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“We must trust to nothing but facts: These are presented to us by Nature, and cannot deceive. We
ought, in every instance, to submit our reasoning to the test of experiment, and never to search for

truth but by the natural road of experiment and observation.”

Antoine Laurent de Lavoisier
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1. Introduction and Motivation

Gas sensors based on semiconducting metal oxides (SMOX) are cost-efficient and reliable devices
used to detect a large variety of gases and volatile compounds. Their application ranges from
industrial and safety applications to health and comfort [1]-[3]. Recent progress in the
miniaturization of SMOX-based gas sensors drastically decreased the size, production costs and
energy consumption, thus making gas sensors available for integration in consumer electronics and
large-scale applications [4]. Sensors in general are considered to be an emerging technology for the
Internet of Things. Gas sensors specifically are capable of providing chemical information based on
traces of gases or volatile compounds [5]. But still, the major drawbacks of today’s SMOX-based gas
sensors are the low selectivity and strong cross interference as well as the still high operation
temperature. The knowledge-based design of new sensing materials, which overcome these
drawbacks, requires a detailed understanding of structure-function-relationships of gas sensing
materials. However, identifying the relation of structure and function is quite challenging, solely
because of the complexity of the gas sensing process itself and the large number of SMOX-based
sensing materials [6]. For SnO,, the most widely studied SMOX used for gas sensors [7], the impact of
the preparation route, as well as the selection and introduction of noble metal additives, are
reported to have a strong influence on material properties and gas sensing performance [8]-[11].
The essential question, however, is how to get insights into the fundamental processes of gas
sensing. Early research one in order to understand the gas sensing process was based on
experiments done on uniform single crystal surfaces, in ultrahigh vacuum conditions [12]-[14], i.e.
there are tremendous gaps, in terms of materials, operation temperature and atmospheric
conditions between the experiment and real-life applications. In order to overcome these gaps, the
experimental techniques should be applicable to real gas sensor devices operated at 200-400 °C and
at normal pressure, and also sensitive enough to detect changes, which are caused by traces of
target gases in the ppm range or lower. Furthermore, the techniques should be applicable in real
time and allow the simultaneous evaluation of the gas sensor performance, e.g. by continuous
measuring the sensor resistance [6], [15]. Like in the case of other functional materials, such as
catalysts or batteries, this is realized by so called in-situ and operando methods [16]—[18]. In-situ and
operando methodology for gas sensor research (Figure 1) includes different spectroscopies as well as
electrical measurement techniques [6], [15]. The number of in-situ and operando methods applied in
gas sensor research has steadily increased during the last decades and has provided a more and
more detailed picture of the fundamental processes on SMOX-based gas sensors. In case of pristine
WOs; and In,0s, which are after SnO, the most relevant SMOX for gas sensors, the gas reception

mechanism of reducing gases was successfully revealed by applying operando spectroscopic



techniques. In both cases the detection of reducing gas involves lattice oxygen, i.e. the partial
reduction of the materials. But despite all efforts, the role of surface oxygen species on SnO; and the
interaction gases are still matter of ongoing discussions [19]. Also for noble metal loaded SMOX
materials the identification of structure-function-relationships advanced due to extensive operando
studies. Especially in case of homogeneously doped SnO,, a series of works revealed the chemical
and electrical effects of noble metal ions incorporated in the SnO; lattice [20]-[23]. In case of an
inhomogeneous dispersion of the noble metals, the reports in literature are limited to Au-loaded
Sn0,, which is an exception compared to other dopants, since Au is always present in a metallic state

and does not influence the electronic properties of the supporting SnO, [24], [25].

DRIFT spectroscopy

Catalytic conversion ;
measurements
co, co

operando XAS

sensitive layer
electrodes
substrate

Sensor
signal

Ve, an=(@xr-dsc.am)
<¢,\-¢:K) g (s Y T
\ wE

Work function and
dc measurements

A

Impedance measurements ;| eV,;i (A Ypow

IS
7=, Current E
|ui
L,

x

ALdA
253

—r—

Figure 1. Overview of the operando techniques used by the gas sensor research group at the University of Tiibingen. The
measurements at synchrotron light sources are done in cooperation with the Karlsruhe Institute of Technology (KIT). The
figure is based on [6], [26].

This work investigates the gas reception of undoped, i.e. pristine, and Pt-doped SnO, gas sensing
materials. The aim of the investigations on undoped SnO; is to identify the reactive oxygen species
on SnO; and its interaction with reducing gases, as well as with water vapour, which is the
omnipresent interfering gas in ambient conditions. In the case of Pt-doped SnO,, the measurements
will enable the determination of the structure of the Pt loadings, especially in operation conditions,
the impact of Pt on the surface chemistry and reactivity of SnO, and the possible electronic effect
related to the found Pt structures. Combining these results will provide a conclusive model which

links the structure of the Pt loading with its impact on gas sensing.



2. Basic Aspects of Gas Sensing with Tin Dioxide
2.1. Definitions for Chemical Sensors

In general sensors can be divided into physical and chemical sensors based on the measured
property of a system, which can be either physical or chemical. The International Union of Pure and
Applied Chemistry defines a chemical sensor as “a device that transforms chemical information (...)
into an analytically useful signals.” [27]. The sensor as such does not include sample, single or data
processing, and has two basic functional units: the receptor and the transducer. The receptor
function transforms the chemical information into a form of energy that is measured by the
transducer. Accordingly, the transducer function transforms the energy, created by the chemical
information, into a useful analytical signal [27]. The above described fundamental principle of a

chemical sensor is illustrated in Figure 2.
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Figure 2. Fundamental principle of a chemical sensor with the two basic functions reception and transduction.

Based on the transducer’s working principle chemical sensors can be classified into optical,
electrochemical, electrical, mass sensitive, magnetic or thermometric devices. According to this
classification SMOX-based gas sensors belong to the group electrical sensors. Additionally sensors
may also be grouped by the determined analytes or the methods used for measuring an effect [27].
In addition to the classification of chemical sensors as such, several characteristics of a chemical
sensors are relevant to describe the performance of these devices. Although this is only a selection
the terms signal, sensitivity, selectivity, specificity and stability will be briefly defined. In case of
SMOX-based gas sensors the readout is typically the resistance of the sensitive layer R and the
(steady-state) sensor signal S is either the ratio, difference or a combination of both of the sensor
readout in a reference condition (Ro), e.g. absence of the analyte, and the presence of a certain

analyte concentration (Rgas) [28]:

Sy =AR = RO — Rgas Equation 1
Ro

Sy = R Equation 2
gas



_AR_ S

Equation 3

The Sensitivity b describes the relationship between changes in the chemical stimulus, i.e. analyte

concentration ¢, and the obtained signal, or short the slope of a calibration curve [29], [30]:

ds .
b =— Equation 4
dcel,
Selectivity is an expression for the ability of a sensor to respond to a certain group of analytes in an
analyte mixture, while specificity is the ability of a sensor to respond to one analyte in an analyte
mixture [30]. The (long-term) stability of a sensor is its ability to maintain its performance, like

readout values under a certain condition (e.g. baseline stability), signal, sensitivity and/or

selectivity/specificity, for a certain timespan [30].



2.2. Properties of Tin Dioxide

2.2.1. Crystal Structure

Tin dioxide, also referred as stannic oxide, crystallizes in the tetragonal rutile structure (see Figure 3),
named after the mineral Cassiterite. The unit cell possesses a space-group symmetry of P4,/mnm
(point group Dan!*) and the lattice constants a = b = 4.7374 A and ¢ = 3.1864 A [31], [32]. For
stoichiometric SnO; a unit cell consists of six atoms: two six-fold coordinated tin and four three-fold
coordinated oxygen ions with the oxidation states +4 (Sn**) and -2 (0?), respectively [31]. The cations
(Sn*) are located at the corners (0,0,0) and the centre (%, %, %) of the unit cell, the anions (0?) at

*(x,x,0) and #(%+x, %-x,%) with x=0.307 [33].
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Figure 3: Unit cell of SnO; (rutile structure), as adapted from [32]. Each tin atom (blue) is coordinated by six oxygen
atoms (red). Each oxygen atom is coordinated by three tin atoms.

2.2.2. Optical Active Vibrational Modes

The irreducible representation of the optical modes of the Cassiterite unit cell is [34]:

I'=Ag+ A5+ Big+Byg+Eg+ Ay + 2By, + 3Ey, Equation 5
The A,y and the triply degenerated E, modes are IR active; the non-degenerated A, Big, Bz and
doubly degenerated E; modes are Raman active. The remaining Ay, and By, modes are silent
(optically inactive) [34]-[39]. In the IR active modes the Sn*" and O% ions vibrate along the c-axis (A
mode) or in the plane perpendicular to the c-axis (E, mode), see Figure 4 a, b. In the Raman active
modes only the 0% ions vibrate, while the Sn*" atoms rest. The Ay, Big and By, modes vibrate in the
plane perpendicular to the c-axis (Figure 4 c-e), the doubly degenerated E; mode vibrates in the

direction of the c-axis (Figure 4 e, f) [34]—[36].
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Figure 4: Optical active vibrational modes of Rutile [35], [36]. The 2D representation is view along the c axis of the unit
cell with Sn atoms (blue) and O atoms (red). Movements of the atoms in the plane are indicated by arrows, movements
along the c axis by plus and minus.

Table 1. IR and Raman active vibrational modes found for single crystalline SnO..

Mode Active in Wavenumber Reference
[em?]
calculated experimental
Big Raman 100 - [37]
E.TO IR 236 244; 243 [40]; [41]
E, LO IR 268 276; 273 [40]; [41]
E,TO IR 297 293; 284 [40]; [41]
E.LO IR 377 366; 368 [40]; [41]
Eg Raman 441 476; 475 [40]; [37]
A TO IR 512 477; 465 [40]; [41]
A Raman 646 638; 634 [40]; [37]
E.TO IR 651 618; 605 [40]; [41]
Ay LO IR 687 705; 704 [40]; [41]
E, LO IR 750 770; 757 [40]; [41]
Bag Raman 752 782;776 [40]; [37]
Eux Ey IR 1270 1290 - 1220 [42]
1320 - 1260 [40]
EuxEy IR 1405 1390; 1370 [40]; [42]
Ay X Ay IR 1414 1460 - 1370 [42]
1485 -1400 [40]
Bag X Eu IR 1540 1560; 1520 [40]; [42]




2.2.3. Electronic Properties

Non-stoichiometric SnO, is a wide-bandgap semiconductor with n-type behaviour caused by
electronic donor states related to oxygen vacancies. The valance and conduction band are separated
by a direct band gap of 3.6 eV [31]. For single crystalline SnO,, experimental findings show a band
gap of 3.5969 eV or 3.5971 eV, obtained by Zeeman effect or UV-vis absorption measurements at 1.8
K, respectively [43]. The valence band of SnO; can be divided into three different energy regions. The
valence band maximum (0 to -2 eV) has a dominant O 2p character. The centre region (-2 to -5 eV) is
the result of the hybridization of Sn 5p and O 2p orbitals and at the lower region of the valance band
(-5 to -9 eV) the Sn 5s states have a larger share to the hybridization with the O 2p states than the Sn
5p states [44], [45]. The conduction band has only a small contribution of O 2p orbitals, its bottom
(3.6 to 8 eV) has a dominant Sn 5s character, and above (8 to 12) eV a dominant Sn 5p character [44].
The composition of the valance and conduction band is illustrated in Figure 5a. The n-type
semiconductor properties arise from oxygen vacancies which create donor states in the band gap
below the conduction band. Combined Hall mobility and conductivity measurements between 80 and
325 K identify two donor levels located 30-34 meV and 140-150 meV below the conduction band (see
Figure 5b) [46].

Conduction Band

Valence Band

Sn @)

Figure 5. Simplified representation of the density of states of the valance and conduction band of bulk SnO; (a) and
schematic representation of the SnO; band diagram including donor states below the conduction band (b). The left figure
is adapted from [44].

2.2.4. Single Crystal Surfaces

Single crystalline SnO; exposes a series of different faces whereof the {110} and the {101} surfaces

are the predominant ones. Thus the (110) and (101) surfaces of SnO, are most widely studied by



surface science methods and theoretical calculations, as reviewed in the works of M. Batzill and U.
Diebold [31], [47], which provide the basis for the following discussion. Stoichiometric surfaces are
obtained by truncating the bulk crystal along the crystal planes, cutting the same number of bonds
direct from a tin to an oxygen atom and vice versa. In case of stoichiometric surfaces all atoms
maintain their oxidation state [31]. The stoichiometric (110) surface (Figure 6a) is terminated by two
different types of oxygen atoms which are threefold or twofold coordinated and are referred as in-
plane or bridging oxygen atoms, respectively. An additional type of oxygen is considered to be placed
atop a Sn atom in the (110) surface plane. The notation of the different oxygen species on the (110)
surface are shown in Supporting Figure 1. By removing the bridging oxygen the reduced (110) surface
is obtained (Figure 6b), due to the reduction some tin atoms are reduced to Sn?*. However, this
structure for the reduced (110) surface is expected to have a high surface energy. Lower surface
energies may be obtained by additionally removing 50 % of the in-plane oxygen atoms [31]. The
resulting surface structure is shown in Figure 6c. For the (101) surface both, stoichiometric and
reduced, terminations are stable and their occurrence depends on the equilibrium with the gas
phase. The stoichiometric (101) surface is terminated by twofold coordinated oxygen atoms and five-
fold terminated tin atoms (Figure 6d). The reduced (101) surface is terminated by three-fold

coordinated tin atoms, as shown in Figure 6e, all present in the Sn?* state [31].

Figure 6. Ball-stick models of (110) and (101) SnO, surfaces, a-c and d-e respectively. A detailed description of the
stoichiometric (a and d) and reduced (b, c and e) surfaces is given in the text. The figures are adapted from [31].
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It is important to note that single crystal surfaces may already exhibit various surface reconstructions
and multidimensional defects and thus may differ from the idealized ball-stick models shown in
Figure 6 [31]. Nonetheless theoretical and experimental works performed on such idealized surfaces

provide important insights in order to understand surfaces on an atomistic level.

2.2.5. Adsorption and Adsorbed Surface Species on Sn0;

The reception of gases is one of the fundamental processes of SMOX-based gas sensors and is
strongly related to the formation of adsorbates, their reactions and their effect on the SMOX'’s
surface. The following paragraphs describe processes relevant to the adsorption of molecules on
surfaces and surface species found on SnO,, which are considered to be relevant to the gas sensing
process.

In general molecules can be adsorbed on a surface in two different ways. In the case of physisorption
the interaction between the adsorbate and the surface is limited to dispersion forces, e.g. van der
Waals interactions. In the case of chemisorption the adsorption involves the formation of chemical

bonds between the adsorbate and adsorbent [48], [49].

Epot‘

Figure 7. Potential energy Epo: of an activated adsorption as function of the distance z. The Lennard-Jones potential of
physisorption and chemisorption are shown in blue or red, respectively. Figure is adapted from [49].

The Lennard-Jones diagrams shown in Figure 7 highlights the differences of both adsorption
processes. Physisorption takes place at longer distances from the surface and the adsorbate is only
weakly bound to the surface, as it can be seen from the lower physisorption enthalpy AHphys.
Physisorption does not cause changes of the electronic structure or dissociation of the adsorbed
molecule. Chemisorption presents much higher enthalpies (AHcem) than physisorption and the
adsorbate is bound closer to the surface. Due to the formation of chemical bonds the electronic
structure of the adsorbate and the surface are altered. Chemisorption may involve the dissociation of
the adsorbed molecule. Generally, but not in all cases, the physisorbed and chemisorbed states are

separated by an energy barrier, which corresponds to the activation energy caused by the



dissociation of the molecule or the energy required to adjust bonds of the adsorbed molecule [48],
[49]. If a chemisorbed species forms separate charged species the process is termed ionosorption
[50]. Chemisorption alters the bonds, i.e. electronic structure, of both, the adsorbed molecule and
the solid [48], [50]. These changes are best understood by looking at the energy bands of the solid,
the energy levels of the adsorbed molecule and the formation of surface states, which are a result of
chemisorption. Therefore, two examples will be discussed: chemisorption of gas molecule on a

transition metal and on a n-type semiconductor.

E Metal Adsorbed Gas Free Gas
EVEC
- E1
Ee
Ez
E3=E3 syurf
Zy i Zy Z

Figure 8. Weak chemisorption of a gas molecule on a metal (left) and ionosorption of a gas molecule on a n-type
semiconductor (right). The left and right figure are adapted from [48] and [14], respectively.

As a gas molecule approaches the surface the initially narrow electronic states are broadened and
lowered in energy by interaction with electronic sates of the solid (E1 and E; in Figure 8, left).
However, if there is no corresponding energy band in the solid the electronic states of the gas
molecule are not changed (Es in Figure 8, left). The occupation of the broadened adsorbate orbitals
depends of their position with respect to the Fermi level of the solid, i.e. the adsorbate orbitals are
filled, partially filled or not filled (see Figure 8, left) [48]. These new electronic surface states act as
acceptor states (below the Fermi level) or donor states (above the Fermi level) [12], [14], [51], [52].
In case of metals, due to screening of the high free charge carrier density, the effect on the energy
bands is small and thus negligible [51]. However, in case of a semiconductor the situation is different.
The presence of a surface state, either an acceptor or a donor state, causes an electron transfer from
the solid to the adsorbate. The right part of Figure 8 shows the adsorption of a gas, e.g. O,, creating a
surface acceptor state Easut. The adsorbate is charged negatively, while in the solid an electron
depleted, i.e. positive, space charge layer is formed. The formation of this depletion layer causes the
energy bands at the surface to bend upwards with respect to the Fermi level. The band bending
induced by the depletion layer has an impact on the solids properties, like e.g. the work function
[12], [24], [51], [52]. In case of a donor state the opposite effect is observed, namely a downwards

band bending and the formation of an accumulation layer [12], [51], [53].
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2.2.5.1. Adsorption of Oxygen

The surface oxygen species of SnO; are considered to be essential for its catalytic and gas sensitive
properties and during the last decades the reactive oxygen species was discussed controversially.
Molecular species, namely superoxo (0 and peroxo (0,%) species, as well as atomic species, namely
an atomic radical (O") and closed valence shell oxide (0% or Oo) were proposed to be present on the
Sn0O; surface [19], [52]. Considering all species as intermediates of the transformation of atmospheric
oxygen to lattice oxygen (Reaction 1) the following cascade of reactions can be proposed, assuming
that only the transfer of one electron per reaction step and only the formation of neutral, mono and
doubly negatively charged oxygen species. The reaction steps are simplified by neglecting the role of
surface sites and oxygen vacancies. In a first step, atmospheric oxygen is adsorbed as an uncharged
molecular species (Reaction 2), which traps electrons form the solid first forming a superoxide
(Reaction 3), followed by the formation of a peroxide (Reaction 4). In a next step the molecular
oxygen dissociates into two atomic species (Reaction 5), which, by abstracting additional electrons,

will settle as lattice oxygen on the surface layer of the metal oxide (Reaction 6) [12], [19], [54], [55].

%02'-9“5 + V02+ +2e” 5 0g Reaction 1
Oz,gas = 02,ads Reaction 2
Oz4as + €~ S 03445 Reaction 3
Ozaas t € = OZZ,Eds Reaction 4
0§,£ds = 20;15 Reaction 5

Ogus te™ S 0355 s 0y Reaction 6

Considering theoretical calculations for the adsorption of oxygen on SnO, (110) and (101) surfaces
the superoxide species and lattice oxygen, namely twofold coordinated bridging oxygen, can be
assumed to be the most stable molecular and atomic species, respectively [56], [57]. Experimental
evidence for the different oxygen species is mainly based on three techniques: Temperature
Programmed Desorption (TPD), Electron Paramagnetic Resonance (EPR) or IR spectroscopy. TPD
studies report three main desorption features, corresponding to molecular oxygen, atomic oxygen
and the decomposition of the material, respectively [58], [59]. The appearance of these oxygen
species strongly depends on the pre-treatment of the sample. The first desorption peak, found below
200 °C, was identified by EPR spectroscopy as singly charged molecular oxygen (superoxide) [59]. For

reduced SnO, samples the existence of the superoxide is verified by IR spectroscopy [60], [61].
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The second desorption peak - at 400-600 °C [59] or 500-700 °C [58] — is assigned to atomic oxygen
[59]. Unlike the molecular oxygen species, the atomic ones are not observable by IR spectroscopy.
The only report claiming to have observed paramagnetic atomic radical species by EPR spectroscopy
[62], is discussed controversially [19]. Above 600-700 °C the metal oxide is decomposed [58], [59].
Lattice oxygen of the metal oxide will be present at temperatures relevant to gas sensing, but its
reactivity may depend on the temperature and differ for lattice oxygen at the surface and in the bulk.
According to °0,-¥0, exchanges experiments on pristine SnO,, bulk oxygen is exchanged above

425 °C [63].

