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SUMMARY

Control of oxygen levels is a critical step in many industrial processes. In some of
these processes, levels of oxygen must be detected and controlled even in ppm range.
Although there are several probed methods for oxygen detection in these control systems,
most of them are expensive and complex. More accessible methods as Lambda sensors or
electrochemical cells present also problems: first ones need high concentration of oxygen, or
an extremely accurate temperature control, to work without interference from other gases.
Second ones may be affected by prolonged exposure to "acid" gases such as carbon dioxide
and it is not recommended for continuous use in atmospheres which contain more than 25%
of CO..

Due to many advantages as low cost, small size and robustness, semiconductor
sensors appear as a good solution for oxygen detection. Some authors had reported detection
of oxygen at ppm levels employing this kind of sensors. However, most of them were made
through thin film technology. For industrial applications, the most usual technology is thick
film, because it is easier to fabricate and to dope than thin film sensors. For thick film
sensors, detection of traces of oxygen is still a very difficult goal to reach and usually high
temperatures (>700 °C) are needed.

The basic oxygen sensitivity mechanism of oxygen sensors based on semiconductor
oxides is their strong dependencies of electrical conductivity on oxygen partial pressures.
Titanium dioxide is the semiconductor material most widely used for oxygen detection.
Titania (usually rutile crystalline phase) based sensors need to work at high temperatures
(700 °C — 1000 °C), since oxygen detection in rutile state is mainly due to diffusion of
oxygen ions in the bulk of the material. For bulk reaction it is necessary to work at these high
temperatures, leading to high power consumption, which is not desirable for electronic
applications.

On the other hand, anatase state Titania has more free electrons. So, oxygen
detection can be associated to surface reactions, which take place at not so high temperatures
(400 °C — 500 °C). Then, it can be derived that maintaining an anatase structure would allow
the detection of oxygen at medium temperatures, which is desirable for sensor design.

It had been reported that when Titania is doped with pentavalent impurity ions, i.e.
Nb°*, such ions get into the anatase Titania crystalline structure, giving rise to a hindering in
the phase transformation to rutile and an inhibition in grain growth. It has been also reported
that Nb-doped Titania shows higher sensitivity towards oxygen than pure TiO,. The doped
material also shows lower impedance at low operating temperatures and hence, it is easier to
design associated electronic circuitry.

In this work pure Titania and Niobium doped Titania nanopowders were synthesized
by a simplified sol-gel route. Based on the literature, the doping concentration in doped
materials was set to Nb/Ti = 3 at%. In order to set the crystalline structure of the active
materials, they were calcined at four different temperatures: 600 °C, 700 °C, 800 °C and
900 °C.
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The obtained materials were characterized by different techniques. The objective of
these characterizations was to obtain information about the material structure that could be
related to its detection properties. Inductively Coupled Plasma (ICP) spectroscopy was
employed to determine the chemical composition of the samples and quantify the amount of
each component. X-ray Diffraction (XRD) was used to establish the phases present in the
crystalline structure of the material and to determine the size of the crystallites in each
material. Area BET measurements were done to nanopowders to know the surface area and
the porosity of each material. Scanning Electron Microscopy (SEM) was used to obtain
details on the film structure and the grain size. To make quantitative and qualitative analysis,
Energy-Dispersive X-ray Spectroscopy (EDS) was also applied.

For the measurements, an alumina substrate was developed to be used in the oxygen
sensor. This substrate can support four active layers working at the same temperature
forming a sensor array. However, due some problems related with the substrate package at
working temperatures above 450 °C, the use of this substrate for oxygen sensor application
was delayed and the results obtained whit it were not complete enough to be presented in this
work. In order to resolve the necessity of a substrate that can resist high working
temperatures for oxygen sensing applications, it was introduced a new substrate acquired
from the Kurchatov Institute (Moscow-Russia). The results exposed in this work were
obtained by using this last substrate.

Using these substrates, the sensing capabilities of the materials were also tested. The
sensitivity toward oxygen was measured under three different conditions: 20 ppm of O, in N,
balance, 30 ppm and 15 pmm of O, in CO, balance. The sensors responses toward other
pollutant gases (SO,, CH,, H,S and C,H,) were also tested in order to see the influence of
such gases in the oxygen detection process.

The best response toward oxygen was achieved in those sensors based on Nb-doped
materials calcined at 700 °C. This may be attributed to the niobium ions which hinder the
grain growth and hence give rise to a high surface area that benefits the detection
mechanism. The good response may be also attributed to the crystalline phase, mostly
anatase, which allows the detection at desire temperatures (300 °C — 600 °C).

On the other hand, the doped materials calcined at 600 °C had a poor response, in
spite of they have better physical characteristics than doped materials calcined at 700 °C.
This problem was mainly related to some carbon deposits detected in these materials trough
Raman analyses. Such carbon deposits may be residual of the synthesis process, which could
not be eliminated during the calcination. Since these carbon structures cover a great part of
the material surface, and they are also poorly catalytic, the result is a deactivation of the
catalysis.

Concerning to the measurements carried out under CO, atmosphere, Nb-doped
Titania calcined at 700 °C also responded to oxygen. However, the response toward 15 ppm
of oxygen presented an inversion from oxidative type to reductive type. At low oxygen
concentrations, the CO’ ions from CO, disassociation are adsorbed on the active material

12
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surface. The oxygen, instead deplexing, interacts with these ions forming CO,, liberating
electrons to the active layer giving rise to a reductive type response. On the other hand, the
responses toward other pollutant gases such H,S, SO,, C,H, and CH,4 were of reduction type,
as they were expected, which support the idea that the change in the response type is not due
to the change in the physics of the semiconductor oxide from n type to p type, but to a
change in the reaction nature.

In order to improve the sensing capabilities of doped materials, it was attempted to
increase their surface area and porosity by using a surfactant as a template during the
synthesis process. The surfactant employed was dodecylamine, which forms a micellar
structure that works as template in the nucleation process of the oxide, generating small
grains with higher surface area and porosity. Among three different attempts, the best results
were obtained when 8 ml of surfactant were added to the sol-gel solution just after the
hydrolysis of the metal alkoxides. XRD analyses of this material showed that the addition of
surfactant retards even more the phase transition from anatase to rutile and also hinder the
crystallites growth. These results were supported by SEM micrographs and BET analysis,
which show a hinder in grain growth and an increase of the surface area. Area BET also
evidences an increment of the material porosity. However, the results of the oxygen
measurement reveal a poor response of the considered material. The Raman spectroscopy of
this oxide shows some peaks that correspond to carbon with different morphologies. As it
was explained before, these deposits of carbon retard the response of this material toward
oxygen.

13
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RESUMEN

El control de los niveles de oxigeno es una etapa critica en muchos procesos
industriales. En algunos de estos procesos, los niveles de oxigeno deben ser detectados y
controlados incluso en el rango de las ppm. Aunque existen varios métodos ya probados para
la deteccion de oxigeno en estos sistemas de control, la mayoria de ellos son costosos y
complejos. Otros métodos de deteccion méas accesible como los sensores Lambda o las
celdas electoquimicas también presentan problemas: los primeros requieren de altas
concentraciones de oxigeno, o de controles de temperatura bastante precisos para poder
trabajar sin interferencias de otros gases Los segundos pueden verse afectados por una
prolongada exposicion a gases “acidos” como el diéxido de carbono y no se recomienda para
uso continuo en atmdsferas con un contenido de mas del 25 % de dicho gas.

Debido a muchas ventajas tales como su bajo costo, tamafio reducido y solidez, los
sensores basados en semiconductores aparecen como una solucion para la deteccion de
oxigeno. Algunos autores han reportado la detecciéon de oxigeno a niveles ppm empleando
este tipo de sensores. Sin embargo, la mayoria de ellos han sido desarrollados mediante
tecnologia de capa fina. En aplicaciones industriales, la tecnologia mas usada es la de capa
gruesa, ya que estos sensores son mas faciles de fabricar y de dopar que los sensores de capa
fina. En los sensores de capa gruesa, la deteccidn de trazas de oxigeno es aun una tarea
dificil de alcanzar, siendo normalmente necesarias altas temperaturas (> 700 °C) para
lograrlo.

El mecanismo de deteccion de oxigeno en los sensores basados en Oxidos
semiconductores esta basado en la fuerte dependencia de la conductividad eléctrica de estos
materiales a la presién parcial de oxigeno en el ambiente. El didxido de titanio es el 6xido
semiconductor mas ampliamente usado en la deteccidn de oxigeno. Los sensores basados en
TiO, (usualmente en la fase cristalina rutilo) necesitan trabajar a elevadas temperaturas
(700 °C - 1000 °C), ya que la deteccion de oxigeno en la fase rutile se debe principalmente a
la difusion de los iones de oxigeno en el volumen del material. Para que se produzca la
reaccion en el volumen hacen falta altas temperaturas, lo que conlleva un alto consumo de
potencia que puede ser un handicap en determinadas aplicaciones industriales.

Por otro lado, el didxido de titanio en fase anatase posee mas electrones libres, asi
gue la deteccion de oxigeno en este material puede asociarse a una reaccion de superficie, la
cual tiene lugar a no tan altas temperaturas (400 °C — 500 °C).Por lo tanto, puede concluirse
gue mantener la fase anatase permitiria la deteccién de oxigeno a temperaturas moderadas, lo
cual es deseable para el disefio del sensor.

Se ha reportado que cuando el TiO, es dopado con iones pentavalentes, i.e. Nb*>*,
tales iones se introducen en la estructura cristalina de dicho Oxido en estado anatase,
obstruyendo la transformacion de dicha fase a rutile, inhibiendo el crecimiento del grano.
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También se ha reportado que el dopado con niobio aumenta la sensibilidad del
dioxido de titanio hacia el oxigeno. El éxido dopado también presenta una impedancia mas
baja a temperaturas de trabajo menores, por lo que se facilita el disefio de la electronica
asociada al sensor.

Basandonos en estos puntos, uno de los objetivos de esta tesis fue la sintesis,
mediante un proceso de sol-gel, de diferentes tipos de didxido de titanio para la fabricacion
de un sensor de oxigeno que opere en un margen de temperaturas moderado (300 °C -
600 °C). Para ello se desarrollaron 6xidos dopados con un 3 % de niobio y éxidos sin dopar.
Cada uno de ellos fue calcinado a diferentes temperaturas: 600 °C, 700 °C, 800 °C y 900 °C.

Con el objetivo de correlacionar la estructura y la sensibilidad y selectividad de los
Oxidos sintetizados, estos se sometieron a diferentes técnicas de caracterizacion. La
espectroscopia de Plasma Acoplado Inductivamente (ICP) fue empleada para determinar la
composicion quimica de las muestras y cuantificar la porcion de cada componente. La
Difraccion de Rayos-X (XRD) fue usada para establecer las fases presentes en la estructura
cristalina del material y para determinar el tamafio el tamafio de los cristales en cada
material. Se realizaron medidas de area BET con los nanopolvos para conocer el area
superficial y la porosidad de cada material. La Microscopia de Escaner de Electrones (SEM)
fue aplicado para obtener detalles de la estructura de la capa y del tamafio de las particulas.
Para hacer un analisis cuantitativo y cualitativo de las capas se utilizé la Espectroscopia de
Dispersion de Energia por Rayos —X (EDS).

Para realizar las medidas, se desarrollé un substrato de alimina para ser usado en el
sensor de oxigeno. Este substrato puede soportar cuatro capas activas trabajando a la misma
temperatura formando una matriz de sensores. Sin embargo, debido a algunos problemas
relacionados con el encapsulado del substrato cuando las temperaturas de trabajo
sobrepasaban los 450 °C, su empleo para el sensor de oxigeno se retrasé y los resultados
obtenidos con el mismo no estaban lo suficientemente completos para ser presentados en este
trabajo. Para solventar la necesidad de un substrato que pudiese resistir altas temperaturas
para aplicaciones de deteccidn de oxigeno, se introdujo un nuevo substrato adquirido en el
Instituto Kurchatov (Moscu - Rusia). Los resultados expuestos en este trabajo se obtuvieron
con este Ultimo substrato.

Una vez fabricados los sensores, las capacidades de sensado de los materiales fueron
probadas. La sensibilidad hacia el oxigeno fue medida en tres situaciones diferentes: 20 ppm
de O, en balance de N,, 30 ppm y 15 ppm de O, en balance de CO,. Las respuestas de los
sensores hacia otros gases contaminantes (SO,, CH,4, H,S y C,H,) también fueron probadas
para observar la influencia de dichos gases en el proceso de deteccion de oxigeno.

La mejor respuesta hacia el oxigeno se consiguié con los sensores basados en
materiales dopados calcinados a 700 °C. Esto puede atribuirse a los iones de niobio que
inhiben el crecimiento del grano y por lo tanto producen un aumento del area superficial de
dichos materiales, que beneficia al mecanismo de deteccion, y a su fase cristalina,
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mayoritariamente anatase, la cual permite la deteccidn a las temperaturas deseadas (300 °C —
600 °C). Las especies de niobio también contribuyen al proceso de catéalisis.

Otro motivo puede ser la fase cristalina, mayoritariamente anatase, la cual permite la
deteccion a las temperaturas deseadas (300 °C — 600 °C).

Por otro lado, los materiales dopados calcinados a 600 °C tuvieron una pobre
respuesta, a pesar de que estos tienen mejores caracteristicas fisicas que los calcinados a
700 °C. Este hecho puede explicarse por la presencia de algunos depdsitos de carbono,
residuales del proceso de sintesis, que no pudieron ser eliminados durante la calcinacion. La
presencia de estos depositos fue confirmada mediante los analisis Raman de estos materiales.
Ya que estas estructuras de carbono cubren gran parte de la superficie del material, y que
ademas son poco cataliticas, el resultado es una desactivacion de la catalisis.

Concerniente a las medidas realizadas en atmésfera de CO,, los 6xidos dopados con
niobio y calcinados a 700 °C también respondieron al oxigeno. Sin embargo, la respuesta
hacia 15 ppm de oxigeno presentd una inversion de tipo oxidante a tipo reductora. A bajas
concentraciones de oxigeno, los iones de CO’", provenientes de la disociacion del CO,, se
adsorben en la superficie del material activo. ElI oxigeno, en lugar de deplexionarse,
interactUa con estos iones para formar CO,, liberando electrones a la capa activa, dando lugar
asi a una respuesta reductora. Por otra parte, las respuestas hacia otros gases contaminantes
tales como H,S, SO,y CHj, fueron de tipo reductora, como era esperado, lo cual indica que el
cambio de respuesta no puede atribuirse al cambio del éxido conductor de tipo n a tipo p,
sino mas bien a un cambio en la naturaleza de la reaccion.

Para mejorar la sensibilidad de los 6xidos dopados, se intentd incrementar su area
superficial y porosidad usando un surfactante como plantilla 0 molde durante el proceso de
sintesis. El surfactante empleado fue dodecylamina, la cual forma una estructura micelar que
hace de molde durante el proceso de nucleacion del 6xido, generando asi granos menores
con mayor area superficial y mayor porosidad. Entre tres diferentes intentos, los mejores
resultados se obtuvieron cuando 8ml de dodecylamina fueron agregados a la solucién del
sol-gel inmediatamente después de la hidrdlisis de los alkéxidos. Los analisis de XRD de
este material mostraron que la adicion de surfactante retarda aun mas la transicion de fase de
anatase a rutile y también evita el crecimiento de los cristalitos. Estos resultados son
soportados por las microfotografias de SEM y los analisis BET, los cuales mostraron un
retardo en el crecimiento del grano y un incremento del area superficial. El area BET
también evidenci6 un incremento de la porosidad del dxido. Sin embargo, los resultados de
las medidas de oxigeno revelaron una pobre respuesta de los sensores basados en el 6xido en
cuestion. Los espectros Raman de este material mostraron algunos picos correspondientes a
carbono con diferentes morfologias. Como fue explicado previamente, estos depdsitos de
carbono retardan la respuesta de este 6xido al oxigeno.
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RESUM

El control dels nivells d’oxigen és una etapa critica en molts processos industrials.
En alguns d’aquests, els nivells d’oxigen han de ser detectats i controlats fins i tot en el rang
de les ppm. Encara que ja es coneguin molts métodes, ja provats per a la detecci6 d’oxigen,
la majoria d’ells son costosos i complexes. Altres metodes més accessibles com els sensors
Lambda i les cel-les electroquimiques també presenten alguns problemes. Els primers
requereixen d’elevades concentracions d’oxigen o bé de controls de temperatura forca
precisos amb la finalitat de treballar sense interferéncia d’altres gasos. Els segons es poden
veure afectats per temps d’exposicido massa perllongats a gasos “acids” com el dioxid de
carboni i no es recomana el seu s en atmosferes amb un contingut de més del 25% d’aquests
gas.

So6n moltes les avantatges dels sensors de gasos: baix cost, mida reduida i solidesa
entre d’altres. Aix0 fa que aquests dispositius despuntin com a solucié per a la deteccio
d'oxigen. Molts autors han fet esment a la deteccié d'oxigen a nivells de ppm emprant
aquests tipus de sensors. De totes formes, la majoria s’han desenvolupat mitjancant
tecnologia de capa fina. En aplicacions industrials, la tecnologia més usada és la de capa
gruixuda, ja que aquests sensors sén més facils de fabricar i de dopar que els de capa fina. En
el cas dels sensors de capa gruixuda la deteccid de traces d'oxigen és una tasca encara dificil
i es necessita treballar a elevades temperatures (> 700 °C).

El mecanisme de deteccio d’oxigen en els sensors basats en oxids semiconductors es
basa en la interdependencia de la conductivitat eléctrica d’aquests oxids i la pressié parcial
d’oxigen en I’ambient. El dioxid de titani és I’0xid semiconductor que més s’usa en la
deteccio d’oxigen. Els sensors basats en oxid de titani (en fase cristal-lina rutil) necessiten
d’elevades temperatures per a un correcte funcionament (700 °C-1000 °C), ja que la deteccid
d’oxigen en la fase rutil es deu principalment a la difusio dels ion d’aquests gas en el volum
del material. Per a que es produeixi la reaccié en el volum o propi cos del material es
necessiten elevades temperatures. Aixd comporta un consum també elevat de poténcia, que a
la llarga sera un problema en determinades aplicacions industrials.

Al tenir I’0xid de titani en fase anatasa més electrons lliures, la reaccié de I’oxigen
amb aquests material es pot associar a una reaccié superficial. Aquesta reaccid es pot donar a
temperatures més baixes, al voltant dels 400 °C-500 °C i per tant, mantenir la fase anatasa en
I’oxid permet disminuir la temperatura de treball, la qual cosa és desitjable per al disseny del
sensor.

Tal i com es reflecteix en algunes referéncies bibliografiques, en dopar I’0xid de
titani amb ions pentavalents com el Nb®, aquests ions s’introdueixen en I’estructura
cristallina de I’0xid de titani en fase anatasa, creant certa tensié interna que provoca una
resisténcia al canvi de fase anatasa a rutil, inhibint el creixement del gra.

Per altra banda, també s’ha posat de manifest en moltes fonts que el dopatge d’oxid
de titani amb niobi augmenta la sensibilitat d’aquests material vers I’oxigen. Aquests
dopatge fa que I’0xid presenti una impedancia menor, per la qual cosa es facilita el disseny
de I’electronica associada al sensor.
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Tenint en compte aquestes dues premisses, un dels objectius d’aquesta tesi ha estat la
sintesi, mitjancant la tecnica del sol-gel, de diferents tipus d’oxid de titani per a la fabricacio
d’un sensor d’oxigen que operi en una marge de temperatura relativament moderat (300 °C-
600 °C). Es treballa amb oxids sense dopar i amb Oxids dopats amb un 3 % de niobi.
Cadascun es calcina a diferents temperatures: 600 °C, 700 °C, 800 °C i 900 °C.

Amb I’objectiu de correlacionar I’estructura i la sensibilitat i selectivitat dels oxids
sintetitzats, aquests es van sotmetre a diferents técniques de caracteritzacio. En primer lloc
I’espectrometria de plasma acoblada inductivament (ICP) s’utilitza amb el fi de determinar-
ne la composicié quimica i quantificar la proporcié de cada component. En segon lloc també
es va fer servir la difracci6 de raigs X (XRD) per a determinar les fases cristallines de I’oxid
i la mida dels cristalls. També es va analitzar la porositat i es van fer mesures de I’area
superficial (BET) dels nanopols . En darrer lloc, la microscopia d’escaner d’electrons (SEM)
fou aplicada amb la finalitat d’obtenir detalls de I’estructura de la capa activa i de la
grandaria dels grans. Per a I’analisi quantitatiu i també qualitatiu de les capes s’utilitza
I’espectroscopia de dispersio d’energia per raig X (EDS).

Com a substrat, es va desenvolupar un substrat d’alimina que pot albergar quatre
capes actives treballant a una mateixa temperatura, conformant aixi una matriu de sensors.
Treballant amb aquests substrat aparegueren certs inconvenients (relacionats amb
I’encapsulat del sensor) operant a temperatures superiors als 450 °C. Aix0 comporta un
retard en I’obtencid de resultats amb aquests substrat i es decidi introduir-ne un de nou,
resistent a altes temperatures i adquirit en I’Institut Kurchatov (Moscou, Russia). Tots els
resultats presentats en aquesta tesi es van obtenir amb I’Us d’aquests Gltim substrat. En
I’actualitat s’esta treballant amb el primer d’ells.

Un cop fabricat els sensors, es prova la sensibilitat d’aquests en un sistema de flux
continu. Es provaren tres diferents concentracions: 20 ppm d’O, amb balang de N, 30 ppm
d’ O, amb balang CO, i 15 ppm d’O, amb balan¢g CO, També es testaren les respostes dels
sensors cap a altres gasos interferents (SO, CHy4, HoS i C,H,) per a determinar la selectivitat
d’aquests sensor vers I’O, en presencia d’interferents.

La millor resposta vers I’oxigen s’aconsegui amb els sensors dopats i calcinats a
700 °C. Aquesta millora es pot atribuir al dopatge amb niobi. Aquets metall inhibeix el
creixement del gra i per tant s’aconsegueixen o0xids amb major area superficial. Un altre
motiu pot ser el retard del pas de la fase rutil a la fase anatasa induit també pel dopatge de
Niobi.

La sensibilitat denotada pels oxids dopats amb niobi i calcinats a 600 °C fou molt
baixa tot i que en principi aquests 0xids presentaven caracteristiques fisiques potencialment
millors que els calcinats a 700 °C. Aquests fet es pot explicar degut a la preséncia d’ alguns
depasits de carboni que no es pogueren eliminar durant la calcinaci6. La presencia d’aquests
diposits fou confirmada per I’analisi Raman d’aquests materials. Les estructures de carboni
presents en aquests residus cobreixen gran part de la superficie de I’0xid i contribueixen a la
desactivacio del procés catalitic que té lloc en aquesta superficie.

Concernint a les mesures realitzades sota atmosfera de CO,, els dxids dopats amb
niobi i calcinats a 700 °C també respongueren a I’oxigen. La resposta en el cas de 15 ppm
d’O, s’inverti del tipus oxidant a tipus reductor. A baixes concentracions d’oxigen els ion
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CO’ provinents de la dissociacié del CO, s’adsorbeixen a la superficie del material actiu.
L’oxigen, enlloc de deplexionar-se, interactua amb aquests ions per a formar CO,, alliberant
electrons a la capa activa i aix0 fa que la natura de la resposta sigui reductora. Les respostes
vers altres gasos contaminants com SO,, CH,4, H,S foren tipus reductor com era esperat, la
qual cosa indicava que el canvi de resposta no era atribuible al canvi de I’0xid conductor de
tipus n a tipus p, si no més aviat en un canvi en la naturalesa de la reaccid.

Amb I’objectiu de millorar la sensibilitat de I’0xid dopat es prova d’incrementar la
seva area superficial i porositat utilitzant un surfactant com a motlle durant el procés de
sintesi. El surfactant usat fou la dodecilamina, que forma una estructura miscel-lar que fa de
motlle en el procés de nucleacié de I’0xid, generant aixi grans menors amb major area
superficial i major porositat. De tres diferents temptatives, els millors resultats es varen
obtenir quan s’addicionaven 8 ml de dodecilamina a la solucid del sol-gel immediatament
despreés de la hidrolisi dels alcoxids. Les proves XRD mostraren que l'addici6 del surfactant
retarda encara més la transicio de les fases rutil a anatasa i també inhibeix el creixement dels
cristalls. Aquests resultats es recolzen sobre les micrografies del SEM i I’analisi BET, que
revelaren un creixement en la porositat del material i un gra menor. Malgrat aquests
resultats prometedors en la determinacid estructural, les mesures de I’oxigen amb aquests
sensors revelaren una poca sensibilitat dels sensors modificats amb el surfactant. Els
espectres RAMAN mostraren alguns pics corresponents a diferents morfologies de carboni.
Els diposits d’aquests material en la superficie, tal i que com s’ha mencionat anteriorment,
inhibeixen la resposta de la capa activa vers I’oxigen.
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I. INTRODUCTION

In this chapter it is presented the purpose of the present project. In first place it is
introduced the necessity of oxygen detection at low concentrations levels. Some industrial
applications that highly need oxygen control, and therefore detection at such concentration,
are revised. Then, it a brief explanation of the most usual technologies that have been
employed so far for oxygen detection in the industrial field is presented. Then, a detailed
review of solid state sensors for oxygen detection is introduced. In this subsection the three
main sensor technologies involved in solid state oxygen sensors are revised: Electrochemical
sensors, optical sensors and metal oxide semiconductor (MOX) sensors. Finally, the
objectives of this work are presented.
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I.1.  Processes that require low oxygen concentration

Oxygen is one of the most important and abundant chemical species. It constitutes
20.9 % of the earth's atmosphere, and besides to be indispensable to sustain animal and plant
life in the biosphere, it is widely employed for many industrial purposes. For some
applications, e.g. combustion in steel-making furnaces and welding, high quantities of pure
oxygen are needed [1, 2]. On the other hand, there are many instances where the presence of
oxygen must be kept at low levels (ppm) or could even be harmful. Due the natural presence
of oxygen in the atmosphere, the control, and therefore, the detection of oxygen in such
process is critical. Some examples of these applications are described below.

L.1.1. Food and Beverage Packaging

The main cause of most food-spoilage is oxygen [3, 4], since its presence allows a
myriad of aerobic food-spoiling microorganism to grow and thrive. Oxygen also spoils many
foods through enzyme-catalysed reactions, as in the browning of fruit and vegetables,
destruction of ascorbic acid and the oxidation of a wide range of flavours. Many oxidative
food-spoiling reactions, including lipid oxidation, occur non-enzymically. Food-spoiling
microorganisms are active above the freezing point of food and most prevalent in foods of
high water activity. In addition, the rates of growth of many spoilage organisms increase
exponentially with temperature up to the point where they can be thermally disrupted or
destroyed. On the other hand, there are applications where it is necessary to maintain a
content of oxygen inside the package in order to prevent the growth of anaerobic bacteria
e.g. Mushroom storage [5]. Oxygen also is necessary in maintaining the bright red colour of
fresh meat [6, 7]. Thus, keeping food chilled in an ambient atmosphere with low oxygen
concentration is one of the most current and popular methods of food packaging and storage
[7, 8].

A common example of the latter is modified atmosphere packaging [3, 4], a process
in which the atmosphere within the food package is flushed with an inert gas, such as
nitrogen or carbon dioxide, reducing the oxygen content to tipically 0.1 % - 2 %, depending
on the food [9].

In the case of beverage packaging i.e. beer, the flavour of beer deteriorates from the
moment it is packaged as a result of the oxidation of compounds such as unsaturated fatty
acids, alcohols, and iso-alpha acids. Low oxygen content of packaged beer is a prerequisite
for flavour stability. A level of 0.27 ppm or below has been proposed as an ideal oxygen
level in the finished package [10-12].
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L.1.2. Beverage Carbonation

To deliver the fizz, beverages require a high quantity of dissolved carbon dioxide.
This carbonation is obtained naturally during the fermentation of sugar into alcohol
(sparkling wine, beer, etc) or artificially by injecting carbon dioxide into a liquid [13].
For efficient carbonation, a low concentration of dissolved O, is recommended. This is why
CO,-deoxygenation is carried out prior to the actual carbonation, mainly for producing soft
drinks, carbonated water and beer. However, the CO, must be analyzed before the
carbonation to assure the low oxygen concentration and other gases. The International
Society of Beverage Technologists (ISBT) specifications for the concentration limits of
pollutant gases in CO, employed for carbonation is shown in Table 1.1 [14-16].

Table 1.1 ISBT carbon dioxide guidelines [14-16]

Beverage Grade

Pollutant gas Specification (maximum value

permited)
0, 30 ppm
CcoO 10 ppm
NH; 2.5 ppm
NO, 2.5 ppm
CH,4 20 ppm
SO, 1 ppm
C,H,0 0.2 ppm

CeHg 0.02 ppm
C,H, 20 ppm
H,S 0.1ppm

I.1.3. Gas Transportation

Oxygen from air can contaminate some gases (e.g. CHy, CO,, and H,S) during their
extraction. This oxygen reacts with the gas and humidity to form sulphuric acid producing
corrosion in gathering lines. Depending on the gas to be transported, the oxygen contents in
such gas must be in the range of 1-100 ppm to prevent corrosion [17, 18].
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I.2. Usual Technologies Employed for Oxygen Detection

It is clear that oxygen detection at low concentrations is critical for many industrial
applications. To carry out the detection process, two different technologies are usually
employed in the industry: Near-Infrared Phodetectors and zirconia based sensors. These
technologies are revised below.

