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Résumé en francais

Les problémes environnementaux liés a I'utilisation généralisée des combustibles fossiles et
des composés organiques volatils (COV) ainsi que les applications industrielles de gaz
dangereux tel s;qued fudindeiqua @g) nétessitdntHa mise au point
de dispositifs efficaces pour la détection sélective de ces gaz a des teneurs trés faibles. Dans
ce contexte, |l es capteurs de gaz ~ | ' ®tat s
métalligues senaonducteurs jouent un rbéle majeur, en particulier ceux exploitant les
changements de r®sistance ®l ectriqgue des mat
sont exposeés. Ainsi, le dioxyde d'étain (Sh@le structure cristalline tétragonale (typéile)
connue sous le nom de cassitérite, est le matériau prototype le plus couramment utilisé et le
mieux compris a ce jour dans les capteurs de gaz commerciaux. Néanmoins, malgré les
progres récents réalisés dans le domaine de la détection de gazcéptoom de nouveaux
syst mes efficaces et s®lectifs reste n®cess
nouvelles perspectives dans | e domaine des ¢
avec précision la nature chimique, la teetiet la morphologie de la couche active. Deux
approches principales ont donc ®t ® mi ses en
premiére a consisté a ajuster précisément les conditions hydrothermales pour la croissance de
particules de dioxyde dain bien définies a partir d'un collode commercial largement
disponible. La deuxieme approche, beaucoup plus originale, a consisté a synthétiser des
précurseurs organiques organométalliques uniques conduisant a des matériaux hybrides

organoétain apres lklyolyse et condensation selon le procédégsbl

Tout d'abord, les nanoparticules de dioxyde d'étain {saf été synthétisées directement
| *aide d'"une voi e -grampme imdtant én jel @® taiteenknt e  d
hydrothermal dans desonditions acides ou basiques, d'une suspension commerciale de
particules de Snfcontenant des ions potassium’KAprés postraitement thermique, les

nanomatériaux obtenus ont été soigneusement caractérisés par spectroscopie FTIR et Raman,
I



par diffracton des rayons X sur poudre (DRX), par microscopie électronique a transmission

(MET), par spectroscopie de photo®l ectrons X
Quelles que soient les conditions utilisées, la diffraction des rayons X sur peuthke
spectroscopie Raman ont confirmé la formation de nanoparticules dg den®tructure

cristalline tétragonale de type cassitérite. Cependant, la variation des conditions de pH et de la
température du pogtaitement thermique a conduit a des nanopales de cassitérite SpO

avec des tailles de cristallites comprises entre 7,3 et 9,7 nm et des surfaces spécifiques
BrunauefEmmettTeller comprises entre 61 et 106.g1 (Table 1). Un bon accord entre les

tailles de cristallites déduites des mesures D&t Xles tailles de particules déterminées par

MET a été observé indiquant un caractere quasi monocristallin des nanoparticules de SnO
obtenues. D6une mani re g®n®r al e, | 6 ®t ape d
particules préparées en milibasique tandis que cette étape induit un léger accroissement des

tailles moyennes de particules pour les échantillons synthétisés en milieu acide.

Sample Taille moyenne Taille moyenne Seer Volume poreux Taille
des cristallites des particules total moyenne des
(DRX) (TEM) pores
(nm)*® (nm)® (m.g°  (cm’.g’)’ (nmy
TOa”® 8.6+ 0.5 10.7+ 1.0 79.0+25 0.31+0.04 156+ 2.0
TOa*™® 9.7+0.5 116+ 1.0 61.0+£2.0 0.29+0.04 19.7+ 2.6
TOb 76104 85+ 05 106.0 £ 3.0 0.53 + 0.07 20.7 £2.7
TOR®® 73104 8.4+05 98.0+ 3.0 0.50+0.07 20.6 + 2.7

Table 1. Tailles moyennes des cristallites et des particules, et données issues des mesures de sorption

11 a0nY @ a@at®ipréparkes & pHoel puisrirditées a 90 ou 600°C

ddbazote pour

sous air; TOb® ou TOb®® préparées a pH = 11 puis traitées a 90 et 600°C sous alEstimée & partir des

largeurs & mirhauteur des pics de diffraction en utilisant la relation deScherrer. ” Déduite des inages MET.

° Aire spécifique déterminée par la méthode BET.V o | u me

tot al

por eux

esti m®

mono-point.. ¢ Taille moyenne des pores calculée par la méthode BJH (appliquée a la branche de

désorption).



Par ailleurs, les images MET hauésalution et des clichés de diffraction électronique sur
des zones particuliéeres de chaque échantillon révélent la formation de particules:dgeBnO
cristallisées exposant des faces cristallines bien définies typiques duc8sstérite. Par
exempl e, | @Y hpaésenté |déso plans cristallins avec des distances
inter-réticulaires de 0.33, 0.21 et 0.17 nm correspondant aux plans (110), (200) et (211) du
SnQ cassitérite, (Figure 1). Les mémes faces cristallines s@st abservées dans les images
MET haute résolution des autres échantillons. Par conséquent, les nanopoudres obtenues
apres traitement hydrothermal exposent déja des faces cristallines de faible énergie telles que
les faces [110] (1.554 JIn e x p | absenca de chahgegment dans la nature des faces

cristallines exposées aprées calcination.

TR AR

0.21 nm

Figure 1: Images TEM haute resolution et clichés de diffraction électronique sur des zones particuliéres de
TOa™.

Par ai |l | ®lesrnesuresdX’$, parsurface des nanopoudres des$ntDétisées

contient |l es raies do6é®mi ssion caract®ristiaqu
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gue soient les conditions de préparation, la région Sn3d présente deux pics a@a7&V et

495.4° 0.1 eV du fait du couplage spmr bi t e des ®tats 3d. La dif

deux pics a été calculée a 840.1 eV, ce qui est en accord avec les valeurs rapportées pour
SnQ et la présence de centres Sn(lV). En revanché, &8u x d 6 ®1 ®ment pot as
fortement des conditions de préparation. Ainsi, le rapport atomique de surface K/Sn a été
évalué a 0.040.02 et 0.08).09 pour les échnatillornBOa et TOb, respectivement, ce qui est
significativement plus faible que la tameobservée dans le collotle commercial séché (K/Sn

= 0.19 at%). Les conditions acides favorisent donc I'élimination des cations de potassium.

h

(@)}

Expos®es des gaz r ®duyclé manoxyge de edrbone (COr |

| 6 ®t h gHgOd), | & aCc ® gHa) e] (oQu des gaz oxydants te

(NO,), des couches de ces nanoparticules de, 8nOdonné lieu a des réponses en capteurs

de gaz réversibles et reproductibles avec une excellente sensibilité (Figure 2).
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Figure 2: Caractérisations en capteurs de gaz des échantillons T&dblack), TOa*® (pink), TOb® (green)

et TOb®® (bleu). Réponse dynamique a 8 ppm de NCet & 100 ppm de H des échantillons préparés en

milieu acide (a) et en milieu basique (b) a la température de 300°C. Influence de la température sur la

réponse a des gaz réducteurs: 1000 ppm de CO (c), 800 ppm de Hd ) , 25 ppm dbéac®tone
dé®t hanol (f) .

Les résiltats de détection de gaz réducteur ou oxydant ont été discutés en fonction de la
taille des <cristallites, de | 6aire sp®cifigq
longueur de Debye et de la composition chimique des nanopoudres gdel8a®éslltats
mettent en évidence l'impact des résidus en ceatrg, qui affectent la performance de
détection de gaz dans une mesure beaucoup plus grande que les effets de taille et de surface. Il
convient donc de souligner que la composition de la suspeosilmilale commerciale de
SnQ peut influer sur le comportement du capteur de gaz en fonction de la quantité restante en
contrei on s, bien que | 6effet de taille des part

l a fois dou nuept@ipérimentdgourexplEuet lds @omnées ge détection
de gaz. En général, plus la taille des cristallites est petite, plus la réponse du capteur est élevée.
Or ce noest pas | e cas pour ces mat ®ri aux.
prépar ®es dans des conditions acides et cal cin
performances de d®tection du fait doune gquart
cristallinité supérieure. En ce qui concerne la sélectivité, la réporseed particules a
I'éthanol est beaucoup plus élevée que la réponse a des gaz tels que le dihydsogéne H
monoxyde de carbone CO (environ 30 et 1500 fois respectivement), conduisant a une
sélectivité au moins comparable aux données de la littérafue. ce qui concerne l'acétone,
les réponses sont similaires a celles obtenues avec I'éthanol, ce qui est conforme a ce qui a été
rapporté avec des nanostructures plus compfeges. travaux, récemment publieonstitue
une étude de référence dans demaine de la synthése de nanostructures de, Sifi®
dointerpr®ter | es performances de d®tecti on

du collotle commercial précurseur, notamment le polypyrroles et les eontsgotassium.

Vi



Dans une secwle approche, des trialcynylorganoétains fonctionnels portant les composés
hexyle 6d), butylene Bb), benzyle §c) et thiophénylbutyle Fd) ont tout ddéab
préparées avec succes par alkylation sélective du tétraphényléthynylétain par une quantité
équimolaire du réactif de Grignard approprié dans un mélange de solvants anhydres constitués
de toluéne et d'éther diéthylique (2:1 v:v) a 40 °C pendant 18 heures (Scheme 1). Ces
conditions expérimentales optimisées de synthése de ces organoétains dinmionen
seul ement |l e nombre do6®tapes par rapport a\
mettent également en évidence la diversité des fonctionnalités organiques pouvant étre
introduites dans la structure alcynylorganoétain, ce qui ouvre de nouvelgseptives en
chimie des organoétains pour la synthése de dialkynyldiorganoétain ou Edlizvésl
déalcynyltriorgano®tain par | e contr!le soig

et le réactif de Grignard.

RMgBr or BrMgRMgBr - BrMg-C=CC¢Hj; R,Sn-{C=CC¢Hs)

Sn{C=CC4H . .
n 6 5)4 i (Grignard reagent) N

(CeH5C=C)y S 55

ﬂ S¢  (CHsC=0) Sn:
BrMg
MgBr /

Sn{C ECC@HS)“
MgBr BrMg

74
25

BrMg S

(Catczopst | s sa (CoHC=C) s>

Scheme 1: Schéma de syntheése daatre alcynylorganoétains.

Des matériaux hybrides organiqtiesrganiques a base d'étain ont ensuite été synthétisés
avec succes a partir de ces alcynylorganoétains en utilisant le procéegel.sol
L'hydrolysecondensation des quatre alcynylorganoétéonstionnels a donné des poudres et
des couches hybrides d'oxohydroxoorganotét@XT5a, OXT5b, OXT5c et OXT5d)

thermi guement stables jusqu'”™ 200 AC sous ai

VIiI



et en surface réalisée par les études FTIR, EDXRS a révélé que la fonction organique

était préservée pendant les processus d'hydralgeeensation et qu'un réseau d'oxyde d'étain

était formé avec des fonctions hydroxyle restantes pendantes. En particulier, une formule
chimique gou étre proposée po®XT5a, i.e. [(GH13)SNO(OH))} - 0.22H20. D'autre part,

la morphologie de surface et la texture des films hybrides dépendent fortement de la nature de

la fonctionnalité organique. Les matériaux hybrides comprenant des unités alkyles flexibles
tellesque OXT5a et OXT5d ont conduit & des couches plus denses et plus homogenes, alors

gue des textures plus poreuses ont été obtenuesPOLEL et OXT5c, qui comprennent des

groupes organiques plus rigides. Les propriétés électroniques de ces matériaugshghtid

®gal ement ®t® d®ter mi n®es. LO®nergie de |l a b
fonction de la fonction organique, alors que la position énergétique de la bande de valence par
rapport au niveau de F e restadire entsetl & et d,@dV.eEnfin,v e me n
| 6 h y BDXTbaddennant les films les mieux définis, les hybrides organoétain de classe I
comprenant des groupes hexyle dans lesquels des réseaux organiques et inorganiques sont
étroitement associés par le biais @aslons covalentes fortes ont pu étre facilement fabriqués

sur des substrats utilisés pour la détection des gaz. Exposés a des gaz réducteurs [hydrogene
(H2), monoxyde de carbone (CO), éthanol,HIgGOH), acétone (gHsO)] ou a des gaz
oxydant s [ dei(MXyldsecoudnésalyloide®XT5a ont donné des réponses
significati ves, et aul diokyded dazale (NP a delk températures

relativement basses (100 °C et 200 °C) (Figure 3).
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Figure 3: Réponse dynamique en capteur de gaz (gauchef)réponse en capteur de gaz (droite) de OXT5a

vis-a-vis de CO (rose), H2 (vert), éthanol (Bleu) et NO2 (rouge) a 100 et 200°C.

Les réponses enregistrées sont typiques d'un matériau de type n, comme déja démontré par
notre groupe pour des hybridesganostanniques ausssemblés plus complexésPar
rappor:t "’ ces ®t ude DOXT5d r@pmseisy isa eapacitt @ déater | ' h
sélectivement le N@a 200 °C (Figure 4). Cependant, le mécanisme de détection de gaz reste
encore inconnu a ceagte. L'explication suivante pourrait étre proposée pour expliquer cette
sélectivité inattendue: a 100 °C, la couche d'oxohydroxoorganodaiiba) sélectionnerait
les molécules de gaz principalement sur la base d'un processus d'exclusion de taille tandis
qud” 200 AcC, l a r®action chimiqgue |IOXT5al us <co
dominerait les propriétés de détection sélective du gaz des matériaux hybrides

oxohydroxoorganétains.
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Figure 4. Réponse en capteur de gaz de OXThds-a-vis de CO (rose), H (vert), éthanol (Bleu) et NG
(rouge) a 100 (A) et 200°C (B).

Habituellement, les composés inorganiques présentent une stabilité chimique et thermique
élevée, et ils peuvent étre synthétisés par des procédés simples et peuxcqiitis étre
déposés selon diverses techniques standards. En revanche, les composés organiques
présentent une orginalité et une polyvalence du point de vue de la synthése. Les outils de la
chimie moléculaire permettent en effet la modification a fagorladstructure moléculaire
pour améliorer l'interaction du matériau actif pour la détection avec des analytes spécifiques.
En outre, la méthode de dépbt par gouttes a été choisie dans ce travail pour élaborer des films,
car elle constitue un moyen rapideaecessible de générer un film mince sur des substrats
relativement petits pour une application de détection de gaz.

Outre la percée dans le domaine de la détection sélective de gaz issue de la combinaison
dounit®s oxohydr ox o®t a plusieuss tdéfisdréstemt & releverapoun e ¢ a
réaliser un capteur de gaz potentiellement sélectif a base de films hybrides
déoxohydroxoorgano®t ai n:

1) le probleme de la reproductibilité de la synthése du dialcynylorgano&tgin (

2) la faible stabilité thermicgai des hybrides oxohydroxoorganoétain, qui pourrait

augmenter les risques de dommages structurels au cours du processus de vieillissement ou

de la mesure de détection de gaz;

3) | a di fficult® ~ reproduire |l es donn®

oxohydroxoorganoétain@XT5a) ce qui est probablement du au manque de mairise du

procédé solgel employé pour obtenir les filmscependant, il existe également de
nombreux autres facteurs qui influent sur le résultat de la détection de gaz;

4) | 6 a b snditiores solgel eptincales pour fabriquer des couches minces adéquates

pour les matériaux oxohydroxoorganoéta@X(T5b, OXT5¢ et OXT5d), afin d'obtenir

des données de détection de gaz fiables pour ces hybrides;

5) le mécanisme de détection de gaz a ce jpconnu de ce type de matériaux hybrides
XI



oxohydroxoorganoétain, ce qui nécessite des instruments de détection de gaz plus
complexes pour déterminer ce mécanisme.

Pour prol onger ce travail "’ |l “avenir, i
fonctionndités organiques pour synthétiser de nouveaux matériaux hybrides
oxohydroxoorganoétains et les conditions du procédégsblutilisé pour élaborer ces
matériaux devraient étre bien contrdlées de maniére a déterminer précisément le role de la
fonction orgaigue dans les études de détection de gaz. Parallelement, des méthodes de
caractérisations avancées pourraient étre envisageées telles la caractérisation spectroscopique
in situ et operando des propriétés de détection de gaz, électrique et catalytiqlie, card a g i t
des propriétés clés régissant la détection de gaz. Le systéme qui associe des techniques
électriques (spectroscopie de conductance en courant continu et d'impédance alternative) et
spectroscopiques (spectroscopie Raman et XAS / EXAFS) a l'analydigne de gaz
(micro-GC, analyseurs de gaz FTIR, captey) @ermet d'établir la corrélation entre l'activité

du capteur et les données spectroscopiques obtenues dans les mémes conditions et sur le
méme échantillon (Figure 5). Les informations suivangesrraient étre ainsi obtenues: (i)
changements de phase gazeuse et produits de réaction (le cas échéant) issus de l'analyse de
gaz en ligne, (ii) especes de surface adsorbées, (iii) modifications de la surface et du volume
de l'oxyde (le cas échéant) afriéler toutes ces données avec la détermination simultanée de

la composition du gaz et de l'activité¢ du capteur. Cette connaissance approfondie du
fonctionnement des capteurs de gaz ) base
fonctionnalité organique cori@tlée pourrait aider a une meilleure compréhension des réactions

de surface et en volume responsables des effets de détection des gaz et conduira finalement au

développement de meilleurs capteurs avec une sélectivité et une sensibilité accrues.
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Figure 5: Configuration idéale pour la caractérisation operando et in situ des propriétés de détection de

gaz. Le systéeme associe des techniques électriques (spectroscopie de conductance en courant continu et
d'impédance alternative) et spectroscopiques (spectrogpie Raman et XAS / EXAFS) a une analyse de

gaz en ligne (micreanalyseurs de gaz FTIR, FTIR, capteurs @) . Ce syst me per met C
corrélation entre I'activité du capteur et les données spectroscopiques obtenues dans les mémes conditions

et sur leméme échantillon.

En r ®s um®, ce travail de th se a condui't
des résidus de contiens issus de la suspension collotlale commerciale sur les performances
de détection de gaz des nanopoudres de, Bmlgréles effets de taille des cristallites et de
surface sp®cifique, ce qui fournit une nouve
nanopoudres de Sa@n détection des gaz2) une voie de préparation simple et directe
d'organoétains fonctionnetsapables de produire des matériaux hybrides de classe Il a base
déooxyde do®tain en trois ®t alpsenwmtériaux lpybrides i r de
obtenus possédent alors de bonnes propriétés de détection sélective des gazgadu©i
ce qui lew confere la possibilité de rivaliser avec les systémes actuellement utilisés (Figure 6).
En d'autres termes, l'avénement de ce type de matériaux hybrides organoétains pourrait
révolutionner non seulement la formation de la liaison cardéteie en chimiedes
organostanniques, mais également les applications possibles dans le domaine de la détection

de gaz.
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The chemical and electronic properties of organic
parts provide an interesting method for tuning the
gas selectivity.
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Figure 6: Couches hybrides OXT5a fournissant des réponses significatives au dihydrogéne,)tét au

di oxyde d4f aune terepérdture@elativement basse (100 °C) (gauche)mécanisme de détection

plausible des couches hybrides OXT5a au dihydrogéne¢gH et au di ox)y.de ddéazote
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Chapter | Literature review of gas sensotechnology

In recent years, gas sensors have received considerable attention driteir psactical
applications inthe detectionof highly volatile and toxic gase$he pushingpowerbehind is
not onlythe grengtheningof government regulations for safety at workplace and emission
control but also thepotential marketto integratethosein smart phones and wearable devices
(embedled electronics)thanks to themanufacturing processesnprovementin sensor
miniaturization and microfabricatiorior instance in the cas# metaloxide sensorsAs a
result, the gas sensor markeeigected to grovannuallyin the global point of view(Figures
I-1 and1-2). This is highlighting the fact that the gas senisonowadays considered as
investablefield. The global market for gas sensors wassvalued at USD 1,664.8 million in
2012 and is expected to grow at a CAGR 5.7% during the forecast period from 2012 to
2018 and reach USD 2,328.3 million by 2Q182].

Most gases in the atmosphgid,, O,, CO,, H,O, CO, NQ e t c éar¢ colorless and
odorlesshoweverit is not possible to distinguisdll types of gases based on body organs and
especially,some ofthoseare vital to our life while many others are harmftible I-1
illustrates therecommendedxposure limits(RELs) of common toxicgases from NIOSH
database[3]. The vital gases like ©and H,O should be kept at adequate levels in living
atmospheres, whilthe amount ohazardous gasefr example, CGshould be controlled to
be below a certainlevel leading to toxicity issuesAs far aslighter hydrocarbons andldre
concernedwhich are useds fuels, their expkion after leakage into air eme of themajor
concers which is addressed by the usegak sensor

2010 201 2012 2013 2014 2015 2016 2017 2018
year

2.25

USD (million)
o
15795

e
~
(L]

Figure I-1: Global gas sensors markegstimate and forecast20107 2018(USD Million) (according to ref.

(1]).

1 CAGR is theabbreviatiorof CompoundAnnual Growth Rate

2 The National Institute for Occupational Safety and Health (NIOSH) is the United States federal agency
responsible for conducting research and making recommendations for the prevention-mdlateckinjury and

illness



The first commercial gas sensor device was developed in the 1960s using metal oxide as
sensing layer. Since then, wondle efforts have beemadein order to improve the sensor
sensitivity, selectivity, stability and speed (response and recovemte), namely the st
Therefore, a large amount of research has been published in this arealduéatd thathis
sensor technology is broadly interdisciplinary, leading this ruoetiale type sensor to be the
most investigated group in the gas sensirea.

800.0
700.0

600.0
500.0 -
400.0 l

300.0

2000 -
1 UU-U ‘ l l l

2012 2013 2014 2015 2016 2017 2018 2019 2020
= Oxygen (O,) sensors = Carbon Dioxide (CO,) sensors

Carbon monoxide (CO) sensors ® Nitrogen Oxide (NOy) sensors
" Others

Figure 1-2: Europe gas sensors market by product, 20122020 (USD Million) (according toref. [2]).