2.2.5.2. Adsorption of Water

On SnO, surfaces water is present as molecular species or as hydroxyl groups (see Supporting Figure
2). The molecular adsorption includes physisorbed (Reaction 7) and associative adsorbed/H-bonded
water molecules (Reaction 8). In case of dissociative adsorption the formation of hydroxyl groups
requires one additional oxygen atom to balance the stoichiometry of the reaction, e.g. as proposed
by S. R. Morrison for dissociative adsorption of water of oxide surfaces (Reaction 9) [50]. Various
experimental works demonstrate that molecular water is observed up to 200 °C, while hydroxyl
groups, i.e. dissociative adsorbed water, are present up to above 500 °C, but strongly decrease
around 300-400°C [59], [64]-[67]. The TPD profile of water adsorbed on SnO; shows two desorption
peaks centered at 100 and 400 °C. The low temperature peak corresponds to desorption of
molecular water, which is completed around 200 to 250 °C. The recombination of surface hydroxyl
groups starting at 250 to 300 °C causes the second desorption peak [59], [64]. The TPD studies are in
good agreement with IR spectroscopic studies observing the desorption of physisorbed water up to

150 °C and a strong decrease of surface hydroxyls above 200 °C [66], [67].

HZOQaS s H, Ophys Reaction 7
Hy0445 + 09 = HO -+ H -+ Og Reaction 8
HZOgas + OO +S55 (OH)O + (OH)S Reaction 9

There are several proposed models for the electrical effect of water vapour based on dissociative
adsorption. The above shown reactions are simplistic, as the nature of the surface and the
attachment of the oxygen and hydroxyl species on the surface are disregarded. In general water has
a reducing effect on SnO,, which is explained by different mechanisms. The first of which includes the
formation of an oxygen vacancy and two hydroxyl groups bound to Sn, so called terminal hydroxyl
groups (see Supporting Figure 2). The overall reducing effect is due to the ionization of the oxygen
vacancy (Reaction 10) [12]. The second reaction results in the formation of one terminal hydroxyl

group and one bound to several Sn (Reaction 11), a so called rooted hydroxyl group (see Supporting
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Figure 2). Rooted hydroxyl groups are also considered to be donors [12]. An additional reaction of
water vapour with the SnO; surface is the formation of two rooted hydroxyl groups based on the
reaction of surface oxygen, a surface oxygen vacancy and a water molecule (Reaction 12) [68]. This

reaction yields hydroxyl groups, without having an effect on the conductivity of the material.

H044s + 0p + 2505, = Z(Sng; - 0H5_) + VEt + 2e” Reaction 10
H30405 + 0 + Sty < (Snfg;{ — OH‘S_) + (OH), +e” Reaction 11
Hy04qs + VE* + 0y + Sngy, < 2(0H)} Reaction 12

Besides models based on dissociative adsorption, the reducing effect of water vapour is also
explained based on the associative adsorption of water. Water molecules either interact with acid or
basic surface species influencing their electronic states [50], [69] or hinder oxygen adsorption, e.g. by
competing with adsorbed (molecular) oxygen species for the same surface sites [69], [70].
Theoretical calculations for stoichiometric, reduced and oxidized SnO, (110) surfaces were used to
evaluate the stable associative and dissociated adsorbates and their electronic effects [71]:
Associative adsorption (Reaction 8) causes electron donation from water molecules to the SnO;
surface; accordingly water molecules act as weak electron donors. However, during dissociative
adsorption an electron donation from surface/bridging oxygen to the terminal hydroxyl groups was
found. The charge transfer from the surface oxygen to the formed terminal hydroxyl group
compensates the initial charge transfer related to associative adsorption, i.e. in sum dissociative
adsorption would not change the resistance. Based on this model the reducing effect of water
vapour is either caused by predominant associative adsorption or the formation of oxygen vacancies.
However, this theoretical work may not cover the full scope of processes occurring on poly crystalline
Sn0,, which offers various different facets and defects. Furthermore, the theoretical calculations
reveal, that the ratio between associative and dissociative adsorption is strongly influenced by the
stoichiometry, i.e oxygen coverage, of the surface and the initial presence of dissociated water, i.e.
hydroxyl groups [71]. The theoretical calculations are supported by experimental results of
differently prepared (110) surfaces, which show the strong influence of surface stoichiometry on the
dissociative water adsorption [72]. The same trends are, theoretically and experimentally, found for
the (101) surface [73]. In summary, the experimental works show that the water related adsorbates
depend strongly on temperature and surface composition; the theoretical calculations support that
water adsorption is influenced by the nature of the surface, e.g. stoichiometry or existing hydroxyl
groups, and furthermore indicate different electronic effects for associative and dissociative

adsorbed water molecules.
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2.2.5.3. Adsorption of Carbon Monoxide and Carbon Dioxide

Various IR spectroscopic studies report the formation of carbonate and carboxylate species upon CO
or CO; exposure [66], [74]-[76]. Uni- and bidentate carbonates as well as carboxylates are reported
for CO and CO, exposure over a large temperature range from room temperature up to 400 °C [66],
[74], [76]. However, a strong influence of the sample pre-treatment and the material’s calcination
temperature on the appearance of carbonate and carboxylate species is reported [66], [74], [75].
Bicarbonate species are reported to be formed at room-temperature [76], but are not present at
200 °C or higher temperature [74]; a clear assignment of bicarbonates was found to be difficult, as
the identification by deuteration failed [75]. Different reactions of CO or CO, with surface oxygen
species are proposed for the formation of carbonate and carboxylate species [75]. Theoretical
calculations for (110) surfaces indicate that carbonate species are formed by the reaction of CO with
molecular oxygen adsorbed on an oxygen vacancy (Reaction 13), while carboxylates are formed by
the reaction of CO with a lattice oxygen atom of a strongly reduced surface (Reaction 14) [56]. Similar
findings were made for the (101) surface: Theoretical calculations suggest a carboxylate-like reaction
intermediate for the reaction of CO with lattice oxygen (Reaction 14), which desorbs creating an
oxygen vacancy (Reaction 15) [57]. However, for the formation of carbonates the calculations for the

(101) surface propose a reaction of CO, with lattice oxygen (Reaction 16) [57].

COgas + 03445+ 2 —a)-e” 5 (CO3)%” Reaction 13
COgas + 0o = (CO3)0 Reaction 14

(COy)p S CO, +VET +2 e Reaction 15
CO3.gas + 09 S (CO3)0 Reaction 16

The reversible adsorption of CO, as carbonates or decomposition of carbonates formed by a reaction
with CO should not yield in significant changes in the electronic properties of the solid; while the
decomposition of the carboxylates formed by CO result in the formation of an oxygen vacancy, which

can donate electrons to the solid.

The formation of carbonyl species (Reaction 17) on pristine SnO, materials is only reported for CO
adsorption at 120 K [77]. According to the theoretical calculations the electronic effects of CO
adsorption are much smaller than the changes caused by the formation of an oxygen vacancy [56],

[57].

Cco

gas = COads Reaction 17

The above discussed surface species are summarized in Figure 9. In case of surface oxygen, only
species verified by experimental techniques are shown. It should be noted that, with few exceptions,

14



the experimental conditions — temperature, pressure, atmospheric composition and sample form —
diverge strongly from the operation conditions of gas sensors. A more detailed summary with the

assignment of the experimental techniques can be found in [52].
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Figure 9. Surface species observed on SnO,, by various experimental techniques. The appearance of the different species
is indicated by the colour tone as shown on the scale on the right side of the figure. The figure is adapted from [52].



2.3. Working Principle of Tin Dioxide Based Gas Sensor

The resistance of the sensing layer determines the measured output and, as the resistance can be
changed by the presence of reducing or oxidizing gases, the signal of resistive gas sensor based on
SMOX [52], [78]-[80]. As for all chemical sensors, the sensing effect is based on the principle of
reception and transduction. The reception of the analyte gases takes place by a chemical interaction
with the SMOX. Such an interaction is either a chemisorption process whereupon the analyte gas
adsorbs and desorbs as the same molecule or the reaction of the analyte gas with the another
surface species [14]. The transduction of the changes at the SMOX surface is based on changes of the
electronic properties of the SMOX or its surface which influence the charge transport within the

sensing layer and thus the measured overall resistance [80].
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Figure 10. Schematic cross-section (a) and working principle (b and c) of a SMOX-based resistive gas sensor. The
simplified surface chemistry is shown on top of b and c; the potential barriers, which limit the charge transport, at the
bottom of b and c. The unaffected bulk region of the grains is shown in orange and the electron depleted layer in yellow.

In a typical SMOX-based resistive gas sensor consisting of a porous SMOX layer deposited on an
insulating substrate with (measurement) electrodes on the frontside and a heater on the backside
(see Figure 10a). The measured resistance is the sum of the resistances of grain-grain, grain-bulk and
grain-electrode interfaces [52]. The limiting factor is the resistance at the grain-grain interfaces,
which is determined by the charge carrier concentration and mobility at the surface of the grains. In
the case of SnO,, electrons act as the majority charge carriers. The mobility of the electrons is not
changed during gas sensing [52], thus resistance depends solely on the surface concentration of
electrons. In the absence of any intrinsic surface states or adsorbates the electron concentration at

the surface equals the one in the bulk. This situation is referred as the flat band situation [80]. In the
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presence of surface acceptor states, e.g. caused by ionosorption, a depletion layer is formed leading
to an upwards band bending, resulting in back-to-back Schottky barriers at the grain-grain
boundaries. This situation is shown in Figure 10b and ¢ bottom. If the Schottky approximation is valid,
i.e. all donors are fully ionized, the concentration of electrons ns is described by the Boltzmann

distribution [52], [81], [82]:

el .
ng =ny, - exp (_ - ;) Equation 6
B

Accordingly, the resistance of sensing layer will be proportional to the surface band bending eV.:

eV .
R x exp (_k T) Equation 7
B

By combining

Equation 2 and Equation 7 the sensor signal can be described by the change of the surface band
bending:

Equation 8

For typical operation conditions — sensing layer heated 300 °C and low test gas concentrations (ppm)
in dry air — the dominant surface adsorbate, which is responsible for the surface band bending , is
assumed to be ionosorbed oxygen [52]. The surface concentration of the ionosorbed oxygen species
depends on the partial pressure of oxygen and the presence (or partial pressure) of reducing gases
[52], [80]. In the absence of reducing gases, oxygen will be ionosorbed (Reaction 18) at the surface

resulting in an upwards band bending at the grain surfaces (Figure 10b).

1 kads Reaction 18
502+S+a'e_1:705_
kdes
kreact Reaction 19

O~ +CO0—>S5+CO,+a-e”

In the case of CO exposure, the ionosorbed oxygen species will react with CO forming CO;
(Reaction 19), which desorbs as a neutral species releasing the trapped electrons to the solid and
thus decrease the negative charge trapped at the surface. Consequently, the back-to-back Schottky
barriers at the grain-grain boundaries are lowered and the resistance of the sensing layer decreases

(Figure 10c).

The above described model links the atmospheric composition with the resistance of the sensing

layer and represents the generally accepted working principle for SMOX-based gas sensors. However,
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this model is to limited simple gases, like CO, in idealized conditions, i.e. no interfering gases like H,0;
for noble metal loaded SnO,. More complex gases, e.g. organic compounds, or in the presence of
interfering gases this sensing mechanism differs and requires more sophisticated models, taking in to

account changes in the gas reception and/or transduction mechanisms.

2.4. Role of Noble Metal Loadings

The addition of noble metal loadings to SMOX is one of the most common methods to improve the
sensitivity , selectivity and stability of SMOX-based gas sensors [2], [3], [83]-[85]. These noble metal
loadings, or dopants, influence the reception and/or transduction of the sensing materials. Assuming
that the noble metal loadings are present as a separate phase (inhomogeneous dispersion) two main
sensitisation mechanisms are considered: A chemical sensitisation mechanism related to a spill-over
of gases, thus referred to as a spill-over mechanism, and an electronical sensitisation mechanism
which is based on the alighment of the Fermi levels of the SMOX and the noble metal phase and
referred to as Fermi-level control mechanism [83]-[87]. The spill-over mechanism is mainly
attributed to metallic clusters whereon oxygen [24], [25], [83] or reducing gases [83]-[87], e.g. CO or
H,, are adsorbed, activated, and subsequently transferred to the SMOX surface increasing the
reactivity of the SMOX surface and thus the gas sensing effect [83]-[87]. In case of a spill-over related
sensitisation, the reception takes place at the SMOX surface and the oxidation state of the noble
metal remains unchanged [84]. Figure 1la shows the spill-over of oxygen and the subsequent
reaction with CO on the SMOX surface. The activation of the gases on the metallic clusters may
involve their dissociation [83]—[87] or a weakening of intramolecular bonds by the adsorption on the
metal, e.g. by the partial filling of anti-bonding molecular orbitals [25], [48], [88]. The sensitisation by
a Fermi-level control mechanism is based on an electronic interaction of the SMOX and the noble
metal phase that has a different work function. The contact of the two materials leads to an
alignment of the Fermi levels and in this way to a surface band bending [89]. This interaction pins the
Fermi level of the SMOX and thus the surface band bending [89]; i.e. in the vicinity of the noble metal
clusters the band bending is no longer determined by the presence of ionosorbed species, it is
controlled by the contact of the SMOX and the noble metal (Figure 11b) [31], [86]. If the
concentration of the noble metal loading is high enough and if it is well dispersed, the electron
depletion caused by the noble metal loading completely controls the charge transport of the sensing
layer (Figure 11c) [83]. In this case, the changes of the sensor resistance are solely caused by
changing the electronic properties, i.e. the work function, of the noble metal loading, e.g. by (partial)
reduction or oxidation. If a reaction causes a work function change of the noble metal cluster the
electron depletion caused by the noble metal loading, and thus the resistance of the sensing layer,

will be changed [86]. A Fermi level control mechanism is not limited to the contact of two solids; a
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similar pinning of the SMOX’s Fermi level is also caused by the introduction of noble metal related
surface states, acting as electron acceptor or donor [89]. If there is no chemical or electronic
interaction of the noble metal phase and the SMOX, the presence the catalytic more active noble
metal causes a competitive reaction on the noble phase which decreases the concentration of the
target gas which is reaction on the SMOX surface and thus decreases sensing effect [83] (Figure 11d).
The mechanisms considered up to now assume that the noble metals form a separated phase (Figure
11 a-d), however, it was found that the noble metals can also be atomically distributed in the SMOX
lattice (homogeneous dispersion) [21], [22], [90]-[92], where they may influence the chemical and
electric properties of the SMOX. The presence of single noble metal ions at the SMOX surface creates
new adsorption sites for reactive gases [20]. Furthermore, metal atoms that replace the cations of
the SMOX within lattice are found to create donor [31] or acceptor [23], [31] states depending on
their charge with respect to the one of the original cation. The effects of incorporated noble metal

atoms are shown in Figure 11le.
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Figure 11. Effect of noble metal loadings for SMOX-based sensing materials: Spill-over of oxygen (a) — for analyte gases
the mechanism is not shown, Fermi-level control (b, c), competing catalytic reaction (d), and atomic sites (e) acting as
reactive sites and/or acceptors/donors. For comparison, the chemistry of pristine SMOX is given (f).
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3. Fundamentals of the operando spectroscopic methods
3.1. Ex-situ, in-situ and operando methods for gas sensor research

The terms ex-situ, in-situ and operando are widely used to distinguish techniques, which are used to
study functional materials, by the experimental conditions regarding their match with realistic
operation conditions. The use of operando techniques is most widely spread in catalysis research and
is defined as the combination of a spectroscopic technique with the on-line evaluation of the
catalytic activity of the material [16]-[18]. This approach was adapted to study various kinds of
functional materials, including gas sensors [6], [15]. In case of operando research on gas sensors, the
sensor response, e.g. the sensor resistance of a SMOX-based gas sensor, is evaluated, while
additional material properties are probed by spectroscopic or electrical techniques. The clear
definition is still controversial, but a common classification of the three terms can be done as follows

(6], [15]:

e Ex-situ experiments include all types of specimens, which are measured in any conditions,
(temperature, pressure and atmospheric composition), that are not related to the actual
operation conditions of the corresponding sensing material

e Experiments that are performed in-situ are done on any type of specimen in conditions that
are relevant to gas sensor operation, but there is no simultaneous evaluation of the sensor
response of the studied sample

e Operando experiments are done on real sensor devices, in conditions relevant to gas sensor

application and involved the simultaneous evaluation of the sensor response.

Today’s tool box of operando techniques for gas sensor research offers various spectroscopic and
electrical techniques. The spectroscopic techniques range from IR [74], [93]-[95] and Raman
spectroscopy [96], [97] over UV/vis [98] to X-ray absorption and emission spectroscopies [21], [22],
[99]. The electrical techniques include work function measurements using the Kelvin probe setup
[53], [100], [101], AC impedance spectroscopy [95], [102] and Hall effect measurements [103], [104].
The following chapter will briefly introduce the theoretical background of the operando

spectroscopic techniques used in this work.

3.2. IR spectroscopy

IR spectroscopy is used to study molecular vibrations and enables the identification of molecules or
functional groups [105]. The fundamental requirement is an IR-active vibrational transition, i.e. the
dipole momentum of the molecule has to be changed due to the corresponding vibration [49], [106].
The energy of an IR transition is determined by specific parameters of the molecule or functional

group, like the mass of the vibrating atoms and the bond strength between the vibrating atoms. The
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potential curve of a diatomic molecule is shown in Figure 12. Close to the equilibrium distance of the
two atoms, the potential can be approximated by a parabolic potential, and the vibration is described

by a harmonic oscillator [49], [106].

parabolic potential

molecular potential energy curve

Figure 12. Molecular potential energy curve of a diatomic molecule (blue) and a parabolic potential (red). For higher
energies, the approximation based on a parabolic potential is no longer valid. The figure is adapted from [49].

Based on this approximation, the dependency of the wavenumber of the IR transition on the masses
of the involved atoms (reduced mass u) and the bond strength (force constant k¢) is described by

Equation 9, where co is the speed of light.

1 |kf
2mcy | U

V= Equation 9
According to Equation 9, vibrations involving light atoms and/or strong bonds will be found at higher
wavenumbers than of those involving heavier atoms and/or weaker bonds [105]. The effect of the
bond strength is observed when comparing the O-H stretch vibrations of different surface hydroxyl
groups: The O-H stretch vibration of acidic hydroxyl groups is found at lower wavenumbers; e.g. on
zeolites, the O-H stretch band of very weakly acidic hydroxyls is found around 3745 cm™, while the
ones of acidic Brgnsted sites is found at 3610 cm™ [105]. In case of hydroxyl groups on the surface of
metal oxides, the acidity, and thus the position of the O-H stretch band, depends on the cation
coordination of oxygen atom of the hydroxyl group; for zeolites, the band at 3745 cm™ is assigned to
terminal groups on Si (Si-OH) and the band at 3610 cm™ to bridged hydroxyl groups (Si-OH-Al) [105].
If the mass of a hydroxyl group is changed by replacing the proton by deuteron, the correspond O-D
stretch band is found at lower wavenumber. Based on Equation 9, the shift is calculated by:

Vop HoHn
- = |/ Equation 10

Vou Uop

21



The theoretical shift calculated by Equation 10 is 0.728, which is only slightly lower the experimental
values of 0.737 for the OH/OD exchange terminal OH groups on SnO, [94]. The difference between
the experimental shift and the one obtained by Equation 10 can be explained by the limitation of
harmonic oscillator approximation for a diatomic molecule, which apparently fails to describe a

surface hydroxyl group as a part of a more complex structure like a surface or solid.

