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The danger of the past was that men became slaves.

The danger of the future is that men may become robots...

Erich Fromm
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Abstract

The thesis is dedicated to the synthesis, comprehensive material science and some
sensing properties of SnO,-MetOy oxide systems (where MetOy are IVB and 111B metal oxides).
The study was performed in comparison with blank SnO,, and SnO, doped with noble metals
(Pd, Pt, Rh and their binary mixtures). Results of 8 ex-situ (TEM, HRTEM, XRD, FTIR, UV-
Vis, BET, XPS and element analysis), 5 in-situ (TGA, MS-analysis, DRIFT, TXRD, TPR)
techniques and sensing properties characterization (DC measurements as a function of
temperature and gas composition) are discussed regarding surface chemistry of SnO, sensing
phenomenon. The special attention is paid to the role of surface hydroxyls in the processes
related with conductivity change of semiconductor adsorbents upon hydrogen chemisorption and

oxidation in dry and humid air.
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Resumen

Los principales objetivos de la presente investigacion fueron la sintesis de las sistemas
oxidicos SnO,-MetOy (donde MetOy corresponde a los Oxidos de grupos IVB y 111B), el estudio
extensivo de sus propiedades fisicoquimicas y sus propiedades como sensores de gases. La
investigacion se ha basado en la comparacion de estos materiales con el SnO, puro y el SnO,
dopado con metales nobles (Pd, Pt, Rh y sus combinaciones binarias). Resultados de 8 estudios
ex-situ (TEM, HRTEM, XRD, FTIR, UV-Vis, BET, XPS y MS-analisis de elementos), 5
estudios in-situ (TGA, MS-analysis, DRIFT, TXRD, TPR) y la caracterizacion de los sensores de
gases (conductividad de los materiales semiconductores en funcién de la temperatura y los
componentes de los gases compuestos) se analizan considerando las reacciones quimicas
superficiales del SnO,. Se ha prestado una especial atencion en la participaciéon de los grupos
hidroxilo superficiales en el mecanismo de cambio de conductividad del adsorbente

semiconductor durante la quimisorcion u oxidacion del hidrogeno en el aire seco o himedo.
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1. Introduction

1.1. Motivation
Absolute necessity to create sensors in genera and chemoresistive gas sensors in

particularly is determined by rapid technological growth in gaining, processing and analysis of
information about our environment. Fast and unambiguous analysis of human surroundings will
be in the near future inseparable part of public health, security and life quality control.

Up to now there have been developed a number of techniques to measure gas
concentrations in surrounding atmosphere, e.g. optical, electrochemical, calorimetric, capacitive,
chemoresistive, mass-sensitive technique etc. In the field of combustible gas monitoring, CO and
NOy sensing, chemoresistive gas sensors are the most popular according to the market analysisin
Japan [1]. However, the most crucial disadvantages of this type of sensors are still actual
nowadays. poor selectivity and insufficient long-term stability (for nanomaterials-based
technologies), which limits widespread sensor employment in cars, indoor and outdoor detection
system.

Selectivity problem rose amost simultaneously with discovery of sensor effect on metal
oxide semiconductors. F. F. Volkenshtein, 1. A. Myasnikov, T. Seiyama and many others after
them found that change in electrophysical parameters of sensing materials occurs in the presence
of large number of gases [2-10]. Poor selectivity is a result of similar effects on electronic
structure of a semiconductor caused either by donor/acceptor chemisorption or by surface
oxidation of various reducing gases.

To some extent this problem could be resolved by technica methods (variation or
modulation of detection temperature [11-13], using different filters to separate the target gas
from the interfering ones [14, 15] etc.). However, the common trend to improve selectivity and
in the same time decrease working temperature of chemoresistive sensors is related with
semiconductor oxide modification through surface doping with noble metals [16-18]. However,

most of the metals, deposited for example on dispersed SnO,, during long-term heating form
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ternary compounds diffusing into the bulk. This causes recrystallization processes, change in the
background conductivity, and finally drift of the sensor electric parameters [19, 20]. Moreover,
noble metals, suffer from poisoning by halogens, sulfur and volatile silicone compounds, which
also makes them very vulnerable form chemical point of view [21].

In addition, one should not discard poor thermal stability of the highly dispersed oxides
themselves even without deposited second phase. Especialy this should be taken into account in

the case of nanoparticles with diameter of less than 10 nm. Indeed, particles with the size of
several nanometers consist of 30-75% coordinatively unsaturated atoms (e.g. Sy, S, O

etc.), which make them non-equilibrium structures with high crystallite boundary energy [22],
depressed surface stress [23] and finally — low melting point [24].

The problem of recrystalization and thermal stability of sensing materials has been
partially resolved in commercial sensors by using materials sintered at high temperatures (ca.
1000 °C). However, this approach eliminates all the advantageous properties of highly dispersed
oxides, so intensively reported during past decade [25]. Thus, selectivity enhancement,
comprising employment of highly dispersed solids with deposited catalysts, seems to be always
accompanied by the problem of material thermal stability.

From this standpoint doping with oxides to modify catalytic/sensing properties of
semiconductor materials is much more attractive than that with noble metal clusters, since oxide
thermal stability in general is higher in respect with metal clusters. In addition, oxide systems
without noble metals are known to catalyze a wide spectrum of chemical reactions, which can be
effectively used in the field of gas sensors [26-28].

Accordingly this work aims to synthesize and to comprehensively study physicochemical
and sensing properties of two-component oxide systems on the basis of tin dioxide and VB and
[11B elements introduced into the bulk by co-precipitation procedure. The IVB and I11B oxides
were chosen as a second components for SnO, based oxide system for a number of reasons,
among them one can mark out several the most important ones:

e |VB and IlIB groups were chosen due to the fact that some oxides from these
groups are known as very active catalysts in heterogeneous catalysis, e.g. TiOx,
ZrO,, Y03 and La,Os3 [26-28];

e the rest of the elements in the group were chosen to trace systematically the
differences in the physicochemical properties within the one group of the dopants,

e |VB and I11B oxides represent the opposite cases of solubility in SnO, phase, which

can play acrucial rolein the properties of the two-component materials.
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In addition to the mentioned oxide systems, herein we synthesize and study
physicochemical and sensing properties of tin dioxide doped with noble metals (Pd, Pt, Rh),
since the majority of the R&D activity in the field of chemoresistive gas sensors, as well as the
lion share of commercial sensors themselves are focused and based on materials doped with
precious metals. This approach alows us to study the surface chemistry of tin dioxide sensing
phenomenon in a comparative way, which is known to be one of the most efficient trick to gain

the information in the most complex system ever known — Nature.
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1.2. Scope of the work
This thesis represents a part of the author's work in the last three years regarding synthesis,

material science and characterization of sensing properties of tin dioxide based oxide systems. In
the each specified field (i.e. synthesis, material science etc.) a set of fundamental problems arose
along the experimental study. Later on, the problems in the field of synthesis, related for
example with different isoelectric point of SnO, colloids synthesized from different metalorganic
precursors, seemed to be partially resolved through determination of the complex structure and
tailoring the solvent, but in the same time transformed into another bigger problem related with
crystallite size and hydroxylation degree of the synthesized materials. Finally it was found that
surface hydroxyls play a crucia role in the sensing mechanism and their properties and quantity
can be modified by precursor. The circle closed up, exhibiting a brilliant example of closely
interconnected questions from one area of research and answers from another... Many other
similar examples suggested that sensing properties of the materials should be investigated in the
closest relation with their precursor nature, synthesis conditions and material science of the
resulting compounds. To realize such a complex approach the aim of the study was divided on
severa categories.

e Elaboration of technologically flexible method, starting from cheap and available
precursors, which leads to the synthesis of pure and highly dispersed SnO,; method
development for synthesis of various oxide systems on the basis of SnO,; study of
the precursor nature and its influence on oxide properties.

e Comprehensive characterization of the synthesized materials by means of ex-situ
and in-situ techniques to investigate the effect of surface and bulk doping on
physicochemical properties of SnO, based systems.

e Study of electrophysical properties of the synthesized materials as a function of
temperature and gas composition; analysis of the gas sensing selectivity of the
synthesized compounds by example of hydrogen detection in the presence of water.

e Ascertainment of the interconnection between the material synthesis, material
physicochemical properties and its sensing performance; understanding the surface
chemistry of the sensing phenomenon.

To put it more easily, the research strategy can be formulated as a sequence of Synthesis,
Material science, Sensing phenomenon and finally Interconnection between each field of
research. Accordingly, the thesis is built up with the same idea in mind. Each part — Basics and

survey, Experimental, and Results and Discussion — is organized closely adhering the same



UNIVERSITAT ROVIRA I VIRGILI

SNO2 BASED OXIDE SYSTEMS: SYNTHESIS, MATERIAL SCIENCE AND SENSING PROPERTIES AS A FUNCTION OF
SURFACE HYDROXYLS

ISBN:978-84-693-3388-4/DL:T.1000-2010

sequence: we start with synthesis and precursors, go through material science, afterwards we
pass to the sensing properties, finishing with analysis of the main results and summaries. This
way of acquiring of information seems to be the most natural and efficient since allows one to
decrease “dienation” of the researcher in the field of gas sensors, which is usualy abstracted
from the origin of the matter under investigation. The idea of “alienation” was developed by
German psychoanalyst E. Fromm, which quotation begins the thesis.

The thesis contains 154 pictures, schemes, graphs and diagrams, 26 tables and ca. 48 000
words, written on 155 pages. The material presented here is partially published in 5 journal
articles and 4 proceedings of international conferences.
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2. Basicsand survey

According with the strategy specified in the previous chapter, this part starts with an
overview of colloid chemical methods used to synthesize dispersed oxide systems on the basis of
SnO, (mainly starting from metalorganic precursors). SnO, main physica and chemical
properties (bulk and surface ones) follow the synthetic part. Then a short overview on SnO--
MetO, systems (their physical, chemical and sensing properties) is given in the next chapters.
The final part is dedicated to the physical models of gas sensing.
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2.1. Colloid chemical methods for SnO, synthesis
Before considering SnO, synthesis methods one should establish the most crucial

requirements for the synthesized material in respect with the useful properties for gas sensor
applications.

It is well known that physical and chemical properties of dispersed materials strongly
depend on size and morphology of constituent particles. The most crucial change in material
properties is observed for nanoclusters of 1-4 nm, where percentage of surface atoms as it was
already mentioned, varies from 30 up to 75 % of total atom number in cluster [29]. High
catalytic activity and enhanced selectivity [29], high sensitivity to gas ambient [30], tunable
electrooptical properties [31, 32] and many others promising features of highly dispersed
semiconductor solids have been reported. Thus, the most desirable and crucia requirement for
the synthesized material is high surface area. In addition, we should meet the following
conditions for a “good” sensor material: purity, phase homogeneity of the synthesized
compound, fairly narrow particle size distribution, and stability of all these features during
sensor operation at 200-450 °C [33].

Different wet and dry methods are used to achieve one or several advanced properties of
the final product. Dry methods, being employed basically for coating deposition, have good
control of compound stoichiometry and morphology. Together with high purity and
reproducibility they are, may be the best candidates for large-scale production. However, there is
alack of technical flexibility, in terms of composition or morphology modification, due to very
sophisticated and expensive experimental set up [34].

From the other hand, wet colloid chemical methods, suffering from poorer morphology
control, undesirable impurities and sometimes unsatisfactory reproducibility, provide us with
low-cost unlimited ways to modify composition (and to some extent morphology) of the final
product . It is colloid chemistry, that is still used extensively in R&D activity to find out a
cherished bunch of unique properties of new synthesized materials for various advanced
applications, including chemical gas sensors[35].

The overview presented here is dedicated to the colloid chemical methods for the synthesis
of dispersed tin dioxide materials at low temperatures.

Let us start with a definition. Colloid is a system of uniform in size and shape particlesin
the dispersing medium, stable to the sedimentation, and having at least one dimension in the size
between 1 and 1000 nm [36, 37]. Since the suspended particles are uniform, highly dispersed and
their chemical composition can be limited only by difficulties to prepare molecular solution, the
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colloidal route is the most convenient way to synthesize metal oxide systems for R&D in the
field of gas sensors.

However, it is not so easy to transfer all these remarkable properties of the suspended
material to afina solid system: the dispersed charged particles, stabilized in the liquid medium,
tend to readily agglomerate during separation procedure. There are number of methods dedicated
to overcome this problem the most effective ones are separation of colloidal suspension via
particle sedimentation and via gelation [37]. The basic steps of wet chemistry processing used to
synthesize dispersed metal oxide systems schematically are shown in Figure 1.

L
Precursor >

+ >

Solvent

Molecular solution Sol %

high surface
area powder

—

[>

film coating

monolith

000000000000
000000000000

000000000000

000000000000

000000000000

xerogel

Precipitate Powder

Figure 1. The evolution of wet chemical process. 1 — precursor dissolution, 2 — precursor
hydrolysis and condensation, 3 — gelation as a result of colloid condensation and polymerization,
3-1 — solvent extraction under supercritical drying, 3-2 — conventional solvent evaporation, 3-3 —
solvent evaporation from the thin layer, 4 — sedimentation.

This overview is built up using the same structure as shown in the Figure 1. The following
sections are dedicated to one or several process steps. First section id dedicated to precursors: the

selection strategy and short overview of their physical and chemical properties. Sections 2.1.2
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and 2.1.3 consider theoretical and practical aspects of sol and gel formation. In the final part

properties of SnO, synthesized using different wet chemical techniques are compared.

2.1.1. Precursors
The first step in the wet chemistry processing is to choose the starting compound — the

precursor. The precursor selection is very important since it plays a key role in each stage of the
synthesis: hydrolysis, condensation, polymerization, coagulation, sedimentation and solvent
extraction. Thus, the precursor nature determines to a great extent the structure, surface
composition and surface area of the future dispersed oxide. Let us consider first the case of the
most popular inorganic precursor — SnCly, intensively used in SnO; synthesis.

In general, hydrolysis of all inorganic salts (including tin sulfate) requires many weeks of
oxide washing in deionized water to remove the remaining impurities [38]. In addition to the
laborious chemical routesit is possible to scavenge the impurities by means of physical methods,
like long-term aging at ca. 600 °C, which brings about formation of volatile chlorine or sulfur
products [39]. But in this case quite intensive particle agglomeration at high temperature leads to
adrop of surface area of the oxide [40]. But why we should remove the impurities at all?

Impurities form a multi-component system with unpredictable physical and chemical
properties. For example, the halogen impurities act as electron acceptors and alter conductivity
even of metallic tin [41]. So, what can expect one from the semiconductor oxide “doped” with
0.5 w.% of CI!? In addition, chlorine and sulfur are very well known as catalyst poisons [21].
The latter together with high diffusion coefficients of the halogen ions [42, 43], which
contributes to the recrystallization process in the dispersed solids, makes one seriously think
before using inorganic precursors. However, for all that, the lion share of the SnO, synthesis for
different applications (including gas sensors) is still based on the halogen contained precursors
[16, 44-46].

The oxide affinity to bond with halogens can be demonstrated by the examples of synthesis
of metalorganic complexes starting from SnCl,. Interaction of the salt with a polar organic
compound, such as ethanol, propanol etc, leads to formation of partially substituted compositions
schematically represented with the formula SnCl«(OR)4«x-ROH [47, 48]. Complete chlorine
substitution does not occur and that is why its chemical removal from the fina product is
extremely difficult procedure [38, 40, 48]. The same situation is for fluorinated stannic
compounds, which are used intentionally to synthesize fluorine-doped tin dioxide by

conventional sol-gel processing [41]. It seems that halogens tend to form strong bond with the tin
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atom, and that is why tin dioxide synthesis, starting from metalorganic precursors contained
halogens, resultsin high Cl™ or F~ contamination.

Taking into account the above stated facts, it becomes evident that only halogen (and
sulfur) free metalorganic compounds are the most suitable for the synthesis of pure tin dioxide
based oxide systems. The following sections give a short overview on metalorganic and

Inorganic precursors used to synthesize tin dioxide.

2.1.1.1. M etalor ganic precursors
The distinctive feature of metalorganic compounds (or metal alkoxides) is that they have an

organic ligand attached through oxygen to the metal atom. There are a number of metalorganic
compounds with tin in both oxidation states (i.e. Il and V). However, after literature analysis
(using database of 1SI Web of Knowledge [49]) it was found, that all sol-gel derived SnO,
materials were synthesized from tin(1V) alkoxides. The most often used alkoxides for tin dioxide
synthesis are tin(IV) iso-propoxide and tin(IV) tert-butoxide [50-56]. No article was found
reporting sol-gel synthesis from tin(11) alkoxides. And thisis quite understandable — the colorless
or yellowish tin(ll) complexes can be easily oxidized and decomposed by traces of water vapors
to form oxide hydrates. This makes difficult to handle with tin(11) complexes in ambient air and,
what is more important, it is much more difficult to control the hydrolysis and condensation
processes during sol or gel formation [57]. Table 1 gives physical properties of some tin(l) and
(V) homoleptic (with al ligandsidentical) alkoxides.

The common feature of tin alkoxides is that they are quite susceptible towards humidity,
especialy tin(I1) complexes. The general rule for all metalorganic complexes could be applicable
also in this case: the more central atom (either tin(11) or tin(IV)) is screened with the surrounding
ligands the higher chemical stability of the complex is observed. In general, the screening degree
of the central atom determines a major part of physical and chemical properties of the alkoxide,
and therefore could be used to predict its stability both in air and in solution. For example, strong
polydentate ligands like f-diketones, crown ethers, formate, acetate or oxalate form complexes
which are quite stable to oxidation even in water solutions. While, monodentate ligands (e.g.
ethoxy group) are easy hydrolysable and tend to decompose in air or in light [58].

The complex stability determines the degree of hydrolysis, rates of condensation and
polymerization during formation of sol. In other words ligand strength and screening degree of
the central atom determine particle size and shape of the future oxide material [59]. That is why
the selection of the precursor is very important and is considered as an effective tool to design

the whole bunch of material properties.
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SYNTHESIS,

Table 1. Physical properties of homoleptic tin (1V) complexes.

MATERIAL SCIENCE AND SENSING PROPERTIES AS A FUNCTION OF

Sn(11)/| Compound* Physical & Chemical Properties” Solubility Ref.
Sn(lv)
Sn(COy), White powder, polymer, Z=4, decomp. ca | Dilute HCI and [60-
242° C, presumably in polar 63]
solvents
Sn(OMe), White, amorphous solid, polymeric, Methanol, diethyl ether, | [57]
highly reactive towards O, and H,0O, THF, hydrocarbons, Cl-
decomposes at above 100 °C w/melting hydrocarbons
(with SnO form.)
SN(HCOy), | White lamina-shaped crystals, decomp. H,O (slow hydrolysisat | [60]
w/melting ~ 200° C, slow oxidizesby air | RT), H3CO,, ethanol,
sn(lN) (around month) acetone
Sn(Ac), Colorless, needle-shaped crystals, Acetic acid, ethanal, [60,
polymer, chain structure, Z=8, mp 180- acetone, low solublein 64]
182° C, decomp. ca > 240° C (with SnO non-polar solvents
form.), slow oxidizes by air (several
months)
Sn(acac); Pale yellow liquid, monomer, highly Formic acid, benzene, [65]
reactive towards H,O, Z=4, bp. ca. 101 °C | Ethanol, n-Hexane,
(0.15 mm) THF
Sn (HCOy), | White crystals, polymer, planar structure, | Presumably in polar [66]
Z=4, started to darken (decomp.) at 156° | solvents
C, black at 200°C
Sn(OMe), “Highly associated” solid with tetrameric | Benzene, methanol and | [57,
structure, bp. 230 °C (5mm). ethanol (under heat.) 67]
Sn(OEt)4 Solid with tetrameric structure, Benzene, ethanoal, [57,
decomposes ca. < 100° C hydrocarbons, xylol 67]
Sn(O-i-Pr)4i- | Waxy solid, dimeric in i-propanol sol., Benzene, i-propanol [51,
sn(IV) PrOH decomp. 125°C 68]
Sn(O-t-Bu), | White crystals, monomeric, Z=4, mp. 40- | benzene, highly soluble | [67,
42 °C in hydrocarbons 69]
Sn(OPh),4 Solid, Z=6, mp. ~ 50 °C Presumably in benzene | [67]
Sn(acac), Was never observed because of steric - [55]
hindrance
Sn(AcC), White, lath-shaped crystals, Z=8, Acetic acid, benzene, [38,
o ethanol, acetone, 70,
mp 253° C carbon tetrachloride 71]

1 Me— CH3, Et— C2H5, Ac— C2H302_, Pr— C3H7, Bu-— C4H9, Ph - C6H5, acac — C5H70z- (2, 4 pentand|0n)
% mp. — melting point, bp. — boiling point, Z — coordination number
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2.1.1.2. I norganic precursors
The most popular inorganic precursors are hydrated tin (I1) and (1V) chlorides, which are

cheap, easy to handle compounds with well known properties. However, as it was already
mentioned, a number of disadvantages arise with residua impurities in the final product. The
same problem is observed for other inorganic precursors, like K/NaSnO3-3H,0, which are used
in spontaneous gelation of stannic acid by ion exchange mechanism [72].

The only possible candidates for inorganic precursors, which lead to formation volatile
byproducts at relatively low temperatures — are tin nitrates. However, Sn(NQOs),-20H,O and
SN(NOs), are very unstable and decomposes at temperatures: < 100 °C and 50 °C resp.
Nevertheless, there is a well known “classic” technique to synthesize dispersed tin dioxide by
oxidation of metallic tin with hot concentrated nitric acid [38]. Without any doubts the oxidation
occurs via tin nitrates formation, which decompose on tin dioxide and nitrogen dioxide at

relatively low temperatures.
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2.1.2. Sol formation and precipitation
Once the precursor is chosen it is dissolved in an organic polar solvent usually absolute

ethanol, iso-propanol, acetonitrile or toluene. Severa studies have revealed that polar
coordinating solvents favor formation of high specific surface area materials [73]. Also
sometimes a modifier is added to stabilize the dissolved complex and to prevent the premature
hydrolysis. The most frequently used ones are B-diketons, especially acetylacetone. However,
one should take into account that the stabilization occurs due to partial ligand substitution and
mixture of several new complexesisformed [55, 56, 74].

The dissolved metalorganic precursor is hydrolyzed through water addition (usually water-
alcohol solution) while carefully controlling the pH and reaction temperature. There are two
different mechanisms of condensation/hydrolysis reactions which depend on the coordination of
central metal atom. When the preferred coordination is satisfied, hydrolysis occurs by
nucleophilic substitution (S,) with hydronium ion as a catalyst. When the preferred coordination
cannot be satisfied, hydrolysis occurs by nucleophilic addition (A,) with OH ion as a catalyst
[75]. In general, the reaction can be represented as follow:

(OR)s=Met-O-R + H-O+H — (OR)5=Met-OH + R-OH (2-23)

Briefly, the hydrolysis reaction under acidic conditions involves protonation of the
alkoxide group followed by nucleophilic attack of water to form penta-coordinated intermediate.
Under basic conditions, the mechanism involves nucleophilic attack on the metal atom by the
hydroxide anion to form negatively charged penta-coordinated intermediate. It was observed that
basic conditions favor hydrolysis of Si(OR),4. In contrary, in the case of Ti(OBu),4 the hydrolysis
rate was higher under acidic or neutral conditions. For transition metals acid-catalyzed
condensation favors formation of extended less branched polymers [76]. For SnO, the
information has not been found.

Two partialy hydrolyzed molecules can link together in different types of condensation
such as alkoxolation:

(OH)(OR)=Met—O-R + H-O-Met=(0OR )3 — (OH)(OR)=Met—O-Met=(OR); + ROH (2-24)
oxolation:
(OR):=Met—-O-H + H-O—-Met=(OR)3 — (OR)z=Met—O—-Met=(OR)3 + H,O (2-25)
olation:
(OR)s=Met—OH; + H-O-Met=(0R)3 — (OR):=Met—-OH-Met=(OR); + H,0  (2-26)
Condensation, starting with nucleophyl attack and followed by either nucleophilic

substitution (Sy) or by nucleophilic addition (Ay), liberates a small molecule like water or
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alcohol depending of the type of leaving group. This reaction continues to build metal contained
clusters by the process of polymerization. Note, that only olation leads to formation of bridging
hydroxyls. The rate of this process is known to be higher when the central atom has low charge
and large radius [76].

When the clusters are big enough (within 1-5 nm) and their position is stabilized in solution
by various short-range forces such as van der Waals attraction and surface charges, the colloidal
suspension —sol, isformed (Figure 1, stage 2).

A sol —isadispersion of colloidal particles (separate or agglomerated clusters of 1-100 nm)
or micelles (charged aggregates of ~10 nm) in a liquid, which are stable to the sedimentation
[76]. The degree of condensation/polymerization determines the size and the shape of suspended
metal oxide cluster. As it was said above, one of the factor which strongly affects the
polycondensation and hydrolysis kinetics is the ligand nature [59]. Among the others factors one
should consider: water-to-precursor ratio, pH, catalyst amount (often coincide with pH) and
temperature. The mentioned conditions should be carefully chosen to ensure formation of
monodisperse colloid.

At the early stages of sol formation it is possible to increase either polycondensation or
hydrolysis rate adjusting the specified conditions. The former results in formation of an
interconnected network of the polymer on the basis of partially hydrolyzed metal alkoxides. The
transformation of this type is caled sol-gel and will be considered in more detail in the next
section. When hydrolysis rate is higher than that of polymerization, formation of the colloid
oxide particles occursin the liquid medium.

It is generally accepted that colloid system consists of agglomerated primary particles,
usually uniform in shape and size. Depending on the interparticle forces, the suspension can be
prepared in the dispersed, weakly flocculated and strongly flocculated states. Long-range forces
resulting from van der Waals interactions are always attractive between like particles and must
be mitigated during colloidal processing to achieve the desired degree of suspension stability. To
overcome the van der Waals attraction one should rely on some type of interparticle repulsion,
such as electrostatic, steric or other stabilizing forces[37].

Electrostatic forces, which are generated by like-charges on the surface of suspended
particlesin the form of double-charged layer, have a repulsive nature and therefore determine the
aggregation kinetics. The electrostatic forces can be tuned either by adjusting ionic strength or
pH. A certain pH value, at which charged particles suspended in solution have no electrical
charge, is isoelectric point (IEP). Increasing ionic strength or changing pH towards the

isoelectric point one reduces the surface charge of the particles and render precipitation [37].
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Many factors affect the |EP value, among them: hydration state of the suspended particle, purity
and ionic strength of the solutions. The IEP values for SnO, vary from 3.9 to 8.5, more detailed
information on the matter can be found elsewhere [77, 78].

Seric stabilization also provides an effective route to overcome particle attraction. In this
case adsorbed organic molecules (usualy polymeric) strongly anchored to the particle surface.
Adjusting the polymer molecular structure, polymer surface concentration and the thickness of
the adsorbed layers one can achieve precise control of pore and particle size [37].

Using one or several approaches to stabilize suspended particles there have been devel oped
various colloidal methods to accurately control size and/or polydispersity of the particles which
have been used for SnO, synthesis. water-in-oil microemulsion [79-81], reverse and normal
micelles [82, 83], two-phase liquid-liquid systems [82] etc.

The stabilized colloids undergo either dow drying procedure at relatively mild

temperatures or centrifugation to remove the solvent.
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2.1.3. Gelation
Sol-gel method has been recognized by numerous scientists in the 1950s and 1960s as a

best technique to achieve very high levels of chemical homogeneity in ceramic oxide
compositions and was used to synthesize a large number of novel multicomponent compounds
[84]. The potential advantages of sol-gel processing include also following features. purity and
large surface area of synthesized oxides at low temperature, control over surface hydroxylation,
ease of dopation with the most elements of periodic table that are capable of solid oxide
formation and finally ability to make monoliths, films, fibers and monodispersed powders (see
Figure 1) [75]. All the bunch of the attractive factors from the scientific points of view together
with low cost procedure has led to the fast progress in the development of sol-gel technique
during the past two decades.

A gel — is a two-component system of a semisolid nature, which consists of continuous
interconnected, rigid network of solid in fluid phase. This continuous net of hydrated metal oxide
polymer forms as a result of further growing and condensation processes between suspended
oxide clusters. Two types of kinetics growth are generally recognized: monomer-cluster growth
and cluster-cluster growth. Both of them realize under reaction-limited or diffusion limited
conditions. Monomer-cluster growth occurs only by the addition of monomers to a growing
polymer or cluster, whereas cluster-cluster growth occurs by the addition of monomers or
clusters to other monomers or clusters [67]. Finally, randomly brunched polymers in the form of
fractals bound together to form arigid network in aliquid phase.

pH of condensation plays crucial role in particle size and morphology. It was found that at
pH 8-11 silica particles, which are initially formed with diameter of approximately 1 nm,
increase in size up 100 nm during the synthesis. When the reaction is performed under neutral
conditions, the particles in sol vary between 2.5-20 nm. Under acid conditions the particles are
very uniform with narrow size distribution: 0.5-3.0 nm. Thus, it is generally accepted that for
silica the surface area decreases with pH increase. However, for alumina or magnesia, the pH
effect is not so pronounced [75]. For tin dioxide the information has not been found.