1.2.1. Near-Infrared (NIR) Photodetectors

In this technology, the near-infrared luminescence of the oxygen is measured [19,
20]. A NIR light, laser, is passed through the gas and the light adsorption is measured with a
photodetector. The photodetector convert the light signal into electrical signal that can be
processed by an electronic system [21, 22]. A schema of this system is shown in Figure I.1.

Control
Unit Optical Measurement
= e ) O Path
| I Fiber - ~ o Detector
I Laser 1_>'< = =
| : ~~\--
| * : j Focusing
Optics
| Control SGasI i
| and Reference I ample
| Signals |
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Processing .4
Electronics | Electrical
[ — . Cable
Output

Figure 1.1 Schema of a NIR photodetector system [21]
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This technology is very accurate and has been widely tested, but the complexity of
the system arise the production costs and makes necessary continuous technical supervision.
However, by now it is the most used technology for static measurement equipments [20, 22].
For portable equipments, the usual technology is based on ceramics materials, i.e. Zirconia.
This detection technology is exposed as follows.

1.2.2. Zirconia Based Sensors

This type of sensors is included in the electrochemical sensor technology that will be
exposed in the next session. The detection process is based on the oxygen ion conductivity
characteristic of an electrolyte i.e. zirconia. In this case, the ionic current through the
electrolyte is proportional to the oxygen partial pressure in the sample gas and it is measured
from the electrodes [23]. In Figure 1.2 there are shown a typical commercial zirconia oxygen
sensor and an analyzer system that use this kind of sensors [24, 25].

Figure 1.2 a. Zirconia oxygen sensor (EMCO Packaging System) b. Oxygen analyzer System with
electrochemical zirconia sensor (Cambridge Sensotech Ltda.) [24, 25]

Electrochemical sensors technology is not as expensive as NIR Photodetectors and
because is a more compact technology, it is widely employed for portable analyzers. In
general, the use of solid state materials (e.g. solid electrolytes, semiconductors) in the gas
sensing field has contributed to improvement in the gas sensitivity of the portable analyzers
and to the cost reduction. Therefore, the research in gas sensing technologies is highly
focused in solid state gas sensors. As follows, it is presented a summarized state of the art of
solid state oxygen sensors.
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I.3.  Solid State Oxygen Sensors: State of the Art

This section contains a brief explanation of the main oxygen sensor technologies
based on solid state materials that exist at this time: Electrochemical sensors, optical sensors
and semiconductor oxide sensors. Other kind of solid state oxygen sensors were not
commented because it was considered that they derive from these three types or that their use
is not widely spread.

For each oxygen sensor type, it is made a short explanation of the detection
mechanism, its application, and commentaries about the most recent trends in each
technology, its main advantages and disadvantages.

1.3.1. Electrochemical Sensors

These sensors are electrochemical cells, which use solid state oxygen-ion-conductor
materials, e.g. Zirconia, as electrolytes. An electrochemical cell is a device that converts
chemical energy into electrical energy or viceversa, when a chemical reaction is occurring in
the cell. Typically, it consists of two metal electrodes connected by an ionically conducting
phase (Electrolyte). For oxygen sensing purposes, the most widely employed electrolytes are
in solid state; however some electrochemical sensors (e.g. Panametric sensors) use aqueous
solutions as electrolytes.

Depending on the working mode of the cell, electrochemical sensors can be divided
in two main types: potentiometrics and amperometric.

13.1.1. Potentiometric

Potentiometric oxygen sensors are based on the physical behaviour of galvanic cells,
in which electricity is produced as a result of the spontaneous reaction occurring inside them

[26, 27]. In the sensor (Figure 1.3), a reference partial pressure Por:/ ~is on one side of the

electrolyte and an unknown one, P07 , to be determined is on the other side. An Electromotive

Voltage (EMV) in volts, E, is generated between the electrodes by the tendency of oxygen
ions within the electrolyte to drift from the high to low oxygen partial pressure side [28, 29].
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Figure 1.3 Basic structure of a potentiometric sensor

ref
P02

The generated EMV between the two electrodes follows the Nerst's equation [23, 30,
31]:

E=(RT/nF)n(P, /P;) (L1)

where R is the universal gas constant, 7 is the operating temperature, £ is the Faraday's
constant, £, is the sample gas and P(;ff is the reference gas. Hence, if P(;:f is known, then

PO2 may be determined from a measurement of £ (at a given 7).

Solid state potentiometric oxygen sensors typically use an oxygen ion conducting
material as electrolyte. Many solid electrolytes with reasonable electrical conductivity have
been studied and Table 1.2 provides a partial list. Amongst these, yttria stabilized zirconia
(YSZ) has been the material most used, due to its ionic nature and better stability in harsh
environments[32-34]. The electrodes, in addition, are usually porous platinum layers, due the
high catalytic properties of such material [35].

The reference partial pressure may be obtained from a gaseous source, e.g. ambient
air or a gas cylinder. The most common application of potentiometric sensors with air as
reference gas is the lambda sensor (Figure 1.2). The name of this sensor arises from the
shape of the voltage characteristic of a Nernst cell, which looks similar to the Greek letter.

Since Bosch introduced a YSZ-based thimble type oxygen sensor in 1976, these
potentiometric sensor has been widely used in the feedback control of air to fuel ratio of
automobile engine exhaust gases [42]. The sensor output is fed back to the engine control so
that the engine operates between the rich and lean fuel conditions, centred on the
stoichiometric ratio. This unheated sensor relied on the exhaust gases to reach the operating
temperature and therefore, an interval of time was required before optimum sensor
functioning. During this interval, the feed back signal from the O, sensor is quite arbitrary.
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This light-off time has been reduced from minutes to a few seconds by implementing design
changes such as planar structures [43].

Table 1.2 Electrical conductivity values of solid oxide electrolytes at 600 °C

Oxygen ion conducting

o o -1
solid electrolytes* ) GiE
Bi,O; 3x 107 [36]
Gd,0; doped CeO, 4x10° [37]
Bi,Cug; Vo oOs s 1x10" [38-40]
Ba;In,MOq 7x 107 [29]
YSZ (8 mol% Y,05) 5x 107 [41]

*QOther than YSZ, all the electrolytes posses certain level of
electronic conductivity as well.

1.Ceramic coating 2.Electrodes 3.Contacts 4.Housing contacts
5.Exhaust pipe 6.Ceramic support shield (porous)
7.Exhaust gas 8.Ambient air

Figure 1.4 Structure of a lambda type potentiometric sensor working with air as gas reference [26]

Planar oxygen sensor is based on the tape cast of thick film technology. Figure 1.5
shows the cross sectional view of a planar O, sensor design. The active layer of such a
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sensor, the base substrate, heater, reference air duct, electrodes, and the sensing element, are
stacked together in a green state and laminated by high temperature treatments. This layer
configuration enables integration of the heating element with the sensor body itself. The low
thermal mass and reduced size of the sensing element (YSZ layer) and the integrated heater
allows fast response and therefore, better control over the emissions during the engine start-
up. An example of such sensors is the one developed and commercialized by Bosch (Figure
1.6).

Pt electrodes Protective layer
+ 1.Guard tube 2.C ic seal bly 3.5 housing 4.Ceramic suport tube

5. Planar I 6.Pr i ‘cap 7.C ion wire

YSZ layer

Ref. air duct  §

:’:-:-:-:

|
Heater

Figure 1.5 Cross sectional view of a planar potentiometric oxygen sensor [26, 42]

Figure 1.6 Planar lambda sensor from Bosch

A very important limitation of gas-referenced potentiometric sensors is that the range
of operation must be around Porff to avoid errors induced by electronic conductivity

produced due to the semipermeability of the electrolyte[44]. As the PO2 value is decreased,

the partial electronic conductivity increases as a result of electron generation. A similar
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effect can also occur at high POz values with the consequent generation of holes. Thus at high

and low PO2 , the EMF is modified by an overpotential due to the passage of current which
also results in transport of oxygen from the high to the low pressure side [30]. The evolution
of O, into the low pressure region causes substantial deviation in the PO2 value measured at
the electrode when PO2 is small (e.g. p.p.m levels). The problems due to semipermeability

are quite serious at high and low oxygen pressures and at high temperatures [45]. Then, it is
necessary to introduce a modification to measure at low oxygen concentration.

The most common way to eliminate the problem of semipermeability is the use of a
transition metal oxide as a reference. In this case, the metal oxide generates the reference
oxygen pressure at a level predictable from thermodynamic calculation of the equilibrium
constant for reactions of the type

M,0,, = xM +)0, (1.2)

where M is the metal and M,O,, is the metal oxide. For these reference systems, the oxygen
pressure generated, Po"ff , 1s a monotonic function of temperature and can be calculated from

the van't Hoff isochore equation [46]:

InK'-InK = AH (l—ij (L.3)
R \T 1T

where K, K’ are the equilibrium constants at temperatures 7" and 7~ respectively and 4,.H is
the change in enthalpy during the reaction. A list of metal/metal oxides and the oxygen
partial pressures generated by them is given in a review carried out by Maskell and Steele
[47] and is shown in Figure 1.7.

A typical schema of a potentiometric sensor with a transition metal oxide as source
of oxygen reference is shown in Figure 1.8. With this type of sensors it is possible to reach
measurements of ppm levels of oxygen concentration [48-52]. Furthermore, this sensor
presents advantages such as heat shock resistance, resistance to high pressures and the
possibility of in situ measurements, without circulation of the analysed gas. However, the
high dependence of redox reaction (I.2) on the temperature makes necessary the introduction
of very accurate system for heating control [23].
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Figure 1.7 Oxygen pressure in equilibrium with a range of metal-metal oxide copules versus
reciprocal temperatura. Temperature coefficients of EMF versus O, (latm) are shown in parentheses
(mVK™'); estimated accuracy + 0.03 [47]

Other difficulty appears when ppm levels of O, have to be measured in inert gases.
The exchange current density due to O, is low, and parasitic side reaction can become

potential determining, e.g. [53]

H,0+2e= H, +0O” (1.4)

CO, +2e=CO +0O* (1.5)
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Small amounts of H,O and CO, can produce large EMF deviations and the presence
of metal-metal oxides couples on the electrodes perhaps deposited from dust, can perturb the
measured EMF [30]. This problem is usually solved by the introduction of new materials as
electrolytes and electrodes [54-58]. However, the implementation of non-common materials
usually means high cost of fabrication. This added to the necessity of an accurate system for
temperature control, highly increase the price of such devices [59].

Thermocouple

v

Enamel

Pd-PdO

Zirconia reference

Pt

Figure 1.8 Mini-sensor with Pd-PdO reference system

13.1.2. Amperometric

Amperometric oxygen sensors are based on the physical behaviour of electrolytic
cells, in which a non-spontaneous reaction is driven by an external source of current [27]. In
amperometric sensing mode, oxygen is pumped from one side of the electrolyte to the other
by the application of an external potential to the cell. The resulting ionic current flowing
through the electrolyte is a function of the oxygen concentration. The amperometric gas
sensing mechanism is well known for measuring dissolved oxygen in liquids [60]. The
diffusion coefficient of dissolved oxygen in aqueous solution is four or five orders of
magnitude lower than the one for oxygen in gas phase (150 mm®S™ at 700 °C). The high
diffusion coefficient of gaseous oxygen results in an increase of the ionic current through the
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electrolyte with the applied potential, until break down occurs and no limiting current is
observed. In order to limit the current for a given concentration of oxygen, a diffusion barrier
for oxygen is introduced ahead of the cathode. The diffusion barrier can either be a small
aperture or a porous material on top of the cathode [35]. Figure 1.9 shows a cross sectional
view of an amperometric sensor based on YSZ electrolyte.

0.

—» <« Diffusion barrier

Diffusion gap

Electrodes

Figure 1.9 A current limiting difusion barrier amperometric oxygen sensor based on
YSZ electrolyte [35]

The gas sensing mechanism is controlled by the diffusion of oxygen and can be bulk
or Knudsen diffusion process depending on the dimension of the aperture. If the diameter ‘d”
of the diffusion hole is bigger than the mean free path ‘I’ (i.e., the Knudsen number,
Kn = //d << 1), then the rate determining is gas-gas collisions rather than gas-wall collisions.
This is the case of bulk diffusion. On the other hand, if d<</, i.e., Kn >> 1, then the gas-wall
collisions are dominant and the diffusion process is called Knudsen diffusion. The current-
voltage characteristics and hence, the sensor properties are quite different between bulk and
Knudsen diffusion, and thus, the limiting current is a function of the geometrical parameters
of the diffusion barrier [61]. A detailed study by Usui et al. [62, 63] has shown that the

limiting current varies with oxygen concentration (C,, ) as —ln(l—CO2 ) in bulk diffusion
and linearly with CO2 in Knudsen diffusion. It is also interesting to note that the apertures of

diameter about 20-30 um showed both bulk and Knudsen diffusion of oxygen for the total
pressure above and below 40.5 x 10° Pa, respectively. For the total pressure of 130 Pa, the
Knudsen diffusion dominates and the limiting current is directly proportional to the oxygen
concentration. The current-voltage characteristics of a limiting current amperometric oxygen
sensor in the Knudsen diffusion condition and the relationship between the limiting current
and the oxygen concentration at low pressures are shown in Figure 1.10a and b, respectively.
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Figure 1.10 Limiting current-voltage characteristics o fan amperometric oxygen sensor for varying:
a. pumping voltage and oxygen concentration and b. oxygen concentration and total pressure [63]

For a linearly varying limiting current sensor, the diffusion aperture must obey the
criterion Kn >> 1, for a given range of the total pressure. In such a case, the diffusion current

of molecular oxygen (dN,, / dt) depends on the gradient of oxygen concentration
(afCO2 / dx), the effective diffusion cross section (Q) and the diffusion coefficient of oxygen
D, andis given by [42]

N, dcC,
—02 — _DO2 Q 0, (1.6)

And the pumping ionic current flowing through the electrolyte cell is given by the
Faraday’s law
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dN,
i =4F —=~ (L.7)

As the applied pumping voltage V, is increased, the current also increases until the
oxygen pressure near the cathode-electrolyte interface reaches a value near zero. Then, the
current saturates at a value depending on the molecular current of the oxygen flow along the
diffusion barrier. Now the limiting current 7, is directly proportional to the oxygen
concentration in the test gas and linearly varying. As it can be seen in Figure 1.10a, the
lowest applied potential in the limiting current region is around 500-600 mV and that is the
usual pumping voltage in most of this kind of sensors.

The amperometric oxygen sensors were devised for the operation under lean fuel
(A > 1) conditions in the combustion systems. But the disadvantage is that if the combustion
region is switched from lean to rich (A <1), the anode which is exposed to fuel mixture
experiences a potential change of about 500 mV. Then the applied voltage needs to be
increased to more than 1 V for the limiting current to flow, and is enough to drive the
reduction of CO, and H,O at the cathode, causing erroneous i, values. The limiting current
increases again for a decrease of A from the stoichiometric value of A =1 [28, 64] as shown
in Figure I.11. So, for the observed value of the i,, whether the combustion engine is
operating under lean or rich region is unknown.

To overcome this problem, a two stage cell design has been developed: a pumping
cell and a gauge cell or Nernst cell. In this sensor design, an internal diffusion gap volume is
enclosed by the pumping and sensing (Nernst) YSZ elements and a porous material acts as
the diffusion barrier. The sensing cell operates in the potentiometric mode and the output
EMF given by equation 1.1 is used to control the pumping current by using a closed loop
electronic circuit shown in Figure 1.12 [42, 65]. This feedback circuit enables the Nernst cell
to keep the oxygen partial pressure in the internal diffusion gap constant always around the
stoichiometric mixture of the air and fuel (A =1). Thus, depending on the polarity of the
pumping voltage, oxygen can either be pumped out or into the diffusion gap volume. In the
steady stage, the oxygen flux pumped out of the diffusion gap is equal to the flux of oxygen

leaking through the diffusion barrier into the gap and hence, create a constant PO2 in that gap.
In this condition [28, 66],

) (1.8)

2,d

i
ﬁ=002(P02 -k,
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where PO2 and Po“ are the partial pressures of oxygen in the outer ambient and the internal

diffusion gap, respectively. O, is the leak conductance of O, along the diffusion barrier. For

a given geometrical parameters of the diffusion barrier,

o, 2 (1.9)

where DO2 is the diffusion coefficient of oxygen, 4 and / are the effective of cross section

and length of the diffusion barrier, respectively. By connecting the inner electrodes of the
pumping and the Nernst cells in the diffusion gap volume to a short circuit, a uniform

pressure of oxygen between those electrodes, Po” , can be expected and can be measured by

the Nernst cell according to 1.1

P
V. =%ln POZ (I1.10)
OZ,d
4AF
i,=4Fo, F, {l—exp(— RYI"/S ﬂ (I.11)

where Vi is the Nernst cell voltage (EMF). From this equation, it is clear that for a given
temperature, if V, is constant, the pumping currents is directly proportional to the product of

o, and F, for the full range of A values from rich to lean region in the combustion

system.
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Figure 1.11 Characteristics of an amperometric sensor in the flue of a combustion system burning
natural gas in air [64]

Sensing cell  Pumping cell

Diffusion gap

Exhaust gas Sensor signal

Closed loop
controller

O UH o
Reference air duct Heater | T vU,

Figure 1.12 A dual cell, gauge and pumping, limiting current amperometric wide range oxygen
sensor [65]
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The electronic feedback circuit, making use of an operational amplifier (op-amp) in
the differential mode, control the pumping voltage polarity and hence, the direction of the
current flow through the pumping cell which in turn provides a constant oxygen
concentration in the internal diffusion gap and thus, a constant V; is established throughout
the sensing process. When the combustion engine runs in the lean fuel region, the oxygen
rich exhaust gas diffuses into the diffusion gap and the output of the Nernst cell and drives
the circuitry so that the oxygen is pumped out the diffusion gap and A reaches the
stoichiometric value (A =1). If the ambient is at the stoichiometric value of A, no current
flows through the pumping cell. When the ambient corresponds to the fuel rich condition, the
Nernst EMF drives to the circuitry in the reverse direction causing the cell to pump oxygen

into the diffusion gap adjusting the PON to a value near A = 1. Thus there is a continuous

change in the pumping current from positive to negative value as the combustion engine
switches from rich to lean region as shown in Figure 1.13. In consequence the dual chamber
pump-gauge amperometric sensor with air reference measures directly the oxygen
concentration in the exhaust gases and the control over the combustion process is made
accurately for a wide range of A values. The thick film technology with integrated heater
makes these sensors very fast and provides and accurate measurement of oxygen in the lean
region.

To determine the response time of these sensors, in addition to the rate of the
electromechanical reactions, the diffusion properties of oxygen and the geometrical
parameter of the diffusion barrier also play a role [67]. It is found to vary from fraction of a
second to tens of seconds [61]. The oxygen diffusion is generally believed to be the
determining rate step in these amperometric sensors. Regarding to the long-term stability, the
thermal cycling of the sensors may change the microstructure and hence, the dimension of
the porous diffusion barrier, causing drifts in the sensor response.

T 20fF

= 10}

o

E 0

o -10 [~

=

s 20

E 10 l l I | l
o 0.7 1.0 1.3 16 1.9 2.2

Normalized air-to-fuel ratio, A

Figure .13 The pumping current characteristic curve of the duel cell amperometric sensor in the rich
and lean fuel regions [65]
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Garzon et al. [68] have studied the suitability of mixed ionic-electronic conducting
thin film membranes as dense diffusion barrier. The phenomenon of oxygen diffusion
through the thin film surface to the zirconia interface is analogous to the oxygen diffusion
through a porous diffusion layer or a diffusion hole. Lanthanum strontium manganate (LSM)
is a well known mixed ionic-electronic conductor for oxygen membranes, and is found to
exhibit better diffusion control for amperometric sensors. Peng et al. [69] have demonstrate
that a composite of Pt and YSZ may also be used as a diffusion barrier for oxygen
concentration below 6 % in the test gas. By employing sensors using thick or thin film
technology, highly miniaturized versions of amperometric sensors with low power
consumption can be realized [70].

Many of the present day fuel economy vehicles use dual cell amperometric sensors
in spite of the higher complexity in packaging and design. The amperometric sensors in
general are appropriate for measurements of high quantities of oxygen (>1 %) but not for
measurements at ppm levels, due de proportionality of the response with the oxygen
concentration. With aging, physical modification of the diffusion barrier of the sensor is
possible and may cause problems. So, new materials and methods need to be devised
regarding to long term durability of the diffusion barriers in the limiting current sensor [23,
35, 71].

L.3.2. Optical Sensors

Optical oxygen sensors are more attractive than conventional electrochemical
devices because they have a fast response, do not consume oxygen and are immune to
electromagnetic interference. This technology is based on the luminescence quenching of an
indicator by oxygen. These indicators are usually luminescent and oxygen-quenchable
organic dyes.

Typically, on absorption of light at their adsorption maxima, dye molecules exhibit
long excited state lifetimes and emit radiation at longer wavelengths (fluorescence or
phosphorescence). The excited state of the luminescence dye can be quenched by an energy
transfer mechanism upon collision with oxygen molecules [72]

Fluorescence: L >L+hy 1.12)

Quenching: L+ 0, > L+ O; (1.13)
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As a result, the intensity of luminescence is reduced along with the lifetime and the
degree of quenching is proportional to the oxygen concentration.

Figure 1.14 shows a schematic diagram of an optical oxygen sensor. The active
components of the sensor are the luminescent dye encapsulated in a polymer medium, a light
source (commonly a LED or laser) for exciting the dye at a particular wavelength (550-
800 nm) [73], a photodiode to detect the fluorescent radiation and an optical fibre for the
transmission of the light. The quenching of the luminescence can be characterized by the
Stern-Volmer equation [74-77].

1,

+= 1+ Ky + P, (1.14)

where [, and [ are the luminescent intensities in the absence and presence of oxygen, F, is

the oxygen partial pressure in Torr and Kgy is the quenching constant, which determines the
sensitivity of the optical oxygen sensor. Kgy is directly proportional to (i) the natural lifetime
To (in the absence of oxygen) of the luminescent excited state, (ii) the oxygen solubility of
the quenching medium given by the Henry’s constant K and (iii) the quenching constant kq
[74] and given by

Ky, =1,Kyk, /760 (I.15)

So, the sensitivity of a luminescence based oxygen sensor is influenced by the
properties of both the luminescent material and the oxygen permeable encapsulating
medium. The natural lifetime of the excited state Ty, also depends on the encapsulating
medium. However, the increased lifetime of the dye in a given medium may be not enough
for good sensitivity if the oxygen solubility Ky in the medium is poor. In addition, the rate
constant of the oxygen quenching, kq is dependent on the oxygen permeability, P, which is
proportional to the diffusion coefficient of the oxygen D in the medium. The importance of
oxygen diffusion is evident from the observations that the quenching response of
fluoranthene dissolved in cyclohexane solution is slower than in polyethylene film [78].
Rapid response and high quenching efficiency have also been observed by using porous
‘Vycor’ glass as the matrix.
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Figure 1.14 Schematics o fan optical oxygen sensor. (1) gas or liquid path, (2) lumophore dispersed
on oxygen permeable membrane, (3) lens and filter, (4) exciting radiation, (5) fluorescence radiation,
(6) optical fiber, (7) LED/Laser, (8) photodiode, and (9) display [35]
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Typical luminescent dyes and the polymer matrices used for optical oxygen sensor
applications are shown in Table 1.3. The polypyridyl compounds of Ru (II) and
metalporphyrins (PtOEP & PdOEP) are the most extensively studied [79]. The luminescence
character of the Ru (II) metal complexes is described by a charge transfer from ligand to
metal. The long lifetimes of the excited states is a reflection of the triplet nature, due the
spin-orbit coupling with the metal centre [80]. These excited states involve large changes in
charge distribution and therefore, the spectral properties are strongly influenced by the
surrounding medium. Figure 1.15 shows the Stern-Volmer plots of oxygen sensitivity 1o// vs.

PO2 for three molecules, [Ru(bpy)s]*", [Ru(phen)s]*" and [Ru(Phphen);]** encapsulated in a
silicone rubber [74, 80]. Table 1.4 shows that different lumophores embedded in different
polymers exhibits varying sensing characteristics for oxygen [74, 78, 80-82]. Of the popular
flourescent complexes of ruthenium, the lifetime and the sensitivity vary in order
[Ru(Phyphen);]*" > [Ru(phen);]*" > [Ru(bpy)s;]*" as evidenced in Figure 1.15, and the silicone
rubber is found to be an efficient polymer medium [74, 80, 81, 83].

Table 1.3 Luminescent dyes and encapsulating polymers for optical oxygen sensors [74, 78-83]

Lumophores Encapsulating media
Fluoranthane, Polyethylene
tris(2.2’-bipyridine) ruthenium II Vycor porous glass
[Ru(bpy)s]*, Silicone rubber (PDMS)
tris(1.10-phenanthroline) ruthenium I1 Silica gel
[Ru(phen)s]*", Methanol
tris(4.7-diphenyl-1.10-phenanthroline) Cellulose acetate butyrate
ruthenium II [Ru(Ph,Phen);]*", (CAB)
(1.10-phenanthroline) tris Poly(methylmethacrylate)
(thenoyltrifluoroacetonato) (PMMA)
europium III [Eu(tta); phen]*’, Poly(vinylchloride)
platinum-octaethylporphyrin (PtOEP), Polystyrene

palladium-octaethylporphyrin (PdOEP)
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One interesting point to note is the downward curvature in the Stern-Volmer
(sensitivity) plots as seen in Figure 1.15 [84]. This poses problems in calibrating these optical
sensors. Though there are models based on theoretical fitting procedures e.g., power law
model, two-site model, and Gaussian distribution of 1y and kq [74, 82, 83, 85], the physical
understanding of the nonlinearity is still not adequate. The assumption is that the metal
complex is in different environments with different quenching rate constants.

Table 1.4 Oxygen sensing characteristics of different lumophores embedded in different polymers

Natural Oxygen
Lumophore Polymer lifetime 1y  sensitivity, Ref.
(us) Ksv
Fluoranthene Vycor glass - 0.003 [78]
2+ - Silicon rubber-RTV
[Ru (bpy);” (ClO; )2} s 0.62 0.003  [74,80]
2 -
[Ru (phen)." (ClO; )2} do- 0.92 0.009  [74,80]
2 -
[Ru (ph,phen);” (CIO; )2} -do- 53 0033 [74,80]
-do- Poly(acrylic acid) - 0.0015 [81]
Poly(sodium 4-styrene
i sulfonate) ) UL [81]
PtOEP Ethyl cellulose 81 0.0196 [82]
PJdOEP -do- 1410 3.475 [82]

Another important set of dyes is the metal-porphyrin complexes, especially,
platinum-octaethylporphyrin (PtOEP) and palladium- octaethylporphyrin (PdOEP)[82]. Due
to the increased lifetime of the phosphorescent excited states in these complexes (100 ps —
1 ms), the sensitivity is normally larger than with the Ru (II) complexes. And also, the larger
Stokes shift difference in the wavelength of the exciting and emitting radiations (>100 nm)
makes the measurement easier [86]. The porphyrin based systems exhibit faster response
times as compared to the Ru complexes. A typical dynamic response of a PtOEP in silica
glass oxygen sensor is shown in Figure I.16. When changing form 100 % nitrogen to 100 %
oxygen, the response time is 5 s and from O, to N, it is about 10 s. But, the #y is still less
than 5 s in both cases [87].
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Figure .15 Stern-Volmer plots of 1/1 vs. PO2 for three ruthenium complexes in silicone rubber
[74, 80]
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Figure 1.16 The response time and relative intensity change for PtOEP in silica glass when switching
from 100 % N, to O; and back [87]
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As far the interferences effects from other gases are concerned, in both groups of
sensors, when hydrophobic medium is used as a matrix, a variety of potential interferents
including cyclopropane, halothane, N,O, H,S, CO, and humidity are well excluded [74, 88].

While research on optimizing the oxygen sensing characteristics of the [uminescent
materials is being carried out worldwide, the use of optical sensors already emerged. Optical
sensors are more attractive than conventional electrochemical devices because they have a
fast response, do not consume oxygen and are immune to electromagnetic interference [89].
By this moment, the construction of such sensors is still very expensive and bothersome [86,
90-92]. However, this technology is now employed for food packaging, nuclear magnetic
resonance (NMR), and also many municipalities and waste water treatment plants in the
USA have started using them [77, 93, 94]. Materials and performance optimization of these
optical sensors are expected to increase their share of the package waste water market for
dissolved oxygen sensors [35, 95-97].

1.3.3. Semiconductor Metal Oxide Sensors

Finally, the oxygen sensing based on semiconductor technology will be exposed.
The oxygen sensitive mechanism of a semiconductor metal oxide (MOX) sensor is based on
the resistance change of some semiconductors oxides, due to oxidation or reduction of the
semiconductor oxide itself, according to the gases of the surrounding atmosphere. The gas
with the major influence in these reactions is oxygen, which is the target gas in this work.
For this process, high temperatures (>200 °C) are usually needed. This technology offers
advantages as small size that permits their use in portable equips and power consumption
reduction, low cost consequence of the elevate semiconductor technology production, and
capability for integration in complex systems, for example in sensor arrays. However, these
sensors do have problems of reproducibility, stability and selectivity. New metal-oxide
semiconductors and catalyst/promoter, operating temperature modulation and inclusion of
filters and membranes are being investigated to improve selectivity [98-103].

