SMOX Gas Sensor Characterization of Classical
Polycrystalline SnO; Materials at Room Temperature
and Spectroscopic Analysis of Their Time

Dependent Performance Degradation

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat Tubingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von
Dipl. Chem. André David Sackmann

aus Tubingen

Tldbingen

2025



Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat der

Eberhard Karls Universitat Tubingen.

Tag der mundlichen Qualifikation: 04.06.2025
Dekan: Prof. Dr. Thilo Stehle
1. Berichterstatter/-in: Prof. Dr. Udo Weimar

2. Berichterstatter/-in: Prof. Dr. Glnter Gauglitz



Table of content

[. List Of @DDreviations .............uuiiiiiiiiiiiiiii e 4
1. INEFOAUCHION ..ttt e e e e e e e e e e e e e 5
11 MOTIVATION ...t e e 5
1.2 Review on low/room temperature gas sensing with SMOX.............cccccciiiiiiiiiinnnnnes 8
1.3 Scope Of the WOTK ...coviiiii e e 11
1.3.1 Previous WOrK.........ooo o 11
1.3.2  SCOPE Of thiS WOIK ......ceeiieeiiiiee e 12

2. Basic aspects of tin dioxide based gas SENSOrS..........coooovieiiiiiiiiiieie 14
2.1 Material properties of tin dioXide..............oooiiiiiiiiiiii e 14
2.2  Surface reactions with selected molecules ... 16
2.3  Surface decoration with noble metals.................cccoiiiiiii, 22
3. Material synthesis and sensor fabrication ..............ccccccoiiiiii 23
3.1 Tin dioXide SYNNESIS ....cceviiiiiiiiiiiiiiiiiiiiieeeeeeee et 23
3.2  Decoration Of tin dIOXIAE .........cooiiiiiiiiiiiii e 24
3.3 Sensor fabriCation .............oouiiiiiiiiiiiiiiiiii 25
4, EXPerimental SEIUPS .....u i 27
4.1 GAS MIXING SYSTEIMS ...ttt baeaassessannenanne 27
4.2 DC reSiStance SEIUP .....cuuuuiiii i e e aaaaa 28
4.3  Operando DRIFTS SEIUP .. ittt e s e e e e e e e aeeaa s e e e e e e eeeene 29
5. ReSUItS and diSCUSSION .......ccoiiiiiiiiee e 34
5.1 Characterization of low temperature sensing properties ..........ccccccevvvvveevieiieeeeeennnne. 34
5.1.1 DC resistance measurements on Al.O3 substrates with gold electrodes.......... 34

51.2 DC resistance measurements on Al;O3; substrates with platinum electrodes...35

51.3 DRIFTS investigation on performance decay over time.............cccooeevviiceeeeenn.. 39

5.2  Performance screening at low temperatures ............ooovvvviiieiiiiiiiiiiiiiiiieiiieeeeeeeeeee 56
5.3 Temperature modulation investigations ... 59
5.4  Nitrogen/Oxygen iNVestigatioNS ...........couiii it 62
B.  SUIMMIAIY ... 71
(2 31] oo =T o] o V20U 74
LISt Of FIQUIES ...ttt e e e e e e et e e e e e e e aaans 80
LiSt Of PUDIICATIONS ... e 84




List of abbreviations
LEL - Lower Explosion Limit
SMOX - Semiconducting Metal Oxides
TGS - Taguchi Gas Sensor
SMD - Surface-Mounted Device
LED - Light-Emitting Diode
RT - Room Temperature
DRIFTS - Diffuse Reflectance Infrared Fourier Transform Spectroscopy
ppm - parts per million
DC - Direct Current
DCR - DC Resistance
TCO - Transparent Conducting Oxide
TPD - Temperature Programmed Desorption
EPR - Electron Paramagnetic Resonance
IR - Infrared
PTFE - Polytetrafluoroethylene
GMS - Gas Mixing System
MFC - Mass Flow Controller
DMM - Digital Multimeter
EIS - Electrochemical Impedance Spectroscopy
MOX - Metal Oxide
RH - Relative Humidity
r.h. - Relative Humidity




1. Introduction

1.1 Motivation
An early use case, that necessitated the implementation of a gas sensor “device”,

arose during the late 19t century. Hazardous gas atmospheres in coal mines were
a lethal threat to unaware miners until John Scott Haldane suggested in 1895 the
utilization of canaries as carbon monoxide detectors [1]. While attributes such as
low energy consumption, room temperature operations and reliability were already
met by this early gas warning system, other desirable attributes like miniaturization,
lifetime, recoverability and warning radius were surely lacking. Alongside the Davy
lamp which indicated the presence of methane or lack of oxygen by a change of its
flame height, these early devices pioneered the ever-growing market of gas

sensing [2].

Considered as the first modern era gas detectors, are catalytic combustion type
sensors (LEL) first developed by O. Johnson while working for Standard Oil Co. of
CA (now Chevron) in the 1920s. It helped improve safety at oil and gasoline storage
sites by detecting critical levels of combustible gases. A Wheatstone bridge would
measure the resistance change of a hot platinum wire in reference to a second

filament (shielded from the gas stream).

In the medical field, methods to measure the oxygen saturation of blood were
developed. In 1935 Karl Matthes could show that light of two distinct wavelengths
would be absorbed by oxygenated hemoglobin and is therefore correlated with
oxygen saturation [3]. Further improvement of the technique led to the developed
of pulse oximetry in 1972 [4]. A different approach to oxygen analysis was taken by
Leland C. Clark in 1953. He developed an electrochemical method to measure
ambient oxygen partial pressure. A membrane allowed molecular oxygen to
permeate into the electrode compartment holding a platinum cathode, where it is
reduced [5].

Fundamental work for the establishment of semiconducting metal oxides as gas
sensor materials was performed by W. Brattain and J. Bardeen in 1953, when they
found direct evidence for gas sensitive behavior of germanium surfaces and could
prove the presence of a space charge layer for this surface [6]. In the following year

Heiland published his work on ZnO and its ability to change conductance by oxygen
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absorption [7]. Other gas sensitive metal oxides where found in the following years
by Bielanski (1957) and Seiyama (1962) [8] [9]. The first actual SMOX sensor
device was patented by Taguchi (1962 in Japan, 1972 in USA) and used SnO:2 as

a gas sensitive material [10] [11].

a)_

Figure 1: a) First commercially available SMOX-type gas sensor used in domestic environments as a
town gas leakage alarm. Product name: TGS109 (Taguchi Gas Sensor). b) Side/bottom view of the
same sensor showing the connector pins. Two pins connect the heater coil and another two connect

the sensing electrodes. ¢) Schematic drawing (patent file) of the earlies gas sensing devices [11].

Notable components are the electrodes (61,62), the metal oxide layer (10) and the heater coil (12). d)

Cut-through of the same device.

Modern day SMOX gas sensors in particular have certain properties that make
them attractive for a wide variety of applications. Their working principle allows for
very simple and low-cost sensor platforms, typically consisting only of a ceramic or
silicon base plate equipped with electrodes and a heater wire. Covering the
electrodes is a thin layer of gas sensitive metal oxide, which adds little to the overall
bill of materials. Operation and read-out of such a sensor can easily be achieved
with a set of simple and inexpensive electronics (Voltage source and voltage
meter). Modern SMOX sensors with SMD packaging and integrated electronics are
available for around 5 € (2500 pieces reel) making them a viable choice for sensors
mesh network applications, low cost devices and even enable mobile phone
implementation [12]. This is also promoted by the possibility to efficiently
miniaturize such structures without suffering detrimental effects on sensor

characteristics.




Applications where gas detection is critical or at least beneficial are plentiful and

range from household appliances, over safety needs, to industrial process control.

Table 1: Overview on common applications for gas sensor systems

Gas sensor applications

Indoor Outdoor/Environmental
e Air quality monitoring e Weather stations
e Air fresheners ¢ Pollution monitoring
e Air purifiers
e Ventilation control
Automotive Safety
e Cabin ventilation control e Fire detection
e Flap control o Leakage detection
e Hazardous vapor detection e Personal gas monitors
e Filter functionality monitoring e Toxic/Flammable gas alarm
Food Medical
Packaging quality control e Breath analysis (Asthma)
e Food quality control e Halitosis analysis
o Cooking/baking process e Disease detection

Industry

e Process control
e Fermentation control
e Transistor oil monitoring

It is generally accepted by the research community of SMOX gas sensing that
unheated metal oxide layers of classical materials like SnO2, WO3 or ZnO perform
poorly at ambient temperatures or basically any temperature below 150 °C [13].
While some materials may initially show respectable response to analytes even at
low temperatures, it is usually short lived as ongoing baseline drift, degradation of
response and sluggish response/recovery times increasingly plague the sensors’
performance. Browsing through reviews of room temperature gas sensor
publications, it can often be observed that the results shown focus mainly on
selected gas cycles in idealized conditions, meaning freshly produced sensor,
measured right after its initial temperature treatment and being exposed to its first
gas cycles in purified air. While this approach is to be appreciated as an effort to
discover potentially suitable materials for an analytical task at hand, it often times

doesn’t include analysis of crucial parameters that determine the suitability of a
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sensor in real world applications. Surely one cannot expect every work to include
measurement cycles in realistic air conditions as it does require sophisticated
experimental setups, but more details on temperature history and stability over time
would help to assess the suitability of the investigated material for continuous room

temperature operation.

The advantages a stable room temperature gas sensor would bring to the table are
plentiful. Without the need for a heating element, sensor substrate design would
lose some complexity, further miniaturization would be enabled and production cost
would decrease. Electronic components for heater operations would be void, hence
reducing material and space requirements on the controller circuit, and further cost
reduction. The absence of a heater would also remove the largest share of the
sensors’ overall power consumption, giving battery powered SMOX a significant
boost in operation time. Applications with potentially explosive environments would
be opened up to SMOX sensors, as it would no longer expose the gases to a hot

surface.

Challenges presented by room temperature operation mainly relate to limited
analyte gas signal strength and degradation of signals over time. Recovery tends
to be slow or even incomplete. Strategies to tackle these draw backs are plentiful
and range from tailor-made materials like graphene oxide [14], sulfides [15] and
specific nanostructures [16], over light activation with LEDs [17], to miniaturization

efforts with pulsed heating for recovery [18].

1.2 Review on low/room temperature gas sensing with SMOX
On the topic of basic understanding of RT gas sensing Degler contributed

significant insights into the H20 interplay on SnO2. He performed H20/D20
exchange experiments on tin dioxide in an operando DRIFTS setup and covered
temperatures from RT to 400 °C [19]. The interpretation of the spectra at RT
revealed a domination of associative adsorption of molecular water in form of
physisorption and coordination to surface hydroxyl or oxygen groups. Water vapor
also decreased the sensor resistance quite strongly, with the maximum decrease
found to be at 150 °C and less pronounced towards 300 °C and higher. This was
explained with reaching the onset temperature of oxygen ionosorption (referring to
150 °C), while water still acts as an electron donor but now has the means to

displace ionosorbed oxygen. At even higher temperatures dissociative water




adsorption starts to dominate, while also partial desorption of hydroxyl groups
occurs. The hydroxyl groups now regenerated by water dissociation are found to
be part of a charge neutral reaction and therefore have low impact on the

resistance.

Degler further investigated CO adsorption on a tin dioxide surface (sol-gel
synthesis, 450 °C calcination in air), though be it at a temperature of 300 °C, it can
provide a reference to the reaction taking place at RT. He observed decreasing OH
bands upon CO exposure, both in dry and humid conditions. This is explained by a
competition between CO and H20 for reactive oxygen species, resulting in a lower
OH coverage as CO is introduced to the gas mixture. Seemingly this would not
occur in dry conditions, when CO is the only species looking for interaction with
oxygen, though can be explained by the residual H20 content of about 50 ppm in
“dry air’. With the presence of CO, a decrease of Sn-O related bands is observed
and its oxidation product is found in the appearance of CO2 peaks centered around
2350 cm-! associated with the two branches of the asymmetric stretch vibration of
the molecule. No indication of intermediate reaction products, like carbonates or
carboxylates can be found, even though other sources report the formation of those
species on their investigated SnO2 materials. The electronic impact the reaction
with CO is explained by the creation of oxygen vacancies after CO2 desorption
which should be considered full ionized at 300 °C and release electrons into the
conduction band. Re-oxidation will take place, but in equilibrium conditions the

average oxygen coverage of the surface is still lower, than in absence of CO.

Very comparable spectra were recorded during exposure to Hz2 (again at 300 °C)
on the same sensor sample. Again, a decrease of hydroxy groups and Sn-O
species were observed, pointing towards an oxidation of Hz2 to form and desorb

water.

A comprehensive review on materials explored for their room temperature gas
sensing capabilities is provided by Li et al [20]. Sorted by the respective target gas,
the following findings shall be highlighted:

Regarding H2S sensing the most suitable metal oxide materials are found to be
pristine ZnO [21], In203 [22], CeO2 [23] and Fe203 [24]. The observed signals are

linked to the ability of H2S to form metal sulfur compounds even at RT which are
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metallic conductors and thereby lower the electrical resistance considerably.
Selectivity towards other analytes is good as these metal sulfides are not reactive
to most other gases. On the other hand, recovery and re-oxidation are quite slow

or even stay incomplete. Pulsed heating could be beneficial to achieve full recovery.

For Hz2 sensing there are a number of material/preparation methods that show
decent gas sensing properties at RT, but in most cases their sensitivity is lower
than at higher working temperatures. Additionally, they are plagued by quite long

response and recovery times or even a lack of capability to fully recover [25].