Substance NIOSH recommended Exposure Limit
(TWA?, 8h)
ppm (vol.) mg/nT
Ammonia (NH) 25 17
Acetone 250 590
Carbon dioxide (C¢) 5000 9000
Carbon monoxide (CO) 35 40
Chlorine (C}) 0.5 1.5
Ethanol 1000 1900
Hydrogen sulfide (bS) 10 14
Nitrogen dioxide (NQ) 1 (ST 1.8(STY
Sulfur dioxide (SQ) 2 5

Table I-1: NIOSH Recommended Exposure Limits to Common Toxi&ases(according to ref. [3]).

3 "TWA" indicates a timeveighted average concentration for up to ah@Qr workday during a 48our
workweek.
4 A shortterm exposure limit (STEL) is designated T preceding the value; unless noted otherwise, the

STELIis a 15minute TWA exposure that should not be exceeded at any time during a workday.



I.1 Definition and classificationof chemical gas sensors

A chemical sensor, defined by the International Union of Pure and Applied Chemistry

(Il UPAC) , A iatgransfornas ehemicakinforntation, ranging from the concentration
of a specific sample component to total composition analysis, into an analytically useful
signal 0. The chemical information may ori gi |

from a physical property of the system investigafdfl This definition is quite generarhus,
there are many pragmataescriptios which exist in the literaturesFor instance Prof.
Wolfbeis defined a chemical sensor as a siiatdd device comprising a recognition element,
a transduction element, and sagnal processor capable of continuously arelersibly
reporting a chemical concentratifh]. Furthermorethis definitioncan be considered to be
tasks of different unitén chemicalsensorghat were expressed by IUPAC.

Generally speakingshemicalgassensors usually contain two basic components connected
in series: a chemicalecognition systen{receptor)and aphysicochemical transducers
illustrated in Figure 1-3. The former is provided wittan active layer d material or a
combination ofmaterial$, which interact with a target gaby changng in its own properties
(work function, dielectric constant, electrode potential, mass, etcy @miting energy
(heat or light. The transducer is a devjoghich isableto transform such an effect into an
electrical signal (sensor response). The tanson of a sensor is determined by the
transducer used, with the receptor appearing to be implanted within it

Gases analyte * ***

PCor
portable
device

Response
= ®RE

&
7
&
transducer

Receptor
element

Figure |-3: Schematic diagram of a chemicafjassensor(adapted fromref. [6]).

Chemical sensors are classifiasl belowaccording to th@perating principleas described
below[4,7]:

(a) Optical gas sensor

This type of sensors transform optical phenomenexploiting optical absorption,
luminescencéfluorescenceor phosphorescenamission or light scattering of a gas species
at defined optical wavelengthwhich normallyconsiss of a light emitting element, a photo
detecting element, a gas sensing elementaagabs sensing element responding to lighrie

of the most common optical gas semssw iffrared gas sensowhichis the most expensive
7



since its cost is five times higher thtrat of electrochemical technology based gas sensors
However, recentechrologicaladvancesincluding the availability of powerful amplifiers and
relaed electronic components, have opened a new frontier for infrared gas anHigsisare
used for detecting methane, ethane, propane, butane, benzene, toluene, xyddceEhatslas
methanol and ethanol.

(b) Catalytic sensor

Catalytic sensors are relatively easy to install and calibrate, flexible in naturinegmain
be used for monitoring emissions across different applications. Products based on this
technology can operate over a wide temperature randare extensivelyused for detecting
combustible gases such as methane, hydrogen, butamm¢hemdight hydrocarbondhe first
catalytic combustion type sensor was discovered by Jonson in 89231 wasemployedfor
the detection of methane in min@$. Thiskind of sensors usually contains a catalytic surface
coated on a hot plate with Pt resistor. Gasconcentrations can be detected by monitoring
the resistance changematinumcontacts depending on ttemperature.

(c) Electrochemical gas sensor

A typical electrochemicafjas sensois madeof a sensing electrodecting as thevorking
electrode and a counter electrode 9]. The operating principles are the same as liquid
electrolytic fuel cells. They are based on the electrochemical oxidation or redottibe
gaseous analytat a catalytic electrode surface. In principle, they detect gaspsobucing
chemical reaction between the gas and oxygen contained in the sensor. The reaction produces
a small current which is proportional to the concentraticdh®fas analyte

(d) Thermal conductivity gas sensor

Thermal conductivity measurements for gas analysis have been used for many ddades |
They areusually usedor the detection of the gasesxhibiting thermal conductivity greater
thanthat of air as hydrogen and methane while gases with conductivity clogkatoof air
cannotbe detected like ammonia and carbon monoxide. Not along to mention about the gases
with thermal conductivity less thahat of air ascarbon dioxide €O,) and butane CsH1g),
which areeven mordifficult to detect due to interferencgsues Thermal conductivity based
sensos use filaments in order to sense any changes occurring in the thermal conductivity of
the target substance.

(e) Semiconductor sensor
The semiconductor gas sensor is one of the electrical seBgsrBicalsensoiis based on
the measurements where no electrochemical processes takel plagéhe signalarises from
the change of electricgdropertiesof the active layeicauséd by the interactionwith the
analyte Semiconductor gasessos, is the device that is made up of metal oxigdsch is
used formeasurementf target gas concentration by measuring the electrical resistance of the
8



device,also known as semicondut meftal oxidesensor or Taguchi sens@iigure +4), can

have different configuratiomut usually includeone conducting electrode and one heating
electrode[11]. The heater at the base is used for heating up the sensor to a constant
temperature between 20énd 250 eC in order to speed up the reaction r§8. The
conducting electrode is employed to detect resistance change in the activeTlayer.
advantages offered by this type of sensor are high sensitivity, low production cost, easy
maintenance, operat simplicity and potential for miniaturizatiotlowever, this type of
sensor is less gas specifican electrochemical sensors, reacting with many gases and
producing more false alarms.

Sn0, heater
contact

tube

Figure 1-4: The Figaro-Taguchi-type (TGS) sensoiaccording toref. [11]).

(f) Acoustic wave gas sensor

Their detection mechanismsia based on the mechanical or acoustic wabve. first
acoustic gas sensor was discovered by Kirf) and wasrelied on the measurement of bulk
acoustic waves in piezoelectrioquartz crystal resonator whichsgensitiveto mass changes.
Acoustic wave sensof§igure +5) havebeen founda variety of applications ithe fields of
temperature, pressum@ massmeasurements along with detection of chemicals or bacteria.
They wereused agjas sensors since 19@&hother advantage of this type of sensor is that the
gas sensing can be made wireless and as shown bgtlam[13], which makes real online
monitoring of the gas sensor.

Sensing
film
|

'/"'
/ Output
£

Interdigited P|e\:cele<tr|c
elctrode substrate

Figure 1-5: Surface acoustic wave (SAW) linéadapted from ref. [7]).

At that stage, it is worthwhile to mention thdist classification represents one of the
possibleways to classify sensordt is also conceivableto use various classifications of
chemical sensors as long as they are based orycksad logically arranged principles.
However, this thesis mainly focuses conductometric or resistive gas sensors based on
semiconduchg materials.As a consequence, the main sensing materials employed in this
kind of sensors along with their workimgechanisms are detailed in the following sections.
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[.2 Nanostructured materials for gas sensing

Nanostructured materials with small sizdimension and tailored structures have
demonstrated great potentifdr use asactive layer in gas sensor$n particular, the
advantages of using nanostructured materials for gas sensing are from their large
surfaceto-volume ratio, high specific surface areaasl more surface active sites, as well as
the recently recognized effect of crystal facstowing high surfacereactivity Research
endeavors have shown that a varietyafonaterialswhich typically include single elements,
metal oxides, organic semiconductarscarbonnanostructureseveal appealing features for
room temperature gas sensfrg].

[.2.1 Single element materials

Compared to thdominantmetal oxides gasensingmaterials, single element materials are
not as widely studied for chemical sensors. This is due to thdismamsing mechanisthat
operates during the sensing reactitmsome particular gases. Thest caseis Palladium.
Palladium is an ideasensormaterial for detecting fat room temperatur§l5-19]. For
example, Yuet al hare shown that Pd nanotube&gth crystalline size of about 2242 nm
exhibited highersensitivity and faster response time than the onedbasea Pd filmon
exposure to klat room temperaturg¢l5]. In anotherrecent work, Favier et al have
successfully proved that sensor includingighly ordered Pd nanodotietect H efficiently
[20]. This kind ofsensor was capable of detecting a full concentraaoige of Hbetween
0.1 % and 100 % with a detection limit of 0.1 ¥he sensingnechanisnis based on the
lattice expansion of Pd on adsorption of fdnctioning by break junctiomechanismThis
unique break junction mechanism gives Pd mesowire sensor a vergdigttivity to H,
against @, CO and CH[20, 21] The second example &ilicon-based materials which is a
very important semiconducta@ommonly used in electronic industry. Budilicon is not
suitable for a chemical sensor application because the electronic properties of bulk silicon are
not easily modified due to the low surface activity. However, porous silicon (PS) was
successfully used as a gas sensor to detect etfz@hoParticulaty, porous silicon nanowires
presentedast response and excellent reversibitiyppb-level NO gas at roontemperature
[23]. In this case,ite NO sensing mechanismatributed to the increasing charge density in
porous silicon nanowires arttle strong NO electromlonating nature ressglin an increase
number of electron carrier§he lastexampleof single element materials for gas sensing is
Tellurium . Tellurium-based materialsan detect different types of gases includings&4],
H,S [25], CO[26] and NQ [27, 2§. Recently, tubdike structures of Te have been used as
room temperature gas sensor materials due to their 1D structure, large-suvfalcene ratio
and less agglomerated configuratidfor instance Te nanotubeshowed fast rgponse
recoveryto CO andNO;[29]. Raman spectroscopy studies/eaéd that thesurface of Te
nanotubesncludeTeO; layer and botlshowedp-type conductivity. In the presence of CO, the
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TeO, layer is reduced to Te, leading dalecreaseén resistance. On the other hand, when the
sensor is exposed to NAQhe NQ molecules will induce the oxidation of Te and increase the
hole concentrations in Te nanotub€Bus, the resistandereducel in both conditions.

|.2.2 Metal oxides

Metal oxide-based gas sensors reversibly change ttweiductivity in response to changes
in gas concentration antthus provide information about the composition of Hmbient
atmosphereThear operaing temperatureange is usually comprisdzetween 100 and BGC
andtheyare the main source of gas sengsed inindustrydue to the compatibility in real
world conditions (at atmospheric pressumethe presence d20.5 vol% of oxygen)Many
investigations on metaixides are surrouned by studying their progrties and methods of
increasing the sensitivity and selectivityowards specific gases at different operating
conditions. Specific metal oxides such as, S0, TiQ, ZnO, In,03, WO;, CuO, CaO,,
Ge(O, Ga0s; CeQ, CrOs3 Mn,O3;, MoOs, NiO, Nb,Os, Nd,Os, V203, FeOs TaOs and
La,Os are suitable for sensing because of their electnompertied30]. Metal oxides can be
groupeal as n-type or p-type depending on thean charge carriersvhich are presenfThe
n-type (SnQ@, ZnO, InO; and WQ) and ptype (NiO, CuQ, Co;04, CroOzand Te®) metal
oxidesare the most promising materials in sensing 3&pa

[.2.3 Organicsemiconductors

The use oforganic semiconductors asactive layer in sensonsas revolutionized modern
technology in recent years due to their inherent capabiéitistng from their lightness, low
cost and high processabilitprganicgas sensors have been successfully develapesany
applications to detedtumidity, various gasemcluding ammonia,acohol, nitrogen oxides,
chlorine, hydrogen and nitroaromatic compounds based explosive vapbes.following
section will mainly focus on conducting polymers, their nanocomposites and carbon
nanostructures to dissssomerecent advances ithe domain of sensors operatingrabm
temperature

(a) Conducting polymers

Polyaniline, polypyrrolg32] or polythiophene are the conjugated organatymers wth
either electrical insulator or semiconductaroperties in their undoped stat€he most
effective way to achieve high conductivitpnsists ina dopingof the polymerd32]. In the
Adopedo state, the backbone aé¢locatizedh-elactcon i n g
system which could increasthe conductivityfrom low level (10'°to 10° S cm®) upto high
level (1 to 14 S cm?) falling in the metallic conducting regioi33, 34] This unique
doping/dedoping chemistry makes conducting polymers very attractive for gas sensing
applications. There has been a largeearcheffort in exploring conducting polymers for
roomtemperature chemical sensors, among which polyaniline appeals tthe most
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extensively investigated candidate for sgelmsomaterials. In particular, 1D nanostructured
polyaniline nanofibers are a gosdnsingplatform with superior performance owing to their
high surfacearea compared to the buiounterpartgconventional film). Thisphenomenon
further approves the merits of nanofibers layer for use as, SBturated ethanol and NO
sensos [35][36]. On the other hand, polypyrrole nanowires exhibit fast gas serespgnse
to H,[37] and polythiophene is also amteresting rooriemperature gas sensor for hkhd
NO, detection 88, 39.

(b) Organic and inorganic nanocomposites

Over the past decadeshere has been a growing interestdrganicinorganic hybrid
materials from the viewpoints of both fundamentasearch and industrial applications.
Indeed, hybrid nanocomposite structige made of organic and inorganic components
combined at the nanometer scatdfer novel systens showing enhancedmechanicalor
physical funtionalities throughsynergic interactins between the two phases. The organic
and inorganic phases can be conned¢tedughweak van der Waals drydrogenbonding
interactions, or sty covalenibno-covalent bonds

Individually, metal oxides and conducting polymers have been widely studied for their gas
sensing application§ensor based on metal oxidesiallysuffer fromlimitations in terms of
selectivityowing to a similar mechanism at the surface of the metal oxide lakergtlace
whatever the nature of the gas analgted also, a relatively high working temperature
drawback On the other hand,u& to the unique doping/dedoping sensing mechanism of
conductingpolymers, the selectivity is generalligher than that of mat oxides Nonetheless
thar relative lowsengivity, irreversiblerecovery and poorohgterm stability still require
improvemeng and imovation.

A promising strategy to overcome tHeawbacksof metal oxide and conducting polymers
is to design andlabricate organiinorganic composite material§he inorganic phase can be
diverse, ranging fronmetal oxides, metahanoparticleso carbon nanotubes and graphene.
Their incorporationinto conducting polymers can increase the concentration of interacting
sites with the analytes, improve the intead interchain mobility of charge carriers in the
polymer chains or even modify the affinibgtweenthe composite and the electrdanor or
-acceptor gases.

Conducting polymer metal oxide nanocompositesasgmt one of the major family of
sensing materials that can be utilized for room temperature sensing pufposxample,
polypyrrole SnQ, nanocompositebave beerused as ammonia sens¢d]. The improved
sensor performance was attributed to the nanostructures, which provide a higher surface area
to volume ratio withaccessiblgores and to théormation of p-n junctions at thenterface
between polypyrr@ and SnQ@ nanoparticles Swager et al have also shown that the
CNTs/polythiophene hybrids are highgensitiveand selective to organic vapossich as
dimethylmethylphosphonate (DMMP), whichafienused as a simulant to chemical warfare
agents like sarin g441, 43.
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|.2.4 Carbonnanostructures

Carbonbased nanostructured materials such as carbon nanotubes (CNTs), graphene and
carbon fibers have caught significant attention as a sensing material for chemical gas sensors.
CNTs andgraphenehave been illustrated to detect MNland NO, gases with very high
sensitivity and low detection limit at low temperatuf@8-45. The singlewalled CNT
showed the changeén electrical resistance upon exposure tosNiHd NQ gases. Although
singlewalled CNT sensors displayed a very high sensitivity to 200 ppm of [M8), the
sensorfabrication requires special techniques such as photolithography, complicated pattern
growth, high production cost, low sensor yield, and poor reproducibility. In this te€d¢Es
films are easier to fabricatrut exhibit lower sensitivity compared to a single CNT device.
another allotrope of carbon, graphdresreceivedmore and more attention for chemical gas
sensor applicationg recent yearsSeveral factors led taltimate detection capability of
graphene. Firstly, the complete exposures of carbon atom networks maximize the interaction
with the target molecules. Secondly, graphene has low Johnsori doiseo its metallic
conductivity. Even in the limit of no chaggcarriers a small amount of extra electrons can
cause a noticeable change in the conductance of graphene. Thirdly, the 2D crystal structure of
graphene with few defects ensures a better screening of charge fluctuation than its 1D
counterparts. CNTs andraphene are also very attractive materials figorication of
nanocomposite gas sensors through chemical functionalization, providing more opportunities
to optimize sensor selectivity

5 Johnson noise, roughly defined, is the random variation of voliageto the thermal agitation of charge

carriers in a resistor.

I.3 Gas sensinglevicestructure

In a typical metabxide-based gas sensor, the porous senkiggr is deposited on the
transducer surface (e.gsSi, Al,Os, Si/SiQy) carrying the electrodes and an integrated heater.
The latter allows for tuning the sensuperation temperature in the 3800e C t emper at u
range.Metal electrodes (usually Pt or Au) are fabricatednasureonductancer resistance
change®f the sasingmateriallayer

Various structures have bedasignedn practice[46], as shown in Figre I-6. Originally
such sensor was composed of a sintered block structure (about 0.5 cm in size) with a pair of
Pt coil electrodes inserted (and one of thecoils also served as a heater. Then a new
architecture was developed involving a thin alumina tube within a heavy coatiagp@i) of
wire electrodes was wound on the tube and a heater was set in§ldereintly a thick film
structure is widely used), the thick film is screeprinted on an alumina substrate with a
pair of electrodes and a heater printed in advance. A micro version of this structure, known as
a MEMS (micro electranechanical system) sengd, isstill under developmen#part from
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these standard structures, beshdped structures have been engineered for practical use.
Platinum coil and needle electrodes are inserted in a small bead made of sensing materials
(about 0.5 mm in sizeg); the coil also works as a heater. A similar bead also be inserted

with a single coil (heater) irf(thesec al | ed &éhot wired type; a c¢ch
sensing materials affects the composite resistance between the two terminals of the inserted
coil. The resistance change is then mead precisely with a bridge circuit which yields the

gas response. For actual use, each device is bonded to the connector pins and put inside a
metal cap with a hole on top, in order to remove the risk of triggering gas explosions. In
addition, an adsoribet such as active carbon (often refe
immediately behind the hole in order to remove unpleasant gases, as shgwn in (

(c)
(a) (b) Sensing film
Pt (electrodes) Pt /
(heater)
Pt
{ (electrodes)
_ f r Pt heater
Sensing body Sensing layer Alumina tube (back side)
(e)
(d) ' Sensing | Pt electrode Sensi
Protection layer ensing layer ensing
(comb type) bead
Insulation layer = — —
(oxide film) 3OO0 00— — Pt ol
Pt micro heater //Cavty
Support layer Si wafer
(oxide film) Pt needle
Filter
(2)
Sensing Sensor
bead
Pt coil

Figure 1-6: Device structures adopted for resistor type sensors in practice. (a) Sintered block, (b) thin
alumina tube-coated lay e r (¢c) scr elnn(d) MENsn(«) el bead ingeked wih coil and
needle electrodes,f] small bead inserted with a singlecoil (heater and electrode), ) practical sensor

el ement assembling s ens dadap@efomrefe46]). met al cap and ylter

[.4 Mechanism principle

The basic working principle is the reversible chamgée electrical conductivitgaused
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by the ineraction between the sensing materials and gaseous species in the envirbimasent.

an electrical output signal is generated once chemical reactions are initiated at the surface of
the sensing layer. Although this proceappears to be simpldhe exact fundamental
mechanisms thainduce a gas response are still controversittte sensor signal strongly
depends orthe preadsorbed oxygenn the sensing surfacevhich plays an important role

upon exposure to the target gasdse operation of metaxide-based gas sensors is ramntly
described by twamain models[11]: (&) the oxygen ionosorption modelp) the oxygen
vacancy model

(a) Oxygenlonosorption Model

This model ismainly supportecoy phenomenological measuremenfdl the processes
involve electrons in the conduction band and tinffuence the electrical conductivitizor
instance, m a ZnO sensor, £as)is adsorbed onto the surface and different ionic forms of
oxygenreact withthe current flondevelopinghe following species

O2(adsorbedit € Y Oz (superoxide ion)
O, +e Y 20 (atomic oxygenon)

O is believed to be dominant at operatieghperatureabove 250LC. It is one of the major
reasonsvhy sensing gases is a therragltivated process for metal oxide gas sendbigas
beenreported that the reaction between CO and the ZnO surface covered by ionic oxygen
speciegake place abllows[47]:

2CO0+Q Y 2CO+e
CO+0Y CO+e
CO+CO Y COx+2e

Figure I-7 schematically shows the structural and band model of conductive mechanism
upon exposure to reference gas with or without[@@. When gas sensoeeexpogdto the
reference gagontaining CO, CO is oxidized by O and releasedlectrons to the bulk
mateaials, resulting in adecrease of the number of surface @nd the thicknessof
spacecharge layerThen the Schottky barrier between two grains is loweradh facilitates
electron migration through different grains and, therefore, enhance the cornguxtivihhe
sensing layer.
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Figure |-7: Structural and band models of conductive mechanisnupon exposure to reference gaga)
without or (b) with CO (according to ref.[30]).

Therefore,i O x y grosoptiono and fithe reaction of reducing gases witinosorbed
oxygen ions are thekey descriptions of gas sensing mechanism in this model.

