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Résumé / Abstract

Vd

Résumeé

L'objectif de ce travail était I'étude ®ynatique de composeés de type Ba®hOs;
(M=, Gd, Sc, In, ...) pour lesquels des propriéties conduction protonique étaient
attendues. Nous avons tout d'abord développé urbode de synthése originale par
polymérisation d'acide acrylique qui nous a perdybtenir des poudres nanométriques
pures, puis des céramiques denses apres frittagges &/ons ensuite étudié l'influence de
la nature et de la teneur en dopant sur les ptégretructurales et électriques. Cette étude
expérimentale a été couplée a la modélisation sempirique qui nous a permis de prédire
les défauts les plus probables au sein de la phasaésultats montrent que le modéle de
substitution est étroitement lié a la taille detiores substituant. Pour les petits cations,
une substitution totale sur le site B est calceléebservée alors que, pour les plus grosses
terres rares (La, Nd et Sm), la modélisation gmticine substitution partielle possible sur
le site A confirmée par une anomalie dans ['évoilutdes parameéetres de maille.
Concernant les propriétés électriques, nous n'‘apassobservé de tendances claires de
I'évolution des propriétés électriques en fonctienla nature du cation. Il semble malgré
tout que les dopants les meilleurs correspondente@x pour lesquels I'énergie
d'association lacune-dopant est la plus faible.sDi@ncas de I'yttrium, la conduction
augmente avec le taux de substitution ce qui peatrélié a la fois a 'augmentation
associée du nombre de porteurs et a l'évolutionrastizicturale. Nous montrons
également que le taux de dopant a une forte infliesur la stabilité des matériaux
produits. Ainsi, les composés fortement dopés swsthbles sous atmosphere humide,
alors que les composés faiblement dopés sembbdriestsous atmosphere humide, riches
en B ou CQ. Finalement, nous avons montré que I'emploi de £o@me additif
permettait d'abaisser fortement la températureridlade sans pour autant affecter les
propriétés de transport. Cette étude a donc démanie les composes de type BaSn
xMxOsz5 (M=Y, Gd, Sc, In, ...) peuvent trouver des appimas comme conducteurs
protoniques pour peu que le taux de substituamtlistié pour des raisons de stabilité,
gue la taille de grains soit importante pour ameélida conduction et le procédé de

fabrication optimisé pour obtenir une forte densité



Résumé / Abstract

Abstract

The main objective of the present worls\lae systematic study of BaSM Oz

(M =Y, Gd, Sc, In, ...) as proton conductors. Wetfdeveloped a synthesis route based
on the acrylic acid polymerization. This allowedalgaining pure nanopowders and dense
ceramics after a classical sintering process. We #tudied the influence of dopant nature
and content on the structural and electrical progeer This study was coupled to
theoretical calculations which helped us predicting most probable defects within the
structure. Results indicate that the substituticrdeh is closely linked with dopant size.
For small cations, the substitution on B-site oscas foreseen by the original compound
formula. For big cations (La, Nd and Sm), the modglanticipates a possible partial
substitution on A-site, confirmed by an anomaly esied on the evolution of cell
parameters. Concerning electrical properties, wWlendt observe any significant trend as a
function of dopant size. It seems neverthelesshibst dopants in terms of anion or proton
conduction are those presenting the smaller dopedetet interaction energy as revealed
by semi-empirical calculations. In the case ofiyttr, the evolution of conduction with
Y3* content is linked both to the increase of chargeiers due to doping and to the
increase of grain size with increasing dopant auni/e also showed that the stability is
strongly linked with the doping level. While highjoped compounds are unstable in
humid atmosphere, slightly doped compounds pregeodl stability in humid, hydrogen
and CQ containing atmosphere. Finally, we showed that ZAs0Oan additive could be
used to lower the sintering temperature withoutgrag the conduction properties. This
study thus showed that BaSMOs.:(M =Y, Gd, Sc, In, ...) may find applications as
proton conductors if dopant level is limited foalslity reasons, grain size important for

better conduction properties and the elaboratioegss optimised to ensure high density.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Solid oxide fuel cells

Fuel cells are electrochemical devices tlanvert directly chemical energy
present in fuels into electrical energijhey are a promising alternative to traditional
power generatiorwith high efficiency and low environmental impaddecause the
intermediate steps of producing heat and mechamiogk typical of most conventional
power generation methods are avoidedkl fcells are not limited by thermodynamic
limitations of heat engines such as the Carnotcieficy. Fuel cells differ from
conventional rechargeable batteries: as long adutleand oxidant are supplied to the
electrodes, the cell will continue to produce aectlc current flowing from the anode
(the negative electrode) to the cathode (positigetede), as opposed to stored chemical
energy. Fuel flexibility has been demonstrated gisiatural gas, biogas, coal gas. Fuel
cells have a potentially wide variety of applicasp such as transportation, stationary
power plants, micropower generati@t. Transportation markets worldwide have shown
remarkable interest in fuel cells. Nearly all maj@hicle manufacturers and energy
providers are supporting their developmigit