NOz2 is commonly detect best on SnOz2 [26], ZnO [27] or In203 [28] nanostructures.
Sensor resistance on n-type semiconductors increases upon NO2 exposure as it
enhances oxidation of the surface. Synthesis routes yielding SMOX with a high
content of oxygen vacancies tend to produce quite strong sensor signals to NO:2 at
RT. Recovery times are reported to be within acceptable frames (few minutes) but

little is shared about repeatability over a longer measurement period.

NHs appears to be well suited for RT detection and most of the commonly used
metal oxides show sensitivity towards it [29]. Specifically, high surface area
materials exhibit high signals with reasonable response/recovery times. Saturation
effects, as NHs concentrations increase can become an issue but generally this

doesn’t seem to be an issue.

Most of the commonly used metal oxides also show sensitivity towards ethanol.
Supposedly, ethanol is oxidized, even at RT, with surface attached molecular
oxygen ions to form CO2 and H20 while releasing electrons into the conduction
band. The commonly investigated ethanol concentrations are rather high (100ppm
and more) but several nanostructured materials show strong and fast responses to
this atmosphere [30] [31] [32]. A critical discussion on the viability of an oxidative

reaction path of ethanol at RT is absent.

Decoration with noble metals, such as Pd [33], Pt [34] or Au [35], is commonly
employed to improve gas sensing properties of SMOX materials and can be helpful
to enhance the detection of gases like CO and Hz which are generally considered
harder to detect with pristine SMOX at RT. Especially at RT, where thermal energy
is low, the chemical excitation provided by noble metals can enhance or even

enable a specific gas sensitivity.




Examples — again found in the review of Li et al. — are Au decorated ZnO nanostars
(signal of ~55, to 500 ppm CO) [36], Pd decorated ZnO nanowires [37] or Pt
decorated SnO2 nanostructures (signal of ~65, to 100 ppm CO) [38]. Even ultra-
high H2 responses are reported for Pd modified ZnO nanowires, achieving a signal
of 13000 to 100 ppm Hz [39].

About the sustainability of those excellent sensing properties at RT not much is
told. Considerations of theoretically viable reaction paths in order to explain the
strong responses and fast recoveries exclusively consider oxidation of CO or H2
with surface oxygen without any backup of spectroscopic or otherwise gained
evidence. Particularly, quick re-oxidation of the surface after the exposure event
has ended, can be brought into doubt with everything that is known about oxygen
adsorption behavior of SMOX at RT. An attempt should be made to properly explain
such an ability to quickly re-oxidize and a direct link to the noble metal sensitization

surely can help explain such phenomena.

1.3 Scope of the work

1.3.1 Previous work

Initial work on the topic was performed by myself within the frame of a diploma
thesis [40]. Besides methodical challenges, like precise temperature control and
repeatable sensor fabrication, it quickly became apparent that knowledge of each
sensor’s temperature history was crucial in order to explain strongly varying sensor
behavior during identical tests. Freshly produced samples seemed to detect CO
and Hz at 25 °C quite well, whereas continued operation at 25 °C to 100 °C resulted
in a complete loss of sensitivity after some days. In order to unify the results and
allow for performance comparison between undoped and doped SnO2 samples, all
sensors underwent a prolonged storage at RT after they had been initially
calcinated. Only then were they measured at increasing temperatures from RT to
100 °C.

In this state, the undoped variants showed no response to the target gases at any
temperature below 100 °C and even then, just minor signals. The Pd doped variant
of SnO:2 calcined at 1000 °C was able to slightly enhance H:z signals at 100 °C
operating temperature, but no other positive effect could be observed for lower
temperatures or for CO exposure. The SnO:2 variant with Pt doping provided a clear

enhancement in basically all temperatures and gases tested.
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In summary none of the tested variants showed noteworthy signals to CO and H2

when stored for several days and then operated at room temperature.

1.3.2 Scope of this work
This work is aiming to take a closer look at the processes and sensor characteristics

occurring in the sub-150 °C temperature regime, while trying to show possible
benefits and possibilities when tapping into this underestimated domain of SMOX

gas sensing.

Tin dioxide was selected as the main material for all investigations and research.
Out of a common synthesis route, two base materials were synthesized and
additionally two precious metal additives (Pd and Pt) were applied per base. The
choice for tin dioxide roots in its thoroughly established position in SMOX research
as well as its utilization in commercial products. It is arguably the most investigated
classical material and allows the upcoming findings to be integrated into the bigger

picture.

Regarding the selection of analyte gases, key criteria were simplicity of the
available reaction routes and the ability to produce a sensor response at RT in the
first place. Factors such as relevance and demand for commercial use were
considered but had lower weight in the decision. Carbon monoxide was the obvious
first choice. Its ability to be oxidized without the need for a preceding splitting of the
molecule, makes it stand out within the list of candidates. Hydrogen was selected
as well, due to its simple structure and the way it can be activated by Pd and Pt,
hereby opening up a potential for detection at room temperature. For both gases a
number of industrial applications exist and respective sensor modules are available

from every major sensor manufacturer.

Besides basic characterization of the selected sensor materials with the help of DC
measurements, a focus was put on temperature and time dependent degradation
of the sensor signals to CO and Hz2 and on the potential reversibility of that

phenomena.

Complementary operando DRIFTS/DCR measurements were performed to gain a
better understanding and deeper insights into the chemical changes of the metal
oxide surface at RT. The test sequence included a high temperature phase with




test gas exposure followed by an abrupt cool down to RT and continued recording
of DCR and DRIFTS spectra for several days.

Linking the insights gained by Degler et al. [19] on humidity influence of tin dioxide
at RT with the here performed measurements, a more complete picture of the

interactions of H20, Oz and the test gases CO and Hz is given.

Further investigations on O2 adsorption and desorption behavior of SnO2 at RT
were conducted and analyzed. The sensors were exposed to dry nitrogen at a
temperature of 400 °C for several hours before they were cooled down to the
respective temperature of interest. After some hours at the target temperature (and
still in N2 atmosphere), rising concentrations of O2 were introduced to the gas

mixture and subsequently removed again.

The final set of experiments present here revolved around the immense potential
in selective gas sensing, utilizing the help of a temperature modulation between RT
and 400 °C. The presented temperature ramps were deliberately chosen to be slow
paced, meaning while not viable for direct adaptation into a commercial product,
they allow for proper analysis of the transient and equilibrium states of each

temperature step.
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2. Basic aspects of tin dioxide based gas sensors

2.1 Material properties of tin dioxide
Cassiterite is the world’s primary tin ore up until today as it contains up to 78.8%

tin. In its crystalline form tin dioxide (stannic oxide) is part of the rutile group and
features tetragonal symmetry with a quadratic base of a = b = 4.737 A, a height of
c = 3.185 A. Its space group is P42/mnm with each tin atom being surrounded by
six oxygen atoms in a distorted octahedral shape and each oxygen neighboring
three tin atoms [41]. Within the unit cell, tin cations are positioned at (0,0,0) and
(V2,72,72). Oxygen anions at £(u,u,0) and +(’2+u, Y2-u, ¥2) with u = 0.307 [42].

Oo

Q@ Sn

Figure 2: Unit cell of pristine SnO: with 6-fold coordinated Sn** and 3-fold coordinated O

Without any defects, meaning in its stoichiometric form, SnOz2 has to be considered
a wide band-gap insulator (3.6 eV) [43] but due to presence of multivalent Sn(lV)
and Sn(ll) the formation of oxygen vacancies has a quite low energy barrier and
thereby induces n-type semiconductor properties for non-stoichiometric SnOa.
These vacancies are considered to be singly or doubly ionized and act as electron

donors to the conduction band.

The initial ionization energy levels for SnO2 are situated at 30 meV and 150 meV
below the conduction band, respectively [44]. The concentration of these defects
depends on temperature and increases as the temperature rises. Composition of
the gas atmosphere and partial pressure of oxygen further influence the level of
decomposition of SnO2into SnO and O2. This phenomenon elucidates the influence

of various preparation techniques (such as powder calcination and layer annealing)




on the material's properties. It also provides insight into the drift observed in

sensors used under varying temperature and oxygen concentration conditions [45].

Figure 3: Schematic of the energy band diagram of tin dioxide. Its band gap (E¢) is 3.6 eV wide with
two donor levels near the conduction band. These result from oxygen vacancies and are located at 30
meV and 150 meV.

The characteristic of SnO2 extends its applications beyond serving as a solid-state
gas sensor material. It finds widespread use as a transparent conductor (known as
TCO) for electrodes in devices like solar cells, light-emitting diodes, and flat panel
displays [46]. However, its transparency is limited to the visible spectrum, and it
exhibits high reflectivity for infrared light. Consequently, SnOz2 is an excellent choice
for window coatings that facilitate heat exchange with the surroundings while

allowing the transmission of visible light [47].

In terms of surface properties, SnO2 acts as an oxidation catalyst in its own right.
According to the Mars-van-Krevelen mechanism [48], the multivalence of tin makes
it easy to undergo surface reduction and reoxidation processes. As a result, lattice
oxygen readily dissociates to react with adsorbed molecules. The various
adsorption and reaction steps involved in its use as a gas sensor will be elaborated
upon in the next chapter.
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2.2 Surface reactions with selected molecules
The crucial role of surface oxygen species in catalytic and gas-sensitive properties

of SnO2 has been a subject of controversy in recent decades. Various molecular
species, such as superoxo (O27) and peroxo (02%), as well as atomic species like
atomic radicals and closed valence shell oxides, have been proposed to exist on
the SnO:2 surface [49]. These species are viewed as intermediates in the
transformation of atmospheric oxygen to lattice oxygen (Reaction 1). A sequence
of reactions can be proposed, assuming each reaction involves the transfer of one
electron and the formation of neutral, mono, and doubly negatively charged oxygen
species. The following proposal simplifies the reaction steps by disregarding the
role of surface sites and oxygen vacancies. Initially, atmospheric oxygen is
adsorbed as an uncharged molecular species (Reaction 2), which then captures
electrons from the solid, resulting in the formation of a superoxide (Reaction 3).
Subsequently, a peroxide is formed (Reaction 4). Following this, molecular oxygen
dissociates into two atomic species (Reaction 5), which, upon abstracting additional
electrons, become incorporated as lattice oxygen on the surface layer of the metal
oxide (Reaction 6) [50] [51].

%02,gas + V&t +2e” 50, Reaction 1
Oz,gas = 02,ads Reaction 2
Oz,ads t €~ 5 03445 Reaction 3
Ozqas t€~ S 022,zlds Reaction 4
022,(_1(15 = 20q45 Reaction 5

Onas + €~ 5 024, 5 0, Reaction 6

Considering theoretical calculations regarding the adsorption of oxygen on SnO2
(110) and (101) surfaces, the most stable molecular species can be assumed to be
the superoxide species, while the most stable atomic species is the lattice oxygen,
specifically the twofold coordinated bridging oxygen [52]. Experimental verification
of various oxygen species primarily relies on three techniques: Temperature
Programmed Desorption (TPD), Electron Paramagnetic Resonance (EPR), or IR
spectroscopy. TPD investigations reveal three prominent desorption peaks,

corresponding to molecular oxygen, atomic oxygen, and material decomposition,




respectively [53]. The presence of these oxygen species is heavily influenced by
the sample's pre-treatment. EPR spectroscopy identifies the first desorption peak,
occurring between 100 and 200 °C, as singly charged molecular oxygen
(superoxide) [54]. IR spectroscopy confirms the existence of superoxide in reduced
SnO2 samples [55]. The second desorption peak, occurring at around 600 °C, is
attributed to atomic oxygen [53]. Unlike molecular oxygen species, atomic oxygen
species cannot be observed through IR spectroscopy. Beyond 750 °C, the metal
oxide undergoes decomposition as lattice oxygen starts to desorb [53]. Lattice
oxygen within the metal oxide remains present at temperatures pertinent to gas
sensing, but its reactivity may vary depending on temperature and differ between
surface and bulk lattice oxygen. Experiments involving 802-'802 exchanges on

pristine SnOz2 indicate that bulk oxygen exchange occurs above 425 °C [56].

Adsorption of Water

Water on SnOz2 surfaces exists either as molecular species or as hydroxyl groups.
Molecular adsorption encompasses both physisorbed (Reaction 7) and
associatively adsorbed/hydrogen-bonded water molecules (Reaction 8). In the
case of dissociative adsorption, the formation of hydroxyl groups necessitates an
additional oxygen atom to maintain reaction stoichiometry, as proposed by S. R.
Morrison for the dissociative adsorption of water on oxide surfaces (Reaction 9)
[57]. Various experimental studies indicate that molecular water is detectable up to
200 °C, while hydroxyl groups, signifying dissociatively adsorbed water, persist
above 500 °C, albeit diminishing notably around 300-400 °C [55] [58] [59]. The
temperature programmed desorption (TPD) profile of water adsorbed on SnO:2
reveals two desorption peaks centered at 100 and 400 °C. The lower temperature
peak corresponds to the desorption of molecular water, completing around 200 to
250 °C. The recombination of surface hydroxyl groups initiates the second
desorption peak at 250 to 300 °C [60]. TPD findings align well with infrared
spectroscopic observations, which note the desorption of physisorbed water up to

150 °C and a significant decline in surface hydroxyls above 200 °C [61].