(b) Oxygen Vacancy Model (Reductiaeoxidation mechanism)

The second modehtionalizesthe sensing effects by changes in the oxygen stoichiometry
Literally it meanghatthe determining factor ifieamount ofoxygen vacanciegresentat the
surface For example, tin dioxide §nQ) as ann-type semiconductolgas sensor,s
oxygendeficientin nature, theoxygen vacanciesf which act aselectron donorsReversible
reduction and reoxidation of gases oxygen on the sucfaateol he surface conductivitgnd
therefore the whole sensing behaviorthis model, the mechanism of Gfetectioncan be
describedas follows: 1) CO removes oxygéiom the suface of the lattie to give CQ thus
producingan oxygen vacancy; 2) the vacancy becomes ionized, therebgucing electrons
into the conduction band and increasihg conductivity; 3)n the presence afxygen it fills
the vacancy; irthis process one or more elexts are taken from th@nduction band, which
resuts in the decrease in condudtyv

As it has beemnderlinedbefore,the amount of oxygen in the sensor surrounding plays a
key role in both modelslt must also be kept imind that thee mechanisra may be
influenced significantly bythe nature of materials andthe operating conditions (e.g.
temperaturecomposition othegaseous phase, hydroxylation of #emsing layesurface).

1.5 Applications

With a history of more thathreedecadesthe market of gas sensorsilbecome almost
mature in some fields such as combustible gas monitoring, oxygen sensing for combustion
exhaust controhnd humidity sensing for ameieis of living spacesFigure |-8 illustrates how
a domestic houseanbe equippedvith gas sensors in Jappd8]. Various kinds of sensors to
monitor CQ, air quality, odors and humidity are in increasing demand for various purposes.

For example, a large number of air cleareardowedwith an airquality sensor are produced
16



yearly to ke installed not only in houses but also in calirtab

Automatic fan ventilatior
CO:z sensor, odor sensor

Fan heater with air cleaner
Air conditioner with air cleaner

Humidity sensor, CO2 sensor,
Air quality sensor, odor sensor,

Drier for clothes
Heater and drier in Bathroom
Dish washer—driers
Humidity sensor

Garbage treatment system
Odor sensor
Humidity sensor

Combination oven
H2 sensor, humidity sensor

Figure 1-8: Various kinds of gas sensors equipped at various sites in a hoysecording to ref. [48]).

There are severakising marketdor gas sensor#\ brief overview ofthe different markets
as a function of the most significant gases to désemtitlined in the following sectiofd7]:

(a) Automotiveindustry

A huge ned of detecting gasesxists in the automotive sectdndeed, ar ventilation
control, filter control,combustion controlexhaust gasesnd gasoline vapor detection are
required to be monitoredParticularly, the byproductsstemmingfrom combustios in air like
(NOx: NO,, NO) are the most troublinm regardto the environmental regulationdoreover
NOy are also producedhrough combustion from chemical plantthere are toxic at low
concentrations and N@roduces grountevel ozone.

(b) Food industry

Manufacturingmonitoringand quality controin food industry aref upmost importance
owing to the safety issue to human heakhus, tydrogen sulfide (bS) is formed due to
bacterial breakdown of organic matter or wastes in food processing. Atdogentréons
this gas has a characteristic roteggg smell, however, the higher concations may cause
instant paralysis and deathtive case o&n average adu{800 ppm for 5 minutes)

(c) Environmental monitoring
The air quality contro] odor nuisance,and plant emissioa are some examples of
environmental monitoringAmmonia (NHy) is produced in many sources as the animal
manure decomposition. It is harmful to human eyes at low level of concentration and it is
widely used in pharmaceutical processes. Therefore, it is necessary to effectively control its
17



concentration§49].

(d) Fuel gas

CO is an environmentally hazardous gahkich is emitted to the atmosphere due to
incomplete combustion of fuel®n the other hand, methane is the main component of natural
gaswhichis used in many chemical processes. It could be transportepiefed phase and
has beerbroadlyused in electric generation litg burning as a fuel in gas turbines or steam
boilers. Besides CO and methan€H,; emissions are severely regulated according to its
powerful behavior as a greémuse effect ga$0].

(e) Industry pocess

Sulfur dioxide (SQ@) gas is the main source of acid rain in the global atmosphere.
Henceforth, the control mechanisms of,SfMmissions are a concerning matter of discussion.
In the view of these environment and safety conceimsdevelopmentof sulfur dioxide
sensor is very urgent and importgbit].

Apart from the markets mentioned above, the gas sensors are also vastlyaisethireas
such ashumidity or oxygen sensing for homearly fire detectiorfor public areascabin air
monitoling and early fire detectiorin aerospaceexplosiveandwarfare agents detectidor
national security52], breath analysis in edical diagnosti¢53].
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Chapter Il Tin oxide based materials for gas sensingpplications:

Background and short literature review

As described in the previous chaptm, dioxide SnQ) is the best understood prototype
semiconductor material for gas sensing applications. According to a study made in 2014, it
took more than 37%n the biggest market proportion among all theand ptype oxide
semiconductor senso(Bigure IF1) [1]. Its gas sensitivity and selectivity have been widely
studied and improved by various methods. To draw new insight in the improvement of both
gas sedctivity and sensitivity, this project aims to control the chemical structure and
electronic properties of tioxide based materials throughe acidity and basicity of
preparation conditions anthe introduction of organic functionalities. In this chaptan
overview of the main properties and applications of tin oxide based materials, with a special
focus on gas sensing applications, is presented followed by some generalities about
organicinorganic hybrid materials which lead to the definition of thectives of the project.

(9.41%)

Figure 1l1-1: Studies on n and p-type oxide semiconductor gas sensors (internet search of Web of

Knowledge [1]).

Il .1 Economic and societal issues

Part of the scientific, technological and societal progress in te@ttury requires new
functional materials. Indeed, the capability to design functional molecules and materials that
substitute classical, more complex and bulky, structure and components will have a deep
impact on many aspects of product development apdlg Furthermore, the intensive use of
fossil fuels induces acute environmental issues, as global warming, but, also serious health
problems related to the release of huge amount of undesirable gasses as carbon monoxide,
nitrogen oxides or sphur dioxide. Thus, air pollution is one of the most prominent problems
that should be solved by our modern societies. On the other hand, the ever ongoing increase
of the overall energetic demand has led to the emergence of alternative energy sources as fuel
cells, @aomic fission, nuclear fusion or solar light conversion.

Nonetheless, the advantages of such energies can be offset by the use of harmful or

dangerous gases. For instance, it is generally admitted that the amount of energy produced by
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hydrogen in fuel cedl is three times the energy contained in equal weight of gasoline and
about seven times that of cqa]. Thus, hydrogen is considered as a future clean fuel as it is
abundant, renewable and pollution free and as its product after combustion is watemetiowe
hydrogen gas leaks easily from the lines and the systems and it is one of the most explosive
gassesRecently, the detection of volatile organic compounds (VOCSs) using-saliel gas
sensors has become particularly important because of their negaipacts on the
environment and human health. However, their concentrations in the atmosphere are generally
very low (below the ppm level) and thus are difficult to detect with conventional gas sensors.

Consequently, the environmental issues due to thal fagels and the industrial use of
dangerous gasses as hydrogen necessitate the availability of efficient devices to detect them at
very low level and with a very high selectivifyhe development of highly sensitive sensors is
needed for the in situ detgon of VOCs.Solid-state gas sensors therefore play a major role in
semiconductor processing, medical diagnosis, environmental sensing, personal safety, and
national security, with economic impact in agriculture, medicine, and in the automotive and
aeropace industrief3]. However, in spite of the recent advances in the field of gas detection,
namely by using semtonducting oxide layers, the development of highly efficient new
systems is still necessary.

Il .2 Prototype gas sensorSnO, materials

Fabrication of nanostructured nanoporous semiconductors has attracted worldwide
attention, stimulated by their outstanding chemical, electronic, magnetic and optical
properties and their use as nanoscale devices, combined with the ewmingn
miniaturizdion efforts. For instance, semoonducting oxides are one of the most efficient
families of materials to detect gas. Thus, metatle-based gas sensors reversibly change
their conductivity in response to changes in gas concentration and thus give ficiorabaut
the composition of the ambient atmosph@ig The operating temperatures are usually
comprised between 100 and 500°C and they have been employed in real world conditions (at
atmospheric pressure under air). The first example of detectionlafimible gases in air
was reported for zinc oxide film and then Srdppeared to be a very efficient system. Even
though many different metal oxides have been investigated as sensing materiglitiaO
al one or nAacti vat ed odlemetals (Pd, Btyda)l Has remaiaed the noste s
commonly used and the best understood prototype material in commercial gas sensors as well
as in basic studies of the gssnsing mechanisrbecause of its high gas sensitiviggod
stability, and low cosf5]. As a matter of factSnQ, or «stannic oxide> is a metal oxide
semiconductor showing outstanding chemical and physical properties. It can be found in the
nature as mineral cassiterite. Known and exploited since ancient times (3000 years BC),
cassiteriteis an oxide the color of which can varied from yellow to black. Its name, which
comes from the Greek « kassitero@in) was proposed by thierench mineralogist Beudant
in 1832.
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I1.2.1 Structural (Crystallographic) properties

SnQ, shows a unique stablelymorph at ambient pressuré] [named <«cassiterite> and
exhibit a tetragonal, i.e. rutdiéke, crystalline structure (similar to the crystallographic
structure of rutile TiQ). Each tin site SH is located at the center of an almost regular
octahedronmade of six oxygen ions, %) each & being surrounded by three %rions
positioned at the apices of an isosceles triaigble [F1).

Phase Cassiterite
S W
Cristalline phase
3
‘0\
System Tetragonal
SnG; number per unit cell 2
Unit cell parameters (A) a=4.737
c=3.186
lonic radius (A) r (s =0.71
r(0*)=1.14
Density (g.cr¥) 6.92
Hardness (Mohs) 7.8
Refractive index 2.01
Band gap energy /eV 3.6

Table 11-1: Physical properties of Sn@: O ions: red spheres; Sfi ions: grey spheres

II.2.2 Electronic and optical properties

In its stoichiometric form, SnOis an insulator, but in its deficient form in ambient
conditions, tin dioxide is a-type semiconductor with an energy bandgap of about 3.6 eV. As
most of the rtype semiconductors, Sa@rystals exhibit some discontinuities in the periodic
lattice. These discontinuities are generally attributed on one hand to oxygen vacancies, which
are considered as the main intrinsic defects in,3a@dering it sukstoichiometric in oxygen,
and on theother hand to the presence of interstitial tin atoms stemming from the reduction of
some Sn(lV) ions into Sn(ll) ions in order to compensate the charge imbalance. The electronic
conductivity can then occur due to the electron mobility from Sn(ll) siteartsaSn(IV) sites.
Nonetheless, experimental data suggest that the origin of that@ichiometry in Sn@
materials is rather related to oxygen vacancies than to interstitial tin afpms [

Stannic ions SH possess 10 electrons in their external lagelf and all internal layers
are filled. As a consequence, the conduction band of ;SsQnainly made of vacant 5s
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orbitals of SA" ions and shows a rather weak density of states, the effective mass of the
electrons bein@.3 me [8]. Furthermore, tin diokle shows high electronic mobility both as
single crystals (up to 240 éW™.s%) [9] and as nanomaterials (up to 128%at.s?) [10],

and also unique resistivity change under a gas atmosphere [11].

I1.2.3 Applications

Among the binary and ternaoxides available, tetragonal Sn®@ith a rutilelike structure,
is one of the most important and functional materials for technological and industrial
applications owing to its unique chemical and mechanical stabilities, and to two specific
characteristicsvariation in valence state and oxygen vacancies. Furthermore, its electronic
conductivity can be easily enhanced by doping with fluorine or antimony which makes it as
one of the most used transparent metal oxide conductors Tt2$ wide banejap
semicaductor has therefore found a huge number of technologically important applications
such as transparent conductive electrodes for optoelectronic devices, photocatalgsis,
energy conversion, and electrochemical storage of energy. Some examplesrdrediesire
precisely in this section.

[1.2.3.1 Optoelectronic devices

Fluorine and antimongoped tin dioxide layers are widely used as transparent conductive
oxide (TCO) in optoelectronic and photovoltaic devices due to its excellent transmittance and
conductivity [12ab, 13]. On the other hand, pure tin dioxide can be used in photodetectors.
Thus, Chacet al. have reported a series of porous tin dioxide ($mp@epared by employing a
method based on the calcination of tin sulfide precursors at diffeaérihation conditions
such as various annealing temperature and times, and zone hédlingHe asprepared
porous tin dioxide samples were then deposited on PET (polyethylene terephthalate)
substrates to yield flexible ultraviolet photodetectors whehe further characterized (Figure
-2 e).
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Figure Il -2: I V curves in the dar k, and under | ight il 1 umi
four various bending (a) 400°C/1h, (b) 350°C/1h then 400°C/1h, (c) 350°C/1h then 450°C/0.5h, and (d)
380AC/ 6h; (e) schemat i c iulradvialed photedetectorrdevioef, (f) tegpensivilye x i b | e
versus appliedvoltage characteristics of the sample treated at 380°C/6h under illumination of 254 nm

ultraviolet light at different light intensity [14].

These devices showed linear photocurrent behaviors and good sensitivity to ultraviolet light
at wavelengths of 254 nm and 365 nm. I n ad
photodetectors can be further optimized by improving the crystallamnty prolonging the
calcination times (Figure 12 f). These systems based on porous Sn@terials open new
avenues in the field of nexgfeneration photodetectors and should be useful for creating high
efyciency optoel ec2adloni ¢ devices (Figure 11

[1.2.3.2 Photocatalysis

Due to current concerns in environmental issues, photodecomposition of organic pollutants
represents one of the most interesting applications of tin dioxide based materials.
Photocatalytic processes are based on the generationctfoeleole pairs by means of
photons with energy higher than the band gap of the semiconductor material that, after charge
separation and migration, can give rise to redox reactions with the species adsorbed on the
surface of the oxide catalyst [15]. Noheless, the use of pure tin dioxide materials as
photocatalyst still suffer from some limitations related to different factors as fast elaoteon
recombination processes [16]. In this context, doping [17] and formation of-l&sed
heterostructures [1&ave been successfully developed to circumvent these drawbacks. For
instance, MendozBamian et al. have developed a gqarecipitation method providing
boehmite(AIOOH)SnG, composites including various $ramounts which showed improved
photocatalyit properties for phenol decomposition [18e]. As evidenced in FigiBedure
boehmite does not lead to the complete disappearance of the bands characteristic of phenol

(I max= 268 nm) and its decomposition intermediates (hydroquinbngs= 287 nm) akr 2h
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of irradiation. In contrast, when the BHB®10 composite was used, both phenol and
hydroquinone absorption bands were completely removed after 2h of UV irradiation (Figure
11-3B). This indicates that the boehmite(AIOGBNCG, composite with 10 mo% of Sr**
featured an improved photocatalytic activity eliminating phenol under UV light irradiation,
where the photodegradation rate was found to be 2.9 times more active than that of boemite
and bulk Sn@ (Figure 1+3). The role of small Sn®particles consists in extending the UV
absorption of the boehmite particles and the composite materials favors the separation of
photogenerated electromole charges.

1.0
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Figure 11-3: Absorbance spectra of phenol degradation using: (A) Bhte and (B) Bh8n10 photocatalysts
dried at 100°C [18e].

11.2.3.3 Photovoltaics: Dysensitized solar cells (DSSCs)

A photovoltaic cell is a device that converts directly sunlight into electricity using
semiconductor materials. Semiconductor materials enable eldmmrwhen photons from
sunlight are absorbed and eject electrons, leaving a hole fHietddy surrounding electrons.
This phenomenon of electron pow bagct Pheoft on akt
the emerging technologies in this fielddge-sensitized solar cells [19] which capture light
with organic pigments anchored onto a mesoporous metal oxide semiconducting layer over a
TCO substrate. These sensitized metal oxide photoanodes, playing the role of working
electrode, is then put in caut with liquid redox [20] or solid electrolytes [21] and the
system is completed by a counter electrode. Up to now, the most efficient devices involve
mesoporous anatase titanium dioxide layers which have allowed reaching energy conversion
efficiencies oer 14% [22]. Along with zinc oxide (ZnO), tetragonal Sn€dnstitutes a
promising alternative to TiQdue to its higher electronic conductivity and photochemical
stability [23]. The use of Snfparticles with various sizes and wdkfined morphologies led
to efficiencies over 4% [24]. For example, Wargal. have developed 0.36. 6 0 & m
hierarchical Sn@microspheres consisting ofI® nm of nanoparticles made through a facile
hydrothermal route to be used as photoanode materials in DSSCs [24g]. Thnel Sk@cture

of samples thus play a huge inpuence on the
-4 . Notabl vy, the highest power conversion
photoanode made of hierarchical Sn@icrospheres (thickness of ~15699m) and th

27



corresponding shodircuit current density ¢ was 9.38 mA cm, opencircuit voltage (\o)

was 692 mV, and the yll factor
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Figure Il -4: Photocurrent density-voltage (the 3V curves were plotted with the absolute values afurrent

density) curve

(200°C, 12 h); (b) different sizesSn@p hot oanodes

I1.2.3.4 Electrochemical storage of the energy
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Tin dioxide has also been widely used as electrode materials in supercapacitors [25] and
lithium ion batteries [26]. Thus, in lion batteries, SnQis deemed to be a promising
alternative for commercial graphite due to its higher storage capacity [26] eube if

important volume expansion and contraction during alloyieklloying cycles with Liions
and related chargeansfer process have to be controlled [27]. That is the reason why
polymerSnQ, based composites have been recently developed for thigcapl. For

instance, Wang et

al.

described a

novel one

dimensional

and coaxial

polyaniline@Sn@@multi-wall carbon nanotube (PANI@SB@MWCNT) composite as
advanced conductive additive free anode material for the lithium ion battery [28]. Firstly,
SnQ, naromaterials were seldssembled on the surface of MWCNT using Pluronic P123
triblock copolymer (PE@-PPQG¢PEGy) as template. The 1D MWCNT establishes a rigid
conductive framework for SnOnanoparticles. Then the PANI was further coated on the

surface ofSnG by i n

situ

pol ymeri zati on

falling off from the surface of MWCNT (Figure-8). Such hybrid structure ensures i) a stable

interface between active materials and electrolyte; ii) provides effectivelucove
framework to enable the rapid Li ion diffusion; iii) offers the volume space by the soft and

pbexi bl e PANI

Moreover,

t he

effectively accommodate the volume expansion of Sm&hoparticles during litating and

delithiating
one dimensional MWCNT.

t hrough
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Figure 11-5; Preparation process of PANI@SNG@MWCNT where steps (1), (2), (3) and (4) mean

dissolving, selfassembly, heatingand in-situ polymerization, respectively [28].

As a result, the electronic and lithium ionic conductivities of PANI@SBMWCNT
composite were improved via the synergistic effect of the conductive PANI and the MWCNT
skeleton which could deliver a highreve i bl e charge/ di scharge spe
mAh g'at 0.2 A g over 100 cycles and 524/527 mAHag 1.0 Ag'over 150 cycles without
adding the conductive additive in the electrode (Figu.ll
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2 800+
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2 600}
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Figure Il -6: Charge/discharge performance of RNI@SnO,@MWCNT at a current density of 0.2, 0.3, 0.5
and 1.0 A g* (the enlarge image is the ANI@Sn@@MWCNT composite) [28].

I1.24 Gas sensors

Finally, the main application of Snéased materials appeared to be their use as active
layers inchemiresistors for gas sensing. As mentioned above, surface reactions with a wide
range of reducing and oxidizing gases cause change in the conductance, oh&8afals
owing to charge transfer between the absorbate and the absorbent accounting fwirige se
mechanism [4, 29]. As a result, Spfiased sensors allowed the detection at the ppm level of
many gases and volatile organic compounds including carbon monoxid¢3@™)ydrogen
(H2) [31], nitrogen oxided32], ethanol[33], acetone [34] and, alstvarmful gas such as

hydrogen fluoride (HF) [35] or sulphide (HS) [36]. The sensing ability of Sré3ed devices
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depends on many parameters including the operating temperature, the nature of the gas
analyzed, the sensor geometry and the sensor encloBuese factors indeed strongly
influence the gas detection process which arises from a change in electrical resistance induced
by a surface phenomenon. It is generally admitted that the oxygen adsorption on the surface
of SnGQ, in an oxygen atmosphere, duxes an electredepleted surface layer and, as a
consequence, a barrier at the semiconductor surface [37]. In the presence of a reducing gas,
the surface oxygen desorbs up to a steady level leading to a relaxation of the surface depletion
region and barer height that provoked a pronounced effect on the electrical conductance of
the semiconductor surface. In this context, it has been shown that both the conductivity and
sensitivity of Sn@-based gas sensors are governed by the grain size. Indeed¢cas¢hef a
polycrystalline gas sensor, each crystallite of Saghibits a spaceharge layer of width L

where L depends on the Debye length and the strength of the oxygen chemisorption. As the
particle diameter D decreases to dimensions of the order,ah2lwhole crystallite can be
depleted of electrons, and this causes the gas sensitivity of the element to change with D in
the presence of a reducing gas. Consequently, the use of nanocrystals has enabled to reach
high gas sensitivity and short respotisees[38]. Decreasing the crystalline size of SN®

shown to bequite effective in improving its gas sensitivity. Thus, &tual. showed that the

sensor response drastically increased as the crystal size decreased to less than 6 nm, which is
twice as large as the thickness of the depletion layers in[S38DWhen the thickness of the
depletion layers becomes comparable to thet@ryadius, electron depletion layers form over

the crystals, significantly increasing the difference in the electric resistance undes) andO

under the target gase®n the other hand, as mentioned above, ltaling of metal
nanoparticles or dopani{s P d , Pt , A u & »urfacenenhintes thé sesitivity to
reductive gas and decreases the operating temperatuteermore, owing to the importance

of structure and morphology (crystallite size and shapes) of the particles as well as texture
(porosty, surfaceto-volume ratio) on the sensing properties of Stéyers, nanostructured

tin dioxide with various morphologies and structures, including nanoparticulate spheroids
[40], nanotubes [41], nanorods [42], nanowires [30c, 43], nanoplates [44] ot Bpheres

[45], has been designed to enhance the gas sensing performances. Some recent examples
along with the corresponding gas sensing results are detailed below.

