bonds, Akamatsu et al. reported
a band at 1421 cm™' which they tentatively attribute to the
formation of nitrates.”> The presence of humidity significantly
decreases the response of WO; to NO,, while the response to
CO is reported to generally increase.” Remarkably, the
resistance of WO; is found to increase in the presence of
humidity.>* This is the opposite behavior of SnO,-based
sensors, which either show a decrease or no change in the
resistance as a result of humidity exposure."’s_37 Recently,
based on DRIFT spectra, the oxidation of the surface by
humidity was reported for a single WO, sample.”” The
decrease in the response to NO, was in turn attributed to
competing surface oxidation.*”

WO, is known to have six temperature-dependent crystal
phases.’® Variation in the crystal phase has also been reported
to affect the sensing behavior of WO;. In 2008, Wang et al.
reported the stabilization of the &-WOQO; phase at 300 °C
(usually only stable under —40 °C) through the integration of
Cr.”” Righettoni et al. attained similar results using silica
doping.”’ In both cases, the authors report that at an operation
temperature of 300 °C, the &-WO; phase shows a high
response to low concentrations of acetone. For diabetes
monitoring, a breath acetone concentration between 0.5 and 2
ppm (0.001—0.005 mg/L) is relevant.*' The authors argue that
the ferroelectric nature of e-WOj is responsible for the high
signals to acetone.”” There are also, however, reports that
sensors based on WO;, in general, respond well to low
concentrations of acetone.””* In all cases, no examination of
the surface chemistry was performed. Although SnO, is also
found to respond to acetone, based on the prevalence of the
literature, WO, appears to be the better-suited material.**

In conclusion, despite the large amount of literature
examining WQO;, it is exceedingly difficult to identify inherent
characteristics of the material. Most studies examine only a
single sample and the test gases/conditions vary greatly
between the different reports. Here, a thorough character-
ization of WOj; as a gas-sensing material is presented. The
responses of sensors based on differently prepared materials to
five different test gases both in the presence and the absence of
humidity are examined. The surface reactions of the samples
with the different test gases were examined using operando
DRIFT spectroscopy. By understanding which behavior is
inherent to WO;, it will be possible to accurately classify
changes in the sensing response as a result of, for example,
surface loading or morphology in the future. Additionally, it
will be possible to understand if WO;, in general, shows
complementary sensing behavior to SnO,.

B EXPERIMENTAL SECTION

Sample Preparation. Sensors based on five different WO,
samples were examined. The platelet sample was prepared using a
variation in the preparation method developed by Kida et al.:* 191

mL of H,SO, (conc.) was added to 409 mL of distilled water. A
solution of 16.40 g of Na,WO,-2H,0 dissolved in 100 mL of distilled
water was slowly dropped into the acidic solution (a yellow-white
precipitate formed). The acidic solution was held at 100 °C. The
solution was then allowed to slowly return to RT and stirred
overnight. The precipitate was washed with distilled water
(centrifuged at 10,000 rpm for S min) until the water reached pH
5.3. The precipitate was dried for 18 h at 80 °C and then calcined for
2 h at 400 °C. WO, hollow spheres (labeled spheres) were prepared
as previously reported.”” The sample labeled ME was prepared via a
chloro-alkoxide route.*® Another WO, sample was prepared via a
hydrothermal method using a nonionic surfactant-Birj 37 as a
structural agent (labeled RO sample). The sample was calcined at 550
°C in air. As a reference, commercially available WO; (Sigma-Aldrich,
<100 nm) labeled SA and SnO, (Sigma-Aldrich, <100 nm) powder
were used.

The powders were ground with 1,2-propanediol using a mortar and
pestle into a viscous paste which was screen-printed (EKRA
Microtronic II.) onto alumina substrates (CeramTec GmbH,
electrode gap 300 um, front side Pt electrodes and backside Pt
heater) as described elsewhere.*® The samples were dried overnight at
80 °C and then annealed for 10 min each at 400, —500, and —400 °C
with two S min steps to cool down in a tubular furnace (Heraeus
ROK 6/30). The platelets were only calcined to a maximum
temperature of 400 °C. As a result of the printing parameters, a layer
thickness of approximately 50 ym is attained.

dc Resistance Measurements. The sensors were mounted in a
homemade Teflon sensor chamber, and the test gas concentrations in
dry synthetic air were supplied using a computer-controlled gas-
mixing system. Humidity was added using a bubbler. A constant flow
of 200 mL/min was used during the measurements. A Keithley 617
electrometer was used to measure the resistance of the sensors.
Agilent E3630A and E3614A voltage sources were used to heat the
sensors, via the backside heater. The sensor signal was calculated
using the following relation

R

reference
R test gas ( 1 )

Material Characterization. X-ray powder diffractograms were
collected with a Philips X'Pert apparatus (PANalytical Spectris,
Egham, UK). A monochromatic Cu Ka radiation source (1 =
1.540598 A) was used. The diffractograms were recorded from a 26 —
o angle of 25—45° with a step size of 0.01° at a rate of 0.01°/s. The
diffractograms of the platelet sample were collected using a Rigaku
MiniFlex. The XRD data were analyzed using the Match! 3 software
(CRYSTAL IMPACT, Bonn, Germany).

Images of the sensitive layers were taken with a JOEL JSM-6500F
scanning electron microscope with an acceleration voltage of 15 kV, a
probe current of 74 yA, and a stage height of 15 mm.

X-ray photoelectron spectroscopy (XPS) was carried out on a PHI
Quantera equipment with a base pressure in the analysis chamber of
107 Torr. The X-ray source was monochromatized Al Ka radiation
(1486.6 €V) and the overall energy resolution is estimated at 0.65 eV
by the full width at half-maximum (fwhm) of the Au 4f,),
photoelectron line (84 eV). The spectra were calibrated using the
internal C 1s line (BE = 284.8 eV) of the unavoidable adsorbed
hydrocarbon on the sample surface (C—C or (CH), bondings),
Supporting Information S.1.

Operando DRIFT Spectroscopy. For operando DRIFT spec-
troscopy, a Vertex80v containing a mid-band mercury cadmium
telluride (MCT) detector (Bruker, Billerica, MA, USA) with a
spectral resolution of 4 cm™" was used. The sensors were mounted in
a homemade gas chamber with a KBr window. The sensors were
heated analogously to the resistance measurements, and the dc
resistance was recorded simultaneously. Every 15 min, a single-
channel spectrum was recorded. To obtain the absorbance spectra,
the single-channel spectra recorded under exposure to the target gases
were referenced to the spectra recorded under the carrier gas using
the relation suggested by Olinger and Griffiths:*’
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B RESULTS AND DISCUSSION

Based on the SEM images of the sensitive layer, as shown in
Figure 1, it can be seen that the samples have a large variation
in morphology. The ME, RO, and SA samples are made up of
largely round particles. In the sphere sample, the particles are
arranged in a secondary hollow sphere structure. The grain size
of the samples also varies greatly (calculated from the XRD
spectra using the Debye Scherrer equation), as shown in
Figure la,b. As expected, all of the examined WO; materials
display the y-phase at room temperature.

Based on the SEM of the platelets, variation in the dominant
exposed facets can be suspected. This is further supported by
the difference in the XRD pattern of the platelet sample in
comparison with the other WO; materials. In XRD of the
platelets, the reflex attributed to the 002 plane shows such a
significant broadening (decrease in crystallite size) that it is not
clearly discernible in XRD. It was reported by Choi et al. that
this distortion results from the preferential orientation of
tungsten dihydrate which is dehydrated to WO; at 200—240
°C.*® This behavior is also seen in XRD spectra of the sample
after different calcination steps. The as-prepared sample after
drying at 80 °C shows the XRD pattern associated with
tungsten hydrate. Reflexes which can be attributed to tungsten
oxide begin to appear after calcination for 2 h at 200 °C. After
calcination at 400 °C for 2 h, the reflex associated with the
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Table 1. Percentage Associated to Each Chemical Species

atomic concentrations (atom %)

binding energies (eV) O 1s and W 4f

percentage oxygen chemical species
(%)

sample Cls O 1s W f Ol OH, 4, H,0 W 4f,, Olate OH, 4, H,0
platelets 10.5 68.5 21.0 530.8 531.7 532.8 35.7 77.7 182 4.1
w/Ar* 76.6 23.4
spheres 14.7 67.2 18.1 530.7 531.6 532.8 35.7 74.5 18.3 7.2
w/Ar* 78.7 21.3
ME 13.2 66.6 20.2 530.6 531.6 532.8 35.8 78.3 18.7 3.0
w/Ar* 76.7 23.3
RO 12.6 67.7 19.7 530.7 531.6 532.8 35.6 75.7 17.0 7.3
w/Ar* 77.5 22.4
SA 12.9 66.3 20.8 530.8 531.5 532.8 35.7 789 16.8 4.3
w/Ar* 76.4 23.6
O1s Waf
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Figure 3. (a) Superimposed O 1s and measurements performed directly with the sample compared to measurements performed after sputtering

with Ar ions. (b) W 4f high-resolution spectra of the samples.
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Figure 4. (a) Sensor profile of different WO; samples compared to a SnO, reference sample at an operation temperature of 300 °C. (b) Resistance
of the sensors in dry synthetic air and in 30% RH at an operation temperature of 300 °C.

tungsten hydrate is no longer visible. The XRD pattern after
calcination at 500 °C shows more defined peaks, indicating
larger crystallites. In total, a pretreatment temperature of 400
°C, however, appears to be sufficient for the complete
conversion of the hydrate into the oxide platelet material
and thus was used here.

The XPS analysis provides information about the elements
and their chemical state, which are present on the surface of
the samples (<10 nm). Quantitative assessment allows the
relative element concentration and chemical state ratios to be

determined. Figure 2 shows the O 1s high-resolution
superimposed (a) and deconvoluted (b—f) spectra for the
WOj; samples. Deconvolution of the O 1s singlet indicates
three main components: lattice oxygen Oy, (530.7 £ 0.2) €V,
hydroxyl groups OH,4, (531.6 + 0.2) eV, and surface adsorbed
water (532.8 + 0.2) eV. The percentage attributed to each
species is shown in Figure 2. This surface hydroxylation results
in the asymmetry of the O 1s spectrum on the higher binding
energy (BE) side as this spectral region accommodates the OH
groups and the water adsorbed on the surface.
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Schematic representation of the surface reaction with NO,.

The deconvolution procedure was carried out according to
the guidelines of ISO-TC201 by imposing constraints on the
BEs, the fwhm, and the spin—orbit parameter of the spectra in
order to get an accurate interpretation. From Figure 2a, it can
be seen that the spectrum of the sphere sample displays the
most pronounced asymmetry. Quantitatively (see Table 1), the
sphere sample shows the lowest amount of the lattice oxygen
(Opy) and the maximum percentage of OH and H,O adsorbed
on the surface. In order to gain information about the origin of
the hydroxylation, the “as-received” samples were compared to
samples after sputtering with Ar ions 1 keV (3 X 3) rastered
area and 0.5 min sputter time. This treatment should only
remove the first two monolayers of the surface, see Figure 3. A
close examination of the superimposed and normalized spectra
clearly reveals the removal, after a slight Ar ion etching, of the
weak OH surface bonded and the water confined on the top of
the surface. In all samples, there is a decrease in the OH
groups. This result indicates physically adsorbed surface OH
groups and water. Surface hydroxylation is known to affect the
sensing behavior of SMOX.**" In Figure 2b, the W 4f,,
photoelectron peak assigned to 35.7 &+ 0.2 eV which is the
typical BE value for the W®' oxidation state as WOj is
detected.”’

This material characterization will be useful in under-
standing the sensing behavior of the materials. The typical
operation temperature of WOj; is between 200 and 400 °C.
Here, based on a temperature study with the SA and the ME
sample, an operation temperature of 300 °C was selected. At
this temperature, the sensing behavior was similar to 200 °C
but the response and recovery time were significantly better,
see the Supporting Information S.2 and S.3. The response of
the sensors to the five test gases, CO, acetone, NO,, ethanol,
and toluene in the absence and in the presence of 30% RH and
80% RH is shown in Figure 4. The sensor profiles of the
different WO; samples are surprisingly homogeneous.

Like the reference SnO, sample, all of the WO, sensors
respond well to the volatile organic compound, ethanol. For
the other examined test gases, however, the sensing behavior of
the WOj;-based sensors is found to be generally comple-
mentary to the reference SnO,.”> All of the samples respond
well to acetone and show lower humidity dependence than

SnO,. All of the WO;-based sensors show a higher response to
toluene than SnO,. Additionally the response to toluene shows
practically no humidity dependence for WO, while it
significantly decreases for the SnO, sample. Unlike SnO,,
which shows a high response to CO in dry air and a significant
decrease in humidity, the WOj; sensors barely respond to CO
and the signals even slightly increase in humidity. In line with
the literature, the response of all of the WO, samples to NO,
in dry air is high but significantly decreases in the presence of
humidity. Even in the presence of humidity, however, WOj is
much better suited to detect NO, than the reference SnO,
sample. The homogeneity of the samples’ sensing behavior is
remarkable, and in order to understand its origin, the reception
mechanism, that is, surface reactions, responsible for the sensor
response, will be examined using operando DRIFT spectros-
copy.

In an attempt to make the suggested mechanisms easily
understandable, simple schematic representations are pre-
sented. Albanese et al. simulated different surface layer oxygen
vacancies using density functional theory (DFT). They found
that the dominant vacancy is the loss of the singly coordinated
oxygen which is stable with a single charge (with one excess
electron).” Therefore, here, only terminal oxygen vacancies
are depicted in the schematics. In the literature, absorption
bands at 1858 and 2065 cm™' are attributed to various
overtones and combinations of the WOj; lattice, that is, an
increase in these bands means surface oxidation and a decrease
reduction.”>* As a reference, the SA sample was exposed to
synthetic air after operation in a nitrogen background, The
addition of atmospheric oxygen (in the absorbance spectra
calculated by referencing the spectrum in dry synthetic air to
that recorded in nitrogen) results in an increase in the bands at
1858 and 2065 cm ™, see the Supporting Information S.4. This
verifies that in line with the literature, the increase in these
bands is indicative of an increase in surface oxygen. Inversely,
then, a decrease in these bands is assumed to indicate a
decrease in surface oxygen (a reduction in the surface).

In line with the literature, exposure to NO, results (Figure
5a) in an increase in the bands attributed to tungsten—oxygen
bonds (1858 and 2065 cm™) visible in the DRIFT
spectra,®”>*>* that is, the oxidation of the surface by NO,.
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Figure 6. (a) DRIFT spectra recorded during exposure to 10% RH and referenced to dry synthetic air at an operation temperature of 300 °C. (b)
Spectra of SA and ME during exposure to 250 ppm H, in dry air referenced to the spectra recorded in dry synthetic air at an operation temperature
of 300 °C. (c) Schematic representation of the surface reaction with humidity.

In the spectra of the SA sample, an additional band is visible at
1420 cm™'.>*** Akamatsu et al. inconclusively attributed this
band to surface adsorbed NO,.*> However, the classic nitro
symmetric and asymmetric bands, visible in the case of NO,
exposure on In,0;, are not visible.”* In order to gain more
information about the surface chemistry, it is often helpful to
examine spectra recorded at a lower temperature, where the
reaction rate is decreased. The surface reaction between NO,
and the SA sample at 200 °C was examined using operando
DRIFT spectroscopy, as shown in Figure Sb. In this spectrum,
there are two strong bands (1487 and 1437 cm™) and two
weaker bands visible (1720 and 1624 cm™'). Bands in this
region can be attributed to nitrites (NO,”) or nitrates
(NO;7).*° Yang et al. attribute the bands at lower wave
numbers to nitrites and the bands at higher wave numbers to
nitrates.”” This assignment is additionally supported by spectra
of the sample during exposure to NO, in nitrogen. Although
the bands attributed to nitrites are still clearly visible and
increasing, the bands attributed to nitrates are no longer
visible. In nitrogen, the level of surface oxidation should be
significantly lower (there are fewer possibilities for NO, to
form nitrates). Additionally, in nitrogen, the bands commonly
attributed in the literature to molecular adsorbed NO, are
visible (between 1642 and 1605 cm™).

Based on DFT calculations, Han et al. reported that in an O-
terminated WO, (001), a NO, molecule is oxidized into
nitrate and is adsorbed onto the surface.”® They report that in
the case of a WO-terminated (001) surface, a NO, molecule
heals a vacancy.’® A real surface is of course neither O- or WO-
terminated but a complicated combination of both. Based on
the results, NO, dominantly forms nitrites, the path suggested
by Han et al. for a WO-terminated surface. This finding
indicates that either there are a large number of surface
vacancies (equivalent of a WO-terminated surface if terminal
oxygen is considered the dominant vacancy) or the vacancy is a
better suited reaction partner for NO, than surface oxygen.

Overall, based on the literature and the DRIFT spectra, the
following mechanism is suggested, shown schematically in
Figure Sc. NO, adsorbs into a vacancy of the WOj; surface. At
300 °C, the vacancy is then healed with the oxygen of NO,,
releasing NO which is easily re-oxidized with atmospheric
oxygen. The broad increasing band at 1420 cm™’, seen at 300
°C, appears to be an additional band associated with
tungsten—oxygen, as it is not only increasing during exposure
to NO, but also as a result of the addition of oxygen,
Supporting Information S.5. In the subsequent sections, the

band will also be found to decrease upon exposure to reducing
gases.

In order to understand why the signal to NO, strongly
decreases in the presence of humidity, the interaction of
humidity with WO; is examined using dc resistance and
DRIFT spectroscopy. The response of the materials to
humidity is also very homogeneous. Unlike SnO,, which, at
300 °C, shows either a significant decrease in the resistance or
no response depending on the preparation r_nethod,?’s’36 WO;-
based sensors consistently show an increase.”” For the SA WO,
sample, the increase in the resistance was previously attributed
to the direct oxidation of the surface by humidity.*” In order to
determine if this explanation can be applied to all of the other
WOj; samples, operando DRIFT spectra were recorded during
exposure to 10% RH referenced to dry synthetic air. A
humidity level of 10% was selected, as at higher humidity, the
interpretation of the DRIFT spectra is difficult because of large
signals of water vapor.

As previously reported, in the DRIFT spectra of the SA
sample, there is no formation of hydroxyl groups visible.*”
Only an increase in the two bands (1858 and 2065 cm™)
attributed to the tungsten—oxygen bond is visible.””>> This
indicates that the surface is directly oxidized by humidity. The
spectra of the RO and the platelet samples are similar to that of
SA. In the case of the ME and the sphere sample, in addition to
the increasing bands attributed to tungsten—oxygen, the
formation of hydroxyl groups is visible. This is indicative of
a surface hydroxylation in line with the XPS spectra.