A typical structure of a semiconductor gas sensor is shown in Figure 1.17. The
semiconductor oxide, known also as active material, is located over a substrate usually made
of Si or ALLO; [104]. Depending on the technology employed for the active material
deposition, this layer may be a thin or a thick film. Thin film layers had shown, in general,
better response at low temperatures than thick films. However, the lasts are more easy to
make, dope and hence, to reproduce. This is the reason to be the most widely used for
industrial applications [105, 106]. Since the response of this type of sensors is based on
chemical reactions that take place in their surface, the necessary working temperature for
these reactions is achieved by employing a heater. The changes in the active layer electrical
conductivity are acquired with the help of a pair of electrodes [102].
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Figure 1.17 Typical structure of a semiconductor gas sensor

The reaction between the gas and the material may be of two types. A first type of
reaction takes place on the material surface and is related with the exchange of free electrons
from the material with the adsorbed gas. The second type of reaction occurs inside the
material bulk, and it is produce by the exchange of oxygen ions from the gas with the oxygen
vacancies in the material. The surface reaction usually takes place at low temperatures
(300 °C — 500 °C) while the bulk reaction takes place at higher temperatures (700 °C -
900 °C), however, sometimes, the two reactions may occur at the same time. These reactions
are explained as follows.

At low and medium temperatures (about 300 °C-500 °C), oxygen is adsorbed on the
oxide crystals surface as ions are formed by abstracting free electrons from the
semiconductor solid, reducing the electrical conductivity. This reaction is described by
equation I.16.

0, +2¢ —20; (I.16)

Beside, this fact creates a monolayer of oxygen negative ions that produces a
repulsion force over the free electrons inside the oxide crystal. Then, the electrons are
confined in the centre of the crystals and a depletion layer is formed just below the crystal
surface. So, a potential barrier appears between the oxide crystals, causing an additional
reduction of the electrical conductivity.

In the presence of a reducing gas (R), this gas will react with the adsorbed oxygen,
leaving free the previous trapped electrons and the new molecule keeps free. This reaction is
described by equation 1.17.
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R+0; > RO+e” 1.17)

As it can be seen, the free electrons in the oxide crystal increase, reducing the
electrical resistance. This reaction affects also the shottky barrier. This barrier is obviously
much less energetic when the reaction (I.17) occurs, due to the diminution of surface charge,
as can be seen in Figure .18 [104, 107].

o, 0, Reducing gas

MOX/‘/¢ / \ MOX%

E \ E eVs
eVs o in the presence of
in 3'7 - reducing gas
®
o £ \ o ——2-T~8F,
I
Grain boundary
® Electron @ Electron

Figure 1.18 Schottky barrier between two nanocrystalls . Left, the presence of oxygen at surface
increases the height of the barrier. Right, the number of such oxygen atoms diminished due to
reducing gas oxidation reaction [102-104]

In this way, after reducing gas exposure, there will be a smaller barrier on the
polycrystalline surface and the electronic conduction between grains will be easier.
Macroscopically, this implies an additional diminution of the electrical resistivity in the
presence of a reducing gas.

In the case of oxidising gases, such as NO,, an increase of Schottky barrier is
expected due to the fixation of more molecules on the oxide surface. The ionic charge of

48



UNIVERSITAT ROVIRA | VIRGILI
DEVELOPMENT OF A THICK FILM GAS SENSOR FOR OXIGEN DETECTION AT TRACE LEVEL
Edgar Alexander Sotter Solano

DL: T-324-2010/ISBN: 978-84-691-2431-4 1. Introduction

such molecules becomes higher than that of the oxygen and, therefore, the resistivity
increases [104].

Likewise, reducing gases increase the resistance of p-type semiconductors, while
oxidizing gases decrease it [107].

In general, a semiconductor oxide is a non-stoichiometric oxide, for example, an
oxygen deficient oxide containing oxygen vacancies. At high temperatures (700 °C —
1100 °C), oxygen vacancies diffuse quickly from the interior of the grains to the surface or
from the surface to the interior of the grains. The basic reaction between oxygen molecules

)

in the gas phase, Ogg , and the oxygen vacancies, Vg, in the bulk can be expressed as [107]:

0, <> Vy+2e +1/20% (L.18)

On the other hand, the relationship between the oxygen partial pressure and the
electrical conductivity of an oxide sensor can be represented by [108, 109]

o=Aexp(-E,/kT )R, (1.19)

where o is the electronic conductivity, 4 is a constant, £, the activation energy for
conduction and m is a parameter determined by both the type of the carrier (n or p) and the
defects (e. g., oxygen vacancy) in the semiconductor. For an n-type semiconductor involving
oxygen vacancies (Vg), the equilibrium constant for the mass action reaction (I.16) is given
by

K =[v,]7’ (R, ) (1.20)

where n is the concentration of electrons. For the charge balance, the concentration of
oxygen vacancies is
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[Vo] =n/2 1.21)
then,
n .
K = ?(Poz )2 (1.22)

Thus, the electron concentration in the conduction band (n) can be related to the
oxygen partial pressure by

no () (1.23)

So, one can observe that m = -1/6. The value of |m| is the sensitivity of the sensor,

the higher the |m| value, the higher the sensitivity and vice versa.

In recent years, a large effort has been devoted to develop oxygen sensors based on
bulk conducting semiconductors. In which the reaction is due to the ionic exchange between
the oxygen vacancies in the material bulk and the gas. Examples are summarized in Table
L.5. Among these, TiO,, in rutile crystalline phase, is the most widely used semiconductor for
oxygen application [110-112]. It is an n-type semiconductor for a wide range of oxygen

partial pressure (POZ: 1-107° atm). Since the valance band (filled O-2p states) is

nonreceptive to holes and the conduction band (Ti-3d states) is receptive to electrons in
undoped TiO,, the crystal structure of TiO, (rutile) allows oxygen vacancies Vg, and
titanium interstitials Ti*" or Ti’" to exist in the lattice [113]. So, in addition to reaction (I.18),
other electron contributing reactions involving Ti*" or Ti**, possible at high temperatures, are

TiO, > Ti' . +3e +O

(int) 2gas

(1.24)
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TiO, > Ti)\ +4e” +O

(int) 2gas

(1.25)

also possible at high temperatures. Then the value of |m| in (1.19) would be higher than 1/6,

due to the mixed conduction mechanism [113, 114]. Figure 1.19 shows the sensing
characteristics of a TiO, thin film oxygen sensor [114]. It is clearly seen that the resistance of

the sensor decreases with decreasingPOZ, the wusual characteristic of an n-type

semiconductor.

Table 1.5 Bulk conduction materials used as oxygen sensors [109, 115-121]

Materials Typical values of m  Working temperature (°C)
TiO, -4, -6 700 — 1000
SrTiO; -6, -4, +4, +3 700 — 1000
Gay0; -4, -2 900 — 1000
Nb,Os -4, -8 700 — 1000
CeO, -6 700 — 1000
BaFeNbyO,g & 720
BaTi;NbsOys . 720
BaFe, gHf(,0; * 400 — 800

The use of TiO, based oxygen sensor is being extended, in particular for controlling
the air-to-fuel ratio (A sensor) in combustion systems [111]. However, the need of high
working temperatures (above 700 °C), and therefore the high power consumption difficult
the adaptation of such sensors to some systems, e.g. portable electronic equipments. On the
other hand, anatase state Titania has more free electrons that the rutile phase usually
employed for oxygen sensors [122]. This characteristic help the surface reaction described in
(I.16), which takes place at not so high temperatures (400 °C — 500 °C). Then, it can be
derived that maintaining an anatase structure would allow the detection of oxygen at medium
temperatures, which is desirable for sensor design [123, 124].
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Figure 1.19 Resistance characteristics of a TiO; thin film oxygen sensor in different partial pressure
of oxygen [114]

When Titania is doped with pentavalent impurity ions, i.e. Nb>", such ions get into
the anatase Titania crystalline structure, giving rise to a hindering in the phase
transformation to rutile and an inhibition in grain growth. In undoped Titania, the change
from anatase to rutile starts at about 600°C. In doped Titania, the temperature to start this
change is higher, around 750°C. This effect is attributed to the extra valence of niobium ions,
in comparison with titanium ones, which reduces oxygen vacancies in the anatase phase,
retarding the transformation to rutile [125-127].

Furthermore, grain growth is inhibited due to the stress induced to the anatase
structure by the Nb’" substitutional ions, with slightly higher ionic radius value with respect
to Ti*". Small grains mean more active area, which increases sensor sensitivity [107, 127]. It
has been also reported that Nb-doped titania shows higher sensitivity towards oxygen and
shorter response time than pure TiO, [128]. The doped material also shows lower impedance
at low operating temperatures and hence, it is easier to design associated electronic circuitry
[124]. J. Arbiol [125, 126] reported that there is an optimum range for the concentration of
Nb dopant; this range is around unities of atomic percent of Nb°" in Titania. The best doping
concentration for Titania was found around 3 at% of Nb™".
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I.4. Objectives

From the technologies previously described we can conclude that semiconductor
oxide sensors are very promising to work in applications that involve low oxygen
concentration contained in inert gases (i.e. Nitrogen) and acid gases (i.e. CO,), due to their
low cost, size and power consumption of the device. The thick film construction method of
such sensors helps to simplify the fabrication process and also to crate a robust device.
However, as it was commented, thick film sensors need to work at high temperatures
(>700 °C). The usual high temperatures needed for oxygen detection in this technology may
be reduced by employing semiconductor oxides that works mainly with surface reaction,
such as Titania in anatase crystalline phase.

Based on these arguments we intend, in this project, to develop a semiconductor
oxide sensor to detect low oxygen concentrations in N, and CO,. Due the easier fabrication
and robustness, the construction technology that will be employed is thick film. We pretend
to reduce the working temperature of the sensor, usually over 700 °C, to temperatures
between 400 °C and 600 °C, by employing anatase titania as active material. To reach this
goal, three main sub-objectives have been outlined. First, it is necessary to found an
appropriated substrate that can operate at the desired working temperatures; second, the
active material must be synthesized and characterized and finally the sensor performance has
to be determined. These sub-objectives are explained as follows.

1.4.1. Substrate Development

The substrate of the sensor must support temperatures up to 600 °C, so the first step
will be to find an appropriate material for the substrate. Then, the heater and electrodes must
be designed and the materials for them and for the isolation layers must be defined. Finally,
in this objective, the substrate must be constructed and the power consumption characterized.

1.4.2. Active Material

It has to be obtained a material which permit oxygen detection of oxygen traces at
medium temperatures (below 600 °C). That way Titanium dioxide will be synthesized to be
used as active material. Besides, Niobium ions will be added to the Titania structure in order
to hinder the crystalline phase transition and retain it in anatase state. Then, the two
materials, pure Titania and Niobium-doped Titania will be physical characterized XRD,
SEM, and BET techniques to compare and observe the effect of Niobium addition in the
Titania lattice. The measured physical characteristics (crystalline phase, grain and crystallite
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size, and finally, the surface and porosity) will be compared with the oxygen sensitivity
properties of each material, in order to find the influence of such physical properties in the
sensing capabilities of the materials. To carry out the oxygen sensing characterization, the
materials must be deposited on the substrates and the resulted layers must be heat treated.

Based on the results obtained from material characterizations, it will be intended an
improvement of the sensing capabilities of the materials, by optimizing their physical
properties.

1.4.3. Sensor Characterization

Finally, the developed sensors must be tested for applications in oxygen detection in
N, and CO,, as it was commented in section 1.1. The sensing capabilities will be also
characterized with different working temperatures (300 °C, 400 °C, 500 °C and 600 °C) to
know the optimum one.
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II. FABRICATION PROCESSES

II.1. Introduction

In this chapter deals to the technological processes employed for the development of
the gas sensor. First, the substrates used and their characterizations are described. Then, the
synthesis process of the active material is detailed and finally, the technique followed for
active layer deposition is presented.
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I1.2. Substrate

Most of the oxygen gas sensor, which had been used for industrial application are in
the form of thick films [1-5], because it is easier to fabricate and to dope than thin film
sensors [6]. Based on this fact, our work was focused on thick film technology. The films
will be deposited on planar substrates, which contain measurement electrodes and a heating
resistance. Since oxide sensors only work at high temperatures, a heating element must be
built into the sensor. This heating resistance can be placed on the substrate opposite the
active layer (Figure I1.1a) or on the same side (Figure II.1b). In the first case, the temperature
gradient on the substrate leads to greater power consumption, while the fabrication process
of the second structure is more complicated.

active laver

measuring electrades

electric /7

insulaior

subsirate /'
heating resistance /

(a) (b)

Figure I1.1 Cross section of two geometries for plane sensors [7]

In the second case, the sensor can be considerably smaller and this makes possible to
work with lower power consumption and allow sensor to be integrated in complex systems.
These are the reasons for choosing this geometry in our investigation.

This heating element is often made of platinum (thin or thick layer) or other
materials such as NiCr, polysilicon or Au. It is optimized to obtain a temperature distribution
as homogeneous as possible. It is also important to obtain a stable and reproducibly
temperature dependence on the electrical resistance, in order to set the sensor working
temperature as precise and reproducibly as possible. The heater must ensure that the
semiconductor oxide is uniformly heated with the minor energy loss. In some cases, the
heater can also be used as a temperature sensor in order to establish a control loop.

In addition to the substrate, gas sensors require metal electrodes for electrical
contacts. Due to the high temperatures during backing and tempering, low resistivity
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materials as platinum or gold are most commonly used for electrodes. The selection of these
materials is conditioned also by the fact that they do not react with the substance to be
detected and do not oxidise [7]. Both materials are applied in thick or thin-layer technology.
For the electrode shape, a simple interdigitated structure is usually used. Since many metal
oxides have a low specific conductivity, the relationship of length to width should be
adjusted so that the conditioning circuitry can easily measure the resistance of the sensor
layer. As well as the interdigited structures mentioned, a variety of different electrical
contact geometries have been investigated in the past.

Concerning substrate selection, it should be taken into account that high temperature
is required (600 °C — 700 °C) and low power consumption is desired. Besides, substrate
should be electrical insulator, good thermal conductor and noncatalytically active in front of
neither gases nor sensing material. Silica microhotplates may be a solution for this
application; however the maximum operating temperatures they can reach are around 400 °C
[8-10]. Other possible solution is ceramic substrates. The power consumption of such
substrates is higher than Silica microhotplates; however, they can reach higher operating
temperatures (~ 700 °C). Although different kinds of ceramic can be used (steatite,
cordierite, zirconia) the alumina is appreciated due to its stability. Moreover, the strength of
the bound between aluminium and oxygen makes Al,O; one of the most stable and inert
materials for harsh environment applications. Besides, the commercial availability of
alumina that can be supplied in different forms and shapes is appreciated [7, 11].

Two types of alumina based substrates are presented in this work. First Type I
substrate was designed in University Rovira [ Virgili (Tarragona-Spain) and fabricated in the
Technical University of Brno (Bmo-Czech Republic). Although Type I substrate have
proved to work properly up to 500° C, when going up in temperature, soldered joints to the
package showed serious problems. Since temperatures higher than 500° C where required,
another substrate has been used to test the active layers to be developed. It was acquired
from the Kurchatov Institute (Moscow-Russia). This second type of substrate can work up to
700 °C, which is necessary for our application. The two types of substrates used in this thesis
are described as follows.

I1.2.1. Type I Substrate

The structure of this substrate corresponds to the schematic shown in Figure I1.2
gold electrodes on the top, an insulating layer between electrodes and heater, causing the
heater to be buried. This substrate permits the use of four different active layers in the same
sensor working as sensor array. The sensor was fabricated using thick-film technology. The
fabrication involved a number of steps including the sensor topology (heater, electrodes),
paste selection, screen-printing, drying at low temperatures (125 °C-150 °C), firing at high
temperature (800 °C-1000 °C), and packaging. The structure of this sensor is described in

67



UNIVERSITAT ROVIRA | VIRGILI

DEVELOPMENT OF A THICK FILM GAS SENSOR FOR OXIGEN DETECTION AT TRACE LEVEL
Edgar Alexander Sotter Solano

Dy Lt PY Y 3itRofifr s sensor for oxygen detection at trace levels

Figure I1.3. The paste selection and the procedure of sensor fabrication by screen-printing is
described below [12, 13].

4 electrodes

Jm[ A : ”’“’L\

heater pads

Figure I1.2 Screen printing of multi-layers

AN P
\ I

Figure IL3 Structure of a type I sensor. 1. Alumina substratum, 2. heater, 3. connecting wires,
4. sensing layer, 5. contact pads, 6. isolation layer

Screens and pastes with different properties were used at the various stages of the
production. In the first stage, the heater was deposited onto a 250 um thick alumina
substrate. Pt-commercial conductor paste ESL 5545 was used. ESL 5545 was chosen
because this paste is used on 96 % alumina substrates as resistance-thermometer and heater
applications. The stainless steel screen (MESH 400/25 um) was designed for this paste. For
the electrodes, a newly developed gold ESL 8881-BA paste was used. The paste exhibits

68



UNIVERSITAT ROVIRA | VIRGILI
DEVELOPMENT OF A THICK FILM GAS SENSOR FOR OXIGEN DETECTION AT TRACE LEVEL
Edgar Alexander Sotter Solano

DL: T-324-2010/ISBN: 978-84-691-2431-4 1L. Fabrication Processes

high coverage and excellent wire bondability by Al and Au. A stainless steel screen (MESH
325/25 um) was designed for the gold paste. Three insulating layers were applied between
the heater and the electrodes to assure sufficient electric insulation between them. Two types
of dielectric pastes were chosen. The first one, ESL 4913-G is a cadmium-free, lead-free,
and nickel-free non-porous multilayer dielectric. This paste is particularly suitable for use on
alumina substrates, however, in this case was not compatible with the selected gold paste for
the electrodes. Only two layers with ESL 4913-G paste were printed. The second paste, ESL
4905-CH, which is compatible with gold paste, has an excellent TCE match to 96 %
alumina, and was used for the third upper-insulating layer [14]. A stainless screen (MESH
325/30 um) was used for all dielectric pastes. The angle of the fibbers was 45° for all
screens.

The screen-printing process was carried out by a semiautomatic printing machine.
The screen printing machine parameters were determined by the following method. The
screen frame was mounted on the printing machine chase. The substrate was put in the
substrate holder that fixes it by means of vacuum. This substrate holder is in horizontal
position, just below the screen frame. A distance between the net and the substrate (snap-off)
was set approximately within the range of 0.5-1.0 mm.

In order to achieve an appropriate value for the squeegee pressure, the squeegee
rubber which is mounted upon the screen, was depressed to touch the screen causing the
screen to touch the substrate. The right pressure value (between 30-60 psi) was taken when
the optimal pressure of the squeegee rubber to the net was achieved. Then, the squeegee was
lifted away from the screen, back to its starting position. The snap-off and the pressure were
set for each type of the sensor’s layer individually.

Once adjusted the screen printing machine parameters, the fabrication process
started. The printing procedure was carried out at room temperature (20 °C-23 °C). Before
printing, the screen and the support board were cleaned to eliminate any dust. The viscosity
of the pastes was controlled and if necessary, modified by the addition of therpineol. Then,
the substrate was put in the holder and printed. A key factor in this process was the substrate-
mesh alignment. This was done adjusting the substrate holder by means of micro scroll bars
to set the substrate marks under the mesh motive. It was necessary to repeat this exact
process before each layer was printed. In order to ensure a repeatable printing process, a
single printing direction was used throughout the printing of all the layers despite the
possibility of printing with this machine in the both forward and return directions. The
printing speed was constant throughout the fabrication of each of the layers because the
printer has a default constant speed.

All the layers after printing were left at room temperature for levelling. This was
done in order to eliminate any defects in the structure. Then, they were dried at 125 °C for
10-15 min and fired in a belt furnace with the four heating zones for 1 h before the printing
of the next layer. The peak temperature of the firing process was set for all the layers to
850 °C for 10 min. At this temperature, nano-particles of the powder were annealed in order
to adhere together and to the substrate. A detailed view of the substrates is in Figure 11.4.
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Figure I1.4 Auxiliary view on a comb structure of electrodes and pads for heater

1211 Characterization of Isolating Layers

As explained before, three insulating layers were applied between the heater and the
electrodes to assure sufficient electric insulation of the heater. The examination of insulating
resistance was done using multimeter Keithley 619, which is able to measure very high
resistance (over 1 GQ). The resistance was measured between the heater pads and the
electrodes. One cable of the multimeter was connected with the heater pad and using the
second cable I subsequently touched the electrodes surface in ten different places. The
obtained resistance values in all cases were higher than 1 GQ, which is much higher than the
typical values of electrical resistances of metal oxide semiconductor layers.

11.2.1.2. Heater Characterization

The heater meander was designed to assure homogenous distribution of the sensor
temperature, because these sensors have to work at higher temperatures than 300°C. The
position of the heater on the same side of the alumina substrate, with electrodes and active
layers, allows simpler connection to TO-8 support.

In order to investigate the heaters characteristics, eight sensor chips were examined
for their V/A characterization. The V/A characterization was carried out in the range of 3-
10 V with a measuring step of 1 V. At voltages below 3 V, the temperature exhibits a non-
linear behaviour. The corresponding current to the applied voltage was measured by means
of the multimeter (HP 34401A). Then, the temperature influence on the increasing voltage
was investigated using an infra-red thermometer (Quicktemp 850-1). For a correct measuring
of the infra-red thermometer it was necessary to set, accurately, an emissivity of the material
to be measured. In this case, the measured material was alumina, because a beam from the
infra-red thermometer was pointed on the unprinted side of the alumina substrate. A
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corresponding value of the emissivity was set to € = 0.90. IR thermometer was used just up
to 400 °C, because it’s the maximum value of its measuring range.

Figure 1.5 shows the power consumed for the sensors at each working temperature.
A linear regression was applied to these values. The resulted linear equation is expressed as
follows:

P =0.00648xT - 0.19926 (IL.1)

where P is the power consumption of the sensor and T is the working temperature. The
maximum relative error of the power consumption is 6.6% if the temperature is set according
to the linear regression.

Power (W)

T T T T T T ¥ T & T . I
100 150 200 250 300 350 400
Temperature (°C)

Figure I1.5 The power characteristic of the heater in Type I sensors
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Figure I1.6 The sensor chip with four layers mounted and bonded onto TO-8 support

112.1.3. Packaging

The substrate 2”x 2” and 250 um thick with the printed sensors was cut on the
reverse side by a laser beam and then broken up. The selected sensor chips from the same
substrate were mounted onto a TO-8 package and wire bonded. Aluminium wires of 25 pm
in diameter were used to perform a standard ultrasonic wire bonding. The bonded spots were
fixed with Ag paste. The sensor is normally heated to relatively high temperatures; hence it
cannot lie directly on the package because it could cause a power loss and the package to
heat. Therefore, each sensor chip was distanced from the package by two lateral metal
columns and glued with epoxy, commonly used for SMD. Figure I1.6 shows the sensor chip
mounted and bonded onto TO-8 support.

At working temperatures above approximately 450 °C, a problem with the package
appeared. The transfer of heat from the sensor to the solder joints of the package exceeds the
melting point of the weld, causing this material to melt and the sensor is removed from the
package. So, in order to test the developed materials, a new substrate was need, while finding
a solution to this problem. Recently a new weld material based on Ruthenium, with higher
melting point than the typical silver welds, was employed. The characterizations done to the
substrate with Ruthenium solder joints showed that it can work up to temperatures near
800 °C, without suffer joints melting. This substrate is being using for gas sensor application
with good results. However, up to now, the measurements obtained with type I substrate are
not complete and thus they could not be included in this thesis. Due the delay founding a
solution for the joint melting in type I substrate, it was necessary the introduction of a new
substrate (type II substrate) that will be detailed as follows.
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I12.2.  Type II Substrate

This substrate was manufactured by multilayer thick film deposition of Pt based
heater, insulation and contacts to the sensing layer. The use of two-side construction (Figure
11.7) allows miniaturization of the sensor chip. The final dimensions of the sensor chip were
as small as 1.5 mm x 0.3 mm x 0.15 mm. The thickness of the alumina substrate was
decreased up to 0.1 um. The sensor chip was bonded to TO-8 package (Figure 11.8). The
diameter of the package is equal to ~ 10 mm [15].

Figure I1.7 Structure of a type Il sensor. 1. Alumina substratum, 2. sensing layer, 3. contact pads,
4. connecting wires, 5. disjunction layer, 6. heater, 7. contact pads

Figure I1.8 The sensor chip with the layer bonded onto TO-8 support
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Figure I1.9 The power characteristic of the heater in Type I sensors

As it was done for Type I substrate, the heater was also characterized to find its
power consumption, depending on the working temperature. A voltage between 0 -3 V was
applied to the heater with an increment of approximately 300 mV in each measurement. As it
was not possible to use the IR thermometer, due to the small size of the sensor, the
temperature of the sensor was calculated from the Temperature Coefficient of the Resistance
(TCR) of the Pt-heater, following the next equation:

R
T=~—"_24T (I1.2)

where T is the calculated temperature, R is the resistance of the heater, R, is the resistance of
the heater at room temperature and T, is the room temperature. The TCR used for Pt was
2500 PPM/°C. The resulted values of temperature vs. power consumed are represented in
Figure 11.9. It is possible to appreciate that for Type II substrate the curve of temperature vs.
power consumption could be adjusted to a quadratic polynomial, unlike in Type I substrate,
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where it was adjusted to a straight line. A polynomial regression using the calculated values
leads to the following equation:

P=5,60676E-4xT> + 0,24307x T - 4,82242 (IL.3)

where P is the power consumed and T is the working temperature. A relative error of 2 % is
made when the power consumption is calculated from (II.3). From the characterization done
to both type of sensor we find that the power consumption in Type I is 150 times higher than
in Type II.
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I1.3. Active Material

The detection of oxygen in semiconductor sensors is done with semiconducting
metal oxides. These materials, usually located on the sensor electrodes, react with the
oxygen present in the atmosphere, changing their resistivity. This change of resistivity is
used to measure the concentration of the oxygen in the environment. In next subsections, it is
explained the synthesis of the semiconductor metal oxides employed in this work (pure TiO,
and Nb-doped TiO,) and the deposition of these materials on the sensors. As it will be
appreciated in the chapter IV, some small variations will be applied to the synthesis process
throughout this work; however the basic process is the same and it is described as follows.

I1.3.1. Material Synthesis

Processes involving wet chemistry are preferably adopted for nanoscale materials
synthesis. Among them, precipitation reactions, which basically follow simple precipitation
processes, are often used. They are based on precipitation taking place in supersaturate
solutions, which follow the rules of precipitation and growth. In these systems, the critical
nucleation radius has to be exceeded as a prerequisite for further growth. The growth
reaction will stop when the stock of precipitation ions is exhausted, i.e. when their
concentration falls below the solubility. In these cases, if nucleation can be controlled, then
the particle size of the precipitate can be tailored by adjusting concentration, solubility and
temperature. However, in the case of extremely low solubility, this route leads to very
diluted systems in which it is difficult to collect powders from the solution and it is difficult
to handle the process for industrial technologies [16]. On the other hand, in concentrated
systems agglomeration is unavoidable. The overall scene requires methods to control growth
reactions stopping them at a desired level, and to avoid agglomeration in order to keep the
particles isolated for suitable further processing. Therefore, precipitation reactions should be
carried out in such a way that stable colloids are produced in the first step in a sufficient
concentration.

Stabilization of colloids can be achieved by different methods. The most commonly
used is to charge them electrically by selective adsorption of ions. In this case, the solid
content of colloidal solution has to be in general low (less than 20 % in volume). This low
solid content colloidal solution (sol) may be transformed into gel by destabilization, for
instance by adjusting the pH to the point of zero charge of the surface. Consequently, the van
der Waals forces are strong enough to agglomerate the systems to weekly stable solids (gels),
which usually show a disordered structured with respect to the particle arrangement [17].
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All in all, this scenario yields two basic requirements for nanoprocessing of small
particles. First, it is necessary to control the nucleation and growth process in order to stop it
at a selected particle size, and second, it is necessary to control the particle-particle
interaction during gelation in such a way that high package densities can be obtained. For
that purpose, we have followed a sol-gel route to obtain small TiO, nanoparticles. In the
following subsection, the sol-gel route followed for obtained nanocrystalline pure and doped
TiO, will be described.