(a) SnO-based Microfiber

Zou et al. have obtained hollow SnOni cr oyber s empl oying a uniq
conversion strategy and shown t-pedormancdhigas e mi ¢
sensor [ 46] . By using alginate (sustainabl e
introduced by a facileon-exchange process in which thé™ at i ons were yxed
iegg box0o wit h-L-guronaté {Gh lalocks, avhich larg neghtively charged in
the alginate macromolecule. When theesSh gi nat e ybers were heated
tendedtoaggregate on the surface of the yber, 8
caused by the nonequilibrium heat treatment and carbon combustion led to the formation of a
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hollow structure (Figure ¥ and 18 A).
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Figure Il -7: Procedure used to fabricde hollow SnOmi croybers from sustainabl e al

The response of the hollow Sp@®i cr oyber at 270AC to triethy
up to 49.5 with very fast response and recovery times, i.e. 14 and 12 s, respectively, (Figure
I1-8 B). Theexcellent sensing properties were attributed to the high sensitivity provided by
Sn(G, and the good permeability and conductivity of the-dimeensional hollow structure
(which can offer efficient channels for target gas diffusion). Furthermore, theiggnsit
TEA gas is much higher compared with the response to other gases: almost 15 times higher
than that ofp-xylene, 7 times that of acetone, 4 times that of benzene and isopropanol, and 3
times that of ethanol, indicating excellent selectivity for T@EAgure 1F8 C). Thus, these
hollow SnQmi cr oybers are suitable for a unique T

their potential for future use in the gas se
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Figure I1-8: (a) Crosssection SEM image of a single hollow SnOmi cr oy ber (inserted pt
crosssection SEM image of a single hollow SnOmi cr oy ber ) ; (b) Response/recove
SnO, mi croyber sensor to 100 ppm TEA at 270 AG; (c) C
mi croyber &remgasesat?270 °Cadtia concentration of 100 ppm [46].

(b) SnG-Microsphere
Li et al. have synthesized Sa@nicrospheres by a facile hydrothermal method using the
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chemical reaction solvents of water and DMF at a reaction temperature 6€ 1660 15 h,
followed by thermal treatment at 406G for 1 h in air atmosphere (Figured) [47]. The
obtained Sn@are made of a large number of small spheres with average diameters of about
250 nm, and every small sphere consists of numerous primary nanocryshathteserage

sizes of about 8 nm. The obtained Sn@icrospheres were used to fabricate a gas sensor
which shows good sensing performance in terms of selectivity and stability toward
formaldehyde (HCHO). A best sensor response of 38.3 was thus found for 100 ppm HCHO at
the operating temperature of 20D.
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Figure I -9: Preparation process of Sn@ microspheres [47].

The 71 espodds eantdi mee c(eky)eftlye ShG miceosplietés toward 100
ppm HCHO gas were approximately 17 s and 25 s (Figut@ Al), respectively (the response
ti mgis(deyned as the time to reach 90% of t
ti meo (WUs deyned as the time to decreagse to
v al u eecovalué of the sensor are far more rapid than most reporteg FSBBO sensors
[48]. As far as selectivity is concerned, sensors based on RiPospheres shows high
response (38.28) to 100 ppm HCHO at 2a) while to 100 ppm of acetone, ammonia,
xylene, methanol and toluene at 200 the responses are 6.42, 1.7491.19.38 and 1.55,
respectively (Figure 4L0 B). The response toward HCHO is around 6.0, 22.0, 19.2, 2.0, and
24.7 times higher than that toward acetone, ammonia, xylene, methanol and toluene,
respectively. As a result, the gas sensor based on Smospheres shows excellent gas
response, good responsxovery properties, linear dependence, repeatability and selectivity,
making it to be a promising candidate for practical detectors for HCHO.
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Figure 11-10: (A) Response and recovery charactettie of the gas sensor under HCHO concentration of
100 ppm at the operating temperature of 200C; (B) Selectivity of SnQ microspheres gas sensor to 100
ppm of different gases at 200C [47].

The detection mechanism of HCHO can be interpreted in thenviallpway (Figure H11).
When the sensor was exposed to the testing gas atmosphere, oxygen species adsorbed on the
surface and captured free electrons from the sensing materials. Then8m@spheres can
ionize to adsorbed oxygen ionsXTO(Oadg or OzadsT,) at grain boundaries. This process
decreases the concentration of electrons, leads to the formation of a thicklspaeelayer
and a high resistance of the sensor. This process (Figitea)lcan be expressed as follows:

O gas p@ds) O
Ox(ads) +eY  ©(ads)
O'(ads) +&Y 2'(@ds)
d(ads) + &Y ©(ads)

(1)
(2)
3)
(4)

When the sensor is exposed to HCHO, the HCHO gas will react with the adsorbed oxygen
ions and release the trapped electrons back to, 8n€ospheres, leading to a thinner
spacecharge layer and lower potential barrier, and thus a decrease in resistance (Higjure Il
b), which can be described as follows:

(5) HCHO(gas) Y HCHO(ads)
(6) HCHO(ads) + 28X a d s ) , +H,O@P+ 46
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Figure Il -11: Proposed sensing mechanisiior HCHO on SnO, microspheres: (a) in air, (b) in HCHO [47].

(c) SnQ-Nanorods
A gas sensor based on a regular array of,3Sn@nor ods on a bottom ylr

demonstrate carrier mobiliyominated gasensing (CMDGS) by using it for room

temperatre gas sensing [49]. By applying ultrathin alumina membrane (UTAM) as a template,

SnG nanorod arrays with derent lengths (340, 140, 110, and 40 nm) were prepared. In a

plane view of the Sn{nanorod array, its SEM image depicts that the nanorods dreallg

and hexagonally arranged with a period of 100(Rigure [F12 A). In crosssectional views,

diaerent lengths of the nanorods can be observed, such as 140 nm of nanoroFigogth

[1-12 A). It was found that the key parameter for determining ¢assensing mode is

adjusting the length of the arrayed nanorods. With the change in the nanorod length from 340

to 40 nm, the gasensing behavior changes from the conventional carrier detwitinated

gas sensing (CDDGS) modeg/lg> 1) to a complet carriermobility mode (V1o < 1) (Figure

[I-12 B). The change from the positive to the negative response occurs when the nanorod

length decreases from 110 to 80 nm, indicating that the CDORBGS changing point of

the nanorod length for ethanol is located within the range of8010m. Moreover, for the

detection of 25 ppm acetone, the CMD@®8de sensor (i.e., the 40 nm length sample)

bited a current

ex hi

d/k & 10.88, sveereas fthe @lD@Bote 5 8 %

sensor (i.e., the 340 nm length sample) showed a current increase of abouf133%. (=

0.13), indicating that the sensitivity of the CMDGS mode was more than 4 times higher than
that of CDDGS. Therefore, CMDGS proved to be an emergingsgasing mode for
designing inorganic semiconductor gas sensors with high performances at roomatierape

In addition, an optimum length of nanorods was achievable for obtaining the best CMDGS
response, such as 40 nm of nanorod length as the best value for ethanol.
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Figure 11-12: (A) Plane view of Sn@nanorod array. The inset indicates the crossedional views of the

SnO, nanorod arrays with 140 nm of nanorod length. (B) #I, of the SnO, nanorod array gas sensor versus

the nanorod length (340, 140, 110, 80, 40, and 20 nm) in the detection of 25 ppm ethanol gas, describing

that the CMDGS (i.e., I/1o < 1) substitutes the CDDGS (i.e..lo > 1) as the nanorod length is shorter than

or equal to 80 nm [49].

(d) SnO-Nanotubes (NTs)

To obtain high performance semiconductor metal oxide (SMO) gas setsoasd
hydrogen sulfide H,S) gas Cho et al. have developed a facile fabrication method which
edectively combines micrelectremechanicakystems (MEMS) heating platforms and
porous Sn@ nanotubesKigure 1F13 A). This method was based on sequential ligphdse
process consisting of localized lmgthermal synthesis and liquzhase deposition (LPD). By
using this sequential process, ZnO NWs could be locally synthesized in microscale area on
freestanding MEMS device and then substituted to porous, 8@ through LPD. By
controlling the LPD conditin (i.e. pH), the amount of ZnO remaining in the gtibe could
be modulated. As a result, Ssi@nO hybrid nanostructures as well as SrOls were
prepared. The SONTs showed excellent sensitivity, response speed, and stabilipbtgas
and exhibitedthe highest sensitivity at 5 mW heating powErg(re [F13 B). This study
opens the way toward the development of a-pmwer electronic nose system by integrating
a 1:D nanomaterial array (e.g., SpQCuO, ZnO, and Tig) into a single chip through a
sequential liqguidphase process for multiplexed detection of various gas species.
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Figure 11-13: (a) a TEM image of SnQ NTs synthesized by LPD at pH = 4; (b) The dynamic sensing
response of HS on SnQ NTs (synthesized at pH = 4) [50].
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(e) SnQ-Nanobelt

Tin oxide nanobelts including tin centers in various oxidation states,(SmQ and S§©O,)
were synthesized by a carbothermal reduction method using a mixture pp&ader and
carbon black as starting materials [51]. Gas sensing resultsedwbal SgO, nanobelts led
to the highest sensor response to 50 ppm, WO200°C. Moreover, at this operating
temperature, S®, nanobelts were found to display the highest selectivity tg fd@tive to
CO while SnO nanobelts showed the highest selgctiv NO, relative to H and CH, (Figure
[1-14 B). As a result, tin oxide semiconducting nanomaterials, with unusual oxidation states
for tin centers, appeared to be promising alternatives tg #m@se in high performance gas
sensor device.

10’ NO, 50 ppm of analyte gas at 200 °C
-
. CO

CH,

Sensor signal
s

(b) SnoO SnO Sn, 0

Figure 11-14: (a) FEG-SEM images of Sn@nanobelts synthesized by a carbothermal reduction method
under controlled synthesis atmospheres; (b) Sensor signal of the three tin oxide nanobelts compositions for
50 ppm of NO,, H,, CO and CH, at 200°C [51].

(f) SnG-Porous films

Kamble et al. have elaborated nanocrystalline tin oxide (9NnO t hi n y Il ms by
pyrolysis technique with varying the precursor concentration of the solution (0.1 M, 0.2 M,
0.3 M, 0.4 M and 0.5 M of SnglbH,0 solution) forNO, gas detection [52]. Spray pyrolysis
is a chemical process in which a solution is sprayed on a heated substrate which is kept at a
specific temperature. Thin films prepared from the M.4olution showed a maximum gas
response of 556 towards 10 ppm N©his is due to the adsorption of electrons on the surface
ofSnG@t hin ylm by increasing the film thicknes
availability of free Sn sites for the interaction of oxidizing Nfas moleculegzigure 1F15 B
shows he sensor response of these films toward 10 ppm of dd® as the function of the
operating temperature in the -260°C range. The sensor response clearly increased with
increasing the temperature and reached a maximum gas response value of 311.7 aa150 °C
further increase in the operating temperature inducing a sensor response decrease. This trend
at higher temperature was attributed to the dissociation of oxygen molecule into its atomic
species due to which N@as molecules have to compete with oxygéomic species for
active sites on the metal oxide surface. This limits the adsorption pg&kKOmolecules on the
surface of Sn@and hence sensor response decreased with increasing in temperature. The
maximum gas response was observed for (866) gasrather than acetone (34), ammonia
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(43), ethanol (46) and liquefied petroleum gas (59 for LPG) at 150Figure [F15 C),
indicating the gas selectivity of the Spf@in film prepared from the 0.4M solution. As a
consequence, SnQ hi n y | ms drayppgrelysis ead bebuged frpselective and
sensitive detection of N{@as up to 5 ppm.
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Figure I1-15: (A) SEM mi crographs of thin ylms prepared from a
response of these thin films to 10 ppm of NQOgas at different temperatures; (C) Gas sensing performance

of these thin films for various gases [52].

In addition, the development of synthetic strategies providing materials witidefaiked
porosity is akey step toward efficient gas sensors as it should make easier the diffusion of
gaseous species or into the porous materials [53].

I1.2.5 Gas selectivity problem and geneaglproaches

Chemiresistors, conductometric or resistive gas sensors basedh@onducting materials,
are indeed not selective since they can respond to several molecules in their surroundings.
This is related to the modus operandi of the chemiresistors. The key process is the adsorption
of the dioxygen and its subsequent rea&iaith gas molecules to be detected. As the same
or similar changes in the conductivity may be caused by completely different molecules, these
processes are not specific. For instance, any reducing gas (carbon monoxdmettdne,
ethylene, etc) is thait to be detected through its oxidation by adsorbed oxygen. Accordingly,
specificity is lacking.

As an efficient gas sensor, selectivity is a crucial parameter. Metal oxide semiconductor
(MOS) gas sensors are very attractive owing to their low cost sityphf use, large number
of detectable gases and various potential application fields. However, the MOS gas sensor has
a serious shortcoming of low selectivity in the presence of a mixture of Gzt
researches to improve semiconductor osbdsed gs sensors are mainly based on two ways
The firstway is to dope the sensing layewith rare metal oxides (PdO, NiO, CdO, etc. [54])
or noble metals (Au, Ag, Pt, Pd, et8a]). Even though the exact role of noble metal in the
sensor response process il subject to debate, two mechanisms have been proposed to
rationalize the results. The dAchemical 06 mec

dissociate oxygen, to spill over the Srg€irface and to catalyse the combustion of the target
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gas and theeduction of the SnOmatrix, for instancePt, PASnG,[3a. The fAel ectr oni

involves the variation of contact potential on the NanoparticleSm@rface caused by the
change of the charge or the oxidation state of the nanoparficiesxample, &-SnG; [3a].
The secondvay is to prepare composite sensing materials, such as binary or ternary metal
oxides and organimorganic materials. For example, SO composite nanofibers were
synthesized recently by Khorarat al, who reported highlysensitive toward ethan$bg].
Moreover, an increase in the selectivity of metal oxide sensors could be also achieved in the
following ways:

- appropriatguningof operaing temperature [56];

- tailoring the nanostructur@article size, porosityand crtallinity) of SnQ-based films

using purely inorganic [57];

-application of ylters and surface coating

- simultaneous measurement of several physical values with the same sensor [59];

- non-stationary methods of measurement of electrical condtyci{bo].

[1.3 Hybrid materials: definition, classification and applications

The field of hybrid materials is one of the most exciting research areas in science and
technology which has known outstanding developments over the past three decades [61].
Many different routes to vary the composition and to control the structure of this materials
class have been developed in fundamental research and transferred into technological
applications [62]. Particularly, the synergetic combination of inorganic and organi
components at the molecular level make this class of materials possibly the broadest
playground for different disciplines in material science. Indeed, conventional materials such
as metals, polymers or ceramics cannot fulfill the requirements for neeadmms which
has initiated the birth of the hybrid material field. The history of mixing two compounds in
one material to achieve improved properties is as old as mankind. One of the very old
examples is the combination of straw (an organic fiber) &énd(an inorganic matrix) for the
construction of houses. This mixture is not only solid, durable;toxio but also a good
insulator and a thermal storage medium. However, this material is not called hybrid material
from a scientific point of view, morékely it would belong to the composite materials. A
more suitable example is the old dye Maya b{xmdigo{Mg,Al) .Sis(O,0H,HO),,) [63],
which is a mixture of a clay mineral (palygorskite or more rarely sepiolite) and the organic
dye indigo and showsnpressive high stability which indigo alone does not [64]. The ancient
Maya fresco paintings are characterized by bright blue colors that had been miraculously
preserved (Figure 416) [65]. It is a true example of hybrid materials which combines the
resstance of an inorganic network and the color of an organic pigment in one material having
properties well beyond those of a simple mixture of its components. In fact, the Maya blue
pigment had withstood more than twelve centuries of a harsh jungle enembhooking
almost as fresh as when it was used in the 8th century. This material is often mentioned when

it comes to the beginning of the history of hybrid materials.
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Figure 11 -16: Ancient hybrid material for art: Maya blue [65].

The current definition of hybrid material is given by the International Union of Pure and
Applied Chemistry (IUPAC): A hybrid material is composed of an intimate mixture of both
i norganic and organic component s . omscdleef AThe
|l ess than 1 &m. [66] 0 This definition is a
that it still covers a wide range of materials including many kinds of inorganic crystalline
materials, polymer blends, and nanocomposites. A comamah more specific definition
woul d be: AA hybrid mat er i atusually ansinorganisand f a't
an organic componerit t h a t are molecularly dispersed i
definition, hybrid materials are a special casfecomposites showing a mixture of the
different components on the molecular length scale. Currently, a general classification of
hybrid materials based on the interactions linking the inorganic and organic species has been
proposed. InClass | hybrid materials, organic and inorganic components only exchange
weak interaction (Figure -17) to bond the whole structure. lass Il hybrid materials,
parts of the two components are linked together through strong chemical bonds (Figire II

(a) Blends (b) Interpenetrating networks
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(c) Building blocks covalently connected  (d) Covalently connected polymers
Figure Il -17: The different types of hybrid materials: (a) blends (b) interpenetrating networks inclass t (c)
building blocks covalently connectly (d) covalently connected polymer idass I [61b]. The grey spheres

represent inorganic network and the polyhedrons represent the organic buidling blocks.

Class | hybrids:

In class | hybrid material§Figure 1+17), organicand inorganic components are linked
together through weak bonds (van der Waals, hydrogen bonds, hydrepkdimphihc
bal anceinteractions, or el ectrostatic force
emerging from segel and polymer chemists arftese materials will present a large diversity
in their structures and final properties

Class Il hybrids:

Class Il hybrid material§Figure 1F17) are the structures in which organic and inorganic
components are grafted together through strong chemicalsb@ovalent, ion@ovalent
bonds, or Lewis acid/Lewis base bonds). The molecules used as starting building blocks for
class Il hybrids possess at least two distinct functionalities: alkoxy grou@V(Ronds)
which should experience hydrolysiesndensatin reactions in the presence of water and lead
to an oxepolymer framework, and metéd-carbon links which are stable in the hydrolysis
reactions. The nature of the stable mé&tatarbon link depends on the nature of the metallic
cation. Organometallic nks (M-C bonds) are stable towards hydrolysis when M is silicon
(Si), tin (Sn), mercury (Hg), lead (Pb) or phosphorus (P). On the contraybbhds are not
stable when M is a transitiemetal cation. Those MD-C bonds which are stable upon
hydrolysis cold be the links between the organic and inorganic parts.

From the above mentioned points, it seems clear that hybrid materials are artificial systems
developed in chemistry and materials science laboratories. In fact, the origin of hybrid
materials, did at take place in the chemical laboratory but in nature. Typical examples are
nacre Figure [F18) which is a natural material made from platelets of aragonite glued
together by biopolymers [67], crustacean carapaces, mollusc shells and bone or testh tissue
in vertebrates.
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Figure 11 -18: Iridescent nacre in a nautilus shell (left) and TEM image of nacre platelets (right) [68].

Nowadays, most of hybrid materials that have already entered to the commercial markets
owing to their applications ranging from sensors, dental filling, new generation of
photovoltaic and fuel cells, smart microelectronic, functional smart coatings,-aptioal
and photonic components [6B§ but they only represent a small fraction of the tip of the
iceberg. One of the main successful example are the class Il hybrids named ORMOCERSs
(Organically Modified Ceramics) which was developed by the Fraunhafetulte (Wirzburg,

Germany) since the eighties. The corresponding synthetic strategy involves the introduction

of an organic group into an inorganic silica network by usirganoealkoxysilanemolecular

precursors or oligomers of general formRagSi(OR)., or (ROL.nSi-R 6SI(OR).,. As

mentioned above, the-8 bond remains stable towards the hydrokgsisdensation yielding

the silicate network and the organic moi et e
to the inorganic network such #iexibility, hydrophobicity, refractive index modificaticand

optical responsdn addition, the cacondensation of these functional organosilanes with metal
alkoxides, mainly Si(OR) Ti(OR),, Zr(OR), or AI(OR);, allowed for modulating the
characteristics éf r act i ve i ndex, mechani cal resistan
approach has led to actual commercialized products imtineerous areas. Few selected
examples of commercial applications of hybrid nanomaterials have been gathered in Figure
[1-19.

Paints and coatings Cap: SIO,

.~ NanoParticles
h‘\ ), r A
KAAE "\I‘ ‘ \ - ‘ Base: NanoClays
L )I‘.I‘ Micro-opti E 7

Micro-electroni

Food packaging

g, \ \

Figure I1-19: Examples ofcommercial applications of hybrid materials [62a].

Indeed, numerous domains such as maptcs, microelectronics, and photonics (curved
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lenses, microlenses, waveguides based on hybrids coated on rigid substratiesxdslerioil,
printed electreoptic circuits); protective/smart coatings (decorative, antidust, antiscratch,
self-cleaning, antireflective, anticorrosion, antifogging, antirain); energy (photovoltaic cells,
fuel cells, batteries, hybrid membranes fortpreexchange membrane (PEM) fuel cells,
protective layers in photovoltaic solar cells, solid state-siyesitized hybrid cell, ultrathin
flexible batteries, etc.); environment (catalysis, photocatalysis, biocatalysis sensors,
biosensors, membranes, etc.jjuman care, medical, and cosmetics domains (implants,
imaging, therapeutic carriers, sensors, biosensors, dental cements, bioprotective coatings, hair
and skin repair, etc.); car, and packaging industries (green tyres, welgbhirg, polymer
reinforcanent,nanocompositdased packaging, etc.); construction (organoclays paints), have
been strongly impacted by the great versatility of hybrid material science

[1.3.1 Solgel process

The main synthetic strategies towards functional orgawtirganic mataals are based on
sokgel process [62c]. The sgkl chemical process is a low temperature method to prepare
oxides and ceramics based on the hydrolgsisdensation of molecular precursors. Thus, this
hydrolysiscondensation process provide a sol whiah eaolve towards a gel or a precipitate
leading to particles, monoliths, fibers or films depending on the drying and the material
processing conditions [69] (Figure2D).
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Figure I -20: Overview of the sotgel process [71].