In order to better understand the effect of these hydroxyl
groups on the sensor response, the reaction between the SA
and the ME sample with hydrogen is examined. These two
samples are representatives of the two different sample types,
those that form hydroxyl groups with humidity and those that
do not. Both samples show a low response to hydrogen. SA has
a signal of ca. 3.5 and ME has a signal of approximately 2.5—
250 ppm H,. Both samples were exposed to 250 ppm of H, in
dry synthetic air. The DRIFT spectra, shown in Figure 6b,
were attained by referencing to the spectra recorded in dry
synthetic air. In the DRIFT spectra of the SA sample, only the
direct reduction of the sample is visible. In contrast, in the case
of the ME sample, only the formation of hydroxyl groups
(identical to those formed with humidity) is visible. The
decrease in the resistance, in the case of the ME sample, could
be explained using the mechanism suggested by Heiland and
Kohl>***" Albanese et al. theoretically find that for WO,, the
formation of hydroxyl groups can be followed by hydrogen
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Figure 7. (a) Spectra recorded during exposure to 1.5 ppm acetone referenced to the spectra recorded in dry synthetic air at an operation
temperature of 300 °C. (b) Spectra of the ME and SA samples during exposure to 1.5 ppm acetone referenced to the spectra recorded in dry
synthetic air at an operation temperature of 200 °C. (c) Schematic representation of the surface reaction with acetone.
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Figure 8. (a) DRIFT spectra recorded during exposure to S00 ppm CO (b) DRIFT spectra of the SA sample upon exposure to 400 ppm CO in 50
ppm O, in N, (c) schematic representation of the surface reaction with carbon monoxide.

migration and formation of H,O. Water is then found to
desorb from the surface.”>® In other words, the surface reactions
with H,O and H, appear to be in equilibrium. Overall,
however, the detected increase in resistance as a result of
humidity and the clearly increasing bands attributed to
tungsten—oxygen show that even for samples which form
hydroxyl groups, the direct oxidation of the surface by
humidity is the dominant reaction.

The gained insights about the WO; surface reactions with
oxygen, NO,, and humidity are helpful for understanding the
reaction of WOj; with more chemically complex gases, such as
acetone. In the DRIFT spectra at 300 °C, only a decrease in
the bands (1858 and 2065 cm™) attributed to tungsten—
oxygen bonds is visible, a shown in Figure 7a. In order to gain
more insight into the surface reaction of WO; with acetone,
DRIFT spectra recorded at 200 °C of the ME and the SA
samples are examined, as shown in Figure 7b. The sensor
response of both materials to acetone is similar at 200 and 300
°C, see the Supporting Information S.2. In the DRIFT spectra
recorded at 200 °C, in addition to the decreasing bands

ascribed to tungsten—oxygen bonds, various bands attributed
to different functional groups of acetone are present.

There is a great deal of the literature which examines the
surface adsorption of acetone onto different solids under
varying conditions. In the literature, it was found that at lower
temperatures, acetone adsorbs through hydrogen bonding with
surface hydroxyl groups, while at higher temperatures, the
situation is more complicated.”"> Wiirger et al. reported that
the adsorption of acetone onto the surface of TiO, via the
carbonyl group results in a peak shift of the band attributed to
the C=0 bond.*® The band attributed to the carbonyl group
of free acetone is usually found at approximately 1715 cm™,
while the band of adsorbed acetone is known to shift to 1680
em™L.%* In the DRIFT spectra of the SA, in addition to the
decreasing bands attributed to tungsten—oxygen, a single
broad carbonyl band at 1680 cm ™" is increasing. This indicates
that acetone adsorbs via the oxygen of its carbonyl into the
oxygen vacancy of the WO, surface.”>®* Because of the strong
decrease in the bands attributed to the tungsten—oxygen bond
for the SA sample, only the band attributed to asymmetric
deformation of the methyl groups of acetone is visible at a
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wave number very close to that reported for free acetone.’*
This indicates that the methyl group is not strongly affected by
the adsorption of acetone to the surface. As a result of thermal
activation, Petrik et al. found the formation of acetone diolates
through the reaction of adsorbed acetone with adsorbed
surface oxygen.65 Based on theoretical calculations, Wiirger et
al. attribute a splitting of the band attributed to the carbonyl
(two bands at 1700 and 1679 cm™") to the formation of these
diolates. This splitting is clearly visible in the DRIFT spectra of
the ME sample at 200 °C. In this case, it appears that the
surface reaction is analogous to the one reported for TiO,.*°
Acetone first adsorbs via the oxygen of the carbonyl to the
surface metal.”® The adsorbed acetone then reacts with surface
oxygen to form a diolate. The additional bands visible at 1650
and 1600 cm™" are very close to the bands reported in the
literature (1655 and 1595 cm™ on TiO, for the C=0 and the
C=C bond, respectively) for mesityl oxide an intermediate for
the condensation reaction of acetone.’*® Although it is
impossible to infer all the reaction steps of acetone on the
surface of WO;, these results indicate that also for this
chemically complex gas, the initial interaction between the
surface vacancies and the oxygen of acetone plays a crucial role.
From there, acetone reacts with WO; resulting in the visible
decrease in the bands attributed to tungsten—oxygen and the
detected decrease in the resistance, see the schematic Figure
7c.

For the sake of completeness, the interaction between the
samples and CO is also considered (Figure 8). Overall, the
response of sensors based on pure WO; to CO is, however,
known to be low. Also, here, the responses of all the sensors
are low. In line with the low response, reduction in the samples
(decreasing tungsten—oxygen bands) is only weakly or not at
all visible in the DRIFT spectra of the samples. The absorption
bands belonging to surface adsorbed CO and CO, are clearly
visible in the spectra. In the literature, it is reported that a
strong interaction between the surface cation and the gas
should result in a shift toward higher frequencies of the
absorption band. In the DRIFT spectra, the absorption band of
CO at 2143 cm ™" and that of CO, at 2350 cm™" are very close
to the values expected for the free molecules, indicating a weak
interaction with the WO, surface.* In the DRIFT spectra of
the SA sample recorded upon exposure to 400 ppm CO in the
presence of only 50 ppm oxygen, although the sensor response
is much higher (approximately 30), the absorption band of
CO, is only weakly visible. For more information about the
sample under low oxygen conditions, please see the publication
by Staerz et al.”’ Overall, these findings are in line with the
reports of Hiibner et al. and theoretical findings.”"” As a
result, the following mechanism is suggested. Although it can
interact with WO; with either its oxygen or carbon, CO
preferentially reacts with surface oxygen to form CO,. The
magnitude of the sensor signal depends on the equilibrium
established between the generation of oxygen vacancies and
their cancellation (higher sensor response in a low-oxygen
background despite less CO, production). Based on this, it
appears that like H,, CO directly reduces the surface of WOj;.
See the Supporting Information S.8c for the schematic of the
reaction.

From the literature and the results shown here, the
dominant role of the vacancy in the surface chemistry of
WOj; becomes clear. Gases that can initially adsorb via oxygen
into a tungsten oxide vacancy show high signals, for example,
NO, and acetone. Oppositely, WO; shows low sensor

responses to gases that prefer to directly reduce the surface,
for example, H, and CO. This tendency also helps explain the
very different behavior of humidity with WO; versus SnO,.

B CONCLUSIONS

WO; samples prepared using various synthesis methods and
with very different morphologies were systematically charac-
terized. It was possible to identify sensor characteristics
inherent to WO;. Overall, it was found that the sensing
behavior is surprisingly homogeneous and shows good
complementarity to SnO,-based sensors. All of the sensors
showed an increase in the resistance with humidity. All of the
sensors showed a decreased sensor response to the only
oxidizing gas, NO,, in the presence of humidity. The sensors
responded well to acetone and ethanol and showed practically
no response to much higher concentrations of CO. Using
operando DIRFT spectroscopy, it was possible to elucidate the
surface reactions that result in the sensor response. The
sameness of the WO; samples was attributed to the initial
reaction of the test gases with surface vacancies. As oxygen
vacancies are a ubiquitous defect, the findings here indicate
that WO, will always be sensitive to certain gases with the
ability to interact with the vacancy. This is a further indication
that selective metal oxides are unattainable because they will
always respond to a group of gases with similar features.
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ABSTRACT: It is widely known that the sensing characteristics of metal oxides
are drastically changed through noble metal oxide surface additives. Using
operando infrared spectroscopy it was identified that the Fermi level pinning
mechanism dominates the sensor response of platinum-loaded WO;. Spectrosco-
py, however, provides information about the sample only on average. Traditional
microscopy offers structural information but is typically done in vacuum and on
unheated sensors, very different than the operation conditions of metal oxide gas
sensors. Here, state-of-the-art in situ scanning transmission electron microscopy
offers spatially resolved information on heated samples at atmospheric pressure in
varying gas atmospheres. As a result it was possible to directly couple
microscopically observed structural changes in the surface noble metal nano-
clusters with IR spectra and sensor responses. On the basis of the findings, the
dominant Fermi level pinning mechanism could be validated. The presented work
demonstrates the benefits of coupling in situ microscopy with operando

spectroscopy in order to elucidate the sensing mechanism of metal oxides.

As the world becomes more interconnected, sensors will be
needed for a wide array of applications. Gas sensors based
on semiconducting metal oxides (SMOX) are an inexpensive,
robust, sensitive, and compact option. Reactions on the surface
of the heated porous SMOX nanomaterial result in a charge
transfer, which causes a detectable change in the material’s
resistance.” In most cases, in order to increase stability and
tune the sensing characteristics of SMOX, noble metal
additives are used. In fact the first commercially available
SMOX-based sensor, introduced in the 1960s by Figaro
Engineering Inc., was already based on Pd-modified SnO,.”” In
the 1980s Morrison and Yamazoe suggested two mechanisms,
chemical interaction and Fermi level control, which explain
how the additives change the surface reactions responsible for
the sensor response.”” In the case of a chemical interaction,
the reactions between the SMOX with the target gas are
activated by the surface loading. In the Fermi level control
mechanism, the target gas reacts with the surface additive,
changing the electronic coupling between the materials.
Recently, operando infrared spectra showed indications of a
dominant Fermi level pinning mechanism in the case of
sensors based on Rh,0; surface-loaded n-type SMOX (SnO,,
WO,, and In,0,;)®” and platinum-loaded $nO, and WO,.*’
Infrared spectra, however, only provide information about the
sample on average. In order to elucidate the exact mechanism,
a more localized, spatially resolved method is needed. Lately

-4 ACS Publications  © 2019 American Chemical Society
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the direct visualization via transmission electron microscopy
(TEM) was successfully coupled with Fourier transform
infrared (FTIR) to elucidate structure—property relationships
of catalysts.'” Here, for the first time for a model system
relevant to gas sensing, using in situ environmental gas
scanning transmission electron microscopy (STEM), it was
possible to observe structural changes in the noble metal
nanoclusters during exposure to gas. It was also possible to
directly correlate these changes to the sensor response and to
infrared spectra taken under similar conditions. These results
show that the noble metal additive clusters react predom-
inantly with the reducing test gas, CO. In addition, based on
the STEM images, it was possible to explain the drastic
decrease of the resistance in highly reducing conditions. Using
these inputs it can be understood why the sensor is
permanently changed as a result of exposure to the highly
reducing atmosphere.

As previously reported, at 300 °C the inherent sensing
characteristics of WO;—a low response to CO, high responses
to low concentrations of acetone, practically humidity
independent response to ethanol, and decreasing response of
NO, with humidity—disappear as a result of loading with
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Figure 1. Resistance measurements taken on sensors based on WO; and S atom % platinum-loaded WO; during exposure to increasing
concentrations of CO in a dry background of 50 ppm O, in N,. The corresponding diffuse reflectance infrared Fourier transform spectra for the

samples under selected conditions are also shown.

platinum (see previous work”'"). In all cases, the sensor signal
to reducing gases in dry synthetic air decreases as a result of
loading with platinum (see the Supporting Information).

On the basis of X-ray photoelectron spectroscopy (XPS)
measurements, the platinum clusters on the surface of freshly
prepared sensors are found to be dominantly oxidized (see
Figure S.3). In the literature, XPS and ultraviolet photoelectron
spectroscopy (UPS) was used to experimentally identify the
Fermi level pinning mechanism of photocatalysts.'”"> The
conditions of the XPS and UPS measurements (ultrahigh
vacuum and room temperature) are extremely different from
the operation conditions of the sensors (standard atmospheric
pressure and 300 °C). In addition, it is known that carbon
contamination on the surface can significantly alter the work
function of the sample attained using these techniques.'*'
The samples examined here were prepared under standard
laboratory conditions and calcined in ambient environment. As
a result, all samples have a surface carbon contamination visible
in the survey XPS (see the Supporting Information). Although
the carbon contamination can be reduced using different
methods, it is known that these pretreatments can also result in
a significant change of the surface properties and the work
function.'® For these reasons, a different method is needed to
determine if there is an electronic coupling between the
oxidized surface clusters and WO;. The resistance of the
heated sensors in nitrogen is an alternative which enables the
coupling of platinum clusters and WO; to be probed under
more relevant application conditions and despite surface
carbon contamination.”'® By measuring the resistance of the
sensors during operation in nitrogen, it is assumed that the
surface acceptor state related to the ionosorption of O, can be
neglected. In this case the relation for a depletion layer limited
charge transport can be used to describe the correlation
between the resistance and the surface band bending. For this
sample a band bending of 235 meV caused by the presence of
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noble metal oxide surface loadings was calculated.*'® This
value indicates that the surface platinum nanoclusters are
significantly electronically coupled with the WO; nanoparticles
and that their presence causes an initial depletion layer.”

Based on operando diffuse reflectance Fourier transform
(DRIFT) spectra, it was identified that, like for Rh-loaded
WO;, the Fermi level pinning mechanism also dominates in
the case of platinum loading. Until now, however, this
assumption was made solely on spectroscopic findings which
provide only average information about the sample. In order to
identify the exact mechanism, more localized information, i.e.
at the nanoparticle level, is required. In order to correctly
identify the processes responsible for the macroscopic response
of the material used in the sensor device, localized information
is needed in combination with average information obtained
from a significant amount of the nanostructured material.

To obtain local and average information under similar
operation conditions, which is relevant for the material
behavior in operation conditions, operando diffuse reflectance
infrared Fourier transform spectroscopy in low-oxygen back-
ground was coupled with in situ environmental gas STEM.
The sensors were exposed to increasing concentrations of CO
in a background of 50 ppm O, in N,. The goal of these
measurements was to compare the sensing behavior between
conditions where oxidized platinum is present on the surface
and a situation where only metallic platinum clusters remain.
In this case the Fermi level pinning should be released when
the noble metal clusters are fully metallic.”™” The full
reduction of Rh,0; surface clusters under these conditions
was previously shown using X-ray absorption spectroscopy.”
The resistance measurements, taken simultaneously to the
infrared spectra, indicate a different mechanism between the
Pt-loaded sample and the pure sample. The resistance change
in correlation to the concentration of CO of the unloaded
sample is similar to the behavior in synthetic air (for various
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reducing gases) (Figure S.4). The change in resistance shows a
power law behavior, i.e. the decrease in resistance is linear in
the log-log scale.”'” As expected, in the case of the unloaded
sample the bands attributed to combinations and overtones of
the tungsten oxide lattice (2055 and 1855 cm™') are
decreasinglg’19 (Figure 1). At low CO concentrations the
sensor response of the loaded sample also shows a linear
response in log-log scale, at 200 ppm CO, however, there is
significant drop in the resistance (Figure 1).

In previous work done on platinum-loaded WO, nanofibers,
bands attributed to metallic platinum carbonyls were visible in
the infrared spectra taken in high CO concentrations.” Here
more information can be gained from the DRIFT spectra as
carbonyls on both oxidized and metallic platinum are visible.
During exposure to 25 ppm CO in 50 ppm O,, only Pt*-
carbonyls are visible.*”*" If the concentration is increased to
S0 ppm, carbonyls attributed to both oxidized and metallic
platinum are visible. This indicates that both oxidized and
metallic platinum clusters exist on the surface. This is different
from rhodium surface clusters in which it was found that either
the clusters are oxidized or fully reduced.” As the concentration
is increased to 100 ppm CO, the intensity of the band
attributed to metallic platinum increases significantly in
comparison to that of oxidized platinum. After exposure to
200 ppm CO, the resistance of the material has significantly
dropped and in the DRIFT spectra only the band attributed to
metallic platinum carbonyls is still visible. At this point,
decreasing bands attributed to combinations and overtones
(2055 and 1855 cm™') of the tungsten oxide lattice also
become visible.'®'? The change of these bands over the
concentration ranges indicates an initial interaction between
carbon monoxide and the oxidized platinum surface clusters.
As the concentration increases the platinum clusters become
more reduced, and at 200 ppm, they are fully reduced. As
mentioned previously, however, the infrared spectra provide
only average information about the sample.

Figure 2 shows a comparison between a fresh sample (a)
and a sample that was cooled in 400 ppm CO (b). The fresh
sample shows a random dispersion of platinum oxide particles
on the WO; support. Elemental mapping verifies the
homogeneous dispersion of platinum in the fresh sample and
can be seen in Figure S.5. After exposure to 400 ppm CO, the
Pt particles are found to migrate toward the more uneven and
potentially defective areas of the grains of WO; (following a
hypothetical aggregative growth mechanism schematized by
the green arrows). High-resolution images in Figure 2c,d show
metallic Pt particles with Pt(200) (c) and Pt(111) (d) which
confirm the reduction of PtOx particles to metallic Pt under
CO. In order to additionally verify these findings, XPS spectra
of a fresh sample and a sample that was cooled in 400 ppm CO
were obtained. Also here the reduction of platinum is clearly
visible (Figure S.3).

Thus, it is concluded that the surface clusters are fully
reduced to their metallic state, which is in agreement with the
infrared spectra acquired in similar conditions. In addition,
these findings offer an explanation for why the sensor is
irreversibly altered as a result of the reduction. The resistance
before exposure to CO in low-oxygen background is
approximately 20 MQ, and after it is ca. S MQ (Figure S.6).
The presence of homogeneously oxidized platinum clusters on
the surface of WO; was found to significantly increase the
resistance of the samples. It is possible that after exposure to
the reducing conditions, the platinum clusters are less oxidized
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0.19 nm Pt (200)

Figure 2. STEM-HAADF images of the PtOx—WO; sample before
the exposure to CO (a) and after the exposure (b). HR-STEM-
HAADF images (c and d) show metallic Pt nanoparticles after cooling
in 400 ppm CO. Inset of panel d: Fast Fourier transform of the
corresponding high-resolution image.

than before. Moreover, it is known that in addition to the
surface additive type, the band bending scales with the contact
areas between the materials. As a result of the aggregative
growth mechanism, the platinum particles are much larger and
more poorly dispersed as a result of the CO exposure, probably
reducing the resulting band bending. To verify that these
findings are generally valid for the sample, multiple regions
were examined, and the STEM images are shown as Figure S.7
(fresh sample) and Figure S.8 (sample cooled in 400 ppm
CO).