11.3.1.1. Sol-Gel Process

Sol-gel technology is a method to synthesize nanophase metal oxide particles in a
colloidal suspension. Primary concerns in this process are the control of the size, the
chemical composition and the microstructure of the ultrafine particles. For application
purposes, these particles are handled as powders, pallets and thin films, and they are
subjected to a variety of heat treatments. The sol-gel process can be varied through changes
in solution chemistry and stabilization technique to produce the desired particles
morphologies [18]. In this regard, metal alkoxides are particularly useful precursors for the
synthesis of the oxides. Metal oxides particles under 100 nm can be synthesized through
room-temperature hydrolysis of metal alkoxides [18]. Structurally, a metal alkoxide consists
of a M-O-R linkage, where M is the metal, O the oxygen, and R is an alkyl group. The
opposite charges of M and O lead to a polarization in the M-O bond, which makes the
alkoxide receptive to a nucleophilic reagent such as water. In the presence of water the
alkoxide undergoes a nucleophilic addition-substitution reaction in which the alkoxy groups
(OR) are replaced by hydroxyl groups ((OH) provided by water. This process is known as
hydrolysis. After hydrolysis, the metal hydroxide group link up by different mechanism
generating a hydrated metal oxide network which eventually will form small nuclei (few
nanometers). This process is called nucleation. For the case of a titanium alkoxide, the
reaction can be schematically represented as follows [19]:

Ti(OR), +xH,0—>Ti(OH), , OH_+xROH (Hydrolysis)

Ti(OH), OH_+Ti(OR), -»(OR), TiO Ti(OR),, +xROH (Condensation)

Besides the alkoxide used in these reactions, many other factors influence the size
and morphology of the TiO, particles, such as the concentration of reactants, the pH of
solution, the temperature of hydrolysis, or the addition of the electrolytes.
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In this work, non-doped TiO, samples were synthesized through a sol-gel route,
starting from an alkoxide precursor. Following the experiment done by A. Ruiz [17, 20],
25ml of Titanium (IV) isopropoxide, also called tetraisopropyl orthotitanate
Ti[OCH(CHj),]s 99 % purity, was mixed with isopropanol to get a 0.5 M solution to avoid
early precipitations of oxides. The density of Titanium isopropoxide is 0.96 g/ml and its
molecular weight is 284.22 g/mol, then the quantity of isopropanol needed to get the 0.5 M
solution was calculated as follows:

0.96g>< 1 mol " 10° m/
lml 28422 ¢ 0.5 mol

Volume of 0.5M solution = 25 ml x =168.9 ml (I1.4)

- 25 ml

Ti isopropoxide

Volume of isopropanol solution =168.9 ml, = 1439 ml (ILS)

.5M solution

In the case of Nb-doped TiO,, Niobium ethoxide, Nb(OC,Hs)s 99.99 %, was also
added to 0.5 M solution in the appropriate concentration to obtain an Nb/Ti atomic ratio of
3 %, which was the optimal doping concentration found by J. Arbiol in his doctoral thesis
[21]. Since the molecule of titanium alkoxide precursor as well as the niobium one have only
one atom of respective metal, the atomic ratio of these two compounds is proportional to
their molar ratio. Then,

Moles of Titanium isopropoxide,, ., = 25 mi x 096 ¢ x Lmol __ 0.0845 moles (I1.6)
Iml 28422¢
Moles of niobium ethoxide = 0.0845 moles x 0.03 = 0.002535 moles (I1.7)

The density of Niobium ethoxide is 1.268 g/ml and its molecular weight is
318.21 g/mol. Then,

318.21 g, 1 ml
1mol 1268 g

Volume of Niobium ethoxide = 0.002535 moles x = 0.636x10 ml (IL8)
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Figure I1.10 Inflatable polyethylene chamber, Atmosbag, of Sigma-Aldrich

Due to the high ability for oxidation of organic precursor, this process should be
done inside an inert atmosphere. The inert atmosphere was created by using an inflatable
polyethylene chamber (Figure 11.10). The air inside the bag was taken out from it (vacuum
was created) and nitrogen was introduced later. This procedure was repeated three times.
After the precursors were diluted in isopropanol, the process could continue under natural
atmosphere.

Another solution of water and acid nitric, HNO; 70 %, was prepared in parallel.
Then the mixture of organic precursors diluted in isopropanol was added, drop wise, to the
acid solution under stirring (Figure I1.11). The final composition of the constituent was set to
satisfy [Ti]:[HNOs]:[H,O] = 1:1:100 in molar ratio. In the case of hydrolysis-condensation of
titanium isopropoxide, the increasing in the initial water concentration produced higher
nucleation rates, which resulted in a decrease in average particle size. Nagpal et al. [22]
showed that the main factor on particle size is the effect of water concentration Based on this
report and in A. Ruiz experiment [17], we selected a [H,O]/[Ti] ratio of 100. Because of the
large amount of nitric acid, the hydrolysis proceeded without forming a precipitate, giving
rise to a transparent sol with a pH = 1.

79



UNIVERSITAT ROVIRA | VIRGILI
DEVELOPMENT OF A THICK FILM GAS SENSOR FOR OXIGEN DETECTION AT TRACE LEVEL
Edgar Alexander Sotter Solano

Dy It Y 3iitRofiftr s sensor for oxygen detection at trace levels

Figure IL11 a. 0.5 M solution of organic precursors in isopropanol b. Acid solution under stirring
¢. Stirring machine

The density of HNO; is 1.383 g/ml and its weight is 63.0128 g/mol. Since the moles
of HNO; are just the same as Ti, which is 0.0845 moles, then the litres of HNO; used in the
process were calculated as follows:

63.0128g>< 1ml ><100%

Litres of HNO, (70 %) = 0.0845 moles x
1 mol 1.383g 70 %

=55ml (IL9)

To calculate the water needed in the process, it had to be considered also the water
contained in the 5.5 ml of HNO; 70%, which is 1.65 ml. Then, because the ratio
[H,OJ/[Ti] = 100, the moles of water should be 8.45 moles. The quantity of water added to
HNO; was:

18.0152 g y 1 ml
1 moles 0.995¢

Litres of H,O = (8.45 moles x j—1.65 ml =151.3 ml (11.10)
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Afterwards, the pH of the sol was increased carefully by adding, drop wise,
approximately 30 ml of an aqueous solution (1M) of Ammonium Hydrogen Carbonate
(pH =9), up to achieve a consistent gel (Figure 11.12).

Figure I1.12 Gel aspect

113.1.2. Drying Process

The gel was dried in an oven UNE 300 of Memmert Co. First, the temperature was
set to 120 °C for 20 hours to evaporate water. Then, temperature was increased to 250 °C for
10 hours to eliminate some compounds generated during synthesis. At the end, the gel was
turned into big agglomeration of particles, in form of rocks (Figure I1.13). These big particles
were milled up to reach powder appearance.

113.1.3. Firing Process

The firing process was carried out in a programmable muffle Carbilite RWF 1200.
The synthesised material was separated in four parts to be fired in air at 600 °C, 700 °C,
800 °C and 900 °C respectively. To avoid a fast growing of nanoparticles size, it was applied
a ramp of temperature to reach each firing temperature. Two different rates for temperature
ramp were employed: the first one, took from J. Arbiol et al. [23], was 10 °C/min and the
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second one, based on L. Gao et al. [24], was 2.5 °C/min. The nanopowders remained under
firing temperature for 2 hours, and then a free cooling ramp was applied to return to room
temperature.

Figure I1.13 Particles obtained after gel drying

11.3.2. Active Layer Deposition

For deposition of the TiO, nanopowders obtained following the procedure described
above, they were suspended in an organic vehicle to form a paste. The viscosity of the paste
should allow its deposition over the substrate. In a first approach a solution based on
terpineol mixed with surfactants and other reology agents was employed as organic vehicle.
Different assays of solvents solution were tried, but the boiling point of the resulted solution
was always too low and the paste got dry quickly, increasing its viscosity. A paste with high
viscosity is more difficult to spread over the substrate surface and has tendency to form
cracks when it is dried [25, 26].

Finally, Glycerol was employed instead terpineol based solutions. The boiling point
of glycerol is 290°C, so it was expected that paste keep its physical properties even at
temperatures 200°C higher than room temperature. The milled nanopowders were dispersed
in glycerol in a weight ratio of [Glycerol]/[TiO,] = 3. The paste done with pure glycerol
showed proper viscosity to be spread over the sensor.
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After deposition of the paste on the sensor electrodes, a temperature treatment was
carried out to the layers. This firing process was developed in-situ, using the heater element
of the substrate. To control the temperature increase during the in-situ process, the heaters
were connected to an automated power supply controlled by a computer using a LabView
program. A schema of this treatment is shown in Figure II.14. First, the layer was dried at
300 °C for 20 minutes (¢, in Figure II.14) to eliminate the glycerol. Then, the structure of the
layer was defined by heating the layer at 600 C (for those materials that were fired at 600 °C)
or 700 °C (for those materials that were fired at 700 °C and above) for 120 minutes (¢, in
Figure 11.14).

T {n(:) A
700 e mmmmmmeessesessececeseanees
f”
600
300
t t 1 L >
t (seqg)

Figure I1.14 Schema of the heat treatment applied to the layers

The time employed for reach each stage of temperature is defined as ¢, and #; in
Figure 11.14. The rate of temperature increase during the heating process previously
commented is very important. A fast temperature increase may induce the formation of
cracks in the layer. Some experiments were carried out to determine the best rates. In the
first assays, the material was deposited over silicon substrates and alumina substrates. Then,
temperature ramps of 100 °C/min (t1) and 50 °C/min (t3) were used for dry and fire the
layers. In all the cases cracks appeared after temperature treatment. Examples of this are
shown in Figure II.15 (a. and b.), where it is possible to appreciate two drops of pure Titania
over silicon substrates. In Figure I1.15 a. the temperature ramp used was 100 °C/min; the fast
change of temperature not only creates cracks, but also makes that the material in the centre
of the drop leaps out. For the drop showed in Figure II.15 b., it was used a slower
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temperature ramp (50 °C/min). In this case, the material in the centre of the drop remains
there, but the cracks still appear in the drop.

The last temperature rate employed was 10 °C/min. A drop heat treated by using this
temperature rate is shown in Figure I1.15 ¢. As it can be seen, there are not cracks in this
drop. The slower change of temperature reduces the stress in the layer structure preventing
the crack formation. Thus, the temperature rate employed for heat treatment of the layers
(drying and firing processes) was set up to 10° C/min.

400 ym 400 pm 1

400 pm

C.

Figure I1.15 Drops of pure Titania: a. deposited over silicon substrate and heat treated with a
temperature rate of 100 °C, b. deposited over silicon substrate and heat treated using a temperature
rate of 50 °C/min, c. deposited over alumina substrate and heat treated with a temperature ramp of

10 °C/min
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III. TiO, AND Nb-DOPED TiO, CHARACTERIZATION

II1.1. Introduction

In this chapter, it is presented the results of the physical characterization of the
Titania based materials, which synthesis was explained in the last chapter. These materials
are summarized in Table III.1. The materials, once deposited over the alumina substrate were
also characterized. The objective of these characterizations was to obtain information about
the material structure that could be related with its detection properties. For this purpose, we
applied various techniques. Inductively Coupled Plasma (ICP) spectroscopy was employed
to determine the chemical composition of the samples and quantify the amount of each
component. X-ray Diffraction (XRD) was used to establish the phases present in the
crystalline structure of the material and determine the size of the crystallites in each material.
Area BET measurements were done to nanopowders to know the surface area and the
porosity of each material. Scanning Electron Microscopy (SEM) was used to obtain details
on the film structure and the grain size. To make quantitative and qualitative analysis,
Energy-Dispersive X-ray Spectroscopy (EDS) was also applied.

Table I11.1 Codification of materials depending on the doping and the type of ramp applied for to
reach the calcinations temperature

Ramp of temperature for

Material Composition calcination (°C/min)
M5 TiO, 10
M6 TiO, + 3at% Nb 10
M7 TiO, 2.5
MS TiO, + 3at% Nb 2.5

The sensing capabilities of the materials were also tested. The sensitivity toward
oxygen was measured under two different configurations: 20 ppm of O, in N, balance and
30 ppm of O, in CO, balance. The sensors responses toward other pollutant gases (SO,, CHy,
H,S and C,H4) were also tested in order to see the influence of such gases in the oxygen
detection process.
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To understand some behaviour of the sensors, RAMAN spectroscopy was employed.
This technique gives information at molecular level allowing the vibrational and rotational
analysis of chemical species.

Each of these measurements is presented in separated subchapter, including a little
description of the applied method, the results obtained and their discussion.
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II1.2. Powders Characterization

Three types of analyses have been carried out to the synthesized materials. The first
one is Inductively Coupled Plasma (ICP) that has been used to determine the concentrations
of doping atoms (niobium atoms) in the doped Titania. The results of this analysis can show
us if the doping process achieved the desired concentration of niobium.

The second one, X-rays Diffraction (XRD) gives us an insight into the crystalline
composition of the materials. The oxygen detection mechanism in Titania has a big
dependence on its crystalline structure. In rutile phase, this mechanism is based on the
diffusion of oxygen ions in the bulk of the material, in which it is necessary to work at high
temperatures (700-1000°C). On the other hand, anatase phase titania has more free electrons
[1], so oxygen detection can be associate to surface reaction, that takes place at not so high
temperatures (400 — 500°C) [2, 3]. Therefore, it is important to establish the crystalline
phases present in an active material to understand its behaviour during detection process.
This technique allows us to determine also the crystallite size, which has also influence on
the detection process. As it is known, in general, the lower the crystallite size, the higher the
sensitivity achieved.

The porosity and the surface area of the material also play an important role in the
detection process, since the interaction between the active material and the gas takes place on
the surface. Thus, the knowledge of this parameter may help in the selection of the best
material to be used for the oxygen sensor. This characteristic is also analyzed in this
subsection with area BET measurements.

I11.2.1.  Inductively Coupled Plasma (ICP)

Inductively Coupled Plasma (ICP) spectroscopy is a multi-element technique that
provides fast, reliable and accurate analysis of the elementary components concentration
with high sensitivity. It is based on an inductively coupled plasma source that dissociates the
sample into its constituent atoms or ions, exciting them to a level in which each atom emits
light of a characteristic wavelength. Depending on the intensity of the light emitted and
measured by a detector, the concentration of the particular element in the sample is
calculated. During the analysis, the sample suffers temperatures of about 10000 °C, where
even the most refractory elements are atomized with high efficiency. As a result, the
detection limit can reach levels as low as 1-10 ppb.

With this technique it is possible to determine the chemical composition of the
samples. Moreover, it can give information about the amount of any noble metal placed in
the surface or inside the bulk of a metal oxide sample [4]. Further details describing this
technique, principles and sample handing can be found elsewhere [5].
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11.2.1.1.  Experimental Set-Up

The concentration of the additives in Titania has been analyzed in an ICP-OES
analyzer (Induced Coupled Plasma — Optical Emission Spectroscopy) from Perkin-Elmer
model OPTIMA 3200RL. The radiofrequency source was 40 MHz working at a power
between 750 and 1500 W. The ICP analysis was realized in the Scientific Resources Service
at the University Rovira i Virgili, Tarragona, Spain.

For the measurements, the samples need to be introduced in a solution into the
analyzer. The material employed in this analysis was M6. Thus, the powders (50 mg), before
any calcination treatment, were melted with HCL (1 ml), HF (1 ml) and H,O (1 ml) in a
Pressurized Microwave Decomposition System (from PAAR Inc).

111.2.1.2.  Results and Discussion

The result of ICP analysis is summarized in Table IIL.2. It is possible to appreciate
that the content of Niobium measured is close to the nominal. Then we can conclude that the
doping process was successful.

Table I11.2 Result from ICP analysis

Nominal Nb content Nb content measured
(at.%) from ICP (at.%)

3 2.75+0.2

IIL.2.2.  X-Rays Diffraction (XRD)

The analysis of phase transition has been studied by using X-Rays Diffraction
(XRD). With this technique is not only possible to distinguish phase states of the sample, but
also to quantify the percentage of each phase in every one of the samples annealing stages.

This technique is based on the principle that a monochromatic X-ray, with an
incident angle 0 respect to a family of crystallographic planes (kkl), is diffracted with an
angle 20. When this occurs, it is said that there is a reflection and is only produced when
Bragg condition is verified (one family of reflections per each family of planes):

n-A=2-d,, -sin(0) (I1L1)
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where A is the wavelength of the incident radiation (1.5406 A for CuK,,), d,,, is the distance

between the planes (hkl) and 7 is the refraction order in the family.

It can be seen that a correct determination of refraction angle 6 conduces to a fast
measure of the distance between planes.

In a powder diffractometer, which uses Bragg-Brentano geometry, the
polycrystalline sample has a face or a surface plane where the diffraction takes place. The
detector and the emission source are oriented in all moments in symmetric position respect to
the normal of the sample plane, so that 6 = @ (@ is the angle that forms the emitted ray with
the surface of the sample). In fact, emission source, sample and detector occupy three
consecutive positions on a circumference: the emission source and detector are oriented
toward the centre of the sample and the normal of the plane surface of it is in the direction to
the circumference centre. That assures that Bragg’s conditions (III.1) for a set of points
situated in a certain zone of the sample surface and, therefore the detector collects in a
consecutive way the emergent rays from the different points. Position and orientation of the
detector and the emission source are varying in a synchronized way, keeping the symmetric
positions. In that way, a discrete spectrum of the reflections of families of planes parallel to
sample surface is obtained, as the emission source and the detector check the different values
of the angle 260.

If the grains of the sample are perfectly co-aligned, e.g. a perfect texture, only the
reflections corresponding to families of planes parallel to the sample surface will appear. On
the other hand, if the grains of the sample are perfectly disordered, e.g. a polycrystalline
sample or a powder sample, the reflection corresponding to all families of planes will appear
(while they do not satisfy additional conditions). So, the information obtained from this
technique gives an approximated idea about the degree of the preferential orientation of
certain crystalline specie.

In the case of a sample in powder form, we get a spectrum with all possible
reflection when moving the angle 20. The resulting spectrum can be compared with other
spectrums catalogued in the databases of The Joint Committee for Powder Diffraction
Studies (JCPDS), which allow the identification of the crystalline species present in the
sample [6].

Quantitive analysis is done by employing the Rietveld XRD Quantification Method.
With this method, the weight fraction w,, for phase “p” is calculated as follows:

o (sMv,/B,) )

p N,

2. (S;M,V, /B,)

p=1
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where N, is the number of phases, S, is the Rietveld scale factor for phase, M, is the unit
cell mass for phase, V,, is the unit cell volume for phase and B, is the Brindley correction

factor for phase [7].
The mean dimension, d, of crystallites was obtained by elaborating the most intense
X-ray peak of each phase by Scherer’s equation:

KA

d = (11L.3)
FWHM xcos @

where K is a constant related to the crystallite shape, FWHM (Full Width Half Maximum) is
the width of the main peak of the phase measured at the half of the height of the peak, as it is
shown in Figure III.1. The accuracy of this method is limited by the uncertainties in K and
the errors measuring the FWHM. This equation is quite satisfactory for studies comparing
the crystallite sizes of a number of samples belonging to a related series [8].

1500

1250 -

1000+
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500+

Intensity a.u.

h/2

250 -

-250 . : : : : : : :
24,0 24,5 25,0 25,5 26,0 26,5

20, degree

Figure II1.1 Full Width Half Maximum (FWHM) measured in a typical peak of phase in a material
XRD pattern
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11.2.2.1.  Experimental Set-Up

XRD measurements were made using a Siemens D5000 diffractometer (Bragg-
Bretano parafocusing geometry and vertical 6-6 goniometer) fitted with a curve graphite
diffracted-beam monochromator, incident and diffracted-beam Soller slits, a 0.06° receiving
slit and scintillation counter as a detector. The angular 20 diffraction range was between 20°
and 45°. The data were collected with an angular step of 0.05° at 3 s per step and sample
rotation. Cuy, radiation was obtained from copper X-ray tube operated at 40 kV and 30 mA.

For quantitive analysis, it was used the software TOPAS from Bruker Advanced X-
Ray Solutions.

In the Scherer’s equation, used for calculation of the crystallites size, the following
constant values: K=1.0 and 4= 15.4 nm were used.

I11.2.2.2.  Results and Discussion

The XRD pattern of material M5 is shown in Figure I11.2. In this figure it is possible
to appreciate the fast evolution of phase in this material. The change of phase from anatase to
rutile is almost complete at 700 °C. The results of the quantitative analysis are represented in
Figure II1.3.

M5
—— Brookite
—— Anatase
— Rutile

900°C

Intensity, a.u.

|

1 | | | 600°C

30 35 40 45
20, degree

I | 800°C

Figure I11.2 XRD patterns of material M5 calcined at different temperatures
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From the results of quantitative analysis it is observed that at 600 °C the material is
divided in a similar proportion of anatase and rutile phase. Any sign of brookite phase was
found at this temperature. At 700 °C, the anatase phase is almost disappeared and we can
consider that the whole material is in rutile phase. At 800 °C the sample is 100 % in rutile
phase and there is not any change in the crystallinity state of the material when increasing
the temperature to 900 °C. This is because rutile phase is completely stable and the change of
phase is irreversible.

If we make an extrapolation with the results of quantitative analysis, we can assure
that the phase transition in material M5 started at temperatures about 500 °C or even lower.
This early change of phase means a fast stabilization of crystalline structure.

Phase transition (M5)
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Figure I11.3 Percentage of each crystalline phase contained in the materials. These values were
obtained from the quantitative analysis of XRD patterns of sample M5

The crystallite size was extracted from the FWHM of the main peak for each phase
(Figure II1.4). The change of size in anatase crystallites with the increment of the calcination
temperature is summarized in Table II1.3. The crystallite sizes of rutile phase are in Table
1I1.4.

It is appreciable the difference in size in the crystallites of anatase and rutile phases.
Anatase crystallites are smaller than rutile ones. This result is in accordance with other
authors [9, 10]. Nevertheless, it is also observed that the growth of the crystallite size in
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anatase phase with temperatures faster than those in rutile phase. The size of anatase
crystallites increases in almost 100 % when the calcination temperature is increased from
600 °C to 700 °C. On the other hand, the size of rutile crystallites experiment an increment of
only 25 % when calcination temperature pass from 600 °C to 900 °C.

2500.
1250 M5 Gale:Temp: Calc. Temp.
Anatase peak — 600G N iicaak — 600°C
1000 — 700°C 20004 Shae e / — 700°C
_ — 800°C [/~ — 900°C
= 750 3 15004
@ ©
2
2 sl %
& 4 10004
= E
250
500
0
04
-250 . : : . ; .
24,0 24,5 25,0 255 26,0 26,5 271 273 274 27,6 27,8
20, degree 20, degree
a. b.

Figure I11.4 Measurement of the FWHM in a. main anatase peak and b. main rutile peak, in M5

Table 111.3 Size of anatase crystallites in M5 and the values employed for its calculation

Temperature FWHM 0 Crystallite
O (rad) (rad) size (nm)
600 5.33E-03 4.42E-01 31.97
700 3.14E-03 4.41E-01 54.24

Table I11.4 Size of rutile crystallites in M5 and the values employed for its calculation

Temperature FWHM 0 Crystallite
()] (rad) (rad) size (nm)
600 2.49E-03 4.79E-01 69.65
700 2.26E-03 4.78E-01 76.73
800 2.27E-03 4.79E-01 76.52
900 1.96E-03 4.79E-01 88.59
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The growth of rutile crystallites is slower at the first three calcination temperatures.
Between 700 °C and 800 °C, it appears to be an inhibition of growth in rutile crystallites.
This inhibition disappears at 900 °C where the highest growth in these phase crystallites is
presented.

Using the values of crystallite sizes of the phases from Table I11.3 and Table I11.4
and the quantity of each phase present in the materials, it was made a weighting average of
the crystallite size of each material. The result of this average is shown in Table II1.5.

The quantity of anatase phase in M5-600, which is 50 %, reduces the crystallite
average. When anatase phase is extinct, at 700 °C, the mean crystallite size depends only on
the rutile phase and then there is a big increment in this value.

Table I11.5 Weighting average crystallite size of M5 in function of the calcination temperature

Temperature Aver-age.
C) crystallite size
(nm)
600 50.87
700 76.06
800 76.52
900 88.59

The XRD pattern of material M6 is shown in Figure III.5. Here we can see the
effects of the addition of niobium ions to Titania lattice. Unlike M5, in M6 calcined at
temperatures below 700 °C, the anatase phase is the main crystalline structure (see Figure
II1.6). At 800 °C there is still some quantity of anatase phase in the material (12 %). The
complete change to rutile does not occur up to 900 °C.

In his doctoral thesis, J. Arbiol gives the physical explanation of the effects of Nb
ion additions to TiO, lattice on phase transition process anatase-rutile. According to J. Arbiol
[11], during doping process, Nb°" ions enter substitutionally in the lattice, occuping Ti*"
vacancies [12] without affecting the basic TiO, structure (anatase or rutile) [13] since the
jonic radii of Nb°" (0.70 A) is comparable to that of Ti** (0.68 A) [10, 14-16]. But, in order
to assure the material charge neutrality, these Nb>" ions should be compensated by an oxygen
vacancies decreasing. In anatase-rutile transformation, the anatase pseudo-close-packed
planes of oxygen {112} are retained as the rutile close-packed planes {110} and a
cooperative rearrangement of the titanium and oxygen ions occur within this configuration
[17]. The oxygen vacancies placed in anatase planes act as nucleation sites for the anatase to
rutile phase transformation [18], therefore a minimum ratio of oxygen vacancies in anatase
{112} planes is needed in order to assure the phase transition process. Then, the phase
inhibition is attributed to the extra valance in niobium ions, which reduces oxygen vacancies
in anatase phase, thus regarding the transformation to rutile [15, 19].
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Figure II1.5 XRD patterns of material M6 calcined at different temperatures
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Figure I11.6 Percentage of each crystalline phase contained in the materials. These values were
obtained from the quantitative analysis of XRD patterns of sample M6
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It was found considerable quantities of brookite phase in material M6 calcined at

600 °C (25 %) and 700 °C (9 %). This phase of Titania is usually found before the formation

of anatase and rutile crystalline states. Nevertheless, the brookite phase could change directly
to rutile phase without passing through anatase phase [20]. The changes of the percentages of

the crystallines phases at 700 °C suggest that there is a transformation of a part of brookite
phase directly to rutile phase. At 800 °C there is not evidence of brookite phase in the

material.

The Brookite phase has less free carriers than anatase and its electrochemical
behaviour is very alike to rutile’s [21]. Its presence could hinder the response of a material

towards oxygen at working temperatures around 500 °C.

The presence of anatase phase is higher in M6 materials than in M5 materials. Then
it is concluded that M6 materials appears to be more suitable for the purpose of this project,

which is the oxygen detection at lower temperatures (400 °C-600 °C).
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Figure I11.7 Measurement of the FWHM in a. main brookite peak, b. main anatase peak and c. main

rutile peak, in M6

100



UNIVERSITAT ROVIRA | VIRGILI
DEVELOPMENT OF A THICK FILM GAS SENSOR FOR OXIGEN DETECTION AT TRACE LEVEL
Edgar Alexander Sotter Solano

DL: T-324-2010/1SBN: 978-84-691-2431-4 II1. TiO, and Nb-doped TiO, characterization

In Figure II1.7 it is shown the FWHM of all the main peaks in XRD patterns for M6.
The changes of crystallites size with the increment of the calcination temperature of
brookite, anatase and rutile phase are summarized in Table I11.6, Table I11.7 and Table I11.8
respectively.

The size of the crystallites in material M6 is lower than in material M5. This happens
in all phases. This is also due to the incorporation of Nb in Titania lattice. The niobium ions
occupy substitutionally titanium sites due to the similarity of their ionic radii. Nevertheless,
Nb’" radius (0.70 A) is a bit larger than Ti*" radius (0.68 A). The result of this is that Nb
atoms induce stress in Titania lattice, which may hinder the growth of anatase and rutile
phase crystallites in the material, as found by Sharma et al. [10].

As it happened in M5, the size of the crystallites in M6 depends on the crystalline
phase. The size of the crystallites in brookite phase is the smallest. This size is increased as
the change of phase is produced in the crystalline structure of the material.

Table I11.6 Size of brookite crystallites in M6 and the values employed for its calculation

Temperature FWHM 0 Crystallite
O (rad) (rad) size (nm)
600 1.73E-02 5.38E-01 10.37
700 1.15E-02 5.38E-01 15.60

Table I11.7 Size of anatase crystallites in M6 and the values employed for its calculation

Temperature FWHM 0 Crystallite
°O) (rad) (rad) size (nm)
600 1.22E-02  4.41E-01 14.00
700 7.35E-03 4.41E-01 23.17
800 4.56E-03 4.41E-01 37.35

Table I11.8 Size of rutile crystallites in M6 and the values employed for its calculation

Temperature FWHM 0 Crystallite
°O) (rad) (rad) size (nm)
700 3.68E-03 4.78E-01 47.14
800 3.19E-03 4.78E-01 54.41
900 3.28E-03 4.78E-01 52.88
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It appears that the crystallite growth is related with its size and hence, with the phase.
The earlier is the phase transition (the lower is the temperature for the transition), the faster
is the growth of the crystallites. This is the case of crystallite growth in rutile phase, which is
the slowest one, compared with the other phases. The crystallites sizes in rutile phase
increase only a 12% when the firing temperature increases from 600 °C to 900 °C.
Nevertheless, the faster growth does not occur in brookite phase, which has the smallest
crystallites, but in anatase. In brookite phase, the crystallites grow a 50% when the
calcination temperature is increased from 600 °C to 700 °C. On the other hand, the anatase
crystallites grow a 64% with the same temperature increment and a 164% when the
calcination temperature is increased to 800 °C.

As in the previous material M5, a weighting average of the crystallite size was made.
The result of this average is shown in Table II1.9.

At lower temperatures (600 °C and 700 °C) the higher content of anatase and the
portion of brookite keep the crystallite size in low dimensions. A steep increment in this size
takes place when only the rutile phase remains in the material.

As it can be observed, crystallites in M6 are smaller than in M5. The small
crystallites drive to small grains and therefore to a higher surface area. Then it is expected
that M6 based materials have more surface area than M5 based materials, which means a
better interaction between the gas and the active material.