By definition, a sol is @olloidal dispersion of small particles in a liquid phase whereas a
gel is usually a substance composed of a continuous network encompassing a continuous
liquid phase [70]. Segel reactions promote the growth of colloidal particles (sol) and their
subsegent network formation (gel) through the hydrolysis and condensation reactions of

inorganic alkoxide monomers. Shrinkage of a gel, as liquid evaporates during drying, involves
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deformation of the network and transport of liquid through the pores. Thenmgsldied gel,
called xerogel, is often reduced in volume by a factor of 5 to 10 compared to the original wet
gel. If the wet gel is placed in an autoclave and dried under supercritical conditions, there is
no interface between liquid and vapor, so ther@a capillary pressure and relatively little
shrinkage. This process is called supercritical drying, and the product is called an aerogel.
This is indeed mostly air, having volume fractions of solids as low as ~1%. Xerogels and
aerogels are useful in th@eparation of dense ceramics, but they are also interesting in
themselves because their high porosity and surface area. A ceramic is usually defined as
nonmetallic and inorganic. The precursors for synthesizing these colloids consist of a metal or
metalldd element surrounded by various reactive ligands, which form an inorganic 3D
network over time. Metal alkoxides are most popular because they react readily with water.
The most widely used metal alkoxides are the alkoxysilanes, such as tetramethoxysilane
(TMOS) and tetraethoxysilane (TEOS). However, other alkoxides such as aluminates,
titanates, zirconates, and borates are also commonly used in-thel pobcess, either alone
or in combination with other alkoxides such as TEOS. Compared to classichlstaik
reactions, the salel method has the advantage that the precursors react with each other in a
liquid environment which reduces many diffusion problems that exist in solid state processes.
The basic reactions in the most investigated sioasedsol-gel process are the hydrolysis
of the precursofsilicon alkoxide: Si(ORy)) and the condensation of the formed silanol groups
(scheme H1), which then leads to the formation of sol and after crosslinking the solid
components in the sol to the formatiof a gel. This solid product still contains water and
alcohol in its pores. Further processing can lead to powders (xerogels), thin films or aerogels.

[1.3.1.1 Hydrolysis

Hydrolysis constitutes the first step of the-gel process in which SDR bondsare
hydrolyzed into unstable silanols {SH) with the concomitant release of alcohol molecules

C|>R OR

, |

RO—?I—OR + H,0 ——> RO—Si—OH + ROH
OR (l)R

Scheme I+1: Hydrolysis reaction in the sol gel process of silicon alkoxide.

11.3.1.2 Condensation

The unstable silanols (®H) then condense together to form siloxane bridge€{Si)
which serve as the inorganic network. The reaction can proceed in two manners, oxolation
and alkoxolation.

1. Oxolation:two silanols condense together and releeser as a secondary product.
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?R (lDR ?R Cl)R
RO—?i—OH + HO—?i—OR —_— RO—?i—O—?i—OR + H,0
OR OR OR OR

Scheme II2;: Homocondensation in the scigel procesf silicon alkoxide.

2. Alkoxolation: a silanol groupeeactswith an alkoxy groupo yield an alcohol molecule as
a secondary product.

?R (l)R OR OR
RO—?i—OH + RO—?i—OR — RO—El‘;i—O—Sl‘,i—OR + ROH
OR OR OR OR

Scheme I13: Heterocondensation inthe solgel processof silicon alkoxide.

[1.3.1.3 Catalysis for hydrolysis and condensation

The catalysts play an important role in the-gel process by controlling the rate of
hydrolysis and condensatiofo complete the hydrolysis, it requires excelwater or the use
of hydrolysis catalysthaving an acidic or basic character; however, sometimes salts are
employed as well. The most commonly used catalysts are mineral acids (¢$C, HINO;
etc.), alkali metal hydroxides (NaOH)hdammonium hydroxde (NH,OH).
1. Acid-catalyzed:Under theseonditiors, the hydrolysis rate is much more increased than
the condensatiomne, resulting in a less branched inorganic network (Fige2é ). The
mechanisnof acid catalyzed is an electrophilic reaction that can be expressed as below:

OR OR ; rOOR oR OR
RO-. ' ROE + H,0 : WO  H g 5 0R
*$i~OR *5i-0—R 0 Si0-R|  — \st'i/ + ROH (')w§i’
RO RO 4 y ool S ‘ A

H roH H OR H OR

TFransition state
Penta(or hexa-) coordinated
silicon site

O &/ <

Sl + 7 -u : E
Simo’xf:\/Siw(?mR —= o8 cron = N0
f H A \

Scheme IH4: The mechanisms of hydrolysis and condensation in acidic media.
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The silanol replaces either the alkoxy or the hydroxyl group of the neighboring alkoxide
which results in the formation of a dimer.
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2. Basiccatalyzed: In a basic catalyzed condition, the condensation rate is much more
increased than the hydrolysis onesuléing in highly branched aggregates (Figur@1l
B). A nucleophilic substitution adlkoxide groups (OR) by hydroxidns occurs as below:

i
i
Ja—
i
b
O
iy

a0 - N o
o’ T TSi-OR 0-8i-0, ——  0—S{’ 4 ROH + OI
IR \
Transition state
- - A .
\/“SE—OH + O \Si-—o \s;—o—Si\ + O

Scheme I5: The mechanisms of hydrolysis and condensation in basic media.

3. High basiecatalyzed: no gelation ilv occur and monodisperse spherical particles (200
nm) formed (Figure {21 C).

Therefore, different catalysts produce significant variations for the properties of silicon

polymers as in Figure-R21.

A B C

Figure 11-21: Catalysis control of the polymerization in the sol gel process of silicon alkoxidéA) weakly
branched polymers formed under acid catalyst;(B) highly branched aggregates formed under basic

catalyst; (C) monodispersed spherical particles formed under higly basic catalyst.

Solgel science and technology has the potential to make a significant impact in
modification of the properties of materials. One of the most significant benefits-gélsol
science is the use of room temperature conditions and gesiiwity to the atmosphere.

These features will allow its use with various materials, which cannot tolerate high
temperatures and does not limit the researcher to using special precautions, such as a dry box.
By assuming the loadand thermabearing phae in the material, sgel materials can
increase thermal and mechanical properties of composites if the two systems are mixed
homogeneously on the molecular level. A number of factors, including water content,
modifiers, and solvent, can be altered iy aalgel system, modifying the connectivity of the

network and affecting the properties.
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[1.3.2 Organotin hybrid

Among the various possible elements, tin is one of the rare metals showidg,%mn
SnCspsbonds stable under the hydrolysis conditiassd in the sefel process. On the other
hand, tin possesses a vacant 5d orbital that promotes hydimbyglsnsation processes by
showing different coordination states during the transition state of the reaction. Considering
the low number of organotisolgel precursors available, tmased hybrid materials have not
been widely developed as silictlased analogues. It is mainly due to the fact that functional
organotin trialkoxides precursors are not easily accessible due to handling and purification
problems. There are two major methods which have been developed so far to construct
organotin hybrid materials: i) the use of-timo nanobuilding blocks as inorganic compact
source [72] Figure 1F22a); ii) the development of dnetallic sotgel precursorén which the
two metal centers are bridged by an organic sp&wreme H22b).

Covalent bonding of a Polymerizable function linked via
polymerizable function F electrostatic interactions and H-bonds
L F

[(CHZ),,—CH=CH2 {'OZC—C(CH3)=CHZ

(CH,),~C¢H,~CH=CH, ~0,S-CH,-C(CH,),-NH-C(O)-CH=CH,

(CH,),~C(O)-CR=CH,

D

-

R ~————— Tin in distorded
A octahedron (CSnOy)
!. - R Tin in square-pyramid (CSnO,)
: |
{R S n O (O2C R) }5 Telechelic di-anions linking "0,C~(CH,),-CO,~
R'= Me, Bu, Ph, ... nanobuilding blocks via electrostatic  {-0,C~C¢H~CO,
R = 4-Styryl, Vinyl, 4-Aminophenyl, ... b interactions and H-bonds ~0,C—{OCH,CH, ], OCH,~CO,-
@ (b) C~{OCH,CH,],0CH;-CO;

Figure 11-22: Two examples of tinroxo clusters that can be used as nanobuilding blocks (NBBs): (a) 4
(b) schematic representation of the various possible stragees that can be used to assemble functionalized
{(RSn);,0:4OH)e}?** clusters into hybrid materials [74].

The first method is to use tioxo clusters as nanobuilding blocks to design nevbased
hybrid materials. In the first example,tinx 0 car boxyl at e cl| xCRt6Lr}s, s
(R = methyl, phenyl , or b u30e])| abbeeviated &&6, = any
represent a family of nanobuilding blocks in which the carboxylate groups can be used to
provide the assembling futens [73]. Another interesting nanobuilding block is the
oxo-hydroxo cluster {(RSn} &€ Ohs ( £ OH)g}?", abbreviated as tii2 [74]. It can be
prepared through several chemical pathways, including hydrolysis of organotin trichlorides
[74f,h], trialkoxides [74d], trialkynides [74q] or refluxing in toluene butyltin hydroxide oxide
and sulfonic acids [74b,i]. Depending on the preparation conditions different anions (e.g.,
OH, CI, RH, S (R H) @dance the +2 charge of the cluster. These clamggpensang
anions are situated at both cage poles, close to the hydroxy groups that bridge the

six-coordinate tin atoms. Tih2 clusters are versatile nanobuilding blocks for the synthesis of
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well-d e f i n e d-baged hybrid maierials that can be used as mopessible synthesis
strategies associated with this cluster are depicted in Fig@&[M]. These clusters can be
assembled through organic networks by wusing
bond, by using the ionic interface associated eéodharge compensating anions ¥r even
by using both. In the first case, the organic moiety bound to tin should be polymerizable (e.g.,
R = butenyl, propyl methacrylate, propylcrotonatestyryl) [75]. In the second case,
chargecompensating organic dia o n s ( di c ar btaechellc anaczosnonomers U, r
terminated by carboxylic or sulfonic groups) can be used to bridge the clusters [76].

As a typical example of the type of hybrid materials, hydrolysis of butenylSn{j@#irst
led to a tin oxehydraxo cluster surrounded by butenyl chains. Further radical polymerization
of these butenyl groups in the presence of azobis(isobutyronitrile) (AIBN) yielded hybrid
material in which tiroxo clusters are linked to the organic network throughCSstrong
covakent bonds (Figure 123).

Figure Il -23: Schematic representation of a tinbased class Il hybrid material [77].

The second strategy was inspired from the works onhydrolysiscondensation of
bis(trialkoxysilyl)alkylene, arylene and benzylene derivatives in the presence or not of
organic templates. Thus, this approach yielded bridged silsesquioxane hybrid materials
exhibiting controlled texture and morphology, both at the mesoscopic and molexdksr |
[78]. Longrange ordered structures were also obtained when the organic bridge between the
two silicon atoms contained urea functionalities able to induce theassdimbly of the
organic linker via hydrogen bonding [79]. In the case of orgasizmd hybrid materialghis
route has been developed by Jousseaatnal in our institute [80] who have designed
organodistannylated sglel precursors, also named asw-bis(trialkynylstannylated)
compounds, which led to nanostructured -ssdembled orgatin-based hybrid materials
after hydrolysiscondensation processes. Due to the difficulty in purification and isolation of
organotin alkoxides, organotin alkynides were used instead [81]. The precursors for these
materials consist of two tin atoms, equegdpwith hydrolysable groups and separated from
each other through an organic spacer (Schet@g[80, 82].
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@; n= 1, 2, 3
(H3C=C); Sn—CaP-Sn(C=CHy); (P (organic spacer ) =

/‘\(\_/)/\/ n:1,3,7
n

Scheme I+6: Examples of organotin compounds used as precursors of timased class Il hybrid materials.

A variety of spacers have been used ranging from long flexible aliphatic chains to rigid
aromatic rings and their effect on the organization of the final materials has been studied [80,
82b]. After hydrolysis, the hydrolysable alkynyl groups left as a gas givingha@rganic
network based on SB-Sn bonds connected to the organic network vi&CStable bonds as a
result of the beginning of the aging course. Then the resulting gels were applied to the
subsequent drying process (condensation) which allowed the tionmaf selfassembled
tin-based hybrid materials. Fundamental studies, performed by dynamic light scattering, of
the hydrolysiscondensation processes of these newgeblprecursors revealed that the
particle growth rate strongly depends on the naturéheflinker, a polymethylene spacer
leading to the quicker process. This was attributed to a slower condensation process rather
than a slower hydrolysis step in the case of aromatic and benzylic linkers [83].

Two kinds of organization have been evidenbgd-ray diffraction. The first organization
involves the selbrganization of the organic spacers at the nanometer scale through
nonb ondi ng i n-stacking,cvani dem \Waals( interactions, etc.) giving rise to a
periodic spacing of tin oxide (S@-Sn) planes [80b]. As a result, tin oxide planes are
separated by layers of selfsembled organic spacer and a tilted angigute 1F24) was
proposed to rationalize the interplanar distance deduced from XRD measurements depending
on the expected length the organic group.

\ / \
d d & deat/Tdexp —organic spacer

~Sn_ Sn Sn Sn
T11ted angle

Figure Il -24: Model of organization in tin-based organieinorganic hybrid materials.

A second kind of organization was reached by the hydrolysis of-shagged bridged
a,w-bis(trialkynylstannylated) derivatives bearing long alkyl lateral chair&or 16 carbons
(Scheme H7) [84]. In this case selissembly of the organic moieties provided a
well-organized hybrid material where planes of strips of polystannoxatermating with
strips of aromatic rings are separated by thick layers of hydrocarbon chains
(OCgH17/0Cy6Hs33).
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Scheme I+7: Organization of the hybrid material (perpendicular to the main chains).

Nonetheless, due to nature of the organic linker usedfar, these organotimased
materials exhibited only few specific physiediemical properties (hydrophobicity, tunable
Lewis acidity) which hee limited their potential application fields. Rare examples concern
use as catalysts for transesterificati@d] and gas sensing as develop in the following
section.

11.3.3 Hybrid organieinorganic materials for gas sensing

A first class of hybrid materials for gas sensing applications concern the combination of tin
dioxide particles with carbon materials earbon nanotube§CNTs) or graphene. These
nanocomposites can be classified as class | hybrid matekiasnsingplatform based on
hybrid nanostructured consisting of discrete $n@nocrystals uniformly distributed on the
surface of multiwalled CNTs (MWCNTSs) has been reported for its bagtsitivity to low
concentration gases (NOH,, and CO) at room temperature in contrast to the high
temperature operation required for Sm@narystals alone and to the insensitivity te &hd
CO for CNTs aloneRigure [F25) [86]. Discrete Sn@nanocrystals of ~2 to 3 nm in size
uniformly decorated the external surface of the MWCNT. The dependence of the sensor
response on the different N©@onentrations (100, 50, and 25 ppm) shows higher sensitivity
with increasing N@ concentration. For 1% Xlthe average sensitivity was ~0.17; for 1000
ppm H, the average sensitivity was ~0,.Hhd for100 ppmCO, the sensitivity was ~0.11.

The sensing perfarance of the hybrid nanostructure sensor could be attributed to the
effective electron transfer between Smfanocrystals and MWCNTs and to the increase in the
specific surface area of hybrid nanostructures.
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Figure 11-25: (A) SnO,-CNT sensing platform; (B) HRTEM image of a MWCNT uniformly coated with
SnO, nanocrystals; (C) the dependence of the sensor response on NOncentrations of 100, 50, and 25
ppm; (D) room temperature sensing responses of the Sa@anocrystatMWCNT sensor to 1% and 1000

ppm H2, and 100 ppm CO diluted in air.

Compared to CNTs, graphene has four main advantages in the field of chemical gas sensors:
(1) the larger specific surface area; (2) more interfacial contacts in hybrids; (3) lower noise
level; (4) larger carer mobility. Among intrinsic graphene and its derivatives, reduced
graphene oxide (rGO) prevails over graphene and graphene oxide on account of its various
functional groups and excellent conductivity, respectively. One of the examples for gas
sensing aplication is the Sn@rGO nanocomposites prepared by hydrothermal treatment of
aqueous dispersion of GO in the presence of Sn daitgiré [F26) [87] During the
hydrothermal reaction process, GO was reduced to rGO, and simultaneously different amount
of SnQ, nanoparticles were formed on the graphene sheets. The size of theaBofarticles
in the composite was around 10 nm. It is found that,8@D-2 nanocomposites (0.024 g of
SnCLBH,O used) exhibit higihesponsef 3.31 at 5 ppm N@at the operatig temperature of
50 °C, which is higher than that of rGO (1.13). All thbservatios indicate that addition of
SnQ nanopatrticles achieved twofold goals: fabrication of peculiar heterostructure between
the Sn@ and the rGO in order to attract more elestrdrom the rGO toward Sn@nd to
significantly enhance more active sites for the adsorption of gaseous molecules. Moreover,
SnG-rGO-2 nanocomposites exhibit response to,N@d no obvious response to the other
gases Cl,, NO, CO, HO (25%RH) and Ng), indicating that Sn@rGO-2 has high
selectivity for NQ sensing.
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Figure I1-26: TEM images of rGO and SnQ-rGO-2 and (A) the dynamic NQ sensing transients of
SnO,rGO-2 at 50°C; (B) the responses of Sn@rGO-2 to different gases (G, NO, CO, H,O (25%RH)
and NO,) at 50°C.

For the class Il hybrid materialnanteresting gas sensing investigation example on an
i nnovative organiciinorgani c-14hwhbre EGS =nkait er i a
carbon silicates) (Figure-R7), revealed theossibility touse them as selective gas sensors
[88]. Indeed, ECSL4 phase was used as functional material in sgpaatable compositions
and was deposited by drop coating for morphological, structural, thermal, and electrical
characterizations. Electal characterization of the sensors based on -ELS/ersus
concentrations of gaseous analytes gave significant results at room temperature in the
presence of humidity whereas the response for other gases (methane, acetaldehyde, ammonia,
acetone, toluene tlganol, and benzene) was negligible, thereby demonstrating fundamental
properties for a good quality sensor (speed, reversibility, and selectivity) that make them
competitive with respect to systems currently in use. The sensing mechanism for humidity
was investigated by spectroscopic analysis: both absorption and emission spectroscopy of
ECS14 mainly point to rings in a neinteracting state, with optical properties changing
reversibly upon dehydration/ rehydration due to a varied environment of the Tihgs
nearlR result suggests that the benzene rings constitute a scaffolding bridge between
inorganic layers during the dehydration/rehydration process, providing robustness to the ECS
structure.

A model for the reaction mechanism has been proposed:1EC8annels allow access of
water molecules, which, due to their high polarity, are coordinated by sodium atoms
(receptors) belonging to inorganic layers. The interaction of adsorbed water molecules with
hydroxyl groups, by hydrogen bridges, gives risertignic transport (Grotthuss mechanism)
along the ECH94 phase. This sensing mechanism finds analogy with the behavior of
chemoresistive gas sensors based -dypp semiconductors. In addition, the benzene rings
participate in the sensing mechanism of hditgias transduction element. Therefore, the rare
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behavior of functionality exchange between the organic and inorganic components have been
observed; that is, in contrast to other hybrids, the functional site oflI2Cfas been ascribed

to the inorganic paise while the organic component provided structural stability to the
material, leading the possible operation at room temperature and avoiding high power
consumption of most common sensors based on metal oxide semiconductors.

INORGANIC LAYER

Sy X Functional Role
SFY Mg~ REVERSED
b ’ } FUNCTIONALITIES

ORGANIC LAYER
Structural Role

Figure 11-27: Representation of protonic conduction (H ions) along [010] in ECS14 phase. Si atoms are
shown in blue, Al atoms in cyan, benzene rings in brown, oxygen atoms in red, Na atoms in yellow, and H

atoms in white.

Finally, organotin class Il hybrid mateahlso showed gas sensing properties, especially
for hydrogen. The first example was reported for-asfembled nanoporous-tiased hybrid
thin films prepared by the dajel method from organicaHligridged ditin hexaalkynide89].
According to XRD and KM investigations, these hybrid films exhibited hierarchical
organization as depicted in Figure2B and, remarkably, thewere active in gas detection
possessing a near roetlemperature gas sensitivity to,.HThus they were able tdetect
hydrogen gas ém 50 to 200 °C at the 20010000 ppm level. These results were very
surprising since the hybr;stdctuselwhich is thoughhtolhie h av e
responsible for gas sensing activity in Sr@Bemiresistors. According to the results af tic
conductance measurements the organic spacers contribute in an indirect way to the
conduction as well as to the sensing mechani
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Figure 11-28. Short range hierarchical order in organiciinorganic pseudoparticles containing SnOy

networks and their gas sensing performance on &t 50°C and 200°C [modified from ref. 89]

In addition, the simplebis(triprop1l-ynylstannyl)butylene precursor also led to hybrid
layers detecting hydrogen at moderate temperature. Thus, homogeo@unotirbased
hybrid thin films can be processed by the spiating deposition technique using a solution
of this precursor in presence of water and an acid cata®@t These films showed
significant resistance changes in the presence at B 1® °C (Figure [}29).
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\ ¥ \
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Figure 11-29: AFM image (3D morphology) of an organotin based thin layer left) and its resistance

changein the presence of COrfght) [90].

Hereafter, these findings open a fully new class ofsgarsing materials as well anaw
opportunity to integrate organic functionality in gas sensing rogtdes. Moreover, the
guestion arises about the possibility to use monostannylated precursors to produce these kinds
of hybrid layer able to detect gases.