To better understand the change in particle distribution and
the Pt phase transformation, in situ STEM measurements were
done in different gas concentrations and under various
environments. In particular, after the heated (300 °C) sample
was stabilized at atmospheric pressure in 50 ppm oxygen in
nitrogen, different concentrations of CO were introduced
starting from 50 ppm and ending with 900 ppm. Figure 3
shows how platinum particles in a single area are reduced as a
result of increasing CO concentration; based on the before-
mentioned morphological changes, the reduction can be
inferred. The results of the in situ measurement are then
compared to the IR spectra taken under similar conditions.
Under exposure to 50 ppm CO, the platinum particles are fully
oxidized; very small clusters homogeneously dispersed on the
whole surface (Figures 3 and S.7). As the concentration of CO
increases, the platinum surface particles are reduced and the
small clusters migrate and agglomerate. The green circle in
Figure 3 illustrates the sintering of two platinum oxide
particles. Note that the STEM high-angle annular dark-field
(STEM-HAADF) intensity of the particles increases at 400
ppm CO, in agreement with a transformation to a denser
phase, from oxide to metal. The typical particle size decrease
associated with a morphological change is more significant for
smaller particles and occurs already at low CO concentrations
(a comparison can be additionally seen in Figure S.9). It is
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(a) 50pPmCO300 c 400 ppm CO 3

(3] 50 pem co 300°C 400 ppm CO 300°C

H2 300°C

H2 300°C

Figure 3. In situ STEM-HAADF images in different environments showing particle coalescence (a) and (b) in situ STEM-BF images showing the
PtO,—Pt structural transformation when increasing the CO concentration and under H, at 300 °C.

concluded that, in the examined sensor conditions, the
migration and coalescence effect of these small clusters is
significant and therefore potentially relevant when using this
material as a gas sensor. Note that the effect is more strongly
pronounced in the ex situ measurements (sample removed
from the fresh gas sensor and one cooled in 400 ppm CO) due
to the longer operation time at 300 °C, as well as by the high
flow of the used reducing atmosphere.

Another important finding is that at 900 ppm the surface
particles are reduced to metallic platinum with the appearance
of Pt(200). This situation is in line with that indicated by the
infrared spectra taken under exposure to 200 ppm CO. In
general, the tendencies seen in the infrared spectra can be
correlated to the TEM pictures which are taken under
exposure to higher CO concentrations; this discrepancy is
most likely due to the much smaller flow rate in the TEM cell.
The TEM cell volume is only 1.2 uL, and some fine changes
under a few parts per million are observed but the total amount
is too small to allow a CO concentration increase in the mass
spectrometer connected at the sample holder exit (see the
experimental setup in Figure S.2). These two major differences,
which are the small volume of the TEM cell and the analysis
duration (only 1 h for each concentration), can explain the
discrepancy in the typical concentrations where the reduction
was observed by in situ DRIFT spectroscopy compared to in
situ STEM.

From these results it is clear that unlike the rhodium oxide
surface clusters which are either oxidized or metallic, the
surface platinum clusters can be in a partially reduced state.”
The findings indicate, however, that although the partial
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reduction of the surface platinum clusters is possible, the
extreme drop in resistance occurs only once the clusters are
entirely reduced and the Fermi level pinning is completely
released. There are several possible explanations why the
sample becomes conductive under high concentrations of CO
in low-oxygen background. It is possible that the WO; surface
could be extremely depleted as a result of the prior coupling
with the platinum oxide clusters and cannot be significantly
reoxidized in the low-oxygen conditions. Additionally, once the
platinum surface clusters are reduced to their metallic state
they could even catalyze the reaction between CO and WO;,
resulting in a significant reduction of the surface. Under 400
ppm CO in S0 ppm O,, the material becomes conductive (the
resistance is so low that the used setup can no longer properly
measure it). Al Mohammad examined the electrical properties
of WO; nanopowder at different reduction levels and found
that until the material was reduced to WO, it showed n-type
semiconductor behavior.”” Venables et al. report that at ca. 300
°C the reduction of WO; to WO, takes place slowly, needing
approximately 40 min to reach completion in a flowing H,
atmosphere.”” Upon exposure to pure hydrogen, the reduction
of the platinum clusters was fast. In line with the findings of
Venables et al. the reduction of the supporting oxide is also
visible. In fact, after flushing the TEM cell with 50 uL of
hydrogen, the complete reduction of WO; to W as well as the
amorphization of the crystalline structure (yellow square in
Figure 3) was observed. In the sample taken from the sensor
cooled in 400 ppm CO in 50 ppm O,, although the platinum
clusters are still metallic, no reduction of the WOj is visible.
These findings indicate that the significant drop in the
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resistance is most probably a result of a coupling between the
metallic surface clusters and the WOj, e.g. electrons from the
metallic Pt are inserted into the base oxide, and not due to a
strong reduction of WOs.

The combination of operando spectroscopic results with
more localized information from in situ microscopy was very
useful for understanding the gas-sensing mechanism of
platinum-loaded WOj sensors. Here it was shown that under
normal sensing conditions, an oxygen-rich background, the
oxidized platinum clusters dominate the surface chemistry of
the sample. It was shown both spectroscopically and optically
that under low-oxygen background and in high CO
concentrations, these clusters are reduced to their metallic
state. These findings allow the sensing mechanism of platinum
oxide-loaded WO; to be fully elucidated. Furthermore, this
work is the first time operando spectroscopy and in situ
microscopy were combined to examine the sensing mechanism
of metal oxides. The results demonstrate the complementarity
of these methods and are indicative of their future usefulness.

B EXPERIMENTAL SECTION

The platinum-loaded samples were prepared analogously to
the Rh,O, loaded samples as previously reported.”” An
aqueous solution of PtCl, (0.07 g, Sigma-Aldrich 99.9% trace
metals basis) with WO; (1.00 g Sigma-Aldrich, nanopowder,
<100 nm particle size (TEM)) and S mL of distilled water was
brought to pH 1 using hydrochloric acid. The slurry was stirred
at 80 °C for 2 h and dried at 70 °C. The procedure was then
repeated a second time after which the powder was heat
treated at 500 °C for 1 h. The same procedure was done with
WO, (without the addition of a loading) in order to ensure
that the detected changes were not a result of the preparation
method.

To fabricate the sensors, the pure and the loaded materials
were ground with propane-1,2-diol (Sigma-Aldrich; 99.5+%
ACS Reagent) into a thick paste which was screen printed on
Al, O, substrates (with a backside Pt heater and Pt electrodes).
The sensors were dried for 3 h at room temperature and
overnight at 80 °C and then calcined in a tubular furnace
(Heraeus ROK 6/30) for 10 min at 400 °C, 10 min at 500 °C,
and finally 10 min at 400 °C. The DC resistance measurements
were done using a Keithley 617 electrometer and an Agilent
E3630A voltage source to heat the sensors. The sensors were
mounted in a homemade Teflon chamber and heated to 300
°C using an Agilent E3614A DC power source. The gas flow
was regulated using computer automated mass flow controllers
with a total flow of 200 mL/min. The resistance was
monitored using a Keithley 617 electrometer.

For the XPS measurements the pure and the loaded material
were ground with propane-1,2-diol (Sigma-Aldrich; 99.5+%
ACS Reagent) into a thick paste which was coated onto a
stainless steel chip (half the chip was coated with the pure
sample, and the other half was coated with the Pt-loaded
sample). A second chip was prepared which contained just the
Pt-loaded sample. The chips were dried for 3 h at room
temperature and overnight at 80 °C and then calcined in a
tubular furnace (Heraeus ROK 6/30) for 10 min at 400 °C, 10
min at 500 °C, and finally 10 min at 400 °C. The chip
containing just the Pt-loaded sample was then additionally
pretreated at 300 °C with 400 ppm CO in 50 ppm O,. The
experiments were performed in a multichamber ultrahigh
vacuum (UHV) system with a base pressure of 1 X 107'° mbar.
X-ray photoelectron spectroscopy (XPS) measurements were
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performed using a separate UHV chamber equipped with a
hemispherical analyzer (EA 125/Omicron), a Mg Ka X-ray
source, and a pass energy of 20 eV. The energy scale was
calibrated to reproduce the binding energy (BE) of Au 4f ,,,
(84.0 V).

For the operando DRIFT spectroscopy, a Vertex 80v
narrow-band MCT detector with a spectral resolution of 4
cm™! was used. A heated sensor (300 °C) was housed in a
custom-made chamber containing a KBr window; the sensor
was heated, and the resistance was recorded simultaneously
with the infrared measurements. A Praying Mantis Optical unit
(Harrick Scientific Products) was used, and the beam was
condensed to a 2 mm diameter spot. A single channel
spectrum was recorded every 15 min during test gas exposure.
A schematic is provided in Figure S.1. In order to obtain the
desired absorbance spectra, which provides information about
the surface reaction with the target §as, the relation suggested
by Olinger and Griffiths was used:”

SCSexposure ]

A=-lo
g(SCS

(1)

reference

The samples for the ex situ STEM measurements were taken
from a freshly prepared sensor and from one that had been
exposed to 400 ppm CO for 2 h.

Scanning transmission electron microscopy (STEM) was
performed on a Cs corrected Jeol 2100F operating at 200 kV.
Both HAADF and bright field (BF) spatially correlated images
were acquired in STEM mode.

In situ operando gas STEM measurement was carried out
using a Protochips Atmosphere device. The sample was placed
between two microelectrical-mechanical system (MEMS)-
based closed cells (SiN windows). The temperature and the
gas flow in the cell are controlled by a heated holder and a gas
delivery manifold, respectively. All the indicated temperatures
are based on the company-provided calibration. At the sample
holder exit, a mass spectrometer Pfeiffer Prisma Plus is
connected, which acts as a residual gas analyzer.

The sample was dispersed in ethanol and drop-casted on the
SiN membrane acting as a heating element. The in situ
experiment was done at atmospheric pressure. The temper-
ature was fixed to 300 °C. After the sample was stabilized in
synthetic air for 1 h, the background was changed to 50 ppm
0, in N, and stabilized for an additional hour. The CO
concentration was increased stepwise, 50, 100, 400, and 900
ppm, in a background of 50 ppm O, in N,. Each concentration
was held for 1 h. The last gas environment chosen was 100%
H, in order to compare the reduction phenomena to 900 ppm
CO. Before each gas environment change, the temperature was
slightly decreased to 200 °C and then increased again to 300
°C in order to avoid any unsuited microstructural modification
of the specimen.
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ABSTRACT: It is well known that composite materials, consisting
of at least two metal oxides, show qualities and sensing behavior
very different from the single components. Recently, the

preparation of core—shell nanomaterials for gas sensors has RS s G AR RS B e

become extremely popular. Specifically, these materials have been =~ =~ = — = — = = = - = - e
found to show desirable sensor responses. The preparation of o E“iam' _L\r :::;moz
core—shell nanomaterials is, however, complex, limiting the = —— o,
commercial applicability. Composite materials can be more easily é " _r/L -
attained simply through the mechanical mixing of the various b b

components. Although some studies exist that attempt to compare & ' ﬂﬂ
mechanically mixed composites to those prepared via a synthetic T Th 74 16 20 24 16 20 24 1o 20 24 16 20 24 16 20 2
route, these examinations are often flawed, as due to varying Time/h

preparation methods, the basic characteristics of the materials are

not the same. Here, it was possible to separate the role of the contacts between the materials from that of the secondary core—shell
structure, by using a soft method to mechanically break apart the structure. This ensures that the difference in morphology is the
only change in the material characteristics. It was verified that the composite materials show a different sensing behavior from that of
the pure materials. It was also found that regardless of the secondary structure, the composite materials showed very similar sensor
responses. By examining materials containing different ratios of Cr,O; to SnO,, it was possible to attribute the sensor behavior
changes to the contacts between the different metal oxides. It was shown that by varying the concentration of each oxide it is possible
to attain either an n- or p-type response and at a certain concentration even no response. This work is significant because it identifies
that the contact between the materials plays the dominant role in the sensor response and it shows the viability of mechanical mixing
for composite sample preparation.

KEYWORDS: heterojunction, composite materials, metal oxides, gas sensor

B INTRODUCTION the grains in the sensitive layer is not random but is made up of
secondary structures, if the contact geometry remains the same
and changes in gas diffusion are negligible, then the result
remains unchanged.® In contrast, when comparing the sensor
responses of co-precipitated oxides with those of mechanical
mixtures containing the same Sn/Ti ratio, Shaposhnik et al.
found that the responses differ.’ In this case however, the

Academic interest in the preparation of core—shell nanoma-
terials (CSNs) has grown significantly in recent years. The
core—shell nanoparticle structure consists of an inner layer of
nanoparticles encapsulated by a different material." Specifically,
the use of CSNs in metal oxide-based gas sensors has become
increasingly popular in the last 10 years. This can be seen in

the number of yearly citations for the search: core—shell gas crystAal‘hte. size was 'found to vary as a reéult of the co-
sensors, in the Web of Science, which increased from 400 in precipitation, indicating that other factors besides the packing

2010 to over 3500 in 2018. The main advantage of CSNs is structure of the sample may be responsible for the detected
: changes.

From this survey of the literature, it becomes clear that in
order to truly isolate the role of the secondary structure from

reported to be that through the combination of a core and shell
material improved or new sensor properties are attained which
cannot be reached using the individual components.” The
preparation method, however, is very complex which limits the

commercial applicability.” A simpler way to create composite Received: March 19, 2020
materials would be through mechanical mixing. Although there Accepted:  April 14, 2020
are reports of interesting sensor effects,” this method appears Published: April 14, 2020

to be less commonly used. Yamazoe and Shimanoe report that
the contact geometry between materials dominants the sensor
response.” They theorize that even when the arrangement of

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsami.0c05173
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that of the contacts between the materials, it is very important
that samples remain unchanged in all other respects. Here,
composite samples of the n-type material SnO, and the p-type
Cr,0; were examined. In general, p-type semiconductors have
received significantly less attention than n-type materials.’ It is
considered that the adsorbed oxygen on the Cr,O; surface act
as an acceptor and its interaction with the valence band
determines the generation of holes.” The simultaneously
performed work function and resistance change measurements
of Pokhrel et al. support these findings.” In general, it is
assumed that the exposure of a metal oxide to a reducing gas,
like ethanol, decreases the concentration of surface oxygen.
The electrons go back into the valence band and decrease the
concentration of holes.” Overall, however, the sensor response
of Cr,O; to ethanol was found to be low due to the large
influence of the gas insensitive resistive component of the
metal oxide and electrode junction.” In order to make p-type
semiconductors relevant for gas sensing, their response must
be enhanced.’

The combination of Cr,0; with the commonly used n-type
SnO, is a promising solution. SnO, and Cr,O; CSNs
reportedly show a good p-type response to acetylene.” The
addition of SnO, to Cr,0; is, also, reported to increase the
response to ethanol.'’

Through a systematic study, the role of both the
heterostructure and secondary morphology on the gas sensing
will be examined. In order to isolate the role of the secondary
structure from that of the contacts between the different
oxides, it is very important that samples remain unchanged in
all other respects. Here in order to achieve this, CSNs were
mechanically broken to create randomly dispersed samples.
The sensor behavior of these samples was then compared to
CSN samples. Strikingly, it is found that the secondary
structure has no influence on the sensor characteristics. It was,
however, found that, in line with the literature, the sensor
response of the composite materials was higher than of the
pure materials. In order to identify the origin of this enhanced
response, different ratios of mechanically mixed SnO,—Cr,O;
were prepared. Based on the combination ratio of the
materials, the sensors showed either an n- or p-type response.
At a certain ratio, no sensor response was visible. In total, the
results here show that the contact between the oxides plays a
dominant role in defining the sensing characteristics of
nanocomposite materials. These findings indicate that in the
future the mechanical mixing of metal oxides is a viable
method for the development of gas sensors based on
composite materials.

B EXPERIMENTAL SECTION

Synthetic Procedures. For comparison purposes, samples with
and without the core—shell structure were desired. In a first step, the
core—shell nanofibers were prepared by electrospinning. The two
different precursors (Cr(NO;),-9H,0 and SnCl,-2H,0) were
dissolved and transferred into two syringes which were equipped
with a coaxial nozzle. The inner fluid formed the core of the
nanofibers. A voltage of 16 kV was applied. After spinning for 20 min,
the samples could be collected and then the samples were annealed at
550 °C for 2 h."" In order to limit differences as a result of preparation
methods, randomly packed samples were prepared by breaking apart
the core—shell structure using mechanical grinding via a mortar and
pestle. The samples were ground by hand for 10 min in a mortar and
pestle. The sensors were prepared using the following procedure.
Each of the metal oxide powders were mixed with 1,2-propanediol
(Sigma-Aldrich, 99.5+% ACS reagent) and then ground with mortar

and pestle into a viscous paste. The paste was then screen-printed
onto an alumina substrates containing platinum electrodes and a
backside platinum heater (300 ym electrode gap, 300 ym width and §
pm thickness; CeramTec AG, Germany) using an EKRA Microtronic
II. The sensors were dried at room temperature for 1 h and then
overnight at 80 °C (Heraeus UT12). The sensors were annealed for
10 min each at 400—500—400 °C with two steps to cool down in a
tube furnace (Heraeus ROK 6/30). Based on the used screen, a layer
thickness of approximately 50 ym is achieved. In the case of the
various ratios, pure SnO, and Cr,0; nanofibers were combined and
then mechanically broken apart into nanoparticles.

Sensor Measurements. The sensors are installed in a homemade
measurement chamber and heated to 200 °C using an Agilent
E3614A dc power source. The gas flow was regulated using a
computer monitored mass flow controller unit. The resistance was
monitored using a Keithley 617 electrometer.

Morphology and microstructure of the samples were analyzed by
using scanning electron microscopy (SEM; JOEL JSM-6S00F) and
transmission electron microscopy (TEM; JEM-2100F). The chemical
binding energy and elemental analysis were investigated by an X-ray
photoelectron spectrometer with Mg as the exciting source.

Additionally, the composite materials have been examined using
scanning TEM (STEM), and experiments were performed using a Cs-
corrected JEM-2100F (JEOL Akishima, Tokyo, Japan) operated at
200 kV.

B RESULTS AND DISCUSSION

Two composite core—shell materials were prepared via
electrospinning, see Figure 1. In order to ensure that the

Figure 1. TEM image and elemental mapping of (a—c) SnO,—Cr,0;
core—shell nanofibers and (d—f) Cr,0;—SnO, core—shell nanofibers.

secondary nanofiber structures were successfully broken apart,
SEM images were compared, Figure 2. They were obtained on
the sensitive layer of finished sensors. From Figure 2a,c, it can
be seen that the secondary nanofiber structure remains intact
during the sensor preparation process. In Figure 2b,d, it can be
seen that the soft mechanical grinding method was successful
in breaking apart the secondary structure.

The responses of the sensors to different gases in three
different background humidity levels were examined. A sensor
operation temperature of 200 °C was selected for this study
based on the literature. Singh et al. found that above 300 °C
the response of SnO, activated with Cr,O; significantly
decreases, while Liu et al. already report stable and high
responses to ethanol at 150 °C.'”"* The gases were selected
due to their relevance in different applications, and the
appropriate concentrations were applied: acetone (breath
analysis'”), ethanol (volatile organic compound to which
metal oxides respond well to), and CO (exhaust'*). In order to
identify what role the secondary nanofiber structure has on the
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Figure 2. SEM image of the (a) Cr,O;— SnO, core—shell sensitive
layer of a sensor, (b) crushed SnO,—Cr,O; core—shell sensitive layer
of a sensor, (c) SnO,—Cr,0; core—shell sensitive layer of a sensor,
and (d) crushed Cr,0;— SnO, core—shell sensitive layer of a sensor.
The higher magnification insets are taken of powder samples.

response, sensors based on the Cr,0;—Sn0O, and SnO,—Cr,0;
core—shell structures were compared to sensors based on the
respective crushed materials, see Figure 3. For this comparison
only one concentration of each gas was used, for information
about the sensitivity of the samples see the Supporting
Information, Figure S.1.
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Figure 3. Sensor response of sensors based on the nanofiber
composite material and the crushed composite materials.