Table I11.9 Weighting average crystallite size of M6 in function of the calcination temperature

Temperature Aver.age’
(°C) crystallite size
(nm)
600 12.99
700 27.52
800 52.36
900 52.88

The XRD pattern of material M7 (doped material calcined using a slower ramp of
2.5 °C/min) is shown in Figure I11.8. The results of the quantitative analysis are represented
in Figure II1.9. The change of phase is similar to that presented in M5. At 700 °C the
crystalline structure has changed almost completely to rutile. Nevertheless, at 600 °C the
quantity of anatase in M7 is lower than in M5. There was also found a small quantity of
brookite phase in M7. This phase was not found in M5. Due to the only difference between
these two materials is the ramp of temperature employed to reach the calcination temperature
(10 °C/min for M5 and 2.5 °C/min for M7), the lower quantity of anatase phase and the
presence of brookite phase could be attributed to a slight retard in phase transition produced
when the temperature ramp employed is slower. This retard is only appreciable when
material is calcined at 600 °C.
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Figure II1.8 XRD patterns of material M7 calcined at different temperatures
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Figure II1.9 Percentage of each crystalline phase contained in the materials. These values were
obtained from the quantitative analysis of XRD patterns of sample M7
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As in M5, we can assure that the phase transition in material M7 started at
temperatures about 500 °C or even lower. At 800 °C the stabilization of the crystalline

structure is complete.
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Table I11.10 Size of anatase crystallites in M7 and the values employed for its calculation

Temperature FWHM
({9) (rad)
600 5.24E-03
700 4.73E-03

0
(rad)
4.42E-01
4.42E-01

Crystallite
size (nm)

32.52
36.05

Table I11.11 Size of rutile crystallites in M7 and the values employed for its calculation

Temperature FWHM
O (rad)
600 3.50E-03
700 3.32E-03
800 3.23E-03
900 2.66E-03

)
(rad)
4.79E-01
4.79E-01
4.79E-01
4.79E-01
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Crystallite

size (nm)
49.58
52.36
53.72
65.20
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In Figure III.1 it is shown the FWHM of anatase and rutile main peaks in XRD
patterns of M7. The FWHM of the brookite main peak in M7-600 was not possible to
measure due to the low height of this peak. The changes of crystallites size with the
increment of the calcination temperature of anatase and rutile phase are summarized in Table
I11.10 and Table II1.11 respectively.

Comparing Table I11.3-4 and Table II1.10-11, is possible to see that the size of the
crystallites in M7 is smaller than in M5, in both anatase and rutile. At 600 °C only the size of
the anatase crystallites is the same in M5 and M7.

The growth ratio in rutile is low, as in all the other cases. Nevertheless, for anatase,
which had a high growth ratio in the last two materials, in M7 is comparable to rutile. While
the anatase crystallites grows a 70 % in M5 when the calcination temperature passes from
600 °C to 700 °C, this increment is only a 10 % for M7.

The weighting average of the crystallite sizes, performed as in the previous cases is
shown in Table II1.12. The value of the crystallites does not increase with the temperature as
much as in other materials. So, we can conclude that the slower calcination ramp contributes
to hinder the crystallite growth. This can also explain the lower dimensions of the crystallites
in this case compared to material M5. Nevertheless, since the crystallite sizes in this material
are higher than in M6, the ramp influence on this parameter is not so important than the
effect of niobium inclusion.

Table II1.12 Weighting average crystallite size of M7 in function of the calcination temperature

Temperature Aver.age )
(°C) crystallite size
(nm)
600 42.76
700 52.36
800 53.72
900 65.20

The XRD patterns of material M8 calcined at different temperatures are shown in
Figure III.11. The results of the quantitative analysis of these patterns are represented in the
Figure I11.12. The phase evolution of material M8 when calcination temperature is increased
is comparable to that of M6. The addition of Niobium ions to Titania lattice induces a retard
in the phase transition. Nevertheless, the retard of phase transition is higher than in M6. This
effect is more evident in M8-800, where anatase content is 26 %, while in M6-800 was only
the half, 12%. Brookite phase is also more abundant in M8 than in M6 at the temperatures
where this phase is presented. As it happened with material M7, the slower temperature ramp
used in the calcination process also contributes to the inhibition of phase transition, causing
and additional retard.
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Figure III.11 XRD patterns of material M8 calcined at different temperatures
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Figure I11.12 Representation of the quantitative analysis of XRD pattern of material M8
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In Figure II1.13 it is shown the FWHM of all the main peaks in XRD patterns for
MS. The changes of crystallite size with the increment of the calcination temperature of
brookite, anatase and rutile phase are summarized in Table I11.13, Table III.14 and Table
II1.15 respectively.
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Figure I11.13 Measurement of the FWHM in a. main brookite peak, b. main anatase peak and c. main
rutile peak, in M8

Table 111.13 Size of brookite crystallites in M8 and the values employed for its calculation

Temperature FWHM 0 Crystallite
O (rad) (rad) size (nm)
600 1.63E-02 5.38E-01 10.97
700 1.10E-02 5.38E-01 16.36
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Table I11.14 Size of anatase crystallites in M8 and the values employed for its calculation

Temperature FWHM 0 Crystallite
((®) (rad) (rad) size (nm)
600 1.23E-02 4.42E-01 13.88
700 7.65E-03 4.42E-01 22.26
800 4.29E-03 4.42E-01 39.72

Table I11.15 Size of rutile crystallites in M8 and the values employed for its calculation

Temperature FWHM 0 Crystallite
°O) (rad) (rad) size (nm)
700 3.48E-03 4.79E-01 49.88
800 3.14E-03 4.78E-01 55.27
900 2.89E-03 4.78E-01 59.94

The crystallite sizes growth in material M8 has the same behavior with the firing
temperature than in material M6. Brookite has the smallest crystalline size, followed by
anatase and rutile. On the other hand, anatase phase has the fastest growth ratio, followed by
brookite and rutile. All this means that the temperature ramp does not have any effect in the
crystallite growth in doped materials. In these two materials, M6 and MS, the growth
mechanism depends more on the Niobium ions present in the lattice that on the calcination
temperature ramp.

It was made a weighting average of the crystallite size of each material using the
values of crystallite sizes of the phases, shown in Table I11.13, Table I11.14 and Table III.15,
and the quantity of each phase present in the materials. The result of this average is shown in
Table III.16.

Table I11.16 Weighting average crystallite size of M8 in function of the calcination temperature

Calcination Average
Temp. crystallite size
O (nm)
600 13.01
700 25.91
800 51.23
900 59.94
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At lower temperatures (600 °C and 700 °C), the higher content of anatase and the
portion of brookite keep the crystallite size smaller. The most visible increment in this size
occurs only when the rutile phase remains in the material.

I11.2.3. Area BET

Gas adsorption on solid surfaces and in pore spaces is a complex phenomenon
involving mass and energy interaction and phase changes. The analysis is based on BET
theory. The fundamental assumption is that the forces active in the condensation of gases
also are responsible for the binding energy in multi-molecular adsorption. By equating the
rate of condensation of gas molecules onto an already adsorbed layer to the rate of
evaporation from that layer and summing for an infinite number of layers, a plot of P/[V,(P,-
P)] vs. P/P, should yield a straight line with intercept 1/V,,C and slope (C-1)/V,,C, where C
is a constant, P, the gas saturation pressure, V, is the volume of gas adsorbate at pressure P
and V,, and C may be obtained from a regression line through the points. The volume of the
monolayer having been determined allows the surface area of the sample to be determined
using the area occupied by a single adsorbed molecule [22].

From surface BET it can be obtained an equivalent value of crystallite size. This
value could be calculated from the following equation[8]:

_ 6x10°
Sper X P

d (I11.4)

p = average titanium oxide density (4.9 g/cm’)
d = crystallite diameter (nm)

When a gas comes into contact with a solid surface, molecules of the gas will adsorb
(stick) on the surface in quantities that are a function of their partial pressure in the bulk. The
measurement of the amount of gas adsorbed over a range of partial pressures at a single
temperature result in a graph, known as an adsorption isotherm. Many different types of
isotherms have been observed in the literature [23, 24]; these isotherms can have very
different shapes, depending on the type of adsorbent, the type of adsorbate, and
intermolecular interactions between the gas and the surface.

The first systematic attempt to interpret adsorption isotherms for gas-solid
equilibrium was introduced by Brunauer, Deming, Deming and Teller [25] (BDDT) in 1940.
These authors classified isotherms into five types. The BDDT classification has become the
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core of the modern International Union of Pure and Applied Chemistry (IUPAC)
classification of adsorption isotherms [26, 27]; these BDDT isotherms and an additional one
introduced much later by Somasundaran [28], which completes the [IUPAC classification, are
illustrated in Figure III.14. Type I isotherms characterize microporous adsorbents. Types II
and III describe adsorption on non-porous and macroporous solids with strong and weak
adsorbate-adsorbent interactions, respectively. Type IV isotherm is typical of mesoporous
materials. Type V isotherm, as type Il is typical in weak adsorbate-adsorbent interactions,
but with the difference that in the final section it is not asymptotic. Finally, the isotherm type
VI, is not so much common. This type of adsorption occurs in steps only for materials with a
non-porous and uniform surface.

v \Y VI

Amount adsorbed

Relative pressure

Figure I11.14 The IUPAC classification for adsorption isotherms

In the case of adsorption where capillary condensation occurs, hysteresis loops
appear. The different forms of hysteresis cycles may give an idea about the form of the
pores. The IUPAC classify these cycles in four types, associated with the porous structure of
the material [27]. This classification is shown in Figure III.15. The type H1 is associated
with compact agglomerations of spheres, approximately uniforms, directed in regular way,
with narrow distribution of pore sizes. The H2 type is attributed to the effect of the
interconnection in the pores net. The H3 type is associated with aggregates of particles with
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sheet shape that give rise to pores with form of crack. The same happens with the type H4,
but in this case, the type I character of the isotherm indicates the existence of microporosity.
In all cases, it may appear a hysteresis at lower pressure that is attributed to the retention of
molecules in very narrow pores or to chemisorptions.

Amount adsorbed

Relative Pressure

Figure II1.15 The four classifications of adsorption isotherms with hysteresis loops

111.2.3.1.  Experimental Set-up

A Micromeritics ASAP2020 gas sorption analyzer was employed for determining
surface area, porosity, pore size and pore distributions of the Titania nanomaterials. These
measurements were done in the laboratories of the research group in plant polymers of
Universitat Rovira i Virgili. 1 g of each material was used for the analyses. These samples
were degasified during 2 hours at 90 °C and during 6 hours more at 150 °C. Finally, the
adsorption of N, at 77K was measured.
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I11.2.3.2.  Results and Discussion

The results from BET analyses are summarized in Table II1.17. It can be appreciated
that the surface area decreases when calcination temperature increases. This is attributed to
both, the growth of the material crystals and the reduction of the porosity. However, there
maybe a third reason of this increase in the surface area. Making a comparison between the
calculated values of crystallites from XRD measurements (Table II1.5, Table II1.9, Table
II1.12 and Table II1.16) and the calculated values of crystallites from BET analyses (Table
II.18) it is observed that the BET sizes are bigger that XRD sizes. The higher size of
crystallites calculated from BET analyses may be an indication of the coalescence of the
crystallites, because only the surface of crystallites in contact with the air is measured in this
analysis and then a conglomerate of crystallites is measured as one unique crystallite.

The BET area in doped materials is higher than in sheer Titania. This supports the
idea that the addition of Nb ions to the Titania lattice hinders the growth of the material
crystallites. Also is possible to appreciate that the calcination with the slower ramp helps to
avoid the reduction of the surface area which could be due to an inhibition of the crystallite
growth or of crystallites coalescence.

Table I11.17 BET surface of the materials

it S 07
‘O M5 M6 M7 M8
600 6 54 6 56
700 1 18 2 24
800 0.5 8 1 10
900 0.5 1 0.6 3

Table 111.18 Crystallite sizes calculated from BET surfaces

Tce?rlli)i::;tizll}e Crystallite size (nm)
0 M5 M6 M7 M8
600 204 23 204 22
700 1224 68 612 51
800 2449 153 1224 122
900 2449 1224 2041 408
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From the results exposed in Table III.17 and Table III.18, it is concluded that doped
materials will have a higher sensitivity toward oxygen than the un-doped ones. This is
because doped materials have higher surface area. Moreover, it appears that the lower the
calcination temperature, the higher the surface area of the material and else the higher the
expected sensitivity. The doped materials calcined at temperatures over 800 °C, the surface
area is even lower than for un-doped materials calcined at low temperatures.

In Figure II1.16 it is shown the adsorption and desorption isotherms of N, at 77K of
all materials. It is observed that the isotherms of pure Titania materials calcined at 600 °C
and in general all Nb-doped Titania are of type IV in the IUPAC classification (Figure
I11.14). This type of isotherm is typical in mesoporous materials. Isotherms of pure materials
calcined at temperatures above 700 °C and doped material (M6) calcined at 900 °C, have an
isotherm type Il which is attributed to non-porous materials. Thus the porosity of materials
diminishes when the calcination temperature increases. The addition of Niobium also retards
this effect.

o 704
12 M / he .
4 j.{-‘ 60 » W
—u— Adsorption o e —a— Adsorption Fi /
10 -4~ Desorption A " 504 —4— Desorption / o
8] —eo0cc / —600° !/
% = — 700°C i / % E ok — :?gg °g / o :
/ /
E 64 _ggg% / -7 800 °C - 2
® 2 o 304  —900°C / -
2 / / 2 A
EE a4 / e 2§ s
8 44 / o S 204 e
g ir'fl-"'_--------. g _g — ™
2 -ll'.'_“—'_'_.’ 104 .....- - L} ]
% ('-.E smmmEE—N o : H - .
(y——EE R 8 = A g— By = 0 EREEEE-S ki '] ] s —u ==
00 01 02 03 04 05 06 07 O08 09 1C 00 01 02 03 04 05 06 07 08 08 1.C
Relative pressure (P/Po) Relative pressure (P/Po)
14
M7 : 70+ e
12 .f';'f M8 fr— —f;..---“"
—u— Adsorplion /= 60+ ; f /
104 —a—~ Desorption W —m=Ad sorption ! /
P 504 —4— Desorption 7 /
8 — 600 °C 7 / /o / E
£ ~ 800+ i £ 4 oo .
5 —900°C / / g w 800 °C [ ¥
2o / y $2 5] —ooc % ¢
5 / / £E S
= S a4d { o B2 _
g i - g 204 . oo L]
L a—" an—""
24 an—r o uue® - - " A
muu® 10 i - J=-
y L ] guunns ¥ 2 o o
R L L e e e & = B S 5 gEEE—u-——a——a——4 -
00 01 02 03 04 05 06 07 08 09 1C 00 01 02 03 04 05 06 07 08 09 1,C
Relative pressure (P/Po) Relative pressure (P/Po)

Figure I11.16 Adsorption and desorption isotherms of N, at 77K of all materials.
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Taking into account the IUPAC classification of isotherms with hysteresis (Figure
II1.15), the materials that present this behavior may be classified as type H1. This is
associated to materials with narrow distribution of pore sizes.
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II1.3. Active Layer Analysis

The active material is located on the sensor in the form of layer. Thus, besides the
powder characterization, it is also important to characterize the active material layer. SEM
microphotographies were taken to know the porosity of the layer and the size of the final
grains. Van der Waals forces make that after the drying and calcination of the layers, the
grains join forming conglomerations that reduce the active area. It is expected that the active
area with smaller grains and higher porosity will have better interaction with the gas and
thus, better sensitivity.

EDS analysis was also performed to the layers to support the results obtained from
the ICP analysis. In this way, it has been confirmed that the doping concentration of
Niobium in Titania is near 3 at%.

II1.3.1.  Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is the most common technique for layer
characterization and is designed to provide image of high spatial resolution, usually using the
secondary electron signal. The image displayed on a cathode ray tube (CRT) is created by
scanning the focused electron beam in a raster pattern across some area of the sample, while
synchronously scanning an analogous pattern on the CRT.

The CRT brightness is modulated on the basis of the intensity of the signal of
interest. SEMs typically use accelerating voltages between 5 and 30 kV. The major
advantage of this technique is that it does not destroy the sample. However, when the sample
is not conductive, it is necessary to cover it with a thin layer of carbon or gold to avoid
charging effects [29].

111.3.1.1.  Experimental Set-up

The SEM analysis was realized in the Scientific Resources Service at the University
Rovira i Virgili, Tarragona, Spain. The technical characteristics of the applied equipment are
summarized in Table III.19.

For the analysis, the materials nanopowder were dispersed in glycerol in the same
way used to fabricate the sensors (section 11.3.2) and deposited over alumina substrates.
Then, the layers were dried at 300 °C for 20 minutes and fired at the corresponding
temperature, depending on the material. Those materials whose powder calcination was done
at 600 °C were fired at 600 °C; while the others were fired at 700 °C. The samples were then
coated with a thin gold layer, which was sputtered to avoid charging effects. Micro-images
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were taken using a focal distance of 8 mm, a voltage of 25 kV and a magnification of
50000 x.

Table I11.19 Technical characteristics of the SEM equipment employed

SEM model Joel JISM 6400
Resolution 0.3 nm
Magnification 15-300 000 x
Voltage from 0.5 to 40 kV
Sample rotation 360°

Sample inclination 90°

Back disperse electron detector Yes

In this study, the change in the grain size could not be observed clearly from the
SEM images, because this technique limits the photograph resolution. Because of this, a
statistical study of the grain diameters was undertaken. Different computer programs such as
Digital Micrograph or ImageJ have the function Analyze particles, which allows to make
different types of analysis. One of them is to obtain a grain size histogram. This function is
very useful, but not always applicable. We tried to apply it for our images, but there was a
problem. Some of the particles were not outlined well. Then, when the program was
searching for the grain boundaries, it took several particles as just one. By this means, the
program gave us a mean grain size bigger than the real one. To avoid this problem, another
method was applied. It consisted in the manual measuring of 100 grains from each image.
For these measurements, the corresponding program tool was used. After that, the results
were input in another program (Origin) and a statistic analysis was performed. In the tables
where the results of this analysis are summarized, d is the mean diameter of the grains, SD is

1 n _
the standard deviation (SD =+/Var , whereVar = _IZ(X .—X)>) and SE is the
n—1,,
D
standard error of the mean ( SE = S—)

Jn

II1.3.1.2.  Results and Discussion

The SEM pictures of the material M5 (pure Titania calcined employing the
temperature ramp of 10 °C/min) calcined at 600 °C, 700 °C, 800 °C and 900 °C are shown in

116



UNIVERSITAT ROVIRA | VIRGILI
DEVELOPMENT OF A THICK FILM GAS SENSOR FOR OXIGEN DETECTION AT TRACE LEVEL
Edgar Alexander Sotter Solano

DL: T-324-2010/1SBN: 978-84-691-2431-4 III. TiO, and Nb-doped TiO, characterization

Figure II1.17. The evolution of the grain diameter of this material is summarized in Table
I11.20.

f T { MS5 600 f T | MS5 700

f T | MS5 800 f Tom | MS5 900
Figure II1.17 SEM images of M5 calcined at different temperatures

The results obtained are comparable to the obtained for XRD analysis of the powder.
According to the histogram of the material M5-600 (Figure II1.18), the grains have a mean
diameter of approximately 60 nm (Table II1.20). This size is high in comparison with other
materials calcined at the same temperature, which will be shown later. When calcination
temperature is increased, the grain size increases fast until reaching a diameter about 83 nm
at 900 °C.
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Figure I11.18 Grain size histograms of M5 calcined at different temperature

Table I11.20 Grain size evolution of the grains belong to material M5

Material d (nm) SD SE
M5-600 61.2 11.2 1.1
M5-700 71.1 12.8 1.3
M5-800 84.2 20.2 2.0
MS5-900 82.9 16.7 1.6

The increment in the mean grain size is closely related with the quantity of rutile
phase present in the material. The grains formed by anatase crystals are smaller than those
formed by rutile crystals. This is because the rutile crystals, on the contrary that anatase
crystals, tend to coalesce when crystallinity is improved until reaching a complete
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stabilization [11]. The small quantity of anatase phase in material M5-600, observed in XRD
results, contribute to retard the grain growth. Nevertheless, when this phase disappear at
700 °C, the rutile crystals, which are the only presents in the material, start to coalesce faster
forming bigger grains.

t Tom { M6 600 f

e M6800 b  M6900

Figure II1.19 SEM images of M6 calcined at different temperatures

At 900 °C, the size of the grains is almost the same that at 800 °C. It appears that the
fast grain growth at lower calcination temperatures stops at 800 °C. The size of M5-900 is
even the smallest one among all the materials calcined at the same temperature. This may be
attributed to the early stabilization of the material crystallinity. The material M5 does not
have any additive that retards the phase transition. Besides, the temperature ramp employed
in the calcination process was also the faster one. Thus, the material reaches the crystalline
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stabilization quickly. When this state is reached, the crystals stop fusing with others. This
fact can explain that over certain calcination temperature, the grains remain at almost the
same size, in spite of the increasing calcination temperature.
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Figure I11.20 Grain size histograms of M6 calcined at different temperatures

Table I11.21 Grain size evolution of the grains belong to material M6

Material d (nm) SD SE
M6-600 48.9 7.65 0.7
M6-700 56.5 13.00 1.3
Mo6-800 64.0 13.00 1.3
M6-900 110.1 33.17 3.5
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Although the particles in M5-900 are small compared with the other materials
calcined at the same temperature, as it was commented, the highly stable crystallinity and
content of rutile phase in it, observed in XRD results, make necessary working temperatures
over the 700 °C for gas detection. Since the objective of this thesis is to obtain a oxygen
sensor working at low temperatures, this material seems to be not convenient for the
development of our sensor.

As it can be appreciated in Figure I11.19 and Figure I11.20, the grain sizes of material
M6 calcined at 600 °C, 700 °C and 800 °C are smaller than those of material M5 calcined at
the same temperatures. The material M6-800 is almost the same size than material M5-600.
The small grain size supports the fact that the addition of Nb ions to the Titania lattice
retards the change of phase and inhibits the grain growth. In this way, the results obtained by
others authors are also in good agreement with ours [9, 10].

The inhibition of the phase transition in Titania by the addition of Nb ions was
already explained in the XRD section. Making a comparison of SEM results with those
obtained with XRD analysis, it is possible to see a relation between the increments of the
grain diameter and the content of rutile phase in the material. The higher the quantity of
rutile phase, the bigger the grains are. As it was explained before, the reason of this relation
is the tendency of rutile crystals to coalesce between them, tendency that does not exist in
anatase crystals[11]. Therefore, the grains formed by anatase crystals are usually smaller that
those formed by rutile crystals. It is important to remark that there are cases, very common,
where anatase crystals and rutile crystals coexist in a same grain. In this cases, the presence
of anatase phase retard the growth of the entire grain.

The additional Nb ions in the crystalline structure of Titania play themselves also an
important role in the inhibition of grain growth. As it was explained in for XRD results, in
the incorporation of Nb in Titania lattice, the niobium ions occupy substitutionally titanium
sites, due to the similarity of their ionic radii. Nevertheless, Nb** radius (0.70 A) is a bit
bigger than Ti*" radius (0.68 A). The result is that Nb ions induce stress in Titania lattice,
which may hinder the growth of anatase and rutile phase crystallites in the material.

In Table III.21 it is also observed that the grain size grows in a linear way from
600 °C (48.9 nm) to 800 °C (64 nm) with a rate of approximately 7.5 nm each 100 °C of
increment in the calcination temperature. This linear growth is kept until the calcination
temperature reaches 900 °C. At this temperature, the grain size suffers a dramatic increment
becoming the largest one among all the analyses materials calcined at the same temperature.
The explanation of this phenomenon is that the Nb>* ions remain inside anatase bulk until the
temperature is high enough to give the necessary mobility to the niobium ions to sinter. Thus
the Nb aggregates created would be expulsed out from anatase structure and would be finally
placed on TiO, surface in an oxidized Nb phase. At the same time, once the main part of the
Niobium has left the anatase structure, a fast transformation to rutile would happen, since at
those high temperatures (800 °C-900 °C), the phase transition would be highly favoured [11,
30].
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The crystals now free of the stress that comes from the Niobium ions can grow more
easily. They also start to coalesce between them when they change to rutile phase. This
caused the sudden increase of the grain size at 900 °C.

Nevertheless, it could be noticed that the increase of the grain size in the material
M6-900 is very important compared with M5-900. This could be attributed to sudden
coalescence between crystals produced when Titania lattice got free of Niobium. When the
Niobium ions were finally expelled out, the crystals start to coalescence faster until they
reach a stable crystallinization.

The next material to be analyzed is M7. The SEM images and histograms of this
materials calcined at different temperatures are shown in Figure II1.21 and Figure 111.22
respectively. The evolution of the grain size is summarized in Table I11.22.

Figure I11.21 SEM images of M7 calcined at different temperatures
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Figure I11.22 Grain size histograms of M7 calcined at different temperatures

Table 111.22 Grain size evolution of the grains belong to material M7

Material d (nm) SD SE
M7-600 57.9 11.7 1.2
M7-700 54.9 11.3 1.1
M7-800 67.7 12.4 1.2
M7-900 93.6 19.3 1.9

Although this material is not doped with Niobium, it was not observed the fast grain
growth that was observed in M5 when it was calcined at low temperatures (600 °C and
700 °C). The grain size appears to be almost constant when the material M7 is calcined at
those temperatures. Then, when calcination temperature is increased to 800 °C, the grains
grow at the same rate than in M5, 10 nm per 100 °C. Finally, at 900 °C there is a high
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increase in the grain size, similar to the one observed in material M6 at the same
temperature.

XRD results showed that the quantity of rutile phase highly increases from material
M7-600 (60.4 %) to material M7-700 (98.8 %). Then, it is supposed that the crystals in rutile
phase would grow and coalesce increasing the size of the grains in material M7-700.
Nevertheless it does not happen. Instead of this, the grain size appears to remain constant.
The grain size evolution in material M7 showed that the coalescence mechanism of rutile
crystals might be influenced by the velocity of temperature increment. In this material, the
ramp employed to reach the calcination temperature (2.5°C/min) is slower than that
employed in M5 and M6 (10 °C/min). Below 700 °C, the slow temperature ramp prevents the
fast crystallinization of the material. Therefore, the change of phase occurs, but the growth
and coalesce of the rutile crystals are not produced.

— M8 600 l ] M8 700

M8 900

Figure I11.23 SEM images of M8 calcined at different temperatures
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Over 700 °C, it appears to be an inflection point in the behaviour of the grains in M7.
In spite of the slow temperature ramp, the reached temperature provides enough energy to
the system to force the fast crystallinization. When this occurs, the crystals grow and
coalesce forming bigger grains. This process is observed until the higher calcination
temperature is reached, at 900 °C.
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Figure I11.24 Grain size histograms of M8 calcined at different temperatures

Table I11.23 Grain size evolution of the grains belong to material M8

Material d (nm) SD SE
MS8-600 46.5 8.2 0.8
MS8-700 50.0 10.0 1.0
M8-800 46.5 6.8 0.7
M8-900 97.4 13.9 1.4
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Another material calcined employing the slower temperature ramp is M8. SEM
images and histograms of this material are shown in Figure II1.23 and Figure III.24
respectively. The grain size evolution is summarized in Table I11.23.

The mean diameter of the grains in M8 calcined at 600 °C is the smallest among all
the materials calcined at the same temperature. This size remains almost constant until
800 °C. When the material M8 is calcined at 900 °C, the size of the grains experiment a
tremendous growth similar to that experimented by the material M6 when it was calcined at
the same temperature.

The behaviour of the material M8 at temperatures below 800 °C could be explained
in the same way that of M7. At these temperatures, the slow temperature ramp prevents the
fast coalescence between the crystals of the material. Moreover, the niobium ions in the
crystalline lattice also contribute to retard the growth of the crystals as it was explained for
M6. The contribution of these two phenomenons is the reason of the smallest grain size of
the material M8 when it is calcined at temperatures below 800 °C.

When material M8 is calcined at 900 °C, all the niobium ions are expelled out from
the Titania crystals. At this moment the material experiments the same behaviour of M6 at
the same temperature. A fast crystallization of the material is produced. This contributes to
the growth and coalescence of the crystals, giving rise to an enlargement of the diameter of
the grains.

I11.3.2.  Energy-Dispersive X-ray Spectroscopy (EDS)

To make a quantitative composition analysis, Energy-Dispersive X-ray Spectroscopy
technique (EDS) was applied. This technique allows a rapid evaluation of a specimen, i.e.
identification of the elements that are present in a sample. In its simplest form, quantitative
analysis proceeds by determining the energies of x-ray emission. At low x-ray energy (less
than 3 keV), peak separation and the limited resolution of the EDS spectrometer will likely
restrict element identification to only one peak. But at low-energy L or M lines will be
accompanied by high-energy K or L lines in the 4-20 keV range, which can aid identification
[31]. Below 1 keV, quantitative EDS analysis is difficult.

This technique is not as accurate as ICP for quantitative analysis of elements in a
material. However it helped to confirm the results from ICP measurements and also to make
a fast evaluation of the elements concentrations in M6 and M8 type materials that were
synthesized later and that were not analyzed by ICP.

The equipment employed for the EDS analysis is the same employed for SEM.
Therefore, samples were prepared in almost the same way as for SEM analysis. The doped
material nanopowder (M6 and MS8) calcined at 600 °C, were dispersed in glycerol and
deposited over alumina substrates. Then, the layers were dried at 300 °C for 20 minutes and
fired 600 °C. For EDS, the samples were then coated with a thin carbon layer, which was
sputtered to avoid charging effects.
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Taking the spectrum in different points of the sample, we made a quantitative
analysis. The results are shown in Table II1.24. The spectrum of Co was used as reference.

The error is defined as the rate between the Standard Deviation (SD =+/Var ,

1 n _ _
where Var = 1 Z (X, —-X )* ) and the mean value X of the measurements.

i=l1

Table I11.24 Results of the quantitative analysis (All results are normalized)

Sample At% O At% Ti At% Nb %Total
M6-600" 61.05 35.80 3.15 100
M8-600' 49.88 47.02 3.10 100

The results from EDS analysis confirm that the atomic ratio Nb/Ti is about 0.03.
This means that doping process was successful.
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II1.4. Sensor Characterization

The sensor capabilities for gas detection were tested. First, all the sensors were tested
toward 20 ppm of oxygen in a flux of N,. With this first measurement, it is intended to
establish a relation between the materials and layers characteristics and their sensing
properties. This gives an idea about which material is the most proper for oxygen detection.