Among the various kinds of fuel cells, Solid Oxi&eel Cells (SOFCs) have
shown tremendous reliability when operated contirslyp[2, 3]. In addition, such fuel
cells offer the highest energy conversion efficieand excellent fuel flexibility. However,
several of the challenges hindering SOFC technolaxgy a consequence of the high
temperature (900-1000°C) required for their operatiThis high temperature is used to
overcome limitations of ionic conductivity in avatile solid electrolytes and of kinetics in
available electrode materigd]. The high operating temperature places severdreams
on materials selection, implies difficult fabricaii processes, induces materials over
cost and reduces thermal cycling and fuel cell life.

In recognition of these challenges, there are ptgsamajor research efforts
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ongoing to decrease the operating temperature ¢fCS® moderate temperatures.
from 500 to 800°C. Therefore, research has beensé&it on improving electrolyte
material conductivity because a major part of foell resistance is derived from the
electrolyte resistanceMany families of oxygen conducting compounds haeerbthus
explored but very few present at the same time goedhanical properties, chemical
stability in both oxidative and reducing atmospkergood ion conduction and poor
electronic conduction. Another strategy consistexploring proton conducting materials
since the transport of protons is generally a letwation energy process. This implies
that the conductivities of compounds based upotoproonduction might be higher than
that of compounds based upon oxygen ion conductolow temperatureFigure 1.1
illustrates this point showing the comparison @& tonductivities of well known proton
and oxide ion conducting oxides at different terapaeq5].

T(K)
1200 800 400

T T T T T ——r T

log(s) (1/©2 cm)

&
T

L L L 1 s i s 1 i N " | " i n |

1,0 15 2,0 25 3,0
1000/T (K

Figure 1.1 Conductivity of some solid electrolyte oxides 8OFCH5]

lwaharaet al. [6, 7] first demonstrated the existence of proton condnéh ABO;

perovskite compounds at elevated temperature, lagd tany families of compounds
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have since then been explored, such as accepteddogrovskites oxides, binary rare
earth oxides with fluorite-related structures angey oxides with pyrochlore structure.
The experiments demonstrate that the highest protorductivities are observed for

perovskites oxidefs].

8

1120, + 26— O

N H,— 2H" + 2¢

1/20, + 2H" + 26 —+ H,0

H,0

Hz
|
cathode anode cathode

Figure 1.2 The schematic presentations of unit cell of sokitle fuel cell (SOFC) and proton

conducting fuel cell (PCFC). (Note: the figures eofrom the Ideal Cell European Project draft)

Let us come back to the working principle of SOBE represented irigure 1.2
In a classical SOFC based on anion-conductingrelgts, the reduction of oxygen occurs
at the cathode and the resulting @nion is then transported across the electroijténe
anode side, where it will combine with, jas to form gaseous water. The two half-
reactions of oxidation/reduction involve exchangdselectrons that circulate in the
external circuit. In Proton Conducting Fuel Celghich is actually a kind of SOFC),
hydrogen is oxidized into Hand this His carried out till the cathode through the proton-
conducting electrolyte. Hions then react with £gas to form gaseous water. Intrinsically,
the oxide ion-conducting fuel cell produces thertewaapor on the anode side, which
lowers the cell voltage, and reduces fuel util@atiand requires considerable fuel
circulation [4]. A proton-conducting fuel cell, on the other hapdyduces water at the
cathode. The high air flow usually used takes azrehis, while the anode fuel gas

remains undiluted by water vapor, keeping the Nerokage higH9].
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The major problem of ceramic proton conductors hsirt rather basic nature
because Sr and Ba are often some of their comp®{@ntThey are thus vulnerable to
destructive reaction with acidic gases, such as @05Q/S0;, especially at moderate
temperature, and may also react with water at nadeleand low temperatures to form
hydroxides. All in all, proton conducting oxidesadvantageous in intermediate or low
temperature, and can be candidates for electrohgterials for reducing the operation

temperature of SOFCs.

1.2 Protonic conducting oxides: principle and defaachemistry

Protonic conducting oxides can be considered agrelgtes in which hydrogen
ions are the major charge carriers. Protons, usuale not part of the component of
oxides. The requirements for the introduction obtpnic defects into an oxide-based
proton conductor can be simply stated H¥: (1) It possesses an oxygen deficient lattice,
either structurally, or via acceptor doping, (2x#n incorporate water at modest applied
vapor pressures.e. < 1 atm., (3) It permits the rapid transport abtpns once these have

been “formed”.