The results are very surprising. The responses of the sensors
based on the nanofibers and the respective crushed material
are practically identical. In order to ensure that not only the
secondary structure was destroyed but also the distribution of
Cr,0; and SnO, within the sample is homogeneous, energy-
dispersive X-ray (EDX) was done on the crushed Cr,0;—SnO,
core—shell materials and on the pure samples, see the
Supporting Information, see Figure S.2. From these results, it
appears that the nanofiber morphology provides no significant
sensor advantage. There is, however, an identifiable difference
between sensors based on the Cr,0;—SnO, and the SnO,—
Cr,0; core—shell materials. Although both core—shell samples

show p-type sensing behavior, the response of the SnO,—
Cr,O;3 core—shell is higher than that of the Cr,0;—SnO,
core—shell. This could be due to the different ratio of the metal
oxides to each other in the two samples (different thickness of
SnO, and Cr,O; shells), see Figure 1. For reference,
measurements of the pure SnO, and Cr,O; materials were
done. Again sensors based on nanofibers and on the respective
crushed sample were examined, see Figure 4.
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Figure 4. Sensor response of sensors based on the pure nanofiber
material and the crushed pure materials.

As expected, the pure SnO,-based sensors show an n-type
response, while the Cr,O; sensors show a p-type response.
Similarly, to the composite materials, the nanofibers and the
respective crushed materials of the pure samples show very
similar sensor behavior. In most cases, the resistance of the
samples containing the nanofibers is higher than the
corresponding crushed materials. This result can be explained
by the inverse dependence of the resistance on the cross-
sectional area

.

A (1)
where p is the resistivity (Q-m), L is the length (m), and A is
the cross-sectional areas (m*). The only exception is pure
SnO,, in this case the resistance is higher for the crushed
sample. Based on X-ray diffraction (XRD) spectra, see the
Supporting Information Figure S.3, taken of the pure
nanofibers and the crushed materials, there is no significant
change in the primary crystallite size (comparable full width
half intensity values). From the SEM, see Figure S, it can be
seen that the soft mechanical crushing however not only broke
the nanofibers apart but also separated the crystallites that
formed larger agglomerated particles. This additional change in
morphology is possibly responsible for the increase in the
sensor resistance. In the case of the nanofibers, “necks”,
conduction paths between the grains which are only partially
depleted, can readily form in the more agglomerated SnO,
particles.'® In the case of the sample after the crushing process,
fewer “necks” between the grains could exist and as a result the
resistance overall of the sample is higher.

From these measurements it is clear that the secondary
nanofiber structure of the material provides no significant
enhancement of the sensing properties both for the pure and
the composite materials. Overall, however, the combination of
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Figure S. SEM image of the (a) pure Cr,O; nanofiber sensitive layer
of a sensor, (b) crushed Cr,0; sensitive layer of a sensor, (c) pure
SnO, nanofiber sensitive layer of a sensor, and (d) crushed SnO,
sensitive layer of a sensor. The higher magnification insets are taken of
a powder samples.

Cr,0; with SnO, resulted in an enhanced p-type response. For
both composite materials, (crushed and CSNs) the response to
ethanol and acetone are significantly higher than that of pure
Cr,0O;. These results indicate that the interaction between the
materials is responsible for the increased response.

In order to understand how the interaction between SnO,
and Cr,O; enhances sensing, additional measurements were
done on samples of crushed SnO, containing various wt % of
crushed Cr,0;. SEM images of the samples can be found in the
Supporting Information, Figure S.3 and XRD Figure S.3.
Homogenous dispersion and complete destruction of the fiber
structure is verified by (EDS) mapping, see Supporting
Information Figures S.5—S.7.

In Figure 6, the response of the sensors to one concentration
of each gas is shown, to see how the sensor responds over a
range of concentrations please see the calibration curves in the
Supporting Information, Figure S.1. The most striking result is
the drastic increase of the baseline resistance after the addition
of 5 wt % Cr,O; to SnO,. As more Cr,O; is added, the
resistance then decreases. A heterojunction could occur at the

—+—pure SnO, —* — 5 wt% Cr,0, in SnO, — = — 25 wt% Cr,0, in SnO,
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Figure 6. Sensor response of sensors based on the crushed mixed and
pure materials.

interface between Cr,O; and SnO, because the two are
dissimilar crystalline semiconductors. For more detailed
information about heterojunctions in general please see the
review by Calow et al.'® This change in baseline resistance
could be the result of the heterojunction formed between the
n-type SnO, and the p-type Cr,O;. In order to rule out the
effect of adsorbed oxygen on the resistance, that is, have a flat
band situation between grains of the same material, measure-
ments were done in nitrogen, see Figure 7.177'% In this case, it

pure SnO, 5% Cr,0,——25% Cr,0O,
50% Cr,0, 75% Cr,0, pure Cr,0,
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Figure 7. Resistance of the crushed samples in nitrogen and synthetic
air.

is assumed that any difference in the resistance of the
composite samples versus the pure samples is as a result of the
contact between the materials. The drastic increase of the
resistance as a result of the addition of only 5 wt % of Cr,O;is
also present in this measurement, supporting the idea that a
heterojunction occurs at the interface between the two
dissimilar crystalline semiconductors.

In the literature, there are large ranges reported for the work
function of the two materials: SnO, between 4.7 and 5.7 eV*°
and for Cr,0; between 4.6”' and 5.9.*> From the measure-
ments however, it appears that the electrons migrate from
SnO, to Cr,0j, resulting in a majority charge carrier depletion
layer in both oxides. The predicted band edge positions of
Cr,0; and SnO, are shown in Table 1, and Figure 8a illustrates

Table 1. Energy Band Gap, Calculated Conduction Band
Edge, and Work Function of Cr,0; and Sn0O,'"****

semiconductors Cr,04 SnO,
energy band gap'"** E, (eV) 34 35
work function'** W (eV) 5.68 4.9
conduction band edge” E. (eV) -3.93 —4.5
valence band edge™ E, (eV) —743 -8

N
3
Eqy———=a
Ecy
-5 = EF1
Er 1 B " 3
T
EV1
$=——E,
Cr,04 SnO, Cr,0; SnO,

Figure 8. Energy band structure diagram for (a) p-type Cr,0; and n-
type SnO,, (b) p-type Cr,O;—n-type SnO, heterojunction.
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the energy band structure of Cr,0; and SnO, before contact.
Based on Table 1, the energy band structure diagram for p-type
Cr,0;—n-type SnO, heterojunction is obtained, see Figure 8b.
In the literature, the Fermi level of SnO, (an n-type
semiconductor meaning it has donor levels in the band gap)
is higher than that of Cr,O; (a p-type semiconductor meaning
it has acceptor levels in the band gap). As a result, when in
contact electrons will move from SnO, to Cr,O; resulting in an
electron depletion layer within SnO, (upwards band bending)
and a depletion layer for holes in Cr,O; (downwards bending).

The grains of SnO, are very small; see Figure 5d inset,
meaning it is possible that they are completely depleted as a
result of their interaction with the grains of Cr,O;/formation
of heterojunctions. The 5 wt % sample, where the current flows
predominantly through the SnO,, shows the most drastic
resistance increase and shows an n-type response. As a result of
the heterojunction with Cr,0O; SnO, has fewer electrons
explaining the drastic resistance increase in nitrogen; that
means that there are now fewer electrons which can be
captured on the surface by adsorbed oxygen explaining the
decreased effect of synthetic air on the resistance. At 25 wt %
Cr,0j3, the resistance is still significantly higher than both pure
materials, but the presence of oxygen has no effect on the
baseline resistance and no sensor response is visible. A possible
explanation is that the current flows between both Cr,O; and
SnO,, and the effects compensate each other. In the case of the
50 and 75 wt % Cr,O; the current predominantly flows
through the Cr,0;. The sensors show a p-type response. The
resistance in nitrogen is under that of the pure SnO, sample,
but is above the pure Cr,0Oj; sensor. Overall, the increase of the
resistance as a result of the heterojunction is potentially less
significant in this case due to the larger size of the Cr,0;
grains. The difference in size between the grains of the two
materials can be seen in the SEM shown in Figure S and is
verified by comparing the grain size calculated from the X-ray
diffractograms using the Debye Scherrer equation. Here, the
average Cr,0; grain is over 20 nm while those of SnO, are
approximately 10 nm, see Supporting Information Figure S.4.
In other words, while the resistance of a large part of Cr,0;
grains is not affected by the heterojunction, a significantly
larger portion of the smaller SnO, grains may be depleted. The
effect of oxygen on the baseline of the 50 wt % and the 75 wt %
Cr,O; sample is more significant that on the pure chromium
oxide sample. As a result of the heterojunction Cr,O; has more
electrons available, and thus the reactivity with atmospheric
oxygen (more electrons can be captured by oxygen on the
surface) increases. From these results it can be seen that the
heterojunction between the materials is responsible for the
improved sensor response. Here, it can also be identified that
through optimization of the material concentration, different
sensor characteristics can be attained.

B CONCLUSIONS

It is known that by combining different metal oxides, it is
possible to drastically alter sensor characteristics and to attain
results not possible with pure materials. Composite materials
are often prepared using complex synthesis methods in order
to attain secondary morphological structures, for example,
electrospinning to produce CSNs. In the past, studies that have
tried to separate the role of the contact from that of the
secondary morphology did not ensure that the characteristics
of the samples remained otherwise unchanged. Here, by
comparing samples, in which, the secondary structure had been

21131

mechanically broken with CSN material, it was possible to
identify the dominant effect of the contact between the
materials. By varying the ratio of the material, the materials
showed varying sensor characteristics, showing both p- and n-
type behavior. It was also found that at a certain ratio, the
sample shows no sensor response. This finding shows the
viability of mechanically mixing materials together to attain
optimized sensing characteristics. It furthermore reveals that,
by varying the ratio between the materials, different sensing
behavior becomes attainable.
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ARTICLE INFO ABSTRACT

Keywords:
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In order to increase the stability of semiconducting metal oxides and to modify their gas sensing behavior, noble
metal surface additives are often used. In literature, there are numerous papers that report the drastic effect of
WO3 platinum loading on the sensing characteristics of WOs;. Here a thorough characterization of two different
Platinum surface loading platinum loaded WO3 samples was coupled with operando diffuse reflectance infrared Fourier transform spec-
Fermi level pinning troscopy. Based on the results, it was possible to identify the mechanism which is responsible for the changed
sensor behavior. It was found that in this case a Fermi level pinning mechanism dominates. In addition, by
comparing the two samples prepared with different impregnation methods, it could be shown that the dispersion
on the surface of the material determines how strong the effect of the loading is. This work complements recent
findings in which the Fermi level pinning mechanism was identified for Rh,03 loaded samples (SnO., In,O3 and
WO3) and Pt-loadings on SnO.. The results help in understanding reports already found in literature and pro-

vides useful inputs for the intentional tuning of sensor characteristics.

1. Introduction

Semiconducting metal oxide (SMOX) based gas sensors are an in-
expensive, robust and compact alternative to other gas detection
methods. The first commercially available gas sensor was developed by
Naoyoshi Taguchi in the 1960s [1]. In order to increase the stability of
this SnO, based gas sensor and to tune its sensor response, the noble
metal catalyst Pd was added [1]. Even today most commercially
available SMOX based gas sensors contain noble metal additives. Al-
ready in the late 1980s and early 1990s, Morrison and Yamazoe et al.
suggested two possible modes of interaction between the noble metal
loading and the base metal oxide: spillover effect and the Fermi level
pinning mechanism [2,3]. In the case of the spillover effect, the target
gas adsorbs onto the loading. This adsorbate is then transferred to the
metal oxide where the decomposition reaction takes place [2,3]. In the
case of the Fermi level pinning mechanism, the Fermi level of both
materials is pinned by the contact between the loading and the base
material. The reaction takes place entirely on the noble-metal loading.
If, as a result of the interaction with the target gas, the work function of
the noble metal loading changes, then the charge layer in the base
material caused by the contact is altered [2,3]. Experimental observa-
tions of either mechanism are limited. Today, the optimization of sen-
sors still largely occurs based on empirical findings. Recently it has been

* Corresponding authors.

found that in the case of Rh,03 loaded SnO,, WO5 and In,O5 as well as
Pt-loaded SnO,, the Fermi level pinning mechanism dominates [4-6].
More research is needed to verify the general applicability of the Fermi
level pinning mechanism for gas sensors based on noble metal loaded n-
type semiconductors. Based on the findings reported here, the me-
chanism can be expanded to include Pt-loaded WOs;. In addition to the
catalyst type, it is known that the size of the noble metal oxide affects
its reactivity [7] and can, thus, have an effect on the sensor response.
Here two different loading methods are examined and in both cases the
Fermi level pinning mechanism is identified. This proves that the results
are generally true for WO3 loaded with platinum. It additionally high-
lights that through a homogeneous dispersion, the noble metal catalyst
more efficiently dominates the sensor response via the Fermi level
pinning mechanism. This is an application relevant finding, as it shows
how a lower amount, i.e. less expensive solution, of loading with a
noble metal catalyst can be effective. The drastic effect of loading with
platinum is shown by examining how the response of WO3 sensors, to
five different gases, changes. The gases were selected due to their re-
levance in different applications. There are numerous publications that
report WO3; to be a good sensor for acetone [8]. The detection of
acetone in a concentration range (0.5 ppm and 2 ppm) is relevant for
the monitoring of diabetes via breath analysis [9]. Low concentrations
of toluene are relevant for monitoring indoor air quality. The Canadian
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government has set an indoor air exposure limit at 4 ppm [10]. CO
(30 ppm and 100 ppm) and NO, (2 ppm and 10 ppm) are both exhaust
pollutants, between [11,12]. In addition the response to ethanol was
examined because there are several reports in literature that through
surface loading with platinum WO3; becomes better suited to detect
ethanol [13,14].

Through the complete characterization presented here, it is possible
to expand a previously suggested mechanism to platinum loaded WO,
indicating a general validity. In addition, based on these findings,
which indicate a dominant Fermi level pinning mechanism, it is pos-
sible to understand the origin of results found in literature.

2. Material and methods

The sol gel loaded samples were prepared according to the proce-
dure described in Ref. [4]. 0.073 g of PtCl, (Sigma-Aldrich 99.9% trace
metals basis) with 1 g of WO3 (Sigma-Aldrich, nanopowder, < 100 nm
particle size (TEM)) were stirred in deionized water at a pH value of 1.0
(attained through the addition of HCI) at 80°C for 2h and dried at
70 °C. Afterwards, the attained powders were calcined at 500 °C for 1 h.
In addition, to ensure that the changes in sensor response were not
caused by the presence of the surface-loading and not due to the pre-
paration procedure itself, the pure samples were also stirred in deio-
nized water at a pH value of 1.0 (attained with HCl). The suspension
was also stirred at 80 °C for 2h and then dried at 70 °C. The powders
were calcined at 500 °C for 1 h.

The nanofibers were prepared using the following method. 0.7 g of
(NH4)6HaW120490H20 and 6 mL of deionized water were mixed to-
gether and stirred vigorously for 3h. Then, 0.8 g of polyvinyl pyrroli-
done (PVP, M,, = 1,300,000) was added to the mixture and it was al-
lowed to stir overnight. This viscous solution was used to fabricate
(NH4)6HoW12040/PVP as-spun fibers. A typical electrospinning setup
composed of a high voltage DC power supply, a capillary and a
grounded collector, was used. The solution was filled into a 5 mL syr-
inge equipped with a stainless steel needle having an inner diameter of
0.7 mm. A high DC voltage of 15kV was applied and the feeding rate
was 0.7 mL/h. The as-prepared fibers were collected at a distance of
20 cm. All the as-prepared fibers were calcined at 550 °C for 2 h with a
heating rate of 1 °C. After natural cooling, WO3 was obtained. A certain
amount of WO3 nanofibers was added to deionized water with ultra-
sonication for 30s. After stirring for 6 h, a milky suspension was ob-
tained. Then 0.01 mmol H,PtCls aqueous solution was added to the
above mixture and the Pt/W atomic ratio was 1/100. Pt NPs were
formed by adding NaBH, solution into the mixture dropwise over
30 min. The molar ratio of H,PtCls and NaBH, was 1/2. Finally, the
mixture was washed using ethanol and deionized water three times and
dried at 60 °C. Surface loaded Pt/WO3; sample was obtained.

To fabricate the sensors, the pure and loaded materials were ground
with 1,2-propanediol (Sigma-Aldrich; 99.5+% ACS Reagent) into a
thick paste which was screen-printed on Al,O3 substrates (with a
backside Pt-heater and Pt electrodes). The sensors were dried for 3 h at
room temperature, overnight at 80 °C and then calcined in a tubular
furnace (Heraeus ROK 6/30)) for 10 min. at 400 °C, 10 min. at 500 °C
and finally 10 min. at 400 °C. The DC resistance measurements were
done using a Keithley 617 electrometer and an Agilent E3630A voltage
source to heat the sensors. The sensors were mounted in a PTFE sensor
chamber and the gases were supplied using a computer operated gas
mixing system (the total flow was held constant at 200 ml/min). The
sensor signal was calculated using the following equation for reducing
gases:

_ Rreference
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In the case of oxidizing gases (NO,), the inverse relationship was
used. For the operando diffuse reflectance infrared Fourier transform
(DRIFT) spectroscopy a Vertex80v narrow-band MCT detector with a
spectral resolution of 4 cm ™! was used. A heated sensor (300 °C) was
housed in a custom-made chamber containing a KBr window. As during
standard operation the sensor was heated and the resistance was re-
corded. A single channel spectrum was recorded every 15 min during
test gas exposure. In order to obtain the desired absorbance spectra
which provides information about the surface reaction with the target
gas the relationship suggested by Olinger and Griffiths was used [14]:

A — —log SCS@XPOSM"E
SCSYE ference

As an example, the evaluation of the pure WO; from Sigma Aldrich
during exposure to 18 ppm ethanol is given in the supplementary in-
formation.

Morphology and microstructure of the samples were analyzed by
using scanning electron microscopy (SEM; JOEL JSM-6500F) trans-
mission electron microscopy (TEM; JEM-2100F). The chemical binding
energy and elemental analysis were investigated by an X-ray photo-
electron spectrometer (XPS) with Mg as the exciting source.