Another crucial parameter, which reflects chemistry of precursor-water interaction, is the
degree of hydrolysis — h. This value defines a ratio of water (or other hydrolyzing compound,
e.g. ethanol, which sometimes used without water addition) added per tin atom. It is obvious that
h depends on many factors like ligand nature, solvent nature, availability of hydrolysis catalysts,
temperature etc. The fundamental h value is usually given in a certain range where the clear sol

could be obtained and no precipitation occurs. In general, the less h is, the more time one needs



UNIVERSITAT ROVIRA I VIRGILI

SNO2 BASED OXIDE SYSTEMS: SYNTHESIS, MATERIAL SCIENCE AND SENSING PROPERTIES AS A FUNCTION OF
SURFACE HYDROXYLS

ISBN:978-84-693-3388-4/DL:T.1000-2010

to obtain an interconnected metal oxide net. Apart from this the water-to-metal ratio determines

the crystallite size of the product. In the presence of large excess of water (more than 300 times)

clusters of SnO, tend to be higher crystallized than at low water content, when the amorphous

metal oxides are formed [67]. Different h values for SnO, reported in literature are listed in

Table 2.
Table 2. Degree of hydrolysis (h) for different precursors and experimental conditions.
h, [H20]/[Sn] Precursors and experimental conditions Ref.
0.5-10 SnF(ORY)(R°COCHCOR?); in acetonitrile, RT | [41]
2-10 Sn(O-t-Am),(acac), in acetonitrile, RT [73]
3-8 Sn(OEt)>(n*acac), and Sny(p*-O)a(n’* [56]
OEt)4(OEt)g(n>-acac); in ethanol
2.05 Sn(O-n-Bu)4 in n-butanol and Hacac, RT [53]
~9 Sn(O-i-Pr)4 i-PrOH in boiling a cohol [67]
10 Sn(O-i-Pr),(acac), in ethanol, pH 0-0.6, 60 °C [55]
81.7 Sn(O-Bu)4 in propanol, RT [54]
171 Sn(O-t-Bu), in ethanol, RT [52]
289.4 (C4Hg)2Sn(acac), in ethanal, 30 °C, catalysts: [85]
HCI (pH 2.5) and NH,OH (pH 8)
366 (EtOH) Sn(O-i-Pr)4i-PrOH in ethanol, catalyst: HNO; | [51]

Depending on the drying conditions of the gel, one can obtain xerogel or aerogel (Figure

1, stage 3-1 and 3-2). The first one is a product of conventional liquid phase evaporation from

the gel, the second is formed during supercritical extraction of solvent. Typically, surface area of

aerogels is more than that of xerogels. However, it worth to note, that although drying removes

liquid phase from the polymeric network, causing significant compaction, both xerogels and

aerogels retain on the surface great amount of terminal hydroxyl and alkoxide groups uniformly
distributed throughout the gel [76]. Another evident disadvantage is related with high density of

the conventional xerogel, which usually represents a dense monolith, suggesting that

conventional drying is more suitable for layer deposition rather than for preparation of dispersed

powders.
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2.1.4. Properties comparison of synthesized SnO,
As it was mentioned in the previous section the surface of SnO, synthesized from

metalorganic precursors contains organic moieties and chemisorbed water. Apparently this will
play a remarkable role in the surface chemistry of the sensing material. To consider this
particularity in more detail let us start with the interesting study, performed by Monredon et al.
[55], demonstrating genera trends in surface and material properties of SnO, synthesized from
metal organic precursors.

Using FTIR, TGA and solid state NMR authors revealed that surface of SnO, xerosols
(with mean crystallite size of 1-2 nm), synthesized via hydrolysis of tin isopropoxide in the
presence of acetylacetonate, is covered with carbonyl, CH and CH3 groups even after calcination
at 250 °C. These groups as well as other organic residues completely disappear only at 450 °C.
On the other hand, thermal treatment at 450 °C for 2 h results in abrupt growth of crystallite size
up to 11 nm (no remarkable growth occurs at 300 °C). The size remains the same after 2 h at 750
°C and rises to 22 nm after annealing at 1000 °C for the same time. The most remarkabl e feature
of this study is that the crystallite growth, observed starting from 450 °C, coincides with
disappearance of organic residues from the surface. This suggests that surface chemisorbed
species prevent the crystallites from the thermal growth and their complete desorption at
relatively high temperatures most probably causes surface unsaturation, leading to crystallite
coalescence.

An extensive overview on synthesis and properties comparison of high surface area tin
dioxide was published in 2007 by Hagemeyer et al. [72]. They compared 17 different materials
synthesized via 9 well known techniques including hydrolytic precipitation, sol-gel, Pechini
process (thermal decomposition of the polymer resin in which tin cations are uniformly dispersed
[72, 86]), oxidation of metallic Sn by HNO3, and therma decomposition of organic precursors.
Results of this study are summarized in Table 3.

The highest surface area (250 m?/g, ~3 nm) and the best thermal stability (175 m%g, ~5 nm
after 600 °C for 2 h) was found for material synthesized by precipitation method from SnCl,4
with hydrazine used as a precipitating agent. However, the authors admit that the most crucial
disadvantage of the material is chloride contamination, which difficult to remove. Sergent et al.
report the same method for SnO, synthesis in [87], where as synthesized particle size was equal
to 3.4 nm, which is also roughly 250 m?g. Successive heating a 100, 200, 300, 400, 500 and
600 °C with 2 h dwell for each temperature resulted in 130 m?/g (~7 nm) surface area at the final
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stage. Thermal stability of these two materials difficult to compare since calcination procedure in

the latter was different from the former.

Table 3 BET surface area of SnO, synthesized via different methods as reported in [72]

Synthetic method Precursor Precipitation/gelation Calcination, | BET, m/g
agent/oxidation agent °C /time, h

Precipitation SnCl, Urea 300/4 168
Hydrazine 300/2 250
600/2 175
Sn'"(Ac)Jacac | Ketoglutaric acid (ag.) 350/5 195
Sn'"'(Ac)./acac K etoglutaric acid (aq.) 350/5 118
Sn'V(Ac)Jacetic | Ketoglutaric acid (ag.) 350/5 201
Sn'V(Ac)y/formic | Ketoglutaric acid (aqg.) 350/5 149
Sol-gel Sn(O-i-Pr)4 Hydrochloric acid 400/2 88
Modified Pechini | Sn'(Ac)4 Glyoxylic acid 290/4 201
method STV(AQ), Oxalacetic acid 310/4 207
Sn'(Ac)s Tartaric acid 310/4 231
Oxidation Sn(met) powder | Nitric acid 300/2 75
T. decomposition | Sn(Ac), Malonic acid 300/4 133

From Table 3 all precipitation methods based on hydrolysis of metalorganic complexes
together with modified Pechini methods also result in high surface area (ca. 200 m?/g). However,
unlike the hydrolysis technique, Pichini one suffers from even higher carbon contamination and
therefore requires quite high annealing temperatures to remove it. In the case of hydrolytic
precipitation from acetic complexes it is worthwhile to highlight the solvent effect on SnO,
surface area. Using acetylacetone or acetic acid, the highest specific surface was reached, while
formic acid leads to decrease in surface area.

To the same conclusion arrived Ristic et al. studying different methods for SnO, synthesis.
Authors found that Sn(O-i-Pr)g, is better precursor than SnCl, (slowly hydrolyzed for 10 years),
to synthesize very fine powder with crystallite size 2 nm and even less [88]. The same precursor
was used in [55] to achieve 1-2 nm crystallite size. The size rose to 11 nm after 2 h either at 450
or 750 °C.

Sol-gel method, in general, can be used to achieve very fine powder. For example in [73]

authors report synthesized material with surface area of 330 m?%g. In [53] authors achieved even
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better results — SnO, aerogels with BET surface area of 357 m?/g. The complex procedure to
carefully remove solvent from the gel network comprises two solvent exchange steps. First,
residual solution is replaced by butanol and then butanol is replaced by liquid CO, in an
autoclaveat 5 MPaand 2 C.

However, such dispersed materials seem to be very sensitive to sintering. Upon heating at
400 °C for 30 min the area drops to 130 m%g, while a 550° C — 65 m?g [73]. The similar
phenomenon was observed by Hagemeyer et al. (Table 3).

According to Hagemeyer oxidation of metallic tin by boiling nitric acid does not seem to
be appropriate for the synthesis of high surface area material. On the other hand, Sergent et al.
report more fine particles can be obtained through this method. They found mean particle size
equal to 4.5 nm (192 m%g) for SnO, synthesized likewise and dried at 120 °C [87]. However,
this material demonstrates low thermal stability in comparison with SnO, synthesized through
precipitation method (upon hydrazine addition). After the annealing procedure (successive
heating at 100, 200, 300, 400, 500 and 600° C with 2 h dwell for each temperature) the surface
drops to 25 m?/g.

Thermal decomposition of solid tin (Il and 1V) acetate complexes yields materials with
low surface area (less than 55 m?/g). The same result was reported for tin (I1) oxaate [62]. The
surface increases if one dissolves the complex in an organic solvent. The best results were
obtained for malonic acid (see Table 3).

Thus, it seems that precipitation methods are the most effective ones to synthesize highly
dispersed SnO,. Using metalorganic precursors and/or organic precipitation agents and solvents
results in formation of surface carbonaceous fragments. These organic moieties play an
outstanding role in thermal stability of the nanodispersed solid. Most probably the species are

also responsible for oxygen vacancies formation upon desorption at elevated temperatures.
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2.2. Bulk properties of tin dioxide
This chapter deals with physical and chemical properties of nearly stoichiometric tin
dioxide. Crystallographic data, €lectronic structure, properties of the charge carriers and some

thermodynamic values are given in the first part. Chemical properties are briefly given in the
following part and mainly related with stannic acids.
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2.2.1. Physical properties
Tin dioxide has the cassiterite structure with tetragonal crystal symmetry P4,/ mnm. This

crystalline structure is composed of metal and oxygen atoms in octahedral (sixfold) and planar
(threefold) coordination resp. Unit cell parametersare: a=b = 4.737 A, c = 3.186 A, cell volume
is 71.51 A® and Sn—O bond length amounts to 2.05 A (Figure 2). The ionic radius for Sn*™ at
sixfold coordination was found 0.69 A. The oxide density at RT is in the range 7.00 — 6.88
g/em®, depending on the method (XRD calculation or experimental) [89-91].

In spite of the high enthalpy of Sn—O bond formation (AHfeg = -286 kJ/mol [91]) the bond
is not completely ionized. The oxidation state Sn*" (with ideal electron configuration 4d™ 5¢°
5p°) can be reached only for highly electronegative elements, e.g. SnF4 or K>SnFg, while in the
case of SnO, some of 5s electrons participate in sp° hybridization [91]. Calculations show the tin
atoms to have a charge of 2.52 and the oxygen atoms to have a charge of -1.26. This means that

the bond has a covalent character to a high degree [90].

O Oxygen atoms

@® Tin atoms

Figure 2. SnO, unit cell with tin atoms in octahedral coordination

Because of such bond “partia” ionization and intrinsic defects in crystallite structure
(mostly bulk and surface oxygen vacancies), SnO, exhibits properties of an n-type
semiconductor. From atomic orbital configuration of Sn and O atoms (5s” 5p? and 25* 2p*) one
can derive a simplified band model which consists of conduction band, made up of Sn 5s states,
band gap and valence band made up of O 2p states (Figure 3). It is believed that s-character of

the conduction band is one of the reasons why SnO, is a good transparent conductor [92].
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Figure 3. Band model (@), calculated band structure (b, from [92]) and illustration of the
contribution of the hybridization of Sn and O molecular orbitals for the valence and conduction
bands (c, from [92]). @ denotes the work function, u is the electrochemical potential, Evac, Ec,
Ev, Er are the vacuum energy level, bottom of the conduction band, top of the valence band and
Fermi level energies, respectively.

From experimental study the band gap value amounts to 3.6 €V, and known to be direct
[90, 91]. Polycrystalline nonstoichiometric material displays a significant density of surface
electronic states in the band gap, which results in very different band structure and more shallow
band gap [92, 93].

Due to the wide band gap, the stoichiometric compound exhibits optical transparency: the
band gap is higher than the highest frequency of visible light, i.e. 3.1 eV [90]. Under normal
conditions, electron concentration and mobility, estimated from Hall effect measurements for
SnO, monocrystals, equal to ca. 10™ cm™ and 200-400 cm?V s, resp. [91]. For polycrystalline
material (pc-SnO.) with grain size ca. 50 nm these parameters at 400K are as follows: 10" cm®
and 18 cm?V's* resp. [94].

Carrier concentration at higher temperatures rises up, e.g. at 300° C was found to be ca.
10" cm for SnO, monocrystal (mc-SnO,) and 6:10*° cm™ for pc-SnO,. Mobility in its turn
drops with increase of temperature and carrier concentration (Figure 4a). Temperature
dependency for mc-SnO; can be described by equation: p = po-T", where n was found between
1.1 and 1.5[91, 94].

Conductivity is thought to be due to intrinsic defect formation, which results in oxygen
deficient structure. The later maybe caused either by oxygen vacancies or by partially reduced Sn
atoms [90]. Conductivity is not only afunction of temperature, but also depends on doping level,

sample pre-treatment history and oxygen partia pressure during annealing (Figur e 4b).
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Figure 4. Electron mobility (a) and resistance (b) as a function of temperature in mc-SnO..
Curvesinfigure b are: 1 —initial sample, 2 and 3 — pre-annealed in air, 2a and 3a— pre-annealed
indry Ar, 4 — pre-annealed at 0.06 atm of O, and stabilized for 282 h, 5-10 pre-annealed at 1 atm
of oxygen for various periods of time (from 71 to 161 h), 11-12 — SnO, doped with Sb [91].

Melting occurs at temperatures above 1900 °C with decomposition on SnO and O, starting
already at 1500 °C [92]. Sn vapour pressure at 500 °C was found ca. 6-10* atm (against 0.01
atm for Zn in ZnO at the same temperature). The overall vapour pressure is about 2.6-10 atm at
1400 °C. From these facts one can derive that oxygen partial pressure should be much higher for
this compound than that of metal. The sublimation enthalpy amounts to 596 kJmol. Sn self-
diffusion in SnO, material, synthesized via pressure assisted sintering at 1400 °C equals to 106
cm?/s with an activation energy of 496 kdJ/mol (for the range 1000-1260° C) [91, 92].
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2.2.2. Chemical properties
Tin dioxide is chemically inert compound as many other oxides. The chemical properties

can be brought down to the few main features. The compound dissolves only in hot concentrated
H,SO, or in fused akali hydroxides. Stoichiometric SnO, can be reduced to metallic tin in
hydrogen atmosphere or in contact with carbon at 500-600 and 800-900 °C, resp [95, 96].

On the other hand, hydrated forms of SnO; (i.e. a- and B-stannic acids) are more reactive
and their chemical properties are very important regarding SnO, synthesis through wet
chemistry. In general, freshly prepared colloid of stannic acid in water media is called a-stannic
acid, whereas aged precipitate — B-stannic acid. While a-form spontaneously evolves with time
into the B-one, the latter can’t be easily transformed back to the a-acid. B-stannic acid also forms
during tin interaction with hot nitric acid [95].

a-form is soluble in sulfuric, hydrochloric and nitric acids as well as in sodium hydroxide
solution forming the corresponding Sn(IV) salts. Conversely, B-stannic acid demonstrates
properties of the bulk oxide and can't be dissolved in the same reactants, which act as peptisation
agents for the precipitate. Aging of colloidal particles, and consequently formation of B-form, is
believed to occur through polymerization of the oxide molecules xSnO,yH,O with water
detachment [95, 97].
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2.3. Surface Properties of tin dioxide
Surface properties of SnO, are given in the two following parts, dedicated to surface

electronic structure and chemistry of tin dioxide surface. The former deals with electronic band
model of non-stoichiometric SnO,.« surface, introducing the main surface states on reduced clean
(110) surface. The next chapter accounts for the surface reactivity towards oxygen and water,
dedicating specia attention to hydroxylated SnO, surfaces.
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2.3.1. Electronic structure
Since very early works of F. F. Volkenshtein, I. A. Myasnikov and T. Selyama it was

known that surface chemistry and physics of some metal oxide semiconductors highly depend on
gas environment. As it generally accepted for highly dispersed materials, the electrical resistance
is of the Schottky barrier type, which magnitude is modulated by the coverage and charge of
surface chemisorbed species [98]. This phenomenon has underlain the concept of gas detection
through measuring metal oxide resistance as a function of volatile compound concentration,
which has been applied in chemoresistive gas sensors. Thisis why surface chemistry and physics
are extremely important to understand the basics of the gas detection.

Extensive experimental and theoretical research has been performed on SnO, surfaces,
among the others (110) orientation is the most frequently studied [92]. The reason for thisis that
the face is the most stable and dominant in polycrystalline materials [99]. Let us consider first
ideal, stoichiometric SnO, surface (110) and temperature effect on surface composition (Figure
5). Under normal conditions the stoichiometric surface is nonpolar (!) and consists of following
species [93]:

o two-coordinated chemisorbed oxygen O® or “bridging oxygen” (red balls);

o each bridging oxygen is bonded to two fully coordinated (sixfold) Sn*" atoms (blue

balls, shielded by bridging oxygen);

. “in-plane” O* (white balls) differs from the bridging oxygen by its threefold
coordination;
o second layer of Sn** atoms (blue balls) is five-coordinated which is the last atomic

layer with unsaturated coordination sphere;

o following oxygen layers (yellow, orange and brawn balls) are fully coordinated.

The ideal oxidized surface manifests very high electronic density of states in the valence
band and very small of them in the band-gap. The features observed in the valence band
correspond to the O 2p lone pair which density correlates with surface (bridging) oxygen
concentration [93].

The “bridging oxygen” is believed to be easily removed upon heating in vacuum (as low as
500K [93]), which exposes tin atoms with two coordination vacancies (Figure 5b). Heating in
vacuum at temperatures up to 1000K completely removes in-plane oxygen and the surface in this
case contains five, four and free coordinated tin atoms, however no metallic tin is formed as it
was found by XPS [93].
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Figure 5. Ball model representation of stoichiometric (a), reduced (b) and defective (c) (110)
SnO, surface, based on ionic radii of Sn** and O* (adapted from [93)]).

Formation of surface oxygen vacanciesis essential for gas sensor application since they are
known to act as n-type donors and increase conductivity by more than two orders of magnitude
[92]. In general, formation of surface donor states causes downward band bending and decrease
of work function and electron affinity. Cox et al. found that generation of bridging and in-plane
oxygen vacancies has very different impact on all these parameters. For example, removal of
bridging oxygen atoms associated with formation of occupied states in the gap close to the
valence band minimum (VBM) due to the drop of coordination number of half the surface tin
atoms from six to four. The later is believed to correspond to the reduced Sn(l1) atoms with Sn
5s-5p lone pair hybrids.

On the other hand in-plane oxygen detachment creates electronic density between VBM
and the Fermi level and this is accompanied by a large increase in conductivity. The opposite
effect — upwards band bending — is observed upon oxygen chemisorption, which acts as electron
acceptor and depletes the gap states, causing decrease of conductivity [93]. Both cases are
schematically shown in Figure 6.
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Figure 6. Band model of an semiconductor: the case of reduced and defective surface (a) and
fully oxidized surface (b) (adapted from [100]). Evac, Ec, Er, Ev, — vacuum, conduction band,
Fermi, and valence band energy levels; Ec s, Ev, s — conduction and valence band energy levels
on the surface; Ea, Ep — acceptor and donor energy levels, X, u, qVs — electron affinity,
electrochemical potential and band bending value, resp.

As it can be seen, surface electronic properties are determined entirely by the nature and
density of the surface defects. Therefore, reproducible preparation of defective surface is
probably the most important issue for scientists to study the fundamental basics of the gas
sensing material. However, even well known and reproducible physical techniques to produce
surface defects (e.g. vacuum annealing, plasma treatment or ion spattering) applied for mono
crystalslead to very different results [92].
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2.3.2. Surface chemistry
Surface defects are known to be active in gas adsorption, since they have coordination

vacancies. However, chemical reactivity of low-coordinated surface species is very different.
Their comparison can be done in the framework of surface acid-base approach. First let us
consider the concepts of Brensted and Lewis acids or bases. The difference between Brgnsted
and Lewis acids is that the first one corresponds to a chemical compound which can donate a
proton (H"), while the second one accept a pair of electrons. Consequently, Bransted and Lewis
bases the ones which can accept a proton and donate a pair of electrons.

As we have seen, defective and reduced SnO, surface in vacuum is composed of low-
coordinated tin and oxygen atoms. Sn** atom has its outer electronic shell almost empty and
tends to refill it with electrons; therefore it acts as hard Lewis acids. In the case of four-
coordinated Sn** atoms, their 5s lone pair is believed to be inactive, however, according to
Pearson’'s classification, it represents borderline (neither hard nor soft) Lewis acid. Low-
coordinated oxygen atoms have a lone pair, which can be provided to make a bond (including
with a proton), therefore they are described as Bransted or Lewis bases [92]. Thus, keeping in
mind that Sn/O ratio can be easily tuned by either physical or chemical methods, one gains a
possibility to change surface character from basic (oxidized form) to acid (reduced form) to

enhance surface reactivity towards acid or basic volatile compounds, resp.

2.3.2.1. I nteraction with oxygen and water
Molecular oxygen is a Lewis base, since each atom possesses a lone pair of electrons that

can be donated to Lewis acidic sites. It is known from the literature that oxygen hardly interacts
with ideal stoichiometric surface (filled with bridging oxygen and five-fold coordinated Sn*"),
while with defective surface it is very reactive, which results in chemisorption with desorption
peak at around 500 °C [101]. First, oxygen molecule gets coordinated with tin atom (more
probably with low coordinated Sn*" in oxygen vacancy: Snic™"), which results in formation of an
intermediate O, ion with superoxide structure. The later is unstable and exists only at
temperatures below 150 °C [101]. Formation of peroxide structure suggests that oxygen acts in
this case as Lewis acid, accepting electrons from Sna.™.

The following interaction mechanism is even more tentative since only theoretical
calculations are available up to date. The peroxide structure dissociates upon interaction with
neighbouring bridging oxygen vacancy Snu.™* or adjacent five-coordinated tin atom Sns.*" [102].
On the basis of pseudo-potential calculations it was found that oxygen homolytic dissociation on

two adjacent oxygen vacancies is more exothermic than that on oxygen vacancy and low
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coordinated tin atom (-5.68 against -0.59 eV) [102]. The resulting stable two bridging oxygen
atoms (or one bridging and one terminal) are strong electron acceptors and bend the conduction
and valence band upwards as it shown in Figure 6b. The band bending amounts to ca. 0.2 eV
according to XPS study [92].

Bridging and terminal chemisorbed oxygen can be identified by IR vibration spectroscopy:
several strong bands below 800 cm™ correspond to G-Sn—0, Sn—O0—Sn and Sn—O stretching
vibration modes [98, 103]. Raman active modes for lattice oxygen can be observed between 500
and 800 cm™ [92, 104].

Water molecule is also Lewis base, however, with two lone pairs located on oxygen atom.
And therefore water also tends to interact with the same low coordinated Sn** ions. However,
unlike oxygen, water dissociates at RT even on ideal oxide surfaces, which suggests that the
molecule is stronger Lewis base than oxygen. For stoichiometric SnO, surface TDS desorption
peak was found centred at 390K with ca. 15% of total amount of water desorbed at this
temperature, while the defective surface shows high temperature peak (with a broad and complex
structure) around 450K with ca. 35% of desorbed water [105]. However, on defective surface
desorption does not occur completely and OH groups are still present after SnO, heat treatment
in vacuum at 773K [106].

So, defective surface is, therefore, more reactive towards water dissociation because low
coordinated ions demonstrate higher affinity to the lone pair (i.e. manifest higher acidity). The
interaction with the surface, first, comprises coordination on Sn*" site with following formation
of hydrogen bond between the molecule and the neighbouring bridging oxygen providing the
distance (H,0)—0? is about 2.7A. The strong hydrogen bonding is believed to be a precursor to
water dissociation. The latter is realized through proton transfer from water to the surface. Thus,
water dissociation results in formation of terminal and bridging hydroxyls, depending on

molecule surrounding on surface (Figure 7a) [107].



UNIVERSITAT ROVIRA I VIRGILI

SNO2 BASED OXIDE SYSTEMS: SYNTHESIS, MATERIAL SCIENCE AND SENSING PROPERTIES AS A FUNCTION OF
SURFACE HYDROXYLS

ISBN:978-84-693-3388-4/DL:T.1000-2010

¢ o 6

Fhysisorbed water Bridging hydroxyl Terminal hydroxyl Hydrogen bond

Figure 7. The ball model representation of water chemisorption on defective SnO, surface (a)
and the model of hydroxylated defective SnO, surface (b), adapted from [108].

It is very important to note that at elevated temperatures (ca. 500K) protons generated due
to water dissociation are mobile along the rows of bridging oxygen sites and bridging hydroxyls
statistically share the proton with neighbouring bridging oxygen [107]. Such arecombinationisa
result of strong hydrogen bonding between bridging hydroxyl and surrounding bridging oxygen,
which leads to “movement” of bridging hydroxyl within the oxygen rows (Figure 7b). To the
same conclusion one can arrive, studying FTIR spectra of the hydroxylated surface, which is

given in the next paragraph.

2.3.2.2. Hydroxylated SnO, surface
As we have already mentioned, the chemisorbed water is stable up to 500 °C and even

higher. And since water is an omnipresent compound in the ambient atmosphere it is essential to
study hydroxylated SnO, surface in more detail. In addition, surface hydroxyls are not inert
species and readily participate in the surface processes.

The catalytic activity of surface hydroxyls in heterogeneous reactions (e.g. water gas shift
reaction and methanol production from synthesis gas [109, 110]) has been recognised relatively
recently, while in the field of semiconductor gas sensors these species have been considered as
reactive intermediates even more rarely. Barsan et al. have studied the role of surface hydroxyls
in sensing mechanisms, reporting their participation in CO oxidation [111-113]. Thus, we should
paid particular attention to the role of chemisorbed water in surface chemistry of SnO,.

To understand the difference between oxygen and hydroxyl surface chemistry it will be

useful to compare oxidation reactivity of these species found in gas phase elementary reactions.
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Kanofsky et al. provided strong evidence for the high selectivity of hydroxyl radicals in
comparison with oxygen atoms in alkyne oxidation reactions [114]. The interaction with atomic
oxygen results in numerous reaction channels and this number increases with the complexity of
the alkyne. In contrast, hydroxyl radicals interact similarly with various alkynes forming only
one main product. For example, for the reactions OH + C,H, and OH + CH3;CCH the only
product is the ketene C,H,0. Dissociation of the triple bond occurs before the rupture of the OH
bond due to its high stability which is believed to be the reason for the selective oxidation ability
of OH radicals.

There are basically two types of OH groups on tin dioxide hydroxylated surface: bridging
and terminal hydroxyls (Figure 7). Since oxygen coordination is different for these two species,
they exhibit different chemical properties. The bridging hydroxyls are known to be Bransted
acids. Acidic character means that proton is loosely bonded to the oxygen atom. In addition, the
proton tends to form hydrogen bonds with neighbouring oxygen atoms, together with former fact
this makes it multi-coordinated and mobile along the rows of bridging oxygen. Complex nature
of hydrogen interaction with neighbouring oxygen atoms in the bridging OH group explains
broad nature of IR fundamental stretching vibrations, which occur in the region 2900-3400 cm™.
Hydrogen additional bonding with neighbouring oxygen ions shifts the band towards lower
frequencies [103, 109]. Depending on synthesis route bridging hydroxyls can be partialy
occluded in the bulk or near-surface region, and therefore can not participate in the surface
reactions [106].

Terminal hydroxyls on SnO, surface are less acidic than bridging OHs and, depending on
surroundings, can demonstrate moderate Bransted acidity or non-acidic character. These species
are believed to be more reactive in oxidation processes compared with bridging hydroxyls. Their
interaction with adsorbed molecules occurs apparently through hydrogen bonding, which was
found for CO (weak basicity) adsorbed on blank dispersed SnO, at 120K [106]. The IR bands
corresponded to stretching vibrations of terminal OH groups occur in the region 3600-3750 cm™?,
while that of deformation modes — 950-1250 cm™ [103, 106]. It is worthwhile to note that OH
acidic properties seem to increase with frequency, i.e. species at 3640 cm™ are more acid than
that at 3740cm™ [106].
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MATERIAL SCIENCE AND SENSING PROPERTIES AS A FUNCTION OF

2.4. Some properties of SnO,-MetO, systems
This chapter gives a short overview of physical and chemical properties for two-component

systems on the basis of tin dioxide and IVB and I1I1B metal oxides. Sensing and catalytic
properties of the compounds in question are also discussed.
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2.4.1. Sn0O,-MetO,, where Met = Ti, Zr, Hf (IVB group)
One of the main reason to chose IVB metal oxides for SnO, doping is the fact that they

have good solubility in tin dioxide in awide range of concentrations (due to iso-structural lattice
of some crystal modifications) [115]. The solubility of the oxides comprises metal substitutionin
the crystalline lattice of the host (SnO5). Thisinevitably results in the change of cell parameters.
The more ionic radius differs from that of tin ion and the higher guest concentration in the
system, the higher change is observed. The ionic radii of the elements from 1VB and I11B groups
and their ionization energies (for the highest oxidation state) are shown in the Table 4 [116].
From the table one can conclude that amid elements of 1VB group the most pronounced change
in cell parameters should be observed for Sn,Ti;«O,. However, for this system with x >0.8, the
cell parameters, e.g. cell volume decreases only by a factor of 0.03, in comparison with pure
SnO,, which is less than 15% of the total possible change in this crystalline structure [117]. For
zirconium and hafnium the change is still lower [118]. Comparison of ionization potentials
reveals that substitution of tin atoms by Ti will result in slight electron donation into the SnO,
conduction band. On the other hand, Zr and Hf will demonstrate more pronounced effect, due to

the fact that much less energy is needed to detach electron from the zirconium or hafnium atoms.

Table 4. lonic radii, ionization energies and el ectronegativities of the selected elements

Element lonic radius lonization energy Electronegativity
(highest oxidation (highest oxidation (Pualing scale)
state), pm state), eV
Sn 69 46.4 1.96
Ti 60.5 43.24 1.54
Zr 72 33.97 1.33
Hf 71 31 13

Another reason to choose elements from IVB group is related with the physicochemical
properties of the respective oxide systems. For example, two phase system SnO,/TiO, is widely
known as prospective material in photocatalysis [28]. The enhancement of the photocatalytic
activity is explained by the effective charge separation between SnO, and TiO, nanoparticles: the
electrons are driven away from titania into the conduction band of tin dioxide creating
catalytically active holes on TiO, surface. By the same manner the guest atoms on the surface
will create charge disturbances and therefore enhance catalytic properties of the system in

general. Note, that amid the selected elements we have gradual decrease of the ionization energy
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and electronegativity in a series Ti, Zr, Hf, which suggests that electron transfer will increase
likewise (Table 4).