H, Ogas = H, Ophys Reaction 7
Hzogas+00 S HO---H--0p Reaction 8
HZOgas + 00 +S5 5 (OH)p + (OH)s Reaction 9
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Several models have been proposed to explain the electrical impact of water vapor
through dissociative adsorption. The reactions presented above are oversimplified,
neglecting the nuances of surface characteristics and the attachment of oxygen
and hydroxyl species. Generally, water exhibits a reducing effect on SnOz,
attributed to various mechanisms. The first mechanism involves the generation of
an oxygen vacancy and two hydroxyl groups bonded to Sn, termed terminal
hydroxyl groups. This reduction occurs due to the ionization of the oxygen vacancy
(Reaction 10). The second mechanism leads to the creation of one terminal
hydroxyl group and one attached to multiple Sn atoms (Reaction 11), known as
rooted hydroxyl groups, which are also regarded as donors [50]. Another reaction
between water vapor and the SnOz2 surface results in the formation of two rooted
hydroxyl groups through the interaction of surface oxygen, a surface oxygen
vacancy, and a water molecule (Reaction 12) [62]. Although this reaction yields

hydroxyl groups, it does not affect the material's conductivity.

Hy0405 + 0p + 2Sng, = 2(Sndf — OH®™) + V3 + 2e” Reaction 10
H044s + Op + Snsp = (Snfg,;“ — OH®™) + (OH)§ + e Reaction 11
HZOgas + Vg+ + 0p + Sngp, = Z(OH)E Reaction 12

The reducing effect of water can be explained by considering both dissociative and
associative adsorption. In models of associative adsorption, water molecules
interact with acidic or basic surface species [57] [63] altering their electronic states,
or they inhibit oxygen adsorption by competing for the same sites [64]. Theoretical
studies on stoichiometric, reduced, and oxidized SnO, (110) surfaces have
evaluated the stability and electronic effects of both associative and dissociative
adsorbates [65]. Specifically, associative adsorption (Reaction 8) involves water
molecules donating electrons to the SnO, surface, making them weak electron
donors. In contrast, during dissociative adsorption, electrons are transferred from
surface or bridging oxygen atoms to the terminal hydroxyl groups. This transfer
compensates for the initial electron donation seen in associative adsorption,

resulting in little net change in resistance.




According to the model, the reducing effect of water vapor arises either from
dominant associative adsorption or from the formation of oxygen vacancies.
However, this theoretical approach may not fully capture the complex processes on
polycrystalline SnO,, which features various facets and defects. Furthermore,
calculations reveal that the balance between associative and dissociative
adsorption is strongly affected by surface stoichiometry — particularly oxygen
coverage — and by the presence of pre-existing dissociated water, such as hydroxyl
groups [65]. Experimental results on variously prepared (110) surfaces support
these findings, showing that surface stoichiometry significantly impacts dissociative
water adsorption [66]. Similar trends have also been observed on the (101) surface

in both theoretical and experimental studies [67].

In summary, both experimental and theoretical studies demonstrate that water
adsorption — and the resulting electronic effects — are highly dependent on
temperature, surface composition, stoichiometry, and the presence of hydroxyl

groups.

Adsorption of Carbon Monoxide

Exposure of SnO2 to CO was studied by a number of publications and specifically
IR spectroscopic investigations identified the formation of carbonate and
carboxylate species [59] [68] [69] [70]. Both unidentate and bidentate variants are
reported for either variant up to temperatures of 400 °C [59], although a significant
influence of sample calcination and pre-treatment procedure was reported [68].
Supposedly, at room temperature bicarbonate species exist, though spectroscopic
proof appears challenging as even deuteration failed to allow for a clear assignment
[69]. Theory provides a number of reaction pathways, explaining the formation of
said carbonate and carboxylate species upon interaction of CO with surface oxygen
[69]. On a (110) surface they indicate carbonate formation when CO interacts with
molecular oxygen occupying an oxygen vacancy (Reaction 13). Carboxylates on
the other hand involve lattice oxygen of a reduced surface (Reaction 14) [71].
Similar results were observed for the (101) surface. Theoretical calculations
indicate the presence of a carboxylate-like intermediate during the reaction
between CO and lattice oxygen (Reaction 14), leading to the desorption of the
intermediate and the formation of an oxygen vacancy (Reaction 15) [52]. In

contrast, the formation of carbonates on the (101) surface is suggested by
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calculations to involve a reaction between CO2 and lattice oxygen (Reaction 16)
[62].

COgas + 03345+ (2 —a)-e” 5 (CO3)*™ Reaction 13
COgas + 09 S (€CO3)o Reaction 14

(COp)o S CO, + Vi +2- e Reaction 15
COz4as + 00 = (€C0O3)p Reaction 16

The reversible adsorption of CO2 as carbonates or the decomposition of carbonates
formed by a reaction with CO is not expected to significantly alter the electronic
properties of the solid. However, the decomposition of carboxylates formed by CO
results in the creation of an oxygen vacancy, which can donate electrons to the
solid. The formation of carbonyl species (Reaction 17) on pristine SnO2 materials
has only been observed for CO adsorption at 120 K [72]. Theoretical calculations
suggest that the electronic effects of CO adsorption are much smaller than those

caused by the formation of an oxygen vacancy [52] [71].

COyqs S COgqs Reaction 17

The surface species discussed above are summarized in Figure 4. For surface
oxygen, only species confirmed through experimental techniques are included. It is
important to note that, with a few exceptions, the experimental conditions — such
as temperature, pressure, atmospheric composition, and sample form — differ
significantly from the actual operating conditions of gas sensors. A more detailed

summary, including the corresponding experimental techniques, is available in [49].
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Figure 4: Summarized temperature dependence of surface species identified on SnO: by EPR, TPD
and IR techniques. Color intensity indicates the incidence of a species at a given temperature. The
figure was adapted from [49] and [73].

Absorption of hydrogen
Another gas of major interest was hydrogen. Despite being non-toxic, its

combustibility and its use for all sorts of applications, makes it a crucial analyte in
the gas sensor world. Hydrogen is additionally a fairly simple molecule and can
therefore provide useful insights into the understanding of fundamental operation

principles of sensors.

There are a number of similarities between H2 and the previously discussed CO
molecule. Due to their simple structure, both have limited possibilities for reaction
paths to take. Both thermodynamically favor an oxidation reaction where
H; + %0, S Hy044s Yields AHp = —242k] - mol~! and CO + %0, < CO, Yyields
AHp = —286k] - mol™1 [74].

At elevated temperatures the following reactions of hydrogen on a SnO2 surface

have been established:

YoHy gas + 09 = (OH)§ + e~ Reaction 18

H3 gas + 05 = Hzogas +e +S§ Reaction 19

Described in Reaction 18 is the formation of rooted hydroxyl groups by oxidation of
H2 with lattice oxygen. Although this path should release an electron into the

conduction band, M. Hubner [75] postulates that in an oxygen containing
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atmosphere (and sufficient thermal energy) the electron will instead find its way to
the acceptor levels of adsorbed oxygen followed and is consumed by further
adsorption of atmospheric oxygen. The net conductance change is therefore zero
and a downward band bending (or reduction of pre-existing upward band bending)

is not induced.

Reaction 19 on the other hand, describes hydrogen interacting with ionosorbed
surface oxygen resulting in the formation of water and ultimately a vacant surface
site. In this scenario released electrons will increase the number of free charge
carriers in the conduction band and lead to a lowering of the band bending, in turn

explaining the decrease of resistance [75].

2.3 Surface decoration with noble metals
Even in their pristine form many metal oxides already show some level of gas

sensitivity. While this may be true, there is typically still room for improvement
especially concerning response and recovery time, stability and the possibility to
alter gas selectivity. This is where noble metals decoration or loading comes into
play. Generally, these additives will influence the gas reception and can additionally
alter the transduction function of the material [76] [77]. Alternatively to surface
loading, noble metals can be incorporated into the metal oxide lattice if utilized
appropriately during synthesis and calcination. However more commonly and often
more effectively, additives are applied as surface loadings, creating a separate
phase atop the pristine metal oxide particles (inhomogeneous dispersion). The
associated mechanisms of sensitization are currently considered to be either of
chemical nature, translating to a spill-over of affected gases to the metal oxide base
[78] or alternatively a sensitization of electronical nature, which originates from the
influence of the additive’s fermi-level on the energy bands of the base material [76]
[77]. The afore mentioned spill-over mechanism involves absorption, activation and
transfer of relevant gases like oxygen, carbon monoxide, hydrogen or other
reducing gases. The activation step may involve weakening or even fully
dissociating intramolecular bonds while gases are adsorbed on the metal clusters.
Upon transfer of activated species to the metal oxide host, effectively an increase

of gas reactivity is obtained.




3. Material synthesis and sensor fabrication

3.1 Tin dioxide synthesis
SnO:2 powder is readily available from most chemical companies at various purity

levels and particles sizes. The lack of control over many parameters relevant for an
application as a gas sensitive layer, necessitates an in-house preparation route.
This allows for selective sourcing of chemicals, choice of synthesis route and full

control over the calcination and milling aspects.

The selected synthesis route was an aqueous sol-gel process with SnCls as the
main component and tin source [79] [80]. SnCls was sourced from Sigma-Aldrich
(99.995 % purity) and used to prepare a 2M aqueous solution. To avoid premature
hydrolysis, an ice-bath was used to keep the temperature of the solution below 5
°C at all times, while adding SnCls dropwise. In a similar fashion, a 2M aqueous
ammonia solution was prepared (Merck EMPROVE 25 %) in a three-neck round-
bottom flask and cooled down in a salt-ice-bath. As soon as 0 °C were reached,
dropwise addition of the SnCls solution commenced and temperature was
constantly monitored to stay between 0 °C and 5 °C. A strong KPG® stirrer with
PTFE propellers was needed to keep the solution well mixed as gelation
continuously increased its viscosity. After completely mixing the two solutions the
ice-bath was removed and stirring continued for an hour. The obtained suspension
was then transferred to centrifuge tubes (Falcon) and after initial centrifugation (200
rpm for 15 minutes) the white precipitate was washed several times with deionized
water and centrifuged again. Each run was checked for chloride content by adding
AgNOs to the separated liquid phase. The resulting product was unified in a large

diameter petri dish and dried in an oven at 80 °C for 48 hours.

After drying the product took the shape of hard, glass-like crystals of varying size
(few millimeters to one centimeter). After some initial grinding in a mortar the coarse
powder was placed in an 80 ml ZrOz2 grinding jar and 5 mm ZrO2 balls were added.
For this milling step, no liquid or binder of any form was added. A planetary ball mill
(Fritsch “Pulverisette 5”) was used and set to 150 rpm for 2 hours. The resulting
fine, white powder was split up on two alumina crucibles and then one was calcined
at 450 °C for 8 hours and the other at 1000 °C for 8 hours in a Nabertherm GmbH
R 50/250/13 tubular furnace. The calcined powders were milled again using 5 mm
balls, deionized water as a binder and 200 rpm speed for 2 hours. After a final
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drying step at 80 °C, the pristine form of SnO2 450 °C (labeled IPC450) was
received as a yellowish powder and pristine SnO2 1000 °C (labeled IPC1000) as a

white powder. A summary of the whole process is shown in Figure 5.

stirring \/ washing
Sn0,-H,0
Idrying
SnO_«H.O
(difed)?
@ milling Icalcination Pdcl,
SnO,
stirring & stirring &
washing | washing
‘ Sno Sno,
Pt loaded Pd loaded
thermal treatment
‘ SnO, SnO,
Pt powder impreg. Pd powder impreg.

Figure 5: Schematics of synthesis route for pristine and powder impregnated SnOz. Calcination of
pristine SnO: was performed at 450 °C and 1000 °C for 8 hours. Thermal treatment of loaded SnO:
was done at 450 °C for 1 hour.

3.2 Decoration of tin dioxide

Noble metal decoration was achieved through the impregnation of SnO2 powder,
as illustrated in Figure 5. PtCls or PdCl2 (Merck/Sigma-Aldrich, 99.99% trace metal
basis) was used to prepare an aqueous base solution, which was acidified with a
few drops of HCI. Stoichiometric amounts of the base solution were added to SnO:2
powder dispersed in water, resulting in nominal loadings of 2.0 wt.% Pt and Pd.
After stirring the mixture for 48 hours at room temperature, it was centrifuged, and
the obtained solid was redispersed in bi-distilled water (centrifuge flasks filled to 50
ml) for washing. This washing process was repeated three times, after which the




solid was dried overnight at 80 °C. Finally, the material underwent heat treatment
at 450 °C for 1 hour in an alumina vessel (Nabertherm R 50/250/13).

3.3 Sensor fabrication
The sensing layers were deposited by screen-printing a propylene glycol-based

paste of the sensing materials onto a sensor substrate, which was equipped with
interdigitated electrodes on the front and a heating meander on the back (see
Figure 6). For this work the majority of produced sensors used substrates with Pt
electrodes and heaters. Only a short measurement campaign was performed on

substrates with Au electrodes and a heater made from Pd/Ag alloy.

3.5 mm 4,2 mm
| | |
£
S
|~
Moxmyeré/
Alumi L
e = N
3
3
Top Bottom

Figure 6: Schematics of a ceramic sensor substrate fitted with platinum electrodes on its top side and
a meander heater on the back. The gas sensitive layer is screen-printed atop the electrode area with a
thickness of about 50 pm. The platinum structures themselves have a thickness of 5 pm.