(2)

3. Results and discussion

The sensors were operated at 300 °C, a commonly used temperature
for WO3 based sensors. The doping levels were selected for a number of
reasons. In previous studies, it was found that high loadings were ne-
cessary to achieve significant changes of the sensing characteristics [4].
This is in line with literature in which high loadings between 1 at% and
7 at% are often reported [13,15-18]. The sensor response to different
gases, selected due to their relevance in various applications was in-
vestigated. In Fig. 1, the sensor signals, calculated using Eq. (1), to one
concentration of each gas are shown. For real applications the effect of
humidity is important, so the responses in dry air and in 30% RH at
room temperature were measured. Both pure WO3; materials show the
expected sensor behavior [19]. The sensors respond well to acetone and
ethanol, show low responses to CO and the response to NO, decreases
significantly with humidity [19]. The sensors respond well to very low
concentrations of toluene [19]. Despite the difference in the prepara-
tion method, the loading has a similar effect in both cases. The sensor
response to NO, and toluene disappears. In both cases the samples still
respond to acetone and ethanol. It has been previously reported that
loading with platinum increases the selectivity of WO3 to ethanol
[13,14]. Similar to the results here, platinum loaded WO3; has been
reported to respond well to acetone, with a significant decrease, how-
ever, of the response in humidity [20]. No explanation supported by
operando findings, however, for the results exists. To identify what
causes these changes, additional measurements and structural in-
formation about the sample are needed.

Using XPS measurements, information about the state of the surface
additives is gained. The used material underwent the same preparation
and thermal treatment as the sensors. As shown in the high-resolution
Pt 4f spectra (Fig. 2) the raw data can be separated into several fitted
peaks, indicating the existence of different chemical states for the Pt
component. The peaks with binding energies (BEs) located at 71.3 and
74.5 eV can be assigned to the metallic Pt species. Meanwhile, the BEs
at 72.5 and 75.3 eV with two shakeup satellite peaks correspond to
oxidized Pt, i.e. PtO and PtO, [9]. Thus, both metallic and oxidized Pt
components can be found on the surface of the two samples

From SEM pictures taken of the sensitive layer of the sensors, it can
be clearly ascertained that the morphology, specifically the grain size, is
not affected by either of the used loading methods, see Fig. 3. As
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Fig. 1. (a) Sensor profile of pure WO; from Sigma Aldrich after treatment in an aqueous solution at pH 1. (b) Sensor profile of the Sigma Aldrich sample sol gel loaded
with 5 at % Pt. (c) Resistance of the loaded and the pure Sigma Aldrich sample during exposure to N, and then syn. air. (d) Sensor profile of pure WO3 nanofibers. (e)
Sensor profile of the 1 at % Pt loaded nanofibers. (f) Resistance of the loaded and the pure nanofibers sample during exposure to N and then syn. air.
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Fig. 2. The high-resolution XPS spectra of Pt 4f for 1 at% Pt loaded WO3 na-
nofibers and 5 at% Pt loaded WO3 particles.

previously reported, it is possible to identify if there is a significant
electronic coupling between the base material and the surface clusters
by comparing the resistances of the loaded and the pure samples in
nitrogen [5,6].

Under nitrogen exposure, it is assumed that the acceptor states re-
lated to adsorbed oxygen are negligible and that the relationship be-
tween surface band bending and resistance can be described as follows
[5,6]:

380

eVy = kgTeln (5)
Ro

3

In both cases loading with platinum results in a significant increase
of the resistance in nitrogen, see Fig. 1. Based on Eq. (3), the presence of
the platinum surface clusters on the sol gel sample resulted in a bending
of ca. 213 meV. In the case of the nanofibers, the band bending was
found to be 335meV. These values indicate that the surface platinum
species are significantly electronically coupled with the WO3 nano-
particles. The work function of platinum is reported to span between
4.6 eV [21] and 5.93 eV [22]. In all cases, however, it is reported that
the oxidation of platinum results in an increase of the work function
[21,23]. The work function of tungsten trioxide is reported to be
5.05eV [24]. Based on this information, coupling between all three of
the Pt species, metallic Pt, PtO and PtO,, could be responsible for the
detected increase of the resistance.

To understand the role of the Pt species during sensing, operando
DRIFT spectroscopy is useful. The absorbance spectra were calculated
using Eq. (2). Both the pure and the loaded samples show a significant
decrease of the resistance as a result of ethanol exposure. In the case of
the pure WO3 samples, decreasing bands at 2062 and 1861 cm ™' are
visible during ethanol exposure, see Fig. 4. These bands have been at-
tributed to various overtones and combination modes of the bond be-
tween tungsten and oxygen in the lattice of WO3 [25-27]. This decrease
indicates that ethanol reduces the surface of WO, and is in line with the
large detected decrease of the resistance. In the case of the loaded
samples no bands are visible in the DRIFT spectra, despite the large
detected resistance change (see signals Fig. 1). This indicates that the
sensing mechanism changes and that the surface reaction with ethanol
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Fig. 3. SEM images of the sensitive layers based on the (a) pure WO3 from Sigma Aldrich after the acidic wet treatment, (b) the 5 at % Pt loaded WO3 sample from
Sigma Aldrich, (c) the pure WO3 nanofibers, and (d) the 1 at% Pt loaded WO3 nanofibers.

no longer takes place on the WO3. This makes the spillover mechanism
improbable as in this case the reduction of WOz would be more sig-
nificantly visible. Instead it is likely that the reaction takes place on the
oxidized platinum clusters, indicating a Fermi level mechanism. It is
known that the oxidation of platinum increases its work function. In-
versely, a reduction of the clusters would decrease the work function
difference between WO; and the platinum species (electrons are re-
leased from the heterojunction back into WO3). This would explain the
decrease in the resistance although no surface reduction of WO3 is
visible. Very similar results have been reported for platinum surface
loaded SnO, and for Rh,03 loadings on SnO,, WO3 and In,O3 [4-6].
The sensor response of the sol gel loaded samples and the nanofibers are
very similar, even though in the case of the nanofibers only 1 at % Pt
was used while in the sol gel sample 5 at % was applied. The band
bending is even more significant in the case of the nanofibers. In ad-
dition to the nature of the loading, it is also known that the morphology
also plays an important role [28]. Morphological information about the
loadings was gained from TEM images, see Fig. 5.

In the case of the sol gel sample, the dispersion of Pt nanoparticles is
not uniform in the sample. The diameters of particles range between 15
and 30 nm. The lattice spacing with 0.279 nm is assigned to (200) of

PtOx (JCPDS 21-1284). In the case of the nanofibers homogeneously
dispersed loadings with diameters below 5nm were observed. The
better dispersion of the particles in the case of the nanofibers explains
why the same change in the sensor response can be attained with a
lower loading concentration. In addition the higher change of the re-
sistance in nitrogen as a result of loading for the nanofibers can also be
explained by the smaller cluster size, as band bending scales with the
contact areas between the materials.

To further verify the mechanism indicated by the results found
under normal operating conditions, low oxygen measurements were
used. Due to the better controlled preparation and thus more homo-
genous dispersion of the nanoclusters, the nanofibers were used for
further measurements. Ideally by using high concentrations of a redu-
cing gas in low oxygen background, it is possible to fully reduce the
platinum oxide clusters, thus, inducing a mechanism switch. This
method has been successfully applied in the past [4,5].

The pure nanofibers barely respond to CO. As expected in the DIRFT
spectra, a decrease of the bands attributed to overtones and combina-
tion modes of the bond between tungsten and oxygen [25-27] is visible,
see Fig. 6. This indicates that CO reacts with surface oxygen, which
explains the detected decrease in resistance. As the concentration of CO
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Fig. 4. DRIFT spectra taken during exposure to 18 ppm ethanol referenced to the spectrum taken in dry synthetic air.
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Fig. 5. TEM images of (a, b) 5 at% Pt loaded WO; particles and (c, d) 1 at% Pt loaded WO3 nanofibers. The inset in (d) is the corresponding HRTEM images.

increases, the resistance decreases further and the reduction of the
surface is more readily visible.

In the case of the 1 at% Pt loaded nanofibers, there is a significant
change in the resistance at high CO concentrations (beginning with
100 ppm CO). Despite the significant decrease of the resistance (high
sensor signal), no reduction of WOj; is visible in the DRIFT spectra
during exposure to 100 ppm CO, see the enlarged spectra in Fig. 7. At
this point however a band (20,170 cm ™ 1) attributed to Pt° carbonyls
becomes visible [5,29,30]. As the concentration of CO increases the
resistance continues to fall strongly, and in addition to the formation of

platinum carbonyls the reduction of WO3; becomes visible in the DRIFT
spectra, see Fig. 7. These results are very similar to those reported for
Rh,03 surface loaded n-type metal oxides [4,6]. These results further
confirm the Fermi level pinning mechanism. At low CO concentrations
the reduction of the oxidized platinum dominates. As a result its work
function is reduced meaning fewer electrons are captured from WOs;.
This release of electrons is responsible for the strong decrease in the
resistance. At higher concentrations, the platinum clusters become
dominantly metallic and the CO begins to react with WO3.

Fig. 6. (a) The change in resistance of the sensors, based on
the nanofibers and the 1 at% Pt loaded nanofibers during
exposure to different CO concentrations in a low-oxygen
background, measured simultaneously to the DRIFT spectra.
(b) The DRIFT spectra of the nanofibers and the 1 at% Pt
loaded nanofibers during exposure to different concentrations
of CO, the spectra were referenced to a spectrum taken in
50 ppm O in N,.
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Fig. 7. Enlarged section of the DRIFT spectra of the nanofibers and the 1 at% Pt loaded nanofibers during exposure to different concentrations of CO. The spectra

were referenced to a spectrum taken in 50 ppm O, in N,.

4. Conclusion

Here it was shown that under normal conditions sensing is domi-
nated by the Fermi level pinning mechanism in the case of Pt surface
loaded WOs3. Very similar results were attained with two differently
prepared samples indicating a generality of the results. These results, in
the context of recent reports, show the dominance of the Fermi level
pinning mechanism for noble metal surface loadings [4-6]. Here it was
additionally shown that not only the nature of the loading clusters, but
also their dispersion on the surface can have a significant effect on the
sensing performance. By more homogenously dispersing the Pt clusters
on the surface, it was possible to attain similar results for 1 at% loading
as for 5 at%. In total and in the context of existing literature, these
results are very significant for understanding existing reports and for
the intentional tuning of sensing characteristics in the future.
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Abstract: In order to increase their stability and tune-sensing characteristics, metal oxides are
often surface-loaded with noble metals. Although a great deal of empirical work shows that
surface-loading with noble metals drastically changes sensing characteristics, little information
exists on the mechanism. Here, a systematic study of sensors based on rhodium-loaded WOj3,
5n0,, and In;Oz—examined using X-ray diffraction, high-resolution scanning transmission electron
microscopy, direct current (DC) resistance measurements, operando diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopy, and operando X-ray absorption spectroscopy—is presented.
Under normal sensing conditions, the rhodium clusters were oxidized. Significant evidence is
provided that, in this case, the sensing is dominated by a Fermi-level pinning mechanism, i.e.,
the reaction with the target gas takes place on the noble-metal cluster, changing its oxidation state.
As a result, the heterojunction between the oxidized rhodium clusters and the base metal oxide was
altered and a change in the resistance was detected. Through measurements done in low-oxygen
background, it was possible to induce a mechanism switch by reducing the clusters to their metallic
state. At this point, there was a significant drop in the overall resistance, and the reaction between
the target gas and the base material was again visible. For decades, noble metal loading was used
to change the characteristics of metal-oxide-based sensors. The study presented here is an attempt
to clarify the mechanism responsible for the change. Generalities are shown between the sensing
mechanisms of different supporting materials loaded with rhodium, and sample-specific aspects that
must be considered are identified.

Keywords: gas sensors; surface-loading; DRIFT spectroscopy; X-ray absorption spectroscopy;
Fermi-level pinning

1. Introduction

As the world becomes more automated and connected, sensors will play an increasing role.
Gas sensors based on semiconducting metal oxides (SMOX) are a compact, inexpensive, sensitive,
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and robust alternative to other detection methods. Over the last five decades, SMOX-based sensors
were widely used for automated air flap control in cars and in domestic alarms for explosive gases [1,2].
A great deal of research is being done on the use of SMOX sensors in a wide array of applications.
However, in order for SMOX-based sensors to be effectively used in the future, their sensitivity,
selectivity, and stability must be increased [3]. Numerous different methods were examined in order to
address these issues, ranging from the optimization of morphology to the use of composite materials
based on metal oxides coupled with organics or silica [3-5]. Traditionally, these limitations were
addressed through loading with noble metals [6]. Already in the 1960s, palladium was added to
the first commercially available SnO;-based sensor from Figaro Engineering [7,8]. Even today, most
commercial sensors are not based on pure materials, but contain low quantities of noble-metal-oxide
additives [8]. These additives are usually chosen based on empirically attained knowledge. However,
in the late 1980s and early 1990s, Yamazoe and Morrison suggested two mechanisms, spillover
and Fermi-level pinning, which could explain the effect of surface-loading on the sensor response;
experimental results supporting the theories remain limited [9-11]. In the case of the spillover
mechanism, the target/analyte molecule is adsorbed onto the noble-metal-oxide cluster which leads to
a weakening of its molecular bond. The adsorbate is transferred onto the support material where the
reaction takes place [12]. In the Fermi-level pinning mechanism, the gas detection reaction takes place
on the surface of the noble metal cluster. The cluster electronically interacts with the base material
and the contact pins the Fermi levels of both materials. If the work function of the noble-metal-oxide
cluster is changed upon interacting with an analyte gas, the depletion layer in the base material
caused by the contact is also affected. It was recently reported that the Fermi-level pinning mechanism
explains the change in the sensing characteristics of WO3 surface-loaded with oxidized rhodium
clusters and the effect of oxidized platinum clusters on the surface of SnO, [13]. Here, a systematic
study of three commonly used oxides for gas sensors, WO3, SnO,, and In, O3 [3], loaded with rhodium
oxide clusters was done to examine the general validity of these findings. The response of the sensors
to five chemically different and application-relevant gases was examined. The gases were picked
in concentrations relevant for different applications. There is currently a large interest in detecting
acetone in the breath as a means for diabetes monitoring [14]. For diabetes monitoring, an acetone
concentration between 0.5 ppm and 2 ppm (0.001-0.005 mg/L) is relevant [14]. CO and NO, are both
relevant pollutants found in automobile exhaust measurements [15]. Values between 30 ppm and 100
ppm (ca. 0.035-0.116 mg/L) are relevant for CO, and between 2 ppm and 10 ppm (0.004-0.019 mg/L)
for NO, [16]. Often, however, indoor air is more polluted than outdoors. As people spend more and
more time inside, governments and even the World Health Organization released guidelines regarding
indoor air quality [17,18]. Indoor air quality is often diminished by the presence of volatile organic
compounds due to outgassing of furniture and other household objects. The Canadian government,
for example, set a short-term indoor air exposure limit of toluene at 4 ppm (0.015 mg/L) [18]. Ethanol
is another volatile organic compound which metal-oxide-based gas sensors are known to respond well
to. In total, these gases show high variation in their chemical characteristics and allowing their use in
sensors for a wide array of relevant applications.

A full characterization of the samples was done using X-ray diffraction (XRD) and high-resolution
scanning transmission electron microscopy (HR-STEM). In order to understand the effect of oxidized
noble-metal surface clusters on sensing, operando diffuse reflectance infrared Fourier transform
(DRIFT) spectroscopy and operando X-ray absorption spectroscopy (XAS) were used. The results
show that the Fermi-level pinning mechanism accurately describes the effect of the clusters on sensing.
This work indicates the general validity of the Fermi-level pinning mechanism for sensors based on
oxygen-deficient n-type SMOX-containing surface noble-metal-oxide clusters. This finding is very
significant, as the sensor characteristics of SMOX are often tuned using loading with noble metals.
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2. Materials and Methods

2.1. Sample Preparation

The loaded samples were prepared as described in Reference [19]. SnO,;/WO;3;/In,O3 and
RhCl3-xH,O from Sigma Aldrich (Saint Louis, MI, USA) were stirred in deionized water at a pH value
of 1.0 at 80 °C for 2 h and dried at 70 °C. The powders were calcined at 500 °C for 1 h. To ensure that
the detected results were caused by the presence of the surface-loading and not due to the preparation
procedure itself, the pure samples were also suspended in deionized water at a pH value of 1.0, which was
set using a concentrated HCl solution. Then, the suspension was stirred at 80 °C for 2 h and the powders
were dried at 70 °C and calcined at 500 °C for 1 h. The powders were deposited onto alumina substrates
as described elsewhere [20]. More information regarding the loading can be found in the Table S1.

2.2. Direct Current (DC) Resistance Measurements

The measurements were performed using a Keithley 617 electrometer for WO3; and SnO, and an
Agilent 34972 multimeter for In,Os. Agilent E3630A and E3614A voltage sources were used to heat
the sensors. The sensors were mounted in a homemade Teflon sensor chamber, and the various test
gas concentrations in dry synthetic air were supplied using a computer-controlled gas-mixing system.
As the standard for work done using gas sensors, the concentration of the target gas is given in ppm.
The following relationship was used [21]:

Gas Concentration (ppm) = %

. 3
x Gas Concentration ( 5 ) = 0.24lm

£ ) = sk vess X Gas Concentration (%) 1)
The sensors were measured at 300 °C. The sensor signal for reducing gases was calculated using
the following Equation (2):
g = Reference )
Rest gas

In the case of oxidizing gases, the inverse relationship was used. The reference was the resistance
measurement in dry synthetic air.

2.3. DRIFT Spectroscopy

For the operando DRIFT spectroscopy, a Vertex70v containing a narrow-band mercury cadmium
telluride (MCT) detector (Bruker, Billerica, MA, USA) with a spectral resolution of 4 cm ™! was used.
The sensors were mounted in a homemade chamber containing a KBr window. The sensors were
heated to 300 °C, and the DC resistance was recorded simultaneously. Every 15 min, a single-channel
spectrum was recorded during the gas exposure. To obtain the absorbance spectra, information about
the surface reaction was provided with the target gas. The single-channel spectra taken under exposure
to the target gases were referenced to the spectra taken under the carrier gas using Equation (3).

®)

Absorbance — — 10g< single channel test gas )

single channel reference

As previously reported, it is possible to estimate the band-bending caused by the presence of
noble-metal-oxide surface-loadings from these measurements [13,22,23]. In N, the surface acceptor
state related to the ionosorption of O, is considered negligible, and the relationship between resistance
and surface band-bending (eVs) for depletion layer limited charge transport can be estimated using
the Equation (4) [13,22,23]:

R
eVs = kT-In (k’aded> 4)
pure
where k represents the Boltzmann constant, T is the temperature, Rpure is the resistance of the unloaded
material, and Rjy,4eq is the resistance of the loaded material in Np.
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2.4. XRD Measurements

XRD diffractograms were collected with a Philips X'Pert apparatus (PANalytical Spectris, Egham,
UK). A monochromatic Cu K« radiation source (A = 1.540598 A) was used. The diffractograms were
recorded from a 26-w angle of 25° to 45° with a step size of 0.01° at a rate of 0.01°/s. The XRD data
were analyzed using the Match! 3 software (CRYSTAL IMPACT, Bonn, Germany).