In the case of two-phase material, the phase of ZrO, and HfO, can probably increase
thermal stability of the nanocomposites, since the oxides are known as refractory with melting
temperature 2680 and 2780 °C resp. against 1127 °C of SnO, [119].

Sensing properties of titania and zirconia doped tin dioxide have been reported in literature.
Combination of SnO, and TiO, as well as SnO, and ZrO, layers, synthesized by sol-gel route,
has been used in humidity sensors which demonstrated low hysteresis and increased chemical
stability [120, 121]. Zakrzewska showed that sensing materials on the basis of SnO,-TiO, solid
solution are good candidates for sensor applications [115, 122]. It was proposed that Ti
introduction into the SnO, lattice increase the density of the surface states active for the
chemisorption. By example of hydrogen detection it was shown that small addition of titanium
improves sensing properties of blank SnO, material to alarge extent. In respect with SnO,-HfO,

system, the present knowledge of its sensing properties seemsto be quite limited.

2.4.2. SnO,-Met,03, where Met = Sc, Y, La (llIB group)
According to the empirical rule of Hume-Rothery, formation of the substitutional solid

solutions can not be achieved in the system where ionic radii of the solute and solvent elements
differ more than 15% [123]. Asit can be seen form Table 5 ionic radii of Sc, Y and Laare larger
than that of tin more than by 15%. In addition the oxides do not have matching crystal structures
with solvent phase, which definitely discard possibility of the formation of solid solutionsin the

system.

Tableb. lonic radii, ionization energies and electronegativity of the selected elements

Element lonic radius lonization energy Electronegativity
(highest oxidation (highest oxidation (Pualing scale)
state), pm state), eV
Sn 69 46.4 1.96
Sc 88.5 24.7 1.36
Y 104 20.5 1.22
La 117 19.7 1.1

So, in comparison with VB group rare earth elements do not form solid solutions with
SnO.. Instead, they tend to form a compound with general chemica formula A,Sn,O;, which
corresponds to the pyrochlore structure [117]. Stannates of rare earth metals exhibit a lot of
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intriguing properties like ionic conductivity (especialy when A has large ionic radius), p and n
type of conductivity, remarkable catalytic properties and many others [124]. Pure oxides in their
turn (Sc203, Y203 and La,Os3) were found to be rather selective in catalytic reduction of NOy in
the presence of methane. Their advantage in comparison with other oxides includes the fact that
water vapours and SO, do not significantly inhibit the activity of these materials [125].

Sensing properties of the oxide systems in question are scarce in the literature. The only
sensing material studied up to date is tin dioxide loaded with LaOs. It was found that this oxide
system can be employed for CO, detection. Authors noted that yttrium introduction into the
system resulted in sensing material’ s durability [126]. High La content (more than 7 w.%) in the
system results in the signal change from n-type to p-type in the presence of the reducing gases
[127]. Authors admit that much more work should be done in order to understand this
phenomenon.

In genera, SnO, doping with rare earth elements represents a completely different case of
oxide system compared to the doping with the elements from IVB group. Their promising
catalytic properties and the fact that some of the oxide systems (SnO,-Sc,O3; and SnO,-Y ;03)
never have been reported in literature as sensing materials, enable us to choose them as a

reference system for titanium, zirconium and hafnium doped tin dioxide.
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2.5. Physical models of gas sensing
Since early works in the field of semiconductor material science, there have been

demonstrated that ambient gas atmosphere changes electro-physical properties of numerous
semiconductors. A number of theories were developed to explain the nature of interaction
between semiconductor surface and adsorbed species, among them: “theory of surface traps’,
developed by Brattain and Bardeen; “boundary layer theory of chemisorption”, by Engell,
Hauffe and Schottky; “electron theory of chemisorption and catalysis on semiconductors’ by
Wolkenstein [128]. However, the theoretical foundations, did not lead authors to the idea to
employ the described effect for gas detection. The later, by example of ZnO, was proposed by
several groups in middle 1950s. Mollwo and Heiland (Germany, 1956), Myasnikov (USSR,
1957) and Seiyama (1962) [128-130]. Finally, Taguchi in 1970 brought semiconductor sensors
based on different metal oxides (SnO,, ZnO, Fe,Os, NiO and Cr,03) to industrial production
[131]. At presence there is a growing market of semiconductor gas sensors for various industrial,
automotive and domestic applications.

Since first reports on semiconductor gas sensing properties there has been intensive
scientific research to optimise sensitivity, response rate, selectivity and economic efficiency of
the semiconductor gas sensors. Large number of scientific publications is dedicated to describe
physics and chemistry of gas sensing mechanisms, which still are not well understood [128].

In general, sensing material is believed to consist of two interconnected systems. the
receptor, which chemically interacts with foreign compound, and the transducer, which converts
the energy of this chemical interaction into electrica signal. In the particular case of
semiconductor metal oxide sensors, the receptor functions are assigned to the surface: adsorption
centers, coordinatively unsaturated species (cus) etc. While transducer functions are inherent to
the electronic state of the bulk material, which is determined by work function, electron
concentration, electron mobility, and the height of Schottky intergrain barrier (if it is considered
by the model) [1].

As it was already mentioned in Chapter 2.3, tin dioxide surface, consists of a number of
coordinatively unsaturated species which are represented at elevated temperatures by oxygen
vacancies (i.e. undercoordinated tin cations e.g. Sna.*") or even reduced tin cations. The fact that
surface contains excess of metal cations means that it is highly doped with electron donors which
are chemically active species and tend to covalently bond adsorbed molecules changing their
electronic state. Surface oxygen also plays important role in surface process especialy in

oxidation reactions and therefore should be considered as constituent part of receptor family.
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Bearing thisin mind let us consider the existing mechanisms of acceptor and reducing molecules
interaction with defective SnO, surface.
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2.5.1. Interaction with acceptor molecules and some general
remarks

Tin dioxide interaction with oxygen will be considered as a model case for other acceptor
molecules. Again, as we have already seen in Chapter 2.3, oxygen readily interacts with
defective surface, bringing about decrease of conductivity in the bulk. This change in
conductance was experimentally found to be the power function of oxygen pressure:

o~R" (2-1)

where, mis the numeric factor varying from 0.5 to 0 [130]. For SnO,, TiO, and ZnO films
the value of m was found close to 0.5, which suggests that roughly 2 electrons per oxygen
molecule are involved in charge transfer due oxygen chemisorption. Thus, the adsorption

induced change in the conductivity can be represented as follows:

0,(9) 2 0O,(s) (2-2)
O,(s)+e =20, (9) (2-3)
0, (s)+e = 20;(s) (2-4)

The experimental evidence of surface superoxide in Eq. 2-3 has been proved by operando
FTIR studies and some UHV techniques, while process 2-4 is doubtful since it has not been
demonstrated experimentally yet [128]. However, the most serious inconsistency of the proposed
model was given by Kupriyanov in [130]. Among the other facts provided by the author, the rise
of superoxide concentration, occurring at different moment than the change of conductance,
seems to be the most crucial. Myasnikov et al. proposed that conduction change induced by
oxygen adsorption does not occur due to the change of oxygen oxidation state (either through 2-3
or 2-4), but is a result of the change in donor concentration of the surface-adjacent layer. In the
case of SnO, the electron donors are superstoichiometric metal cations (e.g. Sni*, Snu’) at
oxygen vacancies and surface defects. In this case, the overall mechanism can be represented as

follows:
0,(9) 22 O,(9) (2-5)
O,(9+ " 2 (705 )°(9) (2-6)
where Oy(s) is the physisorbed oxygen, Sn® is the superstoichiometric tin atom and
(Sn>'0™) is the neutral surface specie, which formation leads to the decrease of the dopant

concentration. Assuming linear character of adsorption (i.e. when [0,(s)]~ P,)) and that o ~

[Met®], the conductivity change upon oxygen adsorption can be given as:
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o o5)

o W D
1+— =
h

where <00> is the average initial conductance (or average initial concentration of

superstoichiometric metal species), R, isthe oxygen partial pressure, /”is the Henry’s constant,

K(T) is the equilibrium constant of the process 2-6, and (h) is the constant defining the nature of

particle-particle interaction, namely the average thickness of the bridges connecting to particles.
It should be noted that the found relation 2-7 can be applicable to other acceptor molecule, e.g.
NHs, Cl,, F; etc.

The drop of the donor concentration in the surface and adjacent layers results in the
upwards bending of the bottom of the conduction band (Figur e 6) and leads to the formation of
the electron depleted region in the particle (Figure 8).

Normal electron
concentration

Depleted region

A-B

Figure 8. Representation of the electron depleted regions in a polycrystalline material (a) and

representation of the band bending as a function of the particle cross section (b), adapted from
[130].

The thickness of the depleted region was experimentally found to be between 0.7 and 2.1
nm [132], which means that bridges or necks between particles as well as very fine particles with

diameter < 5 nm are completely depleted. Such depleted regions are usualy represented as
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Shottky barriers with the height equal to eV;, where Vs is the surface potential. In
microcrystalline material only thin necks seem to be the most sensitive to the electron depletion
induced by adsorption of an acceptor molecules. That is why the parameter of neck geometry

<h> appears in the 2-7. For nanocrystalline material the particles themselves together with necks
can be exhausted of free charge carriers and therefore the conductance drop will be more
pronounced. In this case the (h) will represent the particle size, or generally spesking: the ratio

of particle volume to its surface [130].

Note that apart from the change in the concentration of free carriers (due to the change of
the donor concentration upon contact with acceptor molecules) another parameter can influence
the overall conduction of semiconductor material — carrier mobility. Kupriyanov reported that
the contribution of this parameter was experimentally observed only for high concentration of
the chemisorbed acceptor molecules on microcrystalline SnO,. The latter results in formation of
high energy barriers and “apparent scattering” of the carriers [130]. To the same conclusion
arrived A. Oprea et al. in [133]. They showed that when mean free electron path is much less
than grain diameter (I < d) “the surface and its chemistry will act on the conductance only
through the carrier concentration”. However, for very fine grainswhen | ~ d, the contribution of
the electron mobility should be taken into account.

Unlike Myasnikov’ s assumption that the conduction change induced by oxygen adsorption
is aresult of the change in donor concentration in the surface-adjacent layer and not that of the
change in oxygen oxidation state, A. Oprea, N. Barsan et al. developed theory assuming the

latter phenomenon [133]. Accordingly the oxygen chemisorption can be written as:
1 - »
EﬂOzgaS +a€ +SZ2 08 (2-8)

(24

where O, is the adsorbed oxygen, o is the ionization degree and /8 indicates atomic or
molecular adsorbed specie (equalsto 1 or 2 resp.). Consequently the conductance dependency on
oxygen partial pressure was given as.

-py/2(a+9d)
O pozy ,when | < d (2-9)

-B/2(a+1) -B/(a+1)
O'OC(poz/ ’ "‘Cpoz/a ) when | ~d (2-10)

where y and ¢ are fitting parameters (less than 1) and c is the weighting coefficient. Authors
admit that for the first case the fitting parameters are not in the expected range. However, when

| ~d for temperatures above 250 °C the conductivity can be described fairly well with the
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proposed model. The model suggests that under these conditions chemisorbed oxygen mainly
existsin the form of double ionized atomic oxygen O%.



UNIVERSITAT ROVIRA I VIRGILI

SNO2 BASED OXIDE SYSTEMS: SYNTHESIS, MATERIAL SCIENCE AND SENSING PROPERTIES AS A FUNCTION OF
SURFACE HYDROXYLS

ISBN:978-84-693-3388-4/DL:T.1000-2010

2.5.2. Interaction with donor molecules
Now let us consider the interaction of donor molecules with SnO, surface. Let us suppose

that the equilibrium between surface and oxygen had already been reached when the donor
molecule comes into contact with the surface. This means that defective SnO, surface consists of
oxygen vacancies, chemisorbed oxygen and in-plane oxygen. There are basically three possible
processes of the interaction [130]:

1) the molecule adsorbs without formation of oxidized volatile species and donates

electron to the conduction band:

R(g) 2 R(s) =2 R'(s)+€ (2-11)

2) the molecule interacts with chemisorbed oxygen (terminal one) through oxidation

reaction. The electron is formed as a result of surface donor formation:

R(9)+0O5(s) > RO(g)+V; +€ (2-12)

3) the molecule interacts with in-plane oxygen through oxidation reaction and due to
formation of ionized oxygen vacancy the conductivity rises:
R(g)+0, 2 RO(Q) +VS" +2€ (2-13)
The first case can be observed upon donor adsorption in the low temperature region (e.g.
between 70 and -190 °C). However, as it was shown by Myasnikov et al., even such a simple
case as hydrogen adsorption (7-8 torr) on reduced ZnO surface has pretty complex nature and the
rise of conductivity does not occur due to the molecule ionization. It was found that in this case
at low temperatures surface H is totally ionized with very low activation energy ~ 2 kcal (~ 8
kJ) [130]. However, the activation energy of the change of electrical conductivity was found ~
30 kcal (~ 125 kJ). Therefore, the change in the electron concentration due to ionization of the
surface states (surface charging) through 2-11 was ruled out. Oxide reduction and volume
dissolution of H, in oxide were also rejected due to the strong experimental proofs. It turned out
that apart from the processes 2-12 there is a recombination reactions between ionized and neutral
el
atoms of hydrogen which leads to formation of the complex: rlnet—é) . According to the
authors, the main process contributing to the conductivity increase in the low temperature region
is desorption of the metal bonded H atom.
At higher temperatures processes 2-12 and 2-13 are dominant. However, the surface

chemistry is very complex and involves very big number of reaction paths. The dependency of
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conductance on partial pressure of reducing gas was experimentally found to be a power low as

well asin the case of oxygen: 0 = Py, where 0<m<L1.

By example of CO interaction with SnO,, N. Barsan et al. proposed a more specified
relationship between conductance and partia pressure of the reducing gas[133]:

2a+d
O € p{fé/ (e ),When | <d (2-14)
1 25 /(a+1
O < ( pcﬂé(a+ ) +7 p(:g/(wr )) ,when | ~d (2-15)

where, a and S are the ionization and chemical states of oxygen as mentioned above. Note
that this representation of the model for the sake of simplicity does not contain oxygen partial
pressure and other constants (rate constants of adsorption/desorption, concentration of free
carriers, permittivity etc.), which are included into the proportionality constant. As it can be seen
the model takes into account the nature of chemisorbed oxygen, however in the rea conditions
several type of surface oxygen can participate in the reaction simultaneously, which probably
will complicate the model even more.

Another interesting and rather ssimple model was developed by R. lonescu et al. [134].
Assuming that “ surface behaves like an n-type semiconductor isolated from the bulk” by highly
resistive region formed upon tin and oxygen thermal diffusion towards and from the surface resp.

authors proposed an aternative to the approach of surface Schottky barriers:

ko, +K.p
o= [Ny 2—ER=R 2-16
\/D K o P5, (219

where N is the surface density of vacancies occupied by chemisorbed oxygen, kp, kr and

ka are the rate constants, pr and po, partial pressures of reducing gas and oxygen resp. However,
this model also accounts only for the ssmplest case of the surface interaction, namely through

single chemisorbed oxygen species.
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2.5.3. Interaction with water
The above case of reducing gas interaction with metal oxide semiconductor surface

demonstrates very complex relationship between SnO, conductance and the partial pressure of
the reducing gas in the presence of oxygen. However, the majority of the chemoresistive sensor
applications are intended for ambient atmospheres. This means that at |east one more component
in the gas phase will interact with semiconductor surface — water. As we have seen earlier water
— polar molecule with two lone pairs on oxygen — readily interacts with defective tin dioxide
surface. The resulting chemisorbed species are very stable (up to 500 °C) and demonstrate a
bunch of chemical properties depending on oxygen coordination. This makes water the most
important and tough participant in the gas sensing phenomenon.

Depending on various factors (e.g. season, temperature, location etc.) the atmospheric
water content can vary from ca. 0.1 up to 4 vol%, which notably changes electrical properties of
the sensors and dramatically influences their sensitivity. A number of studies have been
performed to understand this phenomenon in order to reduce the effect of humidity on sensor
performance [94, 112, 135-138].

Experimental dependence of material conductance on partial pressure of water vapours was
found to be a power low function as well as for other gases (Eg. 2-1), with m close to 0.5. Three
models are commonly used to describe the interaction of water with semiconductor surfaces
resulting in an increase in surface conductivity [111, 139]. The first one is based on formation of

bridging hydroxyl which causes the change in the conductivity:
H,0(g) + g, + O, 2 (N ~OH ")+ (O H) +e (2-17)
where, I, islattice tin atom, O, is the bridging (in-plain) oxygen, (" —OH ") isthe
terminal OH group, (O,H)" is the bridging hydroxyl. The model assumes that bridging oxygen
becomes ionized when bonding with hydrogen and therefore donate electron to the conduction
band. However, as we have already shown in Chapter 2.3, bonds between treefold in-plane
oxygen and tin atoms are known to be strongly polarized [32]. Even if we substitute one of these

three tin atoms with hydrogen one (the case of bridging hydroxyl), which has higher ionization

potential in comparison with tin atom, the bond H—O will be still highly polarized. Therefore,
(O,H)" should rather be shown as (O H") with very little contribution to the overdll

conduction.
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The second model implies the same mechanism as the previous one with following
interaction between bridging hydroxyl and neighboring tin atom with formation of terminal
hydroxyl and oxygen vacancy:

H,0(9) +23ng, + O, 2 2(ng —OH ") +V2" +2e (2-18)
where, V2* is the surface oxygen vacancy. If we take into account that the first step of this

interaction is exactly the same as 2-17 the mechanism should be written as follows:

H,0(g) + g, +O, 2 (N —OH*" )+ (O H)" +e (2-19)
(OH) + g, 2 (S —OH ) +V2 +e (2-20)

This mechanism seems to be more appropriate to explain conductivity change upon water
contact. Taking into account the above mentioned considerations it is unlikely that process 2-19
results in electron injection. On the other hand, 2.20 is in line with the assumption of
conductivity rise due to increase of surface donors, stated by Myasnikov. Thus, in our opinion
the charge transfer occurs mainly due to formation of the oxygen vacancy. And the mechanism

can be rewritten as follows:

H,0(9)+ Sy, +O, & (S’l;+ —-OH 57)+(05H+) (2-22)
(OHN) + g, 2 (g —OH ) +V72" + 26 (2-22)

The third mechanism is based on indirect interaction of either hydroxyl group or hydrogen
atom with surface states changing their electron affinity and increasing conductivity of the
material.

The case of conductivity change upon water chemisorption strongly supports Myasnikov’s
theory of conductivity change due to the change of donor concentration on the surface. Indeed,
no Red/Ox reactions occur upon water contact with semiconductor, the only parameter that
changes is the ratio between donor and acceptor states on the surface. Therefore, even for the
case of reducing gases we should take into account a considerable contribution of surface

processes non-related to the Red/Ox reactions to the overall change of conductivity.
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3.Experimental

This section describes in detail protocols, methods and techniques applied for synthesis,
material characterization and characterization of sensing properties of the synthesized
compounds. The first chapter deals with synthesis, since asit was shown earlier physicochemical
properties of dispersed materials are entirely determined by synthesis route and particul arities of
the method used. This chapter also includes auxiliary experiments which are not directly
sometimes related with the oxide synthesis; however, they were essential to better understand the
processes occurring in the chemica vessel, transparent for naked eye but impermeable and
obscure sometimes for comprehension.

The second chapter is dedicated to ca. 13 ex situ and in sSitu techniques used for
characterization of the synthesized materials. The third part describes deposition of sensing
materials, calibration procedures and methodology used for characterization of sensing
properties.
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3.1. Synthesis
As it was shown in Chapter 2.1 the best candidates for research activity amid various

chemical, physical, dry and wet synthetic routes are colloid chemical methods due to fairly
optimized ratio between: technique flexibility (extremely high), reproducibility (“could be
better”) and product cost (could be very cheap as well as rather expensive). In the same chapter
we have specified the weak points of this approach. The most substantial for nanodispersed
sensing materials is impurity level, since we can remove the impurities neither by thorough
washing, nor by heating at elevated temperatures.

Accordingly, we decided to focus our efforts on elaboration of the method which would be
based only on precursors free of halogen and sulphur to synthesise blank SnO,, as well as two-
component oxide systems SnO,-MetOy, where “Met” are metals from group IVB and 111B. The
best candidates for precursors, matching this requirement, are metalorganic complexes. The
same approach was applied to the selection of the precursor for noble metals.

This chapter is built up from severa parts dealing with synthesis of blank SnO,, mixed
oxides, post synthesis procedures and catalyst deposition. The first one is probably the most
important since it describes procedure for SnO, colloid synthesis, applied universally for all
other oxide systems reported herein. The second part gives details on synthesis protocol of two-
component oxide systems. The following part accounts for the post-synthesis procedures. phase
separation, purification, drying and calcination after the synthesis. The catalyst deposition
procedure is given afterwards. The synthesized materials, intended for the following material

characterization and characterization of sensing properties, are listed at the end of this chapter.
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3.1.1. Blank SnO,
Following reagents were used throughout all the synthesis protocols:

Deionised water, Fluka Trace SELECT®, p/n 95305;

Deionised water, Fluka Trace SELECT™ Ultra, p/n 14211;

Ethanol absolute, Sigma-Aldrich, p/n 24194;

Acetic acid, Fluka, puriss, p/n 45731.

In the synthesis only glass vessels were used. First the vessels were washed with
concentrated nitric acid, then were rinsed out several times with Trace SELECT® water and | eft
filled with Trace SELECT™ Ultra water for several hours. Acetic acid was used to remove

traces of water just before the synthesis.

3.1.1.1. Precursor synthesis
Reagents: tin powder, 325 mesh, purity 99.8%, Sigma Aldrich.

As precursor we have chosen tin acetate complexes from various points of view. Firstly,
the acetic acid is a strong organic ligand demonstrating high acidic properties which makes
possible to synthesize tin acetate complexes via direct interaction of the acid with metallic tin.
Secondly, in comparison to another strong organic ligand with acidic properties — formic acid —
acetic acid is not so toxic and harmful compound: maximum permissible concentration of formic
acid in Russian Federation is five times lower than that of acetic acid (1 against 5 mg/m®) [140].
Finally the starting products are cheap and one-step synthesis of the precursor makes the method
very economically efficient.

The simplest way to synthesize tin acetate complexes is direct interaction of metallic Sn
with hot acetic acid. Asamodel to our protocol we used following procedure described in [141]:
fine powder of metallic tin is put in the glacia acetic acid and undergo boiling under inert
atmosphere with reflux condense for 80-90 hours; this results in formation of tin(ll) acetate
solution in acetic acid.

This procedure was dightly modified to minimise experimental costs and time, and
maximise yield of the product. Namely, the interaction was performed in ambient air and tin
powder with particle size of 45 um was dispersed in the acid with the help of ultrasonic bath.
Thus, the modified method was as follows. 3 g of tin powder is added stepwise to the 350 ml of
acetic acid, the mixture is dispersed in ultrasonic bath for 10 min and then heated up to 90 °C
with reflux condense at magnetic stirring. The heating lasts for 20 hours when the solution
becomes almost transparent of intense yellow colour and no metallic tin is present in the vessdl.

The cooled solution is filtered with Whatman cellulose filter (pores <2 pum). The filtered solution
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is absolutely transparent, chemically stable (can be stored at RT for several days or even longer)
and was used for SnO; synthesis.

We should note that formation of tin(l1) acetate is already questionable in the presence of
the moisture. Most probably a mixture of tin(I1) and tin(1V) is formed under these conditions and
the excess of acetic acid ensures stability of the dissolved tin complexes in the presence of water
traces. It is worthwhile to note that cooling down concentrated solutions to ca. 5 °C does not lead
to freezing asit is normally observed for pure acetic acid (mp = 16 °C)

To study precursor composition the filtered solution was carefully evaporated at RT in air
during 30 hours. As aresult yellow transparent crystals were obtained. The crystal's were washed
with pentane using ultrasound bath to remove synthesis by-products. The obtained crystals of
yellow colour underwent thermal treatment for 20 h at 50, 100 or 300 °C.

3.1.1.2. Colloid systems SnO,H,
Synthesis of the colloidal suspension was performed using modified method elaborated on

the basis of the techniques reported in [119] for Sn(SO,), and SnCl, hydrolysis. 120 ml of tin
acetate complex in acetic acid was cooled and its temperature was maintained at ca. 5 °C by
external cooling. Upon magnetic stirring 10 ml of hydrogen peroxide was added dropwise to the
cooled solution. The colour of the mixture turned pale. Then, 320 ml of 12.5% NH3H,O was
added dropwise to the mixture and the cooling of the resulting transparent mixture was switched
off and the mixture was heated. The opalescence was observed between 30 and 40 °C at dlightly
acidic media, which pH was found always to be 6.3+0.1 (additional experiments were performed
to establish the pH of the colloid formation at RT). The colloid formation occurs spontaneously
in the solution volume upon heating the mixture between 50 and 60 °C under continuous stirring.

The pH value found is very close to the IEP of stannous oxide (i.e. SnO) in the hydrated
form, as reported in [142]. According to the paper, the compound was synthesized from SnCl,
solution upon addition of NaOH and its |EP was found 6.6, which allow us to suppose that in our
synthesis the colloid is probably close to the stannous acid than to the stannic one (IEP between
3.5 and 5.5). However, in our case the colloid mixture contains very small amounts of free water
which probably affects the ionic strength of the solution and therefore the obtained pH values
should be compared very carefully with the results reported in [142].

The specified above method was adapted for the synthesis starting from tin(1V) acetate
(supplied by Aldrich, p/n 345172). 1 g of Sn(Ac), was dissolved in 100 ml of acetic acid and 8
ml of H,O, was added dropwise to the cooled solution. Under magnetic stirring 240 ml of

NH3HO was added dropwise to 90 ml of the cooled precursor solution. The precipitation was
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observed at pH ca. 7, which indicates that the colloid formed starting from tin(IV) acetate has
quite similar composition to that synthesized presumably from tin(11) acetate.
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3.1.2. Sn0,-MetO, and SnO, bulk doped with impurities
The following metalorganic compounds were used to introduce IVB and I11B metals into

tin oxide lattice:

Titanium(1V) isopropoxide, purum, Aldrich, p/n 87560;

Zirconium(lV) acetate solution in dilute acetic acid, Aldrich, p/n 413801,

Hafnium(1V) acetylacetonate, synthesized at IGIC RAS;

Scandium(l11) nitrate hydrate, Aldrich, p/n 325902;

Yttrium(l11) acetate hydrate, Aldrich, p/n 326046;

Lanthanum(l11) acetate hydrate, Aldrich, p/n 306339.

All precursors except Ti (O-i-Pr), were dissolved in glacial acetic acid and then were added
to the Sn(Ac), solution. The corresponding quantities of H,O, and NH3H,O were mixed under
magnetic stirring and external cooling to produce transparent mixtures, which were heated up to
form colloid suspension. Due to low solubility in acetic acid, Ti (O-i-Pr), was first dissolved in
ethyl ether and then added to the Sn(Ac), solution. The colloid formation was performed without
H,0O, addition, since the titanium isopropoxide is extremely sensitive to hydrolytically active
compounds. The precursor quantities were calculated assuming the MetOy content is 10 w.% in
the SnO,-MetOy system.

Since the technique is based on halogen-, sulphur- and sodium-free precursors it will be of
particular interest to study the influence of impurities on physicochemical properties of nc-SnO..
With this aim we synthesized SnO, doped with chlorine, sulphur, sodium and palladium. The
following reagents were used:

Hydrochloric acid, 37 %, Sigma-Aldrich, p/n 258148,

Sulphuric acid, 95-98%, Sigma-Aldrich, p/n 320501,

Tetraamminepalladium(I1) nitrate, 10% water solution, Aldrich, p/n 377384,

The specified reagents were dissolved in acetic acid and added to tin acetate solution prior to the
addition of H,O, and ammonia. The quantity of the added reagents was set to 0.03 w.% of the
admixture content in the dry oxide material.
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3.1.3. Post-synthesis procedures
The milky white colloid, heated up to 70 °C, was left to for sedimentation at RT during 3-4

hours. Then the liquid medium is decantated and the residual mixture is separated by means of
centrifugation at rotation speed 6000 rpm for 5 min. The separated solid was washed with Trace
SELECT™ Ultra water at 80 °C and then again was centrifuged at 6000 rpm for 30 min. Note
that in water medium complete sedimentation of the colloid did not occur even after 30 min at
6000 rpm, while in the mother solution the colloid tends to coagulation and spontaneous
sedimentation.

The washing procedure was repeated three times. The washed colloid was dried at 90 and
at 200 °C for 8 hours at each temperature. The resulting powder is grinded carefully in the agate
mortar with a pestle for 15 minutes and then the powder was calcinated at 300 °C for 24 hours.

In the case of impurity containing tin dioxide the procedure of washing was omitted and

the samples underwent drying directly after the separation of the solid from mother solution.
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3.1.4. Deposition of noble metals
The following complexes were used to deposit palladium, platinum and rhodium catalysts:

Tetraamminepalladium(I1) nitrate, 10% water solution, Aldrich, p/n 377384,
Tetraammineplatinum(l1) nitrate, powder, assay 99.995%, Aldrich, p/n 482293,
Rhodium(111) nitrate hydrate, puriss, Aldrich, p/n 83750.

The deposition was carried out as follows. If the complex was solid (e.g. P{(NH3)4(NOs3)-
or Rh(H20)(OH)z.y(NOs)y) it was first dissolved in Trace SELECT™ Ultra water. In the same
time the blank oxides were impregnated with Trace SELECT™ Ultra water in the agate mortar.
A calculated volume of the water complex solution was added to the mixture of water and oxide
powder. The resulting mixture was grinded with a pestle for 30-40 minutes until the water
evaporated completely. Then the powder was placed into the oven and dried stepwise at 90 °C
for 8 hours, 200 °C for 8 hours and at 300 °C for 12 hours. The calculated catalyst to SnO, ratio
was 1 w. % for al materials.