After printing the sensors were dried at 80 °C for at least 24 hours and annealed at
stepwise varied temperatures (300 °C — 400 °C — 500 °C — 400 °C - 300 °C) and a
step duration of 10 minutes. For each individual sensor a temperature calibration
was established by plotting the temperature of the sensing layer (measured with an
infrared pyrometer) versus the resistance of the heater. Based on the linear relation
between layer temperature and heater resistance the sensor can be precisely
heated during the experiments. Utilizing the heater resistance instead of the heater
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voltage as a means to set the sensor temperature has the advantage of
compensating for potential cooing effect by applying an air flow or the additional

heat generated by sensor being mounted in a tight sensor chamber (heat up of the
chamber walls).




4. Experimental setups

4.1 Gas mixing systems
Ensuring absolute control over the composition of gas mixtures is crucial for any

gas sensor related research. Even more care has to be taken when investigating
oxygen free and water free atmospheres as even small leakages and impurities
can cause deviations from the desired composition. The general makeup of such a
gas mixing system (GMS) consist of a number of gas channels, each containing a
gas inlet port connected via Teflon tubing and Swagelok fittings to a mass flow
controller (MFC), followed by a magnetic valve and finally leading into a common
gas line which feeds the sensor chamber with the desired gas mixture. The first two
channels are typically connected to a carrier gas bottle (synthetic air or pure N2)
with one of them being equipped with a water vaporizer in-between the MFC and
the magnetic valve. Additional channels are usually hooked up to pre-diluted
analyte gas bottles (in a background of the selected carrier gas). All gas bottles
were supplied by Westfalen AG Munster and had a purity of 99.9999% for nitrogen
and synthetic air. Analyte gas bottles came with certified concentration analysis
performed by the supplier. Deionized water was sourced from our building’s ion-

exchange system and then poured into the vaporizers.

gas bottles
E power supply
e 1
2 mass flow
= 50V0364|®@®
controller sensor
D | [ chamber
Y IH=HH
< —
c I
) //
MFC&valve ] -
: =2 00000000 o ;;
electronics ‘ ‘ =
- electrometer
i }
e ————

Figure 7: Gas mixing system with attached DC resistance measurement equipment. Computer
software sets and controls the flow rate of each mass flow controller and logs the output of the
electrometer.
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In this work a total of three different gas mixing systems were configured and
utilized. One system was dedicated to less demanding gas mixtures, but
incorporated the ability to pre-flush each test gas channel to ensure fast and smooth
transitions to the subsequent gas composition. This helps to avoid initial overshoots
or the accumulation of contaminants in gas channels. The majority of sensor tests

took place in this gas mixing system (GMS).

The second system consisted exclusively out of stainless steel tubing with special
fittings to maximize gas tightness. Any measurement in pure nitrogen as a
background gas and/or the absence of humidity was performed in this system.
Residual oxygen concentrations were determined to settle below 1 ppm. Water was
measured at around 10 ppm which reflects the quality of the used N6 purity nitrogen

bottles.

System number three was used in conjunction with the IR spectroscopy setup and
had a regular 6 MFC configuration allowing for the dosing of up to 4 analyte gases

in a background of humidified air.

4.2 DC resistance setup
Direct current (DC) resistance measurements represent the fundamental method

to investigate and operate SMOX-based gas sensors. An investigative setup
consists of a gas mixing system to deliver at constant flow rates the desired gas
mixtures, at least one sensor chamber containing the investigated sensors, a
resistance readout device (Digital Multimeter Scanner Keysight E34972A or
Keithley 199), a voltage source to power the sensor heaters (HP, Keithley, Korad
models used) and a reference gas sensor module to monitor gas temperature,

humidity and general functionality of the GMS.

The DMM Keithley 199 was used to record the sensor resistance while performing
operando IR spectroscopy (DRIFTS setup described in the subsequent chapter).
In its highest resistance range the device can measured up to 300 MQ with a 1kQ
resolution. It operates in a constant current mode, meaning it aims to induce a set
current value through the resistor measured and therefore applies a tunable
polarization and measures the drop of polarization over a known resistor (Rref and

Uref) and an unknown one (Rmeas and Umeas) (Equation 1).




Umeas Equation 1
ETH Rref

Rmeas -

Urer
DMM Keysight E34972A devices were installed at the other two systems and
allowed resistance monitoring of several sensors at once (20 per scanner card with
3 card slots). Typically, up to 4 sensors were investigated and measured
simultaneously, as this represents the number of sensor sockets per test chamber.
The maximum resistance range of such a device is at 100 MQ, but was extended
by putting a known 100 MQ resistor in parallel to each measured sensor. This
allowed measurements up to around 5 GQ with sufficient precision. The actual
sensor resistance was calculated by Equation 2. Same as the Keithley DMM, this

device operates in a constant current mode.

R _ Rineqs - 100MQ Equation 2
sensor — 100MQ _ Rmeas

4.3 Operando DRIFTS setup
The term “operando” should be understood as an experimental technique that is

applicable to a functional material in its operation condition. For gas sensitive
materials this includes the presence of a gas atmosphere (typically at 1 atm), the
possibility to heat the sensor (RT to 400 °C) and to read out its resistance.
Effectively, a real sensor device is used, operated and evaluated normally, while
an additional technique is utilized to acquire additional material characteristics.
In this work, information on the chemical state of the surface was deem the most
valuable and therefore infrared spectroscopy was the operando technique of
choice. There are other methods available in today’s toolbox, ranging from various
spectroscopic methods, over catalytic conversion measurements, to electronic

techniques such as AC impedance (EIS) or work function changes (Kelvin probe).

Ex-situ, in-situ, and operando techniques are commonly used to study functional
materials by comparing the experimental conditions to those during actual
operation. Operando methods — widely used in catalysis research — combine
spectroscopic techniques with real-time measurements of a material’s catalytic
activity. This approach has been extended to various functional materials, including
gas sensors. In operando gas sensor research, the sensor response (for example,
the resistance of a SMOX-based sensor) is measured simultaneously with

additional properties using spectroscopic or electrical techniques.
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Although definitions can vary, a common classification is as follows:

e Ex-situ experiments: Measurements are conducted under conditions
(temperature, pressure, atmospheric composition) that do not replicate the
sensor's actual operating environment.

¢ In-situ experiments: Measurements are performed under conditions relevant
to gas sensor operation, but the sensor response is not evaluated
simultaneously.

e Operando experiments: Measurements are taken on real sensor devices
under realistic operating conditions, with simultaneous evaluation of the

Sensor response.

IR spectroscopy, which is used to study molecular vibrations, can identify
molecules or functional groups. A vibrational transition is IR-active only if the dipole
moment of the molecule changes during the vibration. The energy of an IR
transition depends on factors such as the mass of the vibrating atoms and the
strength of the bonds between them. Figure 8 illustrates the potential curve of a
diatomic molecule.

E A4

pot Harmonic

Anharmonic

Y

Figure 8: For higher energies the parabolic shape of the harmonic oscillator (black) fails and the
potential energy curve of a diatomic molecule is better described by introducing anharmonicity
(green). Common approximation models are the Lennard Jones potential and the Morse potential.




Near the equilibrium distance between the two atoms, the potential can be
approximated as parabolic, and the vibration behaves like a harmonic oscillator.
Based on this model, the wavenumber of the IR transition depends on the masses
of the atoms (reduced mass, y) and the bond strength (force constant, ki), as

described by Equation 3, where co represents the speed of light.

1 Ky Equation 3
V= 27TCO U

According to Equation 3, vibrations involving lighter atoms and/or stronger bonds

occur at higher wavenumbers compared to those involving heavier atoms and/or
weaker bonds. This bond strength effect can be observed when comparing the O-
H stretching vibrations of different surface hydroxyl groups. For instance, the O-H
stretch vibration of acidic hydroxyl groups appears at lower wavenumbers; on
zeolites, the O-H stretch band of weakly acidic hydroxyls is found around 3745
cm™, while that of acidic Brgnsted sites is around 3610 cm™. For hydroxyl groups
on metal oxide surfaces, the acidity and thus the position of the O-H stretch band
depend on the cation coordination of the oxygen atom in the hydroxyl group. On
zeolites, the band at 3745 cm™ corresponds to terminal groups on silicon (Si-OH),
while the band at 3610 cm™ is attributed to bridged hydroxyl groups (Si-OH-Al).
When the proton in a hydroxyl group is replaced by deuteron, the corresponding O-

D stretch band appears at a lower wavenumber. The shift can be calculated by:

Sop o Equation 4

Von Koo
According to Equation 4, the theoretical shift for this substitution is 0.728, which is
slightly lower than the experimental value of 0.737 for OH/OD exchange in terminal
OH groups on SnOz2. The discrepancy between the experimental and theoretical
shifts is due to the limitations of the harmonic oscillator approximation for diatomic
molecules, which is not sufficient to describe surface hydroxyl groups as part of

more complex structures like surfaces or solids.

Infrared (IR) spectroscopy is a key technique for studying the properties of solid
materials. The most common method is transmission spectroscopy, where IR light
is passed directly through a sample. For solids, this usually means preparing very

thin pellets or diluting the sample in potassium bromide (KBr) to allow sufficient light
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to pass through. Transmission measurements have been especially important in in-
situ studies of SnO,-based gas sensing materials, providing valuable insights into

their behavior under controlled conditions.

Another powerful approach is diffuse reflectance spectroscopy, which became
more accessible with the advent of commercial mirror optics. This method collects
IR light that is scattered by the sample rather than transmitted. A specialized form
of this technique, known as Diffuse Reflectance Infrared Fourier-Transform
Spectroscopy (DRIFTS), offers simpler sample preparation and is particularly well-
suited for operando measurements on thick film layers — such as those found in
SMOX-based gas sensors — where the material is examined in conditions that

mimic its real-world use.

It is also important to note that when IR light interacts with a material’s surface, it
can be reflected in two ways. Specular reflection is a mirror-like reflection that
maintains the direction of the incoming light, whereas diffuse reflection results from
multiple scattering events, including reflection, refraction, and diffraction within the
material. In practice, most surfaces exhibit a combination of both specular and

diffuse reflection, as illustrated in Figure 9.

penetrating fraction

Figure 9: Illustration of reflection processes on a small grained metal oxide surface. The incident
beam is reflected as specular and diffuse beams. The diffuse part is captured by the detector and
contains spectroscopic information from its interaction with the metal oxide material.




Specular reflection occurs mainly on smooth and polished surfaces, while diffuse
reflection dominates on rough and matte surfaces. In samples made up of individual
grains smaller than the wavelength of the radiation, diffuse reflection is the
dominant process. The radiation penetrating the sample during diffuse reflection
can be partially absorbed, providing spectroscopic information about the sample.
To record a spectrum using diffuse reflectance, special mirror optics are used to
capture as much diffuse reflected radiation as possible. DRIFT spectra display the
same qualitative features as transmission spectra, but quantitative analysis

requires the Kubelka-Munk theory for diffuse reflectance spectroscopy.
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5. Results and discussion

5.1 Characterization of low temperature sensing properties
A first assessment of the gas sensing properties of the three IPC1000 materials in

a low and high temperature regime was performed. Two types of substrates were
used to manufacture sensors, discriminating themselves by their electrode
material. The choice of electrode materials can significantly alter the sensor
properties, as interactions between MOX-layers, precious metal surfaces and gas
species can induce various electrical and chemical effects. Initial expectations for
the utilization of gold electrodes were an acquisition of insights into the “raw”
properties of the MOX-layer, due to a reduced catalytic activity towards the target
gases Hz and CO. Platinum electrodes were expected to unlock the full potential of

the sensors by increasing the accessibility to reactive gas molecules

5.1.1 DC resistance measurements on Al203 substrates with gold
electrodes
As is turned out the results of the first few measurements using sensors with gold

electrodes were very poor, showing hardly any response to hydrogen gas, even at
high concentrations. Figure 10 gives an overview of the sensor signals to 1000 ppm

hydrogen gas in a background of synthetic air (40% relative humidity).

Carrier Gas: Synthetic air + 40% rel. humidity
Electrode Material: Gold
1000 5

—e— |PC1000
—e— |[PC1000 + 2 wt% Pt
—e—|PC1000 + 2 wt% Pd

100 -

Sensor Signal R/R,, o0
R o

T T T T T T T T T T T
0 50 100 150 200 250 300
Sensor Temperature [°C]

Figure 10: Temperature dependence of the sensor signals for IPC1000 materials on gold electrodes.
Test gas was 1000 ppm of H: in a synthetic air (40% relative humidity) atmosphere. In the low
temperature regime all signals were close to 1 or even below, translating to no response at all or
atypical p-type response to a reducing gas.




The three different IPC1000 materials on gold electrodes were operated at room
temperature (~25 °C), at 70 °C, at 100 °C and at 130 °C. The undoped IPC1000

sensor was additionally tested at 300 °C to check its general functionality.

In the absence of ample amounts of catalytically active platinum, typically provided
by electrode and heater elements if such substrates were used, the sensors were
unable to interact properly with hydrogen gas and therefore showed little to no
sensor response. At 70 °C the materials containing incorporated dopant metals
managed to achieve minor responses, but towards higher temperatures showed
atypical behavior by climbing to higher resistances in the presence of a reducing
gas. This was unexpected for n-type semiconductor materials and was investigated
separately but shall not be further discussed within this work. Due to the absence
of any significant sensor response at low temperatures, further investigation of
these types of sensors was consequently discontinued and the focus shifted to

platinum-type substrates.

5.1.2 DC resistance measurements on Al203 substrates with platinum
electrodes
For the investigation of IPC1000 on platinum coated substrates a different test

regime was utilized. The focus was shifted towards room temperature capabilities
of the materials towards CO and H2 as an analyte gas. In order to achieve
comparable results, the testing was initialized with one cycle of the test gas
sequence at 300 °C, then cooled down to room temperature and followed by

continuous repetitions of the test gas sequence.