2.5. X-ray Absorption Spectroscopy (XAS) Measurements

All X-ray absorption spectroscopy (XAS) experiments were recorded at beamline P65 at the
PETRA III synchrotron radiation source (DESY, Hamburg, Germany). X-rays were provided by an
undulator (11 periods, seventh harmonic, DESY, Hamburg, Germany); higher harmonics were rejected
using Pt-coated mirror layers mounted before the monochromator, and the incident X-ray energy was
selected using a double crystal monochromator with Si (311) crystals. Using slits, the beam size was
set to 1.5 x 0.3 mm. X-ray absorption near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) spectra were recorded at the Rh K-edge in fluorescence geometry using an
energy-dispersive Vortex P80 detector. For operando XAS, the samples were placed in a homemade
in situ cell, which allowed controlling the atmosphere and heating voltage, while simultaneously
recording XAS and DC resistance of the sensor placed in the cell [24]. XAS data analysis was done using
the ATHENA and ARTEMIS software form the IFEFFIT package (developed by Ravel and Newville
from the US Naval Research Laboratory and the University of Chicago, for details see [25]). ATHENA
was used for calibrating and normalizing all spectra, and for subtracting the background of the EXAFS.
Fourier transformation (FT) of k!, k2, and k®-weighted EXAFS was done in a k range of 2.5 A~ to
10 A1, using a Hanning window with a sill size of 1 A~!. Using ARTEMIS, EXFAS fitting was done by
adjusting theoretical backscattering paths, which were obtained from FEFF 6.0 calculations (The FEFF
Project, University of Washington, WA, USA, to experimental data using the least-squares method in R
space (1 Ato3.5A)[26].

2.6. Scanning Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) experiments were performed using a
Cs-corrected JEM-2100F (JEOL Akishima, Tokyo, Japan) operated at 200 kV.

3. Results

3.1. Material Characterization

WO3, SnO,, and In,O; are all oxygen-deficient n-type semiconductors that are commonly used
for gas sensors. The sensors are typically operated between 200 °C and 500 °C. Here, in order to
minimize the measurement variables, an operation temperature of 300 °C was selected.

XRD measurements were taken at room temperature for SnO, and In,O3, while that of WO3 was
taken at 300 °C (see Figure 1). For SnO,, the tetragonal rutile structure was verified [27], and, as it
only has one stable crystal structure, it can be assumed that the same structure exists at the operation
temperature. As already reported in the case of WOj3, the sample is found to be in a mixed y- and
B-phase at 300 °C [28-30]. For In,O3, the cubic structure was verified by XRD [31]. This structure is
stable until 800 °C, which is well above the operation temperature; thus, no change was anticipated [32].
Using the Debye-Scherrer equation, the crystallite diameters of the base materials were approximated
as 30 nm for WQO3, 20 nm for SnO,, and 40 nm for In,Os3.



Nanomaterials 2018, 8, 892 50f17

linic (COD #2311041 °
'J&"ﬁ?ﬁﬁﬁ.& (COD #210731)2) WO, at 300 °C
> Chbd . L I
G == cubic (COD #2310009) In.O. atRT
c 273
L
C ) A
= mmtetragonal (COD # 1000062) Snoz at RT
M A
28 32 36 40 44
20[7]

Figure 1. X-ray diffractograms taken of the sensitive layer on the sensors (SnO; and In,O3 at
room temperature; WO3; was recorded on a heated sensor). The reference patterns are from the
Crystallography Open Database.

In HR-STEM images, however, it can be seen that the InyO3 clusters were larger than 100 nm,
meaning that the crystallite size could not be accurately determined using the Debye-Scherrer
equation [33]. The average size of the In,O3 clusters was approximately 300 nm. In the case of the SnO,
sample, the grain size was between 7 nm and 25 nm. In the case of the WO3 sample, the crystallite size
varied between 25 nm and 65 nm. These findings are in line with the XRD measurements. The Rh-oxide
loading is marked with yellow arrows in Figure 2. The STEM measurements revealed that, for loaded
WOj3; and SnO,, the rhodium-oxide particle size was between 1 nm and 2.5 nm with a good dispersion
on the surface (Figure 2).

Figure 2. Scanning transmission electron microscopy (STEM) high-angle annular dark-field (HAADEF)
images of pure and Rh-loaded clusters on three different supports: SnO, (a) pure and (b) 3.00 at.%
Rh-loaded SnO,; Iny O3 (¢) pure and (d) 2.75 at.% Rh-loaded In,O3; WO3 (e) pure and (f) 5.00 at.%
Rh-loaded WO3;. Yellow arrows show the Rh,Oj3 particles and clusters.

For loaded InyO3, however, there were two kinds of structures: one with a high amount of RhyO3
on a small amount of In,Oj3 (yellow arrow, Figure 3a), and the second with large crystals of In,O3
and a small quantity of rhodium oxides (Figure 2d; blue arrow Figure 3a; barely visible in Figure 3b).
The high amount of Rh,Oj3 is shown as a layer formed around a highly crystalline small In,O3 grain
(Figure 3c,d). Energy-dispersive X-ray spectroscopy (EDS) elemental mapping images support these
findings (see Figure S1).
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Figure 3. STEM images of 2.75 at.% Rh-Loaded In;0O3. (a) STEM HAADF and (b) STEM bright-field
(BF) images show two kinds of structures: low Rh-loaded (blue arrows) and high Rh-loaded (yellow
arrow). (c) High-resolution (HR)-STEM HAADF and (d) HR-STEM BF images show high crystalline
InyO3 and a rich Rh layer around InyO3. The inset in (d) is the fast Fourier transform (FFT) of the STEM
BF image.

The XANES spectra, at room temperature, of all sensing materials and two reference compounds
are shown in Figure 4. All three sensing materials showed similar XANES spectra which corresponded
to the Rh,O; reference compound, i.e., Rh was present as Rh®*. Further information on the structure
of the Rh loadings was gained through analysis of the EXAFS. The visual inspection of the FT EXAFS
(Figure 4b) shows good agreement with Rh,Oj3 in the first coordination shell and, thus, confirms
the presence of oxidized Rh structures. The strongly decreased magnitude of features related to the
outer shells suggests a small size of the Rh loadings. Quantitative information on the Rh structure
was obtained by fitting the calculated EXAFS based on Rh;Oj3 to the experimentally obtained EXAFS.
The results of the best fits are shown in Table 1.

Table 1. Structural parameters obtained from fitted extended X-ray absorption fine structure (EXAFS).

Coordination number, N; distance, R; Debye-Waller factor, o2; energy shift, 0Egy; passive electron

reduction factor, SyZ; misfit, p.

Sample Atom N R o2 Sp2 SE P
(A) (103 A?) (eV) (%)
5.0 at.% Rh WO; o) 60f 202+001 401+175 072+009 -210+114 17
Rh 20f 3094002 5254252
3.0 at.% Rh SnO, o) 55f 2044001 3224+138 0844008 —065+094 1.1
Rh 20f 3144003 4394375
Rh 25f 3344003
2.75 at.% Rh Iny, O3 e} 55f 2044001 345+118 072+006 —114+086 09
Rh 15f  315+0.03 5954441
Rh 15f  3.38+0.04

f fixed.
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Figure 4. Rh K-edge X-ray absorption near-edge structure (XANES) spectra (a) and Fourier transform
(FT) k3—weigthed extended X-ray absorption fine structure (EXAFS) spectra (b) of Rh-loaded sensing
materials (amplitude x 2), RhyOj reference (amplitude x 2), and Rh foil (m)

For the 5.0 at.% Rh-loaded WO3 sample, the best EXAFS fit was obtained by a model with two
coordination shells. The first shell consisted of six O atoms at a distance of 2.02 A, while the second
shell featured two Rh atoms at a distance of 3.09 A. The coordination of Rh by six O atoms corresponds
to the theoretical coordination number. The fitted Rh—O distance was shorter than expected for bulk
Rh,O3 (2.04 A), but still closer to that of RhyO3 than the average W-O distance of the supporting
WO; (1.93 A). The coordination number of the second shell was smaller than the theoretical value of 3,
and the obtained Rh—Rh distance was longer than the expected value of the corresponding shell in
bulk RhyO5 (2.99 A). The introduction of additional Rh shells found for bulk Rhy O3 at either at 2.72 A
(N of bulk RhyO3: 1.0) or 3.58 A (N of bulk RhyO3: 3.0) did not improve the fit model.

For the 3.0 at.% Rh-loaded SnO, and the 2.75 at.% Rh-loaded In,O3, the best fits were obtained
by a model with three coordination shells. In both cases, the best fits were obtained by adjusting the
coordination number of oxygen (first shell) to 5.5, which was smaller than the theoretical value of 6.0,
but still matched an octahedral coordination of Rh by O. The fitted Rh-O distance (2.04 A) was similar
for both materials and corresponded to that of bulk RhyO3. The second and third coordination shells
were fitted by Rh atoms at distances of 3.14 and 3.34 A for 3.0 at.% Rh-loaded SnO,, and 3.15 and 3.38
A for 2.75 at.% Rh-loaded In,O3. Considering the calculated errors, the second and third shells were
within similar distances for both materials. The used coordination numbers (Table 1) were smaller
than the theoretically expected value of 3.0 for each shell in bulk RhyO3. The Rh-loaded InyO3 sample
was fitted with significantly lower coordination numbers than the Rh-loaded SnO, sample.

All three materials were successfully fitted with fit models derived from Rh;Os.
Thus, an incorporation of Rh into the lattice of the supporting oxide could be excluded. Rh-loaded
SnO; and In,O3 showed a similar Rh,O3-like structure, and the decreased coordination numbers and
high disorder of the second and third shells suggested a small size of RhyOj3 clusters on SnO; and
InyO3. The coordination numbers of the second and third shells of an oxide decrease with decreasing
particle size, e.g., as reported for NiO [34]. Thus, based on the coordination number, the Rh,Oj3 clusters
on SnO, were expected to be larger than those on InyOs. For Rh-loaded WO3, the quantitative analysis
of the EXAFS showed a less Rh,O3-like structure. However, based on the Rh—O distance, which was
still close to that of RhyO3, and based on the presence Rh in the second coordination shell, the structure
was assumed to still be RhyO3-like. The shortened Rh-O distance, high disorder, low coordination
number of the second shell, and atypical Rh—Rh distance suggested the presence of very small and
highly disordered Rh;O3-like clusters on WOs.

3.2. Resistance Measurements

The goal of the study was to understand how the presence of the oxidized noble-metal clusters
changes sensing. In order to identify changes in the sensor characteristics, sensors based on the pure
base material must show significant and stable responses. Although it is known that sensors based on
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materials which are highly loaded with noble metals show responses at lower temperatures, the sensors
based on pure base materials need a higher operation temperature. For this reason, the DC resistance
measurements were conducted at 300 °C (see Figures 5 and 6). The sensor signals were calculated
using Equation (2), and the results are shown in Figure 5. Although, for real world applications,
the effect of humidity must be considered, the work here sought to understand the fundamental
mechanism responsible for the change in sensor response. Thus, for the sake of simplicity, the sensor
response measurements were done in dry air. In all three cases, the loading resulted in a drastic
change of the sensing characteristics. It was previously reported in the 1990s, by Buedy et al., that
loading with rhodium drastically changes the sensor response of SnO; [35]. The change in the sensing
mechanism, as a result of loading WO3; with Rh,O3 nanoclusters, was recently reported [13]. In this
work, a surface-loading of 2.50 at.% was used, and, to corroborate the previous results, a similar loading
level was selected here. Based on the crystallite size calculated from the XRD spectra, loadings of
2.75 at.% for In,O3 and 3.00 at.% for SnO, were selected in order to attain comparable surface-loadings.
In both cases, however, the effect of the loading was more significant (negligible sensor responses
to all gases) than for the WO3; sample [36,37]. For these cases, a lower loading of 0.50 at.% was then
additionally examined, while, for WO3, a higher loading of 5 at.% was added. In the case of In,O3, the
total surface area was much lower than expected from the XRD measurements (Figure 1), and from
the large grains visible in the STEM images (Figure 2). This is a possible explanation for the stronger
effect of loading on InyO3 (comparable results at much lower concentrations) in comparison to WOs.
Due to the large crystallite size of In,O3, the ratio of surface area to volume was much smaller than for
SnO, and WOj3 (ca. 0.02 for In,O3, 0.22 for SnO,, and 0.20 for WO3). In the case of SnO,, there was
no identifiable microstructural reason for the stronger effect of the loading. This indicates that the
different electronic properties of the base materials also play a role. The results for 2.50 at.% loaded
WOj; are similar to those previously reported on a differently prepared sample [13]. The 2.50 at.%
loading led to the disappearance of the NO, response. RhyO3 is a known catalyst for the oxidation of
NO to NO,, indicating it would be a poor sensing material for NO, [38]. The response to CO increased;
CO is known to react with the lattice oxygen of RhyO3 to form CO, [39]. The response to acetone
decreased, and there was practically no change in the response to toluene. Here, it was additionally
found that the response to ethanol increased. For sensors based on the 5.00 at.% loaded WO3; sample,
the response to all gases except ethanol became negligible.
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Figure 5. Signals of the sensors based on the different materials with various test gases in dry air at an
operation temperature of 300 °C. The results are shown in a polar plot in order to highlight the general
qualities of the sensors.

A very significant change in the sensing characteristics of InpO3 can already be seen for the 0.50
at.% loaded sample. Like WOj3, InyO3 is known to respond well to NO,. This inherent characteristic
of InyO3 disappeared as a result of the loading. Similar to the loaded WO3 sample, the response to
acetone decreased. The response to CO remained practically unchanged. The response of the 2.75 at.%
to all gases was indeterminable. The effect of 0.50 at.% loading also had a significant effect on SnO,.
The sensor response was very similar to that of the 0.50 at.% loaded In;O3 sensor. The response of the
3 at.% loaded SnO, sample was negligible for all gases.

In order to examine the electronic coupling between the oxidized rhodium clusters and the host
oxide, resistance measurements were conducted in N».
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Figure 6. The resistances of the sensors, based on WOj3 (a), In,O3 (b), and SnO; (c), are shown in N
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The large increase of the resistance in nitrogen as a result of the loading indicates a strong electronic
coupling between the surface clusters and the base material. The heterojunction resulted in a depletion
layer which extended into the n-type base material, resulting in a higher resistance. Using the resistance
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values in nitrogen (Figure 6) of the pure base materials and of the loaded materials, it is possible
to calculate the band-bending caused by the noble-metal surface clusters [13,22]. The calculated
band-bending of the Rh,O3 loaded materials are shown in Table 2. This was done using Equation (4).

Table 2. A list of the calculated band-bending values.

Material Band-bending (meV)
2.50 at.% Rh-Loaded WO3 ca. 198
5.00 at.% Rh-Loaded WO3 ca. 200
0.50 at.% Rh-Loaded In;O3 ca. 105
2.75 at.% Rh-Loaded Iny,O3 ca. 98
0.50 at.% Rh-Loaded SnO, ca. 119
3.00 at.% Rh-Loaded SnO, ca. 222

In the presence of synthetic air, the resistance increased due to the adsorption of the oxygen.
The pure materials all showed large changes in resistance (Figure 6). The effect of oxygen was lower for
the loaded samples. While the oxidation of the Rh-clusters by atmospheric oxygen (dominant effect on
loaded samples) would also lead to an increase in the resistance, it appears to be less effective than the
direct oxidation of the base material (effect of atmospheric oxygen on the pure materials). Interestingly,
for the WO3 sample, the band-bending caused by the surface clusters was similar for the 2.50 at.% and
the 5 at.% loaded samples. The effect of oxygen was, however, much more significant for the 2.50 at.%
loaded sample [36]. One possible explanation is that the dispersion of the clusters was similar for the
two samples, but the clusters on the 5.00 at.% sample were significantly larger. A similar situation
was most probably true for InyOs3. In the case of SnO,, the calculated band-bending was significantly
smaller for the lower loading versus the higher sample. The effect of atmospheric oxygen was also,
however, lower for the higher-loaded sample. This could indicate that the clusters were larger but
also more homogeneously dispersed in the case of the 3.00 at.% loaded sample. When comparing the
results of the nitrogen and synthetic air measurements with the sensor response, it becomes clear that
the reactivity to oxygen is correlated with the strength of the response to the test gases.

3.3. DRIFT Measurements

Following surface-loading with oxidized rhodium clusters, the responses of the different base
materials became similar (see Figure 5). In order to examine how the presence of the surface additives
unified the sensing characteristics, the interaction between the sensors and CO, an exemplary gas,
was examined in greater detail. To examine the surface reactions, operando DRIFT spectroscopy was
used. This method was proven to be a powerful tool [40]. In order to examine the role of the oxidized
rhodium clusters in sensing and to induce a mechanism switch by reducing the clusters to their metallic
state, the samples were exposed to different CO concentrations (between 25 ppm and 400 ppm) in
a low-oxygen background (50 ppm O,). The simultaneously obtained electrical measurements are
shown in Figure 7.
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Figure 7. The change in resistance of the sensors, based on WOj (a), InpO3 (b), and SnO; (c),
during exposure to different CO concentrations in a low-oxygen background, measured during
the simultaneously measured diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy,
is plotted in log-log.
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As expected, the sensor signals for the unloaded samples initially increased with higher
concentrations, and, at higher concentrations, the sensitivity (the change in sensor response per
ppm) decreased as a result of saturation (Figure 7). In the case of the loaded sample, there was a
significant jump in the sensor response at higher CO concentrations (in the cases of WO3 and SnO,
this jump occurred between 200 ppm and 400 ppm, while, for indium, the jump occurred between
100 ppm and 200 ppm). The simultaneously acquired DRIFT spectra also showed a much higher
absorbance at this point (Figure 8). It is known that the free-carrier absorption is proportional to
the density of conduction electrons. For this reason, the resistance is inversely proportional to the
absorbance, explaining the large change in the overall absorbance in the spectra taken under high CO
concentrations [41]. In the 1960s, this phenomenon was examined in detail by Harrick for an oxidized
silicon surface [42]. In addition, discrete adsorption bands in the DRIFT spectra provide information
about the surface reactions responsible for the sensing at this point. In the case of pure WO5 (Figure 8a),
the exposure to CO determined the decrease of the W-O lattice bands at 2061 cm~!and 1853 em ™! [43].
This indicates the reduction of the material’s surface.

——25 ppm CO—— 50 ppm CO—— 100 ppm CO—— 200 ppm CO 400 ppm CO
WO, 2.50 at% Rh-Loaded  5.00 at% Rh-Loaded
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Figure 8. DRIFT spectra taken during exposure to different CO concentrations in low-oxygen (50 ppm
0O,) backgrounds for (a) unloaded WOj3 sample, (b) 2.50 at.% Rh;O3 loaded WO3, and (c) 5 at.% RhyO3
loaded WOs.

The sensing mechanism was different for 5 at.% loaded WOj3 (Figure 8c). Here, an increase of the
W-O bands was visible for low CO concentrations. This finding was previously reported for Rh-loaded
WOj3; during exposure to reducing gases such as acetone under normal sensing conditions [13]. As a
result of the surface RhyOj3 clusters, the surface of WOj3 is highly depleted (see Table 2). As a result of
the reaction between CO and the Rh,Oj3 clusters, electrons are released back into WO3;. With these
electrons, WO3 can react with atmospheric oxygen. This oxidation would, in turn, result in an increase
in resistance. The mechanism changed as a result of exposure to 400 ppm, resulting in only the
reduction of WOj3 being visible. This mechanism change was again correlated with the significant
decrease in the resistance seen in the electrical measurements. In the DRIFT spectra of the 2.50 at.%
loaded WO3 sample, the reduction of WO3 was visible even at low CO concentrations. Once the
RhyO3 cluster was reduced, however, CO reacted entirely with the base oxide, and the intensity of
the decreasing bands attributed to the reduction of the WO; lattice was significantly heightened.
This correlates with the stronger decrease in resistance detected in the electrical measurements.