1.2.1 Proton defect formation

For large band gap perovskite (ABOoxides, proton conduction almost
exclusively involves acceptor-doped systems witlrgh-compensating oxygen vacancies
in the dry state. When it is exposed to humidife@chosphere, the oxygen vacancies are
replaced by hydroxyl groups, which means that pretare incorporated into perovskite
structure, as shown iRigure 1.3 and the defect reactions are expressed in Krdigr-

notation as following:
2B; +0; +M,0,(s) — 2M, +V; + 2BO, (s) (1-1)

H.O(g) +Vs +0% = 20H; (1-2)
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Figure 1.3Formation of proton defect: I) Perfect latticg,IHtroduction of oxygen vacancies, lll)
Formation of proton defect.

However, it is well known that non-stoichiometrymasphere, dopant natuet.,
greatly influence defect reaction and transportpprbes of proton conductors. For
instance, for the typical proton conductars, barium cerate and barium zirconate, it has
been reported that BaO evaporates easily fromulface of sintered pellets due to high
sintering temperaturgll], and some analysis also indicates the possibktesxde of an
amorphous Ba-rich phase at grain bounddik Barium oxide deficiency may result in
the trivalent ion residing on Ba-site. For instanogcroanalysis of Nd-BaCeQsolid
solutions indicated that the solutions could berespnted by a general formul Ba
xNACeryNdyOs.-2(V, )2 in which Nd is partioned on both Ba and Ce difé}. The
existence of B3-site occupation has also been proposed by theatetalculations for

large dopants such as La, Nd and Sm in doped Baf14D
2Ba;, + M,0, +V; - 2M,, +O7 + 2BaO (1-3)

This reaction consumes oxygen vacancy instead eztiolg new vacancies, and

thus might lower the protonic conductivity.

1.2.2 Hydration thermodynamics of acceptor-doped pevskite oxides

As mentioned above, when the doped perovskite oxitle oxygen vacancies is
exposed to water atmospheoxygen vacancies are filled by hydroxyl ions ascdbesd
Eq. (1-2) The thermodynamics associatedHEqg. (1-2) is an important parameter for

describing proton conduction, which can evaluate dissolution and concentration of

-5-
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protons in the materials. The hydration thermodyisanof such reaction might be
determined theoretically or experimentally basimgsemi-empirical calculation and first-

principles calculations or thermogravimetric andaaction data.

1.2.2.1 Theoretical calculations

The enthalpy of water incorporation has been catedl by semi-empirical
calculation for typical proton conductors, such BaCeQ, SrZrQ; and CaZrQ@
compoundg14, 15]. Based on irEq. (1-2) The enthalpy of water dissolution (proton

incorporation),E,, , can be calculated using the following equafib 15]:
E.o, =2E(OH;)-E(:)+E(PT) (1-4)

Where, E(OH() is the energy associated with substitutionGsf with an OH™ group,
E(V,) the energy needed to create an isolated oxygeanegandE(PT) is the energy
of proton exchange reaction at the surface, whigdrdxide ions replace lattice oxygen
ions: O +H,0(g) =20H". It is independent of the crystal structure, caited to be -
11.77 eV[15, 18].

The results calculated based Bq. (1-4) indicate negative dissolution enthalpy,
which signifies probable dominating proton condutyi at low temperature in these
materials, which is consistent with the experimeotaclusions. Of course, uncertainties
in the absolute calculated values are important tduthe limits of the very simplistic
model employed. Nevertheless, there is reasonabémtigative accord with the few
available experimental valugs?].

Recently, the hydration energies of barium zirceraatd barium stannate doped by
various trivalent elements (&4 In**, Nd®*, SE¢* and Y*") have been also calculated from
first principles calculations with an “isolated defs” model as well as with a model
considering the interaction energies between thmaks and oxygen vacancies/protons
[18, 19]. The authors deduced hydration energies, witrerfridimework of various models,

and estimated the hydration Gibbs free energy bywating for vibrational energetic and
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entropic effects. In the case of Y-doped BagniBe hydration energy (12.5 mol % Y
doping) calculated is - 0.69 eV. The experimentdahalpy of 10 mol % Y-doped BaSgO
is - 0.62 eV, for 25 mol % of Y content it is - 8.8V, and for 50 mol % of Y content -
1.05 eV[20]. The results of computation are good agreemeiht thvé experimental results.
Unfortunately, the theoretical calculations arehledo evaluate the value of the
hydration reaction entropy leading thus to some artgnt uncertainty for the real

temperature range of a material to work as a protouctor.