To deposit two catalysts simultaneously, their corresponding water solutions were mixed in
the weight ratio 1:1. The resulting solution was added to the mixture of water and blank oxide.
Asto the rest, the procedure was the same as the one specified above. The overall content of two

catalystsis close to 2 w. % respective to SnOs..
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3.1.5. List of the synthesized materials
The synthesized materials which characterization will be covered in the following chapters

are listed in Table 6.The sample names given in the table will be used also throughout the text
hereinafter.

Table 6. List of the synthesized materials.

Sample name Remarks
SnO, Ac Tin dioxide synthesized from metallic tin. Calcinated at 300 °C.
[SN(OH)n(OAC)m] RT
[Sn(OH),(OAC)m] 50C | Tin acetate complex obtained by evaporation of the precursor
[SN(OH)(OAQ),] 100C (s):é):lutlon at RT and underwent heat treatment at 50, 100 and 300
[Sn(OH),(OAC)] 300C
SnO, Ac(1V) Tin dioxide synthesized from tin (IV) acetate complex (Sigma
Aldrich). Calcinated at 300 °C.
SnO, Aldr Tin (1V) oxide nanopowder (< 100 nm), Aldrich, p/n 549657.
SnO, Aldr-Pd Pd-doped tin (1V) oxide nanopowder, Aldrich, p/n 549657.
SnO,-Pd
SnO,-Pt Catalyst doped SnO,, synthesized from metallic tin. The catalyst
SO.Rh to SnO; ratio is 1w. % for al materials with one noble metal
2 deposited. For those containing two noble metals the calculated
SnO,-Pd/Pt ratio is as follows. SnO,/Met/Met,=98/1/1. All materials were
SnO,-Pd/RN calcinated at 300 °C.
SnO,-PtY/Rh
SnO,-Sc,03 Presumably two-phase oxide systems consisted of either pure
SN0-Y.0 oxides, or SnO, and A,Sn,O;. The guest phase content is 2 w. %.
a7 The precursor — tin acetate complex, synthesized from metallic
SnO,-L&a0s tin. Calcinated at 300 °C.
SnO,-TiO, Presumably solid solutions of titania, zirconia and hafnia in tin
dioxide. The content of the dissolved oxidesisca. 2 w. %.
SnO»-Zr0O,
ShO.HfO The precursor — tin acetate complex, synthesized from metallic
SRNG tin. Calcinated at 300 °C.
SnO,-PdO
SnO,-Cl Tin dioxide synthesized from metallic tin and doped with various
SN0.S impurities in the quantity of 0.03 w. %. Calcinated at 300 °C.
-
SnO,-NaCl
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3.2. Material characterization
This chapter is divided into two parts describing separately conventional or ex situ

analytica methods and in situ ones. Description of some techniques, performed outside the
Scientific Resources Service at URV, contain information about the institutions where the
analysis was carried out. Where the place is not specified the analysis was realized at URV in

Scientific Resources Service.

The description of in-situ techniques is opened by short overview and definitions of the
technigue in comparison with operando methods.
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3.2.1. Ex-situ techniques
All synthesized materials were analyzed by means of following ex-situ techniques: TEM,

XRD, FTIR and UV-Vis. These techniques are given separately from the other ones, performed
for the selected materials only. If method was used to estimate a certain parameter requiring data
processing (e.g. crystalite size or optic band gap) the calculation procedure is also given in this

case.

3.2.1.1. Transmission electron microscopy
Jeol JEM 1011 microscope operating at 100 kV (tungsten cathode) was used to estimate the

particle morphology. The sample preparation was as follows. A specimen of the solid was
dispersed in absolute ethanol (Sigma-Aldrich, p/n 24194) using ultrasound bath. Then, a drop of
the suspension was deposited on copper grid for TEM analysis and left for 20-30 min in air at
RT to evaporate the solvent. Afterwards, the support is placed into the holder and inserted into
the TEM chamber.

3.2.1.2. XRD and crystallite size calculations
X-ray diffraction patterns were recorded using Siemens D5000 diffractometer. The

experimental parameters were as follows: Bragg-Brentano parafocusing geometry, vertical 6-0
goniometer, Ni-filtered Cuy, radiation (30 mA, 40 kV), the angular 26 diffraction range was
between 20 and 96°, constant step size of aprox. 0.02° and 0.4 s per step (i.e. ~25 min per
pattern).

The majority of the diffractograms were recorded using auminium sample holder filled
with as received powders. Some of the measurements were performed using Pt ribbon as a
sample holder. In this case the powder to be analyzed was mixed with ethanol and the mixture
was deposited evenly on the Pt ribbon.

To calculate mean crystallite size of the polycrystalline phase X-ray diffractograms were
analyzed using TOPAS 3.1 program [143]. A pseudo-Voigth function was used to fit the
diffraction pattern. The instrumental contribution to the peak width was obtained from a sample
of LaBe, supplied by NIST (SRM 676b). The LaBg pattern was analyzed with the same software
by fitting a pseudo-Voigth function. The calculated parameters for LaBg were maintained
constant for SnO, samples. It was assumed for all samples that only crystalite size affects the
XRD peak broadening and no effects of microstrains were observed in the XRD line width. For
each pattern we fitted following parameters. the zero-shift, a 2-degree Chebyshev polynomial as
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a background and cell parameters for SnO, (Cassiterite, P4,/mnm, a=b= 4.73820 A, c= 3.18710
R).
Crystalite size was calculated from the integral breadth, f;, according to the Scherrer’s
equation [144]:
p. =1/ Dcosé (3-1)

where A is the wavelength, D is the crystalite size and @ is the Bragg angle. In our case, all
reflections of SnO, contributed to the crystallite size calculation in such a way that the obtained
crystallite size represents the mean for the whole sample, assuming that crystallites are ideal
spheres. The software TOPAS 3.1 was used in the so-called “launch mode”, which permits the

fitting of a number of diffractogramsin a sequential way.

3.2.1.3. FTIR spectroscopy
FTIR spectra were recorded using JASCO 680 Plus spectrometer. The sample in a quantity

of 0.0060(5) g was mixed with 0.300 (5) g of KBr powder (Sigma, IR grade) and then grinded in
the agate mortar with a pestle for 2 min. The resulting powder was pressed into self-supporting
disks (at pressure ca. 10 tons) and then used for the measurements. To record the background
spectrum the self-supporting disk of blank KBr is used. The spectra acquisition was performed in
the absorption mode with 32 scan times and resolution 2 cm™. All measurements were carried
out at RT and in air.

3.2.1.4. UV-VIS spectroscopy
This technique is widely used to study energy absorption by the solid semiconductor due to

the direct electron transition from valence to conduction band. As it is commonly accepted the
energy of the adsorption edge is represents the band gap width of the fine particle or cluster and
therefore can be found from the UV-VIS spectra [145]. The band gap width was calculated using
the method described in [146].

UV-VIS spectra were recorded using a Perkin Elmer Lambda 650S spectrometer which
was fitted with a Praying Mantis diffuse reflectance (DR) accessory (Harrick). All spectra were
recorded over 200-800 nm wavelength range using MgO as reference material.

The obtained DR spectra were processed by Kubelka-Munk conversion (Figure 9 a) and
then were plotted as [F(R)-4v]* vs hv, where F(R) is the Kubelka-Munk function and 4v is the
energy of the incident photon (Figure 9 b).
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Figure 9. UV-Vis absorbance spectra of commercial SnO, (Aldrich) after Kubelka-Munk
conversion (@) and least squares fit of a line through the low energy edge of the transformed
spectrum (b).

These measurements were realized through EU Transnational Access Program at
CenTACat Research Centre of the Queen’s University (Belfast, UK) under the direction of Prof.

C. Hardacre.

3.2.1.5. Other methods
High-Resolution Transmission Electron Microscopy (HRTEM) was carried out at 200 kV

with a JEOL JEM 2100 instrument equipped with a LaBg source. The point-to-point resolution of
the microscope was 0.20 nm. Samples were deposited on holey-carbon-coated Cu grids from
alcohol suspensions. The analysis was realized at Institute of Energy Technology (Universitat
Politecnica de Catalunya, Barcelona, Spain) by Prof. J. Llorca

X-ray photoelectron spectroscopy (XPS) measurements were performed on a VG
ESCALAB 200R spectrometer. The instrument was equipped with a hemispherical electron
analyzer and an Mg Ko X-ray source (1253.6 eV, 1 eV = 1.6022 x 10™ J). The samples were
mounted on a sample rod placed in the pretreatment chamber and evacuated at room temperature
prior to being moved to the analysis chamber. The pressure in the ion-pumped analysis chamber
was below 3 x 10~ mbar during data acquisition. The energy regions of the photoelectrons of
interest were scanned at 20 eV spectrometer pass energy. The Sn3ds,, O 1s and Pd3ds, core
level spectra were recorded. The intensities were estimated by calculating the integral of each
peak after subtraction of the “S-shaped” background and fitting the experimental curve to a
combination of Lorentzian and Gaussian lines of variable proportions. All binding energies (BE)
were referenced to the C 1s signal at 284.6 eV from carbon contamination of the samples to

correct the charging effects. Quantification of the atomic fractions on the sample surface was
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obtained by integration of the peaks with appropriate corrections for sensitivity factors [147].
The analyses were carried out at Instituto de Catdlisis y Petroleoquimica, Consgjo Superior de
Investigaciones Cientificas (Madrid, Spain) by Dr. J. L. Garcia Fierro with the help of Dr. C.
Alvarez.

BET surface area was caculated from N, adsorption-desorption isotherms. The
physisorption was performed on Micromeritics ASAP 2000 surface analyzer at 77 K. Before
analysis, all the samples were degassed in vacuum at 393 K for 6 h. The analysis was realized at
Chemical Engineering Department of the URV by N. Barrabés.

The impurity as well as catalyst content was measured by laser-spark mass-spectrometry
using EMAL-2 instrument at N.S. Kurnakov Institute of General and Inorganic Chemistry of
Russian Academy of Science (Moscow), under the direction of Prof. V.G. Sevastyanov.

3.2.2. In-situ techniques
The “in situ” techniques emerged relatively recently in heterogeneous catalysis aiming to

enlighten and resolve contradictions between conflicting models deduced from ex situ analysis of
the catalysts. The main idea of the in situ experiment is to study the catalyst controlling either
gas composition, pressure or temperature.

Another powerful technique, widely applied in catalysis to study material under conditions
close to the real industrial ones, is operando technique. The key difference between in situ and
operando techniques is that in situ analysis is not time-resolved method regarding formation of
reaction products during catalytic reaction [148, 149]. Accordingly, the two keystones of
operando analysis are time and reaction. Taking this into account, electric characterization of
sensing materials also should be considered as the smplest case of operando analysis since
monitoring of electric properties usually occurs in real time and together with catalytic reaction.
Combining the electrical measurements with spectroscopic characterization of the sensing
material or/and analysis of the exhaust gases is known to be powerful operando approach to
study sensing mechanisms [128]. Barsan et al. were the first who employed DRIFT spectroscopy
simultaneously with electrical measurements under operando conditions to investigate
interaction between sensing materials and target gases (e.g. CO, CH,4 etc) [112, 150-152].
Applying this approach authors not only proposed mechanisms for target gas detection but also
were able to investigate in detail water vapour effect on detection mechanism.

In this work all applied methods can be defined as in situ ones. In spite of the fact that
some of them were used to monitor catalytic reactions, they were not performed in the time-

resolved mode. In contrary to the operando approach, we studied catalytic reaction trying to
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reach equilibrium conditions as close as possible. Observing physicochemical properties under
equilibrium conditions we were able to get more pronounced difference caused either by
temperature, material or gas composition. Regarding the latter parameter the following idea aso
should be considered. In real life drastic change of the gas phase composition hardly occurs,
whilst gradual, very slow, concentration rise is more natural. Accordingly, sensing
characterization performed under equilibrium between gas phase and the solid can provide more
reliable information about sensing mechanisms occurring in the red life.

Thus, bearing thisin mind let us describe the in situ techniques applied for characterization
of SnO, materials.

3.2.2.1. TGA/DSC analysis
To estimate the water desorption kinetics in a temperature range of 25-600 °C, the

thermogravimetric analysis coupled with differential scanning caorimetry (TGA/DSC) was
performed using SDT Q600 anayzer at IGIC RAS (Moscow, Russid). About 0.05 g of the
sample was placed in a ceramic crucible where the specimen underwent weight stabilization at
RT in aflow of dry argon. Weight loss of the samples was measured while heating at a constant
rate of 10 °C min™. The gravimetric and thermal sensitivity of the instrument were 10 g and
0.001 °C, respectively.

This analysis was performed at N.S. Kurnakov Institute of General and Inorganic
Chemistry of Russian Academy of Science (Moscow), under the direction of Prof. V.G.
Sevastyanov.

3.2.2.2. MS-study of the catalytic activity: H, oxidation in air
The analysis of the catalytic activity was performed on experimental set-up equipped with

gas mixing system, flow quartz reactor placed in to the oven and connected to the quadruple
mass-spectrometer Pfeiffer Omnistar GSD 301. 25 mg of the sample is placed in the quartz
reactor, comprised of quartz tube with sample holder made of quartz wool. The thermocouple is
placed into the tube close to the catalyst bed and the tube is connected to the gas mixing system.
Mass spectrometer is connected to the outlet of the reactor.

The experiments were aimed to study catalytic activity of the materials in hydrogen
oxidation reaction as a function of temperature. We used 3100 ppm of hydrogen in synthetic air
at flow rate 200 cm®min™ throughout all experiments. First, the sample underwent pre-treatment
under specified conditions (gas and flow) at 450 °C for 5 h and then left at RT for 5 h. The MS
was set to monitor hydrogen (mass 2) and water (mass 18 and 17) in the exhaust gases. Once the

MS-signal had reached at RT the stabilization, the gas composition was measured successively at
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100, 150, 200, 250, 300, 350, 400 and 450 °C. Each temperature was held for 90 min at
continuous recording of MS-signal together with the actual temperature measured close to the
catalyst bed.

The quartz reactor itself has some impact on the hydrogen oxidation reaction. Accordingly
we performed blank experiment to exclude the effect of the reactor. Thermocouple and the same
amount of the quartz wool were placed into the quartz tube and the reactor was connected to the
gas mixing system with mass spectrometer. The blank experiments were performed under the
same conditions as the conventional ones.

Catalytic activity study was redized through EU Transnational Access Program at
CenTACat Research Centre of the Queen’s University (Belfast, UK) under the direction of Prof.
C. Hardacre.

3.223. TPR
Temperature programmed reduction (TPR) study was performed using a ThermoFinnigan

TPD/R/O 1100 instrument equipped with a thermal conductivity detector. Before the TPR
experiments, 0.10(x2) g of the sample was dried for 24 h in helium flow (20 ml/min) at 120 °C.
After that, the reduction process in the reducing gas mixture flow (5% H, in argon, flow rate was
equal to 20 ml/min) was started at room temperature and finished at 800° C at a heating rate of
10 °C/min. Hydrogen consumption was measured using thermal conductivity detector.

Similar experiment was carried out in the oxygen contained gas mixture: 0.1% H, in air.

These experiments were realized at Chemical Engineering Department of URV, under the
direction of Prof. F. Medinaand with the help of N. Barrabés.

3.2.2.4. DRIFT spectroscopy
Diffuse Reflectance Infrared Fourier Transform spectroscopy is a powerful technique to

study reaction mechanisms in heterogeneous system. In this work DRIFTS experiments were
performed separately from electrical measurements but under identical conditions (material,
temperature, gas composition). In situ spectroscopic measurements were realized on Bruker
Equinox 55 spectrometer, operating at a resolution of 2 cm™. The samples (ca. 0.050 g) were
placed into the DRIFTS cell reactor with an environmental high temperature chamber (suppl. by
Thermo Fisher Scientific, Inc). The chamber was fitted with ZnSe windows and connected to a
cylinder with synthetic air via stainless steel lines. Details describing the cell and DRIFTS
chamber can be found elsewhere [153]. Spectra were collected in a single channel mode at room
temperature (22 °C), 50, 100, 150, 200, 250, 300, 350 and 400 °C with 512 scans per spectrum.
The temperature was measured by a thermocouple located in the catalyst bed.
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Before the measurements, the samples were heated in a constant flow of the target gas at
400 °C for 10 h followed by 10 h at room temperature (RT). The spectra acquisition was
performed 1 h after the system had reached the preset temperature. The following gas mixtures
were used in the experiment: dry synthetic air, 2.1 vol. % of H,O in dry synthetic air, and 100
ppm of H in dry synthetic air. Dry synthetic air, used for gas mixture preparation, contained less
than 3 ppm of residual water vapor. High purity water in a saturator was used to prepare 2.1
vol.% H,0 in synthetic air (ca. 80% RH at 22 °C). Flow rate for all gas mixtures was 200 cm®
min’. The outlet of the DRIFTS cell was connected to the quadruple mass spectrometer (Hiden
HPR 20), in order to monitor the gas composition during experiments.

DRIFTS experiments were realized through EU Transnational Access Program at
CenTACat Research Centre of the Queen’s University (Belfast, UK) under the direction of Prof.
C. Hardacre.

3.2.25. TXRD

Thermo X-ray diffraction is widely used method to study kinetics of the crystallite growth,
aging and recrystalization as a function of time and temperature of the annealing. On the basis
of the diffraction line broadening analysis, which comprises reflection fitting in the whole range
of the diffraction pattern, one calculates mean crystallite size using the procedure given in
section 3.2.1.2. The plots of mean crystallite size against temperature or time of the annealing are
used to study the growth kinetics and estimate apparent activation energy of the growth
processes [154].

In our experiments the technique was applied to study evolution of the crystallite size
during isothermal annealing at 600, 700 and 800 °C. This study is of great interest for gas sensor
application, since as it was shown earlier the most promising sensing properties were observed
for very fine particles of 1-5 nm. The later are known to be unstable and tend to reduce the
surface already at low temperatures. Thus, the analysis is aimed to provide us with information
about thermal stability of the sensing systems in question.

XRD patterns were collected using Siemens D5000 diffractometer equipped with Anton-
Paar HTK 10 heating stage (Bragg-Brentano parafocusing geometry and vertical 6-6 goniometer,
Ni-filtered Cuy, radiation and Braun position sensitive detector). The angular 26 diffraction
range was between 20 and 96°, constant step size of aprox. 0.02° and 0.4 s/step.
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Samples were mixed with a few drops of absolute ethanol and then deposited as a thin flat

and even layer onto platinum ribbon used as a heater. Static air was used throughout all the

measurements.

The measurements were performed under isothermal conditions: at 600, 700 or 800 °C. The

first pattern was recorded at room temperature (30 °C) and was not used in the kinetic

calculations, the second one — immediately after the preset temperature was reached with a

heating rate of 10° per minute. The third and followings patterns were obtained at constant

temperature with 30 minutes delay between each other. Overall 31 patterns were collected during
32 hours of isothermal heat treatment.

All the synthesized materials were studied at 700 °C, for the selected materials TXRD
experiment was performed at 600 and 800 °C as well. The list of the materials with specified

experiment temperature is shown in Table 7.

Table 7. Details of TXRD experiment.

Sample name Experiment temperature, °C Studied phenomena
SnO; Ac 600, 700, 800 Crystallite growth kineticsas a
function of synthesis route
SnO, Ac-Pd 600, 700, 800 Crystallite growth kineticsas a
SnO; Ac-PdO 600, 700, 800 function of - catalyst  and
doping type
SnO; Ac-Pt 700
Sn0,-Sc,03 700
SnO,-Y 2,03 700
SnO,-La0s 700 Crystalite growth kinetics as a
- function of bulk doping or
SnO,-TiO, 700 second phase
SnO,-ZrOs 700
SnO,-HfO, 700
SnO, Ac-Cl 700
SnO, Ac-S 700 Crystallite growth kinetics as a
SN0, AC-NaCi 200 function of impurity type
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3.3. Characterization of sensing properties
This chapter starts with the section “Deposition of the sensing material”. Details about the

substrate type and heat treatment procedure for deposited material can be found here. Calibration
of the heater and description of the experimental set-up are given in the following sections. The
final part of the chapter deals with methodology of the experiment performed to study sensing
properties of synthesized materials. Information regarding experimental conditions (e.g. gas

composition, heater temperature etc) can be found here.
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3.3.1. Deposition of the sensing material
The characterization of the sensing properties of synthesized materials was performed on

an Al,O3; microsubstrate (2.0x0.4x0.2 mm) with gap platinum electrodes (the gap is ~300 um,
the area to be covered is ca. 0.4 mm? and a platinum heater described in [155]. The

microsubstrate assembled in TO-8 package (Figure 10).

200mkm

Figure 10. Top (&) and lateral (b) view of the microsubstrate mounted on TO-8 package; the
microsubstrate with deposited sensing material (c).

The powders were prepared for deposition as follows. The material is mixed with 1,2-
propanediol (Aldrich, p/n 540242) in a weight ratio 2.5:1 (resp.) and is grinded for 15 min to
form printable ink. The latter was deposited on microsubstrates by drop deposition. The
deposited ink was dried at 70 °C for 30 min, calcinated at 300 °C for 10 min, and annealed at 700
°C for 10 min. The freshly prepared sensors were stabilized in ambient air at 350 °C for 120 h.
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3.3.2. Heater calibration

The heater calibration for microsubstrates was performed as follows. The chip together
with thermocouple was placed in the oven and heater resistance was measured as a function of
temperature. The plot of the temperature change (47) against R/Ry (where R; is aresistance at a
certain temperature and Ry isthe one at RT) isshown in Figure 11.
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Figure 11. An example of calibration plots obtained for a microsubstrate.
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3.3.3. Experimental set-up
All the experiments presented here and aimed to characterize the electrical properties of

synthesized materials under controlled gas atmosphere were carried out at URV using
experimental set-up schematically shown in Figure 12. The substrates with deposited materials
were covered with a porous cap and fixed in the stainless steel chamber. The pins of the TO-8
package were connected by soldering to digital multimeter Agilent 34401A, and to Agilent
5751A instrument, used as a DC power supply for the platinum heater. Gas mixtures, including
humidified gases, were prepared using Environics Series 4000 Computerized Gas Mixing
System and Environics Series 4000 software, acting as user interface to the instrument. The
humidity in the gas mixtures together with gas temperature was monitored by thermo hygrometer
supplied by Practic NC (capacitive humidity sensor: + 2% RH, the range — 0-99% RH). Stainless
steel tubes (1/8 inch) were used to connect the gas mixing system and the sensor chamber.

Two initial gas mixtures were used in this study: dry synthetic air, with residual water and
hydrocarbon impurity levels less than 3 ppm, and 20 ppm of hydrogen in synthetic air of the
same impurity levels. Distilled water was used in the Environics saturator to prepare humidified
mixtures at a constant temperature: 25+ 1 °C.

11

I

sz
’h’ '

4
i I
I
I

L

I
l

Figure 12. Experimental set-up for sensing properties characterization. 1-4 — gas cylinders, 5 —
gas mixing system (Environics), 6 — stainless steel chamber with sensors, 7 — Teflon ™ chamber
with humidity and temperature sensor (Practic NC), 8 — portable unite for humidity and
temperature measurements (Practic NC), 9 — digital multimeter (Agilent), 10 — power supply
(Agilent), 11 — computer.
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3.3.4. Methodology of the experiment
All the measurements presented herein were gained using the experimental set-up shownin

Figure 12 and microsubstrates shown in Figure 10. Let us start with the methodology of these
measurements. The experiments were aimed to study sensing properties of synthesized materials
as a function of temperature and analyte(s) concentration. Hydrogen, water and their mixture
were used as principal analytes. The experiment in this case has 3 independent parameters
influencing sensing properties of one material: temperature, hydrogen and water concentration.
Accordingly, the measurements were performed in such a way to maintain gas composition
constant and measure sensor signal as afunction of temperature.

The experiment was performed as follows. After stabilization procedure in ambient air
(350 °C for 120 h) sensors were placed in the chamber and underwent stabilization in the target
atmosphere. This procedure comprised of 10 h at 350 °C and 3 h at RT (25 °C). The flow rate of
the gas mixtures used throughout all experiments was 200 cm® mint. The material resistance was
recorded during increase of heater temperature from 25 up to 600 °C with a rate 10 °C min™.
After the temperature had reached 600 °C the heater voltage was switched off, data acquisition
was stopped and the sensor was left at RT. Each measurement was performed three times with 2
h delay at RT between the measurements. Only second or third measurement was taken into
account and was used for further calculations of the signal. Note once again that resistance
measurements were carried out separately for each gas mixture. Accordingly, the results
represent the resistance of the sensing layer as a function of heater temperature in a certain gas

mixture (Figure 13).

a b _
RH 0% Air Sno, Ac(ll) — RH 20% Air Sno, Ac(ll) —a
10° — 2 10° 5 —#2
—#3 —#3
10° 1074
3 3
5 10° § 10°;
(0]
2 10° 3 10°
2 3
r 2
10°* 10°
10° : ; T T . ) 10° : T T - - :
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (° C) Temperature (° C)

Figure 13. Plots of resistance vs heater temperature for blank SnO, in dry air (a) and in humid
air (b). The legends denote the number of the successive measurements.
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The digital multimeter Agilent 34401A used in the experiment was limited to measure
resistance up to 100 MQ, which was an obstacle to perform measurements for SnO,-Sc,O3 in the
whole temperature range in air and in the range of 50-450 °C in 20 ppm Hy, irrespective of RH. It
was experimentally proved that high electric resistance is due to the material and not due to the
other factors related with deposition procedure, contacts etc. For this reason sensing properties of
SnO,-Sc, O3 will not be discussed in this study. This limitation also prevented us to measure
sensing layer resistance in the low temperature region for some other materials (mainly catalyst
doped). However, in this case the resistance values higher than 100 MQ were observed only up
to150°C indry air.

Once the resistance had been measured in a certain gas mixture, the same procedure was
repeated for another gas mixture, starting from stabilization in the target atmosphere (10 h at 350
°C and 3 h a RT). The list of the gas mixtures used to measure resistance as a function of
temperature is shown in Table 8.

The obtained results were used to calculate sensor signal which was defined as resistance

ratio: S=R,(T)/R,(T), where Ro(T) is the resistance of the sensing layer in dry synthetic air or

dry 20 ppm H, as a function of temperature and Ry(T) is the one obtained in humid air or in 20
ppm H, (either dry or humid). For example the sensor signal to 20% RH for SnO, Ac materia
was found by division data presented in Figur e 13a by the ones shown in Figur e 13b.

The method used here (i.e. resistance as a function of increasing at a certain rate
temperature) differs of course from the one when the resistance is measured under isothermal
conditions. To estimate the influence of the heating rate on resistance profile and evaluate the
difference between isothermal conditions and dynamic ones we performed additional

experiment.

Table 8. The gas mixtures used in the experiment.

Ne | Gascarrier | RH (%) Gas composition

1. 0 Dry synthetic air, with residua water and hydrocarbon
impurity levelsless than 3 ppm (gas carrier)

20 6500 ppm H-O in air, which corresponds to 20 % RH® at
25°C

50 16100 ppm HxO in air
80 25800 ppmin air

Air

% For the sake of brevity the water concentration in the humidified mixtures will be expressed in percents of RH.
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5. 0 20 ppm of hydrogen in air, with residua water and
hydrocarbon impurity levels less than 3 ppm (gas carrier)

20 ppm H, 20 6500 ppm H,0 and 20 ppm Hy in air
inair 50 16100 ppm H,0 and 20 ppm Hz in air
80 25800 ppm H20 and 20 ppm H in air

This experiment was performed for SnO, Ac in dry air and in dry 20 ppm H, in air. After
the sensor stabilization in the target atmosphere the resistance was recorded at the following
heating rates: 1, 5, 10 and 20 °C min™ (in the range 25-600 °C). Finally, the resistance was
measured under isothermal conditions. at 300, 325, 350, 375 and 400 °C for 3 hours at each
temperature. It was found that sensor signals obtained under isothermal conditions are higher
and occur at lower temperature than that observed for ramp heating mode. In the case of heating
rate 10 °C min™* the difference between signals amounted to 15% (in its highest value) and the
one between the temperatures of the signal to 60(3) °C. The latter was taken into account when
plotting sensor signal against temperature. Signal value was decided to remain unchanged.

Since sensor signal is known to be thermally activated process, the obtained results were
used to estimate apparent activation energy of the change in the electric conductivity. This
parameter was calculated from the Arrhenius plots of signa logarithm vs. /KT, where k is the
Boltzmann constant and T is temperature in Kelvin. An example of the plot is shown in Figure
14.
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—— RH 80%
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Figure 14. Arrhenius plot: sensor signal against 1/KT.
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The slope of the fitted lines corresponds to the apparent activation energy according to the
well established relationship between sample resistance (R), temperature (T) and partial pressure
of the gas to be absorbed (p) [130, 156]. Taking into account that signal (S was defined as

resistance ratio, the expression for the activation energy found will be as follows:

0, H _ G N g
S: Ro — r0H2 eXp( Eact Eact) p

RHz ro KT '\Q/pHZ

where ro, N, M, and partia pressures of the gases are constants within experiment (as well

- Aep(24)B (3-2)

as resulting A and B parameters), E and E2 are the activation energies of the resistance

change in air and in 20 ppm H; in air due to thermal activation of the charge carriers and

adsorption/desorption processes (both oxygen and hydrogen), E,, is the activation energy

related only with H, adsorption/desorption processes.
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4.Results and discussion

This section is built up from five main chapters giving results and discussion for: SnO,
synthesis from tin acetate complexes, ex situ and in situ characterization of the synthesized
materials, sensing properties of the synthesized materials, and conclusion. Each of the mentioned

chapter contains corresponding parts and summary. The most prominent results and conclusive
remarks are given in the conclusion.
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4.1. Tin dioxide synthesis
To our knowledge the synthesis of SnO, based colloids starting from metallic tin and acetic

acid, followed by tin acetate hydrolysis in acetic acid, is proposed for the first time. Moreover,
scarce information is available in the literature regarding synthesis of tin dioxide through
hydrolysis of tin acetate solutions. But even if the authors report hydrolysis of tin acetate
complex they usually use commercia tin(lV) acetate for the synthesis (see e.g. [89]), which is
rather expensive compound (ca. 260 EUR per 10 g according to Sigma Aldrich price-list in
2008). High price of the precursor is mostly due to the fact that the acetate complexes are usually
readily hydrolysed and laborious procedure is needed to separate the complex from the mother
solution avoiding contact with moisture [157].