The DRIFT spectra taken of the pure and loaded In,O3 samples showed a similar situation
(Figure 9). The simultaneously acquired DRIFT spectra of pure In;O3; showed the reduction in the
number of In-O bands centered at 1517 cm !, 1274 cm ™!, 1108 cm !, and 1022 cm !, which indicates
the reduction of the surface by CO [37,44]. In the case of the highly loaded sample, the decrease in the
number of In-O bands appeared only in higher CO concentrations (200 ppm and 400 ppm CO) [45].
In these concentrations, the jump in the sensor signal appeared. There was also an additional band
centered at 2028 cm ™!, which was assigned to metallic rhodium carbonyls (Rh—CO) [37,44,46].
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The DRIFT spectra of the loaded SnO, samples were more difficult to interpret, but showed a
similar situation.

——25 ppm CO—— 50 ppm CO 100 ppm CO —— 200 ppm CO —— 400 ppm CO
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Figure 9. DRIFT spectra taken during exposure to different CO concentrations in low-oxygen (50 ppm
O;) backgrounds for (a) unloaded In,O3 sample, (b) 0.50 at.% Rh,O3 loaded In,O3, and (c) 2.75 at.%
Rh203 loaded In203.

The DRIFT spectra of the sensors based on the SnO, samples are shown in Figure 10. It was
previously reported that the reduction of the SnO; lattice by CO is the initial step of the surface
reaction [47]. The formed CO; subsequently reacts with the SnO, surface to form carbonates. The
DRIFT spectra taken of the pure SnO, sample were in line with this mechanism (Figure 10a). There
were decreasing bands visible at 1060 cm ! [48], 1120 cm ! [48], and 1270 cm ! [47], which were
attributed to the lattice oxygen of SnO;. The increasing bands at 1302 cm~1, 1348 em™1, 1442 em ™1,
and 1561 cm~! were attributed to surface carbonates [49]. In the case of the highly loaded sample
(Figure 10c), there was no visible reduction of SnO, or carbonate formation during exposure to low
CO concentrations.
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Figure 10. DRIFT spectra taken during exposure to different CO concentrations in low-oxygen (50 ppm
O,) backgrounds for (a) unloaded SnO, sample, (b) 0.50 at.% RhyO3 loaded SnO;, and (c) 3.00 at.%
Rh, O3 loaded SnOs.

In total, the DRIFT spectra provided good insight into how the presence of the Rh,O3 nanoclusters
changed sensing. All three base oxides were reduced by the presence of CO in low-oxygen backgrounds.
As expected, the sensitivity of the materials decreased with higher CO concentrations.

In the case of the highly loaded samples, the reduction of the base material only took place in
high CO concentrations. This indicates that the reaction mechanism for each material was different at
low CO concentration from that of the pure material.

3.4. X-ray Absorption Spectroscopy (XAS)

The DRIFT spectra predominantly provided insight into how the interaction between the base
oxides and CO changed as a result of loading. In order to gain insight into how the Rh,Oj3 clusters
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changed during sensing, operando XAS was used. Here, the sensors were again exposed to CO
(between 25 ppm and 400 ppm CO) in low-oxygen (50 ppm) concentrations. XAS is an element-selective
technique, and the shape of the XANES spectra is sensitive to the oxidation state and chemical
surrounding of the absorbing element [50,51]. In order to study the behavior of Rh, the same
measurements investigated by operando DRIFT spectroscopy of the higher-loaded samples were
repeated, simultaneously recording XANES spectra at the Rh K-edge and the sensor response.

The electrical response (Figure 11) of the sensors was very similar to that attained during the
DRIFT spectroscopy measurements (Figure 7). The loaded WO3 and SnO; samples showed a significant
resistance jump under exposure to 400 ppm CO. In the case of InyOs, the resistance jump was already
visible during exposure to 200 ppm CO.

100M

[ ]
)

o 10M °
o °
8 100k |
c °
8 10k ° °
o b b °
7]
Q) 100 ® 5.00at% Rh-Loaded WO, H
x °

10] ® 275at% Rh-Loaded In,0,

® 3.00 at% Rh-Loaded SnO,

10 . 100
Concentration of CO in 50 ppm O,

Figure 11. The change in resistance of the sensors during exposure to different CO concentrations in
low-oxygen background, acquired during simultaneously measured X-ray absorption spectroscopy
(XAS), is plotted in log-log.

For Rh-loaded WOj3; and SnO,, the XANES spectra showed a change from Rh3* to Rh? between
200 ppm and 400 ppm CO, and, for Rh-loaded In, O3, the change was already visible between 100 ppm
and 200 ppm CO (Figure 12). The oxidation state change of Rh agreed well with the resistance jump
and the distinct changes in the DRIFT spectra. Prior to the resistance jump, no indications of metallic
Rh were visible in the XANES spectra, i.e., metallic Rh was only found in strongly reducing conditions,
while, in oxygen-rich conditions, Rh was oxidized (Rh3*). Here, it is important to note that, once
the rhodium clusters were completely reduced to their metallic state, the sensors were irreversibly
changed, i.e., the resistance in dry air did not return to the same value, and the color of the sensitive
layer was different compared to that of a new sensor. In the case of normal operation conditions,
the clusters were not reduced to their metallic state, and the sensor response showed good recovery
(see XANES spectra recorded during exposure to CO in dry and humid synthetic air; Figure 52).

"i(a) (c)

(b)

Normalized Absorption / a.u.
o
(o]

5.00 at% Rh-Loaded WO3 2.75 at% Rh-Loaded In203 3.00 at% Rh-Loaded SnO2
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Figure 12. Rh K-edge XANES spectra of 5.00 at.% Rh-loaded WOj3 (a), 2.75 at.% Rh-loaded In;O3 (b),
and 3.00 at.% Rh-loaded SnO; (c), recorded during different CO exposures in a low-oxygen background
(50 ppm O3) at 300 °C.
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4. Discussion and Conclusion

It was found that, through surface-loading with oxidized rhodium clusters, it is possible to
drastically change the sensing characteristics of WOj3, InpO3 and SnO,. The three metal oxides,
which are very commonly used for gas sensors, show very different responses in their pure states.
The surface-loading with Rh resulted in more unified responses; none of the sensors responded to
NO,, while the response of all sensors to acetone decreased, and, at lower loadings, the response to
CO was detectable. In all cases, the rhodium-loaded samples showed the highest responses to ethanol.
It was previously reported that the Fermi-level pinning mechanism explains the change in the sensing
characteristics of WOj3 surface-loaded with oxidized rhodium clusters, and also the effect of oxidized
platinum clusters on the surface of SnO; [13].

In order to generally validate these findings, it was examined whether the change in sensor
response of the three most commonly used materials as a result of RhyO3 loading could be explained
using the Fermi-level pinning mechanism. In all cases, the oxidized rhodium surface clusters caused a
significant increase in the material’s resistance in nitrogen, indicating significant electronic coupling
between the clusters and the base material. By increasing the loading concentration, the effect of oxygen
on the resistance of the materials was lowered and, in all cases, the response of the sensors decreased;
this can be explained by the increase in the size of the RhyO3 nanoclusters, limiting the charge transfer
between the cluster and the base material during the reaction with the target gas. Using measurements
in low-oxygen backgrounds, it was possible to identify the effect of the oxidation state of rhodium on
the sensing mechanism. The XANES measurements revealed that, under normal sensing conditions,
the surface rhodium clusters were oxidized. This was also true for measurements conducted at low CO
concentrations in low-oxygen backgrounds. At higher CO concentrations, our results indicate that the
clusters were reduced, and only metallic rhodium was present on the surface. A great deal of work was
previously done on the interaction between rhodium and CO in catalysis [52,53]. The findings here are
in line with those of Basini et al., who found that, at or above 300 °C, for rhodium clusters on various
support oxides, only linear or bridged carbonyls were visible, indicative of Rh’ [54]. In operando
DRIFT spectra taken under the same conditions, the reduction of the base material could only be seen
once the surface rhodium clusters were metallic. In the case of WQO3;, the oxidation of the material
was visible even in conditions where the rhodium clusters were still oxidized. This indicates that, in
normal sensing conditions, when the rhodium clusters are oxidized (Figure S2), reactions between
the rhodium clusters and the target gases are responsible for the sensor response. These findings are
significant for the intentional tuning of sensors characteristics; the surface chemistry, and, as a result,
the sensing characteristics of the sensor are dominated by the noble-metal loading. Although this
was true for the three base materials, different loading levels were needed to attain similar results.
This indicates that the base material still plays a role in the sensing mechanism. In order to verify
this finding and examine it more closely, in the future, base materials with comparable crystallite size
and morphology are needed. Hence, it is crucial that a preparation method is developed in which the
Rh, O3 surface cluster size and dispersion are homogeneous among the different samples.

The work presented here provides significant evidence for the general validity of the Fermi-level
pinning mechanism for sensors based on RhyOs-loaded n-type oxides. For decades, sensors based
on oxides loaded with noble metals were used in numerous applications. Although theories were
developed to explain the changes in sensing characteristics as a result of the loading, experimental
evidence is still scarce. The comprehensive study presented here is a crucial first step in understanding
the effect of surface-loading. It identifies generalities between different supporting materials, as well
as the additional sample-specific aspects that must be considered.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-4991/8/11/892/s1,
Table S1: Concentrations used for the loading preparations, Figure S1: STEM images of 2.75 at.% Rh-Loaded In,O3.
(a) STEM-HAADF (b) STEM-BF and EDS elemental mapping images (c), STEM images of 5 at.% Rh-Loaded WOs3.
(d) STEM-HAADF (e) STEM-BF and EDS elemental mapping images (f), Figure S2: Rh K-edge XANES spectra
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of 5 at.% Rh-loaded WOj3 (a), 2.75 at.% Rh-loaded In, O3 (b) and 3.00 at.% Rh-loaded SnO; (c), recorded during
different CO exposure in dry syn. air at 300 °C.
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ABSTRACT: Today semiconducting metal oxide (SMOX) based gas WD e

sensors are used in a wide array of applications. Dopants, e.g., rhodium, are
often used to change the sensor response of SMOXs. The adjustment of
sensing characteristics with dopants is usually done empirically, and there is

a knowledge gap surrounding how the presence of dopants alters the

chemistry of sensing. Here using X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), dc resistance measurements, and
operando diffuse reflectance infrared Fourier transform (DRIFT) spec-
troscopy, it was understood how surface loading with Rh,O; changes
sensing with WO;. As a result of uniform surface loading, reactions

R RIS

between the Rh,0; clusters and the analyte gas dominate the reception.
Changes in the p—n heterojunction between Rh,0; and WOj are responsible for the transduction. These results in combination
with existing literature indicate that, through controlled surface doping, it is possible to intentionally tune the sensor

characteristics of SMOXs.

B INTRODUCTION

Metal oxide heterojunctions are relevant for a host of
applications, e.g, water splitting, memory drives, etc.'”>
Specifically, dopants resulting in nanoscale p—n junctions
have a large effect on the responses of semiconducting metal
oxide (SMOX) based sensors.”
Miller et al. report that most research done on heterostructured
gas sensors is strictly empirical.” Although numerous papers
have proposed that the heterojunction interface plays a

5 In their review, however,

significant role in the sensor response and some even suggest
specific mechanisms,” to the best of the authors’ knowledge no
conclusive experimental evidence has previously been reported.
The most commonly used SMOXs for commercial gas sensors
are SnO,, WOj;, and In,0;. There are several reports that the
sensor response of WOj; drastically changes through the
incorporation of nanoscale Rh,0;.”””
with X-ray photoelectron spectroscopy (XPS), transmission
electron microscopy (TEM), dc resistance measurements, and
operando diffuse reflectance infrared Fourier transform
(DRIFT) spectroscopy of a WO, sample uniformly surface
loaded with Rh,0; led to remarkable results. It was identified
that the reaction between Rh,O; and the analyte gas is
responsible for the reception of the sensor. The resulting
change in the heterojunction between p-Rh,0; and n-WO,
induces the change in charge (transduction). These findings are
an initial step in understanding the underlying physical
chemistry responsible for gas sensing. Only with this under-
standing is the design of high performance gas sensors
possible."’

Here, characterization

-4 ACS Publications  © 2017 American Chemical Society

Pure WO; is known to show a high sensor response to
NO,."""* Remarkably, by loading the WO, based sensors with
rhodium, the signal to NO, practically disappeared and the
signals to CO became less humidity dependent. Although
already in 1994 Buedy et al. reported a similar influence of
rhodium on SnO, based sensors,"* until now no explanation
exists for why the sensor characteristics so drastically change as
a result of Rh loading. In the present study, special focus was
directed at understanding the role of Rh loading on the gas
sensing characteristics of WO;.

B EXPERIMENTAL SECTION

Pure WO; hollow spheres were synthesized by the following
process: 2.3 g of tungsten oxide (Sigma-Aldrich; 99.995%), 2.1
g of citric acid monohydrate (Sigma-Aldrich; 99.0%), and 6.0 g
of polyethylene glycol (MW 1500, Samchun Chemical) were
dissolved in 500 mL of a 2.8—3.0% diluted ammonium
hydroxide aqueous solution and stirred until the solution
became clear. The solution was transferred to a droplet
generator for the spray pyrolysis. Six ultrasonic transducers
(resonant frequency 1.7 MHz) were used to generate a large
number of droplets, which were carried into the high-
temperature (700 °C) quartz tube reactor (inner diameter SS
mm) by a carrier gas (air, 40 L min™") and then condensed.
The W-precursor spheres were collected with a Teflon bag filter
in the particle-collecting chamber and converted into WO,
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Figure 1. Low magnification SEM image of (a) WOj; hollow spheres and (d) Rh-loaded WO, hollow spheres. TEM images of (b, ¢) WO; hollow
spheres and (e, f) Rh-loaded WO, hollow spheres. (g) EDS elemental mapping images of Rh-loaded WO, hollow spheres.

Figure 2. TEM image of Rh-loaded WOj; hollow spheres.

spheres via heat treatment at 500 °C for 1 h. The resulting
hollow spheres were then loaded with 2.5 atom % Rh using the
previously described method.® In order to fabricate sensors, the
pure and Rh-loaded materials were each ground with 1,2-
propanediol (Sigma-Aldrich; 99.5+% ACS Reagent) into a
paste which was then screen printed onto Al,O; substrates
containing Pt electrodes and a backside Pt heater. The printed
sensors were dried for 3 h at room temperature (RT) followed
by 14 h at 70 °C. The sensors were calcined in a tubular furnace
at 400 °C for 10 min, 500 °C for 10 min, and 400 °C for 10
min. An electrometer (Keithley 100) was used for the
resistance measurements, and the sensors were heated using a
power source (Agilent E3630A) to 300 °C. The samples were
examined using TEM analysis (Talos F200X, FEI Co., USA)
and X-ray photoelectron spectra (XPS; PHI 5000 VersaProbe,
Ulvac-PHI, Japan). The surface reactions of the samples during
sensing were examined using operando diffuse reflectance
infrared Fourier transform (DRIFT) spectroscopy (Vertex80v
narrow-band MCT detector with a spectral resolution of 4
cm™). A heated sensor (300 °C) was housed in a chamber
containing a KBr window, and the resistance of the sensing

layer was recorded using an electrometer (Keithley 617
programmable electrometer). The test gases were added
using a computer controlled gas mixing system (total flow
constant 200 mL/min). A spectrum was recorded every 15 min.
A reference spectrum was measured before each test gas
exposure, and the sample spectrum was taken at the end of each
test gas exposure from which the absorbance spectra were then
attained as previously described by Grossmann et al."* using the
following:

single channel test gas

absorbance = —log[

single channel reference (1)

B RESULTS AND DISCUSSION

The hollow morphology of pure and Rh-loaded WO, was
confirmed by scanning electron microscopy (SEM) and TEM
analysis; see Figure 1. The shell thicknesses of the pure and Rh-
loaded WO, hollow spheres were similar (~40 nm). The EDS
elemental mapping of the Rh-loaded WOj; hollow spheres also
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clearly shows that Rh is uniformly distributed over the hollow
spheres (Figure 1g).

The lattice fringes of the WO; were observed in the pure
hollow spheres (Figure 1c), whereas lattice fringes of both the
WO; and Rh,0; were observed in the Rh-loaded hollow
spheres (Figure 1f and Figure 2). Rh,0; is known to crystallize
in three structures; the interval distance of 2.73 A for the (104)
plane is most consistent with the presence of the Rh,0; (I)
phase.”” The Rh,O, (I) phase is known to be a p-type
semiconductor (Figure 2bc).'

At 300 °C, the resistance of sensors based on the unloaded
sample in N, is ca. 700 Q (R,) while the resistance of the
loaded sample is approximately 550 kQ (R); see Figure 3. The
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Figure 3. Depiction of dc resistance measurements taken during
exposure to O, pulses in N,.

drastic increase in the resistance indicates an electronic
coupling between the base metal oxide and the surface
Rh,0;. From EDS mapping and the TEM pictures it can be
deduced that crystalline Rh,0; particles are uniformly present
on the WOj; surface. The loading of WO; with the p-type
Rh,0; results in the wide distribution of nanoscale p—n
heterojunctions on the surface of the sample. At the
heterojunctions, electrons from WO; migrate toward Rh,0;
and conversely holes migrate from Rh,O; to WO;. The
resistance difference between the two samples under exposure
to N, can be used to approximate the band bending resulting
from the surface loading with Rh,O; In N,, the surface
acceptor state related to the ionosorption of O, can be
neglected. In this case the following relationship between the
resistance and the surface band bending can be used for a
depletion layer limited charge transport:'

R
qAVy = kT ln(R—]

0

)

The presence of Rh,Oj; results in a band bending (qAVg) of
approximately 330 meV. This indicates a strong electronic
coupling between the WOj; and the Rh,Oj clusters. As a result,
a depletion layer extends into WO, and the potential barrier at
the grain boundary is higher. This situation is depicted in
Scheme 1.

These results are supported by the findings of the X-ray
photoelectron spectra (Figure 4). In the XPS spectra the
binding energies of W 4f,,, and W 4f;, peaks for the Rh-loaded
hollow sphere were 0.1 eV lower than those for the pure hollow

Scheme 1. Grain Surface of Unloaded and Rh-Loaded
Samples in the Absence and Presence of Oxygen

In No In Synthetic Air

s o o«

sphere (Figure 4a). This is indicative of increased tungsten—
oxygen surface vacancies”*'® on the loaded sample.