One important application of an oxygen sensor is the control of the levels of that gas
in the carbon dioxide employed for food and beverage processing. In accordance with ISBT
(International Society of Beverage Technologists, USA) specifications, the quantity of
oxygen in the CO, used in such processes must not exceed 30 ppm [32]. Bearing this in
mind, the sensor with the best response toward traces of oxygen in nitrogen was also tested
toward oxygen and other polluting gases (SO,, CHy4, H,S and C,H,) using CO, as a carrier
gas.

II1.4.1.  Oxygen Sensing Characterization in N,

11.4.1.1.  Experimental Set-up

For the characterization of the sensing properties, the sensor was connected into a
test chamber (with a volume of 16 cm®). In the first stage, pure nitrogen (C-50) was input
into the test chamber and the sensor base line was established. A constant flow of
140 ml/min was fixed to avoid interference of pressure in the measurements. Then, a flow
with nitrogen and oxygen was mixed with the pure nitrogen flux using mass-flow
controllers. The accuracy of each mass-flow meter was +1 % of its full scale. A schema of
the measurement system is shown in Figure II1.25. The sensors were tested at four different
temperatures: 300 °C, 400 °C, 500 °C and 600 °C. Three repetitions of each measure for each
sensor were done. The change in the active layer resistivity was measured employing a
Keithley 6517A Electrometer. The sensor response (SR) is defined as follows:

sp=2R (I1L5)
R,

where AR is the value of the change in sensor resistance when the oxygen is passed and
RN2 is the resistance of the sensor under pure nitrogen. The error among the whole
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measurements of the sensors of a same material is also shown and is defined as the rate

I < =
between the Standard Deviation (SD =+/Var , whereVar = —lz (X,—X)*) and the
n—>1i

mean value X of the measurements.
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Figure I11.25 Schema of the gas measurement system employed to test the Titania based sensors
developed in this work [29]

In a first step the sensitivity to 20 ppm of oxygen was evaluated. Then, the materials
with the highest response were also tested at 15 and10 ppm of oxygen to check their
sensitivity at lower oxygen concentration. In those materials it was also checked the response
time and the recovery time. As it is possible to see in Figure I11.26, when the target gas is
introduced, the response time is defined as the time elapsed from the 10 % to the 90 % of the
response, measured from the baseline resistance. At the same time, when the target gas is
purged, with a flux of pure nitrogen, the recovery time is defined as the time passed from the
90 % to the 10 % of the response value, also measured from the baseline resistance.

129



UNIVERSITAT ROVIRA | VIRGILI
DEVELOPMENT OF A THICK FILM GAS SENSOR FOR OXIGEN DETECTION AT TRACE LEVEL

Edgar Alexander Sotter Solano

Dy Lt PY Y 3itRofifr s sensor for oxygen detection at trace levels

Ro Ro
+«——— 90% R. 90% R. _}
e i e
B B
& € | e 10% R
) RN Response ) Recovery RN
time time ‘
Time (minutes) Time (minutes)

Figure I11.26 Definition of response time and recovery time of a gas sensor response

II1.4.1.2.  Results and Discussion

The first tested material was M5. The results are summarized in Table I11.25 and
represented in Figure I11.27. All the responses are quite low, as expected from the previous
analysis. M5-700 shows the worse responses, decreasing when the operation temperature is
increased. On the other hand, the response seems to improve when increasing the operation
temperature for the other cases. This tendency is only broken for M5-800 working at the
maximum temperature (600 °C).

Table I11.25 Responses of sensors made from M5 based materials toward 20 ppm of oxygen working
at different temperatures. The carrier gas was pure nitrogen

Sensor response (AR / RN2 )

Working MS5 - 600 MS5 - 700 M5 — 800 MS5 - 900
temperature

°O) Resp.  Error Resp. Error Resp. Error Resp. Error

300 0.22 3.0% 0.20 4.0% 0.20 2.8% 0.12 5.3%

400 0.23 7.7% 0.18 1.0% 0.24 5.8% 0.19 3.3%

500 0.27 5.0% 0.17 10.0% 0.26 8.2% 0.24 5.6%

600 - - 0.16 10.0% 0.21 2.1% 0.25 9.2%
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Figure I11.27 Comparison of the responses of sensors made from M5 based materials toward 20 ppm
of oxygen, working at different temperatures. The carrier gas employed was pure nitrogen

Based in the previous characterizations (XRD and SEM), it may be conclude that the
low responses in M5 based materials could be attributed to the predominant rutile phase in
their crystalline structure and to the grain size, that in M5 was the highest one.

The rutile phase, as it was previously commented, is poorly active at temperatures
below 700 °C. The detection mechanism in rutile Titania based sensors is principally related
to the ion vacancies in the material bulk, which needs high temperatures to be formed. The
MS5 based materials are mostly constituted by rutile phase, in particular those calcined at
700 °C and over. Then the working temperatures employed in this work are not enough to
activate the working mechanism of these sensors.

The high grain size, which is related with the crystalline phase, also hinders the
sensitivity of these materials toward oxygen. The active surface is inversely proportional to
the grain size, and then when the grains grow there is less surface to interact with the gas.
The grains in M5 based materials are, in general, the biggest among all the other materials,
therefore, from the point of view of the active area, it is not strange the low sensitivity of the
sensors based on this material

According with XRD results, material M5 calcined at 600 °C (M5-600) has a high
quantity of anatase (48.83 %). This anatase phase present in the material should help to the
reaction with the oxygen. Nevertheless, the results show that this is not happening. The
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crystalline phases (brookite, anatase or rutile) present in the Titania play a very important
role in its capabilities to detect oxygen at the temperatures we are using in this project.
However, there are others features, as grain size and porosity, which may also influence the
detection. In the case of the material M5-600, these other features are not favorable.

The responses of sensors fabricated with M6 based materials toward 20 ppm of
oxygen and working at different temperatures are summarized in Table I11.26. A comparison
of these responses is shown in Figure I11.28. It can be seen an improvement of the sensors
responses for all materials (with different firing temperatures), compared to M5 based
sensors. As it was shown in the XRD and SEM results, the addition of Niobium ions to the
Titania lattice modify the physical characteristics of the materials allowing a better
interaction with the gas in the detection process. Moreover, these Nb foreign ions also create
defects in the material that help the oxygen ions from the gas to be adsorbed [10, 11, 33].

Table I11.26 Responses of sensors made from M6 based materials toward 20 ppm of oxygen working
at different temperatures. The carrier gas was pure nitrogen

Sensor response (AR / RN2 )

Working M6 - 600 M6 - 700 M6 - 800 M6 - 900
temperature
°C) Resp.  Error Resp. Error Resp. Error Resp. Error
300 0.114 7.0% 1.447 2.5% 0.262 8.8% 0.172 9.4%
400 0.185 7.9% 1.817 0.2% 0.826 5.0% 0.704 3.2%
500 0.226 9.5% 1.999 52% 0.443 2.6% 0.510 4.2%
600 - = 1.225 2.7% 0.633 8% 0.633 7.0%

Figure II1.28 shows that the best results for M6 material were obtained for a
calcination temperature of 700 °C. The response of material M6 calcined at 700 °C stands out
from the rest.

The response of this sensor increases proportional to the working temperature up to
500 °C, where the maximum response is obtained. Then, there is an inflection point in the
temperature-response curve, obtaining at 600 °C a value even lower than the value obtained
at 300 °C. This inflection point could be attributed to an improvement in the crystallinization
of the anatase crystallites, which diminish the surface defects, affecting the adsorption of
oxygen species on the surface. However, the change of phase to rutile does not take place so
this crystallinization is reversible. Moreover, 600 °C is still a low temperature for the
detection with rutile phase.
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Figure I11.28 Comparison of the responses of sensors made from M6 based materials toward 20 ppm
of oxygen, working at different temperatures. The carrier gas employed was pure nitrogen

The responses obtained for M6-800 and M6-900 are quite similar. Since these two
materials are mainly in anatase phase like M5 and the grain size is comparable or even
higher than in the case of M5, one could expect response comparables to those obtained for
MS5 or even worse. But, as can be derived comparing Figure I11.27 and Figure II1.28, the
responses of M6-800 and M6-900 are better than those obtained for MS5. So, the Niobium
introduced in the case of M6 clearly improves the sensitivity of thisTiO, to oxygen.

On the other hand, M6-600 shows the worse results. According to the XRD results,
the quantity of anatase phase in M6-600 is even higher than in M6-700. This material has
also more surface area than M6-700. Then, it should be expected a higher response of M6-
600 based sensor in comparison with that of M6-700. A possible explanation of this low
response may be the brookite phase contained in M6-600 (24.74 %). At this temperature, the
crystallinity of the brookite particles is improved, with the consequent diminishing of the
surface defects, which can affect the adsorption of oxygen species on the surface.

The responses of sensors fabricated for M7 based materials toward 20 ppm of
oxygen and working at different temperatures are summarized in Table II1.27. A comparison
of these responses is shown in Figure II1.30. The responses of M7 based material toward
20 ppm of oxygen were low in general and comparable to those obtained for M5, although
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slightly better. These results confirm that the lower crystallite size obtained with the slower

temperature ramp influences slightly the sensor sensitivity.
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Figure I11.29 Typical responses of the sensor made from M6-700 toward 20 ppm of oxygen, working
at different temperatures. The carrier gas employed was pure nitrogen

In Figure I11.30 is it possible to see that the responses of M7 based materials are very
similar to the response M5 based materials. As for M5, only the material calcined at 700 °C
decreases the sensitivity when increasing the operation temperature. For the other cases, the
sensitivity increases with temperature except for M7-800 working at the maximum
temperature. This behavior was also observed for M5.The increase in sensitivity due to the
increment of operating temperature is higher in this case. So, the lower dimension of the
crystallite size of M7 makes this material more sensitive to changes in the operation

temperature.
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Table 111.27 Responses of sensors made from M7 based materials toward 20 ppm of oxygen working
at different temperatures. The carrier gas was pure nitrogen

Sensor response (AR / RN2 )

Working M7 - 600 M7 -700 M7 - 800 M7 -900
temperature
(°O) Resp. Error  Resp. Error Resp. Error Resp. Error
300 0.15 9.6% 0.29 7.7% 0.11 5.3% 0.06 7.1%
400 0.16 8.3% 0.27 9.1% 0.16 6.5% 0.12 4.2%
500 0.26 9.0% 0.23 8.1% 0.24 4.9% 0.29 3.1%
600 - - 0.22 7.4% 0.11 1.7% 0.30 1.0%
0,40
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®  M7-700
0,354 A M7-800
v M7-900
0,304 v
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Figure I11.30 Comparison of the responses of sensors made from M7 based materials toward 20 ppm
of oxygen, working at different temperatures. The carrier gas employed was pure nitrogen
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The responses of sensors fabricated for M8 based materials toward 20 ppm of
oxygen and working at different temperatures are summarized in Table I11.28. A comparison

of these responses is shown in Figure I11.31.

Table I11.28 Responses of sensors made from M8 based materials toward 20 ppm of oxygen working
at different temperatures. The carrier gas was pure nitrogen

Sensor response (AR / RN2 )

Working MS - 600 MS - 700 MS - 800 MS - 900
temperature
‘0 Resp.  Error Resp. Error Resp. Error Resp. Error
300 0.29 10.0% 1.50 0.7% 0.21 6.2% 0.31 9.0%
400 0.25 5.6% 1.51 2.9% 0.22 1.4% 0.28 4.0%
500 0.11 5.0% 1.53 3.9% 0.22 5.1% 0.22 6.7%
600 - - 0.94 2.2% 0.21 7.3% 0.22 0.5%
2,0+ = M8 -600
1 ®— M8 -700
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| —¥— M8 -900
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Figure I11.31 Comparison of the responses of sensors made from M8 based materials toward 20 ppm
of oxygen, working at different temperatures. The carrier gas employed was pure nitrogen
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Similarities in the response of both materials (M6 and M8) were expected, because
of the similarities in their physical characteristics. This is only partially true, because for
both materials the best response has been achieved for the material calcined at 700 °C
(although for MS, the response is ~20 % less than in M6) and besides, for the lower
operation temperature, responses are similar for materials calcined at the same temperature.
Nevertheless, when increasing the operation temperature the responses of M6 has a lager
improvement than M8, that shows almost not influence with this parameter- Only the
response of M8-700 (the best material) decreases for the highest temperature (600°C).
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Figure 111.32 Typical responses of the sensor made from M8-700 toward 20 ppm of oxygen, working
at different temperatures. The carrier gas employed was pure nitrogen

137



UNIVERSITAT ROVIRA | VIRGILI
DEVELOPMENT OF A THICK FILM GAS SENSOR FOR OXIGEN DETECTION AT TRACE LEVEL
Edgar Alexander Sotter Solano

Dy Lt PY Y 3itRofifr s sensor for oxygen detection at trace levels

The sensors fabricated with materials M6-700 and M8-700, which had the best
responses, were also tested to lower concentrations of oxygen. Measurements show that they
can differentiate among 10 ppm, 15 ppm and 20 ppm (Figure I11.33).
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Figure I11.33 Typical response of the sensor made from a. M6-700 and b. M§8-700 toward 20 ppm,
15 ppm and 10 ppm of oxygen, working at 500 °C. The carrier gas employed was pure nitrogen

The response time and the recovery time of sensors are other important parameters to
be analyzed. They are related with the velocity of the reaction between the material and the
gas, and also with the diffusion of the gas in the porous layer. These values were measured,
averaged and summarized in Table I11.29.

Table I11.29 Time response and time recovery of all sensors working at different working

Working
temperature
‘O
300
400
500
600

MS - 600 MS5 - 700
Resp. Rec. Resp. Rec.
679 1500 760 897
711 1790 500 600
789 2568 72 48
- - 150 50

temperatures

Time response and time recovery (seconds)
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MS5 - 800
Resp. Rec,
730 986
1060 2100
810 470

780 1600

MS5 -900
Resp. Rec.
440 700
373 1050
787 2200
975 1940
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Table 111.29 (Cont.) Time response and time recovery of all sensors working at different working
temperatures

Time response and time recovery (seconds)

Working M6 - 600 M6 - 700 M6 — 800 M6 - 900
temperature
°O) Resp. Rec. Resp. Rec. Resp. Rec, Resp.  Error
300 520 1000 914 616 1000 2200 970 2340
400 600 490 681 75 750 2507 1018 500
500 690 1100 90 58 632 3050 550 480
600 - - 111 93 457 2830 913 2490

Time response and time recovery (seconds)

Working M7 - 600 M7 - 700 M7 - 800 M7 - 900
temperature
°C) Resp. Rec. Resp. Rec. Resp. Rec, Resp.  Error
300 750 1100 1017 788 860 500 580 550
400 690 1470 860 750 1300 1400 700 1305
500 870 2510 200 120 900 900 720 1800
600 - - 447 180 933 825 1000 2320

Time response and time recovery (seconds)

Working MS - 600 M8 - 700 M8 - 800 MS - 900
temperature
°O) Resp. Rec. Resp. Rec. Resp. Rec, Resp.  Error
300 510 800 809 210 700 1500 732 2870
400 630 450 400 120 690 2902 790 917
500 674 900 300 117 587 3200 440 1300
600 - - 225 170 521 2712 690 2230

Since the best responses were obtained with a working temperature of 500 °C. This
temperature was also taken as reference for a comparison of the responses and recovery
times among the different sensor. The response and recovery times are represented in Figure
I11.34 and Figure I11.35 respectively.
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Figure I11.34 Comparison of the response times of all materials working at 500 °C

According to Sharma et al [34], the addition of Niobium ions to the Titania lattice
reduces the time response of the sensor. However, as it can be appreciated in Figure I11.34, in
the results obtained in this project there is not a big difference between the pure and doped
materials regarding the response time. Then, the addition of Niobium does not have any
notorious relevance in the velocity of the diffusion, adsorption and catalytic reaction of the
oxygen species on the Titania surface. On the other hand, the calcination temperature has a
considerable influence in the response time. For all the materials, those calcined at 700 °C
have the faster response time. It is important to notice that, even though the calcination
temperature is strongly related with the crystalline phase of the materials, the differences
among the response times of the sensors do not appear to depend on the crystalline phase.

Concerning the recovery time (Figure I11.35), the addition of Niobium affects this
parameter. As can be seen in Figure III.35, for not doped materials (M5 and M7), the
recovery time increases with the calcination temperature, except for those materials calcined
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at 600 °C, which show the slowest response. For doped materials, the recovery time shows a
maximum value for materials calcined at 800 °C. Regarding if the materials are doped or not,
the fastest recovery times are for those materials calcined at 700 °C. All these facts support
the idea that the velocity of reactions (catalysis, adsorption and desorption) appears not
depend on the crystalline phase and with any other physical property characterized in this
work.

A second comparison of the response and recovery time was done between materials
with the best responses (M6-700 and M8-700) working at 300 °C, 400 °C, 500 °C and 600°C.
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Figure II1.35 Comparison of the recovery times of all materials working at 500 °C
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The response and recovery curves of M6-700 based sensor had been normalized and
putted together in a same graph (Figure I11.36). The time values are compared in Figure
II1.37. It can be observed that at 300 °C, the response of the sensor is the slowest one. Then,
it decreases slightly up to 500 °C where a sharply decrease occurs.
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Figure II1.36 Normalized curves of a. response time and b. recovery time, of M6-700 working at
different temperatures. The measured gas was oxygen (20 ppm) and the carrier gas employed was
pure nitrogen
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Figure II1.37 Comparison of a. response time and b. recovery time, of M6-700 working at different
temperatures. The measured gas was oxygen (20 ppm) and the carrier gas employed was pure
nitrogen

142



UNIVERSITAT ROVIRA | VIRGILI
DEVELOPMENT OF A THICK FILM GAS SENSOR FOR OXIGEN DETECTION AT TRACE LEVEL
Edgar Alexander Sotter Solano

DL: T-324-2010/1SBN: 978-84-691-2431-4 II1. TiO, and Nb-doped TiO, characterization

Concerning to the recovery time, it can be appreciated that the values are smaller
than those of the response time. That is, the gas is adsorbed slower than it is desorbed. The
slowest recovery time was found at 300 °C, where the sensor takes 616 seconds to come
back to the baseline. Then, there is a drastic reduction in the recovery time of the sensor. At
400 °C and 500 °C, the sensor takes 75 and 58 seconds respectively to reach the baseline. So,
the recovery time decreases when the operating temperature is increased.

The previous results probably indicate an improvement or an acceleration in the
processes involved in the detection mechanism (catalysis, gas diffusion and adsorption-
desorption of oxygen species), when the working temperature is increased.

As it was done for M6-700, the response and recovery curves of M8-700 based
sensor were normalized and putted together in the same graph (Figure II1.38). The time
values are compared in Figure I11.39. The behaviour is similar to M6-700. At 300 °C the
90 % of the response is reached up to 809 seconds, which is the lowest response time of this
material. The lowest time response of this material was found at 600 °C, which is 300
seconds.

In the recovery time, it can be appreciated that the values are smaller than those of
the response time. It is also appreciable that the values of the time recovery do not vary so
much. The lowest recovery time was found at 300 °C, where the sensor takes 210 seconds to
come back to the baseline. At 400 °C and 500 °C, the sensor takes 120 and 117 seconds
respectively to reach the baseline. At this point (500 °C) there is an inflection in the values of
the recovery time. At 600 °C the recovery time increases to 170 seconds.

The change in response and recovery times for one temperature to other in M§-700
is more uniform than for M6-700. The time values at temperatures from 500 °C and above
are faster in M6-700. Then, it appears that the detection mechanism at high temperatures is
better in material M6-700.

A Waork. Temp

20 ppm O, ! — 300°C
| —— 400°C
20 ppm O, 4 500°C
— G00°C
: 3
3 m
8 8
8 §
3 h]
k] 3
é 4
Woark. Temp.
300°C
- 400°C
S00°C
— 600°C
T T T T T T T T T T T T T T T
0 2 4 6 B 10 12 14 16 18 20 22 24 26 28 0 1 2 3 4 5 6 7 8 9 1C
Time (minutes) Time (minutes)
a. b.

Figure I11.38 Normalized curves of a. time response and b. time of recovery, of M8-700 working at
different temperatures. The measured gas was oxygen (20 ppm) and the carrier gas employed was pure
nitrogen
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Figure I11.39 Comparison of a. response time and b. recovery time, of M§8-700 working at different
temperatures. The measured gas was oxygen (20 ppm) and the carrier gas employed was pure
nitrogen

II1.4.2.  Sensing Characterization in CO,

As it was commented in the Introduction Chapter of this thesis, in some industrial
processes in which it is necessary to maintain a low oxygen concentration, the atmosphere is
CO,. In food industry, for example, CO, is used to replace air in the package, when the food
content is sensitive to N,. In this application the concentration of O, presents in the CO, must
be between 0.1 % - 2 %, depending on the food. Other application is beverage carbonation,
where the limits of O, must not exceed 30 ppm. Therefore, it is necessary to characterize the
behaviour of the developed sensor under CO, atmosphere. This will allow the
implementation of such sensors in the applications previously commented. However, oxygen
is not the only pollutant gas usually present in CO,. Other gases as SO,, CHy4, H,S and C,H,4
may also be present. Due the possibility of cross sensitivity between oxygen and those gases,
it will be tested the sensor response to typical concentration of SO,, CHy, H,S and C,Hy,,
employed in food and beverage industry.

1I14.2.1.  Experimental Set-up

Since sensors based on material M6-700 (doped TiO, calcined at 700 °C) working at
500 °C have shown the best performance in detecting traces of oxygen, they have been tested
as possible candidates to detect oxygen in this type of application. As it was commented, the
influence of others pollutant gases was also tested. In this case a flow with CO, and the
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target gas (O,, SO,, CH,4, H,S or C,H,) was mixed with the pure CO, flux using mass-flow
controllers. The measurements were carried out as it is described in 111.4.1.1.

II1.4.2.2.  Results and Discussion

The summary of the results is represented in Figure 111.40. It can be appreciated that
the response of the sensor toward 30 ppm of oxygen in CO, (1.4) is lower than those
obtained for 20 ppm of oxygen in nitrogen (2.0). Besides, a change in the behaviour of the
sensor occurs for 15 ppm of oxygen in CO,, where the response of the sensor is in a reducing
way, which is unusual in Titania sensors, even when they are doped [14, 35]. The behaviour
of the sensor toward other pollutant gases was those expected (negative value that means a
reducing response) [36-38]. The response to 100 ppb of H,S is remarkably high. Besides,
high response of the sensors toward SO, and CH,4 are observed too. Morris et al. [37]
reported a response of -0.39 toward 1000 ppm of SO, in air working with a Nb-doped
Titania sensor at 550 °C. In our case, the response toward 1 ppm of SO, in CO, was almost
the same value (-0.37). With the same parameters Morris at al. [37] also reported a response
of -0.14 toward 1000 ppm of CH,4 in air, while in our work it was obtained a response of
-0.16 to 30 ppm of CH,4 in CO,. No response was obtained for C,H,.

16 ,- 1.4
I
o
z 06
=
0,1 4
3 = EaE B =
c 0,16
8_ 0,4 0,34 0,37
n
Q
¢ -09
=10
1,4%
0, o, H.S S0, CH, CH,
(30 ppm) (15 ppm) (100 ppb) (1 ppm) (30 ppm) (20 ppm)
Gases

Figure I11.40 Response of the sensor toward different gases at a working temperature of 500 °C.
Positive and negative values means oxidizing and reducing responses respectively.
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The change of sensor response type, from oxidizing to reducing, only occurs when
the concentration of oxygen is reduced. Any change in the response behaviour was observed
with the others gases. Thus the change of response could not be attributed to a change of
physical characteristic of the material from n-type to p-type. A possible explanation of this
change in the response when the oxygen concentration is reduced is described as follows. In
a first state, most of the oxygen adsorbed on active layer surface is expelled. The evacuating
oxygen free electrons back to the bulk, giving rise to a decrease of the active material
resistivity. This explanation is consistent with the behaviour of the sensors resistence
baseline in air, (~50 MQ), that is higher than in CO, (units of MQ)

At the same time, it may be supposed that the high temperature and the strongly
catalytic property of TiO,, produces a desegregation of CO, molecules on the active layer
surface (Figure I11.41), producing CO™ and O” which are adsorbed on the surface. Reaction
equation is described as follows:

2¢ + CO, > CO, + O (I1L6)

* means that species are adsorbed on the surface.

In the desegregation reaction electrons are taken from the bulk, which produces an
increase in the potential barrier between grains, and hence an increase in the resistivity of the
active layer. However this increase in the layer resistance is not perceptible compared with
decrease produced by the evacuation of the oxygen.

co, co, co,
ESILI LY
2e 2e e
TiO,

Figure I11.41 Desegregation of CO, in CO and O species. Those species are adsorbed on
Titania surface
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When the system explained before gets equilibrium and traces of O, are introduced,
those molecules that reach surface also desegregate, taking electrons from the bulk. But
instead remain adsorbed on the surface, these free species join with already CO™ adsorbed
and form CQO,, liberating electrons toward the bulk (Figure 111.42). The reaction is described
in equations (I11.7) and (I11.8):

2 + 0, > 207 (11L.7)
O + CO, —» CO, + 2e (111.8)
O, o) 2c0, €0,
2 2
R S
e g [= |9 /e
! ; ; ; ; b ; ?
Ze . . P8 AL Dp
P _ o, i

Figure 111.42 Effect of the oxygen traces in the adsorption of CO and O species on Titania surface

From equation (II1.7) and (IIL.8), it is also possible to see that electrons given back to
the bulk are more than those taken from the bulk. So the potential barrier will be reduced and
hence the resistivity of the material.

If the concentration of oxygen increase, the equilibrium of process described for
equations (III.7) and (IIL.8) is broke and will tend to equation (III.7). The excess of O
species that do not join with adsorbed CO™ is adsorbed on the surface. This means that the
quantity of electrons taken from bulk will be higher that those given back to there, and then
resistivity of active material will increase. This behaviour is the common reaction of a n-type
material toward an oxidizing environment.
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II1I.5. Raman Spectroscopy

In a first stage, Raman technique was thought to be used in order to verify the
hypothesis exposed in the last subsection, about the change in response behaviour for oxygen
detection in CO,. However, the resolution of the equipment employed in the measurements
was not enough to detect CO species adsorbed on the Titania surface. Therefore the
hypothesis could not be confirmed. On the other hand, Raman results spread light on the
problem of low response toward oxygen of doped materials calcined at 600 °C.

As it was observed, there was a hinder in the response toward oxygen of materials
M6 600 and M8 600, in spite of their crystalline phase and surface area properties make
them proper for oxygen detection. This hinder in the response could not be attributed to any
of the physical property characterized in this work up to this point. However, the Raman
results reveal the presence of some carbonic elements in the material that were not detected
with XRD analysis, because they were not crystalline materials. This technique is explained
as follows.

Raman spectroscopy is based in the diffusion processes given by the electronic
polarization caused by ultraviolet or visible light. Raman gives information at molecular
level allowing the vibrational and rotational analysis of chemical species. Briefly, the
radiation interacts with the molecular vibrational energy levels due to the light scattering
phenomena, in which the electromagnetic radiation interacts with a pulsating polarizable
electron cloud.

As a consequence of the diffusion effect, this technique presents several advantages.
On one hand, there is no needing of any sample preparation making easier its
implementation. Moreover, it provides a non-destructive microanalysis of structures and
electronic properties.

As well as XRD, this technique has been widely used for the identification of
material structure phase, and moreover for the analysis of phase transition. The principles of
this technique are widely reported elsewhere [39, 40].

II1.5.1.  Experimental Set-up

The measurements were done in the Scientific Resources Service at the University of
Barcelona, Spain. For the Raman analyses we used a spectrometer Raman Jobin Yvon
T64000. The excitation source was a visible laser Ar’ coherent INNOVA 300. The
microscopy was Olympus BH2 with high spatial resolution. We used a triple monochromator
(1800 g/mm) and a bidimensional CCD detector refreshed with liquid nitrogen. The power
of the Raman laser was set at 200 W.
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To acquire the Raman spectrum of the nanopowders, they were deposited over a
glass surface without any kind of sample preparation; the spectrum was obtained by only
focusing on the samples. For the in-situ measurements of the material, the layers of sensors
were analyzed. Such analyses were carried out under different conditions. First, the layer
was analyzed at room temperature. Then, the temperature of the layer was increased to
200 °C and 500 °C, and the same measurements were done. All the measurements were
carried out in air atmosphere. With this last measurement it is intended to find out any
difference between the material in nanopowders and in the layers induced during deposition,
drying and firing process; and to find any shift in the peaks of the Titania, which is related
with the formation of oxygen vacancies in the material when temperature is increased. This
is a very important feature for oxygen detection and its absence means that the material is
useless for oxygen sensing.

In this section, the Raman spectres obtained for materials M6-600 and M6-700 will
be shown. That way it is intended to find differences between the elements present in both
materials: M6-600, which does not have good response toward oxygen, and M6-700, which
has the best response toward oxygen. M8-600 and M8-700 will not be presented due the
physical and sensing characterizations carried out up to now demonstrate that they have a
very similar composition and behaviour to M6-600 and M6-700 respectively.

I11.5.2. Results and Discussion

1rs.2.1. M6 600

The Raman spectrum between 18 and 650 cm™ of M6-600 nanopowder is shown in
Figure II1.43. As it can be seen, a well-defined Raman peak is located at 142 cm™ and three
broader features are found at 396, 516 and 639 cm™. This spectrum clearly corresponds to
anatase phase [8, 41]. The small peaks situated at 243, 320 and 363 cm™ indicates the
presence of brookite phase, but in lower proportion to anatase. This supports the result
obtained by XRD. The results from M6-600 layer are similar to those obtained from the
nanopowders, which suggest that there is not any alteration of the material during the process
of deposition, drying and firing of the layer.