This allowed for comparisons between hot and cold state sensor performance and

the ability to uphold their sensing characteristics over time.

All measurements were performed in humidified air as a carrier gas (50% RH) with
a flowrate of 250 sccm. The test gas sequence consisted of three 1 hour pulses of
CO with 50, 150 and 500 ppm concentration, then three 1 hour pulses of H2 with
the same concentrations. After a recovery period of 3 hours, the sequence was

repeated.

Data was acquired over the course of 10 days and is presented in Figure 11, Figure
12 andFigure 13.
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Figure 11: DC resistance measurement of undoped SnQ: (IPC1000). For the first 24 hours the sensor
was operated at 300 °C and exposed to ramps of CO and H: (50, 150 and 300 ppm). On subsequent
days the heater was off and the gas sequence was repeated continuously.
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Figure 12: DC resistance measurement of Pd doped SnO: (IPC1000 + 2 wt% Pd). For the first 24
hours the sensor was operated at 300 °C and exposed to ramps of CO and H: (50, 150 and 300 ppm).
On subsequent days the heater was off and the gas sequence was repeated continuously.
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Figure 13: DC resistance measurement of Pt doped SnO: (IPC1000 + 2 wt% Pt). For the first 24 hours
the sensor was operated at 300 °C and exposed to ramps of CO and H: (50, 150 and 300 ppm). On
subsequent days the heater was off and the gas sequence was repeated continuously.

The cool down procedure showed an expected increase of resistance for all
materials. In the first seconds a sharp overshoot was observed, corresponding to
the response any semiconductor would give to a decreased temperature. After a
few minutes, resistances settled down to a lower value, though still above the level
of 300 °C, as the surface states slowly adapted to the new temperature by altering
its concentration of active oxygen species and therefore less trapped charge

carriers.

IPC1000 showed unstable baseline resistance over time, with an ongoing
resistance drift towards lower values. The doped materials quickly settle for a stable

baseline with no noteworthy baseline drift behavior.

Initially, all materials responded well to the presence of CO and Hz, but a decrease
over time can be observed at first glance. To evaluate this degeneration of
responses over time, the resistance of all 500 ppm CO and H: events were
extracted, signals calculated and plotted against the corresponding time since cool
down. Defined as a sensor signal (S) is the ratio between resistance in clean air

(Ro) and the resistance under test gas exposure (Rgas).

Ry Equation 5
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Figure 14: Development of sensor signals to 500 ppm CO over time. Cool down to room temperature
occurred at 0 hours in this representation.
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Figure 15: Development of sensor signals to 500 ppm H: over time. Cool down to room temperature
occurred at 0 hours in this representation.




Figure 14 and Figure 15 illustrate the behavior of the sensors under prolonged RT
operation quite well. The undoped IPC1000 had strong initial signals towards both
target gases within the first hours after cool down, but also showed the strongest
decay. For the second and third repetition of the test cycle, corresponding to
roughly 1 to 2 days after cool down, barely any response is left. Additionally, the
response time and recovery slowed down significantly and the original baseline

resistance could not be retained.

Palladium doped IPC1000 showed the highest initial response to CO, followed by
a gradual decrease of performance over the subsequent test cycles. The sensor
signals decreased from around 20 down to just shy of 2, but seemed to stabilize at
that level. Its initial H2 performance was poor and continued to decay within the next

days to nonexistent.

A different pattern emerged for platinum doped IPC1000 as it missed out on the
strong initial performance shown by the other materials, but managed to keep its
response to CO very stable over the here tested timeframe of around 200 hours.
Similar to IPC1000+Pd it had poor H2 performance, accompanied by a decaying

signal over time.

These results highlight the relevance of temperature history for the evaluation of a
room temperature sensor. Performance at room temperature can vary from
excellent to poor, just depending on the time passed since cool down. Subsequent
chapters will try to give more insight into this phenomenon by surveying the sensors
ability to acquire and desorb oxygen, and by conducting spectroscopic studies on

the surface species available before and after cool down.

5.1.3 DRIFTS investigation on performance decay over time
A comparable sequence of gas exposures, as in the previous chapter was

conducted and in addition to DC resistance data, infrared spectra were recorded in
operandi. The initial gas sequence took place at a sensor temperature of 300 °C to
identify the involved surface species with the sensor being at a common and proven
operation mode. Subsequent the sensor heater was shut off and the gas sequence
was repeated several times over the next days while recording spectra of this

unheated sensor.
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5.1.3.1 Oxygen adsorption/desorption equilibrium at high temperatures

The surface processes of sensing at 300 °C are relatively well understood by now
and basically revolve around the equilibrium between surface oxygen and analyte
molecules. At elevated temperatures the thermal energy needed to dissociate O2
molecule is present and existing vacancies can be healed with O species. A higher
number of ionosorbed oxygen correlates to the formation or an increase of the
depletion layer at the surface, resulting in a decrease of conductivity. Even without
the presence of additional gas phase reaction partners, an intrinsic equilibrium will
form due to temperature dependent desorption of oxygen and partial healing of
present vacancies. With the availability of reducing analyte molecules (CO, Hz, etc.)
in the gas phase the population of surface oxygen species with be reduced and a
new equilibrium of natural desorption, reaction with analytes and re-adsorption will
be established.

The process of absorbing oxygen on surface sites S can be described with the

following equation:
1/,09% +5 & 05

Adsorbed oxygen introduces acceptor levels which can be ionized via charge

transfer from the conduction band to the surface.
Os +2e~ © 05~

On the semiconductor side, this is accompanied by upward band bending (qVs)
resulting in an increase of the Schottky barrier height, effectively decreasing the
number of electrons with can reach the surface (ns). Under the assumption that the

Schottky approximation is valid, this can be expressed as

qu)

ns = nB exp (_k_T

Both terms - the number of ionized bulk donors (ns) and the exponential function -

are temperature dependent.




5.1.3.2 Oxygen adsorption/desorption equilibrium at room temperature

A working hypothesis for the sensing processes of a sensor at room temperature
(after a time period of high temperature) would be as follows:
Initially the cool down to RT results in a quenching of the current state of the surface
as it was established during 300 °C operation, meaning the population of atomic
O? species is still comparably high, but the previous equilibrium of desorption and
adsorption of oxygen is disturbed as only molecular oxygen can now fill appearing
vacancies. Overall, a decrease of O% and an increase of O2" would be expected.
The presence of reducing analyte gas like CO or Hz should accelerate this
population shift and the resulting performance degradation by increased
consumption of reactive O%. Additionally, when remaining for a prolonged time at
RT, a number of appearing vacancies are not repopulated with oxygen at all,
resulting in a more reduced surface and therefore lower baseline resistance of the

layer and possibly a lower response to reducing analytes.

In order to validate or debunk this hypothesis and to acquire a better understanding
of surface changes at RT in general, spectra of various gas conditions were
reference to one another. Namely, RT baselines over time to 300 °C baseline, RT
baselines over time to initial RT baseline, RT baselines to its preceding RT
baseline, CO exposure over time to its preceding baseline and H2 exposure over

time to its preceding baseline.

5.1.3.3 DRIFTS results for IPC1000
The first round of experiments was performed on an undoped IPC1000 sensor as

the absence of dopant materials should reduce the complexity of data analysis and
interpretation. The results for Pd and Pt doped sensors are presented in the

subsequent chapters.

Figure 16 depicts the recorded DC resistance data of an IPC1000 and marks the
timeslots where infrared spectra were acquired. The gas flow was set to a constant
250 ml/min of humidified synthetic air (50% RH), followed by exposure events of

500 ppm of CO and 500 ppm of Hz with recovery in between and after.
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Figure 16: DC resistance data of the IPC1000 sensor, recorded while performing DRIFTS in
operando. Shrouded areas mark the timeframe of IR activity. Sensor temperature is labeled on the
top side of the graph. Background gas: air with 50% RH. Gas events: 500 ppm CO followed by 500

ppm Ha.

The experiment was design to recreate the results of the initial DC measurement,
but now with the added capability of shining IR light on the sample. Indeed, the
overall trend was comparable to what was found in Figure 11 and the decaying

response to CO and H2 was captured and the IR spectra analyzed hereinafter.

At first, the focus shall lie on analyzing changes in the surface composition during
background gas exposure. The reference spectrum chosen for this analysis was
recorded 15 to 30 minutes after turning off the heater voltage. All following baseline
spectra were reference to it, and the resulting absorbance spectra can be seen in
Figure 17. The very first spectrum - recorded from minute 0 to 15 - was discarded
as the cool down process was still ongoing and the temperature therefore

undefined.
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Figure 17: DRIFT spectra of undoped SnO: exposed to baseline conditions (air with 50% RH) at
room temperature. Each spectrum was recorded at a certain time since cool down as labeled in the
legend. The spectrum they were referenced to, was recorded 15 minutes after cool down and had the
same baseline gas condition.

At a first glance, the formation of a water layer was apparent as indicated by a
broad increase at 1652 cm-" with its surrounding fine structure, representing the
bending mode of ligand-bonded molecular water. This also resulted in changes of
the hydroxyl group surroundings by interaction with water molecules and
subsequent decrease of isolated OH stretch vibrations at 3726 and 3683 cm-.
Furthermore, a decrease of Sn-OH deformation vibrations at 1282, 1250, 1059 and
993 cm' could be observed, while resulting in a strong increase of interacting OH
groups indicated by a broad peak at around 3400 cm™'. These were expected
changes occurring due to the increasing presence of interacting water molecules
atop the metal oxide surface. Of higher interest was the appearance of a
continuously increasing peak at 1138 cm™'. According to Davydov [81] this could
correlate to an increased formation of singly ionized molecular oxygen O2 and
would support the hypothesis of a shift towards this species. Special focus will be
put on the behavior of this peak when referencing to different gas conditions. The
decreasing peak at 1354 cm™ is generally linked to the reduction of the lattice,
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meaning desorption or alteration of bonds of the Sn-O species. This decrease
should be expected when interactions with water molecules increase and also
when the proposed transfer from atomic oxygen to molecular oxygen takes place,
hereby serving as further evidence to the legitimacy of the hypothesis. It is generally
accepted that a SnO2 surface at such low temperatures lacks the ability to split Oz
and thereby heal oxygen vacancies or form mono-atomic oxygen ions, meaning
that preexisting oxygen ions will be “lost” over time, either by reaction (e.g. forming

—OH), desorption or substitution with molecular oxygen.

The following absorbance bands contain the same RT baseline spectra as before
but are this time referenced to the last baseline spectrum at 300 °C (Figure 18).
Qualitatively, it should contain similar alterations to the OH environment and its
resulting changes in the spectra. On top of that it will contain information directly
linked to the differences in temperature. Just by comparing the baseline resistances
for RT and 300 °C, a significant difference in free charge carriers is to be expected,
which manifests in the reference spectra as lowered absorbance, but the spectra
should also reveal changes of surface states, that vanish rapidly during cool down

and would not be visible in the previous analysis.
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Figure 18: DRIFT spectra of undoped SnO: exposed to baseline conditions (air with 50% RH) at
room temperature. Each spectrum was recorded at a certain time since cool down as labeled in the
legend. The spectrum they were referenced to, was recorded prior to cool down at 300 °C and had the
same baseline gas condition.

Concordant with previous results, peaks appear that indicate a build-up of liquid
water (1652+1635 cm™') linked with changes in all OH vibrations (3724, 3666, 3481,
1265, 1051 and 991 cm-"). Again, a peak at 1138 cm" appears that could indicate
an increase of molecular oxygen interacting with the lattice, while reducing or
altering the number of Sn-O bonds at 1331 cm™'. A new peak arises at 3481 cm,
sitting atop the broad signal for interacting OH groups. It represents the increased
formation of a different kind of rooted OH groups, less present at 300 °C. Sharp
peaks like these, stem from stretching vibrations of non-interacting OH groups —
terminal ones for 3724+3666 cm-! and rooted ones for 3481 cm-'. This perturbation
of OH groups and observed shift to rooted groups must be a remarkably fast
process, as it only appears when referencing a RT spectrum to a 300 °C spectrum.
In the previously shown RT to RT spectra no further formation of rooted OH can be
found, if any they decrease as surface hydroxylation advances over the course of

time.
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Another way to look at changes of the baseline after switching to RT can be
achieved by referencing each spectrum to the previous one, instead of referencing
always to the very first one (Figure 19). This reveals which processes are

progressing over time and which ones equilibrate early on.
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Figure 19: DRIFT spectra of undoped SnO: exposed to baseline conditions (air with 50% RH) at
room temperature. Each spectrum was recorded at a certain time since cool down and referenced to
its previous spectrum.

The signals are clearly the strongest right after switching to RT. The black line
represents a referencing of the 2" recorded spectrum to the 15t, meaning it reflects
the surface changes happening within minute 15 to 30 after cooldown, to minute 0
to 15. Most dominant are the peaks for molecularly adsorbed water (1652 +
1635 cm™') and the resulting interaction with preexisting OH groups (increase of
3400 cm™, decrease of 3728 cm™). It is the only referenced sprectrum that shows
a clear reduction of the surface in 1284 cm', indicating the desorption of O% as a
rather fast process, arriving at a near equilibrium state within the first 30 minutes
after cool down. The build up of Oz on the other hand can be observed also in later
reference spectra, identifying it as a slower process which remains active for at
least 2.5 hours before the time window of 15 minutes becomes too short to oberve
any meaningful change.