1.2.2.2 Experimental access to hydration thermodymaics
To analyse hydration thermodynamics, the equilioriexpression foEg. (1-2)

between oxygen vacancies and water vapour to footops ig[21]:

K= exp(AIi ) expe A:T )= [OHOJZ/([VO][O:)] PHZO) (1-5)

Where, the square brackets denote molar fractiongotume concentrations (but in
general not site fractions).
The electroneutral condition of acceptor-doped exith oxygen vacancies and

protons is:
2[V5 ] +[OH; ] =[ Acc | = constant (1-6)

Where, Acc denotes acceptors in general. The approximatiomasle here that the
concentration of holes/electrons is negligible.

If defect concentrations are small, we could assuima [O)] equals the
concentration of oxide ion sites|o; |+[V; J+[0H;]=[0] = constant. In molar
concentration, for perovskites oxid¢s] = 3, then:

‘ 4[on; ]

P (e ]-[or]) (6 -[acc]-[or;])

And the concentration of protonic defects as ationmof P,,, and K is:

(1-7)
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o 3Kp,, —\/KpHZO (9+<szo - 6Kp, , [ Acc | +Kp, , [Acc']2 +Kp, , +24[ Acc | - 4[Acc']2)
I: O:I - Kszo -4

(1-8)

Because the formation of protonic defects accordinigqg. (1-2) is accompanied
by a significant weight increase, the concentravbrprotonic defects as a function of
temperature and water partial pressure is usuatigsored by thermogravimetric analysis
(TGA), or indirectly by conductivity measuremernitsie fitting of experimental data to the
model described above yields the equilibrium canskg andK vs temperature is well
described byEq. (1-5) corresponding to an Arrhenius type behavior Kg), giving
standard hydration enthalpies and entropi&s (andAS’) [8].

Hydration thermodynamic parameters are importathan they determine whether
at a given temperature the material is primarilypndwted by oxygen vacancies or protons
[9]. The enthalpy of hydratio(Eq.1-2) varies considerably, with some apparent
correlation to materials properties.

Norby et al. [21, 22] reported that the enthalpy of hydration for ramatle
sesquioxides becomes more negative as the oxidengwee stablg,e., as the enthalpy of
formation gets more negative, the stabl®y ErO3; and YBO; thus contain protons up
to very high temperatures, while less stableGgadehydrates even at very moderate
temperatures. However, the mobility of protons dases as their stability in the oxide
increases, the highest proton conductivity beingstbbtained as a compromise in the
middle of the series, for GOs.

In perovskite-related oxides, Kreuet al. [8] suggested that the enthalpy of
hydration reaction tends to become more negatith decreasing electronegativity of
cations interacting with the lattice oxygere., with decreasing Bronsted basicity of the
oxide. Norbyet al. [21] have developed a correlation between the hydratihalpy and
the differenceAX,_, in electronegativity between the cations poputatine B-site and
the A-site of the perovskit&igure 1.4 shows precisely an update of this correlation plot

[9]. A linear trend from the enthalpies can be presermughly as:
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AH (k3 / mol) = —173(9)+ 370(42)X,_, (1-9)

We will see in the following that this law is faiofn representing the behaviour of
all perovskite compounds, in particular the behawioacceptor-doped barium stannates.
Indeed, from this calculation, barium stannates mmunds should present a positive
enthalpy (and thus no water uptake) for the hydmateaction which is of course very

different from what observed.
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Figure 1.4 Hydration enthalpy vs difference in Rochow-Allrel@ctronegativities
between B- and A-site constituents in perovsKi®s

The standard entropy changas) appears to end up around -120 JAKolas
expected empirically for the loss of 1 mol of dad]. Nevertheless, some perovskites,
such as BaCef) have large negative values (exothermic) of mbent-150 J/mol, and

they are thus dominated by protons in wet atmogsh@nd suppose a high temperature to
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shift the equilibrium to the left. Others, suchSa3i0;, have moderate negative entropies

and are dominated by protons only at relatively temperaturef9].

1.2.3 Proton transport

It is well known that proton transport includesnsport of protonsi ) and any

+
4

assembly that carriers protonsH0*, NH,”, OH™, et al.). There are two principal
mechanisms well recognized to describe the trahsggoroton: the vehicle mechanism
and the Grotthuss mechani$n 8, 23-25].

For the vehicle mechanism, tlproton moves together with a “vehicle” as a
passenger on a larger iA,0", NH,", OH ", et al.). This mechanism is mainly observed
in agueous solution, other liquids/metal, and commgis with loose bonded small
molecules, which is usually restricted to matersith open structuresi.€. channels,
layers) to allow the passage for the large ionsraakkcules.