As it commented for XRD results, the presence of a considerable amount of brookite
phase in the material M6-600 could be one of the reasons of the low response of such
material toward traces of oxygen. This phase has less free carriers than anatase and its
electrochemical behaviour is very alike to rutile’s [21]. With the employed calcination
temperature (600 °C), the crystallinity of the brookite particles is improved with the
consequent diminishing of the surface defects, which can affect the adsorption of oxygen
species on the surface [42]. On the other hand, this calcination temperature is too low to
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create enough surface defects in anatase crystals, with the same result in the oxygen
adsorption.

Raman spectrums at higher frequencies shed more light on the reasons of the lower
response of M6-600. In Figure I111.44 it can be appreciated some peaks that correspond to
carbon with different morphologies. The peaks and their correspondences are summarized in
Table I11.30. These deposits of carbon are the residual of the synthesis process that could not
be eliminated during the calcination. An example is the peak located at 1039 cm™ in Figure
II1.44a, which clearly matches with one of the main peaks in the spectrum of ammonium
carbonate used for the sol gellification (Figure I11.45). The other carbonic compounds could
be formed by the cristallinization of the organic part of the precursors.
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3 ] [
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> 6000 |
‘@ |
|5 [
= 4000+ |
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\\,“_H__/ \.J\HHUJ?‘_’_____A.\_‘_/._‘/"\_&“ ____,-/\w_,__..-/
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Figure I11.43 Raman spectrum of M6-600 nanopowder at room temperature
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Figure II1.44 Raman spectrum at high frequencies of M6-600 nanopowder at room temperature

The problem with these deposits of carbon is that they cover the surface of the active
material and hinder its interaction with the oxygen. And, because these carbon structures are
also poorly catalytic, the result is a deactivation of the catalysis [43-45].
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As it was appreciated in previous characterizations, the material M6-600 has the
highest area and quantity of anatase phase among all synthesized materials. Nevertheless the
considerable quantity of brookite phase and carbonic deposits in it, retard the catalysis and
the interchange of electrons and oxygen species with the gas. This is reflected in the low
response of this material toward oxygen.

Table IT1.30 Some Raman features in the range between 700 and 1750 cm™, present in the spectrum
of M6-600

Raman peak (cm™) Possible correspondence
Hydrogen free carbon

790 structure [46, 47]
1039 Ammonium Carbonate
1160 Nanosized diamond crystals
[48, 49]
1306 Hexagonal diamond [50, 51]
1330 Cubic diamond [46]
1350 D peak of microcrystalline
graphite [47, 52]
Contributions from the
1490 p.hoto'n density of states ig
finite-size crystals of graphite
[46, 53]
1580 G peak of graphite [47, 52]

As follows, the material M6-600 was analyzed when temperature increase. When
temperature was increased, first up to 200 °C and then up to 500 °C, the phase was kept, but
it was observed a shift in the main peak (E;) of Raman spectrum (Figure II1.46). This peak
shifts from 141 cm™ at room temperature to 146 cm™ at 200 °C and to 150 cm™ at 500 °C.
Parker and Siegel [54] suggested that the shift of the anatase peaks is related to the oxygen
stoichiometry of the material. They observed, through a series of heat treatment experiments,
that the grain growth of the crystallites after be annealed at 600°C does not affect the Raman
spectrum. However, an oxygen reduction of fully oxidized samples induced a shift in it.
Then, this shift could be attributed to the appearance of defects caused by oxygen vacancies.
The fact that the shift is reversible when temperature is decreased supports this idea.
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Figure I11.45 Raman spectrum of Ammonium Carbonate employed for Sol gellification during the
synthesis process

Based in these results it is possible to affirm that the poor response of the material is
not a consequence of the crystalline phase but of the carbon deposits remains in the material
surface.
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Figure I11.46 Shift in Raman spectrum of M6-600 at different temperatures (room temperature,
200 °C and 500 °C)
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1r15.2.2. M6 700

The material with the best response to oxygen was M6-700. The spectrum of this
material is shown in Figure I11.47. It can be seen that its structure is mostly anatase, like M6-
600. Small peaks corresponding to brookite phase are also observed, but unlike M6-600,
these brookite peaks are almost inappreciable. These results support the ones of XRD
analyses.

The spectrums at higher frequencies show more differences between the two
materials (Figure II1.48). After calcination at 700°C, only the peaks corresponded to
hydrogen free carbon structures (790 cm™), hexagonal diamond (1306 cm™) and graphite
(1350 and 1600 cm™) remain, but at lower quantities than in M6-600. Less deposits of
carbon mean a wider surface area for catalysis and for the interaction between the active
material and the oxygen species.
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Figure II1.47 Raman spectrum of M6-700 nanopowder
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Figure II1.48 Raman spectrum at high frequencies of M6-700 nanopowder at room temperature
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III.6. Conclusions

ICP and EDS techniques were used to corroborate the content of Niobium in the
doped materials (M6 and M8). Both results are near to the nominal values, that is 3 %. This
confirms that the doping process was carried out correctly.

The XRD results showed that the addition of Niobium ions to the Titania lattice
retards the phase transition in the crystalline structure of the material. It was observed that
doped materials calcined between 600 °C and 700 °C have a mostly content of anatase. In the
other materials, the content of rutile phase is most abundant in the crystalline structure. The
slower temperature ramp employed for calcination process also produces a slight retard in
the phase transition. Nevertheless, this retard is not so strong and can not be compared with
that produced by the Nb ions. XRD technique also showed that the crystallites grow
proportional to the temperature. This growth is hindered by the addition of Niobium to the
Titania, and also by the use of a slower calcination ramp.

BET analyses showed that the surface area decreases when calcination temperature
increases. It was observed that the addition of niobium retards the reduction process of the
surface area with the temperature and also improves the porosity of the material.

The SEM analysis allowed knowing the grain growth evolution of the layers. It was
observed that the grain size in doped materials (M6 and M8) is smaller than in pure Titania
at calcination temperatures between 600 °C and 800 °C. Then, at 900 °C, the grain growth in
all materials is almost the same. The introduction of the Niobium in the Titania lattice not
only hinders the growth of the crystals but also the coalescence between them retarding the
grain growth. The slower ramp employed in M7 and M8 also help to retard the grain growth,
then the lowest grain sizes were found in M8 based materials.

From the three techniques previously commented (XRD, BET and SEM) it was
obtained information about crystallite and grain size. These results are summarized in Table
II.31. The crystallites are the minimum structures formed by crystal lattices. These
structures may join together forming polycrystalline samples, which at the same time join
together to form grains. It may happen that a grain is formed by only one crystallite, in such
case it is called a monocrystalline grain. With XRD technique it is possible to know the size
of the crystallites; this is why XRD size values are in general the smallest.

From SEM micrographs it can be obtained the size of grains. It is observed that the
values from SEM analysis are very similar to those from XRD, which may means that the
grains are monocrystallines. Sometimes the SEM values are smaller than XRD values, which
is physically impossible since the grains are formed by crystallites. The reason of this
flimsiness is that SEM results are based on statistical methods applied to samples obtained
manually from images. Some errors may be induced during sampling process. On the other
hand, XRD is a completely automatic process.
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Table 111.31 Results obtained from XRD, BET and SEM analysis related
with crystallite and grain size

Calcination
Temperature
O
600
700
800
900

Calcination
Temperature
O
600
700
800
900

Calcination
Temperature
(°C)

600
700
800
900

Calcination
Temperature
()

600
700
800
900

XRD results —
Crystallite size
(nm)
50.87
76.06
76.52
88.59

XRD results —
Crystallite size
(nm)
12.99
27.52
52.36
52.88

XRD results —
Crystallite size
(nm)
42.76
52.36
53.72
65.20

XRD results —
Crystallite size
(nm)
13.01
2591
51.23
59.94

MS

Mo

M7

M8

157

BET results —
Crystallite size
(nm)
204.00
1224.00
2449.00
2449.00

BET results —
Crystallite size
(nm)
23.00
68.00
153.00
1224.00

BET results —
Crystallite size
(nm)
204.00
612.00
1224.00
2041.00

BET results —
Crystallite size
(nm)
22.00
51.00
122.00
408.00

SEM results —
Grain size
(nm)
48.90
56.50
64.00
110.10

SEM results —
Grain size
(nm)
48.90
56.50
64.00
110.10

SEM results —
Grain size
(nm)
57.90
54.90
67.70
93.60

SEM results —
Grain size
(nm)
46.50
50.00
46.50
97.40
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The highest size values were obtained from BET analysis. Some authors call
crystallite size the value obtained from BET [8, 55], and that is the reason of why it is called
that way in this thesis. However, that name is not completely exact. With BET analysis it is
obtained the size of the minimum solid structure (without pores) which is totally surrounding
by the gas. These structures may be formed by several crystallites or even by several grains
that are fused. Then it was expected that the size values obtained from BET analysis are the
highest.

Regarding to the oxygen detection measurements, the physical characterization done
to materials showed that doped ones calcined at lower temperatures (600 °C and 700 °C)
were expected to have the best response toward oxygen. The high surface area of such
materials benefits the detection mechanism and their crystalline phase, mostly anatase,
permits the detection at desire temperatures (300 °C — 600 °C). The Niobium species may
also contribute to the catalytic process.

The sensors made from the considered materials, showed that only those calcined at
700 °C have good response toward 20 ppm of oxygen, the best response was obtained at a
working temperature of 500 °C. On the other hand, the doped materials calcined at 600 °C
had a poor response, in spite of they have better physical characteristics than doped materials
calcined at 700 °C. A possible explanation of this low response may be the brookite phase
contained in doped materials calcined at 600 °C; at this temperature the crystallinity of the
brookite particles is improved with the consequent diminishing of the surface defects, which
can affect the adsorption of oxygen species on the surface. Raman spectroscopy shows other
possible reason for the low response of these materials toward oxygen. Some peaks
corresponding to carbon with different morphologies were found in their structure. These
deposits of carbon are the residual of the synthesis process, which could not be eliminated
during the calcination. The problem with these deposits of carbon is that they cover the
surface of the active material and hinder its interaction with the oxygen. So, since these
carbon structures are also poorly catalytic, the result is a deactivation of the catalysis. This is
reflected in the low response of this material toward oxygen.

Calculations of the response and recovery times of the sensors showed that these
parameters do not depend on the crystalline phase, but on the calcination temperature. For
the recovery time, it was also observed a difference between doped and pure materials.
However these behaviours could not be explained with the physical characterization carried
out in this project. In all cases the fastest response and recovery times were obtained from
materials calcined at 700 °C.

In this chapter it was also shown that Nb-doped Titania responds to oxygen in CO,
environments. However the response toward 15 ppm of oxygen presented an inversion from
oxidation type to reduction type. This phenomenon was explained as the effect of the CO
species, from CO, dissociation, which is adsorbed on the active material surface, on the low
concentration of oxygen species. On the other hand, the responses toward other pollutant
gases such H,S, SO, and CH,4 were of reduction type, as they were expected. Moreover, very
high responses, compared with other authors, were obtained for SO, and CH,. No response
was obtained for C,Ha.
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The responses obtained for H,S, SO, and CH, give rise to a problem of cross
sensitivity when the developed sensor is employed for oxygen detection in a flux of CO..
This problem may be solved by the use of other sensors sensible to such gases working in
parallel, forming a gas sensor matrix [56-60]. That way there will be a responses pattern for

each gas combination arrangement. The gas detection may be done by analysing this pattern
[61-63].
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IV. MESOPOROUS Nb-DOPED TiO,

IV.1. Introduction

One of the objectives of this work is the improvement of the material physical
characteristics that may help the oxygen detection processes. As it was observed in the
results obtained in last session, materials with high surface area and porosity tend to have the
best sensing capabilities. Surface area of active material plays an important role in gas
sensing process in semiconductor gas sensors, since catalysis occurs on the surface of
material in direct contact with the gas. Therefore increasing the surface area gives rise to an
improvement in sensor sensitivity toward gases. Thus, nano-sized mesoporous TiO, with
large surface area offers a prospect to provide a highly active catalytic material.

Since the discovery of mesoporous aluminosilcate materials at Mobil corporation in
1992 [1, 2], much research has been reported on the synthesis of mesoporous molecular
sieves. The mesoporous materials, with large surface area, were derived with supramolecular
assemblies of surfactants, which acted as templates of the organic components during
synthesis [3]. Soon afterwards, this technique of using surfactants as supramolecular
templates to produce materials was considered very promising for preparation of
mesoestructured/mesoporous metal oxide.

IV.1.1. Surfactants

Surfactants (short for surface-active-agent) are substances whose molecule exhibits
both polar and apolar groups. The polar group contains heteroatoms such as O, S, N, P as
part of some functional group such as carboxylate, sulfonate, sulphate, ammonium,
phosphate, etc. Nonionic polar groups such as -OH or -O- are not very polar, and thus must
occur several times to form a proper polar group, i.e., as polyalcohol or polyether. The
nonpolar group is a hydrocarbon radical of the alkyl or alkyl-aryl kind, with typically 12 to
20 carbons atoms. Figure IV.1 shows the molecular structure of some common surfactants.

IV.1.2.  Properties of Surfactant Solutions

Surfactants molecules possess two fundamental properties. On the one hand they
tend to be located preferentially at the interface between a polar and an apolar phase, which
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is called adsorption. On the other hand, surfactants molecules in solution exhibit a tendency
to self associate to produce aggregation polymer called micelles, as well as other structures.
All the properties of surfactant solutions come from one of these fundamental properties.

H,C— CH,—CH,;— CHs—CH;—CH,~CH;CH;— CHz CH;— CH;—CH;~NH,

n-dodecylamine

1

| +
C12H25_® ?— O Na

o C,,H,e— NH—CH,— CH;— COOH
Dodecyl benzene sulfonate sodium salt Dodecyl betaine
C.,H,,—C— N—CH;,—CH,—OH

Cb T T R CBHW—Q—OJ[CHZ—CHZ—&}H
O H n
Laury monoethanol amide Octyl phenol polyethoxylate

Figure IV.1 Some common surfactants

w21l Adsorption

Due polar-apolar duality of surfactants, they have been called amphiphiles [4] (from
Greek amphi: double, and philos: affinity). An amphiphile molecule does not match in any
solvent, be it polar or non polar, since there is always one of the groups which repeal solvent
environment. Because of this fact, amphiphilic molecules exhibit a very strong tendency to
migrate to interfaces or surfaces.

When a surfactant molecule goes to the interface and locates itself there with some
preferential orientation, it is said that the molecule is adsorbed. The adsorption is a
spontaneous phenomenon which is driven by a reduction of the energy when the surfactant
lyophobic (which repel the solvent) group is removed from the solvent, and when one or
both affinities are satisfy respectively at the liquid-solid interface. Here, the relative polarity
of the solid with respect to the liquid would decide whether the surfactant adsorbs by the
head or by the tail (Figure IV.2).

Adsorption is a dynamic phenomenon which is opposed by desorption, i.e., the
transfer of a surfactant molecule to a bulk phase. The adsorption and desorption steps are
often very rapid; as a consequence an adsorption-desorption equilibrium is reached after
some time, which depends upon the surfactant concentration in the bulk phase.
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Figure IV.2 Adsorption at a solid-liquid interface [5]

Since the surfactant molecule has a lower free energy when it is adsorbed at interface
than in the solvent bulk phase, the equilibrium is very much displaced toward the adsorbed
state. In fact, the interface is very rapidly covered by a monolayer of surfactant molecules. In
such monolayer the molecules are arranged in some specific pattern which depends upon
structural and geometrical characteristics. When a monolayer is formed, everything happens
as if the interface were coated with a thin layer of a new material.

1V.1.2.2.  Self-Association

The second fundamental property of surfactant molecules is their capability of self-
association in aqueous solutions.

When the surfactant concentration increases in the aqueous phase, the surfactant
molecules first saturate the interface, and then accumulate in the solution. Each time a new
surfactant molecule is added to the solution, the unfavourable interaction between the
surfactant hydrophobic tail and the water molecules is increased. At some point the
surfactant molecules start aggregating into the so-called micelles, a self-association structure
in which the hydrophobe tail is removed from the aqueous environment. The concentration
at which the first micelles are formed is called the Critical Micelle Concentration, which is
abbreviated as CMC. The CMC is the concentration at which the factors that favour the
formation of the micelle (for instance the hydrophobic effect) start dominating the effects
which oppose it. Calculation of the CMC value is not easy due it highly depends on the
acidity of the substance, temperature and other physical properties of the surfactant. These
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micelles are no longer spherical, but cigar shaped or hexagonal packed or even degraded into
lamellar liquid crystals (Figure IV.3).

%I%

f

T

UUUUR

33385 oo o

ST L g

Shape

Lamellar Micelle
Liquid
Crystals

Figure IV.3 Examples of surfactant micelles [5]

IV.1.3. Interfacial Phenomena

The cohesion between the molecules of a piece of matter is due to the so-called Van
der Waals intermolecular forces. These forces are the glue that keeps the material under a
solid or liquid state. They have a very short range of action, and typically change as the
inverse of the 6th power of the distance.

There are three kinds of Van der Waals forces: (1) Keesom forces, which are
produced by the interaction of a permanent dipole with another permanent dipole. (2) Debye
forces, which result from the interaction of a permanent dipole with an induced dipole. (3)
London or dispersion forces, which have no specific direction of action and are said to be
nonpolar interactions, though they result from the interaction of fluctuating dipoles.

The two first forces involve polar molecules and binding energies in the few
Kcal/mol range, whereas the third one occurs in all kind of molecules, specially apolar ones,
with a much lower interaction energy, typically ten times lower.
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The cohesion forces are the ones that determine the attractive forces between solid
particles dispersed in a continuous liquid phase. These forces tend to produce the
aggregation of the dispersed phase fragments, and thus they are driving forces behind the
dispersion instability mechanisms.

It is worth remarking that a (mono) layer of adsorbed surfactant can substantially
modify the cohesion forces, since these forces action range is extremely short, as a matter of
fact of the same order of magnitude than the surfactant layer thickness. Figure 1V.4
illustrates the action of dispersing agents as substances that coat the solid particles and
drastically change the cohesion situation [5].

Surfactant

Dispersion

Cohesion

- " ".\.\.\
& \
Flocculation h \_’___/

Coagulation

Figure IV.4 Surfactants acting as dispersing agent [5]

IV.1.4.  Synthesis of Mesostructured Titanium Dioxide

The properties of the surfactants described in section I1V.1.2 are used to obtain
mesostructured materials. The general self-assembly pathway for mesostructured metal
oxides is illustrated in Figure IV.5. The micelle structures or micelle arrays act as a mould
for the metal oxide species, producing an ordered hybrid array composed of the metal oxide
and the surfactant. Finally, the surfactant is removed by either calcination or solvent
extraction, to form the metal oxide mesoporous structure.

The surfactant can be also used at later stages of the synthesis process as a dispersing
agent, as it was described in section IV.1.3. In this way, the surfactant retards the
coalescence of the material particles reducing the size of the final grains.
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Figure IV.5 Self-assembly of mesoporous metal oxides possessing a 2D hexagonal pore structure [6]

To date, several preparative approaches utilizing a supramolecular templating
mechanism had been reported for the preparation of mesoporous titanium dioxide.
Mesoporous TiO, was first prepared using phosphate surfactant through a modified sol-gel
process[7]. However, they were not pure titanium oxides, because a significant amount of
phosphorous still remained in these materials, and underwent partial collapse of the
mesostructure during template removal by calcination. The preparation of non-phosphated
mesoporous TiO, using dodecylamine as directing agent, titanium isopropoxide as inorganic
precursor, and emptying the pore by extraction has been reported by Antonelli [8]. Since
then, many works had used dodecylamine as template in mesoporous Titania synthesis [9-
13].

In this chapter, it is reported the synthesis of mesoporous Nb-doped Titania using
dododecylamine as template and dispersing agent. Three approaches were done, adding the
surfactant in different stages of the synthesis process. Three different concentration of
surfactant were also employed for synthesis. Based on the results of the last chapter, the
temperature ramp employed for calcination was 10 °C/min.

The materials were characterized to obtain information about the material structure,
which could be related with its detection properties. X-ray Diffraction (XRD) was used to
establish the phases present in the crystalline structure of the material and determine the size
of the crystallites in each material. Area Bet analysis was carried out for those materials with
good results to establish their total surface area.

The layers, once deposited over the sensors were also characterized. Scanning
Electron Microscopy (SEM) was used to obtain details on the film structure and the grain
size. The sensing capabilities of the best materials were also tested. The target gas was
oxygen (20 ppm) and the carrier gas nitrogen. To understand some behaviour of the sensors,
Raman spectroscopy was employed again.
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IV.2. Material Preparation

The properties of the surfactants were employed to attempt the synthesis of
mesoporous Nb-doped Titania. It was expected the dodecylamine to form micelles that act as
supramolecular template, given rise to a mesoporous structure. The process is described as
follows. The material preparation process has been based on the process described in
section I1.3.1.

IV.2.1. Mesoporous Nb-Doped Titania: First Approach (M9)

In the first approach, 1 ml of the template (dodecylamine) was added to the solution
of the precursors in the first part of the process, before the nucleation phase (see
section I1.3.1.1). The decision of introducing the surfactant in this stage of the process is
based on the supposition that the surfactant micelles will interact easily with the hydrated
metal oxide network, moulding the material during the nucleation.

IV.2.1.1.  Material Synthesis

The material M9 was synthesized in the same way than materials M6 and M8 (doped
materials) with the same quantities of the compounds. The sol-gel route followed in the
preparation of this material is represented in Figure IV.6. Dodecylamine (1 ml), as template,
and the two alkoxide precursos, Titanium isopropoxide (25 ml) and Niobium ethoxide
(636 ul) were dissolved in isopropanol (143.9 ml). This solution was added drop wise to
water (151.3 ml) and acid nitric (5.5 ml) under stirring, giving rise to a transparent sol. The
pH of the sol was increased carefully by adding, drop wise, an aqueous solution (1 M) of
Ammonium Hydrogen Carbonate (pH =9), to achieve a consistent gel. The quantity of
Ammonium Hydrogen Carbonated employed in this process was approximately 30 ml.

The gel was dried in an oven UNE 300 of Memmert Co. First, the temperature was
set to 100 °C for 20 hours to evaporate water. Then, temperature was increased to 300 °C for
20 hours to eliminate dodecylamine and some residual compounds generated during
synthesis. At the end, the gel was turned into powder.

The firing process of the powder was carried out in a programmable muffle Carbilite
RWEF 1200. The synthesised material was separated in four parts to be fired in air at 600 °C,
700 °C, 800 °C and 900 °C respectively. To avoid a fast growing of nanoparticles size, it was
applied a ramp of temperature of 10 °C/min to reach each firing temperature as described in
section 11.3.1.3.
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Figure IV.6 Chemical route followed to obtain material M9

XRD and SEM analyses were carried out to see the effects of the addition of
dodecylamine during synthesis on the Titania. These analyses and the results obtained are
described as follows.

IV.2.1.2. XRD Results

The XRD measurements were done with the same parameters described in
section I11.2.2. The XRD pattern of material M9 is shown in Figure IV.7. In this figure it is
possible to appreciate the fast evolution of phase in this material. The results of the
quantitative analysis are represented in Figure IV.8. As it was showed in the last chapter, the
addition of Niobium ions to Titania lattice induces a retard in the phase transition; however
in M9 it is observed a faster phase transition in comparison with the doped material already
analyzed (M6 and MS8). While in M6 and M8 calcined at 700 °C the quantity of anatase
phase is about 70 % of the material, in M9 calcined at this same temperature, the quantity of
anatase phase does not exceed the 40 % of the material. The change of phase from anatase to
rutile is almost complete at 800 °C, and only a 3.7 % of anatase is remaining, while in M6-
800 and M8-800 the quantity of anatase was more than 10 %.
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Figure IV.7 XRD patterns of material M9 calcined at different temperatures
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Figure IV.8 Representation of the quantitative analysis of XRD pattern of material M9
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Figure IV.9 Measurement of the FWHM in a. main brookite peak, b. main anatase peak and ¢. main
rutile peak, in M9

In the case of brookite phase, its quantity is also slightly reduced in comparison with
the other doped materials; however this reduction is not comparable with that of the anatase
phase.

It can be seen that the addition of the surfactant in the first part of the synthesis
process may favour the phase transition. A possible explanation is that the surfactant
molecules avoid the insertion of the Niobium ions in the Titania lattice. Thus the effects of
the Niobium ions in the material, regarding to the crystalline phase transition, are inhibited.

Nevertheless, the behavior of the crystallites growth is in accordance with doped
materials. In Figure IV.9 it is shown the FWHM of all the main peaks in XRD patterns of
MO. The changes of crystallite size with the increment of the calcination temperature of
brookite, anatase and rutile phase are summarized in Table IV.1, Table IV.2 and Table 1V.3
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respectively. Even that the addition of dodecylamine produced an acceleration of the phase
transition in material M9, the size of the crystallites is similar to M6 and M8 in all
calcination temperatures. This hindering in the crystallites growth could be attributed to the
presence of the surfactant, which wraps the crystallites impeding the nucleation instead of
the effect of Niobium doping. Then, the two behaviours, the one of the phase transition
opposite to other doped materials and that of the crystallite growth, similar to other doped
materials, have not to be contradictory at all. The surfactant could hinder the introduction of
the Niobium ions in the Titania lattice, helping the acceleration of the phase transition. At the
same time, the dodecylamine wraps the crystallites impeding the nucleation and thus, its
growth.

Table 1V.1 Size of brookite crystallites in M9 and the values employed for its calculation

Temperature FWHM 0 Crystallite
O (rad) (rad) size (nm)
600 1.47E-02 5.36E-01 12.22
700 1.24E-02 5.37E-01 14.50

Table 1V.2 Size of anatase crystallites in M9 and the values employed for its calculation

Temperature FWHM 0 Crystallite
°O) (rad) (rad) size (nm)
600 1.20E-02  4.41E-01 14.15
700 7.44E-03 4.41E-01 22.89
800 5.48E-03 4.41E-01 31.10

Table 1V.3 Size of rutile crystallites in M9 and the values employed for its calculation

Temperature FWHM 0 Crystallite
°O) (rad) (rad) size (nm)
600 4.88E-03 4.78E-01 35.54
700 3.83E-03 4.78E-01 45.36
800 3.61E-03 4.78E-01 48.06
900 3.14E-03 4.78E-01 55.18
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It was made a weighting average of the crystallite size of each material using the
values of crystallite sizes of the phases, shown in Table IV.1, Table IV.2 and Table IV.3, and
the quantity of each phase in the materials. The result of this average is shown in Table IV 4.
The average of the crystallites size is slightly higher than in other doped materials, in some
calcination temperatures. This is due to the higher percentage of rutile phase in M9 based
materials than in the other doped materials.

Table 1V.4 Weighting average crystallite size of M9 in function of the calcination temperature

Average
Teml()oecl? ture crystallite size
(nm)
600 15.85
700 35.02
800 47.44
900 55.18

The crystalline features of material M9 are not very attractive for our purpose. As it
was already explained, the anatase phase has better sensing capabilities than rutile phase at
the working temperatures we are using in this project (300 °C to 600 °C). The only M9 based
material with mostly anatase phase is M9-600. However, Raman results of materials calcined
at 600 °C showed in the last chapter, reveal the presence of carbon deposits on the surface of
these materials. Then, M9 appears not to be useful for oxygen sensor application in our case.

w213  SEM

The SEM analysis was done with the same parameters described in section II1.3.1.
The SEM pictures of the material M9 calcined at 600 °C, 700 °C, 800 °C and 900 °C is
shown in Figure IV.10. The histograms of the grain sizes are showed in Figure IV.11 and the
evolution of the grain diameter of this material is summarized in Table I'V.5.

It is possible to appreciate that there is not a great change in the grain size when
calcination temperature is increased. This is the contrary effect that in other doped materials
(M6 and MS). In M9 the increment of the grain diameter from material calcined at 600 °C
(30.34 nm) to the one calcined at 900 °C (41.42 nm) is approximately 35 %. In M6 and M8
this increment exceeds the 100%. The grain size is also smaller than in the mentioned doped
materials for all the calcination temperatures. In M9, the dodecylamine appears to obstruct
the coalescence of the crystals and thus the growth of the grains. The effect of the surfactant
in the grain size is observed even at 900 °C.
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! B e — M9 900

Figure IV.10 SEM images of MY calcined at different temperatures

Comparing the crystallite sizes from XRD results with grain sizes from SEM, it is
observed that these values are similar for M9 based materials calcined above 700 °C, which
indicates that grains may be monocrystallines. In material M9 calcined at 600 °C, the grain
size from SEM is higher than crystallite size from XRD. This may be an indication of
polycrystalline grains; however it could be also a product of an increase of crystallites after
temperature treatment of the layer.

In conclusion, the small grains of M9 are proper for sensor application; however, as
it was commented, the crystalline characteristic of this material make it useless for our work.
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Figure IV.11 Grain size histograms of M9 calcined at different temperature

Table IV.5 Grain size evolution of the grains belong to material M9

Material

M9-600
M9-700
M9-800
M9-900

d (nm)

30.34
35.55
38.49
41.42

SD
2.9
53
4.5
5.8

SE
0.29
0.53
0.45
0.59

To improve the material it is necessary to avoid the effect of the dodecylamine in the
doping process. Because of this it was thought, for next attempts, to add the surfactant after
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the hydrolysis of the metal alkoxides. After the hydrolysis process it is expected that the Nb
ions are inserted in the Titania crystalline network and thus the only effect of the surfactant
will do is the hindering of the nucleation process. The quantity of dodecylamine will be also
slightly increased to assure the formation of micelles, since in M9 synthesis process they
were not evidence of their formation. This new attempt of material synthesis gives rise to the
material M10 which is explained as follows.