After focusing so far on the baseline changes associated with switching from high
to low temperature and their evolution over time, the next paragraph concerns itself
with effects introduced by the presence of 500 ppm CO or H2 gas. It aims to reveal
potential differences between involved sensing reactions of both temperature
regimes and to allow insights into probable causes of the declining sensor response

over a prolonged period at low temperature.

For this analysis, spectra recorded during test gas exposure were referenced to
their preceding baseline spectra. The red sprectrum shows the situation at 300 °C,
whereas the black spectrum represent the CO event occuring just a few hours after
switching to RT. Spectra in dark blue and light blue represent test gas events after

1 or 2 days at RT, respectivley.
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Figure 20: DRIFT spectra of undoped SnO: exposed to 500 ppm of CO (in 50% RH). Drawn in
red is the spectrum at 300 °C. The black curve was recorded at RT just after cooldown. The blue
curves show a CO exposure a full day after cooldown (dark blue) and two days after cooldown
(light blue). All spectra were referenced to their respective baseline just before CO exposure.

DRIFT spectra of CO exposure in humid condition at 300 °C have been recorded
and analyzed extensively in the past and especially reactions of CO with pristine
SnO2 surfaces are thorougly investigated [19]. The recorded 300 °C sprectrum
shows a decreasing band in the hydroxyl region of 3724 cm-', formation of gas
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phase CO2 at 2363+2333 cm-! and Sn-O lattice overtones at 1367 cm™' and below.
Degler et al proposed that the decrease of hydroxyl groups can be explained by the
removal of surface oxygen (through the reaction with CO) and a subsequent
equilibirium shift towards water vapor and oxygen as presented in the following

reaction:
H;04qs + 0% & 20H 45 + ae™

CO exposure at room temperature significantly differs from exposure at 300 °C
especially it terms of hydroxyl group and water involvement. There are now two
bands, signaling isolated OH groups, decreased in the presence of CO. These
bands are at 3697 and 3481 cm-', while the latter spikes atop a decreasing broad
band representing interacting OH groups. Additionally the amount of molecular
water itself appears reduced, as can be seen in 1633 cm™. As there are no
increasing OH bands present anywhere in the sprectrum, the presence of CO
seems to stimulate desorption of water related species. The changes in Sn-O lattice
overtones remain active for recently cooled SnO:2 surfaces, as can be seen in the
bands of 1367 cm™' and below. That means even at RT, CO molecules still find
reactive oxygen atoms and subsequently propagate a decrease of hydroxyl groups.
Reoxidation and rehydroxylation in turn is signficantly slowed down at RT, causing
an equilibirium shift to a more reduced, but also less hydroxylated surface. The
absence of gas phase CO2 bands is puzzeling, as also no other carbon related
species like carbonates, carboxylates or formates can be identified. The only clearly
identifiable carbon compound is the dosed CO gas. One peculiarity can be seen for
the first measurement where a signal appeared in the carbonly region, but this
completely vanished for the second and third measurement. It might be a Sn
carbonly, but could as well be a Pt carbonly which are reported to appear around
2100 cm™[82].

A slow or even an absence of desoption of generated carbon species at room
temperature is surely in the realm of possibility, but no spectroscopic evidence for
the presence of such species can be observed. Other publications have suggested
the reaction of adsorbed CO with OH groups at interfacing metal sites, resulting in
the formation of formates. This would fit the demonstratable decrease of hydroxyl
species and Sn-O lattice overtones, but cannot ultimatly be proven without a

correlating appearance of Sn-formate signals.




The sensor response to CO is significantly decreased after 2 days at RT and this
is reflected in the IR spectrum. Qualitatively the same bands seem to be present,
but at a much less pronounced state. With increasing transformation of active
oxygen sites to Oz the sensor response continues to decrease. The band at 1139
cm™', associated with Oz, is not affected at all while reacting with CO, which
supports the notion of this species as being unreactive and as a blockade to

formerly reactive sites.

Spectra of H2 exposure events were evaluated correspondingly and are shown in
Figure 21. Besides a spectrum at 300 °C, several room temperature spectra where

recorded over the course of 3 days.
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Figure 21: DRIFT spectra of undoped SnO: exposed to 500 ppm of H: (in 50% RH). Drawn in red is
the spectrum at 300 °C. The black curve was recorded at RT just after cooldown. The blue curves
show a H: exposure a full day after cooldown (dark blue) and two days after cooldown (light blue). All
spectra were referenced to their respective baseline just before H: exposure.

Besides the obvious lack of CO and CO:2 gas signals, the spectra are very much in
line with previously seen changes, indicating comparable reactions taking place
and involving the same reaction partners of the metal oxide surface. Isolated
hydroxide species and surface bound water molecules are decreased in the

presence of H2 (3724, 3481 and 1633 cm), while some degree of surface
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reduction takes place (1367 cm). After 2 days at room temperature, the once
reactive surface sites are seemingly less abundant and in agreement with the lower

sensor response, the spectrum loses its characteristic features.

5.1.3.4 DRIFTS results for doped IPC1000
In addition to investigations on a pristine SnO2 surface, two heavily doped materials

were prepared and analyzed in an analogue manner. IPC1000 was decorated with
precious metals via powder impregnation, known to form larger agglomerates at
the surface of the matrix grains. The resulting powder samples were denoted
IPC1000 + 2wt% Pd and IPC1000 + 2 wt% Pt. The chosen precious metals
represent well established materials in the SMOX gas sensor world, selected for
their enhancing properties regarding stability and sensitivity of resulting gas

Sensors.

As the results will show, the amount of dopant is generally not enough to produce
noteworthy DRIFTS signals attributable to palladium or platinum directly, but will
instead alter signals stemming from the underlying SnOz2 lattice and its surface

species.

Concerning electrical results for the two materials, a clear increase of baseline
stability at room temperature was observed. Palladium doping specifically
increased selectivity to CO, with only minor response to Hz, while showing
drastically increased recovery speed (Figure 22). CO signals remained relatively
stable over the measurement time. Platinum doping showed similar improvements
regarding baseline stability, while retaining its H2 sensitivity and stability over time
(Figure 23).
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Figure 22: DC resistance data of the IPC1000 doped with Pd sensor, recorded while performing
DRIFTS in operando. Shrouded areas mark the timeframe of IR activity. Sensor temperature is
labeled on the top side of the graph. Background gas: air with 50% RH. Gas events: 500 ppm CO

followed by 500 ppm Ha.
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Figure 23: DC resistance data of the IPC1000 doped with Pt sensor, recorded while performing
DRIFTS in operando. Shrouded areas mark the timeframe of IR activity. Sensor temperature is
labeled on the top side of the graph. Background gas: air with 50% RH. Gas events: 500 ppm CO
followed by 500 ppm Ha.
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Baseline spectra

In order to allow for direct comparison of undoped, Pd doped and Pt doped results,
acquired at the same temperature and gas scenario, all spectra were aligned
vertically. The two following figures highlight the changes occurring upon switching
from 300 °C to room temperature (spectra recorded 15-30 minutes after cool down)
and the changes occurring upon prolonged time at RT (2 days) compared to the
very first spectra at RT (0-15 minutes). Shown is the high wavenumber section

which contains information about the hydroxyl group situation after cool down.

Baseline at RT(after 30min) - Referenced to Baseline at 300°C
3724 3481
00 3683
-0,1 ] 36?1// undoped
v 3642 N~
_0‘2 . _\/"\d"

-0,3 4
0,0 T T T 1

" [——Pd doped]

0,14

024 iy
N

_0‘3_
0,0 — T T |1

Absorbance

i

T T T
—— Pt doped

-0,14

0.2+ VT
_013_

T T T T T T T T T T T T T T T T T T T
4000 3900 3800 3700 3600 3500 3400 3300 3200 3100 3000
-1

Wavenumber [cm ]

Figure 24: DRIFT spectra of doped and undoped SnO: exposed to baseline conditions (air with

50% RH) at room temperature. The spectra were recorded 15-30 minutes after cooldown and

referenced to baseline gas conditions at 300 °C. View is zoomed on the hydroxyl region of 3000
cm! and above.




Baseline at RT (after 2days) - Referenced to Baseline at RT (after 15min)
3728 3481

] 3683
3664 undoped
0,05 4 W
________n____________/"-.f’
8 0|00 ' T ¥ T ' T T ¥ T ' T ¥ T ' T Y T T
Q ] | —— Pd doped|
©
'E 0,05 4 //\
O
(7] A
< dl
0,00 T T T T T T T T T T T T T T T T
. —— Pt doped
0,05 - /f\
LA~
0,00 T T

! I ! ! I ! I M I ' I M I !
4000 3900 3800 3700 3600 3500 3400 3300 3200 3100 3000
-1

Wavenumber [cm ]

Figure 25: DRIFT spectra of doped and undoped SnO: exposed to baseline conditions (air with
50% RH) at room temperature. The spectra were recorded 2 days after cooldown and referenced
to baseline gas conditions at RT right after cooldown. View is zoomed on the hydroxyl region of
3000 cm™ and above.

Quite obviously doping had no eminent effect on how the cool down changed the
interaction of the regarding surface with water molecules or subsequent changes
in hydroxyl groups. Figure 24 shows that immediately after cool down physisorbed
water interacted with preexisting OH groups as indicated by the very wide band
appearing at 3700 cm-" to beyond 3000 cm'. In turn stretching vibrations of terminal
OH groups were reduced (3724, 3683, 3664 and 3642 cm™") while a sharp peak at
3481 cm™" appeared. According to the position of this peak it represents an increase

of rooted OH groups.

Turning now to the long-term effects room temperature had on the hydroxyl group
situation, Figure 25 revealed a continued increase of interacting groups, while
isolated (terminal) groups declined further. The initially formed rooted OH groups
were hardly affected by prolonged RT conditions. If any, they slightly diminished
again after 2 days.

As stated in the previous chapter, the physisorption of water has both a quick onset

and a continuous increase over time. The resulting relative increase of interacting
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groups and decrease of terminal groups can easily be followed, whereas the
relative increase of rooted OH groups wouldn’t necessarily be expected. Possibly
the location of rooted groups, sitting “deeper” in the lattice, shields them to some
extend from interacting with surface bound water molecules and the stretching
vibration of the species remains largely unchanged. Doping of the material appears

to have no direct effect on any of the mentioned water related changes.
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Figure 26: DRIFT spectra of doped and undoped SnO: exposed to baseline conditions (air with
50% RH) at room temperature. The spectra were recorded 15-30 minutes after cooldown and
referenced to baseline gas conditions at 300 °C. View is zoomed on the oxide region of 1000 cm™!
and above.
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Figure 27: DRIFT spectra of doped and undoped SnO: exposed to baseline conditions (air with 50%
RH) at room temperature. The spectra were recorded 2 days after cooldown and referenced to

baseline gas conditions at RT right after cooldown. View is zoomed on the oxide region of 1000 cm™!
and above.

5.1.3.5 Interpretation/Summarization of DRIFT results
The goal of this investigation was to better understand the processes occurring on

a SnO:2 surface right after it has been cooled down to room temperature and its
subsequent transformation over time, causing the electronic signals to drift to lower

resistances and reduced signals to test gas exposure.

The data presented in Figure 19 suggests that just minutes after cool down major
changes in regards to hydroxylation takes place and the accumulation of molecular
water can be seen. Already present hydroxyl groups undergo a transformation from
being previously sparse and isolated to now experiencing the presence of
neighboring hydroxyl groups and water molecules, causing their infrared to shift to
lower wavenumbers and strong signals appearing at around 3400 cm-'. Although
most pronounce right after cool down, this process apparently continues on over

time leading to an increasingly hydroxylated surface.

When turning to the effect the cool down has on oxygen adsorption and its
respective ionized forms, the peak at 1139 cm-! could indicate an increase of

molecular oxygen ions while simultaneously observing a reduction of the material,
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probably caused by the presence of water and the inability to recreate atomic

oxygen ions anymore.

5.2 Performance screening at low temperatures
In order to systematically identify the magnitude of a repeatable and stable

performance towards a selected target gas at low temperatures, the following
experimental procedure was conceived. A gas mixing system supplied a constant
flow of either dry synthetic air or humidified synthetic air (40% r. h.) to a sensor
chamber. The sensors within were initially heated to 400 °C for 2 hours and then
cooled down to 30, 70, 130 or 300 °C for 24 hours, still in the respective background
gas. For the next 12 hours H2 was mixed into the gas stream at a concentration of
500 ppm. Finally, H2 was removed again from the flow and recovery at baseline
conditions was monitored for another 24 hours. These long timings were chosen to
enable sensor responses to approach equilibrium and to allow for properly drawn
conclusions. The initial heat-out removes the variability that a different temperature
history would add to the sensor behavior, by having a well-defined and periodic
high temperature sequence. An exemplary plot for one such experiment is given in

Figure 28 (recovery not shown in full).
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Figure 28: DC resistance measurement aimed to establish equilibrated sensor responses at
varying sensor temperatures. A 2-hour heating pulse of 400 °C precedes each measurement to
ensure a defined temperature history.

To cover all materials and conditions a total of 30 experiments were run and sensor
signals were calculated by taking the ratio between baseline resistance and the

resistance under Hz exposure. The summarized results are shown in Figure 29.
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Sensor signal of IPC450 to H, 500 ppm

Sensor signal of IPC1000 to H, 300 ppm
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Figure 29: Temperature dependence of the signals to 500 ppm H: in dry and humid air.