The other mechanism is the so-called Grotthuss amesim. This was proposed to
explain the high diffusivity of Hions in water and involves the protons tunneliranf
one water molecule to the next via hydrogen bondligs mechanism is thought to be at
the origin of the high proton mobility in solid dcsalts and proton conducting oxides.
Actually, quantum MD simulations revealed the details of@acgl Grotthuss mechanism
in proton conducting perovskite oxidg¥, 25, 26]. The protons, always residing on oxide
host ions, exhibit thermal rotation and stretchutgrations. The principal features of the
proton diffusion process are the rotational diffusbf the proton to set up the hydrogen
bonds OH-O between the two oxide ions, the decre&skeeir distance, and the proton
transfer towards the adjacent oxygen ion via dtietcvibration. The rotational motion of
the proton in the O-H group is rapid, which allotve reorientation of the proton towards
the next oxygen ion before the transfer process. tfdnsfer process was calculated to be

the rate-limiting step in the considered perovskitad typical proton diffusion trace as

obtained from MD calculations is shownkigurel.5[27].

-10 -
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proton
transfer

rotational
diffusion

Figure 1.5The trace of a proton in a perovskite showingtti principal features of proton
transport: rotational diffusion and proton trangff].

1.2.4 Effects of defect-dopant association

The mutual association of the proton defects, oxits and metal cations in the
proton conducting oxides comprises not only hydnodgmnding, but also stronger
covalent and ionic interactiong25]. For instance, the association between oxygen
vacancies and acceptor dopants has been reporéegblan the non-Arrhenius behaviour
of oxygen ion conduction in acceptor-doped oxideshsas zirconia, ceria, lanthanum

gallate, and othef21]. Oxygen vacancies associated to acceptor dopantsecwritten:
V. +Acc = (V,Acc) (1-10)

If the oxygen vacancies are trapped as associdtesill also influence the

hydration thermodynamics. The hydration of the aisge will be writter[9]:
H,0(g) +(V,Acc) +O; = 20H; + Acc (1-11)

The oxygen vacancies are stabilized and the hydranthalpy can perhaps be
expected to be less favorable than that of the Vesmancies, provided that the protons
dissolved are less associated to the accépiad].

Similar association between the proton and the mlopaight also act in the

opposite direction favouring a higher proton coniion, but giving a smaller mobility.

-11 -
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Protons will tend to be trapped by acceptors adangrib this equatiof9]:
OH;, + Acc = (OH,Acc)” (1-12)

Kreuer et al. [28] found that BaZr@ doped with Y exhibits a lower activation
energy and higher conductivity than with the sammoant of Sc, while the hydration
enthalpy of BaZr@doped with Sc (-119.4 kJ/mole) is much more negatian with Y (-
79.5 kd/mole). They attributed this to oxide iormorclinated to Sc becoming more
electron rich (basic), thus bonding protons morengfly. Islamet al. [29] also predicted
that the lowest binding energy of hydroxyl-dopastfor Y and the strongest association is
for Sc for BaZrQ as calculated by atomistic simulation, which isagreement with
Kreuer’s results. All in all, it seems that there affects of dopants, but trapping leading

to associates is hardly evidenced experimentalgpimductivity measurements so [}.

1.2.5 Isotope effecf30-34]

Isotope effect is a major tool to confirm the pratonature of conductivity in solid
oxide conductors. The study of the isotope effegstoften involves substitution of D for
H. This produces a mass change by a factor of &hwk far greater than that available
from isotopes of other elements. Different theohase been developed to understand the
mechanism of isotope effect, such as classicaryheemi-classical theory and tunneling
theory.

The classical theory is adopted first to descriteisotope effect due to influence
of the pre-exponential term of conductivity. Theton (or deuteron) “hops” from one
lattice site to another over a potential energyibéaras depicted irFigure 1.6, as a

function of the configurational coordinate.

-12 -
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Figure 1.6 Schematic diagram of potential barrier for a pnotor deuteron) transfer reaction as a
function of the configurational coordinate of thepping aton{30].

For an ionic conductor, the conductivity has arha&nius form described by:

A E
O =—exp—= 1-13
T Pt KT ) ( )

WhereA is a pre-exponential ternd, is the absolute temperatukejs Boltzmann
constant andg, is the activation energy. More specially, the exponential term is

described by:

_ 29°A%qg,
6Vk

A 13

Where,z is the number of directions in which the condutgiyump may occurg is
the charge of hopping ion is the jump distanceg, is the charge of hopping ioW,is the

volume of unit cellk is Boltzmann constanty, is the frequency factor, described by:

w, =V, exp(A—kS) (1)15

WhereAS is a vibrational entropy, is an appropriate ‘attempt frequency’ which,
for a light atom, involves an effective mass tfaisfclose to the mass of the hopping atom.
In the case wherg, is only the OH stretching frequency, a harmonicilizgor model is
used, which yields the relationsh}pm/\/ﬁ where m is the effective mass.