IV.2.2. Mesoporous Nb-Doped Titania: Second Approach (M10)

In the second approach, 2 ml of dodecylamine were added to the sol in the sol-gel
route, just before the addition of the ammonia carbonate for the gellification. At this stage, it
was expected that the Niobium ions are already inserted in the Titania network and that the
micelles formed will only hinder the coalescence of the crystals and then the growth of these
particles.

Titanium Niobium
Isopropoxide Ethoxide
0
0
0

Water + HNO, |

| so. |
<—| Dodecylamine |
Ammonium
< Carbonate
] ™M
| eEL |

Figure IV.12 Chemical route followed to obtain material M10
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1V.2.2.1.  Material Synthesis

The sol-gel route followed in the preparation of the material M10 is represented in
Figure IV.12. The process is very similar to that described in section IV.2.1.1, with the
difference that for M10 the dodecylamine was not added at the same time with the organic
precursors, but at the end of the process, during gellification. The other difference is that, as
it was commented, the quantity of surfactant employed for M10 synthesis was 2 ml instead
1 ml used for M9. Because the cationic character of dodecylmine, the pH of the solution is
slightly increased and thus the quantity of Ammonium Hydrogen Carbonated used for
gellification was reduced to approximately 20 ml. The drying and the firing process were
carried out in the same way that for M9.

1V.2.2.2.  XRD Results

The XRD measurements were done with the same parameters described in
section I11.2.2. Figure 1V.13 shows the XRD pattern of material M10. The results of the
quantitative analysis are represented in Figure IV.14. As it happened in material M9, the
evolution of the crystalline phase transition in material M10 appears to be faster than in the
dedecylamine-free doped materials. However, this acceleration of the phase transition is
more moderate in M10 than in M9, even when the quantity of dodecylamine employed in the
synthesis is the double. It appears that the addition of the dodecylamine in the final step of
the sol-gel process does not affect so much the doping process. It also appears that the
surfactant hinders the doping process only when it is at low concentration, at higher
concentration the surfactant molecules stop the interaction with the crystallites and start to
join to form micelles. These micelles form structures that could assemble the material but it
looks like they do not affect so much the crystallites and then the hinder of the doping
process is less than in M9.

The quantity of rutile phase in the material M10 is high compared to doped materials
synthesized without surfactants at the same calcination temperatures. Thus material M10
seems not to be as suitable as M6 and M8 for oxygen detection at working temperatures
around 500 °C. However, there is more anatase phase in M10 than in M9. For example, in
M10-700 the quantity of anatase phase is 23 % higher than in M9-700. And in M10-700, the
quantity of anatase surpasses the rutile’s in 5 %.

To analyse again the crystallite sizes evolution, the results of XRD were studied. In
Figure IV.15 it is shown the FWHM of all the main peaks in XRD patterns for M10. The
changes of crystallites size with the increment of the calcination temperature of brookite,
anatase and rutile phase are summarized in Table IV.6, Table IV.7 and Table IV.8
respectively. It is observed that the crystallites are slightly bigger in M10 than in M9. This
supports the idea that the higher concentration of dodecylamine drives the formation of
groups of surfactant molecules (micelles) which appear to affect the crystallites in less
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proportion than the surfactant molecules that are not grouped. Then, the crystallites in M10
tend to grow easier than in M9.
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Figure IV.13 XRD patterns of material M10 calcined at different temperatures
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Figure IV.14 Representation of the quantitative analysis of XRD pattern of material M10
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Figure IV.15 Measurement of the FWHM in a. main brookite peak, b. main anatase peak and c. main

rutile peak, in M10

Table 1V.6 Size of brookite crystallites in M10 and the values employed for its calculation

Temperature
O
600
700

FWHM 0 Crystallite
(rad) (rad) size (nm)

1.28E-02 5.37E-01 13.96

1.18E-02 5.37E-01 15.23
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Table 1IV.7 Size of anatase crystallites in M10 and the values employed for its calculation

Temperature FWHM 0 Crystallite
O (rad) (rad) size (nm)
600 1.05E-02 4.41E-01 16.21
700 7.22E-03 4.41E-01 23.58
800 5.29E-03 4.42E-01 32.21

Table 1V.8 Size of rutile crystallites in M10 and the values employed for its calculation

Temperature FWHM 0 Crystallite
°O) (rad) (rad) size (nm)
600 4.41E-03 4.78E-01 39.38
700 3.53E-03 4.78E-01 49.18
800 3.40E-03 4.79E-01 51.09
900 3.23E-03 4.78E-01 53.74

Once more, a weighting mean of the crystallite size of each material was made using
the values of crystallite sizes of the phases and the quantity of each phase in the materials.
The result of this average is shown in Table IV.9. The average of the crystallites size is
similar to that of M9.This is because the compensation between crystallite size and the
quantity of each phase in both materials.

Table IV.9 Weighting average crystallite size of M10 in function of the calcination temperature

Temperature Aver'age .
“C) crystallite size
(nm)
600 19.48
700 34.57
800 49.22
900 53.74

Although the crystalline properties of material M10 are better than in material M9,
the quantities of rutile phase remaining in M10 (45 % in material calcined at 700 °C) is still
very high. In the last chapter, it was observed that materials with high quantity of rutile,
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(over ~40 %) are useless for oxygen detection at the working temperatures employed in this
work. Then, crystalline properties of material M10 does not look appropriate to help the
oxygen detection.

w223  SEM

The SEM analysis was done with the same parameters described in section I11.3.1. The SEM
pictures of the material M10 calcined at 600 °C, 700 °C, 800 °C and 900 °C are shown in
Figure IV.16. The evolution of the grain diameter of this material is summarized in Table
IV.10. The histograms of the grain size are showed in Figure [V.17.
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L ]
! Tum !

M10 800 ———  M10900

Figure IV.16 SEM images of M10 calcined at different temperatures
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The grain sizes in material M10 are smaller than in the doped materials synthesized
without a template. The change of phase is also slower. This improvement in the material
features is probably due to the addition of the surfactant during the synthesis process. As it
happened in the case of material M9, the dodecylamine appears to surround the particles
hindering their fusion and growth.

If material M10 is compared with material M9, the other material synthesized with a
template, it is observed that the increment of the grain size in material M10 is faster than in
M9. The grains are also smaller in M9 than in M10. Even when the quantity of surfactant
used for the synthesis of material M10 was the double than the used for material M9, the
effects in the retarding of the grain growth are more evident in M9 than in M10. It is
necessary to remember that when the surfactant is added in the first part of the process, as it
was done with material M9, it retards the growth of the crystallites. This happened in less
proportion in the material M10 where the surfactant affects the crystal fusion and grain
growth but not the crystallites. The grains formed by small crystallites are smaller. This
explains the bigger size of the grains in material M10 compared with those in material M9.
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Figure IV.17 SEM histograms of M10 calcined at different temperatures
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Table 1V.10 Grain size evolution of the grains belong to material M10

Material d (nm) SD SE
M10-600 25.82 4 0.4
M10-700 37.23 4.9 0.49
M10-800 47.04 7.7 0.77
M10-900 49.74 9.6 0.96

The results of Table IV.10 show that the crystallite size obtained by this method for
this material are similat to those obtained for M9, as in XRD Analysis. Once more,
comparing the crystallite size evaluated from XRD and SEM, the higher differences are for
those mayerials calcined at 600 ° C. This can be produced by the firing process of the active
layer that may produce agglomerations of the material crystals.

In conclusion, the addition of the dodecylamine in the last part of the synthesis
process does not affect the doping process as much as when it is added together with the
organic precursors. However, the quantity of surfactant used for M10 was still too low to
form a considerable quantity of micelles that can mould the material morphology without
affect its crystalline structure.

IV.2.3. Mesoporous Nb-Ddoped Titania: Third Approach (M11)

For the third approach of the template assembly materials, 8 ml of dodecylamine
were added to the sol in the sol-gel route in the same way than in M10. Due the cationic
characteristic of dodecylamine, the addition of the surfactant increases the pH of the sol,
helping the gellification. Then, the ammonia carbonate was added to finish the gellification.
As in M10, it was expected that the micelles formed will difficult the coalescence of the
crystals and then the growth of the particles.

1V.2.3.1.  Material Synthesis

The sol-gel route followed in the preparation of the material M11 was similar to that
used for M10 and is represented in Figure IV.12. After the hydrolysis, the dodecylamine
(8 ml) was slowly added to the sol, a partial gellification was observed at this moment. The
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complete gellification was achieved by adding, drop by drop, an aqueous solution (1 M) of
Ammonium Hydrogen Carbonate (pH=09). The quantity of Ammonium Hydrogen
Carbonate added to the solution for its complete gellification was approximately 5 ml. The
drying and the firing process were carried out in the same way that for M9 and M10.

1V.2.3.2. XRD Results

The XRD measurements were done with the same parameters described in
section I11.2.2.The XRD patterns of M10 based materials are shown in Figure IV.18. The
results of the quantitative analysis are represented in Figure IV.19. On the contrary of other
materials synthesized with template, the change of phase in M10 is slow. This behaviour can
be explained considering the formation of micelles. So, the amount of surfactant introduced
this time has been sufficient to achieve the Critical Micelle Concentration. . These micelles
form structures that could assemble the material but do not affect so much the crystallites.
Besides, it is observed that the change of phase in M11 is even slower than in M6 and in MS.
The quantity of anatase phase in M11-700 (74.69 %) is slightly higher than in M6-700
(69.61 %) and M8-700 (70.83 %). When the materials are calcined at 800 °C the differences
are more notorious. In M11-800 the quantity of anatase phase is more than the 50 % of the
whole material, which is 95 % more than in M6 and 300 % more than in M8. The
characterizations of the material do not explain this retard of phase produced for the addition
of the surfactant. Nevertheless, it may be attributed to mesoporous structure of M11, which
difficults the reorientation of the crystallites in anatase phase and thus, the crystallization of
the rutile phase. In any case, this higher quantity of anatase phase in M11 benefits the
mechanism of oxygen detection at temperatures about 500 °C.

It was also found considerable quantities of brookite phase in material M11 calcined
at 600 °C (25.74 %) and 700 °C (14.85 %), similar to brookite values in M8. At 800 °C there
is not evidence of brookite phase in the material. As it was commented before, the brookite
phase has less free carriers than anatase and its electrochemical behaviour is very alike to
rutile’s [18]. Its presence could hinder the response of a material towards oxygen at working
temperatures around 500 °C

Regarding the crystallite sizes, in Figure V.20 it is shown the FWHM of all the
main peaks in XRD patterns of M11. The changes of crystallites size with the increment of
the calcination temperature of brookite, anatase and rutile phase are summarized in Table
IV.11, Table IV.12 and Table IV.13 respectively. It can be seen that the size of the M11
crystallites in all phases are similar to those in M10, M8 and M6. This evidence that at
higher concentrations of surfactant, the micelles formed do not affect the doping process and
the growth of the crystallites.
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Figure IV.18 Percentage of each crystalline phase contained in the materials. These values were
obtained from the quantitative analysis of XRD patterns of sample M11
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Figure IV.19 Representation of the quantitative analysis of XRD pattern of material M6
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Figure IV.20 Measurement of the FWHM in a. main brookite peak, b. main anatase peak and c. main
rutile peak, in M11

Table 1V.11 Size of brookite crystallites in M11 and the values employed for its calculation

Temperature
O
600
700

FWHM 0 Crystallite
(rad) (rad) size (nm)

1.25E-02 5.37E-01 14.37

1.05E-02 5.37E-01 17.11
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Table 1V.12 Size of anatase crystallites in M11 and the values employed for its calculation

Temperature FWHM 0 Crystallite
O (rad) (rad) size (nm)
600 1.17E-02 4.42E-01 14.59
700 8.91E-03 4.41E-01 19.12
800 5.41E-03 4.42E-01 31.49

Table 1V.13 Size of rutile crystallites in M11 and the values employed for its calculation

Temperature FWHM 0 Crystallite
((®) (rad) (rad) size (nm)
600 6.38E-03 4.78E-01 27.20
700 4.31E-03 4.78E-01 40.25
800 3.48E-03 4.78E-01 49.83
900 3.04E-03 4.78E-01 57.05

Finally, in Table IV.14 it is shown the weighting average of the crystallite size in
each material. This average was carried out in the same way than in previous cases. The
higher content of anatase phase in the calcination temperatures below 800 °C makes the
average of the crystalline size in M11 lower than in M10.

Table 1V.14 Weighting average crystallite size of M9 in function of the calcination temperature

Temperature Aver‘age.
¢C) crystallite size
(nm)
600 14.76
700 21.03
800 40.51
900 57.05

IV.2.3.3. Area BET

Since the results of XRD were promising, area BET analyses were carried out in the
same way described in section II1.2.3. Figure IV.21 show the isotherms of adsorption and
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desorption of MI11 based materials. The isotherms are of IV type in the ITUPAC
classification, which means that all of them are mesoporous materials, as expected. The
values of surface area (Table IV.15) are the highest among all materials. The higher the
surface that interacts with the gas, better will be the response toward it. Then, it is expected
that this characteristic of the surface added to the crystalline properties makes M11 based
sensors very useful for oxygen detection

It is also observed that the grain diameter, calculated from surface area values, of
M11 based material calcined at 600 °C, 700 °C and 800 °C, are close to that obtained from
XRD and SEM analyses. However, the values of the BET grain size of M11 calcined at
900 °C are not equivalent to any other result of the commented techniques. This may be
attributed to the acceleration of the adhesion of grains among them when all the residual
dodecylamine that surround the grains is completely eliminated.
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Figure IV.21 Adsorption and desorption isotherms of N, at 77K of M11 calcined at different
temperatures

It is also observed that the grain diameter, calculated from surface area values, of
M11 based material calcined at 600 °C, 700 °C and 800 °C, are close to that obtained from
XRD. However, the values of the BET grain size of M11 calcined at 900 °C are not
equivalent. This may be attributed to the acceleration of the adhesion of grains among them
when all the residual dodecylamine that surround the grains is completely removed.
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Table IV.15 BET surface of M11 in function of the calcination temperature

Temperature Grain size
l()oc) SeeT (mZ/ g) (nm)
600 77 16
700 50 25
800 21 57
900 6 202

1v.2.34. SEM

} | M11 600 I | M11 700

| M11 900

f { M11 800 f

Tum

Figure IV.22 SEM images of M11 calcined at different temperatures
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Finally, SEM analysis of the active layer was performed. The parameters for SEM
analysis were the described in section III.3.1. The SEM pictures of the material M11
calcined at 600 °C, 700 °C, 800 °C and 900 °C are shown in Figure IV.22. The evolution of
the grain diameter of this material is summarized in Table IV.16. The histograms of the grain
size are showed in Figure IV.23.

The grain sizes in material M11 are similar to those in M10 and M9. So, they are
smaller than in the doped materials synthesized without a template. As it happened in M10
and M9, it appears that the dodecylamine surrounds the particles hindering their fusion and
growth. These results show that amouny of dodecylamine added do not affect the crystallite
and grain sizes.

Materials M11-800 and M11-900 have a content of rutile higher than 50 %, so, as
explained before, their best performance in the oxygen detection will be for working
temperatures higher than those considered in our approach. On the other hand, material M11-
600, probably will have residual carbonic deposits, as M6-600. So, probably the best
material to sense oxygen in the desired working temperature range will be M11-700.
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Figure IV.23 SEM histograms of M11 calcined at different temperatures
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Table 1V.16 Grain size evolution of the grains belong to material M11

Material
M11-600
M11-700
M11-800
M11-900

d (nm)
22.57
36.22
44.49
49.71

SD SE
3.9 0.39
6.4 0.64
7.8 0.78
8.07 0.80

1V.2.3.5.  Oxygen Sensing Characterization

As it was previously commented, material M11-700 was chosen as the best option
among the M11 based materials to be tested in a sensor toward 20 ppm of oxygen. The
sensor was prepared in the same way as it is described in section I11.3.2. The measurements
were done as it was showed in section I11.4.1.
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Figure IV.24 Typical response of the sensor made from M11-700 toward 20 ppm of oxygen, working
at a. 400 °C and b. 500 °C. The carrier gas employed was pure nitrogen
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Table IV.17 Responses of the sensor made from M11-700 toward 20 ppm of oxygen working at
different temperatures. The carrier gas was pure nitrogen

Working Sensor response

Temperature (°C) (AR/ RN2 ) Error
500 0.18 4.8 %
400 0.21 7.0 %

The response of the M11-700 based sensor working at 400 °C and 500 °C are shown
in Figure 1V.24, and the values are summarized in Table IV.17.The responses at both
temperatures of M11-700 sensor are very low compared with the responses obtained for M6-
700 and M8-700 based sensors.

Parameters as grain size, active area and crystalline structure of M11-700 are better
than in the other doped materials. However, there is something that is retarding the
interaction between the material and the gas. This could be deposits of carbon compounds,
located on the material surface that difficult the contact between the material and the gas,
and thus the response of the sensor. To clarify this problem Raman measurements were done
to M11-700. The results are the following.

1V.2.3.6. RAMAN
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Figure IV.25 Raman spectrum of M11-700 nanopowder at room temperature
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Figure IV.26 Raman spectrum at high frequencies of M 11-700 nanopowder at room temperature

The Raman analysis was carried out as it is described in section II1.5. The Raman
spectrum between 18 and 650 cm™ of M11-700 nanopowder is shown in Figure IV.25. The
peaks that correspond to anatase phase are located at 141, 393, 515 and 636 cm™. The small
peaks situated at 243, 322 and 363 cm™' indicates the presence of brookite phase, but in lower

proportion to anatase[14, 15].
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Figure 1V.26 shows the Raman spectrum of M11-700 at high frequencies. It is
clearly observed the presence of carbon compounds in the material. Some peaks were
identified: These peaks are summarized in Table IV.18. The source of these carbonic
compounds could be found in the synthesis process. Then it is clear that, even that material
M11-700 has the best features in all synthesized materials in order to be used for oxygen
detection, the residual carbon compounds in its surface difficult the interaction of the oxygen
species with the material and diminishes the response of the M11-700 based sensor.

Table IV.18 Some Raman features in the range between 700 and 1750 cm™,
present in the spectrum of M11-700

Raman peak (cm™) Possible correspondence
Hydrogen free carbon

792 structure [16, 17]
1040 Ammonium Carbonate
Nanosized diamond crystals
1164 (18, 19] y
Contributions from the
1244 photon density of states in
Crystalline Diamond [20]
1294 Hexagonal diamond [21, 22]
1330 Cubic diamond [16]
1371 D peak of microcwstalline
graphite [17, 23]
Contributions from the
1491 p.hotoln density of states iq
finite-size crystals of graphite
[16, 24]
1600 G peak of graphite [17, 23]
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IV.3. Conclusion

Three different attempts for mesoporous Titania synthesis were carried out using
dodecylamine surfactant as template. For the first material, M9, 1 ml of the surfactant was
added together with the alkoxide precursors. XRD analyses showed high contents of rutile
phase in this material. It appears that in the stage of the process where the dodecylamine was
added, inhibits the insertion of the Niobiums ions in the Titania network.

To avoid the effect of the dodecylamine in the doping process, in the second attempt
(M10) the surfactant was added after the hydrolysis of the metal alkoxides. At this stage it is
expected that the Nb ions are already inserted in the Titania crystalline network and thus, the
only effect of the surfactant will do is the hindering of the nucleation process. The quantity
of dodecylamine was also slightly increased up to 2 ml to assure the formation of micelles.
XRD analysis showed that the phase transition is slower than in M9, but it is still faster than
in other doped materials, M6 and M8. It looks that the addition of the dodecylamine in the
final step of the sol-gel process does not affect so much the doping process. However, the
quantities of rutile phase remaining in M10 based materials is still very high, which is
useless for oxygen detection at the working temperatures considered in this work.

Finally, the process followed to obtain M10 was repeated increasing the amount of
surfactant up to 8 ml (M11). From XRD results, it was observed that in M11, the phase
transition was even slower than in M6 and M8. At a calcination temperature of 800 °C, M11
was the unique material with a quantity of anatase phase over the 50 %. What probably
happened is that at higher concentration of surfactant, its molecules join together forming
micelles. On the contrary of the surfactant molecules, it appears that these structures do not
affect the doping process. They even contribute to retard the crystallinization and thus the
change of phase.

On the other hand, SEM analysis, as well as the calculations derived from XRD,
show that the grain sizes of M9, M10 and M11 are smaller than in other doped materials (M6
and M&8) without surfactant. It appears that the surfactant may act as a dispersing agent that
surrounds the grains and inhibits their adhesion. The grains start to adhere when the
dodecylamine is eliminated from the surface of the particles. Then, the effects of the
dodecylamine in the grain size do not depend so much on the stage where the surfactant is
added, as well as on its concentration.

The area BET analyses carried out to materials M11 show that the addition of the
surfactant contributes to increase the porosity of the materials. Wang et al [25] obtained a
mesoporous TiO, with wormhole-like framework structure following a similar synthesis
process. However, the surface area that they got with Titania calcined at 450 °C was only
48 m*/g. In our work, we obtained a surface area of 77 m*/g in M11 calcined at 600 °C.

For the oxygen detection measurement only the material M11-700 were taking in
account. This material was chosen for the high content of the anatase phase and high surface
area.

The results of the oxygen measurement reveal a poor response of the considered
material. The Raman spectroscopy of this material shows some peaks that correspond to
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carbon with different morphologies, as it happened in the previous materials (without
surfactant) calcined at 600 °C. As it was explained before, these deposits of carbon cover the
surface of the active material and hinder its interaction with the oxygen. And, because these
carbon structures are also poorly catalytic, the result is a deactivation of the catalysis. This is
reflected in the low response of this material toward oxygen. The fact that the residual
carbon compounds remain in the material could be attributed to the dodecylamine. It is
possible that the electrostatic forces in the inorganic-inorganic interface are strong and need
very high temperatures to be eliminated. The improvement in the material when a template is
used for the synthesis is evident, but probably the dodecylamine is not the adequate
surfactant to be used. It is recommended for future approaches the use of a non-ionic
oligomeric surfactant with lower bonding forces [26, 27].
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V. CONCLUSIONS

In this work an alumina substrate for gas sensor application has been developed.
This substrate can support four active layers working at the same temperature forming a
sensor array. The working temperature can reach 800 °C, with a power consumption of
approximately 5 W. This substrate is being used for gas sensor application with good results.
However, due some problems related with the substrate package at working temperatures
above 450 °C, the use of this substrate for oxygen sensor application was delayed and the
results obtained whit it were not complete enough to be presented in this work. In order to
resolve the necessity of a substrate that can resist high working temperatures for oxygen
sensing applications, a new substrate acquired from the Kurchatov Institute (Moscow-
Russia) was introduced. This new substrate can reach working temperatures of 700 °C with a
power consumption of approximately 300 mW for a single sensor. The results exposed in
this work were obtained by using this last substrate.

For the active layer, pure Titania and Niobium doped Titania nanopowders were
synthesized by a simplified sol-gel route. Based on the literature, the doping concentration in
doped materials was set to Nb/Ti = 3 at%. ICP (Inductively Coupled Plasma) and EDS
(Energy-Dispersive X-ray Spectroscopy) techniques confirmed that the content of Niobium
in the doped materials was near to the nominal value (3 at%), which indicate that the doping
process was carried out correctly.

In order to find the best the crystalline structure of the active materials, the powders
were calcined at four different temperatures: 600 °C, 700 °C, 800 °C and 900 °C. Two
different calcination ramps were employed to reach the calcination temperature: 10 °C/min
and 2.5 °C/min.

XRD (X-Rays Diffraction) analysis confirmed that addition of Niobium ions to
Titania lattice helps to retard the crystalline phase transition from anatase to rutile when
calcination temperature is increased. The complete change of phase in such materials took
place over 800 °C. It was found that the doped materials calcined at 600 °C and 700 °C had a
content of anatase around 70 %. On the other hand, in undoped materials the complete
change of crystalline phase took place at 700 °C. In such materials calcined at 600 °C the
content of rutile was over 50 %. The slower temperature ramp employed for calcination
process also produces a slight retard in the phase transition. Nevertheless, this retard is not so
remarkable and can not be compared with that produced by the Nb ions. XRD technique also
showed that the crystallites grow proportional to the temperature. This growth is hindered by
the addition of Niobium to the Titania, and also by the use of a slower calcination ramp.

BET analyses showed that the surface area decreases when calcination temperature
increases. It was observed that the addition of niobium retards the reduction process of the
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surface area with the temperature and also improves the porosity of the material. So, the
results of this analysis, combined with the XRD results suggests that the more promising
materials for best sensitivity to oxygen are de doped ones calcined at the lowest
temperatures.

The SEM analysis allowed to know the grain growth evolution of the layers. It was
observed that the grain size in doped materials is smaller than in pure Titania at calcination
temperatures between 600 °C and 800 °C. Then, at 900 °C, the grain growth in all materials is
almost the same. The introduction of the Niobium in the Titania lattice not only hinders the
growth of the crystals but also the coalescence between them retarding the grain growth. The
slower ramp used to reach calcination temperature also help to retard the grain growth, and
then, the lowest grain sizes were found in doped materials calcined by using the slowest
temperature ramp. So these results reaffirm the hypothesis that doped materials calcined at
the lower temperatures are the more promising one to achieve the objectives of this work.

Regarding the oxygen detection measurements, the best responses toward oxygen
traces in N2 were achieved for sensors based on doped materials calcined at 700 °C. This is
probably due to the high surface area of such materials, which clearly benefits the detection
mechanism and their crystalline phase, mostly anatase, which permits the detection at desire
temperatures (300 °C — 600 °C). The Niobium species may also contribute to the catalytic
process. The optimum working temperature for oxygen sensing with these materials was
found at 500 °C. The calcination ramp did not have any effect on the sensing capabilities of
materials. So, these results confirm that doped materials has better performance than
undoped ones or doped ones calcined at the higher calcination temperatures. Nevertheless,
the results obtained for doped materials calcined at 600 °C (the lowest one) do not agree with
the previous hypotheses.

It was observed that the doped materials calcined at 600 °C had a poor response, in
spite of they have better physical characteristics than doped materials calcined at 700 °C. The
retard in oxygen sensing capabilities of these materials may be caused by the brookite phase
they contain. At 600 °C the crystallinity of the brookite particles is improved, with the
consequent diminishing of the surface defects that can affect the adsorption of oxygen
species on the surface. However, deeper analysis with Raman spectroscopy shows some
peaks corresponding to carbon with different morphologies in the surface of these materials.
These deposits of carbon are the residual of the synthesis process, which could not be
eliminated during the calcination. The problem with these deposits of carbon is that they
cover the surface of the active material and hinder its interaction with the oxygen. So, since
these carbon structures are also poorly catalytic, the result is a deactivation of the catalysis.
This is reflected in the low response of this material toward oxygen.

It was also shown that Nb-doped Titania calcined at 700 °C has a good response to
traces of oxygen in CO,, which indicates that a sensor based on this material may be used in
applications such food packaging and beverage carbonation. However, the response toward
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15 ppm of oxygen presented an inversion from oxidation type to reduction type. This
phenomenon was explained as the effect of the CO species, from CO, dissociation, which is
adsorbed on the active material surface on the low concentration of oxygen species. This
sensor was also tested toward other pollutant gases of CO, such as H,S, SO, C,H, and CHs.
Very high responses, compared with other authors, were obtained for SO, and CH,. No
response was obtained for C,H,. These last responses toward other pollutant gases give rise
to a problem of cross sensitivity that may be solved by the use of a gas sensor array. In that
way, the gas detection may be done by analyzing the response patterns of the sensor array
toward each gas combination.

Following the goals outlined in the beginning of this work, it was attempted to
modify the materials properties in order to improve the oxygen sensing capabilities of doped
materials. This was done by using surfactants (dodecylamine) as template during the material
synthesis process. It was expected that the use of a template leads to an increment of the
surface area and porosity of the materials. Among three different attempts, the best results
were obtained when 8 ml of surfactant were added to the solution after the hydrolysis of the
metal alkoxides during the sol-gel process. This material was labelled M11.

XRD results showed that in M11, the phase transition was even slower than in other
doped materials synthesized without template. At a calcination temperature of 800 °C, M11
was the unique material with a quantity of anatase phase over the 50 %. SEM analysis, as
well as the calculations derived from XRD, showed that the grain sizes of M11 based
materials are smaller than in other doped materials without surfactant. The area BET
analyses carried out to material M11 showed that the addition of the surfactant also
contributes to increase the porosity of the materials. The surface area obtained from material
M11 was even better than other synthesized materials recently published. However, the
results of the oxygen measurement reveal a poor response of the considered material. The
Raman spectroscopy of this material showed some peaks corresponding to carbon with
different morphologies, as it happened in the previous materials (without surfactant) calcined
at 600 °C. As it was explained before, these deposits of carbon cover the surface of the active
material and hinder its interaction with the oxygen. Since these carbon structures are also
poorly catalytic, the result is a deactivation of the catalysis. This is reflected in the low
response of this material toward oxygen. The fact that the residual carbon compounds remain
in the material could be attributed to the dodecylamine. It is possible that the electrostatic
forces in the inorganic-inorganic interface are too strong and need very high temperatures to
be eliminated. The improvement in the material when a template is used for the synthesis is
evident, but probably the dodecylamine is not the adequate surfactant to be used. It is
recommended for future approaches the use of a non-ionic oligomeric surfactant with lower
bonding forces.
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