Qualitatively the undoped materials IPC450 and IPC1000 were quite distinct from
their doped variants. Both undoped variants went through a minimum at
intermediate temperatures and reached their highest sensor signals at RT and
300°C. In humid conditions most materials suffered from lower signals towards Hz,




with some notable exceptions. Undoped IPC1000 at RT had exceptionally high
signals in humid conditions, not seen by any other material. Pd doped IPC450 on
the other hand had near humidity independence and showed, like all doped
variants, maximum signals at 130 °C. In contrast, the undoped variants peaked at
300 °C.

In light of the insights gained from DRIFTS investigations, the allotted 24 hours after
cool-down may have already had a negative effect on the signal strength, but within
themselves, the results were very comparable. They showed that a strong H2
response generally required elevated temperatures. An exception to this trend
could be seen for the undoped variants, as they showed surprisingly high signals

at RT, declining at 70 °C, but then rising again with higher temperatures.

5.3 Temperature modulation investigations
The majority of commercially available SMOX sensors are designed to be operated

at a high and constant temperature, typically 300 or 350 °C. In fact, they work more
stable after a prolonged time at operation temperature and shutting them off
regularly can disturb baseline stability and gas response reproducibility. There are
now some products available, that employ a periodical on/off cycle with fixed
timings for heat pulse and resistance read out during that pulse, but the main
motivation for doing so is reduced energy consumption, not operation at room
temperature. Examples for this type of operation are Sensirion’s SGP40 (in low
power mode) or Figaro’s TGS8410. Very few models come to mind, where the
heating pulse is utilized to condition (or oxidize) the sensing layer prior to measuring
the resistance at RT. Figaro’s TGS2442 sensor uses this method to achieve

significant CO selectivity, while maintaining stable baseline and gas response.

Another approach, not yet realized in commercial SMOX sensors, would entail a
more complex temperature profile for additional discriminatory capabilities and
potentially other benefits to gas sensing properties. Drawbacks to this approach are
increased complexity of evaluation algorithms, demand for higher development

efforts and lower sampling frequency.

Results of the previous chapter confirm that here tested materials appear to be
quite capable sensors at RT, provided they get reconditioned regularly by applying
a high temperature state. IPC450 with 2 wt.% Pt was selected as the best
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performing material over a wide temperature range and subjected to temperature

modulation experiments.

Timing and temperature step sequence had to be defined and it was decided for a
temperature staircase, ramping up and back down, with 1 hour hold time at each
step. The temperatures covered 25 to 400 °C. With a cycle length of 17 hours, this
operation mode was more of scientific nature, than application targeted. It aimed to
acquire steady state resistances at each temperature in order to provide
reproduceable results. Each gas condition was kept constant for two runs of the

temperature cycle and the second cycle was plotted for comparison in Figure 30.
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Figure 30: Overlay of 4 DC resistance measurements of Pt doped SnO: (IPC450). Sensor heating was
programmed for a slow staircase from 25 °C to 400 °C and back down; step duration was 1 hour. Gas
conditions changed for each run and are denoted in the legend.

In the center of the graph, temperature is at its maximum of 400 °C (hour 8 to 9)
and therefore higher than what is generally considered ideal. Although humidity
dependence was at its lowest (compare black to blue curve), so was its CO
response, both in dry and humid background (compare black to grey and blue to
cyan). Looking at 300 °C (hour 6 to 7 and 10 to 11), response to CO was quite




reasonable and within expected margin at that temperature. In humid conditions
CO response was higher than in dry air; a trend that continued until somewhere
in between 200-250 °C. For lower temperatures the response in dry air gained to
upper hand and showed tremendously high values at 25 °C. Noteworthy was the
appearance of overshoots upon temperature change in the 25 to 200 °C range.
These got inverted during cool down and appeared in a similar range. Overshoots
were way more pronounced for gas atmospheres without CO present, which
indicated a faster time to reach equilibrium with a reducing gas present. H20 alone

didn’t appear to be sufficient to suppress these overshoots.

Figure 31 illustrates the sensor signals calculated at each temperature of the
upward and downward staircase by forming the ratio between resistances in the

absence and in the presence of CO.
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Figure 31: Calculated sensor signal for 100 ppm CO in a dry air background (black) and in humid air (blue).
Resistance values for the calculation were extracted from data of Figure 30. Points were picked at the very
end of each temperature step and the ratio between clean air and CO containing air was calculated and
plotted.
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In summary, sensor operation in a temperature modulated mode can significantly
enhance gas responses, especially at lower temperatures. With regular heating
intervals, the previously observed degradation of gas response over time can be
mitigated fully. Even though it was not further investigated here, additional benefits
of this mode lie within the opportunity to enhance gas selectivity. By screening
through several temperatures, each target gas may result in a specific fingerprint,

best evaluated with chemometric or machine learning methods.

It has been demonstrated that a suitable array of SMOX sensors with temperature
modulated operation mode and sufficient amount of training data, is quite capable

of identifying and quantifying individual gases in complex gas mixtures [83].

5.4 Nitrogen/Oxygen investigations
Temperature is known to play a primary role in the ability of metal oxides to interact

with oxygen and consequently form ionosorbed species of it. The presences of
ionosorbed, active oxygen at the surface of the metal oxide is essential for any
interaction with reducing target gases that translate to changes in resistance. The
degradation effect seen in the previous chapter could be understood as a gradual
loss of active surface oxygen, resulting in reduced sensitivity to any reducing target
gas. It could be assumed that within the first few hours after cool down a large
amount of active oxygen — formed at 300 °C — is still present by “freezing out” this
surface state. This state would deteriorate over time if the metal oxide is in fact

unable to re-adsorb new oxygen at this low temperature.

In order to investigate the adsorption and desorption properties of the materials at

different temperatures, the following experiment was conceived.

At the start of each sequence sensors were kept at 400 °C in a high flow rate of
dry, high purity nitrogen (N6 — 1 ppm total impurities). After 4h in this condition the
majority of active oxygen was considered to be desorbed and the metal oxide
surface left in a highly reduced state. In the following 12h, the nitrogen flow was
upheld, but sensor temperature was reduced to the desired value of 30, 70, 100,
130 or 300 °C and kept at that temperature for the remainder of the sequence.
Those highly reduced sensors were then exposed to gas mixtures with increasing
oxygen content ranging from 10 ppm up to 20.5% and then backwards down to 10

ppm.




During 400 °C heat-out in N2 all investigated materials were in a strongly reduced
state causing the resistance to stabilize in the single digit kOhm region. Upon
cooling down to their respective temperature resulted in abrupt increases of
resistance by up to 3 orders of magnitude. Depending on the actual temperature,
reaching a state of equilibrium could take minutes, hours or even exceed the
allotted 12 hours in this condition. The increase in resistance should mainly be
attributed to the semiconductor aspect, meaning lower likelihood to populate
conductive bands with decreasing temperature. As the gas condition was
unchanged up to this point (dry N2) the chemical composition of the surface could

hardly be altered.

The introduction of Oz to the gas mixture caused all materials at all temperatures
to increase in resistance, whereas removal of Oz provoked the opposite effect. With
this the commonalities between the materials were already exhausted, mandating

a per-material discussion.

Resistance data for pristine SnO2 (IPC1000) is depicted in Figure 32, showing both
the time resolved measurement data and the extracted resistances (at the end of
each 2-hour exposure step) versus the present oxygen concentration. The sharp
spikes visible in the upper plot between 160 ppm and 320 ppm, and between 1280
ppm and 5% were due to switches to another gas channel and associated
impurities that may have accumulated in the channel while it was unused for several
hours. Minor amounts of room air and therefore humidity could be the cause of
those spikes. When working at extremely dry and oxygen free conditions even the
smallest leakage in a temporarily unused channel can provoke an initially strong
sensor reaction. Additionally, between 1280 ppm and 5% Oz, a different gas bottle
is feeding the O2 channel, which may introduce a small, but slightly different

background level of humidity or other pollutants present in that bottle.
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Figure 32: Top: DC resistance measurement of an undoped SnO: (IPC1000) sensor at different
temperatures. At the start of each measurement the sensor was heated to 400°C in N2 to deplete
the surface of oxygen. Then it was cooled down and concentration ramps of oxygen were mixed in
the gas flow. Bottom: Extracted resistances from each oxygen concentration, both for the rising
and the falling ramps.




At 300 °C (red curve) the expected behavior upon oxygen exposure was registered.
In the double logarithmic resistance vs. concentration plot a “linear” behavior was
observed and the resistance was strongly increased by almost 3 orders of
magnitude. With the high amount of thermal energy available the material was able
to recover from the highly oxygen depleted state it had in N2 atmosphere by
dissociative adsorption of oxygen molecules and thereby healing most of its
vacancies. When subsequently decreasing he oxygen concentration, the hysteresis
loop was not very pronounced and resistances settled at only slightly higher values
than for corresponding concentrations during increase. This was to be expected,
as initial desorption of oxygen was performed at an even higher temperature of 400
°C for 4 hours in N2. Oxygen absorption and desorption behavior at 300 °C was
congruent with accepted models for metal oxide oxidation at that temperature. Data
acquired at 130 °C showed quite comparable behavior. Resistance was overall
higher but followed a similar trend when exposed to O2. Literature would suggest
that non-dissociative adsorption should dominate in this temperature regime and
singly ionized Oz would outweigh other oxygen species like O%. In terms of
resistance this would translate to a higher retention of free charge carriers and
therefore the relative increase of resistances upon reaction with oxygen should be
less pronounced as for 300 °C. For lower oxygen concentrations, no clear indication
of this conduct was found in the measurement, but towards higher concentrations
the relative resistance increase is lower than for 300 °C. At even lower
temperatures, namely 70 °C and 30 °C, interaction with oxygen should be limited
to physisorption and some degree of ionization to O2. This was reflected in the
resistance changes, who were much smaller than at higher temperatures, but
present none the less. Would there be no ionization happening, the resistance
would remain unchanged. The implication being that pristine SnO: is capable of
oxygen interaction, accompanied by resistance increase, even at 30 °C. Desorption
capability of O2 was also observed, although the process was slow and incomplete

at temperatures close to RT.

Moving on to Pd doped SnO:2 (Figure 33) presented quite a different picture for
oxygen interaction, especially for the two lowest temperatures. Response at 300 °C
was the most comparable scenario and similar to pristine SnO2. Resistance
increased fast and steady upon increasing O2 levels and no notable hysteresis

could be observed. Generally, Pd doping shifted resistances to higher values for all
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temperatures. 130 °C was qualitatively comparable to the undoped variant with its
fast and strong responses to Oz. It should be noted that the switch from 1280 ppm
to 5% Oz introduces a sharp initial resistance drop which most likely stems from the
concurrently changed gas channel. Each gas bottle has slightly different level of
residual humidity as a contaminant and can impact the resistance more or less. For
the Pd doped material and at lower temperatures this effect appeared to be
magnified and lead to actually lower resistances at 5% than at 1280 ppm Oz, which
is obviously counterintuitive. Results for 5%, 10% and 20.5% O:2 should therefore
be taken with a grain of salt. At temperatures of 70 °C and 30 °C the difference
compared to undoped material was the most profound. Pd doping enabled the
material to interact more easily with O2, as seen by the severe increase of
resistance over more than 2 decades. When analyzing the trend for falling O2
concentrations the Pd doping did not provide any benefit to the desorption rate and
to be precise, even slowed it down for 30 °C were resistance drops down not even

a full decade after an initial rise over more than 2 decades.
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Figure 33: Top: DC resistance measurement of a Pd doped SnO: (IPC1000) sensor at different
temperatures. At the start of each measurement the sensor was heated to 400°C in N2 to deplete
the surface of oxygen. Then it was cooled down and concentration ramps of oxygen were mixed in
the gas flow. Bottom: Extracted resistances from each oxygen concentration, both for the rising
and the falling ramps.
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The results of Pt doped SnO2 are shown in Figure 34 below. The overall trends
were comparable to Pd doped behavior, but effect of oxygen uptake at lower
temperatures was clearly magnified. At 30 °C even the lowest concentration of O2
caused a very strong increase of resistance and at 20.5% O:2 this expressed itself
as more than 4 decades difference to the Nz level. Contrary to Pd doping, the
presence of Pt seemed to enhance O2 desorption capabilities at 30 °C, as could be
seen by the sharp resistance decrease for falling O2 concentrations. The other
temperatures showed less pronounced differences to the previous material and

behaved qualitatively the same.
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Figure 34: Top: DC resistance measurement of a Pt doped SnO> (IPC1000) sensor at different
temperatures. At the start of each measurement the sensor was heated to 400°C in N2 to deplete
the surface of oxygen. Then it was cooled down and concentration ramps of oxygen were mixed in
the gas flow. Bottom: Extracted resistances from each oxygen concentration, both for the rising

and the falling ramps.
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Another way to present the data is depicted in Figure 35, where ratios between the
resistances under oxygen exposure and their respective Nz level were calculated
and plotted versus the oxygen concentration. Besides plots for the individual

materials, the fourth plot highlights the 30 °C curves of all materials.
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Figure 35: Calculated sensor signals versus oxygen concentration for all three sensors at all tested
temperatures and, at the bottom right, an overlay of the results at 30°C.

Undoped SnO:2 showed the largest relative changes of resistance for 130 °C and
300 °C while lower temperatures had weaker signals. At 30 °C signals were barely
exceeding a value of 10 whereas the 300 °C values approaches 1000, indicating a
limit capability of the material to interact with oxygen in a way that it translates to

electronical changes at low temperatures.