Therefore, the conductivity can be written as:

A E 1 E
O=—exp—=2)0— expF—=" 1-16
T p( kT) pekT ‘ (1-16)

Jm
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Thus, in the classical theory, the activation epasgindependent of the isotope,
and the effective mass is the only parameter tifiatta the conductivity. The heavier mass
of deuteron compared with hydrogen leads to a lave&ductivity which contributes to
the observable isotope effect.

However, experimentally, the activation energy ns most cases different for
hydrogen and deuteron with, > Ey as described bifigure 1.6. This suggests that the
activation energyE,, sees some contributions from the isotope eff@eimi-classical
theory, which takes the zero-energy difference guaosideration, is adopted here. If the
activated state is independent of the isotopic mas<an expect for the activation energy

difference:
1
E, -E, =§h(vH -Vp) (1-17)

For theOH ion in perovskite oxides, the OH stretching fragmiev,, is close to
10" s [35], and withv, /v, =1/+/2, we obtainE, - E,, 00.055 eV.

If the proton is the dominating charge carrier, tbetope effect will be clearly
observable first from conductivities values, theant activation energies. Otherwise it can
be concluded that the conductivity mechanism ispnotonic.

In practice, both classical and non-classical igeteffects are encountered. For
example, with SrZyesY 0.0602.97, Huanget al. [36] observed a classical isotope effect of
J2 from 150 to 500 °C, but this disappeared at higkerperatures, where electronic
conductivity becomes dominant, while Scherketal. [37] reported thatr, / o, is close
to 2.5 in 5 mol % Yb-doped SrCe@ompound at room temperature, and concluded that
protonic hopping follows a non-classical behaviaitially, tunneling was suggested to
explain how protons could overcome the strong btmdheir host oxygen ions, and
enhance proton diffusion at low temperature. Howettenneling was abandoned as the
experimental evidence for the large isotope effeas proven wrong38] and proton

migration could be described by use of oxygen ipmaghics[21].

-14 -
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1.2.6 Mixed conductivity in proton conductors

Until now, we only considered ionic species as cengating charges in response
to doping. Nevertheless, it is widely accepted aapibrted that the electrical properties of
perovskite-type protonic conductors at temperatates/e 700 °C are often characterised
of course by oxygen ion conductivity but alsoyor p-type conductivity]39-41]. The
relationship between the oxygen ion,andp-type electronic conductivities and oxygen
partial pressure in acceptor-doped perovskite camgs, is presented in this section
based on defect chemistry.

When trivalent dopants are incorporated into peibd@soxides, oxygen ion
vacancies {(;') are created to maintain charge neutrality. Ingexyrich atmosphere, the

oxygen vacancies tend to react with gaseous oxygproduced electron holes:
1 - x .
EOZ (g9) +V5 =0} +2h (1-18)

On the opposite, at low oxygen partial pressure,dkygen ions can leave their

sub-lattice generating oxygen ion vacanché$)(and electronse) :
x 1 . !
o} :Eoz(g) +V; +2e (1-19)

In hydrogen-free atmosphere and low water pressiueeslectroneutrality equation,

is given by:
2VS1+ p=[My] +n (1-20)

There are three different Brouwer-type charge mdityr conditions, € ,V),
([Mg] ,V¢), (IMg],h) from low to high oxygen partial pressuf42]. However, for
mostly proton conductor with high oxygen concembratformed by acceptor-dopant

perovskite oxides;M ;] > p, n, with the concentration of oxygen vacancigsdiby[43]:
2[V5 ]=[ Mg |=constant (1-21)

CombiningEqgs. (1-18)-(1-21) the concentration of different charge carriers ca
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be expressed as:

p=h —22K2[|v| ]2P4 (1-22)

n= e—22Kfed[M ]2P4 (1-23)

Where, Ky andKq are the equilibrium constant Bfy. (1-18) and (1-19)p, n,[M;] are
the concentration of holes, electrons and dopp#ts the oxygen partial pressure.

The effective charge carriers consist then of oryggcancies, electrons and holes,
which lead to oxygen ion, electronic and hole canigity, respectively. The conductivity

of mixed conductors is described as

Or = zUi = zquiBl (1-24)

Whereo; is the conductivity component contributed by cleacgrrier speciess C;
is the concentration of the charge carrigiis the charge anB; is the mobility of charge
carrier species. In most cases, the componéntis the parameter that is modified by
controlled atmosphere and chemical composition evlile mobility B; is essentially
affected by temperature.