The advantage of the proposed method is that the stage of tin acetate separation is omitted
and thus, moisture is not the obstacle in the synthesis since the precursor solution is stable in its
presence. On the other hand water presence in the precursor solution (from ambient air) can
notably change the precursor structure and we could not be aware weather tin(l1) acetate is the
product of the synthesis as it was suggested in [60] and [156], or rather hydrolyzed forms of
tin(I1) and/or tin(1V) acetates are present in the solution.

Accordingly, we performed comparative study of the synthesized precursor and
commercia tin(1V) acetate complex (Aldrich p/n 345172) by means of FTIR spectroscopy. In
addition, using commercia tin(lV) acetate we realized SnO, synthesis to compare the oxide
properties with the one synthesized via origina method. The results are given in the following

parts.
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4.1.1. Tin (II) or tin (IV) acetate complexes?

4.1.1.1. Physical properties
Colour and melting temperature are probably the most important properties which can help

usin primary determination of the tin oxidation state in the complex. The mother solution as well
as synthesized compound possess yellow colour. Donaldson et al. studying tin(ll)-acetates
indicated that colourless complexes turned yellowish after several months of the storage due to
oxidation of tin(ll) to tin(IV) [158]. However, in our experiments solutions of commercial
tin(IV) acetate in acetic acid were colourless. This suggests that yellow colour does not indicate
only the tin oxidation state but more probably the presence of water or OH groups in the
composition. The formation of the latter seems to be accompanied by tin oxidation.

The authors found as well that when the interaction time between metallic tin and hot
acetic acid is less than 80 hours (e.g. 50), the product is tin(l1) acetate-2-acetic acid, otherwise
tin(I1) acetate isformed. In our case the interaction lasted 20 hours.

The melting temperature of tin(l1) and tin(1V) acetates is known to be ca. 180 and 253 °C
(see Table 1). However, the synthesized compound decomposes without melting at ca. 300 °C to
give tin(1V) oxide (XRD data will be given later). This feature is similar to the properties of
Sn(CH3COO0),-2CH3COOH: decomposition in oxygen free atmosphere without melting at 295
°C, giving SnO, [158].

Thus, the preliminary analysis shows that the synthesized complex is neither tin(ll) nor
tin(IV) acetate. The physical properties of the synthesized material very resemble the ones of
Sn(CH3CO0),-2CH3;COOH. Most probably the compound is formed through tin(ll) acetate-2-
acetic acid, however, contains metal atom in the highest oxidation state. Water traces in the
system apparently provoke tin oxidation and bring about incorporation of OH groups into the

coordination sphere of the complex.

4.1.1.2. FTIR and XRD study
Both tin(l1) and tin(IV) acetates have bidentate chelating type of coordination. The

coordination numbers for the solids are 6 and 8 resp., which corresponds to the trigonal
bipyramid with lone electron pair in the case of tin(ll) acetate and dodecahedral geometry of the
molecule in the case of tin(IV) acetate. However, the geometrical structures of the molecules are
known to be distorted due to the sterical activity of the lone pair in the Sn(CH3;COOQO), and
coordination overcrowding in the Sn(CH3;COQO), [58, 64, 159].
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Figure 15. FTIR spectra of the synthesized tin acetate complex and commercial tin tetraacetate
in the range of 400-4000 cm™ (a) and 400-2000 cm™ (b).

The coordination type of the complexes can be estimated to some extent from IR
spectroscopy. As it was shown in [160], the coordination of the acetate ion can be derived from
the position of C-O frequencies, which are available in the literature for both complexes [64,
160].

Figure 15a shows FTIR spectra of tin acetate complexes obtained by acetic acid
evaporation at RT from the mother solution ([Sn(Ac),] 'mH20 RT) and the one of commercial tin
tetraacetate ([SnAcy] RT). The found peak positions and their comparison with the literature data
for tin(11) and tin(1V) acetates are summarized in Table 9.

Position of the peaks corresponding to v3 and vg can be used to distinguish unidentate and
bidentate acetates in the complex [160]. Unidentate ligands demonstrate v and vg at lower and
higher wavenumbers (resp.) in comparison with bidentate ligands. Therefore, in the case of
commercia tin tetraacetate complex the nature of the vg vibration with the prominent peaks at
1717, 1636 and 1553 cm™ can be explained either by the presence of two types of the ligands or
by asymmetric chelating acetate, where two Sn-O distances are very different. The latter seems
more probable and occurs in the case of overcrowded coordination sphere where there is no

enough space for 4 acetate ligands [160].
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Table 9. Comparison of peak positions (in cm™) in the IR spectra of Sn(Ac),, Sn(Ac), reported

in the literature, and Sn(Ac)4, [SnACc,]-mH20 RT found in this work.

Group | Notation Assignment Sn(AcC),, Sn(AC),, Sn(Ac)s, | [SN(AC),]-mH0
Ref. [64] Ref. [160] thiswork RT, thiswork
vy and v7 [sym. and asym str. 3000, 2955 3023, 2942 2950-2925
Vg def. 1430-1440 1430 1436
CHs Vio rock 1015 1009* 1022 1026
Vig rock 1045 1048 1082
C-O V3 sym. str. 1395 1400, 1315 1381, 1317 1373, 1324
2 asym. str. 1530 1635, 1575 1636 1640
C-C Va Str. 930 970, 922 930 924
CO; Vs sym. def. 661 652, 630 675 640-670

The case of the synthesized complex is very different. The intensity of v is remarkably
lower than that of vg which indicates that asymmetrical chelating in the complex is higher thanin
tetraacetate. This means that acetate ligand is bonded to the tin atom through very different Sn-
O-C bonds. one with oxygen close to the tin atom, and another one with oxygen close to the
carbon atom.

Figure 16 shows FTIR spectra of the synthesized complex after heat treatment at various
temperatures. Heating in ambient air for 20 h at 50 and 100 °C brings about intensity decrease of
the vibrations corresponded to the organic ligands, which means complex decomposition. At 300
°C the complex is decomposed. The band between 1600 and 1670 cm™ can be assigned either to
the presence of the organic fragments or molecular water in the material, the deformation mode
of the latter is known to occur between 1500-1650 cm™ [107]. Complex in its nature, the band
consists of at least four well pronounced peaks at 1616, 1635, 1646, 1653 cm™ (not shown).
These can be acetate fragments coordinated as unidentate and bidentate ligands (vs vibration). On
the other hand coordination of molecular water should not be discarded, since molecular water is
known to be rather strong ligand.

* Estimated from the spectra of CH;COONa
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Figure 16. FTIR spectra of the synthesized complex after heat treatment at 50, 100 and 300 °C
for 20 h at each temperature.

XRD analysis revealed that already at 100 °C the complex decomposes to give tin dioxide

with cassiterite structure. The diffraction bands are very broad with remarkable amorphous halo.

The mean crystallite size of the oxide amounts to 0.89(4) nm.
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Figure 17. XRD diffractograms of the complex after heat treatment at 100 °C for 20 h.
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The above considerations suggest that synthesized complex is tin(IV) acetate with partially
substituted acetate ligands by bridging hydroxyls ones. Indeed, hydroxides are good bridging
ligands and this explains low temperature formation of the tin(IV) oxide [58]. Probably the
complex has second coordination sphere with molecular water, which enables facile substitution
of acetate ligands with hydroxyl groups at elevated temperatures. One of the possible molecular

structures of tin(1V) hydroxide acetate is shown in Figur e 18b.
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Figure 18. Molecular structure of tin tetraacetate (a) and supposed structure of the synthesized
complex (b).
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4.1.2. Comparison of synthesized materials
SnO, Ac and SnO; Ac (IV), synthesized from the complexes [Sn(OH),Acm] and Sn(Ac)a,

resp., represent slightly yellowish white powders. TEM analysis revealed that mean particle size
of SnO, Ac isin the range of 2-5 nm, whilst that of SnO, Ac (1V) is4-10 nm (Figure 19). Both
materials are quite agglomerated, however SnO, Ac seems more porous in comparison with
SnO, Ac (1V).

-

Figure 19. TEM images of SnO, Ac (a) and SnO, Ac (1V) (b).

Precipitation from both precursors results in formation of tin dioxide phase crystallized in
cassiterite structure (Figure 20a). Again, the difference between two materials is mainly related
with the mean crystallite size: 1.69(11) and 2.21(5) for SnO, Ac and SnO, Ac (1V), resp.

Using XPS technique it was found out that surface tin atoms of both oxides are in the
highest oxidation state with a binding energy for Sn3ds, core level of 486.7 €V (Figure 20b).
Surface atomic ratio O/Sh was found 2.52 for SnO, Ac and 2.12 for SnO, Ac (IV). Since the
obtained ratio for both materials is higher than the stoichiometric one (O/Sh = 2), we can
conclude that tin dioxide synthesized from tin hydroxide acetate comprises more oxygen
contained species on the surface in comparison with SnO, Ac (1V).

The fact that O/Sh ratio is higher for SnO, Ac also supports the assumption of higher
hydroxylation degree of this material if we take into account that O1s XPS spectra (Figure 21),
used for calculation O/Sh ratio, evidence the presence of two different oxygen species with a
binding energy ca. 530 and 532.3 eV. The values correspond to the lattice oxygen and oxygen
from hydroxyl groups, resp. Therefore the O/Sn ratio should be written as (Oon + Oi4)/Sh, where

Oon is the surface hydroxyl concentration, O,y is the one of lattice oxygen, S is the



UNIVERSITAT ROVIRA I VIRGILI

SNO2 BASED OXIDE SYSTEMS: SYNTHESIS, MATERIAL SCIENCE AND SENSING PROPERTIES AS A FUNCTION OF
SURFACE HYDROXYLS

ISBN:978-84-693-3388-4/DL:T.1000-2010

concentration of surface tin atoms. The intensity ratio of the corresponding bands reveals that
SnO, Ac contains more OH groups than SnO, Ac (1V) by afactor of 1.2 (0.33 against 0.27).

Table 10. Comparison of XPS results

Material (Oon+ Oar)/S Oon/Opat
SnO, Ac 2.52 0.33
SN0, Ac (IV) 212 0.27

The found overall oxygen-to-tin and hydroxyl-to-lattice oxygen ratios are given in Table
10. Using the obtained results we can compare the formation of oxygen vacancies in the case of

two materials. Let us write down the overall oxygen-to-tin ratio for both materials in the

following way:
(Mj =252 (4-1)
Sy 0,Ac
(Mj =212 (4-2)
Sy $0,Ac(IV)

If we divide the both parts of equations by concentration of lattice oxygen Oy, and substitute the

resulting ratio (Oon/Oia) by the corresponding values from Table 20, we obtain the following

ratios;
[ﬂ] =0.53 (4-3)
Olat $0,Ac
[ﬂ] =0.60 (4-4)
Olat S0,Ac(IV)

The results indicate that either the content of lattice oxygen is slightly higher or that of surface
tin atoms is slightly lower (by a factor of 1.13) in the case of SnO, Ac compared with SnO, Ac
(V). This means that hydrolysis of tin tetraacetate complex gives oxide material with slightly

higher concentration of surface oxygen vacancies and lower concentration of surface hydroxyls.
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Figure 20. XRD diffractograms (a) and XPS spectra (b) of SnO, synthesized from tin hydroxide
acetate and tin tetraacetate (Aldrich).
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Figure 21. XPS spectra of SnO, synthesized from tin hydroxide acetate and tin tetraacetate
(Aldrich).

FTIR spectra of the materials demonstrate vibrations of hydroxyl groups, Sn-O vibrations
and molecular water, which deformation mode is usually observed between 1500 and 1650 cm™

(Figure 224). The main difference between two spectra is related with hydroxyl groups. The
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band positions and their maxima indicate that both materials contain bridging OH groups with
dightly different nature. Among the OH groups of SnO, Ac (IV) one can distinguish two
fractions with slightly different acidity at 3378 and 3434 cm™* [106]. Spectrum of SnO, Ac does
not demonstrate such heterogeneity in the acidity of the bridging hydroxyls. In the rest the

positions of the characteristic bands for two materials are quite similar.
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Figure 22. FTIR (a) and UV-VIS (b) spectra of SnO, synthesized from tin hydroxide acetate and
tin tetraacetate (Aldrich)

The normalized intensities of the voy and vsho bands differ to higher degree that their
positions. From the comparison of intensity ratio lon/l sho it becomes clear that SnO, Ac contains
hydroxyl groups almost two times as much as SnO, Ac (1V): 0.36 against 0.21. This remarkably
exceeds the results obtained by XPS analysis, where Oon/Oi4 ratio was found higher for SnO,
Ac only by afactor of 1.2.

DR UV-VIS spectra of both materials represent broad absorption with maximum at the
same wavelength: around 250 nm (Figure 22b). The absorption in this region corresponds to the
charge-transfer process between vaence band formed by oxygen ligands (2p orbitals) and

conduction band formed by Sn*" (5s orbitals) [161]. The major contribution to this process is
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believed to originate from surface ions [145]. The intensity of the band is higher for SnO, Ac
(IV) suggesting that concentration of chromophore groups related with this specific charge
transfer-process is higher in respect to SnO, Ac. Both materials demonstrate remarkable
absorbance in the low-energy region 280-400 nm which indicates availability of donor levels
located within forbidden band. This becomes more evident after comparison of the spectra with
that of SnO, Aldrich (not shown). The later shows symmetric absorption band with low-energy
shoulder extended to ca. 350 nm.

The optic band gap width calculated from the spectra (edge energy) was found 3.85 and
3.97 eV for SnO, Ac and SnO, Ac(IV), resp. The values are clearly higher than that for bulk
SnO, (3.6 eV), which is probably due to the effect of the quantum confinement in
nanocrystalline semiconductors: the band gap increases with the decreasing crystallite size [162].
On the other hand these values are lower than that of commercial material - 4.1 eV. The mean
crystallite size of the latter was found 33 (1) nm, however, the quantum behaviour of charge
carriers in semiconductor materials predominates for particles of less than 10 nm in diameter
[163].

Furthermore, after comparing edge energies of synthesized oxides and their mean
crystallite sizes, it becomes clear that the effect of the quantum confinement influences the
electronic structure of the materials to the minor degree. Aslong as crystallite size of SnO, Acis
lower than that of SnO, Ac (1V), the former should have higher bandgap width than the latter.
However, in our case material with lower crystallite size has lower optical band gap. The
possible partial reduction of Sn** to Sn** and therefore additional donor levelsin SnO, Ac should
be discarded since both materials contain tin in the highest oxidation state according to the XPS
analysis. Moreover as it was found by XPS analysis SnO, Ac (IV) contains slightly higher
concentration of oxygen vacancies, which should act as electron donors. So what could be the
reason of the different optic band gap of the materials?

Probably the effect is due to the surface hydroxylation. It is known from literature that
optic band gap for more hydroxylated TiO, materials is more shallow [164]. And as it was found
by XPS and FTIR analysis, SnO, Ac contains more bridging hydroxyls than SnO, Ac (1V)
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4.1.3. Summary
The obtained results as well as available information in the literature suggest that

interaction of metallic tin with hot acetic acid in ambient air results in tin(1V) hydroxide acetate
with general formula [Sn(OH),(Ac)n]. Probably the complex has second coordination sphere
with molecular water. The hydroxide groups in the complex demonstrate bridging character.
Acetate ligands are bonded to the central atom through highly unsymmetrical bidentate
chelating. The complex is rather unstable and upon temperature the weakest bond breaks and is
substituted by hydroxyl group probably from molecular water. This explains low temperature
formation of tin(IV) oxide (ca. 100 °C). At 300 °C the IR spectrum of the compound represents
tin dioxide with acetate fragments and apparently molecular water.

Both synthesized oxides are SnO, with cassiterite structure. Employment of tin(1V)
hydroxide acetate as precursor results in more dispersed material with mean crystallite size 1.69
nm, which is lower than that of SnO, Ac (IV). As was established by XPS, SnO, Ac contains
higher amount of chemisorbed oxygen species and lower content of oxygen vacancies in
comparison with SnO, Ac (IV). The origin of the superstoichiometric oxygen is related with
hydroxyl groups, which content was found much higher for SnO, Ac by means of FTIR results.
Higher hydroxylation degree probably explains lower edge energy of SnO, Ac compared with
SnO, Ac (1V).

Taking into account the above results the assumption of hydroxyl incorporation into the
coordination sphere of the complex appears very probable. Low crystallite size together with
high content of hydroxyl groups suggests that upon addition of ammonia solution hydrolysis of
[Sn(OH)n(Ac)m] occurs much faster than polycondensation reaction. The fact of high
hydroxylation degree for both materials suggests that among various polycondensation processes
(see part 2.1.2) the fastest one is olation.
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4.2. Material science: ex situ characterization

This chapter consists of three parts dedicated to SnO, materials synthesized through co-
precipitation technique (with 111B and 1VB metal oxides), the ones with deposited noble metals
and the last part summarizes the obtained results. Analysis of al materias is given in
comparison with blank tin dioxide (SnO, Ac), using laser-spark element analysis, TEM, XRD,
FTIR, TGA and UV-Vistechniques.

Before we start the comparison of the synthesized SnO, systems, it is worthwhile to
compare results of element analysis for blank SnO,, synthesized through original method, and
commercial tin dioxide nanopowder, supplied by Sigma-Aldrich (p/n 549657), since one of the
key ideas of the method is to decrease impurity content in the final product.

As it was expected, employment of metalorganic complexes as starting materials
remarkable decreases the content of the main impurities usually found in conventiona tin
dioxide materials. Results of the element analysis performed for commercial and synthesized
SnO, aregivenin Table 11.

Table 11. Weight content of the main impurities found by laser spark element analysis in
synthesized and commercial SnOs.

Element Weight content, ppm
Commercial Synthesized®
32 61
F 4 2
Na 3049 179
Mg 33 13
Al 30 74
Si 80 208
P 61 14
S 22 22
Cl 4120 222
K 47 69
Ca 97 185

> The values presented here are the lowest found for synthesized tin dioxide after threefold washing with hot
dionized water.
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The main impurities in commercia tin dioxide are Na and Cl, which is the result of
employing tin chloride and sodium hydroxide as precursor and precipitation agent respectively.
These impurities are roughly 20 times lower for tin dioxide synthesized through origina method
starting from tin(1V) hydroxide acetate complex. Content of some of impurities in synthesized
SnO;, is higher though, e.g. Si, Al, Caand C. The purity can be increased to the same level as
was found in commercial material after additional washing procedures. However, these elements
and their respective oxides are not known to provoke recrystallization phenomena or catalytic
poi soning.

The impurity level was fairly the same for all synthesized oxide systems. Accordingly, in
the following chapters the results of element analysis will be given only to estimate the content
of the introduced elements
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4.2.1. Oxide system SnO,-MetO,
The following two parts give results of ex situ characterization for SnO,-MetOy, where Met

is one of the metals from group I11B and 1VB of periodic system. The results are given separately
for each group of elements and start with metals from 1VB group. As we have shown earlier the
[11B oxides are known to form mixed oxides with tin dioxide phase, while IVB oxide form solid
solutions with isostructural cassiterite phase. Bearing thisin mind let us pass to the discussion of

the obtained results.

42.1.1. SnO»-MetO,, Met=Ti, Zr, Hf
As it was mentioned in the experimental section the MetO, content in SnO,-MetOy system

was set to 10 w.%. Using laser-spark mass spectrometry the content of the introduced element
was estimated and the corresponding values are given in Table 12. Under the assumption of
solid solution formation the following formulae correspond to the synthesized compounds:
SNo.94Ti0.0602, SNo.97Zr0.0302, and Sno.ggHfo,0205.

Table 12. Atomic content of Ti, Zr and Hf elements in the corresponding oxide systems.

Material SnOz-TiOZ SnO»-ZrOs, SﬂOz-HfOz
Tin atomic content, % 31.1 32.0 32.6
Target element atomic content, % 213 1.18 0.61

As it was established by TEM analysis the synthesized materials consist of particles
roughly of the same size 4-6 nm which is slightly higher that it was found for blank SnO,: 2-5
nm (Figur e 23). Particles tend to form agglomerates and for two-component systems seem to be
more closely packed than SnO, Ac.

Figure 24 shows XRD diffractograms for the materials in question. The synthesized
compounds apparently consist of one phase which corresponds to cassiterite structure (peaks at
40, 46 and 67 260 in SnO,-TiO, diffractogram are assigned to the Pt sample holder,
corresponding to crystallline planes: 111, 002 and 220, resp.).
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SCIENCE AND SENSING PROPERTIES AS A FUNCTION OF

Figure 23. TEM pictures of blank SnO, (@), SnO,-TiO; (b), SNO,-ZrO; (), and SnO,-HfO, (d).
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Figure 24. XRD diffractograms of SnO, Ac and SnO,-TiO; (a), and SnO,-ZrO, and SnO,-HfO,
(b).

The cell parameters (a and c in the tetragonal cell) as well as mean crystallite size are given
in Table 13. Parameters a, ¢ and D were calculated using fitting procedure for the diffractograms
recorded tree times separately for the same material. In the table the given values are average

with the experimental error given in parenthesis.

Table 13. Cell parameters (a and ¢) and crystallite size (D) for synthesized compounds in
comparison with standardized crystallographic data of pure oxidesin tetragonal modification.

Compound a=b, A c, A alc D, nm Ref.
SnO, standard 4737 3.186 1.487 i [89, 117]
TiO, standard 4593 2.960 1552 i [117]
ZrO, standard 3.638 5.281 0.689 - [165]
HfO, standard 5.176 5208 0.977 i [166]
SnO, Ac 4.67() 3.17(2) 1.48(2) 1.69(6)

SnO,-TiO, 4.68(3) 3.16(3) 1.48(3) 1.84(8)

SnO,-ZrO; 471(3) 3.18(3) 1.48(3) 2.28(10)
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SnO,-Hf O,

4.74(3)

3.19(3)

1.49(3) 2.10(9)

It was found that cell parameters of synthesized materials are lower than that of well
ordered standard cassiterite structure. Let us compare the values found for solid solutions with
the ones for blank SnO,. Tin substitution with elements of different ionic radii (in the quantities
of 1-2 at.%) brings about only slight change of cell parameters in comparison with blank SnO..
For example in the case of SnO,-TiO;, the experimental error of 3 pm corresponds to ca. 20 % of
the theoretical difference between cell parameters of pure TiO, and pure SnO, (the highest
possible change) [117]. Therefore the change of the cell parameters probably is below
experimental error. For Zr and Hf doped SnO; the crystalline lattice is sightly expanded, which
suggests incorporation of the metal ions with bigger radius into the crystalline structure of SnO,.

Within the experimental error the lattice expands almost isotropically.
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Figure 25. FTIR spectra of SnO, Ac and SnO,-TiO; (a), and SnO,-ZrO, and SnO,-HfO, (b).

Figure 25 shows results of FTIR characterization. The spectra of the materials are quite

similar. All compounds contain molecular water, which deformation vibration can be observed
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between 1500 and 1650 cm™ [107]. Sn-O vibrations for the materials occur in the region 580-
660 cm™ and represent broad adsorption bands, suggesting heterogeneous particle shape [167].

OH stretching vibrations occur in the region 2700-3650 cm™. Their maximum positions
correspond to the bridging OH groups where hydrogen interacts with neighbouring oxygen
atoms. For given materials the corresponding peak position gradually shifts from higher towards
lower frequencies in the following way: SnO, Ac>SnO,-TiO;>SN0,-ZrO,>Sn0,-HfO,. Probably
this phenomenon is related to the change in the acidic/basic character of the corresponding
oxides. Accordingly, the observed shift can be assigned to the acidity change of bridging
hydroxyl groups, since it is known that SnO, and TiO, are amphoteric oxides, while ZrO, and
HfO, are basic ones. The same trend (however for terminal OH groups in the case of SnO,) was
observed by N. Sergent et al. The authors found that vibrations at 3740 cm™ correspond to the
less acidic hydroxyls than those at 3640 cm™ [108].

In general, all two-component materials manifest remarkable heterogeneity of the bridging
hydroxyls. The additional shoulders can be observed in the high-frequency region. The most
prominent case of the OH heterogeneity is presented by SnO,-HfO,.

Table 14. Comparative anaysis of normalized intensities lon, Isqo, their ratio lon/lsio and
integral of the band von between 2500-3700 cm.

Compound lon, au. I sno, a.Ul. lon/l sno Integral (Vou)
SnO; Ac 0.44 1.97 0.22 193
SnO,-TiO; 0.58 1.88 0.31 261
SNO,-ZrO, 0.5 1.97 0.25 208
SnO,-HfO; 0.53 1.97 0.27 223

To analyse the hydroxylation degree of the materials let us compare intensity ratio lon/lsno
and normalized integrals calculated as peak area between 2500 and 3700 cm™ (Table 14). Both
parameters reach their highest values for SnO,-TiO,, suggesting that this material contains the
highest amount of OH groups. The lowest hydroxylation degree was found for blank oxide.
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Figure 26. UV-VIS spectra of SnO, Ac, SnO,-TiO,, SNO,-ZrO, and SnO,-HfOs.
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UV-VIS spectra of the materials in question are shown in Figure 26. The absorption
intensity as well as peak shape and its position differ from the blank material. Doping with Ti
results in decrease of the peak at 250 nm. In the case of Zr and Hf the absorption bands
demonstrate shoulders around 305 and 330 nm, and remarkable broadening in the low-energy
region extending up to 430 nm. The observed changes in the spectra indicate that following
phenomena occur upon doping: decrease of the electron transfer between tin and oxygen ligands
and appearance of the new low-energy transitions in the region 270-340 nm and higher. The
former is probably due to the tin substitution in the crystalline lattice. Absorption in the region
270-340 nm can be caused by new»p tr  ansitions between oxygen and d element or/and
intershell d—d transitions in the dopants [161, 168, 169]. The surface vacancies are believed to
contribute to the vibration in the region 350-400 nm [145].

The edge energies of the solid solutions found from the spectra are lower in comparison
with blank oxide. The values decrease gradually in a following way: SnO, Ac>SnO,-
TiO2>Sn0,-Zr0O,=Sn0,-HfO,. According to the literature following factors can contribute to the
decrease of the energy band gap: substitution of tin atoms with metals of lower electronegativity,
increase of crystallite size being accompanied by the loss of quantum confinement dimensions
[162, 163], and generation of the donor levels within forbidden band due to high hydroxylation
of the surface [145, 164].

Figure 27 illustrates the comparison of the mentioned factors with the energy bandgap of

the materials. The change of the energy optic band gap is seemed to have a hybrid phenomenon,
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since al the factors evolve complementary with element atomic numbers. However,

hydroxylation degree together with quantum confinement factor has the minor contribution to

the phenomenon.
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Figure 27. Comparison of the Ey with electronegativity of the introduced metals (a), mean
crystallite size and hydroxylation degree of the materials (b). Inset — atomic content of the given
elements.

42.1.2. SnO,-Met,03 Met=Sc, Y, La
Results of laser-spark element analysis for the material in question are given in Table 15.

As it was shown earlier the elements do not form solid solution with tin dioxide, however,
formation of stannates with pyrochlore structure should not be discarded. Accordingly, the
compounds represent a mixture of different oxide phases. SnO, and Met;0O;, SnO, and
Sn,Met,O7, or three phases can form simultaneously.

Table 15. Atomic content of Sc, Y and La elements in corresponding mixed oxides.

Materid SnO,-Sc,03 SnO,-Y 03 SnO,- LapOs3
Tin atomic content, % 32.3 32.7 33.2
Target el ement atomic content, % 1.62 121 0.74

TEM analysis did not reveal the pronounced two-phase character of the particles. Particle
size of SnO,-Sc,05 is in the range of 4-8 nm, which is dlightly higher than it was found for
SnO,-Y 03 and SnO,-LaOs: 4-6 and 3-6 nm (Figure 28). The particles seem to be more
aggregated and closely packed than that of blank tin dioxide.
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Figure 28. TEM pictures of blank SnO, (a), SnO,-Sc,03 (b), SnO,-Y 203 (€), and SnO,-LaO3
(d).

XRD diffractograms show only one phase for all synthesized materials (Figure 29b, again
peaks at 40, 46 and 67 20 in SnO»,-Y »05 diffractogram correspond to the Pt sample holder). This
suggests that either this technique is insensitive to the amount of introduced oxides (ca. 4-6 at
%), or the oxides are amorphous and this hardly can be seen against the background of poor
crystallized main phase of SnO..

The cell parameters and crystallite size of the synthesized materials are given in Table 16.
The fact that cell parameters expand upon doping with Sc, Y, and La, suggests that there is phase
interaction between SnO, and Met,O3, which consists probably of partial incorporation of the
metal ions with much bigger ionic radii (Table 5) into the near-surface region of SnO,
crystalites. While a and ¢ increase dightly anisotropically for SnO,-Sc,O3; and SnO,-L&0s3, the
yttrium doping results in more even expansion of the cell parameters. The mean crystallite size
of the mixed oxides is higher comparing with blank SnO,. The highest increase is observed for
Sn0,-Sc,03 and SNO,-L & 0s.
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Figure 29. XRD diffractograms of SnO, Ac, SnO,-Sc,03 (a), and SnO,- Y 2,03, SNO,- LapO3 (b).
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Table 16. Cell parameters (a and ¢) and crystallite size (D) for synthesized compounds in
comparison with standardized crystallographic data of pure SnOs..