The results are further supported by the effect of oxygen on
the sensor resistance (Figure 3). It is lower on the Rh-loaded
sample than on the unloaded sample. In the presence of oxygen
the Rh,0O; clusters become more oxidized, which leads to an
overall increase in the number of holes and an increase of its
work function. More electrons are captured from the
supporting WO;, and as a consequence the sensor resistance
increases. The lack of electrons in the WOj; regions electrically
affected by the presence of the Rh,0; clusters hinders the
ionosorption of atmospheric oxygen (see Scheme 1). In 2015,
Ma et al. proposed a very similar explanation for the hindered
OH"™ adsorption onto PdO doped SnO, in the presence of
oxygen."”

The presence of Rh,0; on the surface not only has a drastic
effect on the base resistance at 300 °C but also changes the
sensing characteristics, as shown in Figure S. Different
concentrations of analyte gases (CO, toluene, acetone, and
NO,) were supplied into the homemade gas chamber at a
constant flow rate of 200 mL/min using a computer controlled
gas mixing system with mass flow controllers. Each gas
concentration was pulsed for 1 h, and the system was flushed
with synthetic air at the respective humidity level between test
gases for several hours. The signals were calculated so that they
are always greater than 1, for reducing gases:

. Rpg
sensor signal _ ducing = o >1
Rtg (3)
and for oxidizing gases (NO,):
. tg
sensorsignal . =~ = —2>1
g oxidizing -
Rpg (4)

Ry, is the resistance during the background gas, and Ry, is the
resistance during test gas exposure.

The sensor signals are plotted in a logarithmic scale in order
to allow for a better comparison between the changes of the
sensor signals (relative change of the resistance). At all
temperatures the tendencies of the sensor response as a result
of Rh loading are very similar. The largest effect is visible for
the sensor’s response to NO, and CO (Figure S). The sensor
signal to NO, becomes negligible as a result of Rh loading,
while the signal to CO increases. In the application relevant
conditions between 30 and 80% relative humidity (RH), the
sensor signal of the loaded sensor to CO is practically humidity
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Figure S. Polar plots of sensor responses at 250, 300, and 350 °C, unloaded (a—c) and Rh-loaded WO; (d—f) in different relative background

humidity levels. The scale is the same for all depicted graphs.

independent. The signal to toluene is similar, but the response
of the loaded sample is less humidity dependent. Overall the
signal to acetone decreases slightly and remains humidity
dependent although in a different manner when one compares
the pure with the doped sensors. Due to the similarity in the
sensor responses at the different temperatures and because at
300 °C the sensors show fast responses and high stability,
further investigations were done at 300 °C.

Operando DRIFT spectroscopy was used to examine how
the presence of Rh,0; changes the surface reactions
responsible for gas detection (Figure 6). The DRIFT results
attained during acetone exposure gave the best insight into how
the surface chemistry changes as a result of the surface loading.
Sensors based on both samples respond well to low
concentrations of acetone. In the absorbance spectrum attained
by referencing the spectrum taken during acetone exposure to
the spectrum taken in dry synthetic air, there is a visible
decrease in bands attributed to tungsten—oxygen overtones
(bands at 2055 and 1855 cm™!)."**° In addition, an increase of
two bands (1036 and 997 cm™") is visible. Bands in this region
can be attributed to the symmetric stretching mode of short
terminal metal—oxygen double bonds.”"** From these results it
can be inferred that the WO, surface of the unloaded sample is
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Figure 6. DRIFT absorbance spectra taken during exposure to acetone
in dry synthetic air at 300 °C.

reduced during the combustion of acetone on the surface. The
increase in surface oxygen vacancies is then compensated by the
formation of tungsten—oxygen double bonds. The situation
changes for the Rh,O;-loaded sample. In the spectrum taken of
the sensors based on it, the bands attributed to tungsten—
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Scheme 2. Grain Surface of Unloaded and Loaded Samples during Acetone Exposure

CH3COCH;

3C0,+3H,0

oxygen overtones are slightly increasing (see arrows) while a
band at 997 cm ™" attributed to tungsten—oxygen double bonds
is decreasing. Initially this result is very surprising because it
indicates an increase of the surface oxidation of WOj in spite of
a very significant decrease of the sensor resistance. In fact, this
finding indicates that the detection of acetone is dominated by
what happens on the Rh,O; clusters. Their reduction by
acetone decreases the concentration of holes and its work
function. Because of the latter, fewer electrons are captured
from the WO;. This results in a decrease of the sensor
resistance. As a secondary effect, the availability of more
electrons in WO;, determined by the reduction of the
heterojunction-related depletion layer, makes it possible for
more oxygen to be adsorbed at its surface (which is the
explanation for the increase of tungsten—oxygen bonds).
Overall, the dominant process is still the pinning of the
Fermi level of WO; by that of the Rh,O; clusters. This situation
is depicted in Scheme 2.

From the results it can be deduced that the sensing is
dominated by the Rh,0; clusters. At 300 °C, WO, is known to
show high sensor signals to oxidizing gases, such as NO,, while
in general the response to CO is lower and humidity
dependent.”” As a result of high surface loading with Rh,O;,
however, the signals to NO, become negligible. Here, as for
oxygen, there are no electrons available from WO; for its
ionosorption, which makes it insensitive to NO,. On the other
hand, Rh,0; is known to be a good catalyst for the oxidation of
NO to NO,,** which means that it should not react with NO,.
That means both possibilities for NO, sensing, directly on the
supporting oxide and with the Rh,0; clusters, are eliminated.
This explains why the signal to NO, is low in the case of the
loaded sample.

On the other hand, the signals to CO increase and become
less humidity dependent. These results confirm that the
reactions between the surface Rh,O; and analytes gases are
responsible for the reception. CO is known to react strongly
with the lattice oxygen of Rh,Oj to yield CO,. Conversely, CO,
is known to desorb from the Rh,05 surface essentially intact.””
The results are in accordance with those attained here for the
Rh-loaded WO; sample. Similar sensor characteristics have
been reported by Anton and Buedy for SnO, loaded samples."’
Additionally, in both cases the base resistance of the sensors
dramatically increases as a result of the loading indicating an
electronic coupling via a heterojunction between the host oxide
and the surface Rh,0;The effect of changes in the
heterojunction properties on the host oxide dominates
transduction.

24705

B CONCLUSION

In conclusion, it was possible, through characterization with
XPS, TEM, dc resistance measurements, and DRIFT
spectroscopic measurements, to understand how surface
Rh,0; changes gas sensing in WOj;. Reactions between
Rh,0; and the analyte gases are responsible for the reception,
and the transduction is the result of changes in the p—n
heterojunction characteristics. These findings are ground-
breaking and finally provide conclusive evidence for how the
surface chemistry and the transduction can be tuned through
the presence of p—n heterojunctions. This provides a means
through which the sensing characteristics of SMOXs can be
intentionally tuned and a template on how the gas sensing p—n
heterojunctions can be studied.
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Semiconducting metal oxide based gas sensors are used in a wide spectrum of fields, ranging from the
detection of hazardous gases within the environment to monitoring air quality. WOs is the second, after
SnO,, most commonly used semiconducting metal oxide in commercial gas sensors. Despite its frequent
application, the surface reactions responsible for sensing are largely unknown. Here, for the first time,
a mechanism for the surface reaction between WO3 and humidity can be concluded from experimental
results. DC resistance measurements and operando diffuse reflectance infrared Fourier transform spec-
troscopy show an oxidation of the WOj5 lattice during humidity exposure. The filling of oxygen vacancies
by water explains the effects atmospheric humidity has on W03 based sensors, specifically the increase
in resistance, the higher sensor signals to CO and the lower sensor signals to NO,. These findings are a
basis for understanding how sensing occurs with WO3 based sensors.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

WOs is an oxygen deficient n-type semiconductor, whose gas
sensing attributes have been intensely studied since 1991 [1]. The
gas sensing qualities of WO3 are complementary to SnO,. SnO, is
reported to show high signals to i.e. CO [2], ethanol [3] and H; [2];
comparatively, a multitude of published results report high sig-
nals of WO3 to ammonia [4], toluene [5], hydrogen sulfide [6], and
acetone [7]. This complementary behavior is a possible explana-
tion why SnO, and WOj5 are the only two semiconducting metal
oxides (SMOx) used in commercial sensors. Using sensors for diag-
nostic breath analysis is an exciting new application field. In 2008,
the United States Food and Drug Administration first approved a
breath detector based on an electrochemical cell for clinical diag-
nostics [8]. The electrochemical sensor used in the Niox Mino from
Aerocrine is an amperometric liquid electrolyte sensor [9]. SMOx is
a more inexpensive and robust alternative to sensing with an elec-
trochemical cell. In fact, in 2012, Righettoni et al. already reported
the successful monitoring of acetone in human breath using a pro-
totype detector containing a sensor based on silicon doped W03
[10]. In addition to acetone, many other gases, hydrogen sulfide
[11] and toluene [12], detectable with a WO3 sensor are relevant
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for breath analysis, making it a very promising material for breath
analysis.

Despite its widespread use, the sensing mechanism of WO3 is
poorly understood. For years it was thought that the sensing of all
n-type metal oxides emulates that of SnO,. This is clearly a miscon-
ception, as the gas sensing attributes of W03 are very different from
those of Sn0O,. For example, the two oxides are reported to inter-
act very differently with humidity. The SnO, surface is reduced by
water, leading to a resistance decrease during humidity exposure
[13]. This resistance decrease is also observed for most other oxy-
gen deficient n-type semiconductors, i.e. In;03 [14] and ZnO [15].
We have recently shown that for WO3 based gas sensors, even if
the sensitive material is differently prepared, exposure to humidity
leads to an increase in resistance [16,17]. Additionally, the sen-
sor signals to the reducing gas, CO, increased with humidity, while
those to the oxidizing gas, NO, decreased with increasing humid-
ity [17]. This shows that W03 clearly interacts very differently with
humidity than SnO,.

2. Material and methods

To fabricate the sensors, commercially available WO3; nanopow-
der (Sigma Aldrich >100nm) was ground with 1,2-Propandiol
(Sigma Aldrich; 99,5+ % A.C.S. Reagent) into a printable paste using
a mortar and pestle. The paste was screen printed onto Al;03-
substrates with a Pt-electrode and a Pt-heater. The sensitive layer
of WO3 was dried for several hours at room temperature and then
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overnight at 70 °C. The sensors were calcined in a tubular furnace at
400°C for 10 min, 500 °C for 10 min followed by 10 min at 400°C.
The resistance of the sensor was measured using a Keithley 100
electrometer. Different concentrations of CO and NO, were sup-
plied by a computer regulated gas mixing system containing mass
flow controllers. Each of the five test gas concentrations was pulsed
for two hours. Between different test gases the system was flushed
with synthetic air. The complete measurement protocol was done
in a dry synthetic air background as well as in 30% and 80% relative
humidity (RH). The resistance change of two identically prepared
WOs3 sensors was simultaneously measured. The sensor signals for
reducing gases were calculated using the following formula:
Rpg -

Sensor Signalyequcing = Re > 1
g

The inverse relationship was used for oxidizing gases:
R
g

Rog =

Sensor Signaloyigizing =

Here Ry, is the resistance during exposure to the background gas
and Ry is the resistance during exposure to the test gas. Operando
diffuse reflectance infrared spectroscopy was used to examine the
surface reactions of the sensor under working conditions. The mea-
surements were done in a Bruker VERTEX 80v spectrometer. A
homemade test chamber and a liquid nitrogen cooled MCT (mer-
cury cadmium tellurium) detector were used. A spectrum was
recorded every 15 min. A reference spectrum was measured before
each test gas exposure and the sample spectrum was taken at the
end of each test gas exposure. The absorbance spectra were calcu-
lated from the single channel spectra using the following equation:

absorbance = -log ( single channel test gas )

single channel reference

Using operando DRIFT spectroscopy, we address the knowledge
deficit surrounding sensing with WO3_ Here the main focus is on
understanding the impact of humidity on the baseline resistance
and how it effects the sensing of an exemplary reducing and oxi-
dizing gas.

In addition to phase characterization of the calcined WO;-
sensor layer directly on the Al,03-substrate at RT, measurements
were also performed during heating and cooling of the sensor using
a BRUKER D8 discover GADDS microdiffractometer. This system is
equipped with a Co-X-ray tube, HOPG-primary monochromator, X-
ray optics and a large 2dimensional VANTEC-500 detector covering
40° 20 and 40° s for fast and local resolved measurements directly
on the sensor [18]. Measurement times for each diffractogram were
1 min and the beam diameter was app. 300 pm.

3. Results and discussion

Unlike SnO,, W03 can exist in different crystal phases. Between
17°Cand 330°C, the y-monoclinic phase is considered to be stable
[19]. Although when annealed to higher temperatures WO3 trans-
forms to other crystal phases, the phase change is reported to be
reversible [19]. The X-ray diffraction pattern of the calcined WO3
sensor before use indicated that the y-monoclinic phase is predom-
inantly present. After acomplete DC resistance measurement under
measurement conditions with the sensor at an operating temper-
ature of 300°C for over 100 h at 80% RH and under analyte gas
exposure, an additional XRD measurement was done under normal
atmosphere of the sensor at RT. The diffraction of the used sensor is
identical to that of the unused sensor at RT, this indicates that any
changes in the crystal structure which may occur during sensing
are entirely reversible, see Fig. 2.
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300°C for over 100 h under various target gases and at different RH (up to 80%). (For
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Fig. 3. The cyclic heating measurement in laboratory air from RT up to 400 °C, a holding time of app. 20 h at 303 °C and subsequent cooling to RT is shown. At app. 300 °C the
phase transformation from the monoclinic to the orthorhombic 3-phase structure is visible. The phase is state remains stable during the 20 h. The reverse phase transformation

was already observed at app. 272 °C during cooling.

For sensing the situation at 300°C is important. An additional
cyclic measurement of the used sensor A in laboratory air heating
the sensor from RT up to 400°C, a holding time of over 15h at
303°C and subsequent cooling to RT is shown in Fig. 3. At app.
300°C the described phase transformation is detectable from the
monoclinic to the orthorhombic 3-phase structure which remains
stable during the holding time at 303 °C. During cooling, the reverse
phase transformation was already observed at app. 272 °C.

Based on the XRD measurements of the used and the unused
sensors, it can be concluded that any phase transitions which occur
during sensing are reversible. Moreover, we can also state that the
material is not changed because of exposure to target gases and
humidity (Fig. 3).

The effect of humidity on the electrical response of the sensor
to CO and NO, was examined using DC resistance measurements.
The previously reported results were confirmed. In addition to
the increase of the samples resistance with humidity (see Fig. 1),
the sensor signals to CO were also higher in humidity than in
dry synthetic air (see Fig. 1). This indicates that unlike on SnO,,
the reducing gas CO does not compete with water for reaction
partners on the WOs3 surface. In fact, the interaction of the WO3
surface with CO seems to be promoted by humidity. Operando
DRIFT spectroscopy allows the examination of surface reactions
under normal sensing conditions. Here the sensor was operated
at 300°C and under standard pressure, typical operating condi-
tions for SMOx based gas sensors. The DRIFT spectra taken on the

Sigma Aldrich sample during CO exposure in dry air show similar
results to those previously published (see Fig. 4) [20]. There were
also no remarkable differences between the spectra taken of CO
in 10% RH versus dry air. The visible decrease in the absorbance
bands at 1847 cm~! and 2049 cm™! are attributed to a decrease
in overtones of tungsten-oxygen lattice bonds. It was reported
that the first M-O overtones are typically visible in this wavenum-
ber region (2150-1850cm~!) [21]; additionally, several different
infrared studies have specifically attributed these two bands to
overtones of W-O bonds [22-24]. Additionally in the DRIFT spectra
taken during exposure to CO in the presence and the absence of
humidity, the band attributed to gaseous CO, is visible. From this
information it can be concluded that CO reduces the WO5 surface,
resulting in oxygen vacancies [20]:

COgas + Op — CO3 gos + V(')' +2e.

WOs is an oxygen deficient n-type semiconductor. An oxygen
vacancy results in two-electron donors explaining the detected
decrease in resistance during CO exposure. Contrarily NO, leads to
an increase in the resistance of the WO3 based sensors. The classic
nitro symmetric and asymmetric bands are not visible in the spec-
tra taken during NO, exposure. An increasing band at 1424 cm1 is,
however, visible during NO, exposure, Akamatsu et al. associated
this band with nitrate groups [24]. The formation of nitrate groups
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on the surface would lead to a decrease of the resistance based on
the following reaction:

NOZ,gas +e — NOi’abS

The oxidation of the surface is more clearly visible due to the
increasing bands 1847 cm~! and 2049 cm™! (see Fig. 4). As pre-
viously stated these bands are attributed to WO overtones. The
increase in the band at 2348 cm~! may also be a tungsten oxy-
gen lattice overtone. Its decrease is most likely not visible in the
spectra taken during CO exposure due to an overlap with the bands
attributed to gaseous CO,. These bands show the filling of oxy-

gen vacancies by NO, indicating the following previously suggested
mechanism [25]:

NO3 gas + Vi +2€~ — Og + NOgas

In the DRIFT spectrum taken during humidity exposure (see
Fig. 4) the rotational fine structure of water is visible in the region
above 3500cm~! and below 1700 cm~!. No bands attributed to
the formation of hydroxyl groups are present. Overall the spec-
trum is similar to those taken during exposure to NO,. The bands
at 1847cm1, 2049cm1, and 2348cm™! are all increasing. This
indicates that the oxygen in water, similar to the oxygen in NO,,
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fills the oxygen vacancies. This explains the detected increase in
resistance. The following mechanism is suggested:

HzOgas + VO +2e” — 0g + HZ,gaS'

The oxidation of the surface also explains the detected effect of
humidity on the sensor signals to CO and NO,. Through the oxidiz-
ing effect of humidity the resistance of the sensors is increased (see
Fig. 1), and more reaction partners for CO are present on the surface
thanin dry air. The latter explains the increase in the sensor signals
to CO resulting from humidity (see Fig. 1). NO, and water both oxi-
dize the surface meaning they compete for the reaction partners.
This explains the detected decrease of the sensor signals to NO, in
humidity (see Fig. 1).

4. Conclusion

Using a combination of analytical methods, significant insight
was gained into how sensing occurs on the surface of the WO;
sample. This understanding in turn is crucial for the development
of more selective and sensitive gas sensors It was shown using
XRD that measurements done at RT are not necessarily relevant for
characterization of sensors operated at higher temperatures due to
reversible temperature dependent crystal phase changes. There-
fore it is necessary to have operando XRD studies in the future.
The reduction of the WO3 lattice by CO and the oxidation by NO,
was visible in operandi DRIFT spectra. Based on the infrared results
in combination with DC resistance measurements, it is concluded
that for this sample of WO3, contrary to what generally occurs with
Sn0,, the lattice is oxidized by humidity. This oxidation explains the
experimentally detected increase in resistance for the WO3 sample
during humidity exposure. It explains why the sensor signals to the
reducing gas, CO, increase and why those to the oxidizing gas, NO,,
decrease in humidity. This result is an indication that the surface
reactions of WOs3 are unlike those of SnO,, and that to understand
the sensing of more complex gases additional operando research is
necessary. To check the general validity of these results additional
WO3 samples will be examined in operando in the future. This basic
understanding is not only essential for optimizing sensing, but for
all fields in which the surface reactions of WO3 play a key role.
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