Combing Eqgs. (1-22)-(1-24) the conductivity of mixed conductors can also be

described ap43]:

o, = A+ B|og;11 +Cpg‘2 (1-25)
Where the first term4) is the p,, - independent oxygen ion conductivity, the second a
the third terms are the contributions from elec¢rand electron holes, respectively. Given
the total conductivities in different oxygen pressuat different temperatures, we can use
Eq. (1-25) to fit the data and deconvolute and determine idmec, p- and n-type
conductivities as a function of temperature andgexypartial pressure.

For proton conductors, we should also take intcoait proton defects at high

water vapor pressure. When increasing oxygen pamessure from low oxygen partial
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pressure, three different charge neutrality coodgihave to be considered. the major
defect pairs are changed sequentially fram@H_) to ((M;],0H.), ([M.],h") [42].
The dominant ionic defect shifts fromy; to OH; as P(HO) increases at immediate
oxygen pressure. In order to avoid a situation witich we have at the same time oxygen
vacancies, holes and protons, we investigatedfteet ®f dopants nature and contents on
transport properties in an atmosphere (Argon) athvbxygen vacancies were measured
to be the main charge carrier in dry atmosphelis.fevertheless clear that at intermediate
temperature in air, which is actually the atmosphemcountered at cathode side in fuel
cells, the coexistence of holes and protons betside of oxygen vacancies should be

considered.

1.3 Proton conducting oxides: Materials

1.3.1 Proton conductivity in acceptor-doped peroske oxides

Perovskite oxides offer in almost all respects dewrariety of properties because
of the structure ability to host varying cationsibstitutions, non-stoichiometry, and
defects of many kinds. Proton conductivity is founda range of perovskites oxides,
ABOs. Perovskite-type oxides have the general formul8B&0; ), where A can be
group IlA element or transition metal in the +2aeadion state, and B is a transition metal,
Ce, Zr, Sn, Ti in the +4 oxidation state. The due of perovskites-type oxide
(i.e.BaSnQ) is described irFigure 1.7. In the cubic perovskite structure, A ions occupy
the corners of the elementary cell, the B ionswbleme center and ©Oions the surface
center. In this structure, the largef*Aand the & ions build a cubic densest ball packing
together and a quarter of the octahedral holé#ies fvith small B ions. Each A’ ion is
coordinated with 12 ®ions, each © ion is surrounded by four?Aions and two B' ions.
The octahedrons of (Bfpare linked by sharing corners structure can distod deform
under definite conditions so that the structure reyatny degree is loweredkigure 1.8

show the partial proton conductivity for a number acceptor-doped perovskites,

1 A"B*°0,, A™B™0; or B™0; can also exist.
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calculated from data for proton mobility and thedweamics of hydratiof9].

Figure 1.7 Perovskite structure of BaSpO
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Figure 1.8Partial proton conductivity vs. 1/T for bulk of eeted perovkites at P¢B) = 0.03 atm,
calculated on basis of proton mobility and hydmatieermodynamics paramet¢es.
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Among II-IV perovskites A B*0,), arecent analysis of available data provided
the following guidelines for the composition of peskite with high proton conductivity
and good thermodynamics stabiliig4]: (1) Except for the stability with acidic gases,
which is almost independent of the choice of theafien, all relevant properties are
superior for an A-site occupation by barium comgaceother alkaline earth ions. (2) The
choice of B-cation, however, requires some compsemirhe B-cations should be of
medium size with an amphoteric nature and shoulth foo significant covalent bonds
with oxygen ligands. Small B-cations lead to higitking densities and reduce the water
solubility, while large B-cations reduce the thedwoeamics stability. It is well known that
cerates and zirconates exhibit large negative Hhigadraenthalpies and small activation
energies for proton migratioAmong these materials, Gd-substituted Bagexhibits the
highest protonic conductivity,e. ~ 0.05 S-cr at 600 °C, temperature at which protons
are the main charge carriged, 46]. This makes barium cerate considered as a padtentia
candidate for fuel cell electrolyte. However, itd-term stability remains a concern in
the presence of G{and water-containing atmosphé#ad, 47]. BaCeQ and SrCe@react
with CQO; to form carbonates, and form alkaline earth hymles at high water activities.
Of course, this excludes the use of any hydrocarliimm being used as fuels because this
inevitably leads to the production of some £dnd HO. The stability of cerates can be
increased by chemical modificationg. by partially replacing Ce by Z=(0.4), dthough
the proton conductivity will decrease with increwsi Zr content [48-50]. The
developments of these materials require thus @ dircompromise between conductivity
and stability characteristics.