The addition of Pd to the material painted a different picture to oxygen adsorption
capabilities, as the signals for 300 °C and 30 °C are almost identical. This was
caused by significantly stronger responses at 30 °C. Desorption capabilities were,
on the other hand, very limited at that temperature. Benefits could also be observed

for 70 °C which achieved the highest signals for the here tested temperatures.
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The view on sensor signals also highlighted the impact of Pt doping on the oxygen
interaction at low temperatures. A signal of ~30,000 at 20.5% oxygen concentration
was a testament to the ability of this material to effectively react with oxygen without

much need for thermal excitation.

Focusing the comparison on 30 °C measurements reveals the effect of doping on
oxygen adsorption and desorption capabilities of SnO2. As the electrode structure
of the sensors was made out of Pt, all tested materials had some contact to this
metal and could profit from its presence. But an additional doping of the material
itself with Pd or Pt increased the contact area of those metal to the atmosphere

significantly and provided further enhancements.

6. Summary
For this work two variants of SnO2 nanomaterials were synthesized and decorated

with Pd and Pt particles via powder impregnation. Initial DC resistance
measurements indicated decent sensor performance at low temperatures, but also
revealed a strong dependence on the recent temperature history of the specific
sensor. This decay of sensor performance was investigated in more detail and was
complemented with operando infrared spectroscopy to better understand the

proceedings.

The operando studies included time resolved investigations into the behavior of the
baseline and under CO and Hz exposure. While the formation of a water layer and
its impact on CO and Hz sensing was already reported upon in previous works of
this research group, its appearance could be confirmed in this work. As the main
novel aspect, oxygen and its transformation to the molecularly ionosorbed form was
attributed the key role in the degrading responsiveness to target gases for SnO2
materials at prolonged operation at room temperature. The addition of metal
dopants to the material did not result in a perpetuation of sensor properties but their
spectra instead also bore the appearance of this characteristic molecular oxygen
peak.

The assumed mechanism for CO detection at RT was found to be no different than
at elevated temperatures, as the same Sn-O bonds got reduced whereas the Oz
signals didn’t change at all, making them unsuited for CO interaction and effectively

block an oxygen site with an unreactive variant. CO2 generation could not be
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observed though, indicating a low turnover rate that stayed invisible in the spectra.
The signals for OH groups were also altered upon CO exposure in a comparable
manner to high temperature conditions. Different were changes in interaction with
adsorbed water, which in the first place only appeared at temperatures below 100
°C and only then a decrease of this interaction could be observed, and changes in
the rooted OH groups which decreased when CO was present. After a prolonged
time at RT (2 days) all signals in the spectrum were significantly lowered and

correlated with the electronical signals.

For H2 similar results were found. Reduction of the surface could be observed,
indicating a reaction with ionosorbed oxygen. The molecular Oz species was not
involved in the reaction. Hydroxyl groups and water signals got diminished upon Hz
interaction, just as they were for CO exposure. In summary the decay of signals
over time was attributed to the decreasing availability of reactive oxygen species

and continued build-up of water related hydroxyl groups.
Sensor performance for H2 gas at low temperatures:

An investigation into reproduceable Hz responses was performed with defined
heat out settings, a long baseline equilibration phase and a fixed H2 concentration
event. The results for the six tested sensor materials could be split up into two
groups, doped and undoped variants. The former started with low responses at
RT but steadily increased and peaked at an intermediate temperature. The latter
peaked at RT, but dropped sharply at intermediate thermals, then increased their

values again towards respectable performance at 300 °C.

The main proposition of this experiment is proof of the ability of these materials to
deliver strong and repeatable sensor signals, if regular heating intervals are
provided and the low temperature is chosen with knowledge of the material and

target gas.
Temperature modulated operation mode:

A logical extension of the previous approach of oscillating between just two
temperatures, is the expansion to multiple temperature steps and exploiting the

sensors capabilities fully. Demonstrated here, was the performance of a doped




SnO2 material in regards to CO detection in dry and humid conditions, which

resulted in excellent sensor signals to this target gas.
Nitrogen/Oxygen uptake measurements:

The tested scenario investigated the ability of highly reduced SnO: to bind to
oxygen at varying temperatures and observe the resulting resistance changes. It
was shown that over the full temperature range absorption of oxygen and the
associated resistance increase is occurring. Even though at RT only molecular
adsorption is expected, the impact on resistance was quite significant. The
usefulness of this oxygen species for reaction with analyte gases like CO and Hz

however is low, as it was revealed in the IR investigations of this work.
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Figure 1: a) First commercially available SMOX-type gas sensor used in domestic environments as a
town gas leakage alarm. Product name: TGS109 (Taguchi Gas Sensor). b) Side/bottom view of the
same sensor showing the connector pins. Two pins connect the heater coil and another two connect
the sensing electrodes. c) Schematic drawing (patent file) of the earlies gas sensing devices [11].
Notable components are the electrodes (61,62), the metal oxide layer (10) and the heater coil (12). d)
Cut-through of the same device. 6

Figure 2: Unit cell of pristine SnO2 with 6-fold coordinated Sn** and 3-fold coordinated O%. 14
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Figure 3: Schematic of the energy band diagram of tin dioxide. Its band gap (Eg) is 3.6 eV wide with
two donor levels near the conduction band. These result from oxygen vacancies and are located at 30
meV and 150 meV. 15

Figure 4: Summarized temperature dependence of surface species identified on SnO, by EPR, TDP
and IR techniques. Color intensity indicates the incidence of a species at a given temperature. The
figure was adapted from [49] and [73]. 21

Figure 5: Schematics of synthesis route for pristine and powder impregnated SnO,. Calcination of
pristine SnO; was performed at 450 °C and 1000 °C for 8 hours. Thermal treatment of loaded SnO;
was done at 450 °C for 1 hour. 24

Figure 6: Schematics of a ceramic sensor substrate fitted with platinum electrodes on its top side and
a meander heater on the back. The gas sensitive layer is screen-printed atop the electrode area with a
thickness of about 50 um. The platinum structures themselves have a thickness of 5 um. 25

Figure 7: Gas mixing system with attached DC resistance measurement equipment. Computer
Software sets and controls the flow rate of each mass flow controller and logs the output of the
electrometer. 27

Figure 8: For higher energies the parabolic shape of the harmonic oscillator (black) fails and the
potential energy curve of a diatomic molecule is better described by introducing anharmonicity (green).
Common approximation models are the Lennard Jones potential and the Morse potential. 30

Figure 9: lllustration of reflection processes on a small grained metal oxide surface. The incident beam
is reflected as specular and diffuse beams. The diffuse part is captured by the detector and contains
spectroscopic information from its interaction with the metal oxide material. 32

Figure 10: Temperature dependence of the sensor signals for IPC 1000 materials on gold electrodes.
Test gas was 1000 ppm of H> in a synthetic air (40% relative humidity) atmosphere. In the low
temperature regime all signals were close to 1 or even below, translating to no response at all or
atypical p-type response to a reducing gas. 34

Figure 11: DC resistance measurement of undoped SnO; (IPC1000). For the first 24h the sensor was
operated at 300 °C and exposed to ramps of CO and H> (50, 150 and 300 ppm). On subsequent days
the heater was off and the gas sequence was repeated continuously. 36

Figure 12: DC resistance measurement of Pd doped SnO; (IPC1000 + 2 wt% Pd). For the first 24h the
sensor was operated at 300 °C and exposed to ramps of CO and H» (50, 150 and 300 ppm). On
subsequent days the heater was off and the gas sequence was repeated continuously. 36
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Figure 13: DC resistance measurement of Pt doped SnO; (IPC1000 + 2 wt% Pt). For the first 24h the
sensor was operated at 300 °C and exposed to ramps of CO and H» (50, 150 and 300 ppm). On
subsequent days the heater was off and the gas sequence was repeated continuously. 37

Figure 14: Development of sensor signals to 500 ppm CO over time. Cool down to room temperature
occurred at 0 hours in this representation. 38

Figure 15: Development of sensor signals to 500 ppm H> over time. Cool down to room temperature
occurred at 0 hours in this representation. 38

Figure 16: DC resistance data of the IPC1000 sensor, recorded while performing DRIFTS in operando.
Shrouded areas mark the timeframe of IR activity. Sensor temperature is labeled on the top side of the
graph. Background gas: air with 50% RH. Gas events: 500 ppm CO followed by 500 ppm H>. 42

Figure 17: DRIFT spectra of undoped SnO; exposed to baseline conditions (air with 50% RH) at room
temperature. Each spectrum was recorded at a certain time since cool down as labeled in the legend.
The spectrum they were referenced to, was recorded 15 minutes after cool down and had the same
baseline gas condition. 43

Figure 18: DRIFT spectra of undoped SnO; exposed to baseline conditions (air with 50% RH) at room
temperature. Each spectrum was recorded at a certain time since cool down as labeled in the legend.
The spectrum they were referenced to, was recorded prior to cool down at 300 °C and had the same
baseline gas condition. 45

Figure 19: DRIFT spectra of undoped SnO, exposed to baseline conditions (air with 50% RH) at room
temperature. Each spectrum was recorded at a certain time since cool down and referenced to its
previous spectrum. 46

Figure 20: DRIFT spectra of undoped SnO; exposed to 500 ppm of CO (in 50% RH). Drawn in red is
the spectrum at 300 °C. The black curve was recorded at RT just after cooldown. The blue curves
show a CO exposure a full day after cooldown (dark blue) and two days after cooldown (light blue). All
spectra were referenced to their respective baseline just before CO exposure. 47

Figure 21: DRIFT spectra of undoped SnO; exposed to 500 ppm of Hz (in 50% RH). Drawn in red is
the spectrum at 300 °C. The black curve was recorded at RT just after cooldown. The blue curves
show a H» exposure a full day after cooldown (dark blue) and two days after cooldown (light blue). All
spectra were referenced to their respective baseline just before H» exposure. 49

Figure 22: DC resistance data of the IPC1000 doped with Pd sensor, recorded while performing
DRIFTS in operando. Shrouded areas mark the timeframe of IR activity. Sensor temperature is labeled
on the top side of the graph. Background gas: air with 50% RH. Gas events: 500 ppm CO followed by
500 ppm Ho. 51

Figure 23: DC resistance data of the IPC1000 doped with Pt sensor, recorded while performing
DRIFTS in operando. Shrouded areas mark the timeframe of IR activity. Sensor temperature is labeled
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on the top side of the graph. Background gas: air with 50% RH. Gas events: 500 ppm CO followed by
500 ppm Ho. 51

Figure 24: DRIFT spectra of doped and undoped SnO: exposed to baseline conditions (air with 50%
RH) at room temperature. The spectra were recorded 15-30 minutes after cooldown and referenced to
baseline gas conditions at 300 °C. View is zoomed on the hydroxyl region of 3000 cm-' and above. 52

Figure 25: DRIFT spectra of doped and undoped SnO; exposed to baseline conditions (air with 50%
RH) at room temperature. The spectra were recorded 2 days after cooldown and referenced to
baseline gas conditions at RT right after cooldown. View is zoomed on the hydroxyl region of 3000 cm-
" and above. 53

Figure 26: DRIFT spectra of doped and undoped SnO; exposed to baseline conditions (air with 50%
RH) at room temperature. The spectra were recorded 15-30 minutes after cooldown and referenced to
baseline gas conditions at 300 °C. View is zoomed on the oxide region of 1000 cm™" and above. __ 54

Figure 27: DRIFT spectra of doped and undoped SnO; exposed to baseline conditions (air with 50%
RH) at room temperature. The spectra were recorded 2 days after cooldown and referenced to
baseline gas conditions at RT right after cooldown. View is zoomed on the oxide region of 1000 cm-"
and above. 55

Figure 28: DC resistance measurement aimed to establish equilibrated sensor responses at varying
sensor temperatures. A 2-hour heating pulse of 400 °C precedes each measurement to ensure a
defined temperature history. 57

Figure 29: Temperature dependence of the signals to 500 ppm H in dry and humid air. 58

Figure 30: Overlay of 4 DC resistance measurements of Pt doped SnO; (IPC450). Sensor heating was
programmed for a slow staircase from 25 °C to 400 °C and back down; step duration was 1 hour. Gas
conditions changed for each run and are denoted in the legend. 60

Figure 31: Calculated sensor signal for 100 ppm CO in a dry air background (black) and in humid air
(blue). Resistance values for the calculation were extracted from data of Figure 30. Points were picked
at the very end of each temperature step and the ratio between clean air and CO containing air was
calculated and plotted. 61

Figure 32: Top: DC resistance measurement of an undoped SnO; (IPC1000) sensor at different
temperatures. At the start of each measurement the sensor was heated to 400°C in N- to deplete the
surface of oxygen. Then it was cooled down and concentration ramps of oxygen were mixed in the gas
flow. Bottom: Extracted resistances from each oxygen concentration, both for the rising and the falling
ramps. 64

Figure 33: Top: DC resistance measurement of a Pd doped SnO; (IPC1000) sensor at different
temperatures. At the start of each measurement the sensor was heated to 400°C in N> to deplete the
surface of oxygen. Then it was cooled down and concentration ramps of oxygen were mixed in the gas
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flow. Bottom: Extracted resistances from each oxygen concentration, both for the rising and the falling
ramps. 67

Figure 34: Top: DC resistance measurement of a Pt doped SnO, (IPC1000) sensor at different
temperatures. At the start of each measurement the sensor was heated to 400°C in N to deplete the
surface of oxygen. Then it was cooled down and concentration ramps of oxygen were mixed in the gas
flow. Bottom: Extracted resistances from each oxygen concentration, both for the rising and the falling
ramps. 69

Figure 35: Calculated sensor signals versus oxygen concentration for all three sensors at all tested
temperatures and, at the bottom right, an overlay of the results at 30°C. 70
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