The most common IR spectroscopic method to study solids is the transmission measurement of
either very thin pellets or pellets of the substance diluted in KBr. Transmission measurements on thin
pellets were the basis of many in-situ studies on SnO,-based gas sensing materials [65], [107].
Another possible geometry to record IR spectra is diffuse reflectance, which emerged with the
appearance of commercial mirror optics [105]. Diffuse Reflectance Infrared Fourier-Transform
Spectroscopy (DRIFTS), requires a less complex sample preparation and enables operando
measurements on thick film layers, i.e. SMOX-based gas sensors [108]. Reflection at surfaces includes
two types of reflection: The specular or mirror-type reflection (Figure 13a) and diffuse reflectance
(Figure 13b), which involves multiple reflection, refraction and diffraction processes inside the
material [105], [109]. However, real surfaces will always show contributions of both types of

reflection (Figure 13c).
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Figure 13. Specular reflection (a) diffuse reflection (b) and the superposition of both (c) on a surface. The incident beam is
show in blue and the reflected beams in red. The radiation passing through the material by multiple processes (see text)
is shown in magenta. The figure is adapted from [110].

Specular reflection is mainly found on flat and polished surfaces, while diffuse reflection dominates
on rough surfaces and matt surfaces. In case of a layer consisting of individual grains, which are small
with respect to the wavelength of the radiation, diffuse reflection will be the dominant process [105],
[109]. The radiation penetrating the sample during diffuse reflection can be partially absorbed and
thus diffuse reflected radiation possesses spectroscopic information about the sample. In order to
record a spectrum in diffuse reflectance, special mirror optics are used to maximize the collection of
diffuse reflected radiation [105], [109]. DRIFT spectra show the same qualitative features found in
transmission spectra; however, the quantitative analysis of DRIFT spectra requires the use of the

Kubelka-Munk theory for diffuse reflectance spectroscopy [105], [109].
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3.3.UV/Vis spectroscopy

Diffuse reflectance spectroscopy (DRS) is not limited to IR radiation and is commonly used to record
UV/vis spectra of solid samples, e.g. to study the electronic structure of a solid [109]. The reflection
of UV/vis radiation is described by the same theory, which is described above for IR radiation. The
electronic structure of a solid is characterized by energy bands instead of discrete sates [51]. In case
of insulators or semiconductors the occupied valance band and the unoccupied conduction bands are
separated by a forbidden zone, which is characterized by the energy gap between the valence band
maximum and conduction band minimum [51]. In the simplest case, there is a direct optical band
gap, i.e. the valence band maximum and conduction band minimum are found at the same
coordinate in the reciprocal lattice (see Figure 14a). If the photon energy exceeds Egap, electron from
the valence band will be excited to the conduction band (Figure 14b) and various electronic
transitions between different levels of the two bands occur above this energy. There are several
methods reported to extract Ec.p based on UV/vis absorbance spectra [109], [111], [112]. Besides the
estimation of Eg.p, the UV/vis spectra of solids can provide information on point defects, electronic

transitions of metal cations or the local surface plasmon resonance of metallic nanoparticles [109].

Absorption

Valence Band

k Photon Energy hv
(@) (b)

Figure 14. Direct optical band gap (a), i.e. the maximum of the valence band and the minimum of the conduction band
are found at the same k-value (wave-vector), and The corresponding optical absorption (b), in case of a pure insulator at
0 K. The figure is adapted from [109].

3.4. X-ray Absorption Spectroscopy

Since their discovery X-rays became an essential probe to study the structure and composition of
solids and today’s X-ray-based methods involve various techniques based on diffraction, scattering,
absorption or emission of X-rays [49], [113]. X-ray Absorption Spectroscopy (XAS) is used to
characterize the structure and the electronic properties of a sample, and is a suitable technique for
operando research as well as the study of highly dispersed active species [114], [115]. XAS is element
specific, does not require long-range ordered samples and can be applied at normal pressure. Thus,
XAS is a highly valuable tool to characterize noble metal loadings in gas sensing materials [116]. The

X-ray absorption spectrum shows characteristic steps, at which the X-ray absorption drastically
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increases. These steps occur if the energy of the incident photon is sufficient to excite a core level

electron to a free electron state (see Figure 15a).
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Figure 15. Schematic, one-dimensional representation of the photo electron emission and scattering processes in case of
a monoatomic absorbing material (a) and an absorber with a neighbouring atom (b). The left part of the figure shows
potential wells of the involved atoms, while the resulting absorption is shown on the right. The incident X-rays are shown
in blue, excitation/photo electron emission in green and the wave functions outgoing or backscattered electrons in light
blue and red, respectively. The figure is adapted from [117].

The curve of the absorption probability shown in Figure 15a corresponds to a monoatomic substance
and has no fine structure. In case of a solid the X-ray absorption spectrum shows a fine structure
(Figure 15b), which is commonly separated in two parts: The X-ray Absorption Near Edge Structure
(XANES) and the Extended X-ray Absorption Fine Structure (EXAFS). The XANES region is typically
located between -20 and +50 eV around the edge step and is determined by the electronic structure
of the absorbing element. Thus, XANES spectra provide information on the oxidation state of the
absorbing element and local geometric structure of the material [115]. The EXAFS region, which is

located from +50 eV up to +600 eV after the edge step, originates form backscattering of the exited
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electron by neighbouring atoms (Figure 15b). According to Fermi’s golden rule the absorption
propability depends on the wave function of the initial and final state of the involved electron. The
initial state is defined by the core level of the absorbing atom and determines the energy of the
absorption edge, while the finial state is defined the free electron [115], [118]. If the outgoing
electron wave is scattered by a neighbouring atom, the backscattered electron wave interferes with
outgoing electron waves. The resulting interference can either be constructive or destructive and
thus certain transitions will be amplified or attenuated, respectively. As a result of the interference
an oscillatory fine structure is found post the absorption edge [115]. The EXAFS contains information
about the structure around the absorbing atoms and can be further analysed. Therefore, the EXAFS
function x(k) is obtained by subtracting the background (Equation 11) and converting energy into k

(wave vector) by using Equation 12.

H(E) — po(E)

x(E) = 110 (E) Equation 11
2m, 1

k= PP (E —Ey)> Equation 12

The FT of the EXAFS function (Equation 13) is a pseudo-function of the radial distribution of
backscattering neighbours in real space, where the peaks are shifted to lower distances due to

dephasing [115].

FT(r) =—

1 f ; .
kn X(k)e—ZLkr dk Equation 13
v2nk

The quantitative determination of structural parameters is done by fitting the EXAFS spectra using

the EXAFS equation (Equation 14), which sums all contribution of backscattering neighbours [118].

x(k) = ZSO r ]2 F;: (k). exp( A(k)) exp( 20]2k2) sin (Zkrj + gou(k)) Equation 14

The structural parameters of interest are the number of backscattering atoms (N;) in a coordination
shell of identical atoms, the corresponding average distance (r;) and Debye-Waller factor (o;), which is
a measure for the structural and thermal disorder of the sample. The other parameters are the
amplitude reduction factor (So) and mean free path of a photo electron (A(k)), which consider
inelastic effects, as well as the backscattering amplitude Fj(k) and the phase shift @jj(k), which are
element specific for each backscattering atom [118]. Due to the short mean free path of electronin a
solid, the EXAFS only provides information on the local structure, i.e. within a few coordination shells

around the absorbing element [115], [118].
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4. Materials & Experimental Methods
4.1. Sample Preparation

The preparation of a gas sensor involves the preparation of the sensing material, usually as a powder,

and the deposition of the sensing material onto the sensor substrate.

4.1.1. Powder Preparation

Nanosized SnO, was obtained by an aqueous sol-gel process, followed by subsequent milling and
calcination procedures [28], [88]. In a three-neck round-bottom flask a 2 M aqueous ammonia
solution was prepared by diluting an agueous ammonia solution (Riedel-deHean, 33 %vol.) in
deionized water and cooled down to 0 °C. An aqueous solution of SnCl, (Merck, purified by
distillation) was added dropwise to the cooled 2 M aqueous ammonia solution under stirring. After
SnCl, solution was completely added, the reaction mixture was stirred at room temperature for 30
min. The obtained white precipitate was separated by centrifugation and repeatedly washed with
deionized water, until no chlorine was found by precipitation with AgNO; in the separated liquid
phase. The washed powder was dried at 120 °C. The obtained glassy crystals were first ground in a
mortar and afterwards using a shaker mill (30 Hz, 3 h) with ZrO; balls (¢ 5 mm). The obtained white
powder was calcined 1000 °C for 8h and afterwards ground using a shaker mill (30 Hz, 3 h; ZrO, balls,
@ 5 mm). The process is summarized schematically in Figure 16 (grey route).

Stirring & Drying, Milling &

Washing M Clx Calcination

SnCl,

NH,

Milling &
Calcination

M CIX Thermal Treatment

Figure 16. Material preparation schema for undoped and doped SnO; gas sensing materials obtained by an aqueous sol-
gel route: synthesis of SnO, starting with SnCl, (grey), noble metal introduction by gel impregnation (red) and powder
impregnation (blue).

During the powder preparation, the addition of noble metal loadings can be done in two different

ways: The noble metal can be added prior the calcination/milling step (Figure 16, red route) or after
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the calcination/milling step (Figure 16, blue route); these routes are referred to as gel impregnation
or powder impregnation. The present work is focused on Pt-doped SnO, materials made by the
powder impregnation route, thus only this route is described in detail. It was done by adding an
aqueous solution of PtCl, (Sigma-Aldrich, 299.99 % trace metal basis) to an aqueous suspension of
undoped SnO, to obtain nominal loadings of 0.2 and 2.0 %wt. Pt. The reaction mixtures were stirred
at room temperature for 48 h. The solid was separated by centrifugation, washed with deionized
water, dried at 80 °C and finally annealed at 450 °C for 1 h. The annealed powder was ground using a

shaker mill (30 Hz, 3 h; ZrO; balls, 2 5 mm).

4.1.2. Sensor Fabrication

The sensing layers were deposited by screen-printing a 1,2-propandiol-based paste of the sensing
materials onto a sensor substrate, which is equipped with interdigitated electrodes on the front and
a heating meander on the back (see Figure 17). Generally, the electrodes and the heater are made of
Pt; however, for the operando X-ray spectroscopic investigations of the Pt-doped sample the
electrodes are made of Au and the heater of an Pd/Ag alloy, to avoid any signal of the electrodes or

the heater.
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Figure 17. Schematic drawing of a sensor substrate with a sensing layer (yellow) and interdigitated electrodes (red) on
the front side and a heating meander (red) on the back. The thickness of the electrodes and heating meander are 5 um.

After printing the sensors were dried at 70 °C and annealed at stepwise varied temperatures (300 °C,
400 °C, 500 °C and 400 °C). For each individual sensor a temperature calibration was made, by
plotting the temperature of the sensing layer versus the resistance of the heater. Based on the linear
relation of layer temperature and the resistance of the heater the sensor can be precisely heated

during the experiments.
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4.2. Experimental Techniques

The following section gives an overview of the experimental techniques, including the basic material
characterization, the gas mixing systems used for the investigations and a description of the of the

in-situ/operando spectroscopic techniques.

4.2.1. Basic Material Characterization

The prepared undoped and Pt-doped sensing materials were characterized by different material
characterization techniques. The experimental details of the basic characterization techniques are

described in the following section.

4.2.1.1. X-ray powder diffraction (XRD)

Powder X-ray powder diffraction was done on a Bruker D8 Advance diffractometer, using Ge-
monochromated Cu-K, radiation, which was recorded with a VANTEC-1 X-ray detector in
transmission geometry. The powder sample was deposited between two sheets of an X-ray
amorphous polymer foil and fixed on a rotating sample holder. The measurement was done at the

Institut Catala d'Investigacié Quimica (ICIQ) in Tarragona, Spain.

4.2.1.2. Vibrational spectroscopies

FT-IR transmission spectra were recorded on a N,-purged Bruker Vertex70 spectrometer equipped
with an internal mid IR globar and a RT-DLaTGS detector. Spectra were recorded from pellets with
the sample diluted in KBr (0.5 wt%), with a spectral resolution of 0.5 cm™ and as an average of 128
scans. IR spectra were processed using Bruker’s OPUS software. The absorption was calculated taking
the spectrum of a pure KBr pellet as reference. Raman spectra were recorded at the ICIQ using a
fibre optic Raman probe with a 532 nm Laser (internal Laser source of a BWTEK iRaman microbeam
Raman spectrometer) for excitation and a cooled CCD spectrometer (BWTEK Exemplar Plus) for

detection. Raman spectra were recorded from powders placed on an aluminium sample holder.

4.2.1.3. Electron microscopies

Secondary electron images were recorded by scanning electron microscopy (SEM) using a HITACHI
SU8030 cold filed emission scanning electron microscope, with an acceleration voltage of 5 kV and a
probe current of 10 pA. All SEM images were recorded from powders supported on adhesive carbon
pads and a working distance of 1.9 mm.

Transmission electron microscopy (TEM) was done at the Karlsruhe Nano Micro Facility (KNMF) of
the KIT. Powder samples were placed on a carbon coated Cu grid and measured on a FEI Titan 80-300

aberration corrected electron microscope with an acceleration voltage of 300 kV. High-angle annular

28



dark field scanning transmission electron microscopy (HAADF-STEM) was recorded with a Fischione

model 3000 HAADF-STEM detector.

4.2.1.4. Quantitative element analysis

The Pt content of the Pt-doped SnO; materials was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES), which was conducted at the Institute for Applied Materials -
Applied Materials Physics (KIT) using a PerkinElmer Optima 4300 DV spectrometer. Prior the
measurement the Pt-doped SnO; powders were dissolved in an acidic solution (HCI, H,SO4 and H,03)

at 240 °C (8 h). The Pt concentrations of the samples were determined by triple measurements

4.2.2. Gas Mixing

The precise and reproducible dosing of gas mixtures is an essential requirement for studying gas
sensors. For this purpose, homemade gas mixing systems (GMS) are used, the systems vary in size
and specifications, but are all based on the same concept shown in Figure 18. Each gas mixing system
consists of a series of channels for dosing the carrier gas or test gases supplied by a gas bottle or a
vaporizer. Each channel has a mass flow controller (MFC) to adjust the gas flow and two magnetic
valves to prevent unintended gas diffusion. All parts of the GMS are connected by electrically
polished stainless steel pipes or Teflon tubes. The MFCs and valves are operated by customized
software (Agilent VEE). To obtain a certain test gas concentration at a given flow rate the flow the
carrier gas and the test gas, generally pre-diluted in the carrier gas (ppm-range), are adjusted by the
corresponding MFCs. For test gases dosed using a vaporizer the concentration is considered to be
100 % of the saturation at room temperature. If no water vapour is dosed and the gas stream is
referred to as dry, however, also in this condition a low water vapour background of typically 10 to

20 ppm H,0 is found.
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Measurement Setup

Figure 18. Schematic drawing of a gas mixing system with four channels: Carrier Gas (Channel 1), Humidity dosing
(Channel 2) and two different test gases (Channel 3&4).
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For all measurements done at the University of Tiibingen, test gases (CO, *CO, H, and O3) and carrier
gases (synthetic air and N;) were supplied by Westfalen AG, Miinster. The purity of the carrier gases
was 99.999 % for synthetic air (20.5 % oxygen) and 99.9999 % for N,. For all test gases, an analysis
certificate was delivered by Westfalen AG. Deionized water (building’s supply system) and heavy
water (euriso-top or Sigma-Aldirch, each with 99.9 % purity) were used for the vaporizers to generate
water vapour. For the measurements at the synchrotron light sourches, test gases from Westfalen

were used; synthetic air and a H,/He-mixture were delivered by the local supply infrastructure.

4.2.3. DC Resistance Measurements

Recording the DC resistance (DCR) is a common way of measuring the gas sensing performance of
SMOX-based gas sensors [102]. A standard experimental setup is shown in Figure 19 (left); gases are
dosed by a GMS, which delivers a continuous gas flow (150 sccm) to a measurement chamber
containing one sensor fixed in a socked with a feedthrough to connect the sensor’s electrodes and
heater to a digital multimeter (Keithley 199 or Keithley 2000) and a power supply (Agilent E 3630A or
similar), respectively. The GMS and resistance measurements are controlled by a computer. The
sensor’s temperature is controlled by adjusting the voltage applied to the heater according to a
previously made calibration of the heaters resistance and the temperature of the sensing layer.
Resistances up to approximately 300 MQ can be recorded by a digital multimeter [119], [120]. The
simplified resistance measurement circuit is shown in Figure 19 (right). The used digital multimeters
determined the resistance of the sensor (Rsens) according to Equation 15 from the measured potential
drop over the sensor (Usens) and a reference resistor (Ures) with a known resistance (Rres) at a constant

current [120].

Equation 15
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Figure 19. Set-up for resistance measurements (left) and simplified resistance measurement principle of a Keithley 199
digital multimeter (right).
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4.2.4. Catalytic Conversion Measurements

The partial or complete oxidation of reducing gases on the sensing material’s surface is the essential
process of gas reception. Thus, information on the chemical activity of the material provides
fundamental insights in the influence of interfering gases as well as noble metal loadings. The
catalytic conversion of CO was studied at various temperatures and humidity backgrounds. To avoid

an influence of the Pt-heater and electrodes [121] the measurements were performed on powders.
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Figure 20. Set-up used for catalytic conversion measurements of powders (left) and drawing of a powder sample
deposited in a quartz tube (right).

Therefore, 60 mg of non-diluted sensing material were deposited on quartz wool in a quartz tube and
placed in a tube furnace (see Figure 20). Gases were dosed as describe above. The CO and CO;
concentrations were measured by a photo-acoustic IR gas analyser (INNOVA 1312). Due to the high
noise level of the CO, signal the catalytic conversion was calculated based on the residual CO
concentration using

Equation 16.

CCy, = <1 — M) -100% Equation 16

CCO,reference

4.2.5. Diffuse Reflectance Infrared Fourier-Transform Spectroscopy

In-situ and operando IR spectroscopy was measured in diffuse reflectance using a six-mirror optic
(Harrick Praying Mantis Diffuse Reflection Accessory). In-situ DRIFTS were recorded by using a N»-
purged Bruker Equinox55 spectrometer, equipped with an internal mid IR globar and a liquid-N-
cooled mid-band MCT detector. The non-diluted powders were placed in a commercial in-situ cell
(Harrick Praying Mantis High Temperature Reaction Chamber) with KBr windows, which allowed the
temperature to be adjusted with a build-in heating system. In-situ DRIFT spectra were recorded with
a resolution of 4 cm™ and as an average of 1024 scans. The Operando DRIFT spectra were recorded

with a spectral resolution of 1 cm™ (512 Scans) by using an evacuated Vertex70v spectrometer
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equipped with an external high performance mid IR globar and a liquid-N;-cooled mid-band MCT
detector. The sensors were placed in a homemade operando cell with a KBr window, gas in and
outlet and electrical connectors, which allows the sensors’ resistance to be measured and applying a
heating voltage to the backside heater. The operando DRIFTS setup is displayed in Figure 21.
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Figure 21. Setup used for operando DRIFT spectroscopy (left) and a schematic drawing of the mirror optic used for in-situ
and operando DRIFTS (right). The mirror optic consists of four flat mirrors (M1, M2, M5 and M6) and two parabolic
mirrors (M3 and M4).

Operando DRIFT spectra were recorded with a resolution of 1 cm™ and as an average of 512 scans.
During the measurements in low oxygen backgrounds or the absence of oxygen the residual oxygen
concentration was measured using a Zirox SGM4 oxygen analyser. IR spectra were processed using
Bruker’s OPUS software and MatLab. To determine the differences in the material caused by changes
of the gas atmosphere the absorbance was calculated by taking a spectrum of the sample recorded
during exposure to the carrier gas, instead of an external substance, as a reference; this approach is
also referred to as apparent absorbance [94], [122]. The absorbance spectra were calculated by using

Equation 17.