Il .4 Main objectives andoutline of the study

I1.4.1 Major dbjectives
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As mentioned in the previous sectiprige use of functional hybrid metal oxide based
materials that associate at the nanometre level active inorganic and organic components in a
single material, is very promigj since it allows taking advantage of the outstanding chemical
and electronic properties of nanostructured oxide materials and, on the other hand, of the
flexibility offered by the organic component. In this contekte aim of this project of
fundamentalesearch is to draw new prospects in the field of gas sensing by finely tuning of
the chemical nature, the texture and the morphology of the active layer to develop selective
gas sensors. Our approach is based on the design of molecular single preghisiors
contain all the functionalities required to get stable hybrid material showing selective
detection of harmful/toxic gasses. The novelty relies on the use of the tool box offered by the
organotin chemistry to design original gas sensor operatingvdetaperature and consuming
low energy. This approach associates tightly organometallic chemistry, chemistry of materials,
structural characterizationfabrication and characterization of the target devices, and gathers
the complementary skills of Univétg of Bordeaux, Technische Universitat Darmstadt
(TUD), and University of Brescia.o broaden the scope of the possible applications of these
new hybrid and oxide materials, our goal ipply the previous synthetic routedevelopa
new synthetic sttagy to prepare organotivased hybrid thin films which can be converted
into oxide thin films after various pestatment. The aim of this project is therefore to
develop new hybrid organiaorganic nanostructured architectures ablsdlectivelydeted
target gas by exploitinthreeexpected breakthrouglsice the use of organic functionality in
metal oxidebased sensors has not been explored so far
1) the design of hybrid films involving organotin oxide planes and layers of organic spacers;
2) to exploit selfassembly phenomena in organdbi@msed hybrids to control the

nanostructuration of the hybrid active layer;
3) to increase the selectivity of the actie-oxide layers by using functional organic group
in the organic spacers

I1.4.2 Generbhstrategy

To attain the previous goals, this project has been divided into three main tasks:

Task 1: Synthesis and characterization of tin dioxide particles used as reference materials for
gas sensing

Task 2: Synthesis and preparation of organotin class hybrid materials using
monostannylated precursors

Task 3: Device fabrication and characterization of the gas sensing properties of the materials
prepared

11.4.2.1 Description of task 1

Gas selectivity of Sngbased sensors is one of the most critissues for purpose
applications. Several strategies have been proposed to control gas selectivity as mentioned
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above. Nonetheless, these methods usually involve the use of noble metals or long synthetic
strategies or processing and do not allow the préparaf large quantities of materials. To
circumvent this limitation, we have adapted a hydrothermal method developed to obtain large
amount of 18&m SnQ colloids employed to fabricate porous photoanodes forsdysitized
solar cell§23, 244.

In a fird part reported in chapter 4, we investigated a similar approach using hydrothermal
treatment of a commercial colloid by tuning the pH conditions and the thermdtgamtshent
used. Indeedhe gas sensitivity and selectivity of these $né@noparticlesra expected to be
altered by this pHmodification. This approach, which can be easily scaled up, provided
well-defined tin dioxide nanoparticles which were used as reference materials for gas sensing
tests. The obtained nanoparticles were characterizéd Iy, Raman, XRD, TEM, XPS and
N sorption analysis and the films processed from colloidal dispersion of these nanoparticles
were caharcterized by AFM and SEM (Schem8g)ll

Hydrothermal treatment in
acidic condition (pH = 4);
thermal post-treatments

——)
——)

(1) Gas sensing measurement
5 | (2) Characterizations (PXRD,

| FTIR, Raman, TEM, XPS,
N, sorption, etc. )

Hydrothermal treatment in
SnO, colloid basic condition (pH = 12);
thermal post-treatments

2 -
nanoSnO

Scheme I18: Task | in this project.

[1.4.2.2 Description of task 2

The promising results obtained iastitut des Sciences Moléculair@$SM, University of
Bordeauy with organotin hybrid layers [89, 90] validate the approach proposed and prompt
us to generalize it to new systems involving monostannylated precursors and organic
functionalities bearing heteroatoms. The main issue will rely on the introduction of the
organic group as thiophene or benzyl groups in the hybrid layers to improve the selectivity of
the tin oxidebased hybrid gas sensor. To do so, new organotin precursors have to be
synthesized and then used to process hybrid layers by tgelsshich will ke characterized.

The corresponding works are reported in Chapter 5.

11.4.2.2.1 Task 2: Design, Synthesis and Characterisation of Organotin Precursors

The first goal of this task will be the design, the synthesis and the characterisation of
solgel preursors able to give class Il organotin hybrid materials by theedoprocess.
Alkynylorganotins appeared to be very suitable precursors for different fundamental and
practical reasongi) the alkynyl functionality is removed upon hydrolysis as an igag or
liquid which prevents any pollution or decomposition of the resulting hyb(igstheir
hydrolysis rate lies between the chloride and alkoxide ones favouring the formation of gels;
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(iii) their reaction with hydroxylated species can be easily toogil by IR spectroscopy. As
the tinaryle and tiRbenzyle bonds are less chemically and thermally stable than thila
bond, the latter will be chosen in all the target structuiEsvever organicallybridged
organoditins which include various kimaf organic linker between the two tin atoms wok
be chosen as the synthetic route due to the shortage of the key chemicals arstepsilti
syntheses, instead another direct and exquisite way has been chosen in this project as the
synthdic strategy btrialkynylorganotins which contain one tin linked to functional organics
In order b induce the selectivity expected, hesystens as sufyrbenzene or nitrobenzene
will be introduced in the organic spacer as thiophbaezylgroups or functions.

To avoid long synthetic procedure, one step preparation method was developed adapting
previously reported based on a selective alkylatiotewalkynyltinwith a Grignard reagent
[91]. The structure of these precursors will be assessed by multinuttedr, *°sn) 1D
and 2D NMR spectroscopy, FTIR spectroscopy and high resolution mass spectrometry.
Furthermore, their electronic properties will be determined in solution byvitide
absorption data that could be used to interpret the gas sensingipsopkthe target films.

11.4.2.2.2 Taskl-2: Processing of Nanostructured foased Hybrid Layers

Once the synthesis and the charaz&ion of the target precursors achidvthey will be
hydrolyzed and coated over different substrates instance,glass and silicon wafer
substratedy various deposition techniquasichas spircoating or drop-coating (Scheme
[1-9).

sol
N
substrate Cgh g g
. [N SR SERE., B
drop coating thermal I B
!5, 15 ! 18
solvent/catalyst treatment AR E
X;Sn—R —_— or —_— é T
hydrolysis condensation n Sn sn
sol NS N/
Ny o o
X= _CEC_C6H5 ‘—_-?'
P organooxotin film
substrate
spin coating

Schemell -9: General strategy to produce organotin hybrid thin filmsin this project.

The hydrolysis conditions (solvent, concentration) will be varied in order to get the desired
hybrid films, with no remaining hydrolyzable groups to ensure the formation of the more
condensed inorganic network, with various thicknesses. In the same wiay,catalysts will
be added to speed up the hydrolysis in case it would be too slow. Acidic hydrolysis conditions
will be also employed to perform simultaneously the hydrolgsisdensation process. Finally,
these hybrid layers will be dried around 1508 remove the organisolventsand to prepare
nanostructured tin oxideybrid layers.Then, the thermal stability of these hybrid layers will

be determined by thermogravimetry analysis.
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11.4.2.2.3 Task B: Structural Characterisation of Nanostructureatdased Hybrid Layers

As the use ofunctional organics s e x p edecoratdl t be inanostructur
hybrid layers, much attention will be paid to the determination of the structure, the texture and
the morphology of the obtained films. Thulse hybrid materials will be characteed with
respect to their structure by SENMhich will give information on the structural properties of
the materials. Infrared spectroscopy will be used to obtain the information about the active
surface/ bulk groups. Meover, their morphology will be studied by SEM and AFM
microscopy. On the other hand, the composition will be determined by XPS that will yield the
content in Sn, O, C, S or N. The EDX will provide additional information about chemical
composition.

11.4.2.3 Description of task 3

The tin dioxide particles and organctiased hybrid materials synthesized and
characteded under activities in the previous tasks will be tested in respect of their gas
sensing properties. To do this, the materials will be siggb as films orAl,O3; substrates
provided with integrated electrodes and heated exposed to gases with different properties:

(i) reducing (H, CO, and volatile organic compounds such as ethanol and aretotéi)
oxidizing (NQ,) in differentconcentration ranges. The sfoating technique allows for the
deposition of continuous layers whereas the microdropping will be used ferekitdive
deposition.The key component in gaensing studies is the experimental facility of gas
sensingandelectrical properties which was developedJaiversity of BresciaThe current
system couplesDC conductance and\C electrical respondewith ten sensorsand six
different gasesin the presenceof relative humidity and controlled temperaturend a MS
spectrometer monitors the outlet of the test chambers. Each of the systems is equipped with
one special module designed for ozone characterization, Kelvin probe measurement and
photoactivated characterizatiorhis system is controlled by a Personal Compudsimg this

system wecould establish the sensor activity data obtained under the same condiitoms
different sample (Figure 11-30). We will analyze: (i) conductancechanges(qG) and
resistance changeq®R), (i) response time (speed)ii) sensor response (S) As
aforementioned, we have already shown the principal applicability of hybrid materials for gas
sensing studies as well as confirmed their thermal stability.
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Figure 11 -30: Schematic representation of experimental setup used for thedectrical characterization (used

from ref. [88]).

For tin dioxide nanoparticlethe gas sensing sensibility and selectivity will be rationalized
in terms of chemical composition, structural, textural and electronic properties of the
nanopowders obtained’he influence of the organic moieties and the quality of the films
obtained on these gas sensing properties will be also investigated in the case of the hybrid

layers.
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Chapter Ill Characterization Techniques

In the context of the elaboration of orgamorganic hybrid and metal oxide based
materials for gas sensing purpose, ibfiparamount importance to draw a detailed picture of
their chemical composition, structure, textumed amorphology. In addition, the chemical
structure and the purity of the new organometallic precursors used to process hybrid powders
and films had to be determined.

The current chapter describes a brief and general overview, i.e. working principles,
machne types, and characterization parameters, of the main analytic methods employed
throughout this work that enabled a complete characterization of the different molecular
compounds and oxide materials prepared in this work. Thus, Nuclear Magnetic Resonance
(NMR) and Mass spectroscopies were mainly used to identify molecular compounds, Fourier
Transform InfraRed spectroscopy providing complementary information about the presence
of specific functional groups. Powder-rdy Diffraction (PXRD) combined with Raan
spectroscopy allowed for phase identification and crystallinity study of inorganic samples.
Texture, morphology and topology of the different films and powders prepared were
determined by Bsorption analysis, Scanning or Transmission Electron Micmps¢SEM or
TEM) and Atomic Force Microscopy (AFM). Electronic structure and chemical states of the
different materials synthesized were investigated by-vidible absorption and -Xay
Photoelectron spectrogpies. Finally, thermal stability and thermal detosition pathways
were characterized by Thermogravimetry and Differential ThermoanalyG#®{A) coupled
or not to mass spectrometry.

1.1 *H, 2*C and ' Sn Nuclear Magnetic Resonance spectroscopies
[11.1.1 Principle [1]

Of the important spectroscopic aids that are at the disposal of the chemist for use in
structure elucidationgdynamics of moleculeseaction state, andhemical environment of
molecule compounds,uclear magnetic resonance (NMR) spectroscopgnes of themost
powerful and widely employetbols Even though a large variety of NMR spectrometers
using various techniques of detection exists, the basic principle of NMR is common to all
experiments and all nuclei. This analytic method exploit the magneticrpegpef certain
atomic nuclei endowed with a nuclear spin (1) different from zero sutH,dsC, 2°Si, *'P or
1950 with 1 = % in units of h7Zh : Planck constahtAs atomic nucleus is a spinning charge
particles, a nuclear magnetic moment diregitgportional to the spin is associated to each
nucleus. When a strong external magnetic fieldiHapplied, the nuclear moments orient
themselves with only given allowed orientations according to quantum mechanics. The energy
of interaction is proportionato the nuclear magnetic moment (which depends on the
magnetogyriaatio 2 of the nucleus and the spin value) and the applied field. For instance, for
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| = % jtwo states can be defined: @state when the nuclei align with the external magnetic

field Ho; b) b-state when the nuclei align against the external fieldlfthe gyromagnetic

ratio is positive as fotH and*°C, the Usstate is more stable than thestate, andpE i s t he
energy di ff er eancdspifistatéswiecaynhe followingtbe | at i onshi ps:
(ohHp)/2. This difference therefore depends on the applied magnetic field as shown in Figure
3.1., the greater the strength of the applied magnetic field, the larger the energy difference
between two spin states.

O

@ B-spin
ﬁ ¢ higher energy

AE H,
)N Q‘ ® o-spin
N lower energy  external field
_—
No field H, increases Magnetic field
Spins in all directions Spins ?ligned with
No energy difference or against field

Figure Ill.1: External field applied to nuclear spins [adapted from ref. 1].

When the sample is irradiated with an el ect
t he spi n -tfd-spipHate$. The oondilions of resonance are satisfied which leads to
an alsorption of the electromagnetic wave. Then, the excited nuclei undergo relaxation and
they progressively return to their original state. During this process, they emit electromagnetic
signals whose frequencies depentransfaimNMR as We
spectroscopy, the spectrometer records these desexcitation signals, also named Free Induction
Decay, and Fourier transformation provides the experimental spectra plotting the absorption
intensity as a function of the signal frequency.

The «act resonant frequency of the energy transition depends on the effective magnetic
field at the nucleus. This effective field is affected on one hand by electron shielding, which is
in turn dependent on the chemical environment of the nucleus, and, othé¢hdrand, by the
spin state of the neighboring magnetically active nuclei, which is related to the nuclei
connectivity. The measurement is therefore very sensitive to the features of molecular
structure. Advanced methods, including double resonance (haiear or heteronuclear
decoupling,sppe c ho or Di stortionless Enhancement by
or two-dimensional (througibonds homonuclear or heteronuclear correlations, threpghbe
homonuclear correlations) techniques have beeerldeed to determine the 38ructure of
molecules and for structure determination of biopolymers, for example proteins or nucleic
acids. NMR is also used in medicine for magnetic resonance imaging (MRI).
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(a) 'H NMR

'H nuclei are the easiest nuclei to observe due to high magnetogyric ratio and natural
abundance. For simple molecules, simple-dineensional experiments allow the rough
assignments of main resonances using chemical shift, integration waves and coungliagtco
considerations. For more complex structures:diensional homonucledH-'H correlation
spectroscopy experiments (COSY or NOESY) can be used to establish the connectivity
between the different nuclei.

(b) °C NMR [2]

As both natural abundance, i1 %, and magnetogyric ratio 51C nuclei are low*C
NMR spectroscopy is much less sensitive thHENNMR spectroscopy‘H-decoupled:*C
NMR experiments have therefore been developed to enhance the signal intensities and to
simplify the spectra. Thuspisuch experiments, each chemically different or set of equivalent
carbons give rise to single signals, the chemical shift of which provide information about the
hybridization (sp,sff,sp) of each carbon. Double resonances techniquesnasiudatedC
NMR spectroscopy or DEPT (90° and 135°) reveal how many hydrogens are attached to each
carbon. Finally, twedimensional *H-'*C heteronuclear NMR techniques as HSQC
(Heteronuclear singiquantum correlation) and HMBC (Heteronuclear Multiple Bond
Correlation) &periments can be exploited to highlight thébdnd (HSQC) or 2:®ond
(HMBC) connectivity betweefH and**C nuclei.

(c) °Sn NMR

The °sSn, *'Sn, and°Sn nuclei each possess spin 1/2 and are in principle suitable for
NMR studies. Their characteriss are shown in Table 3.1.
Table 3.1 Properties 6t°Sn,**’Sn, and*°Sn nuclei

Property 155 g 195
Natural abundance (%) 0.35 7.61 8.58
Magnetic momente{ey) -1.590 -1.732 -1.8119
Magnetogyr {radTts®t i o ( {-8.792 -9.578 -10.021
NMR frequency (MHZ) 35.632295 | 37.290662
Receptivity towards B 1.24x10* | 3.49x10° | 4.51x10°
Receptivity D 0.705 19.8 25.6

aWith respect tdH= 100 MHz.” Relative to'H. ¢ Relative to**C.

It can be seen that the receptivity’d%Sn and™°Sn isotopes is some powers of ten lower
than that'H but about 20 times higher than that'3€. With respect to both receptivity and
relative abundancel*°Sn presents some advantages compared™#®n, and most
measurements have been made Witsn eventhough'*’Sn has been used when external
circumstances have render€dSn inconvenient or when coupling by tin isotopes has been

studies.[3] Satellites due to coupling by thé&n and**°Sn isotopes can be observed both in
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'H and **C NMR spectra and cabe definitely established by checking that the coupling
constant ratid(**’sn)A(**°Sn) is equal to that of the two magnetogyric ratios, i.e. 1.0462.

[11.1.2 Instrumentation and experimental parameters

In this work,*H, **C and**®SnNMR spectra wereecordecbn Bruker Avance 1l 60Q*H:
600.16 MHz,**C: 150.93 MHz and'°Sn: 223.74 MHz}spectrometer equipped with a 5 mm
BBI probe with Zgradients and ATM accessorfd and**C NMR spectra were obtained at
600.16 MHz and 150.93 MHz respectively, withemical shifts reported in ppm downfield
from tetramethylsilane (TMS), using the peak for CH@E 7.26 ppm for *H and 77 ppm
for °C) asaninternalreference.

195 spectravereobtainedat 223.74MHz with chemicalshifts reportedin ppm downfield
relativeto the externalreferenceSnMe, in CDCls. *'°SnNMR parametersverefollows: pulse
width = 24.8us(90°), sweepwidth = 178kHz.

This spectrometer is intended for liquid NMR and gklgs equipped with two types of
probe:

1. A BBI probe of 5 mm dimeter allows the analysis of liquid samples with low
concentration and very high sensitivity for the proton. This probe is also suitable for
recording 2D / 3D spectra in multinoyals.

2. An HR-MAS probe to analyze the spectra of gels in high resolution bytawieof 1H
and®C.

A cold group of type BCkD5 makes it possible to record spectra betw86rand 180 ° C.

It is controlled under TOPSPIN 3.

[11.2 Mass spectrometry (MS)
[11.2.1 Principle

The working principle of mass spectrometry is based on acceleration and deviation of
charged particles (ions) in a vacuum due to the forces by applying electric and magnetic fields.
A compound must be therefore charged or ionized to be analyzed with apeat®meter.
Besides, the ions have to be introduced in the gas phase into the vacuum system of the mass
spectrometer which can be achieved for gaseous ofvhkdile samples. However, many
(thermally labile) analytes decompose upon heating. Thess kihdamples require either
desorption or desolvation methods if they have to be analyzed by mass spectrometry.
Although desorption/desolvation and ionization are usually separate processes, the term
“lonization method" is commonly used to refer to botimization and desorption (or
desolvation) methods. The choice of ionization method depends on the nature of the sample
and the type of information required from the analysiscSol | ed Asoft i oni za
such as field desorption (FDklectrospray inization (ESI) andmatrix-assisted laser
desorption ionizatioMALDI) tend to produce mass spectra with little or no fragrent
content. On the other handard ionization techniques are the processes which bring high
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quantities of residual energy in ethsubject molecule resulting in large degrees of
fragmentation (i.e. the systematic rupturing of bonds acts to remove the excess energy,
restoring stability to the resulting ion). Resultant ions tend to helzlwer than the
molecular mass other thantime case of proton transfer and not including isotope peaks. The
main example of hard ionization is electron ionization (El). The mass spectroscopy can be
therefore classified according to the ionization method used the main ones of which are
described irthe following [4]:

Electron ionization (El), also known as electron impact ionization, is the oldest and
bestcharacterized of all the ionization methods. A beam of electrons passes through the
gasphase sample. An electron that collides with a neutral analyte molecule can knock off
another electronresulting in a positively charged ion. The ionization process can either
produce a molecular ion which will have the same molecular weight and elemental
composition as the starting analyte, or it can produce a fragment ion which corresponds to a
smaller pece of the analyte molecule. This methgigdes a high degree of fragmentation,
yielding highly detailed mass spectra whose skillful analysis can provide important
information for structural elucidation/characterization and facilitate identification afawnk
compounds by comparison to mass spectral libraries obtained under identical operating
conditions. However, El is not suitable for couplingHi®eLC (High-Performance Liquid
Chromatography)i.e.LC-MS, since at atmospheric pressure, the filaments tsggnerate
electrons burn out rapidly. Thus, El is coupled predominantly @E{Gas Chromatography)

i.e. GC-MS, where the entire system is under high vacuum.

Field desorption(FD) is a method oion formation used imass spectrometiyvS) in
which ahigh-potential electric field is applied to amitterwith a sharp surface, such as a
razor blade, or more commonly, a filament from which tiny "whiskers" have been
formed.This results in a high electric field which can provoke ionization of gaseous
molecules of the analyte. Mass spectra produced by FD have little or no fragmentation
because FD is a sdfinization method. They are dominated by molecular radical cations
M™ and less often, protonated molecUMs-H] *. Thetechnique was first reported by Beckey
in 1969.1t is also the first ionization method to ionize nonvolatile and thermally labile
compounds. One major difference of FD with other ionization methods is that no primary
beam to bombard a sample is required.

In the case oElectrospray lonization (ESI), the sample solution is sprayed across a high
potential difference (a few kilovolts) from a needle into an orifice in the interface. Heat and
gas flows are used to desolvate (evaporate the solvent) the iomsgexithe sample solution.
Electrospray ionization can produce multiply charged ions with the number of charges tending
to increase as the molecular weight increases.