Compound a=b, A c, A alc D, nm Ref.
SnO, standard 4737 3.186 1487 i [89, 117]
SN0, Ac 4.67(1) 3.17(2) 1.48(2) 1.69(6)

SnO»Sc,0; 4.74(3) 3.19(3) 1.49(3) 2.9(1)

SN0z~ Y103 47303) 3.1903) 1.48(3) 23()

SOy La03 4.74(3) 3.19(3) 1.49(3) 2.6(1)
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Figure 30. FTIR spectra of SnO, Ac, SnO,-Sc;03 (a), and SnO,- Y 203, SNO,- LapOs3 (b).

FTIR spectra of synthesized compounds are given in Figure 30. The mixed oxides seem to
contain more molecular water (vibrations at 1630 cm™). However again, the most pronounce
difference is related with hydroxyl stretching vibrations in the region 2500-3700 cm™. The band
in this region is more intense for mixed oxides and contains additional peak around 3433-3440
cm®. The appearance of the peak in the high frequency region suggests that together with acidic
bridging hydroxyls the material contains a fraction of slightly more neutra OH groups. On the
other hand, the band, observed in SnO, Ac at 3399 cm™”, undergoes a shift towards lower
frequencies in mixed oxides (so called red shift). In other words some of the bridging hydroxyls
become more acidic. The highest shift of the band is occurs for SnO-Y ,03. However, we should
note that peak positions are quite similar for the mixed oxides and no trend regarding this
parameter can be derived for 111B metal oxides. Comparison of the normalized ratios | on/l sno and

von integrals clearly evidences that mixed oxides contain OH groups more than 2 times as much

as blank SnO, (Table

Table 17. Comparative analysis of normalized intensities loy, lso, their ratio lon/lsio and

17).

integral of the band von between 2500-3700 cm™.
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Compound lon, au. | sno, a.Ul. lon/l sno Integral (vou)
SnO; Ac 0.44 1.97 0.22 193
SnO,-Sc,05 0.90 1.65 0.54 431
SNO,- Y205 0.85 1.79 0.47 407
SnO,- LayO3 1.03 1.70 0.61 460

SnO, Ac Eg=3.85eV
Sn05-Scy 04 Eg=3.95 eV
Sn05-Lay04 Eg=3.91 eV

Absorption (a.u.)

T T T T T 7
200 250 300 350 400 450

Wavelength (nm)
Figure 31. UV-VIS spectraof SnO, Ac, SnO,-Sc,03, SNO,- Y203 and SnO,- LaOs.

The UV-Vis absorbance spectra of the mixed oxides are illustrated in Figure 31. The
common trend for the mixed oxides is that the doping slightly change intensity and width of the
absorption band. Doping with Sc to alittle degree increases absorption in the region of electron
transfer between valence and conduction band, however, in the same time a decrease of low-
energy transitions occur in the region 300-400 nm, assigned to the oxygen vacancy effect [145].
In the case of SnO,-Y,0; the absorption band becomes dlightly red-shifted with pronounced
shoulder in the region 270-285 nm. A dlight increase of low-energy electron transitions is
observed for this material as well. Doping with La more decreases vibrations corresponded to the
charge transfer and low-energy region 300-400 nm.

The edge energies found from UV-VIS spectra of the mixed oxides do not differ form the
blank materials in such pronounced way as it was found for elements from I1VB group (Figure
31). Comparing the values it was found that Ey is slightly higher for SnO,-Sc,O3 and SnO»-
L&a0s, while that of SnO,-Y ;03 islower in respect to blank oxide.
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Figure 32. Qualitative comparison of the Eg with electronegativity of the metals (a), mean
crystallite size and hydroxylation degree of the materials (b). Inset — atomic content of the given
elements.

The fact that edge energy for the mixed oxides, evolving with element atomic number,
remains relatively closely to the value of the blank oxide, suggests that the electronic structure of
tin dioxide is modified to alittle degree by the second phase oxide (Figure 32 a). Hydroxylation
degree of the materials is believed to be related predominantly with the second phase oxides,
rather than with SnO, (Figure 32 b).
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4.2.2. SnO, with deposited noble metals: Pd, Pt, Rh
As it was found by element analysis the weight content of the deposited noble metalsisin

good agreement with calculated metal-to-SnO, ratio, set to 1 w. % for all materials (Table 18).

Table 18. Atomic content of Pd, Pt and Rh in the corresponding materials.

Material SnO,-Pd SnO,-Pt SnO,- Rh
Target element atomic content, % 0.52 0.30 0.55
Target element weight content, % 11 1.2 11

The surface doped materials consist of closely packed particles of 4-6 nm in diameter
(Figure 33). By means of conventional TEM the metal clusters were not visible on highly

textured surface of the carrier. However, using HRTEM it was possible to overcome this

obstacle.

D o
- TS

Figure 33. TEM images of SnO, Ac-Pd (a) and SnO, Ac-Pt (b).

: "‘:'r

20 nm

Figure 34 shows HRTEM picture and its Fourier Transform (FT) image obtained for Pd
doped SnO,. The arealabelled “1” contains lattice fringes with the spacing 3.35 A corresponding
to the (110) plane of SnO,, while that labelled “2” with 3.05 A between the planes corresponds
to the crystallite structure of PdO in the direction of (100). The size of PdO particles was found
to be 1-3 nm.
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Figure 34. HRTEM (a) and FT (b) images of SnO, Ac-Pd. Areas 1 and 2 correspond to SnO,
and PdO (resp.).

According to XRD analysis the sample contains one main phase — SnO, with cassiterite
structure. The mean crystallite sizes of the doped materials are higher as well as in the previous
materials. In addition, deposition of noble metals increases cell parameter a in the cassiterite
structure to the same degree as it was found for mixed oxides and some solid solutions. This
means that apart from being a separate phase noble metals are partially incorporated into SnO,
crystallite structure.

Table 19. Cell parameters (a and ¢) and crystallite size (D) for synthesized compounds in
comparison with standardized crystallographic data of pure SnO..

Compound a=b, A c, A alc D, nm Ref.
SnO, standard 4.737 3.186 1487 i [89, 117]
SN0, Ac 4.67(1) 3.17(2) 1.48(2) 1.69(6)

SnO,-Pd 4.72(1) 3.18(1) 1.48(0) 2.50(3)

SN0, Pt 471(2) 3.18(2) 1.48(2) 2.14(9)
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Figure 35. XRD diffractograms of SnO, Ac-Pd (a) and SnO, Ac-Pt (b).

XPS analysis was performed for SnO,-Pd and revealed that surface tin atoms of this
material are in the highest oxidation state with a binding energy 486.7 eV (Figure 36 a). Signal
of oxygen also manifest two components. As mentioned above, one corresponds to the lattice

oxygen signal and another one originates from hydroxyl groups (Figure 36 b).

Table 20. Comparison of XPS results

Material (Oor+O1)/Sn Oon/Or
SnO, Ac 2.52 0.33
SnO, Ac-Pd 2.13 0.37
200 SnOy Ac-Pd
a I P b1~ Sn05 Ac-Pd
_ 160—_ 100 4 5305,
;_Ii 140-_ é o
o 204 -
? 100 | 2
8 80 g o4
2 1 2
5 &0 <
S ] 8 604
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Figure 36. XPS spectra of SnO, Ac-Pd: bands corresponded to Sn3ds/, (a) and O1s (b).

The found overall oxygen-to-tin and hydroxyl-to-lattice oxygen ratios are given in Table

20. Using the obtained results we can compare the formation of oxygen vacancies in the case of
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two materials, as it has been performed earlier for SnO, Ac and SnO, Ac (V). The overal
oxygen-to-tin ratio for both materials can be represented as follows:

(—OOH O j =252 (4-5)
8’] Blank
(Mj -213 (4-6)
N oy

where, Ooy — the surface hydroxyl concentration, O — the one of lattice oxygen, Sh —
concentration of surface tin atoms. If we divide the both parts of equations by concentration of
lattice oxygen Oy4;, and substitute the resulting ratio (Oon/Oi4) by the corresponding values from
Table 20, we obtain the following ratios:

S

[QLW =0.53 47
o)

(@L =0.64 (4-8)

The results definitely show that content of lattice oxygen is lower by afactor of 1.2 in the case of
Pd-doped material. This means that Pd doping provokes in addition to the slight hydroxylation of
the material remarkable formation of oxygen vacancies on the surface.

Binding energy of Pd3ds/, core was found to be 337.8 €V, which corresponds to PdO, (not
shown). This result contradicts to the one obtained by HRTEM, the latter suggested that
deposited particles corresponds to PdO phase. The explanation to this could be different
penetration depth of the radiation in the given methods. While HRTEM has very high
penetration capacity, the signal obtained by XPS is originated from atoms that are within 2-5 nm
of surface layer.

FTIR spectra of the surface doped materias differ form SnO, Ac by narrow and blue
shifted band of Sn-O stretching vibrations and increased hydroxyl vibrations (Figure 37). The
former band is less broad for all doped oxides. Together with the shift of the band this indicates
that the material consists of the particles with more homogeneous distribution of shapes[170]. In
other words the crystalline structure is more ordered and the amorphous component became less
intense. In addition to the narrowing there is a pronounced decrease of the vs,o intensity for all
doped materials. The lowest intensity was found for Rh doped oxide.

Increase of hydroxyl vibration intensity together with shoulder formation around 3433 cm™
is observed for all catalyst systems, suggesting that surface hydroxylation becomes more intense

and hydroxyl nature is more heterogeneous.
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Figure 37. FTIR spectra of SnO, Ac (a) and SnO, Ac with deposited noble metals (b).

As it was found by XPS analysis, doping with noble metals brings about formation of the
oxygen vacancies on SnO, surface. Spiking nature of the bands at 630 cm™ together with band
narrowing and intensity decrease (especially in the case of Rh-doped SnO,) indirectly supports
this assumption, since the band corresponds to metal-oxygen fundamental vibrations. Therefore
the lon/lso ratio probably could not be used to compare hydroxylation degree of the materials.
Let us suppose that comparison of the voy integrals reflects better difference between blank and
doped SnO..

According to integral calculations, the highest hydroxylation degree was found in the case
of Pt and Rh catalysts (Table 21). It is remarkable, that bimetallic catalyst systems manifest

rather low hydroxylation degree in respect with monometallic ones.

Table 21. Comparative analysis of normalized intensities lop, Iso, their ratio lon/lsio and
integral of the band von between 2500-3700 cm™.

Compound lon, au. lsno, aU. lon/lsno Integral (vow)
SnO; Ac 0.44 2.00 0.22 193
SnO, Ac-Pd 0.54 15 0.36 244
SnO; Ac-Pt 0.86 1.75 0.49 396
SnO, Ac-Rh 0.73 1.45 0.50 321
SnO, Ac-Pd/Pt 0.58 1.72 0.34 268
SnO, Ac-Pd/Rh 0.51 1.72 0.30 241
SnO; Ac-Pt/Rh 0.47 1.68 0.28 213
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Deposition of noble metals causes remarkable changes in electronic structure of the blank
material. As one can see from UV-VIS spectra (Figure 38) the materials doped with only one
noble metal remarkably differ from that doped with bimetallic catalyst. Let us consider first the
case of one noble metal (Figure 38 a).

The absorbance intensity between 230 and 300 nm is remarkably higher for these materials.
All spectra are dightly red-shifted exhibiting their maxima in the region 250-260 nm. Doping
with Rh and Pt brings about significant broadening of the band in the low-energy as well asin
the high-energy region of vibrations. Deposition of Pd, in contrary, makes the adsorption band
narrower in respect with blank SnO,, however, the band expands up to 500 nm.

For bimetallic catalysts absorption in the region 230-300 nm occurs in a lower degree
comparing with monometallic catalytic systems. Instead, the absorption in low-energy region
remarkably higher: the bands similarly expand up to 630 nm.

254
a SnO, Ac Eg=3.85 eV bo2s-
Sn0,-Pd  Eg=4.12 eV
SnO,-Pt  Eg=3.92eV
SnO,-Rh  Eg=3.96 eV

SnO, Ac Eg=3.85eV
SnOZ-Pd/’Pt Eg=3.70 eV
SnO,-Pd/Rh  Eg=3.76 eV
——Sn0,-PYRh  Eg=3.82 eV

204

204

Absorption (a.u.)
Absorption (a.u.)

T T T T = o T T 1 0 T T T T T T T 1
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Figure 38. UV-VIS spectraof SnO, Ac-Pd, Pt, Rh (a) and SnO, Ac-Pt/Rh, Pd/Rh, Pd/Pt (b).

The difference between two catalytic systems (mono and bimetallic) can be either due to
the effect of the second noble metal or because of different metal concentration in the material,
since total content of the noble metals for the bimetallic system was set to 2 w.% (1% for each
metal), whereas for monometallic catalysts — 1 w.%. Additional experiments are needed to
assign the difference more accurately. However, it is known from the literature that increase of
Pd content on TiO, results in gradual growth of the background absorption at wavelength larger
than 400 nm due to absorption of metallic phase [169]. The latter (by example of Pd) is also
characterized by adsorption in al UV-Vis range without definite structure [171]. Therefore we
can assume that the effect of higher catalyst concentration should be expected mainly in the low-

energy region and should not bring additional bands to the spectra.
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From literature is also known, that highly dispersed forms of PdO exhibit signals at 250-
260 nm and 410-420 nm [171]. Accordingly, the observed remarkable increase in this region for
monometallic catalysts should be probably assigned to the dispersed particles of Pd, Pt and Rh
oxides. The oxygen vacancies, formed upon catalyst doping (proved by XPS), should be
considered as a possible source of contribution to the absorption in the range 400-600 nm.
Among monometallic catalysts the highest absorption in this region demonstrated SnO,-Rh. The
latter fact isin line with FTIR results.

Interesting tendency is observed for edge energies of the given materials. Again, the case of
monometallic catalytic system is different from the bimetallic one. Deposition of one noble
metal brings about increase of the optic band gap, while opposite phenomenon is observed upon
doping with two metals. Apparently, the oxide formation in the case of monometallic materials,
which increases electron acceptor states on the surface, dominates the generation of oxygen
vacancies. In the case of bimetallic catalystsit is clear that metallic phase (formed either because
of higher catalyst concentration or due to the mixed catalyst nature) plays principa role in the
formation of new surface donor states.
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4.2.3. Summary
All synthesized compounds represent polycrystalline material on the basis of SnO,

cassiterite structure with particle sizes 4-8 nm and mean crystallite sizes 2-3 nm. In the case of
surface doped SnO,, by example of Pd, it was found that noble metals are in the oxidized form
and particle sizeis about 1-3 nm, which is comparable with crystallite size of the carrier.

The obtained results suggest that co-precipitation of SnO, with VB metal oxides most
probably results in formation of solid solutions, since cell parameters of the synthesized
materials evolve in the same manner as it was expected from the comparison of Ti, Zr and Hf
ionic radii. On the other hand, SnO, co-precipitation with I11B oxides also results in lattice
expansion. However, al compounds have roughly the same cell parameters, in spite of the fact
that their ionic radii differ greatly from each other. The same effect was observed for SnO,
surface doped with noble metals. This indicates that the synthesized compounds are mixed
oxides (or in general — two-phase compounds), rather than solid solutions, with remarkable
interphase interaction.

Hydroxylation degree was found to be dlightly increased in the case of solid solutions,
while mixed oxides demonstrated two and threefold rise of this parameter. FTIR results aso
evidenced that tin substitution with Ti, Zr and Hf results in gradual increase of OH basicity with
increase of element atomic number, whereas mixed oxide did not exhibit any remarkable trend.
As for catalyst doped oxides, the hydroxylation degree of Pt and Rh-doped SnO; is remarkably
higher in respect with blank oxide. It seems that Rh deposition brings about intensive formation
of oxygen vacancies on SnO, surface, since this phenomenon was found by example of SnO,
Ac-Pd using XPS analysis.

UV-Vis absorption spectra of the solid solutions demonstrate remarkable decrease around
250 nm which was assigned to the decrease of charge transfer between tin ions and oxygen
ligands due to tin substitution. This phenomenon was observed neither for mixed oxides, nor for
tin dioxide with deposited noble catalysts. Edge energies of solid solutions gradually decrease
with atomic number of elements, while this was not observed for mixed oxides. Deposition of
one noble metal remarkably increases optic band gap of the materials, which isin line with fact
that catalysts on the surface are in the form of oxides. The fact of oxygen vacancy formation
(from XPS and FTIR) together with the latter finding suggests that oxygen from SnO, surface
partially diffuse towards deposited phase to form noble metal oxides. In contrary bimetallic

systems decrease E;, suggesting that catalyst system demonstrate more metallic character.
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Finally, we should point out that among mixed oxides SnO,-Y 03 demonstrates the most
different case regarding all measured parameters. crystallite size (the lowest in the group),
hydroxylation degree (also the lowest one) and optic band gap (agian the lowest one). Analyzing
and comparing al these features with the ones found for solid solutions it seems that in this
system yttrium interacts with tin dioxide more than other 11IB elements, probably due to

formation of yttrium stannate Y ,Sn,O; with pyrochlore structure (see section 2.4.2, p. 47).
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MATERIAL SCIENCE AND SENSING PROPERTIES AS A FUNCTION OF

4.3. Material science: in situ characterization

For the majority of the synthesized oxides in situ characterization was performed using
TGA/DSC and TXRD techniques. The rest of the experiments were realized only for blank and

Pd-doped materias. In the following parts the experiments are listed according to the following
order: TGA, MS-study, TPR, DRIFT and TXRD
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4.3.1. TGA analysis
The analysis was performed for all synthesized materials. Accordingly, the chapter consists

of three parts dealing with solid solutions, mixed oxides and SnO, with deposited noble metals.
The final part summarizes the results.

In this study TGA profiles are given as weight derivative against temperature and are used
as main source of information. The features of the obtained TGA profiles were assigned with the
help of additional MS experiment realized under the same conditions by example of SnO, Ac. In
general two bands were observed for al materials. low-temperature band, assigned to molecular
water desorption, and high-temperature one, corresponded to the recombinative desorption of
bridging OH groups [107]. The mathematical analysis was performed only for the last band. Two
parameters were used to compare: S—is the linear slope of the low-temperature side of the peak,
and NA —is the normalized by weight area of the same peak, found as Aon/Wsamp, Where Aoy —is
the peak area and Wsany — IS the sample weight. The parameter S allows one to estimate kinetics
of water desorption which depends on the strength of the OH bonding to the surface. In other
words, activity of hydroxyl groups can be estimated through OH desorption kinetics. The
parameter NA can be used to evaluate water desorption quantity and therefore quantity of surface
OH groups without contribution from the occluded hydroxyls, if compared with overall

hydroxylation degree found by FTIR analysis.

4.3.1.1. Blank materials
Blank materials synthesized from two different precursors manifest rather different

desorption profiles (Figure 39). The main difference is related with quantity of desorbed water,
estimated from the parameter NA: the value is lower by a factor of ca. 2 in the case of SnO, Ac
(V). Taking into account that hydroxylation degree was found also lower for this compound by
a factor of two (from FTIR results), it becomes evident that content of inert or occluded
hydroxyls is similar for both materials and seems rather low in comparison with chemically
active OH groups. The desorption rate of the surface hydroxyl groups is dlightly higher in the
case of SnO, Ac, suggesting that chemical reactivity of the species should be expected dlightly
higher.
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Figure 39. TGA profiles for SnO, Ac (a) and SnO, Ac (I1V). S— dope of the fitted line, NA —
normalized area of the desorption band.

Molecular water content is also higher in case SnO, Ac. However, this can be partially due
to the storage conditions, in spite of the fact that all materials were stored similarly in the closed
containers and underwent stabilization at RT before the experiment. In general, SnO, Ac seems

much more hydrolyzed than SnO, Ac (1V) with more reactive hydroxyls.

43.1.2. SnO,-MetO,, Met=Ti, Zr, Hf
Figure 40 illustrates TGA profiles for the materials in question in comparison with blank

SnO.,. In general, solid solutions manifest increased affinity to water chemisorption in respect
with blank material, which can be deduced from lower values of Sand NA. This phenomenon is
probably due to dlightly higher surface polarity, induced by the admixtures. On the other hand
hydroxylation degree, found by FTIR analysis, is remarkably higher than that of blank oxide,
which suggests, in the light of the TGA experiment, that two-component compounds contain
more occluded or very strongly bonded hydroxyl groups.

Analysis of TGA profile for SnO,-TiO, suggests that this material has the most chemically
active hydroxyls in the group, which was estimated from the comparison of the chemisorbed
water desorption rate. In the same time the material has remarkably less molecular water. As we
have aready mentioned, though, this parameter should be considered carefully, since its origin
can be artificial.
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Figure 40. TGA profiles for SnO, Ac (a) and SnO, doped with IVB elements (b). S— slope of
the fitted line, NA — normalized area of the desorption band.

Hafnia doped oxide demonstrates dlightly lower chemical activity of OH groups,
comparing with titania doped one. Among the materials SnO,-ZrO, manifests the lowest
hydroxyl activity, and the lowest quantity of the desorbed water. These facts remarkably
correspond to the hydroxylation degree of the solid solutions. The value, found by FTIR
analysis, was the lowest for SnO,-ZrO, as well.

43.1.3. SnO,-Met,03 Met=Sc, Y, La
TGA profiles for SnO, doped with 111B elements are shown in Figure 41. Again the case

of SnO,-Y 03 differs from the rest of the materials: it has the lowest desorption rate and weight
loss among two-phase compounds. In general, these systems manifest lower quantity of the
desorbed water in respect with blank oxide. On the other hand, SnO,-Sc;0; and SnO,-L&0s
show the highest desorption rate, which suggests that these oxide has the most chemically active
OH groups.
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Figure 41. TGA profiles for SnO, Ac (a) and SnO, doped with 111B elements (b). S — slope of
thefitted line, NA — normalized area of the desorption band.

These facts together with hydroxylation degree of the materials which was found 2-3 times
higher compared to blank oxide, suggest that hydroxyls are very heterogeneous in their nature
and therefore consist of very reactive ones and occluded or chemically inert (strongly bonded to
the surface) OH groups. SnO,-Sc,03 and SnO,-Lax0O3 also manifest quite increased quantity of
molecular water, which can contribute to the IR voy fundamental vibrations and therefore
dlightly change the ratio between reactive and inert surface hydroxyls.

4.3.1.4. SnO, with deposited catalysts: Pd, Pt, Rh
Deposition of noble metals brings about remarkably higher rates of hydroxyl desorption in

respect with blank material (Figure 42). In the case of monometallic catalysts the increase in
desorption rate is accompanied with decrease of the desorbed water quantity. The lowest
corresponding value was found for Pt and Rh-doped SnO,. Since for these very materials the
hydroxylation degree was found the highest, we conclude that majority of surface hydroxylsis
inert.

Bimetallic catalyst systems manifest outstanding reactivity of the hydroxyl groups, which
are readily desorbed from the surface at a rate ca. 10 times higher than that observed for blank
oxide. Another distinctive feature of these materias is related with the quantity of molecular and
chemisorbed water. It seems that simultaneous deposition of two catalysts increases to a great
extent dissociation of molecular water, which content is the lowest among al the synthesized
materials. On the other hand the chemisorption water quantity is the highest in respect with
monometallic systems as well as blank oxide.
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Figure 42. TGA profiles for monocatalytic (a) and bicatalytic (b) systems deposited on SnO, Ac
in comparison with blank oxide. S — slope of the fitted line, NA — normalized area of the
desorption band.

4.3.1.5. Summary
With the help of TGA anaysis, namely on the basis of desorption rate comparison,

chemical activity of the hydroxyl groups was estimated. Among the materials doped with 1VB
elements, SnO,-TiO, demonstrates the most reactive OH groups. In contrary Zr and Hf doped
oxides seem to firmly bond hydroxyls, which are therefore believed to be less active.

Among the materials doped with I11B elements yttria doped SnO, again represents separate
case, consisted in rather low activity of the hydroxyl groups. Doping with La and Sc in contrary
has positive effect on OH chemical activity which can be compared with Pd-doped material.

Deposition of noble metal remarkably increases reactivity of the OH groups. It was found
that majority of hydroxyl groups in the case of Pt and Rh-doped oxides are either occluded or
inert. The most pronounced positive effect on OH group chemical activity was observed for
bimetallic catalyst systems.
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4.3.2. MS-study of the catalytic activity: H, oxidation in air
This investigation was performed for two materials. SnO, Ac and SnO,-Pd, and therefore

permit us revea the effect of deposited noble metal on hydrogen oxidation (0.3% in air). The

results are given in the form of MSsignalsto hydrogen (MS,, , mass 2) and water (MSyater, Mass

18) together with signal derivatives in Figure 43 and Figure 44. Let us start first with hydrogen

signals.
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Figure 43. MS signals of hydrogen (black line) and signal derivative (red line) vs temperature of
isothermal heating of SnO, Ac (@) and SnO,-Pd (b) in 3100 ppm of Hy in air (black line MS)

Both materials manifest hydrogen consumption in the low-temperature region. For blank
SnO, the maximum of the consumption occurs between 120 and 130 °C, while that for Pd-doped
material at 130-140 °C. In the latter case the drop of H, concentration is more profound than was
found for SnO, Ac (appr. by 2 times). However, this remarkable feature is the only one for
SnO,-Pd, since another feature at ca. 300 °C is very faint. In contrary, blank material
demonstrates another peak at higher temperatures. between 300 and 320 °C. The band expands
up to 400 °C and represents reliable evidence of H, consumption in this region.

Figure 44 illustrates evolution of MS signal to water in the same experiment. Again low-
temperature peaks can be observed for both materials, with their maxima of water release
between 125-135 °C and 145-155 °C in the case of SnO,-Ac and SnO,-Pd, resp. The bands are
slightly shifted in respect with the ones found for H, consumption, and clearly correspond to the
catalytic oxidation of hydrogen. If we compare normalized areas of the water peaks, it turns out
that catalytic activity of Pd-doped material just in 2.0 times higher than that of blank SnO..
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Figure 44. MS signals of water (black line) and signal derivative (red line) vs temperature of
isothermal heating of SnO, Ac (a) and SnO,-Pd (b) in 3100 ppm of H, in air (black line MS)

Another striking feature is related with high temperature region of SnO, Ac. In spite of the
fact that remarkable adsorption of H, was observed between 300-320 °C for this material, only a
faint increase of water production can be seen around 350 °C. In other words increase in
hydrogen consumption does not result in additional production of water.

To better estimate what kind of surface species can be involved in the oxidation process let
us confront the obtained results with that of TGA. For both materials first pronounced peak of H,
consumption and water formation occurs between 120 and 150 °C which corresponds to the
region of TGA profile just after molecular water desorption, but before the onset of the chemical
water desorption. This means that neither surface molecular water, nor OH groups are
responsible for hydrogen oxidation under these conditions. On the other hand high-temperature
peak of H, consumption in the case of blank material (300-320 °C) suggests that this process
occurs through interaction with surface OH groups. Note that water production growth is scarce
in this case. Bearing thisin mind let us estimate stoichiometry of the observed reactions.

The water-to-hydrogen mole ratio was calculated using following formula:

MS e “Mr(H,)
MS, Mr(H,0) "

the resulting value was plotted against temperature in Figure 45. Before

considering the results it is worthwhile to estimate possible reactions hydrogen oxidation. The
classic reaction is based on hydrogen oxidation via surface oxygen species[172]:

H,%+0, - H,0+V. +2e (4-9)
In this case the water-to-hydrogen molar ratio will be close to the value of 1. On the other hand,
hydrogen can also interact with surface hydroxylsin the case of hydroxylated surfaces:

H,% +2HO, —» 2H,0+V72" + 2 (4-10)
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For this scenario the ratio will be close to the value of 2.

From Figure 45 one can easily see that for both materials hydrogen oxidation in the region
120-150 °C occurs according to equation (4-9) with water-to hydrogen ratio close to 1. Note that
for blank material the ratio is lower, suggesting that consumed hydrogen partially remains on the
surface.

At higher temperatures the ratio for both materials converges to the values higher than 2.
This suggests that oxidation occurs predominantly trough hydroxyl species. The ratio exceeds
the theoretical one probably due to desorption of hydroxyl species formed at lower temperatures.
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Figure 45. Stoichiometry of hydrogen oxidation represented as water to hydrogen mole ratio vs
temperature.

Thus, from the obtained results it seems that both materials in the low-temperature region
(120-150 °C) interact with H, through surface oxygen species according to Eg. (4-9). In the high
temperature region (300-400 °C) both materials more likely interact with hydrogen through
surface hydroxyls according to Eq. (4-10).

The found stoichiometry in the low-temperature region is in line with TGA results, since
the temperature of the most intense H, consumption and water production for both materials lies
before desorption of surface OH groups and high temperature hydrogen oxidation corresponds to
the intense desorption of chemisorbed water.

High values of water-to-hydrogen ratio at high temperatures indicate that in addition to the

direct water formation from the consumed hydrogen there is another source of water in the
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system. The latter can be related with intrinsic hydroxyl groups or/and the hydroxyls formed
upon hydrogen irreversible adsorption at lower temperatures. The latter can significantly
decrease the water production, which was observed in the case of blank material.

Note that found stoichiometry is not a real, but apparent one, since processes like H,
irreversible chemisorption at low temperatures and desorption of the resulting hydroxyls at

higher temperatures can change remarkably the water-to-hydrogen ratio.
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4.3.3. TPR
This study was performed for synthesized and commercial oxides (both blank and Pd-

doped) under two different conditions: true reduction, comprised sample heating in the gas
mixture of 5% H, in argon, and pseudo-reduction — sample was heated in 0.1% H; in air.
Accordingly this chapter is divided into two parts, dealing with the specified regimes. The fina
part summarizes the obtained results.

Before considering the results, it is worthwhile to dedicate some attention to the thermal
conductivity detector (TCD) used in this study to estimate hydrogen consumption during heating.
This detector is known to be not very selective, since thermal conductivity of different gases can
be similar. Thermal conductivity of hydrogen is approximately 8 times as high as that of water:
230 against 27 mW/KT (at 400 K) [173]. However, the latter should be expected to be not only
the main product of the hydrogen oxidation, but the product of thermal desorption from oxide
surface at temperatures higher than 120 °C (pre-treatment temperature). Unfortunately the
corresponding experiments to reveal the impact of water desorption on TCD signal has not been
performed. Thus, considering the following results, especially TPR in the presence of oxygen
and low hydrogen concentration, we should not forget that the observed features can be partially
due to water desorption. Accordingly it is difficult to compare the results with that of M S-study.