I
A= _log ( gas) Equation 17

4.2.6. UV /vis Diffuse Reflectance Spectroscopy

Ex-situ and operando UV/vis spectra were recorded from sensors in diffuse reflectance geometry
using the above mentioned six-mirror optic. A combined deuterium/halogen light source (Ocean
Optics DH-2000-BAL) and a CCD UV/vis spectrometer (Ocean Optics Maya 2000) were connected to
the mirror optic using optical fibres. In order to avoid an influence of external light the whole setup
was placed in a darkened compartment. Spectra were recorded with an integration time of 60 ms as
an average of 256 scans. The gas sensor was placed in an operando cell, which similar to the one

used for operando DRIFTS, but is equipped with a quartz instead of a KBr window. During the
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operando measurements in Ny, the oxygen background was monitored by using a Zirox SGM4 oxygen
analyser. All spectra were referenced to sensor coated with a BaSO, layer. The reflectance is
calculated according to Equation 18. The optical band gap of SnO, was determined by the method
described by V. Kumar et al. [111].

I
R% = Sample | 100% Equation 18

Ref

4.2.7. X-Ray Absorption Spectroscopy

Ex-situ X-ray absorption spectra of the Pt-doped SnO, materials were recorded at the Pt Ls
absorption edge in fluorescence mode using a 7-element Ge detector (Canberra). The measurements
were done at the P65 undulator beamline the PETRA Il synchrotron light source (DESY,
Hamburg/Germany). The incident energy was tuned by a Si (111) double crystal monochromator.
XANES and EXAFS spectra were recorded from powders deposited in Kapton tubes, which were place
in the X-ray beam (spot size: 1x0.2 mm). X-ray absorption spectroscopy on sensors was done at the
undulator beamline ID26 at the ESRF. A pair of Si (111) monochromators was employed to select the
incident energy. XANES spectra were recorded in high energy resolution fluorescence detection
(HERFD), by measuring the Pt Ly emission line (9442 eV) as a function of the incident energy, by
using an X-ray emission spectrometer with four spherically bent Ge crystal analysers. The operando
cell, crystal analysers and an avalanche photodiode for measuring the X-ray intensity were arranged
in vertical Rowland geometry. The measured sensor was placed in a homemade operando cell with a
Kapton window, gas in and out let and electrical connectors for resistance measurement and heating
(see Figure 22) [21]. The X-ray absorption spectra were processed using the ATHENA program from
the IFFEFIT software package [123].

mass flow
controllers

52V 0.374 @@ pOWCI’
_____ supply primary

> monochromaror
ﬁu— -
incident X-rays
operando-XAS
cell

gas bortles

sample |

s e ) =

—mg
=f 0000 A}

¢ secondary

digital multimeter .“monochromator

computer detector

Figure 22. Setup for operando XAS (left) and a simplified image of the beam path for recording HERFD-XANES (right).
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5. The Gas Reception Mechanism of Pristine Tin Dioxide

5.1. Basic Characterization of undoped Sn0O-

The prepared undoped SnO, material was characterized by XRD, SEM, IR and Raman spectroscopy.
The X-ray diffraction pattern of the synthesized SnO, powder (see Figure 23) matches the ICSD
reference of Cassiterite (#41-1445), i.e. the synthesized SnO, is present in the tetragonal Rutile
structure [10], [28]. The congruent positions of the reflexes for the sample and reference exclude a
high inner disorder of the prepared material, which is only observed for materials calcined at lower
temperatures [10], [28]. The sharp reflexes of the prepared SnO; indicate a high crystal quality and
large crystal size, as previously reported for sol-gel derived SnO; calcined at 1000 °C for 8 h [10]. The
particles size of the SnO, material is estimated by SEM. The secondary electron micrographs of
undoped Sn0O,, present rather large particles with an average diameter of 99+33 nm (see Figure 24).
The found grain diameter is in good agreement with the diameter for similarly prepared SnO,, which
was found to be 100-110 nm by TEM [10], [28] and 144 nm by N, physisorption [28]. The larger
particle size found by N, physisorption is attributed to the agglomeration of individual particles,

which decreases the surface area of the material [28].
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Figure 23. Powder XRD of undoped SnO, calcined at 1000 °C for 8h (blue) and the ICSD reference pattern #41-1445 (red).

The transmission IR spectrum of a KBr pellet with 0.5 wt% SnO, (Figure 25, left) shows a strong
absorption between 450 and 800 cm™. It can be attributed to the fundamental lattice vibrations of
Sn0O; (see Table 1), as well as to fundamental modes of Sn-O and Sn-O-Sn vibrations [76], [124],
[125]. In the Raman spectrum (Figure 25, right) of the SnO, powder three Raman active fundamental
modes are identified, E; (468 cm™), Aiz (625 cm™) and By (769 cm™), in agreement with the values
reported in Table 1. Additionally, the band found at 686 cm™ is attributed to the disorder activation
of the Raman-forbidden A,, mode [34]. The high intensity and sharpness of the bands corresponding

to the Raman-active fundamental vibrations and the absence of broad band centred around
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550 cm™, suggests only a low level of oxygen vacancies and low disorder of the prepared SnO,
material [34], [126]. A direct optical band gap of 3.79 eV was derived from a UV/vis reflectance
spectrum (see Supporting Figure 3), which is in line with the value of 3.6 eV reported in literature for
nearly ideal SnO; single crystals [43]. In summary, the basic material characterization reveals that the
prepared SnO; material is highly crystalline, has a low oxygen vacancy concentrations and forms
grains with a diameter of approximately 100 nm. These material properties are in line with the ones

reported for SN0, prepared by a similar synthesis route, but different milling procedure [10], [28],

[34].

Figure 24. Secondary electron scanning microscopy images of undoped SnO, powder with a magnification of 45000x (left)
and 100000x (right).
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Figure 25. IR spectrum (left) and Raman spectrum of SnO, calcined at 1000 °C for 8 h. The dotted vertical lines in the IR
spectrum correspond to the IR-active fundamental vibrations reported in Table 1, the horizontal lines to Sn-O and Sn-O-
Sn vibration modes reported in literature (see text). The Raman-active fundamental vibrations are marked in the Raman
spectrum.
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Figure 26. Gas sensing performance of undoped SnO, measured at 300 °C in dry air (red) and 50 % r.h. (blue). The
calibration curves for 5-500 ppm CO and H, of are based on the averaged sensor signal of three independently measured
sensors.

The gas sensing performance for CO and H; of the sensors is shown in Figure 26. They show the well-
known characteristics of undoped SnO,. The non-linear calibrations curves flatten with increasing
test gas concentration, i.e. the sensitivity decreases for high gas concentrations. This power law
relation between the test gas concentration and the resistance of the gas sensing layer corresponds
to the characteristics expected for gas sensors based on porous thick film layers with large, spherical
grains [52], [127]. In the presence of water vapour a distinct decrease of the sensor signals for CO
and H; is observed, which is typical for undoped SnO; and generally ascribed to the competition of
H,O and the reducing gases for the same reactive surface species [20], [94]. In conclusion, this
prepared undoped SnO, material is a representative and adequate material for further research on

Sn0,-based gas sensors.
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5.2. Identification of the Reactive Oxygen Species on pristine Sn0:

The nature of the oxygen species on SnO,, which are involved in the gas sensing process, is one of the
most discussed and essential questions related to the understanding of the gas sensing properties of
Sn0, [19], [52]. The commonly accepted model for gas sensing with n-type SMOX like SnO,, is based
on the ionosorption of oxygen, which causes an electron depleted layer at the surface of the SMOX
grains. In the presence of a reducing gas a small fraction of the oxygen reacts with CO and is thereby
removed from the surface. The lower concentration of ionosorbed oxygen leads to a decrease of the
electron depleted layer (see 2.3. Working Principle of Tin Dioxide Based Gas Sensor) [52]. Based on
this model, sensing of reducing gases would only be possible in the presence of ionosorbed oxygen
species and thus only in the presence of atmospheric oxygen. However, it was found, that in the
absence of atmospheric oxygen, i.e. a few ppm of residual O,, the materials show a reversible
response to reducing gases [53], [128], [129]. In the case of CO or H, exposure, the sensor signals
exceeded the signals measured in air (20.5 vol% 0O,); interestingly, for but both gases no oxidation
product, i.e. CO; or H,0, was found in the exhaust. Based on these findings the formation of a test
gas related donor species, CO* or H* respectively, was proposed, which injects electrons into the
conduction band [53], [128], [129]. The increased electron concentration at the SMOX surface leads
to the formation of a narrow electron enriched region, which is denoted as accumulation layer. The
formation of such an accumulation layer and the consequent changes in the transduction, were
experimentally found in the absence of oxygen [53]. These findings allowed to extend the working
model based on ionosorption, summarized as follows: In pure nitrogen, there is no electron donor or
acceptor causing an accumulation or depletion layer, respectively. In the presence of oxygen, a
depletion layer is formed, which increases the resistance. In air the resistance changes due to
exposure to reducing gases are determined by changes of the ionosorbed oxygen concentration. In
the absence of oxygen, the adsorption of donor molecules leads to an accumulation layer and a
resistance decrease. The extended ionosorption model implies that in application conditions, i.e. in
dry and humid air, the resistance is always above the resistance in nitrogen, while during the
exposure of reducing gases in the absence of oxygen results in resistance below the resistance in
nitrogen [129]. However, it was experimentally shown for pristine SnO,, that in application relevant
conditions, namely in air (20.5 vol% O,) containing humidity (6 to 50 % r.h.), resistances below the
resistance in N, were found during CO exposure [130]. Consequently, the formation of an
accumulation layer and the associated processes are not limited to special ambient conditions and by
that gain a practical relevance besides the existing academic interest. However, in the presence of
oxygen, the occurrence of test gas related donor species (CO* and H*) is rather questionable and the
experimental evidence is missing. A good starting point to assess possible electron donor species is

theory. Theoretical calculations describe two possible interactions of CO with SnO, (101) and (110)
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surfaces, respectively [56], [57], [131]. One possible interaction is the reaction of CO with 2-fold
coordinated lattice oxygen (bridging oxygen) forming a carboxylate intermediate which desorbs as
CO; and creates an oxygen vacancy (see Reaction 14 and Reaction 15 in 2.2.5.3. Adsorption of Carbon
Monoxide and Carbon Dioxide). This process can be considered a reduction of the SnO, surface,
which involves charge transfer from the formed oxygen vacancy to the solid [56], [57]. The other
proposed interaction is the adsorption of CO on a Sn site (Reaction 17). The formation of a carbonyl
species bound to Sn is considered to be a possible intermediate during the CO oxidation [56], [57]. If
charge is transferred from CO to the solid, this interaction is considered the formation of a test gas
related donor species. However, the charge transfer from CO to the solid is 20 times less than the
one expected for the reduction of the SnO, surface [57]. Based on the differences in the associated
charge transfers, a rather high concentration of carbonyls should be present in order to have a
similar electronic effect to that of the formation of oxygen vacancies. If one of the models proposed
by the theoretical calculations is correct, the corresponding changes of the SnO, surface should be
measurable by operando spectroscopy. One of the most suitable operando spectroscopic techniques
is DRIFTS. The formation of carbonyl species should be associated with the appearance of a C=0
stretch vibration in the IR spectrum (2300 to 1800 cm™) [132]. The formation of an oxygen vacancy,
i.e. the removal of lattice oxygen, will cause a decrease of bands involving Sn-O bonds (see Figure 25)

and their corresponding overtone bands.

5.2.1. Operando DRIFTS investigation on the reactive oxygen species

To examine the two proposed donor species, a series of DRIFTS experiments was performed in dry
and humid (10 % r.h. at 25 °C) conditions. The DRIFT spectra of undoped SnO, exposed to 300 ppm

CO in dry and humid conditions is shown in Figure 27.
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Figure 27. DRIFT spectra of undoped SnO, exposed to 300 ppm of CO in dry (red) and humid conditions, 10 % r.h. at 25 °C,
(blue). The sensor temperature was 300 °C. The spectra were referenced to spectra recorded in dry or humid conditions,
respectively.
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According to the previously discussed findings, the resistance in dry air is controlled by a depletion
layer, while in humid air, a switch from depletion to accumulation layer controlled conduction is
observed [130]. However, in both conditions the exposure of CO affects the same bands, although
the observed effects are stronger in dry conditions. Four decreasing bands are observed in the
hydroxyl region; the bands at 3736, 3723 and 3631 cm™ are assigned to isolated hydroxyl groups,
while the broad band centred around 3425 cm™ is assigned to interacting hydroxyl groups [74], [94].
The presence of gaseous CO; in the pores of the sensing layer is indicated by the two bands centred
around 2348 cm™ [74]; the bands correspond to the two branches of the antisymmetric stretch
vibration of CO;[49]. Weak bands of gaseous CO are found at 2142 cm; the bands are stronger at
higher CO concentrations (see Supporting Figure 4). A series of decreasing bands is observed in the
fingerprint region at 1361, 1334, 1271, 1205, 1159, 1059, 1000 and 958 cm™. Assigning the bands in
the fingerprint region is rather complex, since bands of the C=0 stretch vibrations of carbonates and
carboxylates and hydroxyl deformation vibration of surface hydroxyl groups as well as bands of Sn-O
species or their corresponding overtones are found in this spectral range [132]. The single processes
responsible for the observed changes and the identification of the different bands in the fingerprint

region will be discussed in the following paragraphs.

The decrease of the hydroxyl concentration during test gas exposure is explained by the equilibrium
between hydroxyl groups with molecular water and surface oxygen [94]. In Reaction 20 the possible
reactions for the formation of surface hydroxyl groups (Reaction 9 to Reaction 12) are simplified and

adapted to the notation of Reaction 19.
HZOQas +0% 5 20H 3 +a-e” Reaction 20

Reaction 19

0" +CO0->CO,+a-e”

In the absence of a test gas, an equilibrium between surface oxygen and molecular water with
surface hydroxyl is established. An inevitable residual water vapour background of several ppm is
present even in dry air. If surface oxygen is removed by a reaction with a test gas (Reaction 19), the
equilibrium shown in Reaction 20 will be shifted to the right side (water vapour and surface oxygen).
Consequently, the concentration of surface hydroxyl groups decreases due to the exposure to a
reducing gas [94]. The appearance of CO, is directly associated with the gas reception; CO is oxidized
on the Sn0O,; surface and the concentration of the reaction product CO, increases. Isotopic labelled
CO (*2C0/*3C0) and water (H,0/D,0) were used to differentiate the bands in the fingerprint region. If
surface species contain carbon from CO or any proton, the corresponding isotopic labelling causes a
shift of IR band related to this surface species. Bands that are not shifted due to isotopic labelling are

related surface species that do not contain the targeted element. For possible species in the
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fingerprint region — carbonates/carboxylates, hydroxyls and metal oxygen species — the performed

12c0/13C0 and H,0/D,0 exchange experiments the following effects are expected:

e IR bands of carbonates or carboxylates, which are due to reaction of CO with the surface, will
be shifted by the 2CO/*3CO exchange

e IR bands related to hydroxyls, namely OH stretch and OH deformation vibrations, will be
shifted by the H,0/D,0 exchange

e |R bands that decrease during the exposure to a reducing gas and that are neither shifted by

the 2CO/*3CO nor H,0/D,0 exchange should be a reactive oxygen species

Table 2. Assignment of the IR bands on pristine based on literature and isotopic labelling experiments [42], [76].

Wavenumber 12C-13C exchange H-D exchange Assignment
[em?]
3736 no shift shifted O-H stretch, isolated/terminal
3723 no shift shifted O-H stretch, isolated/terminal
3631 no shift shifted O-H stretch, isolated/terminal
3425 no shift shifted O-H stretch, interacting
2348 shifted no shift C=0 stretch, CO; gas
2142 shifted no shift C=0 stretch, CO gas
1361 no shift no shift Sn-O/lattice overtone
1334 no shift no shift Sn-O/lattice overtone
1271 no shift no shift Sn-O/lattice overtone
1205 no shift no shift Sn-O/lattice overtone
1159 no shift no shift Sn-O/lattice overtone
1059 no shift no shift Sn-0
1000 no shift shifted Sn-OH deformation*
958 no shift shifted Sn-OH deformation*

*The H-D exchange causes changes below 1000 cm-! indicating that this region is dominated by Sn-OH deformation
vibrations. A detailed assignment of the surface hydroxyls is given in the next chapter (Table 3).

In case of the 2CO/3CO exchange (Supporting Figure 4), no shift is observed in the fingerprint region,
i.e. none of the IR bands are related to a carbonate or carboxylate species. For other undoped SnO;
materials, which were prepared by different synthesis routes or prepared by the same aqueous sol-
gel route and calcined at lower temperatures, the formation of carbonates is reported in literature
[68], [74], [133]. If carbonates were found, their formation is not caused by a direct reaction of CO
with the surface. It was shown that CO,, i.e. the reaction product of the CO oxidation, forms
carbonates. These carbonates have a very low impact on the resistance, i.e. carbonates are a
spectator species, which are actively not involved in the gas sensing process [133]. Thus, only the

bands of CO and CO, are affected by the 2CO/*3CO exchange. The presence of 3C0O, (2282 cm™)
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proofs that a fraction of 3CO (2094 cm™) is oxidized, i.e. CO reacts on the SnO, surface, but does not

form any of the expected reaction intermediates (carbonates/carboxylates).

In case of the H,0/D,0 exchange, strong effects are observed in the DRIFT spectrum. The four O-H
bands (3736, 3723, 3631 and 3425 cm™) are shifted to the O-D region; the corresponding O-D bands
are found at 2754, 2746, 2678 and 2532 cm’, respectively. The calculated shift factors (0.737 to
0.739) correspond to shift factors reported in literature [94]. Also the bands at 1000 and 958 cm™ are
affected by the H,0/D,0 exchange and thus should be Sn-OH deformation vibrations. The other
bands in the finger print region are not affected by the exchange experiment. The bands at 1361,
1334, 1271, 1205, 1159 and 1059 are assigned Sn-O vibrations or respectively their overtones. This
assignment is in line with corresponding bands reported in literature [42], [76]. The results of the

exchange experiments and assignment of the bands are summarized in Table 2.

Consequently, the oxidation of CO on pristine SnO; involves lattice oxygen, i.e. takes place by a Mars-
van-Krevelen mechanism [31], [134]. CO reacts with lattice oxygen forming CO,, which desorbs and
leaves an oxygen vacancy at the surface, i.e. the SnO, surface is reduced by CO (Reaction 21). For
typical operation temperatures of SnO; based gas sensors (300 °C), the oxygen vacancy will be fully
ionized, releasing the electrons to the conduction band [82]. Thus, the formed oxygen vacancies are
considered to be electron donors. The surface is (re-)oxidized by atmospheric oxygen in a subsequent
series of reactions. Such a reaction is imperative for a continuous CO, formation, which is
experimentally observed [53], [121], [135], as well as the recovery of the gas sensor, i.e. the
regeneration of the initial state of the surface. The re-oxidation of the surface by atmospheric, i.e.
molecular, oxygen requires the adsorption and dissociation of O, which subsequently fills the oxygen
vacancy and, thus, localizes electrons to form lattice oxygen. In the absence of experimental input,
two possible reaction paths for the re-oxidation can be proposed based on the above mentioned
theoretical calculations [56], [57]. Both paths start with the adsorption of molecular oxygen on an
oxygen vacancy (Reaction 22). In analogy to the discussed reactions for the oxygen adsorption on
Sn0, (see 2.2.5.1. Adsorption of Oxygen, Reaction 2 to Reaction 6), the molecular oxygen dissociates
and, by involving an oxygen vacancy and additional electrons, forms two lattice oxygen species
(Reaction 23). Another possible reaction path is the reaction of the adsorbed molecular oxygen
species with CO, forming CO, and lattice oxygen (Reaction 24). However, none of the intermediates

of the re-oxidation is observed by DRIFTS.