For Matrix -assisted Laser Desorption lonizton (MALDI), the analyte is dissolved in a
solution containing an excess of a matrix such as sinapinic acid or dihydroxybenzoic acid that
has a chromophore that absorbs at the laser wavelength. A small amount of this solution is
placed on the laser target. The matrix absorbs the energy from theuéseand produces a
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plasma that results in vaporization and ionization of the analyte.

mixing sample matrix

L
se‘so‘ﬁ
2 L]
= L]
2 o o
= ® - ® 9
2 9 € o ® ° o
= ®
+rd ® @ °
@ _ ®
Desorption Tonization ®  Molecular ions

Figure 111.2: MALDI spectrometer.

[11.2.2 Instrumentation and experimental parameters

Regardless the ionization method employ&& spectra were recorded at t6&SAMO
(ACentre dO6Etude Structurale et d6éAnalyse de

FD measurements were carried out on a TOF mass spectrometer AccuTOF GCv using an
FD emitter with an emitter voltage of 10 kV. One to two microlitesition ofthe compound
is deposited on a 18m emitter wire.

GC-MS analyses were performed on a Agilent 7890A GC ultra gas chromatograph coupled
to aTOF mass spectrometer AccuTOF GCv by JEOL. Capillary GC analysis was performed
on a TG5MS (30m x 0.32mm x 0.25um) capillary column with helium as carrier gas. GC
conditions were 50 °C at rate of I&/min to 310 °C, carrier gas (He) flow rate of 1.2
mL/min. Injection temperature was 200 °C with split mode. The transfer line and source
temperatures were maintainedd220 °C and 180 °C. A solvent delay of 2 min was selected. In
the fullkscan mode electron ionization (EI) mass spectra in the rang§ed/z) at 70 eV.

ESI spectra were carried out using a QStar Elite mass spectrometer (Applied Biosystems).
The instrunent is equipped with an ESI source and spectra were recorded in the
negative/positive mode. The electrospray needle was maintained at 4500 V and operated at
room temperature. Samples were introduced by injection thra®fleL sample loop into a
400¢L/min flow of methanol from the LC pump.

MALDI-MS studies were pormed on a Voyager mass spectrometer (Applied
Biosystems). The instrument is equipped with a pulsglh$er (337 nm) and a tirgelayed
extracted ion source. Spectra were recorded in ds#iye-ion mode using the reflectron and
with an accelerating voltage of 20 kV. Samples were dissolved pClgldt 10 mg/ml. The
DCTB matrix (Trans2-(3-(4-tert-butylphenyl}2-methyt2-propénylidene)malononitrije
solution was prepared by dissalgi 10 mg in 1 ml of CbCl,. A MeOH solution of
cationisation agent (Nal, 10 mg/ml) was also prepared. The solutions were combined in a
10:1:1 volume ratio of matrix to sample to cationisation agent. One to two microliters of the
obtained solution was deptesi onto the sample target and vacudined.

70


http://www.univ-lille1.fr/master-proteomique/proteowiki/index.php?title=T-2-%283-%284-t-butyl-ph%C3%A9nyl%29-2-m%C3%A9thyl-2-prop%C3%A9nylid%C3%A8ne%29malononitrile&action=edit

[11.3 Fourier Transform Infrared Spectroscopy (FT -IR)
[11.3.1 Principle [5]

Fourier Transform Infrared (FIR) spectroscopy is one of the most common
spectroscopic techniques used in organic and inorgdr@mistry for structural elucidation
and compound identificatio.he principle of FAIR spectroscopy is based on the absorption
of infrared light at different functional group by a sample submitted to an infrared beam. At
ambient temperature, atoms in anic molecules and inorganic solids are in continuous
vibration with respect to each other. The IR radiation is &lesbby a molecule or a material
provided its frequency matches the frequency of a specific molecular or materials vibration.
The absorbedrergy (usually expressed as wave number, iff)dmdirectly connected to the
molecular or materials composition: nature of the atoms involves in the bond, nature of the
bond (singl e, double, triple), en v-C,ISeGy me nt
ctC, etceée), etcé Consequentl vy, since every
IR spectra can be considered as fingerprints for each compound. Infrared spectrum usually
represents the light transmittance (T%) or absorbance (A) as a funttibe wavenumber
(cm™). Analysis of the spectral millR region, covering range of wavenumbers between 4000
and 400 crit, can therefore provide useful information with regard to molecular precursor and
the materials prepared from these precursors.

[11.3.2 Instrumentation and experimental parameters

IR spectra were recorded on a FTIR Petkimer spectrophotometer 1600, equipped with
atemperaturestabilized heated wire source operating at 130hH atemperaturestabilized
FR-DTGS (fast recovery deuteeal triglycine sulfate) detectarsing 200 mg dry KBr pellets
containing about -3 mg of sample. Spectra were recorded by collecting 16 scans at 4 cm
resolution.

[11.4 Raman Spectroscopy
[11.4.1 Principle

Raman spectroscopy also addresses transibehseenvibrational or rotational energy
levels in molecular compounds or materials. However, in contrast to IR spectroscopy which
detects vibrations involving a change in the permanentealipament of the chemical bond,
Raman spectroscopy is associatethwhanges in polarisability to produce Raman (inelastic)
scattering ofmonochromatidight, usually from daserin thevisible, near infrared ornear
ultravioletrange. The laser light interacts with molecular vibratiph@nons or other
excitationsin the system, resulting in the energy of the laser photons being shifted up or down.
The shift in energy supplies information about the vibrational modes in the system.

Typically, a sample is illuminated with a laser beam. Electromagnetic radiationttieom
illuminated spot is collected witlensand sent through monochromatorElastic scattered
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radiation at the wavelength corresponding to the laserRagl€igh scatteringis filtered out

by either a notch filter, edge pass filter, or a band p#ss, fivhile the rest of the collected

light is dispersed onto a detector. Spontan&tarsan scatterinig typically very weak, and

as a result the main difficulty of Raman spectroscopy is separating the weak inelastically
scattered light from the intensefReigh scattered laser light.

[11.4.2 Instrumentation and experimental parameters

Raman measurements were performed using a -Yooim Horiba XploRA confocal
spectrometer with a resolution of 4.3 trin the spectral range 200 cm'. The laser
source is a laser diode giving access to two laser wavelengths with a maximum power of 45
mW. Experi ments were carried out wusing an in
beam power was fixed at 100% of the maximum power. To impravsigimalto-noise ratio,
each spectrum was the result of 2 accumulated spectra with an acquisition time of 60 seconds
for each spectrum

[11.5 Thermogravimetry Analysis (TGA -DTA)
[11.5.1 Principle

Thermogravimetric analysis (TGA) enables the weight |éssroaterial to be monitored as
a function of a selected temperature program. Differential Thermal Analysis (DTA) is an
associtated technique for recording the difference in temperature between a substance and a
reference material as a function of timet@mperature as the two specimens are subjected to
identical temperature regimes in an environment heated or cooled at a controlled rate,
providing the information of phase transformation (endothermic/exothermic reaction).
Moreover, when the evolved spexiare analyzed by a mass spectrometer, this technigue
gives further insight about the composition of the materials and reaction mechanisms. As a
consequence, TGBTA coupled to mass spectrometry method is usually used to acquire
information about the themh stability of the materials prepared and to get some clues about
decomposition, oxidation or reduction mechanisms. In addition, in the case of hybrid
materials, it provides some information about the composition of the materials.

[11.5.2 Instrumentatiorand experimental parameters

In this work, thermogravimetric analyses were performed with a NETZSCH STA 409
C/CD (Erich NETZSCH GmbH & Co. Holding KG, Selb, Germany) thermogravimetric
analyzer under synthetic air #/0,= 80/20). The temperature range v@asto 600 °C with a
heating rate of 5 °C min.

[11.6 Powder X -ray diffraction (XRD)

[11.6.1 Principle
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Powder XRD is an analytical technique which is primarily used to identify crystal phase
and provide information about unit cell dimensions. XRD relws the formation of
constructive interference when a monochromatica)X beam interacts with a crystalline
material. These Xays are generated by a cathode ray tube and then filtered to produce
monochromatic radiation. They are then collimated to coratentoward the sample. The
interaction of the incident rays with a powder sample produces a unique constructive
interference diagr am, al so named as diffract
law:

1 ¢Aogl

where n is an integes;is the waelength of the Xay, d is the interplanar spacing between
lattice planes and is the angle between the incidentray beam and the lattice planes. The
diffracted rays are detected, counted and processed. By scanning the sample through a range
of 2d angles, all the possible diffraction directions of the sample atomic lattices are gathered.

Figure [ 11.3: Braggbs | aw.

The conversion of the position of the diffraction peaks tepacing leads to the
identification of the sample as d is a unique paraméker.lattice spacing, d, is then deduced
from Braggbés formul a:

where - is the wavelength of the -¥ay source (Cu Kl radiation) andd is the Bragg
diffraction angle. The lattice parameter can be then calculated using the formula (e.g. for a
tetragonal lattice):

where h, k and | are the Miller indices of the lattice plane. Moreover, the average crystallite
size can be inferred from Scherrer formula:
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whereK is the shape factor that was taken to be 0.9%aadhe full width at half maximum
of the peak.

[11.6.2 Instrumentation and experimental parameters

Powder Xray diffraction patterns were herein recorded with a Bruker AXS Advance
diffractometer (D2 PASER A26X1-A2BOD3A) equipped with a source delivering a
monochromatic Cu anode &radiation,| = 1.54056 A ). Thg-2q scans were recorded in an
angular range between 10 and 90° with a step of 0.02°.

[11.7 N 2 sorption analysis[6]

Along with mercury intrusion/extrusion porosimetry, gas sorption analysis is one of the
most powerful methods to assess the porosity of materials. Adsorption takes place when a
solid surface is exposed to a gas or a liquid which induces, under certaitioosndn
enrichment of fluid molecules or increase in the density of fluid in the neighborhood of an
interface. The amount of adsorbed species is then closely related to the extent and the shape
of the interfacial area which provides useful informatitrowt pore size distribution and
surface area.

The relationships between the amount of gas ads@rdéy unit of mass of adsorbefrh)
and the equilibrium pressure at a fixed temperature is named adsorption isotherm and is
usually depicted in graphicabdim as shown in Figure Ill.4.

Adsorption Isotherm

g%

Saturation Pressure

g2 >

>

P—)Ps

Figure I11.4: Basic adsorption isotherm.

At this stage, it is worth mentioning that, at a given pressure named saturation prgssure P
all the sites are occupied by the adsorbateaahdther pressure increase doescgaise any
difference in adsorption process.

[11.7.1 Adsorption isotherm types
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Most of isotherms resulting from gas physical adsorption on solids can be grouped into six
main types according to the IUPAC classification (Figure 111.5)
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Figure III.5: The different classes of gas physisorption isotherms according to the IUPAC classification.

The reversible Type | isotherm is concave to the p/p° axis and a approaches a limiting value
as pl/pA Y 1. Type | i sotherms arwlygmnallen by
external surfaces (e.g. activated carbons, molecular sieve zeolites and certain porous oxides),
the limiting uptake being governed by the accessible micropore volume rather than by the
internal surface area.

The reversible Type Il isotherm i normal form of isotherm obtained with a fuorous
or macroporous adsorbent. The Type Il isotherm represents unrestricted menultyayer
adsorption. Point B, the beginning of the almost linear middle section of the isotherm, is often
taken to indtate the stage at which monolayer coverage is complete and multilayer
adsorption about to begin.

The reversible Type Il isotherm is convex to the p/p° axis over its entire range and
therefore does not exhibit a Point B. Isotherms of this type are not aonbut there are a
number of systems (e.g. nitrogen on polyethylene) which give isotherms with gradual
curvature and an indistinct Point B. In such cases, the adsadisdebate interactions play an
important role.

Characteristic features of the Type iB6therm are its hysteresis loop, which is associated
with capillary condensation taking place in mesopores, and the limiting uptake over a range of
high p/p°. The initial part of the Type IV isotherm is attributed to monotayelilayer
adsorption sincet follows the same path as the corresponding part of a Type Il isotherm
obtained with the given adsorptive on the same surface area of the adsorbent-poeonen
form. Type IV isotherms are given by many mesoporous industrial adsorbents.

The Type V istherm is uncommon; it is related to the Type lll isotherm in that the
adsorbentdsorbate interaction is weak, but is obtained with certain porous adsorbents.
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The Type VI isotherm, in which the sharpness of the steps depends on the system and the
temperatee, represents stepwise multilayer adsorption on a uniforrpoowus surface. The
stepheight represents the monolayer capacity for each adsorbed layer and, in the simplest
case, remains nearly constant for two or three adsorbed layers. Amongst thaimdé® of
Type VI isotherms are those obtained with argon or krypton on graphitised carbon blacks at
liquid nitrogen temperature.

[11.7.2 Brunauer, Emmett and Teller (B.E.T.) theory

The determination of the specific area of solid materials is one okekliepoints to
rationalize the properties of materials. Different models have been applied to interpret gas
sorption isotherms which allow the evaluation of specific surface area of solids. In particular,
Langmuir model allows for explaining the monolayermhation wherea8runauer, Emmett
and Teller (B.E.T.) theory rationalizes the multilayer formation during the physical
adsorption of a gas.

For monolayer adsorption, Langmuir adsorption equation is applicable at low pressure
conditions. In this case, games molecules possess high thermal energy and high escape
velocity which results in fewer gaseous molecules available near the surface of ad8yrbent.
contrast, athigh pressure and low temperature conditions, thermal energy of gaseous
molecules decreasesxd more and more gaseous molecules are available per unit surface
area inducing multilayer formation. Using some assumptions, Brunauer, Emmett and Teller
have extended the Langmuir theory to multilayer adsorption and have proposed the BET
eqguation, whictgive rise to a typdl isotherm, that can be written as:

P w p
© 6 o 0o

C4 CA
C
C'll [af)

where Mg IS the specific volume of gas adsorbed at the equilibrium pressurg.i3,iy/
the volume of gas corresponding to a monolayer and C is a constant.

K1 is the equilibrium constant when single molecule adsorbed per vacant site anthé&
equilibrium constant to the saturated vapor liquid equilibrium.

The BET theoryapplies to systems showing multilayer adsorption and usually utilizes
probing gases that do not chemically react with material surfaces as adsorbates to quantify
specific surface areélitrogenis the most commonly employed gaseous adsorbate for surface
probing by the BET methods. For this reason, standard BET analysis is most often conducted
at the boiling temperature of,N77 K). Further probing adsorbates are also utilized, albeit

with lower frequency, allowing the measurement of surface area aediffiemperatures and
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measurement scales. These include argon, carbon dioxide, and water. Specific surface area is
a scaledependent property, with no single true value of specific surface area definable, and
thus, quantities of specific surface area deieed through BET theory depend on the
adsorbate molecule utilized and its adsorption cross section.

[11.7.3 Instrumentation and experimental parameters

In this work,data collection was performed with Ry the static volumetric method, using
an ASAP2010(Micromeritics) apparatus. Prior to each measurement, the samples were
degassed at 12T in vacuofor a time interval high enough to reach a constant pressure (<
10 mHg). The BET equation was applied between 0.05 and 0.3 relative pressures to provide
specific surface areas. Total pore volumes were determined by the amount of nitrogen
adsorbed at a 0.99 relative pressure. Pore size distributions were evaluadtedBayrett,
Joyner, Halenda (BJH) method for mesopores (pores of diamé@mg). The adsorption
isotherm was used to determine the overall pore size distribution and the calculation was
performed by the Micromeritics software package which uses thereatumethod and
applies the Harkins and Jura equation for the multilayer thickness.

[11.8 UV -Vis absorption
[11.8.1 Principle

According to quantum mechanics theory, energies of electrons in atoms, molecules or
materials are quantified. In this contexiearonic absorption phenomena in molecular
compounds or materials generally lie within the ultraviolet to the visible region, thus, the
correspondi ng s peeVvtirsdsd ep yabissorrpa meoch B\ ct r o s

For instance, inorganic semiconductors aaegparent to photons whose energies lie below
their bandgap whereas they are strongly absorbing for photons whose energies exceed the
bandgap energy. In the case of organic semiconductors, many systems absorb ultraviolet or
visible light depending on thelectronic orbitals that are involved. Their absorption spectra
generally show a number of absorption bands corresponding to the structural units of the
molecule.

In an absorption measurement, the absorbance depicts the attenuation of the transmitted
radiant power in a material. Due to this absorption, the amount of light that is transmitted
through a material diminishes as it travels through the material. For inorganic semiconductors,
the bandgap could be determined from the transmission of the lightiofizavavelengths.

The intensity of the light that is transmitted through the semicondugtofpllows the
BeerLambert law, according to:

‘© 0Q

whereUis the absorption coefficient, d is the thickness of the semiconductor material and |
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the intensity of the incident light. The absorption coefficient strongly depends on the
wavelength of the incident light, and it can be in the range dta0 for photons whose
energies are larger than the bandgap of the semiconductor. The transmitiaacd, the
optical density, OD, can be then defined as:

4 9 AT A $ 1174
B C

The absorption coefficient can, thus, be directly determined from the measurement. For a
large number of inorganic semiconductors in both crystalline and amorpgbous, the
dependence of the absorption coefficient up
transitions is usually expressed as:

1Ez ! B2 %

Where g is the energy gap, A is a constant and m = 1/2 for an allowed direct energy gap
and m = 3/Zor a forbidden direct energy gap. Plottindn(fy er sus hg gi ves an
value of g by taking the intercept of the extrapolation to the zero absorption with the photon
energy axis.
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Figure 111.6: Schematic diagram of a typical UV-Vis Spectromder.

A basic experimental setup for absorption spectroscopy is given by the schematic diagram
in Figure I11.6. The transmission spectrum of a semiconductor could be observed with the use
of a monochromator and a photodetector. Light from a source thaegaisrough the
monochromator will be reflected at different angles for different wavelengths by a grating
placed inside the monochromator. By rotating the grating it is possible to tune the wavelength
of the incident light through the exit slit of the nomhromator for the recording at the
photodetector of the transmitted light intensity through the sample as a function of the
wavelength. Plotting the optical density (or absorbance) as a function of the wavelength of the
incident light yields the absorpticspectrum.
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[11.8.2 Instrumentation and experimental parameters

In this work, solution UWisible spectra in chloroform were recorded in quartz cuves with
a 1650 PC Shimadzu spectrophotometer.

[11.9 X -ray photoelectron spectroscopy (XPS)
[11.9.1 Principle

XPS is a quantitative spectroscopy technique that utilizes photoionization and analysis of
the kinetic energy distribution of the emitted photoelectrons through the core levels analysis
for the determination of the electronic structure, elemeraaiposition, chemical state and
bonding interactions of materials. When a material is irradiated with a monochromatic
electromagnetic X ay wave with energy hag, el ecf)rons a
toward the analyzer. This principle is illsted in Figure 111.7. The energy conservation law
(equation 1l11.1), relates the kinetic energy of the photoemitted electron to its binding energy
(Es) and the xray photon energy:

O @& LOs (Equation I11.1)

Where k: kineticener gy of the phot oel e g:tbindngenérgyV) ; h
(eV). The electrons are ejected only if their binding energy iEless than the energy of the
incident photons.
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Figure I1.7: Schematic diagram of photoelectric process.

It differs from conventional spectroscopic methods as it detects electrons rather than
photons. It is an indispensable powerful technique employed in the study of surfaces and
interfaces due to its high surface sensitivity.

[11.9.2 Instrumentation and experimahparameters

XPS spectra were recorded with a 2X0Qi ESCALAB from VG. Powders were pressed
onto indium foils and put under UHV to reach thé® Ba range. The nemonochromatized

Mg X-Ray source was used at 200 W, as well as a flood gun to compensate the
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nonconductive samples. The spectra were calibrated in relation to the Cls binding energy
(285 eV) which was applied as an internal standatting of the high resolution spectra were
provided through the ECLIPSE program from VG.

[11.10 Atomic Force Microscopy (AFM)
[11.10.1 Principle [7]

AFM uses a cantilever with a very sharp tip to scan over a sample surface. As the tip
approaches the surfaabe closerange, attractive force between the surface and the tip cause
the cantilever to deflect towards the surface. However, as the cantilever is brought even closer
to the surface, such that the tip makes contact with it, increasingly repulsivéakeseover
and causes the cantilever to deflect away from the surface. A laser beam is used to detect
cantilever deflections towards or away from the surface. By reflecting an incident beam off
the flat top of the cantilever, any cantilever deflectionl wduse slight changes in the
direction of the reflected beam. A positieansitive photo diode (PSPD) can be used to track
these changes. Thus, if an AFM tip passes over a raised surface feature, the resulting
cantilever deflection (and the subsequenngean direction of reflected beam) is recorded by
the PSPD. AFM images the topography of a sample surface by scanning the cantilever over a
region of interest. The raised and lowered features on the sample surface influence the
deflection of the cantilevewhich is monitored by the PSPD. By using a feedback loop to
control the heigt of the tip above the surfa@maintaining constant laser positjpthe AFM
can generate an accurate topographic map of the surface features (Figure 111.8).

Fholodiods /

Tio fprobe)

Cantilever

Figure 111.8: Schematic illustration of AFM. The tip is attached to a cantilever, and is rastescanned over
a surface. The cantilever deflection due to tisurface interactions is monitored by a photodiode sensitive
to laser light reflected at the tip backside. For micoscopy applications, the position of the reflected beam

is kept centered in the diode through feedbackontrolled z-changes in the stagg7].

[11.10.2 Instrumentation and experimental parameters
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In this work, AFM images were recorded in the standard tappiode using NSC11/AIBS
cantilevers (typical resonance frequency: 325 kHz, typical force constant: 40 N/m) on a
commercial atomic force microscope (Dimension Icon, Bruker, Santa Barbaraar@A)
cypher AFM (asylum research, Santa Barbara,.CA)

[11.11 Transmission Electron Microscopy (TEM)
[11.11.1 Principle

Transmission Electron Microscopy allows for producing kigbolution, black and white
images from the interaction occurring between sujtgirepared samples and energetic
electrons in the vacuum chamber. Air needs to be pumped out of the vacuum chamber,
creating a space where electrons are able to move. The electrons then pass through multiple
electromagnetic lenses constituted of solendédisicated with coil wrapped around them.