4.3.3.1. 5% H,inargon
TPR profile of SnO, Ac displays one broad intense peak at 360 °C, followed by the onset

of bulk reduction starting from 550 °C (Figure 46, a). Commercial SnO, shows a different
profile with small peak around 200 °C and bulk reduction starting from 450 °C. The low-
temperature reduction peak can be attributed to the reduction of surface and subsurface of SnO,,
while the bulk reduction of SnO- is observed at higher temperature (>500 °C).
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Figure 46. TPR profiles of SnO, Aldr, SnO, Ac (a) and SnO,-Pd, SnO, Ac (b) in 5% H, in Ar.
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Deposition of 1 % of Pd changes remarkably the TPR profile of the synthesized SnO,
(Figure 46, b). Namely, the band corresponded to the surface reduction shifts from 360 °C to
220 °C and becomes more detached from that assigned to the bulk reduction. The H, oxidation
aready starts at 100 °C and goes on up to 400 °C, demonstrating significant decrease in
activation energy of the oxidation processes.

In the case of SnO, Aldr-Pd the changes are less pronounced. The peak corresponded to the
surface reduction has appeared in the same region as for SnO, Ac-Pd. Peak maximum positions
are same for both materials (ca. 220 °C), which indicates that nature of the active species is
pretty similar. However, judging by peak intensity it seems that their surface concentration is
very different.

4.3.3.2. 0.1% H,in air
Presence of oxygen in the gas phase drastically changes the TPR profiles. The band

corresponded to the irreversible surface reduction in the oxygen absence should be assigned now
to the hydrogen oxidation by surface active species. In the case of synthesized blank material this
process starts at ca. 100 °C and reaches its maximum between 240 and 270 °C (Figure 47, a).
The band is broad and extends up to 470 °C. Commercial material manifests lower catalytic
activity with one faint and broad band with maximum between 340 and 360 °C.
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Figure 47. TPR profiles of SnO, Aldr, SnO, Ac (a) and SnO,-Pd, SnO, Ac (b) in 0.1% Hy in air.

Doping with the catalyst again brings about low-temperature features: hydrogen
consumption for synthesized SnO, starts already at 50 °C, and in the case of commercial material
—at ca. 140 °C. The broad band of SnO, Ac-Pd suggests that either active species are different in
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nature or that we face the interference from water. Note, that band intensities for SnO, Ac and

SnO; Ac-Pd are very similar aswell asin the absence of oxygen.

4.3.3.3. Summary
From the results one can easily see that materials on the basis of SnO, Ac demonstrate

higher catalytic activity in respect with commercial SnO,. Doping with palladium brings about
formation of very active surface species which are manifest catalytic activity in the low-
temperature region. Considering the case of SnO, Ac-Pd, these active sites seem to be the only
ones responsible for hydrogen consumption in the absence of oxygen.

When oxygen is available in the gas phase the band corresponded to H2 consumption
becomes very broad, suggesting either heterogeneous nature of surface active species, or

interference from the water production.
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4.3.4. DRIFT spectroscopy
This chapter is dedicated to the DRIFT experiment performed to study interaction of water,

hydrogen and their mixtures with blank and Pd-doped SnO, Ac. The chapter is divided into four
parts dedicated to analysis of the spectra recorded in dry air, 0.01% H, in dry air and 2.1% H,O
inair. Thefinal part summarizes the results.

4.34.1. Dry air
Figure 48 shows the IR absorbance spectra at various temperatures for blank and Pd doped

SnO; in dry air. The spectra were obtained using following equation: A= — Ig(g) , Where Ais

RT
the absorbance intensity, Skt is the single channel spectra obtained at RT, and Sy is the single
channel spectra obtained at higher temperatures. Thus, the observed features represent the effect

of temperature on SnO, materials.
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Figure 48. Variation in the absorbance spectra of blank (a) and Pd doped (b) SnO, indry air asa
function of temperature.

Both samples have common features including an increase of an intense, broad band between
3500-3070 cm™ with a peak at 3255 cm™* and negative absorption bands at 1630 and 1250 cm™.
The band at 3255 cm™ can be assigned to the family of bridged OH groups, which interact with
nei ghbouring oxygen atoms via hydrogen bonds, rather than to the physisorbed water [103, 174,
175]. This assignment is consistent with the fact that the band at 3255 cm™ evolves with
temperature, reaching intensity maximum at 350-400 °C (for both materials). In contrast, in the
region corresponded to the water deformation mode (~1630 cm™), a negative adsorption is

observed which becomes more pronounced at higher temperatures.
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SYNTHESIS, MATERIAL SCIENCE AND SENSING PROPERTIES AS A FUNCTION OF

These hydroxyls are believed to be partially occluded in the bulk or near-surface region,
which make them inaccessible to chemisorbed species [106]. The band intensity was much
higher for blank SnO, and increased remarkably upon temperature increase for both materials.
is attributed to OH deformation vibrations in
molecular water [103, 176], whilst the loss of absorption at 1250 cm™ corresponds to the

The negative absorption around 1630 cm*

consumption of terminal OH groups upon water thermodesorption.

Unlike the blank material, the Pd doped sample demonstrates a wide-range of negative
absorptions between 3500 and 3700 cm™ starting from 50 °C. However, by 300 °C the
absorption band at 3630 cm™* was observed to increase. Vibrations in this region are usualy
assigned to the stretching vibrations of terminal OH groups [103, 112, 177].

Another distinctive feature of the doped material was a sharp and intense peak at 740 cm™,
which has been attributed to the asymmetric stretching vibrations of surface bridging oxygen
between Sn cations, (SA-O—Sn) [103]. These are believed to be formed by condensation of
adjacent surface hydroxyls upon heating [178].

4.3.4.2. 0.01% H,indry air
Figure 49 shows the DRIFTS spectra at 100 ppm of H, in dry air as a function of

temperatures where the absorbance was calculated by: A=—Ig(S“YD), where A is the
AIR

absorbance intensity, Syvp is the single channel spectrum obtained in 100 ppm of H, in dry air at
a certain temperature, and Syr — the single channel spectrum obtained in dry air at the same
temperature.
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Figure 49. Variation of the absorbance spectra of blank (a) and Pd doped (b) SnO, in the
presence of 100 ppm of H, indry air as afunction of temperature.
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Again, the spectra of the blank SnO, demonstrate features related only with hydroxyls: broad
consumption of bridging groups at ~3250 cm™* and the formation of terminal hydroxyls at 3700
and 3780 cm™. The blank SnO, shows significantly different spectra with hydrogen compared
with water. No intense formation of terminal hydroxyls (especially in the region 1160-1330 cm’
) and no formation of bridging hydroxyls was observed. In contrast, the Pd doped sample
showed almost the same behaviour for both gases with only a dight increase in terminal

hydroxyls (at 3700 and 3780 cm™) upon exposure to hydrogen.

4343. 2.1% H,O in air
Figure 50 shows the effect of a humid atmosphere on the absorption spectra of the materials

as a function of temperature. The spectra were obtained using following equation:

A=—|g( SRH

), where Sy is the single channel spectrum obtained in humid air a a given
DRY

temperature and Sry is the single channel spectrum obtained in dry air at the same temperature.
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Figure 50. Variation of the absorbance spectra of blank (a) and Pd doped (b) SnO, at 80% RH as
afunction of temperature.

In the case of blank SnO; it is clear that surface interaction with water vapor results in the
formation of terminal hydroxyls associated with the intense peaks in the region 1160-1330 cm™
due to deformation vibrations of terminal hydroxyls and an increase in the bridging OH groups at
2900-3500 cm* [103]. The spectra of the Pd doped samples are much simpler. The features at
3630 and 740 cm™, observed in dry air, disappear in the presence of water vapour and only broad

and intense absorption losses at these wavenumbers were observed. On the basis of previousy
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a

reported data, the weak features at 3700 and 3780 cm™ are thought to be due to terminal
hydroxyls[103, 106, 174, 179].

4.3.4.4. Summary
Thus, the obtained results evidence that highly hydroxylated surface of the blank SnO,

reacts with hydrogen predominantly through bridging hydroxyls independently of the water
content in the gas phase even in the low-temperature region. Prima facie this result contradicts
with that of MS-study, where we found out that in the region 120-150 °C the water-to-hydrogen
ratio amounts ca. 0.7 and this suggested the surface oxygen was involved in the oxidation
process. However, low stoichiometry ratio could be the result of hydrogen chemisorption
without formation of water, and therefore real stoichiometry could be considerably higher.

In contrast to the blank oxide, the hydrogen interaction with the Pd doped material depends
on the water concentration: while at low RH (up to 20%) the hydrogen oxidation seemsto realize
through bridging oxygen in the whole temperature range (which is again dightly differs with the
results of MS-study), at high RH (e.g. 50 and 80%) the oxidation occurs through surface
hydroxyls.

For Pd-doped material intense consumption of bridging oxygen together with formation of
terminal OH groups occurs upon exposure to water vapour as well as to hydrogen. All the
corresponding bands are observed starting from RT (Figure 50 Figure 49). To better resolve the
features, which overlap with the intense bands at 780 and 3700 cm, a normalization procedure
using the RT spectra as a background was performed (Figure 51).
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Figure 51. Normalized DRIFT spectra of SnO,-Pd in air with 25800 ppm of H,O (a) and 100
ppm of H; (b).
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From these spectra in the low temperature region (up to 200 °C), both gases interact
identically with the surface, producing new terminal OH groups (stretching vibrations at 3680
cm™* and weak deformation vibrations between 1350 and 1250 cm™) and consuming the bridging
oxygen (absorption loss a 750 cm™). The formation of the bridging hydroxyls shown by the
broad band at ~3450 cm™ in both cases only becomes noticeable at temperatures above 200 °C,

suggesting a minor role in the processes related with increasing conduction at around 140 °C.
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4.3.5. TXRD study of crystallite growth kinetics
Earlier we have found, that the proposed method allows one to synthesize tin dioxide based

materials with particle size 4-8 nm. The latter consist of crystallites with mean diameter 2-3 nm.
However, as it was aready mentioned, structures with the size of severa nanometers are non-
equilibrium formations due to coordinatively unsaturated surface, and therefore demonstrate
poor thermal stability.

Several methods allow us to evaluate thermal stability of the nanodispersed materials, among
them in situ X-ray diffraction, which provides areliable characterization of the growth processes
during powder annealing [154]. On the basis of the diffraction line broadening analysis, which
comprises reflection fitting in the whole range of the diffraction pattern, one calculates mean
crystallite size as a function of time and temperature of the annealing.

This chapter is dedicated to discussion of the results of TXRD study applied to reveal factors
causing poor thermal stability of synthesized materials, comparing their kinetics of crystallite
growth. The latter can be estimated from the crystallite size evolution applying various models.
Comparative analysis of two models is given by example of blank SnO, in the first part of this
chapter. The second part is dedicated to the impurity effect on crystallite growth kinetics. Here
we compare Cl, S, Pd and NaCl doped SnO,. Once the role of impurities has been established,
we compare thermal stability of solid solutions, mixed oxides and some catalyst doped materials

in the following parts. Summary of the study is given in the last part.

4.35.1. Comparison of kinetics models by example of SnO, Ac
Early considerations of isothermal crystallite growth kinetics assumed asymptotic power-law

dependency of the crystallite size change on annealing time (generalized parabolic model):
D"-D, =kt, (4-12)
where Do istheinitia crystallite size at annealing timet = 0, D — crystallite size at timet # 0,
k — rate constant, which is a function of the activation energy of isothermal growth, n—crystallite
size exponent and t — annealing time. The empiric parameter n depends on diffusion mechanism:
in the case of n = 3 volume diffusion mechanism is believed to be predominant, when n = 4
surface diffusion governs crystallite growth [22].
Later, the model was modified by including a drag term, which took into account the solute
drag effect and limiting crystallite size [180]. Finaly, Michels et a. [181] demonstrated that
retardation effect caused by pores or impurities with low mobility should depend on crystallite

size (grain growth model with size-dependent impediment):
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D(t) =D}, - (D}, - D¢) exp(-2At/ Df,,) (4-12)
where Djim — limiting crystallite size and A — constant, which is the product of specific
interface energy and crystallite boundary mobility.

Two models we used to fit the experimental values of mean crystallite size evolution under
isothermal conditions at 600, 700 and 800 °C. Figure 52 illustrates of the fitting procedure. To
compare the fit results we used the residual sum of square (%), known as reliable parameter to
estimate the goodness-of-fit. For good fitting model this parameter should be minimized. The
closer the fit is to the experimental points, the closer ¥ will be to 0. This parameter was used as
abuilt-in function in Origin 8 software.

In spite of the fact that generalized parabolic model fits experimental data dightly better,
the difference between two models is lower than experimental error and therefore both models
can be used for analysis. The obtained parameters are listed in Table 22. In generalized
parabolic model the obtained values of size exponent exceed remarkably the acceptable range,
which is normal for nanomaterias, but can hardly be explained from the physical point of view

[180-183].
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Figure 52. Time evolution of mean crystalite size of blank SnO, at 600, 700 and 800 °C:
experimental data are fitted with generalized parabolic model (a), and with size-dependent
impediment model (b). The values of y? are shown close to the fit curves.

On the other hand using size-dependent impediment model we obtain fitting parameters
which is of the same order of magnitude reported in literature. Accordingly, we have two values
with clear physical meaning: constant A — related with specific interface energy and crystallite
boundary mobility, and b is the drag parameter (defined as A/D?i), which allows one to estimate

the extent of the growth impediment by increasing size of the crystallite. Since key idea of the
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model is based on assumption that increased crystallite size decreases grain-boundary volume
and therefore results in concentration of impurities in the grain boundaries, we can deduce that b

indirectly reflects the impediment by the segregated second phase [180, 181].

Table 22. Fitting parameters of the modelsin question.

Model T,°C k n A Diim, NM b, st
Generalized | 600 2252) | 2000 : :
parabolic 700 2431) | 17() i §

800 2692 | 1801 : :
Sze 600 : T 0527) | 26512 | 007403
depenclent 700 ; T [ 069(7) | 2931) | 0.0803)
impediment

800 § T [ 07609 | 322(2) | 0073(5)

Taking into account the obtained results we deem that model with size-dependent
impediment should be the most appropriate and handy way to describe and analyze the crystallite
growth kinetics of nanomaterials. Accordingly, we decided to use size-dependent impediment
model in all our following analysis.

Constant A from equation (2) can be used to estimate apparent activation energy of the
crystallite growth [180, 181]:
TA oc exp(—Q/ RT) (4-13)
where T — temperature, R — gas constant and Q — activation energy.

The obtained value of apparent activation energy for blank SnO, amounts to 23(2) kJ/mol,
which is lower comparing with that found in literature for nanocrystaline SnO,: 31 kJmol
(calculated using relaxation model) [183].

Since A is the product of specific interface energy (which is supposed to be more
dependent on material nature, rather than temperature) and crystallite boundary mobility, it is
reasonable to deduce that low activation energy of crystallite growth should be mainly due to
boundary mobility. The latter is closely related with diffusion of mobile species in the crystalline
lattice [22]. Taking this into account let us consider activation energies for oxygen and tin self-
diffusion in SnO..
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Activation energies for oxygen sef-diffusion in single-crystalline SnO, are higher in
comparison with our results. For example, Kamp et al. reported values ca. 100 kJmol [184].
Even though data on tin self-diffusion in SnO, are scarce in the literature, it is known that
diffusion of interstitial metal ions is lower than that of oxygen in the case of TiO, [185]
(including nonstoichiometric TiO,x [186]) and ZnO [187]. Therefore we can assume that
diffusion of tin ions is more probable in the oxide, especialy if we take into account that upon
heating SnO, surface loses oxygen and becomes more metallic. Apparent activation energy,
obtained for crystallite growth of blank SnO,, was found to be very close to that of self-diffusion
in the metallic tin: 24.7 kJ/mol [188]. Thus, it possible to assume that growth of the highly
defective crystallites occurs through diffusion of tin atoms, rather than through oxygen ones.
Therefore, tin self-diffusion on the Sn-rich surface can be an explanation to the low activation
energy. Other explanations can be related with relaxation phenomenon in highly defective

nanostructures, as was proposed in [183].

4.3.5.2. Impurity effect
Impurity effect was studied by example of tin dioxide precipitated in the presence of HCI,

H,SO, and NaCl. Results of element analysis for the synthesized materials are shown in Table
23. The XRD patterns were recorded at 700 °C and were used to calculate mean crystallite size.

Table 23. Weight content of the target admixtures in synthesized materials.

Sample name Cl, ppm S, ppm Na, ppm
SnO; Ac 222 22 179
SnO,-Cl 380 20 110
SnO,-S 110 360 180

SnO,-NaCl 466 20 322

Fitting of the experimental model was performed with size-dependent impediment model;
the results are shown in Figure 53. As it can be seen from the fitting results the model fits worse
the experimental data for doped materials, however can be still applied (Figure 54). The reason
for this can be the concept of limiting crystallite size (Diim) used in the model. For SnO,-NaCl
the standard error of this parameter is the highest among the rest of materials: 0.6%. Of course
this is acceptable, but this fact indicates that SnO,-NaCl crystallites do not reach their limiting
Size asfast as blank material, and still gradually grow after 30 h of annealing.
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Figure 53. Time evolution of mean crystallite size of blank SnO,, SnO,-Cl, SnO,-S and SnO,-
NaCl at 700 °C. The values of y % are shown close to the fit curves.

It was found that doping with chlorine and sulphur ions increases growth rate almost
identically in respect with SnO, Ac. Comparing fitting parameters from Table 24 one can see
that impurities drastically increase constant A (specific interface energy and crystallite boundary

mobility), rather than play drag role in the growth processes.

Table 24. Fitting parameters of the model.

Sample name A Diim, NM b, st
SN0, Ac 069(7) | 2931 | 0.080(3)
SnO,-Cl 1.5(1) 460(3) | 0.072(1)
SnO»S 1.4(0) 461(3) | 0.068(1)

SnO,-NaCl 8.3(6) 9.96(6) | 0.084(1)

The highest decrease of SnO, thermal stability was observed in the case of SnO,-NaCl.
Parameter A for this material was found 8.3(6), which is more than by 12 times higher than that
of blank material. This indicates that poor thermal stability is caused not only by increased
concentration of some impurities, but rather by combination of some impurities like Na and Cl.

Note, that while Cl and S decrease drag parameter, doping with NaCl dightly increase it,
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comparing with blank SnO,, suggesting that phase of NaCl act as drag component once it has
segregated on crystallite surface [180].

4.3.5.3. Comparison of synthesized compounds SnO,-M etO,
Doping with 111B and 1VB elements increase remarkably crystallite growth rate. The

general tendency is that the lightest elements in the groups — Sc and Ti — exert growth rate in a
higher degree than other elements.

Again, the model fits the experimental results with different goodness, mainly due to
deviation of the calculated value of Djir, from the experimental one. In the case of SnO,-Sc,03
and SnO,-La,0; crystallites reach their limiting size after ca. 20 h, while for SnO,-Y ;O3 (note,
that this compound again differ from other materials doped with 1B elements) and solid
solutions the growth rate increases almost linearly after ca. 20 h, without reaching limiting size.
Nevertheless, x 2 is still low and indicates that the probability of the model confidence is very
high (Figure 54).
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Figure 54. Time evolution of mean crystallite size of SnO,-TiOz, SNO,-ZrO,, SnO,-HfO,(a) and
SNn0,-Sc,03, SNO,-Y 203, SNO»-La,0s (b) at 700 °C. The values of y ? are shown close to the fit
CUrves.

Let us consider first the case of solid solutions. From Table 25 it can be seen that both A
and b parameters decrease gradually with increase of ionic radius of 1VB element. The results
suggest that crystalite growth occur mainly due to migration of admixtures, which rate is
supposed to be a function of ion size. A combination of the lowest growth rate and the lowest
drag term in the case of doping with Hf (the largest ionic radius in the group) supports this
assumption. On the other hand high value of drag parameter for SnO,-TiO; is probably due to
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segregation of TiO; in the grain boundaries at 700 °C, since its diffusion rate is supposed to be
the highest in the group.

As it was already mentioned, limiting size of crystallites for these materials does not seem
to be reached even after 30 h of annealing, which suggests that source of migrating speciesis not
exhausted still. The latter can be achieved only in the case of even distribution of dopants or in

other words in the case of solid solutions.

Table 25. Fitting parameters of the model.

Sample name A Diim, NM b, st
SnO; Ac 069(7) | 2.93() 0.080(3)
SN0, TiO; 7.9(7) 9.50(6) | 0.087(2)
SnO,-Zr0, 4.4(4) 7.27(4) | 0.083(2)
SNO,-HfO, 3.603) 7.44(5) | 0.064(1)
Sn0»Sc,0; 69(5) | 869(3) 0.092(7)
SN0, Y03 242)|  6.25(4) 0.062(1)
SNO,-La05 41(4) | 6.98(3) 0.084(5)

In the case of I11B elements the highest growth rate together with the highest impediment
was observed again for the material doped with element of the lowest ionic radius in the group:
SnO,-Sc,03. Another interesting feature is related with parameter Dy, From Figure 54 it can be
easily seen that SnO,-Sc,03 and especially SnO,-La,O3 reach their limiting crystallite size faster
than SnO,-Y,03. Thus, we can suppose that while SnO,-Sc,0; and SnO,-La0O3 evidence
prominent two-phase character, SnO,-Y ;O3 is closer to solid solutions, which can be explained
by yttrium incorporation into the SnO- | attice.

4.3.5.4. Effect of noble metal
Crystallite growth kinetics was studied for one bulk doped and two surface doped

materials. SnO,-PdO, SnO,-Pd and SnO,-P, resp. In general, doping with noble metals results in
decrease of drag parameter and remarkable increase of constant A (Figure 55). Again, the model
fits experimental data with less credibility in respect with blank material. The highest deviation
was observed for bulk doped SnO.. Note that limiting crystallite size in this case has not been
reached after 32 h as well as in the case of solid solutions. To a lesser degree this can be
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observed for surface doped materials. This characteristic feature suggests that bulk doped

material indeed has noble metal incorporated into the crystaline structure, while noble metals,

deposited on surface, only partially penetrate into the lattice.
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Figure 55. Time evolution of mean crystalite size of SnO,-PdO, SnO,-Pd and SnO,-Pt at 700
°C. The values of y? are shown close to the fit curves.

As it was revealed by element analysis the content of the noble metal in SnO,-PdO

amounts only to 200 ppm, however, its impact on thermal stability has dramatic character.

Normalized by dopant weight the observed growth rate is the highest among al materials studied

in TXRD experiment.

Table 26. Fitting parameters of the model.

Sample name A Diim, NM b, st
SN0, Ac 0.69(7) 293(1) | 0.080(3)
SnO, Ac-Pd 33039 7.10(5) | 0.066(1)
SN0, Ac-Pt 3.4(2) 691(4) | 0.071(2)
SN0, Ac-PdO 11.1(8) 12.84(9) | 0.068(0)

Drag parameter found for SnO,-PdO is lower in respect with SnO, Ac. Taking into account

that crystallite limiting size is more than four times higher for Pd doped material and the dopant

content is comparable with impurity level of the blank oxide, we conclude that in this case drag

effect does not related with the size of the crystallite but rather with segregated impurities in the
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grain boundaries, which concentration is high for blank oxide and low for al catalyst doped
specimens. Generally speaking, deposition of catalysts remarkably increases diffusion rate and
specific interphase energy in the blank oxide and what is also important decreases intrinsic
impediment ability of the blank oxide.
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Figure 56. Arrhenius plot of In(TA) vs 1000/T, where A — growth rate constant and T —
temperature (in K).

For two Pd-doped compounds as well as for blank oxide we performed TXRD
measurements at 600 and 800 °C and therefore were able to estimate apparent activation energy
of the crystallite growth. Asit can be seen from Figure 56 bulk and surface doping of tin dioxide
results in remarkable increase of activation energy and crystallite growth rate.

It is known from literature that activation energy for self-diffusion is considered to be the
sum of the defect formation energy and the energy required to move the defect (migration energy
barrier) [187]. Simultaneous rise of activation energy and growth rate for doped materias
suggests that migration energy barrier is notably lower for SnO, Ac-PdO system (resulting in
high growth rate) and energy required for defect formation is much higher than for blank SnOs.
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4.3.55. Summary
Analyzing the obtained results it seems reasonable to suppose that synthesized blank SnO,

is highly equilibrium composition, since any additives either in the bulk or on the surface result
in remarkable rise of crystallite growth rate. This equilibrium structure manifests properties of
two-phase composition. The role of second phase is played more likely by the partially reduced
SnO, surface, which impedes crystal growth rate under isothermal conditions and in the same
time reduces activation energy of the growth rate, apparently due to low energy of defect
formation.

Impurities as well as the majority of the solid solutions and mixed oxides remarkably
increase growth rate and in the same time demonstrate slight increase of drag parameter which
suggests that segregation of the second phase takes place in the grain boundaries of these oxide
systems. The case of SnO,-HfO, and SnO,-Y ;03 is different. These compounds do not increase
drag parameter and demonstrate the lowest growth rates. Comparing ionic radii of the elements it
becomes evident that for solid solutions (what is most likely the case of SnO,-Y ;O3 as well) the
following empiric rule can be derived: the bigger ion is the slower crystallite growth is, which
leads to decrease of phase segregation.

Doping with noble metals results in decrease of the drag term, suggesting that impediment
effect of the reduced SnO, surface is brought down. Thermal stability of the materia is
drastically deteriorated in the case of SnO, Ac-PdO. In spite of the worse thermal stability doped
materials manifest higher activation energies of crystallite growth. The latter indicates that
migration energy barrier is notably lower and energy required for defect formation is higher for

these systems in respect with blank oxide.
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4.4. Sensing properties

This chapter deals with sensing properties of the materials in question, studied with the
help of the “Temperature” experiment. The experiment was performed for all synthesized

materials. The results are given as plots of sensor signa (resistance ratio R)(T)/R,(T)) as a

function of temperature: T).

Three main parameters were used to compare materials: Smax — is the signal maximum,
Tsmax — IS the temperature of signal maximum, and E, — is the activation energy of the
conductivity change (or gas-sensor effect). Since the latter was estimated from the plots of In(S
vs. 1/KT (see experimental part), the value reflects only gas adsorption component without
contribution from the thermal activation of the charge carriers, connected with the Schottky
barrier height. This assumption is based on the well known concept of adsorption-caused change
in electrophysical characteristics of a semiconductor adsorbent and will be explain in more
detail. For the sake of brevity the Arrhenius plots are not shown, however an example of the plot
and Eq¢; calculations can be seen in the experimental part 1.1.1.

The chapter is built up from several parts according to the type of the material: blank
oxides are given in the first part, oxides doped with IVB and I11B elements are given in the
second and third parts, tin oxides doped with noble metals are described in the fourth part, the

final part summarizes the results and conclusions.
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4.4.1. Blank materials
Let us start first with the signal comparison of the synthesized blank oxides and

commercial SnO, at 0% RH (Figure 57). The signals of the synthesized materials manifest one
broad band between 300 and 400 °C, whilst signal of commercial nanopowder contains three
consecutive peaks at ca. 190, 310 and 450 °C. Appearance of several peaks suggests that surface
of the material is not homogeneous from the chemical point of view and contains species with
different reactivity. From this standpoint the most homogeneous surface is observed in the case
of SnO, Ac. In genera synthesized materials are quite similar, however, signal band of SnO,

Ac(IV) consist of two components, where high-temperature one is more pronounced.
1 —— SnO5; Ac——8Sn0Oy Aldr —— SnO5 Ac (IV)
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Figure57. Signalsto H, asafunction of T at 0% RH for blank materials in question.

The parameter Tgmx in the case of SnO, Ac is observed at 345 °C which is dlightly shifted
towards higher temperatures in respect with the temperature of the highest rate of H,
consumption found in M S-study (between 300 and 320 °C) and corresponds to the stage of active
desorption of chemisorbed water according to TGA results. Let us discuss the case of MS-study
in more detail.

Asit was found, hydrogen consumption was much more intense than the water production
for this material, but even in this case the water-to-hydrogen ratio amounts to ca. 1.8 at 350 °C,
i.e. higher than 1, the latter corresponds to hydrogen oxidation through oxygen. This means that
hydrogen tends to be chemisorbed under these conditions and water release occurs mainly in the
form of hydroxyl desorption.
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All these facts together with the observation of bridging hydroxyl consumption in the
presence of Hy, found by DRIFTS study, alow one to assume that conductance change in the
material is mainly due to hydrogen chemisorption on bridging hydroxyls and not due to the
classic hydrogen oxidation on oxygen species producing water. The bridging hydroxyls are
known to contain hydrogen atoms mobile along the rows of bridging oxygen sites, which implies
that neighbouring oxygen atoms statistically share hydrogen and therefore can act as strong
adsorption centres [107]. From the broad and intense nature of the absorption band corresponded
to these species, it is likely that they form an interconnected family of paired OH groups of
different coordination number. Hydrogen interaction with such species can be represented as

follows:

HE +|mO,--nH " | [mOg -(n+2)H " |+ 267 (4-14)
[0, -(n+2H* | [(M=1)0,--nH* |+ H,0% +V2 (4-15)

where, [mOO---nH +] is the paired bridging OH groups with mobile hydrogen atoms, “m’
denotes surface concentration of bridging oxygen ions, “n” — variable content of the mobile
hydrogen ions, and V2" is an oxygen vacancy.

Catalytic activity of surface hydroxyl groupsis getting more attention nowadays. Their role
has been recognized in water gas shift reaction, where different types of OH groups are
responsible for CO chemisorption in the form of formate, and decomposition of the latter to give
CO, and H; [109]. Also they are known as active species in hydrocarbon oxidation, methanol
formation from synthesis gas and other catalytic and photo-catalytic processes [110, 189-191].
Therefore the idea of sensing mechanism realized through hydroxyl groups is based on the
reliable experimental evidence.