0o +C0—>C02+Vg++a-e— Reaction 21
VE +a-e” + 0, - (0y), Reaction 22
(02) +V5" +a-e” - 20, Reaction 23
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(02)o +CO > CO; + 0y Reaction 24

DRIFT spectra recorded during the exposure of H; in dry and humid conditions (Figure 28) show
similar effects on SnO; as CO exposure; namely a decrease of the hydroxyl and lattice oxygen species.
As expected for H, exposure, the bands assigned to CO and CO; are not found in the DRIFT spectra.
The bands observed in the fingerprint region during H, exposure are congruent with the bands
observed during CO exposure and, like for CO exposure, the effects are stronger in dry than in humid
conditions. Consequently, the oxygen species involved in the CO oxidation are also involved in the
reaction with H,. Analogous to the reception of CO, the reception of H; takes place by the oxidation
of H, to H,O, which consumes lattice oxygen and leads to the formation of oxygen vacancies

(Reaction 25).
Op +H; —>H20+V0a++0(-e_ Reaction 25

The re-oxidation of the SnO; surface is expected to take place by reaction steps similar to the ones

described in case of CO exposure.
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Figure 28. DRIFT spectra of undoped SnO; exposed to 300 ppm of H; in dry (red) and humid conditions, 10 % r.h. at 25 °C,
(blue). The sensor temperature was 300 °C. The spectra were referenced to spectra recorded in dry or humid conditions,
respectively.

In the case of CO and H, exposure in atmospheres containing ambient-like concentrations of O,, i.e.
20.5 vol%, the same surface processes are observed in dry and humid conditions. The reception of
both gases takes place by the oxidation of the test gases via a Mars-van-Krevelen mechanism,
creating oxygen vacancies, which act as electron donors. Whether and how this gas reception
mechanism is applicable to test gas exposures in the absence of oxygen is not clear. Experiments
performed in the absence of oxygen give insight in the reaction of O, or CO dosed in N, (Figure 29).
The exposure of O, causes an increase of the lattice oxygen bands, i.e. the oxygen species that react

with CO and H,, are formed by atmospheric oxygen. The increase of the hydroxyl groups is explained
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by the equilibrium described in Reaction 20. Vice versa, the exposure of CO in the absence of oxygen
causes a decrease of the IR bands at 1361, 1334, 2171, 1205 and 1059 cm™. These bands are the
same bands that are involved in the reaction of CO and H; in air. The CO exposure causes no
formation of CO; or related surface species, e.g. carbonyls, carboxylates or carbonates. Since the
theoretical calculations indicate, that CO adsorbed on a Sn surface site has a rather low electronic
impact [57], a high surface concentration of these species would be necessary to cause the strong
resistance changes in the absence of oxygen [129]. The absence of any CO-related surface species
eliminates the existence of a CO-related electron donor. These observations suggest, that in air and
in the absence of oxygen the same reactions take place at the pristine SnO, surface; namely a Mars-
van-Krevelen-like oxidation of the test gas, which reduces the SnO; surface. Thus, the same electron

donor species are formed in dry and humid air as well as in the absence of oxygen.
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Figure 29. DRIFT spectra of undoped SnO, exposed to 300 ppm O (blue) or 300 ppm of CO (red) in pure N (residual
oxygen: 2.7 ppm) The sensor temperature was 300 °C. The spectra were referenced to spectra recorded in dry or humid
conditions, respectively.

Taking CO as an example, the reduction and re-oxidation of pristine SnO; is summarized as a reaction
scheme in Figure 30. Reaction step 1 (Reaction 21) is the reduction of SnO; — or vice versa the
oxidation of CO to CO,. The subsequent re-oxidation of the surface is expected to proceed in two
steps, the adsorption of molecular oxygen (Reaction 22) and subsequent dissociation and ionization
forming lattice oxygen (Reaction 23 or Reaction 24). Assuming that the re-oxidation is the rate
limiting step of this CO oxidation, a certain concentration of oxygen vacancies will be formed for a
given CO and O, concentration. Based on this model for the gas reception, the trend observed for the
sensor signals in different oxygen backgrounds, namely increased sensor signals with decreasing
oxygen concentrations [129], is explained as follows: In air, the oxygen vacancies created by CO
oxidation will be easily filled by atmospheric oxygen, i.e. the re-oxidation dominates and only a low

oxygen vacancy concentrations is found in equilibrium conditions. If the oxygen concentration is
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decreased, the re-oxidation will get less dominant and the oxygen vacancy concentration increases.
The increased concentration of electron donors explains the increased sensor signals. In the absence
of atmospheric oxygen, the re-oxidation is limited to the residual oxygen concentration and comes
almost to a standstill, giving a strong rise to the oxygen vacancy concentration and consequently to
the sensor signals. The observed dramatic decrease of reaction products (CO,, H,0) in the exhaust
gas [129], [133] is in line with this explanation model: During the initial phase of the test gas
exposure, the reactive oxygen species are consumed, but not renewed due to the lack of re-
oxidation. Consequently, the oxidation of the test gases comes almost to a standstill and formation

of reaction products strongly declines.
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Figure 30. Proposed surface chemistry model for the reception of small reducing gases, e.g. CO, H,, on pristine SnO,
surfaces. The formation of oxygen vacancies, i.e. electron donors, depends on the interplay of reduction of the surface
(step 1, blue) and the re-oxidation of the surface (step 2 and 3, red).

The above described observations and the proposed gas reception model explain the switch from
depletion layer to accumulation layer controlled transduction in application-relevant conditions,
namely in humid air. Water vapour, as such, decreases the concentration of reactive oxygen species
(Supporting Figure 5), presumably by forming hydroxyl groups [68], [94], [135]. Thus, in humid air,
the concentration of reactive oxygen species is initially decreased and a lower fraction of the
reducing test gas is able to react with the surface, since less reaction partners (reactive oxygen
species) are available. Because the absolute water vapour concentration is typically one order of
magnitude higher than the test gas concentration, the interaction of water vapour with the surface
inhibits the interaction of the test gas with the surface, i.e. decreasing the reactivity. In conclusion,
the interference of water vapour with the gas reception mechanism leads to decreased sensor signal
(Figure 26) and less changes of the surface due to test gas exposure in humid air (Figure 27 and
Figure 28). If water vapour not only interferes with the reducing test gases but also affects the
oxygen adsorption, e.g. by hindering the interaction of molecular oxygen with the surface, the
(re-)oxidation will be affected by the presence of water vapour. Assuming, that the interfering effect
of H,0 is stronger for O, than a reducing gas like CO, the reduction of the surface can cause an

oxygen vacancy concentration high enough to cause the formation of an accumulation layer.
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However, since the surface is already reduced by the interaction with water vapour, the resulting
sensor signal, i.e. relative resistance change, caused by the exposure to a reducing gas is lower than

the one in dry conditions.

5.2.2. Operando UV/vis-DRS measurements

The involvement of lattice oxygen in the gas reception raises the question, whether only lattice
oxygen of the SnO; surface region or also that of the bulk is involved. Extrapolating the oxygen
mobility obtained from high temperature measurements (700 to 1000 °C) on single crystal samples
to the operation temperature of SnO,-based gas sensors (300 °C), the characteristic time for the
chemical oxygen diffusion is within seconds [136], [137]. In contrast, isotopic labelling experiments
utilizing 80, indicate, that below 425 °C (700 K) bulk oxygen of undoped SnO; is not exchanged with
atmospheric oxygen, while surface oxygen species are exchanged in this temperature range [63],
[138]. Thus, it is not clear whether the whole SnO, material or only the surface is reduced by the

interaction with a reducing gas at 300 °C.

The reduction of SnO; causes an increased absorption in the visible range [139]. This observation was
made for very small SnO, nanoparticles (average diameter 3 nm) during reduction in vacuum at
temperature between 200 and 500 °C; a reversible decrease of the absorption in the visible range is
observed during oxygen exposure above 200 °C [139]. In the case of such small nanoparticles a clear-
cut separation of surface and bulk region is rather impossible and the reduction of the whole grain is
expected. For the SnO, material studied in this work (average grain diameter of 99 nm, see Figure 24)
the existence of a bulk region is plausible. If oxygen from the bulk region is involved in the oxidation
of reducing gases in the absence of atmospheric oxygen, similar changes in the visible range as for
the very small nanoparticles should be observed. If only the surface region is affected by this
reaction, rather small changes in the visible range are expected. In order to experimentally assess
this question, operando UV/vis-DRS experiments were performed, including CO exposure in air as

well as O, and CO exposure in N,. The reflectance spectra are shown in Figure 31.
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Figure 31. UV/vis reflectance spectra of undoped SnO, recorded in different atmospheres at a sensor temperature of
300 °C: Dry air (a), 300 ppm CO in dry air (b), 3000 ppm O, in N; (c), pure N, (d) and 300 ppm CO in N; (e).

Indeed, the absorbance in visible range changes due to gas exposure. The lowest absorption is found
in dry air, while the highest measured absorption is recorded during CO exposure in N,. The other
atmospheres follow this trend sohe absorption in the visible range increases with more reducing
conditions. All observed changes in the absorption are reversible. A strongly pronounced increase of
the absorption, as reported for the very small SnO, nanoparticles [139], is not observed. However, if
the same experiment is done with an undoped SnO; material with a grain diameter of approximately
10 nm a strong increase of the absorption in the visible range is observed [98]. The correlation of the
surface area, which is reciprocal proportional to the grain diameter, and the absorption increase
caused by CO exposure in the absence of oxygen indicates, that at 300 °C the reduction takes place

only at the surface region of SnO..

The UV/vis-DRS measurements and the above cited isotopic labelling experiments exclude a
significant contribution of bulk oxygen to the gas reception process. Consequently, the superficial
reduction of SnO, will only affect the electron donor concentration at the surface and the

transduction model based on depletion and accumulation layer should be valid [52], [53], [80], [130].

5.2.3. Proposed model for the gas reception mechanism on pristine Sn0O;

In summary, the gas sensing mechanism of undoped SnO; in dry and humid air, as well as in the
absence of oxygen is based on the interplay of the reduction of the surface, i.e. reaction of the
reducing gas with lattice oxygen of the SnO, surface, and the re-oxidation of the surface by
atmospheric oxygen. Since the reduction is superficial, solely the electron donor concentration at the
surface is influence by the reduction or oxidation reactions. Assuming, that in the absence of reactive
gases, like O,, CO, H,, H,0, the compositions of the surface and bulk of the SnO, grain are the same,

the same concentration of electron donors is found. Thus, in pure nitrogen (Figure 32a) the bands at
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the surface are flat. This assumption is in agreement with the experimental determination of the flat
band situation, i.e. the transition from a depletion layer (upwards band bending) to an accumulation

layer (downwards band bending) [53], [81], [130].

Figure 32. Proposed relation of the SnO, surface composition and space charge layer as a function of the atmospheric
composition: Pure N; (a), O-N, mixtures or air (b), CO exposure in N2 (c) and CO exposure in air (d). Depending on the
atmospheric composition a depletion layer (yellow) or accumulation layer (brown) is formed; the electronic situation of
the bulk is coloured in orange. In order to simplify the representation, only the reactive oxygen sites are shown in the
graphics.

For an undoped SnO»-based gas sensor at an operation temperature of 300 °C the following situation
will be found: If oxygen is present in the atmosphere (Figure 32b), oxygen vacancies at the surface
are filled and charge is trapped at the formed lattice oxygen species, thus the donor concentration at
the surface is lower than the one in the unaffected bulk region. This process causes a depletion layer,
i.e. an upwards band bending, and consequently the resistance of the sensing layer increases. If in
the absence of atmospheric oxygen CO is present in the atmosphere (Figure 32c), surface oxygen
reacts with CO, but due to the lack of re-oxidation the surface gets strongly reduced. The electron
donor concentration at the surface is higher than in the bulk and an electron accumulation layer is
formed (downwards band bending). If CO and O, are present in the atmosphere (Figure 32d), the
surface oxygen formed by atmospheric oxygen will be removed during the oxidation of CO to COy;

due to the continuous re-oxidation of the surface, only a small fraction of oxygen is removed in
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equilibrium conditions. Consequently, the dynamic interplay of surface reduction and re-oxidation
determines the surface oxygen vacancy concentration. For high oxygen concentration and in the
absence of an interfering gas, e.g. in dry air, this will lead to a decrease of the electron depletion
layer. However, in lower oxygen backgrounds or due to an interfering gas like H,0, the surface
oxygen vacancy concentration is higher than the one in the bulk, i.e. an accumulation layer is formed
(Figure 32c). This interplay of surface reduction and re-oxidation should be valid for reducing gases
with a rather simple surface chemistry like CO or H,, which do not form reaction intermediation at
the surface. However, for reducing gases with a complex surface chemistry, e.g. volatile organic
compounds, the formation of intermediate species at surface is expected. If these intermediates
have to be further oxidized to be removed from the surface, the situation may differ and this model

is no longer applicable.
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5.3. Surface Chemistry of Water Vapour and Hydroxyl Groups

Water vapour is an omnipresent interfering gas in ambient conditions. A great deal of research has
been dedicated to understand the interaction of water vapour with SMOX [12], [52], [59], [68], [94],
[140], and to create materials with a gas sensing performance, which is less influenced by the water
vapour concentration [8], [9], [11], [20], [102], [141], [142]. Water vapour as such is a reducing gas
and the common model assumes, that water reacts with surface oxygen forming hydroxyl groups and
oxygen vacancies [12], [52]. Indeed, the DRIFT spectrum recorded during H,O exposure (Supporting
Figure 5) indicates a decrease of the Sn-O species. However, instead of an increase of the hydroxyl
concentration, a decrease of the overall hydroxyl group bands is also observed. Nevertheless, for
differently prepared SnO, gas sensing materials measured under the same conditions, an increase of
the IR bands assigned to rooted and interacting hydroxyl groups is observed. Also, the intensities of
pre-existing, isolated hydroxyl groups decrease, presumably due to the interaction of the formed
hydroxyl groups with the pre-existing ones [68], [133]. This indicates the formation of additional
hydroxyl groups on these materials. Thus, the question arises why the hydroxyl band intensity
decreases for this material due to the exposure to water vapour and which factors influence the

adsorption of water vapour.

The effect of temperature on the adsorbed water vapour species is well reported in literature and is
likely to influence the adsorption of H,O on Sn0O; [52], [59], [64]. To study the effect of temperature
on the chemistry of water vapour on Sn0O,, a series of DRIFT spectra was recorded at different
temperatures: room temperature, 150 °C, 250 °C, 300 °C and 400 °C. The DRIFTS experiments are
complemented by additional in-situ DRIFTS, CO sensing and CO conversion measurements between
100 and 400 °C, measured in 50 °C steps. Freshly prepared sensors were measured to avoid effects of

measurement history, especially during the measurements at lower temperatures.

5.3.1. DRIFTS study on the temperature dependence of water adsorption

The DRIFT spectrum recorded during H,O exposure at room temperature (Figure 33, red spectrum)
shows a decrease of all isolated OH groups (see highlighted bands in Figure 33), while the broad band
(3700-2600 cm™), which is related to interacting OH groups, increases. Corresponding to the
decreased OH stretch vibrations, the Sn-OH deformation vibrations at 979, 963 and 895 cm™ are also
decreased. Furthermore, the increase of a band at 1637 cm™ indicates the formation of physisorbed
water at the SnO, surface [66]. Additional information on the hydroxyl composition of the surface is
obtained from the D,0 spectrum referenced to dry air (Figure 33, blue spectrum). The exchanged, i.e.
decreasing, bands in the hydroxyl region reflected the hydroxyl composition in dry air while the
bands formed in the OD range correspond to the hydroxyl bands present in humid conditions. The

additional benefit of the D,0 spectrum, besides the verification of the OH band assignments due to
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the shift values, is the identification of OH bands that are only weakly influenced by water vapour.
They are, in this case the O-H stretch vibration at 3480 cm™ and the presumed corresponding Sn-OH
deformation mode at 1264 cm™. Combining the information from the H,O and D,0O spectra, the
following situation is found at room temperature: In dry air, the surface is already covered with
various isolated as well as interacting hydroxyl groups. If water vapour is present in the atmosphere,
the bands of the isolated hydroxyl groups decrease, due to the interaction with molecular water,
which attenuates the OH vibrations [143], [144], thus causing an increase of the broad band assigned
to interacting hydroxyl groups. The massive increase of this broad band and the band at 1637 cm™
are caused by physisorbed water. In conclusion, at room temperature the adsorption of molecular
water dominates; molecular adsorption involves weakly bound physisorbed species and water
molecules which coordinate via H-bonds with surface hydroxyl or oxygen species, referred as

associative water adsorption.
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Figure 33. DRIFT spectra of undoped SnO; exposed to H.O in dry (red) and DO (blue) recorded at room temperature. The
water concentration was 10 % r.h. at 25 °C. The spectra were referenced to a spectrum recorded in dry. The
corresponding isotopic exchange spectrum is shown in Supporting Figure 6.

The spectra recorded at 150 °C (Figure 34) and 250 °C (Figure 35) show a decrease of the hydroxyl
bands in dry air with increasing temperature. At both temperatures, the exposure of water vapor
causes a decrease of the isolated hydroxyl groups at 3726, 3671, 3595, 3555 and 3479 cm™. The
bands at 3711, 3626 and 3522 cm™ appear not to be affected by the presence of water vapour. The
spectra show no indication of water physisorption. The H,0 spectrum recorded at 150 °C shows no
noticeable change of the broad adsorption band related to interacting hydroxyl groups. However, it is
not clear whether there is no change in the concentration of interacting hydroxyl groups, or the
formation of additional interacting hydroxyl groups is compensating it. The spectrum recorded at

250 °C shows a low decrease of the band related to interacting hydroxyl groups. However, at both
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temperatures, the D,0 spectra clearly show an exchange of interacting OH groups, i.e. interacting OH

groups are present in dry air and in sum not (150 °C) or little (250 °C) affected by water vapour.
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Figure 34. DRIFT spectra of undoped SnO, exposed to H,O in dry (red) and D,0 (blue) recorded at an operation
temperature of 150 °C. The water concentration was 10 % r.h. at 25 °C. The spectra were referenced to a spectrum
recorded in dry. The corresponding isotopic exchange spectrum is shown in Supporting Figure 7.
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Figure 35. DRIFT spectra of undoped SnO, exposed to H.O in dry (red) and D,O (blue) recorded at an operation
temperature of 250 °C. The water concentration was 10 % r.h. at 25 °C. The spectra were referenced to a spectrum
recorded in dry. The spectra were referenced to a spectrum recorded in dry. The corresponding isotopic exchange
spectrum is shown in Supporting Figure 8.

A series of decreased Sn-O related bands (1357-1326, 1213-1206 and 1062 cm™) is found in the
fingerprint region. Since no formation of additional hydroxyl groups is observed, the decrease is
assumed to be rather related to the formation of H-bonds (Reaction 8) than to a reaction with H,O
forming hydroxyl groups (Reaction 9 to Reaction 12). At 150 °C a series of additional decreasing
bands is observed at 1543, 1520 and 1427 cm; these bands are not exchanged by D,O and are
assigned to overtones of Sn-O-Sn species [76]. The DO exposure reveals Sn-OH deformation

vibrations at 1252, 981, 958 and 887 cm for 150 °C and at 1241, 986, 958 and 896 cm™ for 250 °C.
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The absence of physisorption is in agreement with previous TPD and IR studies, which determined
that maximum of the desorption of physisorbed water is at 100 °C [59], [64], [66]. The decrease of
OH and Sn-0 bands at the same time, suggests rather an associative adsorption of molecular water
by the formation of H-bonds than the formation of new hydroxyl groups. In literature, the range of
molecular water adsorption is reported up to 200 °C [52], i.e. associative adsorption at 250 °C is still

likely.