The beam passes through the solenoids, down the column, makes contact with the screen
where the electrons are converted to light in order to form an image. The image can be
manipulated by adjusting the voltage dfetgun to accelerate or decrease the speed of
electrons as well as changing the electromagnetic wavelength via the solenoids. The coils
focus images onto a screen or photographic plate. During transmission, the speed of electrons
directly correlates to etéron wavelength; the faster electrons move, the shorter wavelength
and the greater the quality and detail of the image. The lighter areas of the image represent the
places where a greater number of electrons were able to pass through the sample and the
darker areas reflect the dense areas of the object. These differences provide information on the
structure, texture, shape and size of the sample. To carry out TEM analyses, samples need to
have certain properties. They need to be sliced thin enough féroeket¢o pass through, a
property known as electron transparency. Samples need to be able to withstand the vacuum
chamber and often require special preparation before viewing.

From a practicalpoint of view, a transmissiorelectronmicroscopencludesthree essential
systems as figure 111.9: (1) aectrongun which produces thelectronbeam, and the
condenser system, which focuses the beam onto the object, (2) theprodgeing system,
consisting of the objective lens, movable specimen stage, and intermediate and projector
lenses, which focus the electrons passing through the sped¢on&rm a real, highly
magnified image, and (3) the imagecording system, which converts the electron image into
some form perceptible to theimaneye
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Figure 111.9: Schematic diagram of TEM.

The imagerecording system usually consists offlaoresent screerfor viewing and
focusing the image anddigital cameraor permanent records. In addition, a vacuum system,
consisting of pumps and their associated gauges and valves, and power supplies are required.

[11.11.2 Instrumentation and experimenparameters

Low-resolution TEM and HighesolutiorTEM images were recorded on JEOL J2W00
and JEOL JEMR2200FS microscopes, respectively, after dispersing the powders in ethanol
and coating a small droplet of the suspension on holey carbon (Cu) grid.

[11.12 Scanning Electron Microscopy (SEM)
[11.12.1 Principle

SEM is alsoa topographictechnique designed for directly studying the surfaces of solid
materia. It involves a beam of focusetedronswith relatively lowenergyas an electron
probe that is scanned in a regulfaattern over the specimen. The electron source and
electromagnetic lenses that generate and focus the beam dex ginthose described for
thetransmissionelectron microscopg TEM). The action of thelectron beamstimulates
emission of higkenergy backscattered electrons and-twergy secondary electrons from the
surface of the specimefihere are a elaborate smemenpreparation techniqueequired for
examination in the SEMthus, large and bulky specimens coute accommodated. It is
desirable that the specimen is electrically conducting; otherwise, a sharp picture cannot be
obtained. Conductivity is usually achieved by evaporating a filmeia| such agold, 50
100 angstroms thick onto the specimen vaeawm. However, the SEM can be operatediat 1
3 kilovolts of energy, thus, even nonconducting specimens may be examined without the need
for a metallic coating.
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Figure 111.10: Schematic diagram of SEM.

[11.12.2 Instrumentation and experimental parameters

In this work, some of the morphologies of thediide layergFigure \7) were observed
by scanning electron microscopy (SEM) in a Hitachi-I®O0 microscope at University of
Bordeaux. Micrographs were taken at several different magnifications rangmgxft80 to
x70000. (sample section of about 0.5*amere mounted on a carbon tab, which ensured a
good conductivity). A thin layer of golpgalladium was sputtered on the foam fragment prior
to analysis.

The other SEM image@-igure 1\/18 to I\-20, Figure V5, V11 and V14) were taken at a
Philips XL30 FEG (Philips, Netherlands) at Darmstadt. The samples were coated with a thin
layer of gold using a Quorum Q300T D (Quorum Technologies Ltd, United Kingdom) for 20
s at 30 mA. Ilmging was performed at an acceleration voltage of 10 kV with a secondary
electron detector.
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Chapter IV Synthesis and characterization of finely tuned Sn®

nanoparticles

As underlined in the previous chapters, tin dioxide constitutes one of the most attractive
binary oxides for both technological and commercial applications due to its outstanding
physicochemical properties such as excellent transparency in the visilde lmagigelectronic
conductivity, remarkable chemical and photochemical stability, and mechanical hardness. In
addition, tin dioxide exhibits two specific properties, change in valence state and presence of
oxygen vacancies, leading to unique resistivitgiateon under gas atmosphere which makes
tin dioxide as the best understood prototype materials for gas sensing.

Our first aim was therefore to develop a method leading tededithed Sn@ nanopatrticles
which can be scaled up easily. In this context, imeestigated an approach based on the
hydrothermal treatment of a commercial colloid by varying the pH conditions and the thermal
posttreatment used. The nanopowders obtained were characterized by FTIR, Raman
spectroscopypowder Xray diffraction (PXRD), transmission electron microscogYyEM),

X-ray photoelectron spectrosco¢PS) and nitrogen sorption porosimetry. Their ability to
detect a series of reductive and oxidative gases is further discussed in chapter VI.

IV.1 Preparation of finely tuned SnQ nanoparticles
IV.1.1 Introduction

Many routes have been explored to prepare tin dioxide materials of various shapes and
morphologies including oxidation [1] or evaporation[2] under stringent conditions,
hydrothermal[3], conventional sedel predpitation [4], hydrothermal crystallization [5],
pyrolysis of organoting6] or electrochemical depositidii] followed by thermal oxidation,
hydrolytic [8] and norhydrolytic [9] sokgel, ionic liquid assistefiL0], microwave [11]and
sonochemical method$2]. However these methods usually involve long synthetic strategies
or processes and do not allow the production of large quantities of materials. To break
through this limitation, hydrothermal treatments under acidic conditions of available
commercialSnG suspension have been developed to obtain large amountroh 18nQ
colloids employed to fabricate porous photoanodes for-sdysitized solar cells [13].
Although the work was mainly focused on the application ofsbmsitized solar cells, the
simple hydrothermal operating conditions and clean synthesis of nanoparticulate tin dioxide
materials, also namedand&SnQ, [14], has drawn our attention for the #lyesis of Sn®
nanoparticles for gas sensing applications. The pH conditions and the temperature of the
thermal postreatment were varied to tune the properties of the particles.

IV.1.2 Synthesis of the Sn@anoparticles
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Tin dioxide particle growth waachieved by hydrothermal treatment of a commercial,SnO
particle suspension (Alfa Aesar, SpQ5% wi/v in water, pH = 12, counteion K") [15]
under either acidic or basic conditions as depicted in Scheme 1:

®

(1) Acidic condition (pH = 4)

add acetic acid washing;
stir at R.T. centrifugation
:k“\\ ) . dried at 90 °C;
\ &8 | (2) Basic condition (pH = 12) @ calcined at 600 °C
No acetic acid v
colloidal SnO, hydrothermal
particle suspension treatment nanoSn0,

Scheme V1 SnG, nanoparticles prepared under two experimental conditions.

IV.1.2.a Preparation under acidic condition (pH = 4)

In first procedure, 37 g dhe colloidal SnQ particle suspension and 1 g of glacial acetic
acid (Fisher Scientific) were mixed in a closessel and stirred for 48 h at room temperature
(RT). The resulting acidic slurry (pH = 4.0) in a homemade vessel was placed into a stainless
steel autoclave (300 mL) amkeptat 240°C (D Bars) for 90 hours. Aftenaturallyreturring
to RT, theobtained satls were isolated by centrifugaticand then cleaned by several cycles
of redispersion, sonication, and centrifugation using water and ethanol as solvents (each time:
6500 rpm, 10 minutesPrying with a nitrogen flowin air and heatingat 90°C overnight
yielded5.6 g ofa light greerish powder, hereafter named T®arurther calcination in air at
300 °C, 500 °C and 600 °C, respectively,for 96 hours yielded white powdgrhereafter
named TOX°, TOZ® andTO&™.

IV.1.2.bPreparation under basic condition (pH = 12)

As far as the synthesis under basic conditions is concerned, the same procedure was
employed with solely 37 g of the commercial Srgarticle suspension (pH = 12, ammonia
solution). After the hydrothermal trea¢mt, washings, centrifugation and drying at 90°C
overnight, 4 g of a light yellowish powder, hereafter named *fQkas obtained. Further
calcination in air at 500 °C and 600 °C for 96 hours yielded white powders, hereafter named
TOb>®and TOB®.

IV.2 Characterization of SnO, nanopatrticles
IV.2.1 FTIR and Raman spectroscopy studies

First of all, it is necessary to mention that the commercial colloid used as precursor in this
research includes polypyrrole and” Kcounteriong15] The evolution in composiin
depending on the preparation conditions were first studied by FTIR and Raman spectroscopy.
The FTIR spectra of the Sa@anoparticles assessed as a function of the synthetic conditions
are shown in Figure PL. Regardless of the preparation conditions, no characteristic band of
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organics were observed in the FTIR spectra indicating that most organic polymers have been
remowved during the purification processes. In the case of TOa samples, typical features of
adsorbed water or surface hydroxyl groups (broad bands centered at3g43@rid 1634

( @) cm?), and tin oxide moieties 6750 and 5@ and svanp) cnitB[16]

were observed. Furthermore, a significant shift, i.e. from 651 for®t0&77 cn' TO&%, of

t h e,osgvibration mode was observed which accounts for change in crystallite size upon
calcinations [17]. Similar features were detected for T@hmes with some additional bands

in the 1200900 cm region that could be attributed to hydroxgktals bonds [18].

5.0 —— TOa%0
45 —— TOa600
] —— TOb_uncalcined 657
4.0 TObO0
| 3433 —— TOb600 /\/\'\
o 33 '__/\ 1634 o
£ 3.0
3 | 3423
5 254
R ] 1634
ftb 2.0 647

] 3433 i /\/\\
15 p
1.0 2430 1634 /_\/\

3430 1634

0.0 QST B ] ST FRmES ST PSR,
4000 3500 3000 2500 2000 ; 1500 1000 500
Wavenumber (cm )

Figure IV-1: FTIR absorbance spectra of Sn@particles: TOa90 (black), TOa600 (pink), TOb_uncalcined
(dark cyan), TOb90 (green), TOb60(blue).

On the other hand, the rutitgpe phase of SnfOcan be sensitively detected by Raman
spectroscopy. According to group theory analysis, rutile,31&3 four Raman active modes
(A1g+ Big + Byg + Ey) [19] and rutiletype SnQ single crystal shows vibrational bands at 123
(Big), 473 (K), 633 (Ag and 773 cht (B2g) [20]. The Raman spectrum of the dried
commercial colloid exhibits no clear evidence of crystalline Ssyigcies (Figure R2). By
contrast, after hydrothermal tte@ent in acidic or basic medium, with or without further
calcination, Figure IV shows the Raman bands of Sm@noparticles at 632 ¢§ and 773
cm* (B2g) along with a very broad band centered around 558 which can be attributed to
modes related ttocal order disorder and vacant site [19], or to-bydroxotin species [21].

It is generally admitted that 4 and By are relative to the expansion and contraction
vibrational modes of SO bonds and the tetragonal rutile structure of Ss@ssessed liie
presence of these Raman features [22]. Moreover, the relative intensity of the sharp peak at
632 cm® with respect to this at 550 ¢hincreases after calcination suggesting an improved
crystallization of the nanoparticles. In addition, no feature aescted in the 960800 cni
wavenumber range confirming that the remaining organics and polymers have been removed.
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Figure IV-2: Raman spectra of Sn@ particles: TOa” (black), TOa*® (pink), TOb (green), TOB® (blue).

The spectrum of the dried commercial colloid is given as a reference (red).

IV.2.2 Crystallinity: Powder Xray Diffraction studies

Powder Xray Diffraction confirmed the crystalline structure of the particles formed
(Figure IM+3). No matter whakind of the preparation condition used, the tetragonal, i.e.
rutile-like, tin dioxide phase was obtained as revealed by thayXliffraction pattern of each
sample studied with main features at d (A) values of {110} (3.347), {101} (2.6427), {200}
(2.369), {211} (1.7641), {220} (1.675), {002} (1.5934), {310} (1.4984), {112} (1.4392),
{301} (1.4155), {202} (1.322), {321} (1.2147) and {222} (1.1544) in good agreement with
the reported data (JCPDS File No-$445). The average crystallite size was the calkada
from the Scherrer relation [23]:

t = (0.9%8) WHefe eoBssd) he wavel engt h,
b i s t he-wathgfthé lkirpeak farlthe
studied sample,
d is the Bragg angle for

The average cstallite size was estimated to be 8.0, 9.0, 9.3, 9.6, 7.9, 7.5 and 7.5 nm for
TOa?, TOZ®, TOa®” TOL® TOL?, TOL* and TOB® respectively (Table AL). As a
consequence, the calcination step induced a slight increase in the mean crystalfiie size
samples prepared in acidic condition but has no influence for those synthesized in basic
medium.
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Figure IV-3: PXRD patterns of SnQ particles: TOa” (black), TOa*® (red), TOa>® (violet), TOa*® (pink),
TOb® (green), TOB® (grey), TOb®® (blue).

Sample Mean crystallite size from XRD Mean particle size from TEM
(nm) (nm)

TO&"° 8.0+0.5 10.7+ 1.0

TOZ” 9.0+ 0.5 -

TOZ” 9.3+0.5 -

TOL? 9.6+ 0.5 116+ 1.0

TOL™ 79+0.4 85+0.5

TObL™® 7.5+ 0.4 -

TOR® 75+0.4 8.4+0.5

Table IV-1: Average crystallite size and average particle size for Sp@®anopowders.?Estimated from full

width at half- maximum of the diffraction peak using the Scherrer equation®Deduced from TEM images.

IV.2.3 Morphology and structur@ransmission Electron Microscopy studies
IV.2.3.1 Lowresolution TEM

TEM micrographs along with particle size histograms for TOa and TOb samples are
showed in Figures W4 and I\ 5, respectively. In each case, TOa and TOb samples are
composed of a netwkrof aggregated pseudpherical nanocrystallites with a rather narrow
particle size distribution. The average particle size was found to be 10.7 £ 1 nmand 11.6 £ 1
nm for TO& and TO&”, respectively (Figure M) and was estimated to B8e52 and 8.37
nm for TOB® and TOB, respectivelyAs a result, these datonfirm that the calcination step
does not influence the average particle size for particles prepared in basic conditions whereas
it induces a slight increase of the mean particle size indbe of particles synthesized in
acidic mediumThese values are in good agreemaith the crystallite sizes estimated from
XRD pattern (Table IM).

89



. 3
N .

50 *Am

Particle size (nm)

Figure IV-5: TEM micrographs and particle size distribution of TOb® (left) and TOb®® (right).

Nonetheless, the particle sizes inferred from TEM images are slightly larger than the
crystallite sizes deduced from powdefray diffraction patterns. This mabe explained by
taking into account that the Scherer relationships can provide an underestimation of the
average crystallite size because the contribution of smaller size components in a
crystallitesize distribution dominates the Iuoadening in theXRD patterns. As a
consequence, the actual crystallite size might be larger than that estimated by XRD
measurements and be closer to the mean particle size determined from the TEM micrographs
[24].

IV.2.3.2 Highresolution TEM

HR-TEM micrographs andselectedarea electron diffraction @ED) pattern of each
samples showed the formation of wetystallized Sn@ particles exposing wellefined
facets which is typical the formation of rutli&e tin dioxide (Figure IV6 to IV-9). First of all,
TO&" shaved particles exposing lattice fringes withsplacings of 3.2, 2.1 and 1AX
corresponding to (110), (200) and (211) planes of cassiterite (FigeBg I\e. rutilelike,

SnG.
90



Figure IV-6: HR-TEM images of TO&° and selected area electron diffraction (SAED) patterns.

After calcination in air at 600C, TOa% showed particles exposing lattice fringes with
d-spacings of 3.3 and 22 corresponding to (110) and (200) planes of cassiterite (Figure
IV-7).

Figure IV-7: HR-TEM images and selected area electron diffraction (SAED) patterns of TOX. (a)
d-spacing is 3.31 A corresponding to (110) plane; (byspacing is 2.15 A corresponding to (200) plane.

As for the samples which have been prepared under basititions, TOB is made of
particles exposing lattice fringes withspacings of 3.0 and 24 corresponding to (110) and

(200) planes of cassiterite (Figure-8Yy.
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Figure IV-8: HR-TEM images of TOb90 and selected area electron diffraction (SAED) ptrns.
The same features were observed for the corresponding calcined sample. THIS, TOb

sampleshowed particles exposing lattice fringes witrsgicings of 3.1, 2.5 and 1A
corresponding to (110), (10&ahd (211) planes of cassiterite

(110) AL w

\

Figure IV-9: HR-TEM images of TOb’*and selected area electron diffraction (SAED) patterns.

In summary, the same exposed facets were observed in tHEEMRmicrographs of all
samples studied. In particular, the nanopowders obtained just after hydrothernma¢rnteat
already expose lowurfaceenergy facets as (110surface energy:1.554 J.nf) [5b],
explaining the absence of change in the nature of the exposed facets after calcination.

IV.2.4 Textural properties: Nsorption studies

Textural properties of thdifferent SnQ nanopowders were determined by a&dlsorptioin

desorption analysis (Figure{10). Each sample led to a type IV sorption isotherm showing a
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type H hysteresis loop which is characteristic of mesoporous solids according to the IUPAC
classification [25]. Furthermore, all powders exhibit a wielfined and rather narrow pore

size distribution with an average pore size of about 16 and 21 nm for TOaGimd T
respectively (Table \2). As a consequence, the detected mesoporosity can be attributed to
the interparticle space that can be seen in the porous network of aggregated cassiterite SnO
nanoparticles evidenced by TEM studies [Nfnetheless, a strorigfluence of the use of

acetic acid was observed on the BET surface areas and total pore volumesgdiwelugs
collapse from 1088 nf.g* for TOb samples to 781 nf.g™ for TOa samples. Similarly, total

pore volumes found for powder synthesizedarmakidic conditions are 1.7 lower than those

of the samples prepared in basic medium. Moreover, the calcination step affects more the
textural properties of the powders prepared in acidic conditions as it was already mentioned
for the mean crystallite anghrticle sizes deduced from XRD and TEM analyses. This trend
might be related to the higher potassium amount present in the sample prepared in basic
medium that would inhibit particle growth and specific surface area.

350

SnO_ (pH=4) - BJH Desorption dV/dlog(D) Pore Volume

300 4 —— T0Oa%
] ——TO0a500 5

2504 ——TO0a600 5 141

1 SnO, (pH=12) =
200 TObO £ °
1 —— TOb500

150 4 ——TOb600

100

Quantity adsorbed (cm“‘/g STP)

50

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P”)

Figure IV-10: Nitrogen adsorption-desorption isotherms and pore size distribution (insert) of TO¥
(black), TOa*® (violet), TOa*® (pink), TOb® (green), TOB® (grey), TOL*® (blue).
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Sample Specific surface areaS Total pore volume Average pore diameter

(m”.g™)? (cm’.gh° (nmy*
TOA? 79.0+ 25 0.31+0.02 15.6 + 0.5
TO&® 745+ 2.0 0.32 £ 0.02 15.7+0.5
TOox® 67.5+2.0 0.30 0.02 175+ 0.5
TO® 61.5+2.0 0.29 + 0.02 19.7+ 0.5
TOb» 106.5 + 3.0 0.53+0.03 20.7+05
TOR® 100.0 + 3.0 0.50 + 0.03 20.5+0.5
TOR™® 99.0 + 3.0 0.50 + 0.03 20.6+0.5

Table 1V-2: Nitrogen sorption porosimetry data of SnQ nanopowders.?Surface areas were determined by
BET. "Pore volumes estimated by singipoint analysis. “Mean pore diameters calculated by BJH theory

(applied to the desorption branch).

IV.2.5 Surface composition and Debye lengthray photoelectron spectroscopy studies

The commercial colloid used as precursor includes polypyrrole andokintefions.
Surface bemical elements and chemical states of the,$a@icles were then investigated by
X-ray Photoelectron Spectroscopy. Apart from weak C 1s and Si 2p peaks located around 285
and 102 eV respectively, which might be attributed to environmental carbon lmaeh si
contaminations, only Sn (Sn 3p, Sn 3d, Sn 4d and Sn LMM Auger), oxygen (O 1s and O KLL
Auger) and potassium (K 2p) elements were observed in the survey of the TOa and TOb
samples (Figure NL1). Table I¥3 gathers the energies of the typical linetedied. In each
case, the Sn 3d spectrum exhibited two peaks at 487.0 eV and at 495.4 0.1 eV arising
from spirrorbit coupling of the 3d state. The splitting between the Sn 3d doublets was found
to be 8.4° 0.1 eV, which is consistent with that refea for SnQ and the presence of Sn(IV)
states [26]. On the other hartde O 1sspectrumof TOashowed a maitomponenat 530.9
° 0.1 eV, which can bettributed to the lattice oxygen®O(FigurelV-11C, O 13. Additional
shoulders located at 531.9 and 533@1 eV next to the main peak indicate that several other
chemical states are present according to the measured binding energy. They are caused by air
contamination (water, OH, @), which is typical for essitu samples, the calcination step
diminishing the amount of these chemical states (Tabl¢).\Finally, surface K/Sn atomic
ratios were found to be 0.4102 and 0.08.09 for TOa and TOb samples, respectively,
which are significantly lower than that die dried commercial colloid (Table ¥). As a
consequence, acidic treatment favors the elimination of potassium counterions in the starting
colloid (Table I\/4).
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Figure IV-11: XPS patterns of TO&° (black), TOa*® (pink), TOb® (green) and TOB® (blue) particles (A)
XPS full survey spectra; (B) Sn 3d region; (C) O 1s region; (D) K 2p region (full); (E) valence band XPS

spectra.

95