Uneven shape of the signa in the case of SnO, Ac (IV) seems to be then due to the
heterogeneous character of the bridging hydroxyl groups. Indeed, FTIR study revealed that SnO,
Ac (1V) contains hydroxyls which are more acidic (peak at 3378 cm™) in respect with SnO, Ac.
In addition, the former material contains hydroxyls with dlightly higher basicity (shoulder at
3434 cm™). In general, basic hydroxyls are known to be more chemically active than acidic ones,
which can explain complex nature of SnO, Ac(IV) signal band [106].
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Figure 58. Signalsto H, asafunction of T at 0, 20, 50, 80% RH for synthesized blank materials.

Figure 58 shows signal evolution upon temperature at various RH for synthesized
compounds. The common trend for both materials is that water vapours bring about shift of Temax
towards higher temperatures and signal bands become broader. The difference between two
materialsis mainly related with Syax. The latter was found to be slightly increased at 20 and 50%
RH in the case of SnO, Ac and remarkably brought down with increased water content in the
case of SnO, Ac (1V), which isnormal and is quite known in the literature.

The strange behaviour of the former oxide suggests that water at certain concentration
favours hydrogen chemisorption. Decrease of the signal with increase of water content can be
related with competitive adsorption of water and hydrogen molecules for the same surface sites.
The same idea was proposed by several groups in the field of heterogeneous catalysis in order to
explain inhibiting character of water vapours in methane oxidation [192].

Thus, it seems that water interacts with the same adsorption centres as hydrogen. However,
nowadays the exiting three models of water interaction with semiconductor surfaces, resulting in
an increase of surface conductivity, are based on dissociative water adsorption on either surface
tin or oxygenions[111, 139]. In the case of highly hydroxylated surfaces of blank SnO,, with no
evidence of bridging oxygen (mainly from DRIFT results), it is reasonable to suppose that water
interacts either with surface hydroxyl groups as well as hydrogen, or with surface tin ions. To
resolve this problem let us consider sensor signals to water vapours only (Figure 59).

It was found that signals to water vapours occur at lower temperatures than that of
hydrogen for both materials. However, the most pronounced difference between water and
hydrogen signalsis observed for SnO, Ac, while SnO; Ac (IV) manifests a certain overlap of the
signals to water and hydrogen. Thisis perfectly constituent with the results of humidity effect on

hydrogen signals, which was found higher in the case of SnO, Ac (IV).
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Figure 59. Sensor signal of SnO, Ac (a) and SnO, Ac Aldrich (b) to water vapour against
temperature.

Thus, in the case of SnO, Ac water clearly interacts with other species than surface
hydroxyls. An increase in the signal was observed between 150 and 210 °C for 50 and 80% RH,
which corresponds to the early stage of chemisorbed water desorption (from TGA results).

From DRIFTS results the interaction with water vapour from RT up to 400 °C resultsin an
increase in bridging hydroxyls and the formation of termina OH groups. Taking into account
that no surface oxygen was observed, it is thought that first dissociative adsorption of water takes
place on surface metal atoms giving rise to terminal OH groups and hydrogen atoms which can

join the “family” of bridging hydroxyls. The two-step interaction can be represented as follows:

H,0% + g, <> (N —OH’ )+ H" (4-16)
H* +[mOO---nH*]<—>[mOO---(n+1)H*]+ e (4-17)

where, Sng, islattice tin atom, (Sn3" —OH?’") is the terminal OH group, [mOo---nH*] is
the paired bridging OH groups with mobile hydrogen atoms, “m” denotes surface concentration
of bridging oxygen ionsand “n” — variable content of the mobile hydrogen ions.

In the case of SN0, Ac (V) water seems to interact either with surface tin ions of different
nature (coordination number, ion surrounding etc) or with other species, which should be studied
with DRIFTS technigue in the future. In any case the fact that water electronically interacts with
SnO, surface in the temperature region close to the one of H, interaction results in higher

humidity effect on the signal parameters, which can be seen in Figure 60a.



UNIVERSITAT ROVIRA I VIRGILI

SNO2 BASED OXIDE SYSTEMS: SYNTHESIS, MATERIAL SCIENCE AND SENSING PROPERTIES AS A FUNCTION OF
SURFACE HYDROXYLS

ISBN:978-84-693-3388-4/DL:T.1000-2010

- %= SnO; Ac —8—Sn0, Ac(IV)

a 12- - 800 b 10- - ®-Sn0, Ac —@—Sn0, Ac(lV)
10
- 700 0.8
8 7 o
S
1 IC)
—~ 6+ 1600 _, 3 06
3 g
3 3 c
x 4 o o
g {500 —~ & 0.4
0 24 O ‘§
1 B8
0- 1 400 < 0.2
9.
T T T T T T T T T 300 0.0 1 % J : T g T 5 T
0 20 40 60 80 0 20 40 60 80
RH (%) RH (%)

Figure 60. Variation of Syax, Tamax () and Eae: (b) with relative humidity.

It is widely accepted that sensor signal is a function of the surface coverage by gaseous
species, described as a difference between adsorption and desorption processes [130]. In our
experiment we observe a combination of two processes: the first one corresponds to the low-
temperature region when the signal rises with temperature and is characterized by H, adsorption
rate higher compared with that of water desorption (according to Eq. 4-2 and 4-3), the second
one occurs in the high-temperature region when the signal decreases which corresponds to the
domination of the water desorption process.

This combination of the two processes leads to the well known volcano shape of the signd
evolution upon temperature. Accordingly, fitting with linear function of the volcano-shaped
curve plotted in the Arrhenius coordinates (In(S) vs. 1kT) from the low-temperature side allows
one to estimate the apparent activation energy of hydrogen chemisorption or its dissociation on
SnO, surface (see an example of the fitting in the Experimental part). The results of the fitting
are shown in Figure 60b.

The found values of activation energy are rather low in respect with the ones
experimentally found for hydrogen dissociation on ZnO and MgO surfaces: 1.2 eV [130, 193].
However, low activation energies for hydrogen chemisorption found from electrica
measurements were quite often reported in the literature [130]. The phenomenon supposed to be
due to partial ionization of the molecule, which chemisorption is facilitated. In the case of SnO,
Ac water vapours dlightly increase the energetic barrier for hydrogen chemisorption, while for
SnO, Ac (1V) the effect is opposite. The change of the value in this case indicates that adsorption
centres transform in the presence of water which increases H, ionization. The most pronounced
increase of E, for SnO, Ac is observed between 20 and 50% RH.
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The obtained results indicate that materials compared have rather different surface
chemistry of hydrogen and water chemisorption, which is first of all due to different
hydroxylation degree and different nature of surface hydroxyls. The firmer reason can be
deduced from the fact that material with higher hydroxylation degree — SnO, Ac —, which was
found by FTIR, XPS and TGA, manifests the lowest humidity effect caused on signal parameters
Srex and Temax. The latter one becomes evident from the temperature of water signals, which is

very different for two materials.
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4.4.2. Sn0O,-MetO,, Met=Ti, Zr, Hf
Figure 61 illustrates sensor signal evolution as a function of temperature at various values

of RH for given materials. In general, doping with VB metal oxides brings about more complex
behaviour of the sensing materials. However, the suggested mechanism of hydrogen interaction
with the surface seems to be applicable here as well. Since amost all the changes are related
with the high-temperature main signal band.

The latter upon doping with VB elements becomes unsymmetrical and broader. This fact
together with low-temperature features remarkably differs the doped materials from the blank
oxide. The complex signal profile again well corresponds with the heterogeneous nature of
bridging hydroxyl groups found from FTIR analysis.
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Figure 61. Signalsto H, asafunction of T at 0, 20, 50, 80% RH for blank and doped SnO..

In dry air the signal is the highest in the case of SnO,-TiO, and the lowest for SnO,-ZrO,
and SnO,-HfO,. Tamax for al materials lies between 340 and 350 °C, however the lowest value in
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dry air is observed for Zr and Hf doped SnO.. Zr and especially Ti-doped materials demonstrate
remarkable signalsin low-temperature region, which becomes negligible at high RH.

The fact that sensor signals are higher for Ti-doped material indicates that hydrogen
chemisorption in this case is more intense. Note that hydroxylation degree as well as hydroxyl
desorption rate (or activity as we assume) for the same compound, estimated from FTIR and
TGA results (resp.), was found the highest among the given materials, which indicates that
hydroxyl groups indeed take part in sensing phenomenon.

The evidence of intense low-temperature signals in the case of SnO,-TiO, suggests that H,
chemisorption takes place either trough very reactive oxygen species or loosely bonded OH
groups, both probably formed upon molecular water desorption. However, the temperature of the
observed features is not reliable since no comparison of the signals with the ones obtained under
isothermal conditions in this temperature region was performed. We can just assume that the
bands observed at 50 °C would be shifted towards higher temperatures by 20-40 °C. It is
remarkable that upon increase of RH the signals disappear, indicating that chemisorption takes
place more probably trough non-hydroxyl species.

To compare the effect of RH on sensor parameters and apparent activation energy of Hy
chemisorption let us consider results shown in Figure 62. The highest value of Sy« in the whole
range of RH was found in the case of SnO,-TiO,. However, the lowest change of this parameter
upon increasing RH was observed for hafnia-doped material. All materials demonstrate rather
similar Tsmax and its change with humidity. Doped materials manifest slightly lower activation
energy of H, chemisorption in comparison with blank oxide. Increase of water content changes
insignificantly the values of SnO,-ZrO, and SnO,-HfO,, suggesting that nature of adsorption
centres does not change upon water content increase in the gas phase. In the case of titania doped
material the most pronounced change is observed between 0 and 20% RH.
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Figure 62. Variation of Syax, Tamax (8) and Eac (b) with relative humidity.

In general, doping SnO, with VB oxides does not enhance significantly selectivity of H,

chemisorption in the presence of water vapours. On the other hand, activation energy of H,

chemisorption for these materials is fairly constant in the range 20-80% RH as well as Tgmax and

Smax Seem to reach the constant value in the range 50% RH. These facts indicate that sensing

mechanisms do not change abruptly upon water increased concentration. The case of titania

doped material seems the most interesting one since the material manifests the highest sensor

signal together with rather low change of signal parametersin the region 20-80% RH.
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4.4.3. Sn0O,-Met,03, Met=Y, La
As it was aready mentioned in the experimental part, in this study sensing properties of

Sn0O,-Sc, O3 will not be discussed since the material manifested an outstanding high electric
resistance in the whole range of temperatures and gas mixtures.

Figure 63 illustrates sensor signals to 20 ppm H, for the materials in question. Both
materials represent complex signal evolution upon temperature increase. The high temperature
bands are broad and unsymmetrical which can be explained by the presence of various types of
surface OH groups. In dry air the materials represent the highest Syax and the lowest Tomax in
respect with blank oxide. However, water brings these advantages down.

The signal evolution of the compared materials differs greatly. While yttria-doped material
manifest similar signal evolution in respect with previous materials, SnO,-La0; represents very
complex behaviour. The most striking feature of the SnO,-L&0s is very intense signals in the
low-temperature region. In dry air the material manifests several bands. The one occurred at the
lowest temperature resembles the low temperature features of SnO,-TiO, which were assigned to
the H, chemisorption on non-hydroxyl surface species. The latter assumption is consistent with
the fact that the band is not observed in the presence of water. It is interesting that these two
materials have the highest amount of molecular water on their surface according to TGA, which
indicates that surface contains rather weak polar adsorption centres which can be strongly

affected by hydrogen adsorption in the absence of water.
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Figure 63. Signalsto H, asafunction of T at 0, 20, 50, 80% RH for doped SnO..

Other low-temperature signals in the case of SnO,-La,0O3 can be observed at higher water
content in the gas phase, which intensity and position vary as a function of humidity. On the
basis of TGA and FTIR results we can conclude that this complex behaviour is due to very
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heterogeneous surface: the material demonstrates the highest hydroxylation degree among the
synthesized compounds (found by FTIR) and in the same time the desorbed water quantity is
rather modest (TGA) despite of very high desorption rate (TGA). This means that either material
has a considerable part of OH groups occluded in the bulk, or several types of very different
hydroxyl groups are presented on the surface (e.g. with high chemical activity and ailmost inert).
Another interesting feature of this material is that the low temperature signal at 80% RH
becomes higher than the high-temperature component, which is unusual for these conditions.
Yttria-doped oxide has the second highest value of Sy.x among the oxides. However,
according to TGA, hydroxyl activity for this material was found rather low in respect with blank
oxide as well as the total quantity of the desorbed water. On the other hand, FTIR results indicate
that overall hydroxylation degree of the material is higher than that of blank oxide by a factor of
2. This means that either other than hydroxyl species contributed to the sensor signal, which is
doubtful due to high Tgmax, Or that occluded or inaccessible OH groups somehow participate into

the detection process.
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Figure 64. Variation of Spax, Tsmax (8) and Eac (b) with relative humidity.

Figure 64 summarizes the obtained results. The common trend of the doped materials is
rather high humidity effect on sensor signal parameters. In the case of SnO,-LaO3; one can
observe the highest drop of the Spax, While Ex of H2 chemisorption is roughly the same in dry
and humid air. This suggests that the signal drop is mostly due to competitive adsorption. For
ytrria-doped material the activation energy remarkably rises upon increase of water content

suggesting that adsorption centres change their nature in humid air.
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4.4.4. SnO, with deposited noble metals: Pd, Pt, Rh
Figure 65 shows sensor signal evolution for catalyst-doped materials as a function of

temperature at various values of RH. Let us consider first the measurements performed in dry air.
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Figure 65. Signalsto H, asafunction of T at 0, 20, 50, 80% RH for catalysts-doped SnO..

Tsmax Of the magjority of materials was found between 100 and 250 °C which is rather low
compared with blank oxide and corresponds to the TGA region of low hydroxyl activity. The
obtained results for Pd-doped oxide at 0% RH corresponds well with the temperature of the
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highest catalytic activity of the material found in MS experiment. The doped oxide, unlike the
blank one, manifested the pronounced signals both for hydrogen consumption and water
production, which indicates that in this case the classic hydrogen oxidation occurs on the surface.
And therefore due to similarity of the Tsmax and the temperature of the highest catalytic activity
for Pd-doped materia, it seems reasonable to assume that charge transfer occurs as a result of
hydrogen oxidation on the surface and not only due to hydrogen chemisorption.

Judging from signal profiles of the materials, the sensing mechanism is very different
compared with blank oxides. The following observations suggest that in the case of catalyst-
doped materials surface OH groups do not play the principal role in the sensing mechanism. In
other words we assume that they do not act as the adsorption centres in the hydrogen interaction
with the surface.

If hydroxyls had played the principal role in the sensing mechanism, we would have
observed sensor signal in the range 300-400 °C, especialy in the case of bimetalic catalyst
systems, for which we have found an outstanding chemical activity of OH groups (from TGA).
However, signals for these materials were found mainly in the low-temperature range. Moreover,
for the materials which had manifested the highest OH group chemical activity (doped with
Pd/Pt and Pd/Rh) we do not observe any remarkable signals values at al. In genera, for all
catalyst doped materials activity of surface OH groups does not correspond with sensor signals,
which suggests that surface species other than hydroxyls are involved in the sensing process.

As we have already shown, XPS analysis together with HRTEM indicates that clusters of
noble metals (by example of Pd) are in the oxidized form, which is in full agreement with the
literature [21]. This fact allows us to suppose that low-temperature signals are due to hydrogen
interaction with oxygen species. The latter are known to be much more reactive than hydroxyls
and this explains the decrease of the signal temperature [194].

However, the most reliable evidence of hydrogen interaction through surface oxygen can
be provided by DRIFT results. As we have shown earlier by example of Pd-doped oxide,
hydrogen as well as water interacts similarly with oxide surface, consuming bridging oxygen and
producing new terminal OH groups (Figure 51). Bridging OH groups also form upon interaction
with the gases, however, at temperatures above 200 °C, suggesting a minor role in the processes
related with increasing conduction at around 140 °C. Thus, taking into account results of
DRIFTS and DC measurements, the low temperature hydrogen interaction with the surface can

be represented as follows:
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H,% +0, <> (Mety:, —OH ) +VZ" + H* +2¢ (4-18)
H®+0, <> (Met, —OH ") +VZ +2e (4-19)
and that of water:
H,0% + 0O, <> (MetS, —OH ") +VZ +OH" +2e (4-20)
OH" + Mét,,, <> (Met’, —OH ") (4-21)

where, Met,,, islatticetin or palladium atom.

The fact that both gases interact with the same surface species, was derived from the
evidence of the similar sensor signals and DRIFT spectra for hydrogen and water. If this
assumption is correct it is understandable that simultaneous interaction of hydrogen and water
with the surface will be competitive.

Indeed, sensor signals to Hy in humid air are less intense and their maxima significantly
shifted towards higher temperatures, which implies that the sensing mechanism changes upon
increased water content in the gas phase. Again, the most prominent change is observed when
the volumetric concentration of water in the gas phase is higher than that of H, by a factor of
1000 (Figure 7, b).

Due to the fact that electrical measurements were performed separately for each gas
mixture, it was possible to separate and compare signals towards hydrogen in the presence of
water and water signal in the presence of hydrogen. Such cross-sensitivity of the materials
enables the dominant effect to be determined, i.e. whether the effect of hydrogen on the water
signal or that of water on the hydrogen signal is larger.
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Figure 66. Signals of SnO,-Pd to H,O in dry air and in the presence of H, (a), and signals to H,
indry air and in the presence of H,O (b).
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From Figure 66, in the presence of hydrogen, the water signal drops, but does not shift with
temperature. In the presence of water, a similar decrease occurs as well as a shift of the Tgyax
towards higher temperatures was observed. Thus, highly hydroxylated surfaces react with
hydrogen only at high temperatures, which suggests that, at high water content, the H, detection
mechanism switches from oxygen to hydroxyl-based interaction which was observed for blank
SnO; (i.e. through bridging hydroxyls, Egs. 4-14 and 4-15).

The case of Pt-doped material is amazingly supports the idea of oxygen mediated
mechanism, since it is known from literature that more oxidized Pt surface manifest lower
catalytic activity compared to the reduced one [21]. This means that Pt-doped materials should
be better under reducing conditions. Indeed, in our previous works the highest signa in
hydrogen-rich atmosphere (1000 ppm in air, which is obviously closer to the reducing conditions
than 20 ppm H; in air) has been observed in the case of Pt-doped SnO, [195].

Doping with Rh results in the highest signal to 20 ppm H, in dry air. However, Tgmax for
this material is higher as well compared with SnO,-Pd: 216 against 139 °C, resp. These facts
suggest that in the case of SnO,-Rh oxygen species (if we accept the idea that oxygen is
responsible for low-temperature signals) are less reactive, however, much more numerous on
catalyst surface. In addition their nature seems more homogeneous compared with Pd-doped
oxide. The latter assumption can be derived from the narrow form of the signal peak in the case
of Rh-doped oxide.

Another quite interesting behaviour was observed for bimetallic systems. The highest
signal manifests only one Rh-contained system: Pt/Rh. While Sy is dightly higher for this
catalyst, parameter Temnax IS the same compared with SnO,-Rh material. This means that against
the background of very low sensing (and apparently catalytic) performance of platinum, the
material’ s properties aimost entirely determined by Rh-catalyst. In contrary, Pd seems to interact
with the phase of Rh and brings down its reactivity. As aresult, the signal profile of SnO,-Pd/Rh
at 0% RH resembles more Pd-doped oxide than Rh-doped one. The same phenomenon occurs
with Pd/Pt system which signal evolution in dry air is close to Pd-doped oxide, with 2 times
lower Snax and dlightly higher Tsnax. Thus, it turns out that the presence of Pd catalyst inhibits
chemical reactivity of other catalysts.
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Figure 67. Variation of Syux (@) and Tenx (b) with relative humidity for catalyst-doped SnO..

Now let us consider the effect of water vapours on signal evolution. All materials
demonstrate remarkable change of both parameters (Snax and Tsmax) UpON increase of humidity.
The results are summarized in Figure 67. The general trend for the catalyst-doped oxides can be
stated as follows: the higher catalytic activity of the noble metal (i.e. activity of surface oxygen
species), the more dramatic decrease it undergoes in the presence of water vapours. Indeed, Syax
of two Rh-doped oxides at 0% RH amounts to 35 and then drops down to ca. 9 at 80% RH. The
change of Tgnax for the same materials is also remarkable — more than 70 °C. However, the
highest change of Tsnax IS Observed for Pd-doped material, which sensing properties should be
apparently the most affected by water vapours. Note that in humid air, especialy at high RH,
blank SnO, demonstrates the signal which is compared and even higher than that of catalysts
doped materials.
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Figure 68. Variation of E, with relative humidity for catalyst-doped SnO..
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Apparent activation energy estimated for catalyst doped materials should be related mainly
with the process 4-6, since interaction of hydrogen radical with oxygen species is supposed to be
without activation energy at all [130]. The found values are lower for the catalyst doped oxides
compared with blank material. Rh and Pt/Rh catalysts manifest similar behaviour upon increase
of humidity: the parameter increases as well. E, for the rest of the materials, in contrary
decreases with the rise of RH. As we have already mentioned low values (e.g. 0.1 eV) of the
activation energy do not contradict with that reported in the literature, e.g. for the H, interaction
with ZnO [130], and similarly can be explained by the assumption that hydrogen arrive at the
surface of the semiconductor in the ionized from which is highly reactive towards oxygen
species. Therefore increase of water vapours for some catalysts favours hydrogen ionization,
resulting in the drop of Eqg:.
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4.4.5. Summary
Measuring electrical parameters of the synthesized materials as a function of temperature

and gas composition we found out that SnO, surface doped with noble metals manifest very
different surface chemistry upon hydrogen interaction compared with blank SnO, or oxides bulk
doped with metals I11B and 1VB groups. The latter react with hydrogen predominantly through
bridging hydroxyls independently of the water content in the gas phase. In contrast, hydrogen
interaction with the materials doped with noble metal s depends on the water concentration: while
at low RH (up to 20%) the mechanism is based on oxidation through bridging oxygen, at high
RH (e.g. 50 and 80%) the oxidation occurs through surface hydroxyls. The reason for these
changes is that the oxygen species interact smilarly both with hydrogen and water, leading to the
low sensor selectivity, while a hydroxylated surface demonstrates different reactivity towards
these compounds. As aresult all catalyst doped materials manifest pronounced change of signal
parameters Snax and Tamax With increase of water content in the gas phase.

Blank oxides, solid solutions and mixed oxides clearly demonstrate that sensor signal
parameters depend on hydroxylation degree and homogeneity of the nature of surface hydroxyls.
As ageneral trend it was found that the higher hydroxylation degree is the lower change of Syax
and Tgmax IS Observed. It is difficult to figure out which material has demonstrated the best
performance in the whole range of RH. However, between 20 and 80% RH the lowest change of
the signal together with its rather high signa (ca. 10) was found for SnO,-TiO;, at ca. 400 °C.
Among catalyst doped materias rather acceptable properties in the same range of RH were
found for Pt/Rh system at ca. 320 °C (with signal ca. 8).

Activation energy of hydrogen chemisorption was found to be quite low compared with
hydrogen dissociation on ordered oxide surfaces but it is in good agreement with the literature,
where the low values are explained by hydrogen ionization. The lowest E, were observed for
catalyst doped oxides.
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4.5. Conclusion
This thesis is dedicated to the synthesis, material science and sensing properties of SnO.-

based oxide systems. The comprehensive analysis of highly dispersed oxides was systematically
performed for SnO, based oxide systems, starting from precursor nature, synthesis conditions,
and then going through various ex-situ and in-situ techniques to better understand the surface
chemistry of sensing phenomenon. Specia accent was made to study the role of surface hydroxyl
groups, which was very helpful to explain sensor selectivity in the presence of hydrogen and
water vapours. As a result the mechanism of hydrogen and water chemisorption on the surface of
semiconductor adsorbents has been proposed for various oxide systems.

The main results and achievements are listed in the following chapters, according to the

field of investigation: synthesis, material science and sensing properties.

4.5.1. Synthesis
For thefirst time we propose the method of synthesis very pure and dispersed SnO; starting

from metalic tin and comprising synthesis of the final product from metalorganic complex,
without separation of the latter, by precipitation from organic polar solvents. The advantage of
this method comprises not only low impurity level of the oxide and narrow distribution of the
particle size in the range 2-5 nm, but also low cost of the process, since al the starting reagents
are well available and cheap.

The chemical formula of the metalorganic compound is supposed to correspond to tin(1V)
hydroxide acetate with general formula [Sn(OH).(Ac)m]. The presence of OH groups in the inner
(assumed) coordination sphere is essential regarding the final properties of the oxide. It was
found that the very complex leads to formation of numerous hydroxyl groups on SnO, surface,
which nature was found more homogeneous, their chemical activity enhanced and their surface
content higher compared to the materials synthesized from tin(1V) acetate. In addition tin
hydroxyl acetate complex leads to the formation of more dispersed particles with very low
crystallite size. This together with high content of bridging hydroxyl groups suggests that
hydrolysis of [Sn(OH),(Ac)y] occurs much faster than polycondensation reaction and the latter
seems to be dominated by olation.

The proposed method is very flexible from the experimental point of view and therefore
was modified to synthesize SnO, doped with IVB and 111B elements. The latter were introduced

into the system of the precursor as metal organic complexes as well.
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Low impurity level of the synthesized oxides allowed us to synthesize materials doped with
Cl, S, Pd and NaCl to investigate effect of the impurities on thermal stability of the

nanodispersed oxides.

4.5.2. Material science

45.2.1. Ex-situ methods
The method used herein allows one to decrease the impurity level down to ca. 200 ppm of

NaCl without continuous washing which is impossible to achieve using SnCl, and NaOH as
starting reagents. Mean crystallite size for all oxide systems were found in the range 1.7-2.9 nm.
In general, doping of the oxide brings about increase of this parameter. The highest value was
found for SnO, doped with I11B elements, and the lowest one for blank oxide.

In addition to the increased crystallite size, doped materials manifest higher hydroxylation
degree. The highest value was found again for 111B elements. Optic band gap was observed
decreased for SnO, doped with IVB elements, while doping with I11B elements do not have the
common trend of the band gap evolution. Deposition of one noble metal remarkably increases
optic band gap of the materials, which isin line with fact, found by HRTEM and XPS, that noble
metals on the surface are in the form of oxides. In contrary, bimetallic systems decrease Eg,
suggesting that catalyst system demonstrate more metallic character.

FTIR analysis permitted us to estimate the overall hydroxylation degree of the synthesized
materials and compare homogeneity of the OH groups regarding their acidity. Accordingly, it
was found that doping with either IVB or I1IB elements brings about heterogeneity of surface
hydroxyls and increased hydroxylation degree. In addition, hydroxyls were found to become
gradually more basic upon doping with Ti, Zr and Hf. The highest hydroxylation degree was

found for I11B elements.

4.5.2.2. In-situ methods
TGA analysis allowed us to estimate chemical activity of surface hydroxyls of synthesized

materials. The comparative analysis of TGA and FTIR results allow us to estimate the extent of
the chemical inertness of the OH groups. Doping with VB elements brings about formation of
occluded or inert OH groups. The hydroxyl activity within the group was found the lowest for Zr
and the highest for Ti. Oxide doped with I1I1B elements manifest very heterogeneous nature of
the surface hydroxyl which consists of very reactive species and inert ones. The content of the
later seems to be the highest among all the synthesized compounds. The highest hydroxyl

reactivity in the group was observed for SnO,-LaxOsz. Doping with noble metals increases
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dramatically the chemical activity of the surface hydroxyls, especialy in the case of bimetallic
catalyst systems.

MS-study of the catalytic activity of blank and Pd-doped materias reveals that hydrogen
predominantly remain chemisorbed on blank oxide surface, while Pd deposition brings about
water desorption. The hydrogen oxidation stoichiometry between 100-200 °C corresponds to the
process mediated through surface oxygen, while at higher temperatures the stoichiometry
suggests hydroxyl mediated reaction.

DRIFT spectroscopy at various temperatures and gas compositions (water and hydrogen in
air) revealed that hydrogen interacts with the blank SnO, surface predominantly through
bridging hydroxyls independently of the water content in the gas phase even in the low-
temperature region. In contrast to the blank oxide, the hydrogen interaction with the Pd doped
material depends on the water concentration: while at low RH (up to 20%) the hydrogen
oxidation seems to realize through bridging oxygen in the whole temperature range (which is
again dightly differs with the results of MS-study), at high RH (e.g. 50 and 80%) the oxidation
occurs through surface hydroxyls.

On the basis of TXRD study it was pointed out that blank oxide is highly equilibrium two-
phase composition. The role of the second phase is played more likely by the partially reduced
SnO, surface, which impedes crystal growth rate under isothermal conditions and in the same
time decreases activation energy of the growth rate, apparently due to low energy of defect
formation. Impurities as well as the majority of the solid solutions and mixed oxides remarkably
increase crystallite growth rate.

4.5.3. Sensing properties
The main achievement of this study is the experimental evidence of two very different

sensing mechanisms in the presence of hydrogen, water and their mixtures. While blank oxide
systems on the basis of SnO, al manifest high-temperature interaction with hydrogen, oxides
doped with noble metals demonstrates their sensing activity in the low-temperature region. The
whole battery of the performed in-situ and ex-situ analysis suggests that SnO, Ac and SnO.-
MetO, from one side, and SnO, doped with noble metals from another, interact with hydrogen
and/or water through very different adsorption centres: bridging hydroxyls and oxygen species,
resp.

It seems that oxide systems react with hydrogen predominantly through bridging hydroxyls
independently of the water content in the gas phase. However, for catalyst doped materials at low
RH (up to 20%) the mechanism is based on oxidation through bridging oxygen, and at high RH
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(e.g. 50 and 80%) the oxidation occurs through surface hydroxyls. It was found that surface
oxygen species interact similarly both with hydrogen and water, leading to the low sensor
selectivity, while a hydroxylated surface demonstrates different reactivity towards these
compounds. As a result all catalyst doped materials manifest pronounced change of signal

parameters Snax and Tsmax With increase of water content in the gas phase.
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