The spectra recorded at 300 °C (Figure 36) show distinct differences to the previous temperatures.
The D,0 spectrum reveals a strong decrease of the hydroxyl groups present in dry air; the bands at
3589 and 3550 cm™ are missing and the band at 3668 cm™ is only visible as a weak shoulder. In the
presence of water vapour the hydroxyl bands present in dry air are either decreasing (3723 and
3627 cm™®) or remain unaffected (3520 and 3478 cm™). However, the bands that were found to be
removed at 300 °C, 3668, 3589 and 3550cm, show an increase in the presence of water vapour. The
broad band related to interacting hydroxyls is almost not affected by water vapour; the increased
band centred around 3325 cm? indicates a possible low increase of interacting hydroxyls. The
formation of hydroxyl bands, which are not present in dry air, clearly shows a dissociative adsorption
of H,0, i.e. the reaction of H,O with surface oxygen to form hydroxyl groups. The attenuation of the
bands of the pre-existing OH groups is related to an interaction with water molecules as well as the

new formed hydroxyl groups.
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Figure 36. DRIFT spectra of undoped SnO, exposed to H;O in dry (red) and D,O (blue) recorded at an operation
temperature of 300 °C. The water concentration was 10 % r.h. at 25 °C. The spectra were referenced to a spectrum
recorded in dry. The spectra were referenced to a spectrum recorded in dry. The corresponding isotopic exchange
spectrum is shown in Supporting Figure 9.

The differences of the spectra recorded at 300 °C during the temperature study of water adsorption
(Figure 36) and recorded during the study to determine the donor species (Supporting Figure 5) is

clearly seen in the trends observed for H,O exposure, as well as in the composition of hydroxyl
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groups: the previously discussed spectrum (Supporting Figure 5) does not show OH bands at 3589,
3550, 3520 and 3478 cm™. The differences are most likely related to an aging effect because in
experiments to determine the nature of the donor species the used sensor was previously measured
several times in various conditions. For the temperature study a set of new sensors was used. This
explanation is confirmed by the comparison of spectra of the older sensor batch measured at
different points of time (Supporting Figure 10). Initially, the spectrum recorded from an old sensor is
similar to the one recorded from a freshly prepared sensor. The spectra recorded afterwards show
less OH bands and correspond to the spectrum in Supporting Figure 5. Thus, an aging of the undoped
Sn0; surface has a strong effect on the hydroxyl composition and reaction with water vapour;

however, a systematic study of the aging effect is beyond the scope of this work.
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Figure 37. DRIFT spectra of undoped SnO, exposed to H,O in dry (red) and D,O (blue) recorded at an operation
temperature of 400 °C. The water concentration was 10 % r.h. at 25 °C. The spectra were referenced to a spectrum
recorded in dry. The corresponding isotopic exchange spectrum is shown in Supporting Figure 11.

At 400 °C the spectra reveal a situation, which is very different from the one found at lower
temperatures (T < 250 °C). In dry air the number of isolated hydroxyl groups strongly decreases and
only two bands are found at 3719 and 3627 cm™. Compared to lower temperatures the broad band
related to interacting hydroxyl also decreases. In the presence of water vapour a strong increase of
the interacting hydroxyl groups and the formation of hydroxyl bands at 3668, 3520 and 3478 cm
(OH stretching vibration), and 1239 cm™ (Sn-OH deformation vibration) is observed. Since the OH
stretching modes at 3520 and 3478 cm™ and the Sn-OH deformation mode (1239 cm™) are absent in
dry air but increase in the presence of water vapour, it can be deduced that these bands belong to
the same hydroxyl species, which are, according to the position of OH stretch vibration band, rooted
hydroxyls. The intensity of the pre-existing OH bands (3719 and 3627 cm™) decreases due to water
vapour exposure. The effect of water vapour exposure at 400 °C is dominated by the dissociative

adsorption of water, which causes a strong increase of hydroxyl groups. The spectrum recorded
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during H,0 exposure at 400 °C (Figure 37) shows a similar increase of hydroxyl groups, as reported
for different SnO, materials measured at 300 °C [68], [133]. Based on this observation it can be
concluded, that the properties of SnO, and the operation temperature of the gas sensor have a

strong influence on the interaction of water vapour with the SnO; surface.

Table 3. Assigned hydroxyl related absorption bands found at different temperatures in dry air and the effect of water
vapour. The hydroxyl bands were assigned according to literature [68], [76], [94], [108], [122].

Wavenumber r.t. 150 °C 250 °C 300 °C 400 °C Assignment
[em?]
3728-3719 P, - P, - P, - P, - P, + terminal hydroxyl group
3712 P, - terminal hydroxyl group
3671-3668 P, - P, - P, - P, + P, - terminal hydroxyl group
3662 P, - terminal hydroxyl group
3649 P, - terminal hydroxyl group
3627-3625 P, - P, - P, - P, - P, - terminal hydroxyl group
3603 P, - terminal hydroxyl group
3589 N, + terminal hydroxyl group
3554 P, - P, = P, - N, + rooted hydroxyl group
3525-2520 P, - P, = P, - P, - N, + rooted hydroxyl group
3480-3478 P, - P, - P, - P, - N, + rooted hydroxyl group
3600-2500 P, + P, = P, - P, + P, + Interacting hydroxyl groups
1637 N, + H,0 (physisorbed)
1264-1239 P, = P, = P, = P, = N, + Sn-OH (rooted)
986-979 P, - P, = P, + P, + P, + Sn-OH
963-958 P, - P, = P, = Sn-OH
896-881 P, - P, = P, + P, = P, - Sn-OH

P: pre-existing group, N: not pre-existing group
- : decreased during water exposure, = : apparently not affected by water vapour, + : increased during water exposure

The results of the DRIFT spectra recorded at different temperatures are summarized in Table 3.

Depending on the temperature, the following trends can be identified:

e Physisorbed water is only observed at room temperature in humid conditions. The absence
of physisorbed water for T > 150 °C is supported by TPD measurements, which report the
corresponding desorption peak around 50 to 100 °C [59], [64].

e  With increasing temperature, the number of hydroxyl groups decreases. The strong decrease
of hydroxyls above 250 °C, best observed in dry air, correlates well with the onset of the
second water desorption peak observed in TPD measurements, which has a maximum

between 400 to 450 °C [59], [64]. This desorption peak is explained by the desorption of
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dissociativly adsorbed water, i.e. the combination of two hydroxyls forming molecular water
and surface oxygen (see Reaction 9) [65].

e At 150 and 250 °C the presence of water vapour attenuates the hydroxyl stretching vibration.
This effect is best explained by the formation of H-bonds between the water molecules and
the surface hydroxyl groups [143], [144].

e At 300 °Cand 400 °C the exposure of water vapour causes an increase of hydroxyl groups on
the surface. The effect gets stronger if less pre-existing hydroxyl groups are present, i.e. at
higher temperatures.

5.3.2. Proposed model for the interaction of water with the SnO; surface

According to the DRIFT spectra recorded at different temperatures, there are three different regions
of interaction between water vapour and the SnO; surface (see Figure 38). At low temperatures (T <
100 °C) the physisorption of water dominates. If the temperature is too high for physisorption, but
too low to remove surface hydroxyl groups, water forms H-bonds with the surface hydroxyl groups
and the associative adsorption of water dominates. If the temperature is high enough to remove
hydroxyl groups, an increase of the water vapour concentration results in the formation of hydroxyl
groups, i.e. the dissociative adsorption of water dominates and the concentration of surface hydroxyl
groups depends on the concentration of water vapour in the atmosphere.
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Figure 38. Schematic representation of possible interactions of water vapour with the SnO, surface chemistry at different
temperatures: Dominant physisorption at low temperatures (left), associative adsorption of water due to H-bond
formation at intermediate temperatures (middle) and dissociative adsorption of water forming hydroxyl groups at high
temperatures (right). The situation of the surface in dry air is shown in the top row, the situation in the presence of
water vapour in the bottom row.

In addition to temperature itself, there are further parameters that influence the adsorption of
water. In particular, the properties of the SnO; surface itself have a strong influence on associative
and dissociative water adsorption. Theoretical and experimental works on (101) and (110) surfaces
describe the role of surface oxygen, oxygen vacancies and pre-existing hydroxyl groups [71]-[73].

Theoretical calculations for the (101) surface (see Figure 6 d and e) show, that on a fully reduced, i.e.
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Sn-terminated, surface water is only adsorbed weakly as water molecules; while on the
stoichiometric, i.e. Sn- and O-terminated, surface dissociative water adsorption is preferred [73].
Experimental investigations on H,O adsorption on (101) surfaces, which utilize Ultraviolet
Photoelectron Spectroscopy (UPS), reveal that water has a stronger influence on the stoichiometric
surface and corroborates the differences between reduced and stoichiometric surfaces found by
theoretical calculations [73]. A similar trend is found for the (110) surface; theoretical calculations for
the stoichiometric, partially oxidized and partially reduced (110) surface show a dependency of
associative or dissociative water adsorption on the surface oxygen coverage [71]. The comparison of
the water adsorption on the stoichiometric surface and the partially oxidized surface — 50 % of a
monolayer of atop oxygen species added — shows an increase of associative water adsorption due to
an increased formation of H-bonds between water molecules and surface oxygen. Oppositely, for a
partially reduced surface — removal of 50 % of the bridging oxygen species — an increase of
dissociative water adsorption is observed [71]. The observed dependency of the surface oxygen
coverage, is corroborated by experimental results, obtained by UPS and TPD studies, which show an
increased associative adsorption of water on Sn0O; (110) surfaces with a low oxygen vacancy
concentration [72]. However, in line with the observation for the reduced SnO; (101) surface, for
high oxygen vacancy concentrations, a decrease of the dissociative adsorption is found for the SnO,
(110) surface, too [72]. Regarding the effect of the pre-existing surface hydroxyl groups on the water
adsorption on the SnO; surface, fewer results are reported in literature. According to theoretical
calculations, pre-existing hydroxyl groups have a stabilizing effect on associatively adsorbed water,
thus increasing associative water adsorption on SnO, [71]. The above described surface properties
depend on temperature [52], e.g. as demonstrated by the evolution of the hydroxyl groups in dry air
(see Figure 38) and on the basic material properties, which ultimately are determined by the material
preparation process. In fact, the different effects of water vapour on two differently prepared SnO,
materials, measured under the same conditions, are explained by the material/surface composition:
Comparing the less oxygen deficient SnO, material studied in this work with a more defect rich SnO,
[10], [34], [98], obtained by the same sol-gel route but calcined at 450 °C (8 h), the transition from
dominant associative water adsorption, indicated in the DRIFT spectra by an attenuation of pre-
existing hydroxyl groups, to dissociative water adsorption, indicated by an overall increase of the
hydroxyl groups in the DRIFT spectra, occurs at different temperatures: For the material calcined at
1000 °C (8 h) the transition is found around 300 °C (Figure 39), while for the material calcined at 450
°C (8 h) the transition already occurs at 250 °C (Figure 40). Below the corresponding transition
temperatures, water vapour causes a strong attenuation of the hydroxyl vibrations on both
materials; while above the transition temperatures a clear increase of hydroxyl groups is observed.

These results obtained from in-situ DRIFTS on SnO, powders not only highlight the role of the
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material properties on the adsorption of water, but also demonstrate that same processes occur on

both samples, although the temperature dependence of these processes is different.
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Figure 39. In-situ powder DRIFT spectra of SnO; calcined at 1000 °C (8 h) during the exposure to 10 % r.h. (25 °C) at

different operation temperatures: 200 °C (blue), 250 °C (green), 300 °C (orange) and 350 °C (red). The spectra are
referenced to spectra recorded in dry air at the corresponding operation temperature.
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Figure 40. In-situ powder DRIFT spectra of SnO; calcined at 450 °C (8 h) during the exposure to 10 % r.h. (25 °C) at
different operation temperatures: 200 °C (blue), 250 °C (green), 300 °C (orange) and 350 °C (red). The spectra are
referenced to spectra recorded in dry air at the corresponding operation temperature.

The presented operando and in-situ DRIFT spectra of SnO, reveal that the interaction of water
vapour with the SnO; surface changes significantly within the operation temperature range of SnO,-

based gas sensors (200 to 400 °C) and depends on the surface properties of the SnO, material.

5.3.3. Electrical impact of the different adsorbed water species

The effect of the differently adsorbed water species on the sensor resistance was investigated by a
series of DCR measurements in addition to the one recorded during the operando DRIFTS

measurements (Figure 41).
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Figure 41. DC resistance measurement of undoped SnO, measured in dry and humid air (10 % r.h. at 25 °C) at different
operation temperatures (left) and the correspondingly calculated sensor signal of water vapour (right). The DCR
measured during operando DRIFTS (r.t., 150, 250, 300 and 400 °C) is shown in blue; the DCR recorded between 100 °C
and 400 °C in 50 °C steps are shown in red. The resistance in dry air is represented by empty symbols/dotted lines and
the one in 10 % r.h. by filled symbols/straight lines.

Above 200 °C, the measurements match quite well, however, at lower temperatures (150 °C) a
strong difference in the measured resistances is found, which is not uncommon for low temperature
measurements which tend to show a memory effect of high temperature treatments, namely the
annealing during the sensor fabrication or previous measurements at higher temperatures. The latter
can be excluded, since fresh samples were used. Both samples belong to the same batch, but were
measured at different points in time, thus a decaying effect of the sensor annealing is a possible
reason for the differences below 200 °C. However, regarding the temperature dependency of the
sensor resistances in dry and humid air both measurements show the same qualitative trends. In
both cases a distinct increase of the resistance is observed around 200 °C. Generally, the resistance
of a semiconductor decreases with increasing temperature; in the case of SnO; the distinct resistance
increase is assigned to the ionosorption of oxygen, which causes a depletion layer [19], [52]. The
onset of the formation of active oxygen species at the SnO; surface is corroborated by CO sensing
and CO oxidation measurements in the same temperature range (Supporting Figure 12), which show
no CO conversion and only extreme weak sensor signal below 250 °C. Therefore, it can be assumed
that the surface is not reactive below 250 °C. Regarding the effect of water vapour two general
observations are made: in humid conditions the resistance is always lower than in dry air, i.e. the
effect of water vapour is always a reducing one, and this reducing effect is observed for the whole
temperature range measured - with a maximum around 250 °C. It is remarkable that the reducing
effect occurs even in the absence of reactive oxygen species. According to the DRIFT spectra (Figure

34 and Figure 39) associative adsorption of water dominates at low temperatures. At room-
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temperature, i.e. in the case of physisorption of water, ionic conduction, e.g. by protons, cannot be
excluded. However, above 100 °C a contribution of ionic conduction is not likely, and due to the lack
of experimental evidence for hydroxyl formation, it is also not likely that the reducing effect is causes
by the formation of hydroxyl groups by a reaction with lattice oxygen creating hydroxyl groups
(Reaction 10 and Reaction 11) [12]. The absence of reactive oxygen species also excludes a reducing
effect due to the displacement of reactive oxygen by water vapour [52]. Thus, the resistance
decrease observed below 200 °C only can explained by adsorbed water molecules acting as electron
donors [69]. Between 200 and 300 °C the associative adsorption of water is still the dominant
process (Figure 34 and Figure 39) and the donor effect of the water molecules still contributes to the
resistance decrease caused by water vapour. Surprisingly, water vapour has the strongest impact in
this temperature region, although the surface concentration of water molecules, i.e. the electron
donor, is actually expected to decrease with increasing temperature. However, the displacement of
ionosorbed oxygen due to water molecules, which block the surface and thus hinder the adsorption
of oxygen, is in line with the observed surface reduction in DRIFTS (Figure 35 and Figure 36). Above
300 °C the dissociative adsorption of water dominates, resulting in a restoration of desorbed
hydroxyl groups. The rise in dissociative adsorption correlates with a distinct decrease of the
reducing effect (Figure 41); since the hydroxylation caused by water vapour exposure increases with
temperature, while the reducing effect decreases, the reaction of water vapour with the surface is
charge neutral (Reaction 12) [68] instead of reducing (Reaction 10 and Reaction 11) [12]. The
progressive decrease of the reducing effect with increasing temperature is attributed to a decrease
of associatively adsorbed water species, due to the reaction, i.e. dissociative adsorption, and
desorption. Based on the experiments presented in this work three different (temperature) regions

are found for the interaction of water vapour with the surface and the resulting resistance changes:

o At low temperatures, i.e. below the onset of the oxygen ionosorption, associative adsorbed
water acts as an electron donor and causes a resistance decrease

e At temperature above the onset temperature of oxygen ionosorption at which associative
water adsorption is still the dominant process, the adsorbed water molecules still act as a
donor, but additionally displace some of the ionosorbed oxygen, causing a strong change of
the sensor resistance

e At high temperatures, more precisely after the partial desorption of hydroxyl groups,
dissociative water adsorption dominates and water vapour restores some of the desorbed
hydroxyl groups. Overall, the dissociative adsorption of water is found to have low impact on

the resistance and is related to the charge neutral reaction
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5.3.4. Conclusions on the interaction of water vapour with the Sn0O; surface

In conclusion, the results of the in-situ/operando DRIFTS and DCR investigations on the interaction of
water vapour with the SnO, surface revealed that the nature of the dominant interaction —
physisorption, associative or dissociative adsorption — depends on the operation temperature as well
as the properties of the SnO,. The electronic effect of water strongly depends on the nature of the
interaction. Associatively adsorbed water acts as an electron donor and displaces surface oxygen, i.e.
indirectly reduces the surface. The dissociative adsorption of water has a low impact on the
resistance. In the above discussed results, no correlation is found between hydroxyl formation and a
strong reducing effect, thus it is deduced that dissociative water adsorption proceeds preferentially
by a charge neutral reaction. However, associative and dissociative adsorption of water affect the

reactive oxygen species, i.e. lower the reactivity of the surface and interfere with the gas reception.
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6. The Impact of Platinum on the Gas Sensing Mechanism

The enhanced gas sensing properties of noble metal loaded SMOX are well reported in literature
[84], [86], but the role of noble metal dopants in the reception and transduction is still matter of
debate. Especially in the case of Pt, which is found in a large number of possible structures, the
identification of structure-function-relationships is rather challenging and current experimental
evidence linking the structure of the Pt loading and gas sensing is fragmentary. One exception are the
investigations on atomic Pt sites in SnO,, which combine the determination of the Pt structure —
including the one in operation conditions, operando spectroscopic studies of Pt-related changes in
the surface chemistry and the evaluation of the impact on the electronic properties of SnO; [20],
[22], [23]. If Pt is homogenously distributed in the SnO; lattice, the surface chemistry is changed due
to an additional activation of lattice oxygen bound to Pt [20], [145]. In case of CO sensing, Pt offers
specific adsorption sites for CO improving the CO sensing performance in humid conditions by
separating the interaction of CO with the surface from the interaction of water vapour with SnO,
[20]. Furthermore, Pt acts as an electron acceptor, shifting the Fermi level to lower energies and
creating an additional surface band bending; the determined initial band bending by Pt is much
smaller than the one of Al or Pd incorporated in the SnO; lattice [23]. These studies demonstrate the
complex role of noble metal dopants. In the case of inhomogeneously dispersed Pt, i.e. if Pt forms a
separate phase, comparable systematic studies are missing even if this is mostly the case for
commercial sensors. Already the determination of the Pt structure is controversial. In case of high Pt
loadings, TEM pictures show the presence of metallic Pt [146], [147], while X-ray photon electron
spectroscopy indicates oxidized Pt for low loadings [11], [148]. The results presented in the following
chapter systematically describe the structure of different Pt-loadings on SnO; introduced by the
powder impregnation method, the resulting chemical and electronic changes of the material and

their impact on the gas sensing process.
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6.1. Structure of the Platinum Loading

The samples were prepared by the powder impregnations process described above (see 4.1.1.
Powder Preparation). The Pt content of the prepared materials was analysed by ICP-OES. For the
samples with the nominal loadings of 0.2 wt% and 2.0 wt%, Pt contents of 0.0568+0.0008 wt% and
0.2030£0.0010 wt% were found, respectively. Assuming that all Pt is located on the surface of SnO,
grains with a diameter of 100 nm (Figure 24), the approximated surface concentrations of Pt are 1.4
wt% and 5.1 wt%, respectively. For the sake of simplicity, the nominal loadings will be used to

identify the samples in the following discussion.

Knowing the exact structure of the Pt loading is fundamental in order to understand and describe its
role in the gas sensing process, i.e. its impact on the gas reception and transduction. Determining the
structure of noble metals dopants is rather challenging, since common techniques like XRD are not
suitable due to the lack of large and well-ordered noble metal structures [90]. Electron microscopic
techniques can provide essential information on size and dispersion of noble metals [25]; however,
the information is gathered under conditions far from realistic application conditions. A suitable
method to study the structure and oxidation state, even of small and amorphous, noble metal
loadings in gas sensing materials is XAS [116]. The ex-situ XANES of 0.2 wt% and 2.0 wt% Pt-doped
Sn0O; are shown in Figure 42 (left). For comparison, additional XANES spectra of reference substances
(Pt foil and PtO,) are shown. The position of the whiteline (first absorption maximum after the edge
step) depends on the oxidation state of the absorbing element and is shifted to higher energies with
increasing oxidation state [118]. The XANES spectra of the two Pt-doped SnO, materials match with
the PtO; reference, i.e. Pt is present in +4 oxidation state. The visual inspection of the Fourier-
transformed EXAFS (Figure 42, right) shows similar features for the Pt-doped SnO, materials and the
PtO, reference. The first coordination shell of the Pt-doped SnO, samples and PtO; is found to be the
same. However, especially the contributions corresponding to the 2" and 3" coordination shells (R >
2 A) show differences. In case of other Pt-doped SnO, materials these differences are attributed to a
contribution of Sn backscatters [22], [92]. The quantitative analysis of the EXAFS reveals a
contribution of Pt and Sn backscatters in the 2" and 3™ coordination shell of Pt-doped SnO, [149],
[150]. Thus, the structure of the Pt loading is similar to the one of PtO; and the formed PtO,-like
oxide phase in close contact to SnO,. The proposed structural model for the Pt loading on SnO; is the
formation of small Pt oxide clusters on the SnO; surface, as shown in Figure 43. Due to the strong
contribution of Sn backscatters in the outer coordination shells, it is concluded that the Pt oxide

clusters are rather flat.
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Figure 42. Normalized XANES spectra (left) and the baseline subtracted and Fourier-transformed EXAFS (right) of ex-situ
X-ray absorption spectra recorded from 0.2 wt% (green) and 2.0 wt% (red) Pt-doped SnO,. The corresponding reference
substances are shown in blue, Pt foil as a dashed line and PtO; as a dotted line.
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Figure 43. Proposed structure of the Pt oxide clusters formed on SnO.. In order to avoid the impression of a refined
structural model obtained by theoretical calculations, the structure is shown in a simplified two-dimensional cross-
section instead of a ball-stick model of a single crystal surface.

To study the size and dispersion of the Pt dopant the samples were studied by TEM. The HAADF-
STEM image of 2.0 wt% Pt-doped SnO; (Figure 44, left) shows only a few metallic clusters (3-5 nm) on
the Sn0O, grains. A detailed analysis of the surface by HR-TEM (Figure 44, right) shows in addition to
the metallic clusters the presence of very small (< 1 nm) amorphous oxide clusters on the surface of
the SnO; grains. Regarding the results from the ex-situ XAS, the amorphous clusters are identified as
very small Pt oxide clusters in close contact with the SnO, surface. The presence of metallic Pt is in
contradiction with the results from XAS, but if the same image section is observed for a longer period
of time (Figure 45), the amount of metallic Pt clusters increases, i.e. metallic Pt is formed due to the
exposure to the electron beam, which reduces the Pt oxide clusters. Thus, the presence of metallic Pt
is attributed to the measurement conditions so Pt actually is present as Pt oxide clusters. The formed
metallic clusters (Figure 44, right) demonstrate the high and even dispersion of the Pt on SnO,, i.e.

the Pt doping homogeneously affects the SnO; surface and thus the whole sensing layer.
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Figure 44. HAADF-STEM (left) and HR-TEM (right) imanges of 2.0 wt% Pt-doped SnO,. The identified Pt oxide or metallic
clusters are highlighted in blue or red, respectively.

Figure 45. HAADF-STEM images of 2.0 wt% Pt-doped SnO, after 0, 1 and 5 min exposure to the electron beam (see
annotations in the top right corner).

The reducibility of the Pt oxide clusters is also observed during temperature programmed reduction
(TPR) in 0.5 %vol Hy/He. As shown in Figure 46, a shift of the whiteline towards lower energies, i.e.
the reduction of oxidized Pt, is already observed at room temperature when changing from inert gas
(He) to reducing conditions (0.5 %vol H,/He) and rapidly proceeds with increasing temperature. A
reduction of Pt by the high brilliance X-ray beam is unlikely since no reduction is observed in pure He.
This experiment corroborates the trend observed by TEM (Figure 45). Based on this experiment one
can state, that Pt is not strongly incorporated in the SnO; lattice itself, as Pt strongly incorporated in
Sn0; is not reduced, even in much harsher conditions (2 vol% H,/He at 600 °C) [22]. Furthermore, the
facile reduction of Pt proves that Pt easily interacts with gases, i.e. is solely present at the surface of
Sn0,. The reduced Pt is easily re-oxidized when switching gas flow from the H,/He mixture to air as
(see Figure 46). Thus, it can be assumed that the oxidation state of Pt is dynamic and depends on the
atmospheric composition. The facile reduction and re-oxidation of the Pt oxide clusters brings forth

the question whether metallic or oxide clusters are found in typical gas sensing conditions, i.e. at 300
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°C in air, in the absence and in the presence of small amounts of reducing gases. Normalized XANES
spectra recorded during a H; sensing experiment in dry air are shown in Figure 47. The exposure of
the reducing gas does not cause a shift of the whiteline, i.e. Pt remains oxidized, but the decreased

intensity of the whiteline indicates a decreased density of empty d-states due to H, exposure [151].
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Figure 46. Normalized HERFD-XANES spectra recorded during TPR experiment of a 0.2 wt% Pt-doped SnO; gas sensor
(left): 25 °C in air (gray), 25 °C in He (black), 25 °C in 0.5 %vol H>/He (blue),100 °C in 0.5 %vol H,/He (green), 200 °C in 0.5
%vol Hy/He (orange), 300 °C in 0.5 %vol H,/He (red) and 300 °C in 0.5 %vol H,/He (dark red). The corresponding
composition of Pt® and Pt** derived by linear combination fitting of the XANES in shown in the graph on the right.
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Figure 47. Normalized HERFD-XANES spectra of a 0.2 wt% Pt-doped SnO, gas sensor recorded at 300 °C in dry air (blue)
and during the exposure of 50 ppm H; in dry air (red). The inlay shows the magnified maximum of the whiteline.

The XAS and TEM measurements carried out to investigate the structure of the Pt loadings provide a
conclusive picture. Pt is present as very small oxide clusters on the surface of the SnO; grains and in
close contact with SnO,. The facile interaction of the clusters with the atmosphere causes a dynamic

dependency of the oxidation state on the atmospheric composition: In the absence of oxygen Pt is
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easily reduced to metallic Pt, either by a reducing gas or an electron beam. In excess of oxygen, i.e. in
air, Pt is oxidized and not reduced by the exposure to reducing gases, although the decreased

intensity of the whiteline indicates changes in the unoccupied d-states of Pt.
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6.2. Gas Sensing Performance and Catalytic Activity of Pt-doped SnO-

Introducing noble metals like Pt onto the SnO; surface is generally found to enhance the reactivity of
the material, especially when compared to a corresponding undoped SnO; [152]-[154]. Thus, the
relationship between the sensor signals and the catalytic activity and the effect of interfering gases,
like water vapour, are studied by comparing CO sensor signals and CO conversion in different
humidity backgrounds (Figure 48). In case of CO sensing the Pt-doped materials show decreased
sensor signals in dry air while the sensor signals in humid air increase. For undoped SnO, the
opposite trend is observed. Regarding the role of the Pt concentration, it is found that the higher Pt
loading shows lower sensor signals in dry and humid air. These trends are confirmed by CO and H,
sensing measurements of all three materials in dry air and 50 % r.h., which were performed over a
larger concentration range (see Supporting Figure 13), one should note that in the case of H; the

effect of humidity on the sensor signals of the doped materials is depending on the H, concentration.

The CO oxidation measurements show significant differences between the undoped and the two
Pt-doped samples. Generally, the Pt-doped SnO, materials show increased CO conversion, which
reaches almost 100 %. The increased reactivity of the Pt-doped SnO; is in agreement with CO
oxidation studies on Pt-loaded SnO; [152], [154]. In the case of undoped SnO,, a strong decrease of
the CO conversion is observed when comparing dry and humid conditions (10 %r.h. at 25 °C); with
further increasing humidity (above 10 % r.h. at 25 °C) a lower influence and a gradual decrease of the
CO conversion are observed. This decrease correlates with the decreasing sensors signals and is
caused by the interference of water vapour with the reactive oxygen species reported in the previous
chapters. In the case of the Pt-doped SnO, materials, no abrupt decrease of the CO conversion is
observed when changing from dry to humid conditions; the CO conversion of the Pt-doped SnO,
materials shows only a minor and gradual decrease with increasing humidity, which is more
pronounced for the lower Pt-loading. The differences in the decrease of the CO conversion in humid
conditions suggest that the higher Pt-loaded material is generally more reactive than the one with
the lower loading. By comparing the CO sensor signals and the CO conversion it is observed that in
dry air the sensor signals decrease with an increasing reactivity of the materials while in humid air
the situation changes: The undoped SnO, shows the lowest sensor signals and the lowest CO
conversions. In case of the Pt-doped samples, the less reactive material still shows higher sensor
signals than the more reactive one. In dry air, the correlation of the sensor signals and CO conversion
of the Pt-loaded SnO, materials suggests that, on the one hand, the oxidation of CO proves a strong
and efficient oxidation of CO on the Pt-doped SnO; surface but, on the other hand, this interaction is
not transformed into changes of the electronic properties of SnO,, i.e. a sensor signal. In humid

conditions, there is still a considerable interaction of CO with the surface, which now is transformed
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into a sensor signal. Therefore, it is likely that the observed effects are related to changes in the

surface chemistry of SnO..
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Figure 48. CO sensing (left) and catalytic conversion of CO (right) of undoped SnO; (blue squares), 0.2 wt% (green circles)
and 2.0 wt% (red triangles) Pt-loaded SnO; measured at 300 °C in different humidity backgrounds.

68



6.3. Impact on gas reception

In order to study the surface chemistry of the Pt-doped SnO, materials, operando DRIFT spectra were
recorded during CO exposure in dry and humid air. The spectra for 0.2 wt% and 2.0 wt% Pt-doped
Sn0, are shown in Figure 49 and Figure 50, respectively. Comparing the DRIFT spectra of the Pt-
doped materials with undoped SnO; (Figure 27) several differences are found. The spectra of the Pt-
doped samples show the formation of carbonyl species at 2148 and 2125 cm™, which are assigned to
CO bound to oxidized Pt [132], [155]. Both carbonyl species differ from that reported for Pt
incorporated in the SnO, lattice, which is found at 2124 cm™ [20]. The different carbonyl species
corroborate the structural differences between the homogeneously dispersed Pt (gel impregnation)
and the inhomogeneous Pt dispersion (powder impregnation). The two carbonyl species found on
powder impregnated Pt-doped SnO, indicate an involvement of Pt-related reaction sites in the CO
oxidation and/or gas reception. However, the two carbonyls show different stabilities; the band at
2135 cm™ quickly decreases after stopping the CO exposure, while the band 2148 cm™ is still well
observed in the DRIFT spectra (see Supporting Figure 14). Therefore, the latter band is considered to
be a spectator species, since the carbonyl is not oxidized to CO, at 300 °C in air and still present after
the recovery of the sensor resistance; i.e. this carbonyl is assumed not to be involved in the CO
oxidation or the gas sensing process. Another striking difference between undoped and Pt-doped
Sn0, is found in the fingerprint region. On undoped SnO; the two Sn-O bands at the highest
wavenumber are found at 1361 and 1334 cm™, while on the 0.2 wt% and 2.0 wt% Pt-doped the two
bands in this region are found at 1380 and 1349 cm™ or 1389 and 1349 cm?, respectively. Isotopic
labelling experiments with 2CO/*3CO (Supporting Figure 15 and Supporting Figure 16) exclude the
superposition of a formed carbon containing species with the decreasing Sn-O bands as the reason
for the observed changes, and H,0/D,0 exchanges (Supporting Figure 17 and Supporting Figure 18)
exclude the assighnment of these bands to Sn-OH deformation vibrations. Thus, the observed changes
in the fingerprint region are attributed to the presence of additional metal oxygen bond, which are
related to the presence of Pt oxide clusters at the SnO; surface. The existence of Pt-O-Sn as well as
Pt-O-Pt bonds is shown by the quantitative analysis of the EXAFS of powder impregnated Pt-doped
Sn0, materials [149], [150]. Comparing the impact of CO exposure in dry and humid conditions on
the metal oxygen bonds, or on the spectra, in general, a stronger decrease of the metal oxygen
bonds, i.e. reduction of the material, is observed in humid air. Furthermore, it is observed, that
relative to the Sn-O bands (1271, 1205 and 1059 cm™) the decrease of the bands at 1380 or
1389 cm, respectively, is stronger in dry air than in humid air. Since these bands are assigned to the
Pt oxides phase, it is concluded that in dry air the reaction dominantly takes place at sites related to
the Pt oxide clusters and not on the undoped SnO, surface, i.e. at sites that are not related to the

reception and transduction on the pristine SnO; surface. Indeed, in case of 2.0 wt% Pt-doped SnO,,
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CO exposure in dry air causes only a low sensor signal (Figure 48, left) and almost no reduction of the
surface, only a weak decrease of the metal oxygen bond assigned to the Pt oxide clusters (1389 cm™)
is observed. In the case of 0.2 wt% Pt-doped SnO,, a higher sensor signal and a clear reduction of the

whole surface is observed during CO exposure in dry air.
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Figure 49. DRIFT spectra of 0.2 wt% Pt-doped SnO; exposed to 300 ppm of CO in dry (red) and humid conditions, 10 % r.h.
at 25 °C, (blue). The sensor temperature was 300 °C. The spectra were referenced to spectra recorded in dry or humid

conditions, respectively.
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Figure 50. DRIFT spectra of 2.0 wt% Pt-doped SnO, exposed to 300 ppm of CO in dry (red) and humid conditions, 10 % r.h.
at 25 °C, (blue). The sensor temperature was 300 °C. The spectra were referenced to spectra recorded in dry or humid

conditions, respectively.

A high CO oxidation activity of platinum oxides is reported in literature and it is generally expected
that this reaction takes place by a Mars-van-Krevelen mechanism [156]—[160]. Thus, the oxidation of
CO on the Pt oxide clusters involves two major steps: The oxidation of CO by oxygen from the Pt
oxide, i.e. the reduction of Pt oxide, and the re-oxidation of the Pt oxide. If the re-oxidation is facile,

there will be no or only small changes of the Pt oxide cluster stoichiometry. However, if the re-
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oxidation is hindered, e.g. by the presence of an interfering gas like water vapour or the lack of
atmospheric oxygen, the stoichiometry of the Pt oxide clusters will be changed. In order to verify a
Mars-van-Krevelen mechanism for the CO oxidation on the Pt oxide clusters, the undoped and Pt-
doped SnO, materials were exposed to different CO concentration in a low oxygen background of
about 64 ppm. Referring the CO concentrations to the ideal stoichiometry of the CO oxidation by
atmospheric oxygen (CO:0; ratio of 2:1), three different regions are distinguished: Oxygen rich
mixtures for low CO concentrations (20 and 50 ppm), a gas mixture close to the stoichiometric value
(100 ppm CO) and oxygen lean conditions for high CO concentrations (200 and 500 ppm CQO). In the
case of undoped SnO; a steady increase of the surface reduction is observed in all three regions (see
Supporting Figure 19). In the case of Pt-doped SnO, the spectra reveal strong differences between
oxygen rich and oxygen lean conditions: In oxygen rich conditions Pt is oxidized, while the formation
of carbonyls bound to metallic Pt and the disappearance of carbonyls bound to oxidized Pt are
observed in oxygen lean conditions (Figure 51). The presence of solely oxidized Pt in oxygen rich
conditions as well as the reduction of the Pt oxides clusters in oxygen lean conditions is in agreement
with the operando and TPR-XANES (Figure 46 and Figure 47). Furthermore, close to or above the
stoichiometric mixture a strong increase of the surface reduction of the materials is observed for 0.2
wt% ors 2.0 wt% Pt-doped SnO,, respectively (see Supporting Figure 20 and Supporting Figure 21).
The experiment demonstrates a preferential reaction of CO with the Pt oxide clusters. However, if a
re-oxidation of the clusters by atmospheric oxygen is no longer possible oxygen from Sn0O, is involved
in the reaction; the consumption of oxygen from oxides supporting noble metals was recently
demonstrated for Pt:CeO, [161]. The involvement of oxygen from the supporting SnO, oxide is
observed in oxygen lean atmospheres as well as in the presence of water vapour. It is, thus,
concluded that water vapour hinders the re-oxidation of the Pt oxide clusters. Since the re-oxidation
of the Pt oxide clusters as well as the SnO- surface is hindered in humid air, the oxidation of CO on Pt-

doped SnO; causes a strong overall reduction of the surface.

The changes in the gas reception of Pt-doped SnO, are summarized as follows: In dry air, and with
increasing Pt loading, Pt-doped SnO; is found to be rather a catalyst than a sensing material, i.e. the
oxidation of CO proceeds more facile (Figure 48, right) but the surface is not changed by the reaction
(Figure 49 and Figure 50). The lack of a reduction of the surface during CO exposure implies that
there is no effective gas reception resulting in no or a strongly decreased sensor signal in dry air
(Figure 48, left). The catalytic enhanced CO oxidation on Pt-doped SnO; is less affected by water
vapour than the CO oxidation on undoped SnO,. This is the essential difference between the
materials; on undoped SnO, the interaction of CO with the surface is inhibited by water vapour, while
CO still reacts with the Pt-doped SnO; surface in the presence of water vapour. In humid air the

DRIFT spectra of the Pt-doped SnO, materials reveal a stronger overall reduction of the surface,
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which involves metal oxygen species assigned to SnO; and to the Pt oxide clusters (Figure 49 and
Figure 50). This increased reduction of the surface during CO exposure implies an effective gas

reception and therefore leads to considerable sensor signals (Figure 48, left).
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Figure 51. Baseline corrected carbonyl region of the DRIFT spectra recorded from 0.2 wt% (left) and 2.0 wt% (right) Pt-
doped Sn0O2 during CO exposure in a 0,/N, mixture: 20 ppm CO (blue), 50 ppm CO (cyan), 100 ppm CO (green), 200 ppm
CO (orange) and 500 ppm CO (red). The sensor temperature was 300 °C. The spectra were referenced to a spectrum
recorded in in the pure 0,/N, mixture. The negative Pt"*-CO band in case of 0.2 wt% Pt:SnO; is caused by the stable
carbonyl species (2148 cm2), which desorbs extremely slow and is still present due to previous experiments.
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6.4. Impact on transduction

A possible impact of the Pt oxide clusters on the transduction requires an electronic interaction of
the clusters with SnO; [84]. The structural investigations suggest a strong interaction of the Pt oxide
clusters and SnO; (see 6.1. Structure of the Platinum Loading). Such an electronic interaction, e.g.
due to the presence of electronic surface states related to surface structures or the alignment of the
Fermi level of two solids with different work functions, generates space charge layers independent of
the ionosorption of gases, i.e. an initial band bending [50], [89]. In the absence of any reactive gases,
e.g. in pure N, undoped SnO; does not show an initial band bending [53]; an upwards band bending
induced by the Pt oxide clusters would lead to an increased resistance of the sensor in N,. In order to
evaluate the existence of an electronic interaction of the Pt oxide clusters with SnO,, the resistances

undoped and Pt-doped SnO, sensors were measured in pure N, (see Table 4).

Table 4 - Sensor resistances in N,, and the corresponding residual oxygen concentration during the measurement. The
approximated band bending caused by the Pt doping (Equation 19) is shown in the right column.

sample sensor resistance oxygen background initial band bending
[Q] [ppm] [meV]

undoped Sn0O; 468 2.8 --

0.2 wt% Pt-doped SnO, 19047 29 183

2.0 wt% Pt-doped SnO, 129960 2.7 278

By taking the resistance of undoped SnO; in N; as reference (Ro), one can approximated the initial
upwards band bending using the resistances of the Pt-doped materials in N, (R) by the following
equation [53]:

R
eVe =kpT - In (—) Equation 19
Ro

The estimated initial band bending is found to be 183 meV and 278 meV for 0.2 wt% and 2.0 wt% Pt-
doped Sn0,, respectively. The treatments during the doping procedure as such should have no
impact on the bulk properties, layer morphology and grain size of SnO; [90]. Thus, the band bending
should solely be caused by the electronic interaction of the Pt oxide clusters and SnO,. The Pt oxide
clusters most likely cannot be described as a bulk phase with a Fermi level, thus the electronic
interaction is described as the formation of an electronic acceptor state at the surface. Nonetheless,
the formation of a surface acceptor state and the alighment of the Fermi levels have the same
consequence, namely a pinning of the electronic properties of the SnO, surface in the vicinity of the
Pt oxide clusters. In case of a sufficient and well-dispersed loading, as it is found for the studied Pt-

doped SnO; (Figure 45), the space charge layer and thus the resistance of the sensor are controlled
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by the electronic interaction of the Pt oxide clusters and SnO; [52], [84], [89]. Consequently, the
resistance depends on the composition of the Pt oxide clusters, which are responsible for the
electron acceptor state. Indeed, large resistance changes are observed during the reduction of the Pt
oxide clusters in oxygen lean conditions (see Figure 51), as shown in Figure 52. Undoped SnO; shows
a uniform increase of the sensor signal in oxygen rich and oxygen lean conditions, which is in line
with the steadily increasing reduction of the surface observed in DRIFTS (Supporting Figure 19). On
the opposite, both Pt-doped SnO, materials show a sudden increase of the sensor signal close to
stoichiometric reaction conditions. In both cases this effect correlates with the transition of oxidized

to metallic Pt, i.e. the ultimate change of the Pt oxide cluster composition.
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Figure 52. Sensor resistance (left) and calculated sensor signals (right) of undoped SnO; (blue squares), 0.2 wt% (green
circles) and 2.0 wt% (red triangles) Pt-doped SnO, during the exposure to CO in the 02/N2 mixture. The corresponding
carbonyl regions of the simultaneously recoreded DRIFT spectra are shown in Figure 51.

The electronic interaction of the Pt oxide clusters and SnO, as well as the dependence of the sensors
signals on the composition of the Pt oxide clusters imply that the gas sensing effect of the Pt-doped
SnO, materials is governed by the chemistry which takes place on the Pt oxide clusters and the
resulting compositional changes of the Pt oxide clusters. Accordingly, the transduction takes place by
a Fermi-level control mechanisms and is no longer linked to the reduction and re-oxidation of the

pristine SnO; surface.
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6.5. Summary of the changes in gas reception and transduction

The presence of Pt oxide clusters has a strong impact on the gas reception and on the transduction.
The reactivity of the Pt-doped materials is strongly increased, since the oxidation of CO is largely
shifted to the Pt oxide clusters. Unlike for undoped SnO,, the oxidation of CO in humid air is still facile
on the Pt-doped materials. Due to electronic coupling of the Pt oxide clusters and SnO,, the depletion
layer at the SnO; surface is controlled by the composition of the Pt oxide clusters. Thus the band

bending depends on changes in the composition of the Pt oxide clusters.

In dry air or oxygen rich gas mixtures, the oxidation of CO, i.e. reduction of the surface, and the re-
oxidation of the surface are improved and in sum the surface composition is less affected by the
reaction. Consequently, there is no change in the Pt oxide clusters’ composition and the surface band

bending. Thus, only minor changes of the sensor resistance are observed in these conditions.

If the re-oxidation of the clusters by atmospheric oxygen is hindered, either due to a low oxygen
concentration in the atmosphere or the interference of water vapour with the oxygen adsorption,
the composition of the Pt oxide is changed and CO oxidation in maintained by involving oxygen from
the supporting SnO,. But since the composition of the Pt oxide clusters now changes, the band
bending decreases and a distinct change of the sensor resistance is observed. However, in typical
applications conditions, i.e. in humid air, the Pt oxide clusters remain oxidized; a change of the
oxidation state is only observed in oxygen lean atmospheres, although changes in the occupation of

d-states are observed by operando XANES (Figure 47).

The described effects are more pronounced on the 2.0 wt% Pt-doped SnO, material, and one can

distinguish the three following situations summarized in Figure 53.

(a) If the re-oxidation of the Pt oxide clusters is not hindered, the composition is not changed
due to CO oxidation. Thus, the electronic interface of the Pt oxide clusters and SnO,, and
consequently the sensor resistance are not changed.

(b) If the re-oxidation is hindered, the composition of the Pt oxide clusters is changed, affecting
the electron interaction of Pt oxide clusters and SnO,. As a result of the changed
stoichiometry of the Pt oxide clusters, fewer electrons are trapped on the corresponding
acceptor state and resulting decrease of the surface band bending causes a sensor signal.

(c) If the re-oxidation is no longer possible, a reduction of the Pt oxide clusters to metallic Pt is
observed and the electronic acceptor state and the corresponding band bending disappears.
This causes a strong sensor signal. There is no longer an electronic interaction of the Pt oxide
clusters and SnO,, and the effect of CO on the SnO; is similar to that on an undoped surface,

i.e. the surface gets reduced and an accumulation layer is formed.
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(a) (b) (c)

Figure 53. Proposed model for the gas reception and transduction mediated by Pt oxide clusters on the SnO; surface. The
schematic surface reactions are shown in the top row. The dotted arrows indicate a decrease or inhibition of the
corresponding reaction step. Fully oxidized Pt oxide clusters are shown in red, a change of the composition (increased
oxygen deficiency) is indicated by a purple colouring of the cluster and metallic Pt is shown in blue. The lower section
illustrates the impact of the surface processes on the space charge layers - depletion layer (yellow) , accumulation layer
(brown) and unaffected bulk (orange) and the consequences for the back to back Schottky barriers. A description of the
three different situations is found in the text.
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7. Summary

The first part of this work focuses on gas reception on pristine SnO,, namely the nature of the active
oxygen and electron donor species, as well as the interfering effect of water vapour. Earlier concepts
assumed that in dry air ionosorbed oxygen acts as an electron acceptor while in the absence of
oxygen adsorbed target gases act as electron donors. This model was fundamentally questioned,
since the observed electronic properties of pristine SnO, suggested the formation of such donor
species in humid air, i.e. in a high oxygen background. By using operando spectroscopies, namely
DRIFTS and UV/vis-DRS, this work demonstrated that in dry and humid air or in the absence of
oxygen the same surface species are involved in the reception of target gases, namely lattice oxygen.
The electronic properties of SnO, are controlled by the surface concentration of oxygen vacancies,
which act as an electron donor. The situation at the pristine SnO, surface is determined by the
interplay of reduction and (re-)oxidation reactions, which depends directly on the atmospheric
composition:

e In dry air the oxidation of the surface dominates and a low oxygen vacancy concentration is
found. In the presence of a reducing gas like CO or H,, surface oxygen is consumed due to the
oxidation of the gas, forming CO; or H,0, respectively. A massive reduction of the surface is
countered by the simultaneous re-oxidation of the surface by atmospheric oxygen.

e In the absence of oxygen, the exposure of reducing gases causes a reduction of the surface
but, due to the lack of atmospheric oxygen, a re-oxidation of the surface is not possible. As a
consequence, the oxidation of CO or H; comes almost to a standstill and the high
concentration of oxygen vacancies on the reduced surface causes a strong decrease of the
sensor resistance.

e In humid air, the oxidation of the surface is hindered by the presence of water vapour
leading to an initially decreased concentration of reactive oxygen species at the surface. The
oxidation of CO or H, is still possible, but is strongly decreased. Thus, less oxygen vacancies
are formed compared to a similar gas exposure in dry air and, as a result, a lower resistance
change is observed.

Due to its relevance for gas sensing in ambient conditions and not yet fully understood chemistry,
the effect of water vapour on pristine SnO, was further studied by in-situ and operando DRIFTS at
different operation temperatures. On the studied pristine SnO, three regions with different
dominant water adsorption processes were found depending on the operation temperature. At
temperatures below 100 °C the physisorption of water dominates. In an intermediate temperature
range up to 300 °C water is associatively adsorbed by forming H-bonds with pre-existing hydroxyl

groups and/or surface oxygen species. With the onset of desorption of pre-existing hydroxyl groups
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above 300 °C, dissociative water adsorption is found to be dominant, by regenerating the desorbed
hydroxyl groups. The onset of the hydroxyl groups desorption and the transition between associative
and dissociative adsorption depends strongly on the composition of the SnO; surface, namely on the
concentration of oxygen vacancies, or, respectively, surface oxygen, and of pre-existing hydroxyl
groups. These surface properties are determined by the preparation of the material but are also
changed due to aging effects. Regarding their effect on the electronic properties of SnO, the
following conclusions are made:

e In the range of associative water adsorption a reducing effect of water is observed, which is
explained by an electronic donor of the adsorbed water molecules. Above the onset of
oxygen ionosorption the displacement of surface oxygen, also described as inhibition of
ionosorption, causes a strong additional reducing effect.

e With increasing dissociative water adsorption a decreased reducing effect of water is
observed. This is explained by a strong decrease of the associatively adsorbed water, which
now forms surface hydroxyl groups (dissociative adsorption) by a, in sum, charge neutral

reaction with surface oxygen.

The second part of this work is dedicated to the impact of Pt on the gas reception and transduction
mechanism of SnO,. As a first step, the structure of the Pt loadings was investigated using XAS and
TEM. The Pt loadings form small Pt oxide clusters, which are well dispersed and in close contact with
the SnO; surface. TPR-XAS shows that the Pt oxide clusters are easily reduced in the absence of
atmospheric oxygen indicating that Pt is only present at the surface and not strongly incorporated in
the SnO; lattice; at an operation temperature of 300°C the Pt oxide clusters are easily reduced and
re-oxidized depending on the gas atmosphere. During gas sensing, i.e. in a high oxygen background
(20.5 vol%), Pt remains oxidized, although the recorded operando XANES spectra reveal a decrease in
the population of unoccupied d-states of Pt. As shown by CO oxidation measurements the presence
of Pt strongly enhances the reactivity of the material and, unlike undoped SnO,, sustains a high level
of CO oxidation in humid air. However, the evaluation of the gas sensing performance shows that the
sensor signals decrease with increasing Pt loading, and that only in humid air this increased reactivity
results in higher sensor signals than on pristine SnO.. In fact, these observations imply that there is
an impact of Pt on the surface chemistry and consequently the gas reception. In order to further
examine the changes in the surface chemistry the Pt-doped SnO, samples were studied by operando
DRIFTS. It was found that CO is oxidized on the Pt oxide clusters by a Mars-van-Krevelen mechanism.
In dry air the Pt oxide clusters are easily re-oxidized and the oxidation of CO does not change the
surface, i.e. there are no changes that can be transduced into a sensor signal. In humid air it was
found that the oxidation of CO causes clear changes of the surface of both oxides - Pt oxide clusters

and SnO,. All or some of these changes cause a change of the electronic properties of the surface, i.e.
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a sensor signal. A more detailed image was obtained by DRIFTS measurements done in low oxygen
backgrounds, which verified a Mars-van-Krevelen mechanism for the CO oxidation on the Pt oxide
clusters but also showed a strong electronic coupling of the Pt oxide clusters and SnO,.
Consequently, not only the gas reception is changed by the Pt oxide cluster but also the transduction
changes: Due to the electronic coupling the space charge layer is no longer determined by the
concentration of oxygen vacancies on SnO; but rather by the electronic coupling of the two oxides,
which depends on the composition of the Pt oxide clusters. In conclusion, the found effect of the Pt
dopant is the one described by the Fermi-level control model.

In sum the presented results on undoped and Pt-doped SnO, show a clear correlation of the
reactivity of the material and the obtained sensor signals. Based on the definition of a catalyst, the
observed correlation can be described as follows:

e If the material shows no or a very low reactivity, e.g. in the case of undoped SnO; in the
presence of water vapour, the lack of an interaction prevents any gas reception and thus any
sensing effect.

e If the material is very reactive, e.g. in the case of Pt-doped SnO; in dry air, the material is a
typical catalyst, i.e. it facilitates the reaction but is not changed after completing the
reaction. Although there is a very strong interaction of the target gas with the surface, the
surface remains almost the same and consequently there are no changes that can be
transduced into a sensor signal

e In conclusion, a suitable sensor material should have a moderate reactivity. The surface
reaction has to cause temporary, i.e. fully reversible, changes of the surface, which are
transduced into a sensor signal. Such situations are found in the case of undoped SnO; in dry
air or Pt-doped SnO; samples in humid air, i.e. the suitability of a material is not only
determined by its intrinsic properties; in fact, the specific conditions in the environment and

the resulting reactivity of a material determine its sensing performance.

8. Outlook

The results presented in this work demonstrate the potential of operando spectroscopies to study
gas sensing materials. In the future, already applied operando techniques should be improved by
more sophisticated experimental designs, like time-resolved measurements, modulation excitation
spectroscopy or the extended use of isotopic labelling, which will allow a refined identification of
actively involved and spectator species. The still expanding tool-box of operando techniques for gas
sensor research offers new insights into fundamental processes of gas sensors. The rational
combination of these techniques will help to establish structure-function-relationships thus providing

the basis for knowledge-based design of new sensing materials and sensor devices.
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Supporting Figure 1. Ball-stick model of the (110) surface of SnO, with one additional atop oxygen added. The different
surface oxygen species — in-plane, bridging and atop — are highlighted in the figure. Sn atoms are shown in blue and
oxygen atoms in red.
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Supporting Figure 2. Ball-stick model of the (110) surface of SnO, with different adsorbed water species, including
molecular adsorbed water (left), isolated hydroxyl groups (middle) and interacting hydroxyl groups (right). Three
different isolated hydroxyl groups are found on the (110) surface: terminal, bridging and rooted, which are coordinated
with one, two or three Sn atoms, respectively. Sn atoms are shown in blue, oxygen atoms in red and hydrogen atoms in
white.
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Supporting Figure 3. UV/vis diffuse reflectance spectra of pristine SnO2 recorded on a gas sensor at room-temperature
(left) and the corresponding plot to estimate the optical band gap.
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Supporting Figure 4. DRIFT spectra of undoped SnO, exposed to 500 ppm of 12CO in dry (red) and 3CO (blue) in dry air.
The sensor temperature was 300 °C. The spectra were referenced to a spectrum recorded in dry.
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Supporting Figure 5. DRIFT spectra of undoped SnO; exposed to H,0 in dry (red) and DO (blue). The water concentration
was 10 % r.h. at 25 °C. The sensor temperature was 300 °C. The spectra were referenced to a spectrum recorded in dry.
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Supporting Figure 6. H,0-D,O exchange spectra of undoped SnO2 recorded at room temperature. The water
concentration was 10 % r.h. (25 °C).
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Supporting Figure 7. H,0-D,0 exchange spectra of undoped SnO2 recorded at 150 °C. The water concentration was
10 % r.h. (25 °C).
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Supporting Figure 8. H,0-D,0 exchange spectra of undoped SnO2 recorded at 250 °C. The water concentration was
10 % r.h. (25 °C).
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Supporting Figure 9. H,0-D,0 exchange spectra of undoped SnO2 recorded at 300 °C. The water concentration was
10 % r.h. (25 °C).
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Supporting Figure 10. Comparison of the hydroxyl region during H,O exposures on a fresh undoped SnO, gas sensors
(red) and aged sensors from the same batch after several measurements (blue and green colours). The spectra show
clear changes with time, i.e. an aging of the undoped SnO; material.
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Supporting Figure 11. H,0-D,0 exchange spectra of undoped SnO2 recorded at 400 °C. The water concentration was

10 % r.h. (25 °C).
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Supporting Figure 12. Catalytic conversion of 100 ppm CO measured on powders in dry and humid air (10 % r.h. at 25 °C)
at different temperatures (left) and corresponding sensor signals measured under the same conditions (right). The trend
in dry air is shown in red (empty squares), the trend in humid air in blue (filled squares).
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Supporting Figure 13. Gas sensing performance of undoped SnO; (blue squares), 0.2 wt% (green circles) and 2.0 wt% (red
triangles) Pt-doped SnO, measured at 300 °C in dry air (empty symbols) and 50 % r.h. (filled symbols). The calibration
curves for 5-500 ppm CO (left) and H; (right)of are based on the averaged sensor signal of three independently measured
sensors.
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Supporting Figure 14. Baseline corrected carbonyl region of the DRIFT spectra of 0.2 wt% (left) and 2.0 wt% (right) Pt-
doped SnO; during and after stepwise increased CO exposure: 100 ppm CO (orange), 300 ppm CO (red), 30 min after the
exposure (cyan) and 60 min after the exposure (blue). The sensor temperature was 300 °C. The spectra were referenced
to corresponding spectra recorded in dry air.
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Supporting Figure 15. DRIFT spectra of 0.2 wt% Pt-doped SnO; exposed to 500 ppm of 12CO in dry (red) and 13CO (blue) in
dry air. The sensor temperature was 300 °C. The spectra were referenced to a spectrum recorded in dry. The deviation of
the exchange of the carbonyl band at higher wavenumbers (2148 cm-?) is caused by CO which is still bound to the surface
due to previous experiments.
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Supporting Figure 16. DRIFT spectra of 2.0 wt% Pt-doped SnO, exposed to 500 ppm of 12CO in dry (red) and 3CO (blue) in
dry air. The sensor temperature was 300 °C. The spectra were referenced to a spectrum recorded in dry.
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Supporting Figure 17. DRIFT spectra of 0.2 wt% Pt-doped SnO, exposed to H,0 in dry (red) and D,O (blue). The water
concentration was 10 % r.h. at 25 °C. The sensor temperature was 300 °C. The spectra were referenced to a spectrum
recorded in dry.

|0.01 2
8 /\
2 W NPT
0
[ -
O
7]
0
< D,0

0.2 wt% Pt:SnO,

L B L B B B I B B LA I T
3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000
-1
Wavenumber [cm ]
Supporting Figure 18. DRIFT spectra of 2.0 wt% Pt-doped SnO, exposed to H,O0 in dry (red) and D,O (blue). The water

concentration was 10 % r.h. at 25 °C. The sensor temperature was 300 °C. The spectra were referenced to a spectrum
recorded in dry.
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Supporting Figure 19. DRIFT spectra of undoped SnO; exposed to different CO concentrations in an 0,/N; mixture with

63.3 ppm O3: 20 ppm CO (blue), 50 ppm CO (cyan), 100 ppm CO (green), 200 ppm CO (orange) and 500 ppm CO (red). The
sensor temperature was 300 °C. The spectra were referenced to a spectrum recorded in in the pure 0,/N, mixture.
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Supporting Figure 20. DRIFT spectra of 0.2 wt% Pt-doped SnO, exposed to different CO concentrations in an 0,/N;
mixture with 66.5 ppm O,: 20 ppm CO (blue), 50 ppm CO (cyan), 100 ppm CO (green), 200 ppm CO (orange) and 500 ppm
CO (red). The sensor temperature was 300 °C. The spectra were referenced to a spectrum recorded in in the pure 0,/N,
mixture.
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Supporting Figure 21. DRIFT spectra of 2.0 wt% Pt-doped SnO, exposed to different CO concentrations in an 0,/N;
mixture with 63.9 ppm 0,: 20 ppm CO (blue), 50 ppm CO (cyan), 100 ppm CO (green), 200 ppm CO (orange) and 500 ppm
CO (red). The sensor temperature was 300 °C. The spectra were referenced to a spectrum recorded in in the pure 0,/N,
mixture.
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