Zirconates[33, 51, 52], in particular Y-doped BaZr9combine high bulk proton
conductivity with high thermodynamics stability €share stable in acidic media and .0
At low temperature (< 700 °C) under wet atmosphtre,bulk conductivity of Y-doped
BaZrQ; is even slightly higher than the proton condutyivif BaCeQ-based oxide$8],
and is considered to be a good candidate eleatrahyaterial in the intermediate-

temperature range. However, low sinterability armghlgrain boundary impedance are two
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major problems, which is unfavorable to make thesserials commercial. If these
problems are solved, BaZg@an be an excellent electrolyte material for imediate
temperature fuel cell$3].

Other ABQy perovskites, such as praseodymidtel 55], hafnate[56], thorates
and terbatef57] (B site occupied by Pr, Hf, Th and Tb, respectiy@lere also studied as
new proton conducting materials. They readily ipooate some protons at intermediate
temperature but their conductivity is limited orgart due to hole contribution.

Among llI-11l perovskites A*B*0,), La** is the only common A-site cation, B is
S, Y3, In*t, ErP* et al. [58-64]. Of these, LaScOhydrates well but exhibits medium
proton mobility and a proton conductivity peakingstj above 18 S/cm. LaYQ and
LaErQ; are also perovskite related, but with lower tadeea factors and lower
conductivity.

“Complex perovskites” represent another family adfmpounds, and usually
suppose two B-site cations of different valencpijdgily in simple ratio to form a certain
valence sums. Nowick and coworkers introducedribig class of complex perovskites as
oxide ion and proton conductors in which the B-si#¢ion ordering is essentig85, 65,
66]. These complex perovskites have the general farm#y(B,,B, )O., and
A(B,,B, )0, ;, both of which have two different ions occupyingsiBes. In both cases,
the A ions is charged 2+, in the former compoundsB3+ and B” is 5+, while in the later,
B’ is 2+ and B” is 5+, respectively. Thus, the age charge on the B-site is 4+ in both
cases. By changing the radio of B’ to B” ions, osygvacancies can be formed
intrinsically, and can then induce proton defectadar wet atmosphereg.g.
Ba,Ca, Nb, O, , or X,Ca, Nb, O, [35]. They were found to combine both good

chemical stability and high conductivity.

1.3.2Proton conductivity in non-peroskite oxide and phoghates
Proton conduction is also observed for many nowyskite classes of oxides,

comprising fluorite-related structures and struesuwith oxide ion tetrahedral. Among the
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fluorite-related oxides, the MQoxides (M = Zr, Hf and Ce) exhibit very little lau
solubility of protond9], and the acceptor-doped oxides remain pure oxide€onductors
with negligible proton conductivity at all tempeuegs.

Proton conductivity in acceptor doped and undopefMO;, (La, Nd, Gd and Er)
has recently been studied. The structure of thgstiate can be described as an ordered
defective fluorite or a disordered pyrochl¢6s, 68]. Undoped LaNO;, exhibits proton
conductivity peaking at »8.0° S/cm in wet hydrogen at 900°G69]. The major
disadvantage with the rare-earth tungstates witpaet to applications is the chemical
stability. Reaction with C-containing species may affect thgstates, since the formation
of WC, is very stable. The volality of WQs another problem, in particular, during the
fabrication. Some others acceptor-doped pyrochloeed a,Zr,0O;, exhibit quite high and
pure proton conductivity in wet atmosphefég].

Proton conductivity in rare-earth sesquioxides wsrgtematically studied within
the framework of a consistent description of tldeifect chemistry by Norbst al. [22, 71,
72]. Sesquioxides are more stable in£&Ontaining atmosphere, bsthow more than one
order of magnitude lower proton conductivity thaa(®Q-based perovskites compounds
[73]. The maximum conductivity, 7.5x10S/cm, was observed for Ca-doped,Gs
(900°C)

Acceptor-doped rare earth phosphates, LnKOh=La, Ce, Pr, Nd, Sm with the
monoclinic monazite-type structure, and Ln=Y withet tetragonal xenotime-type
structure), form another class of CQolerant materials with appreciable proton
conductivity [74-78]. Sr-doped LakD; has been studied due to its relatively high
conductivity and especially becautte protonic conduction appeared to be dominating
even under low P (30) conditiong79].

Acceptor-doped rare earth orthoniobates and omialtgtes, LnNb@®and LnTaQ,
have been recently investigated as more stablemp@inducting materials by Haugsrud
and Norby [80]. The proton conductivity is dominated in these emnats in wet

atmospheres, and the highest conductivity was fdan@€a-doped LaNbg) ~0.001 S/cm
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at 950 °C with P(KO) = 0.025 P473]. Also LaNbO; shows similar proton conduction
[81]. These materials are proved to be stable ip-@Dtaining atmosphere, thus they are

interesting candidates to operate, for examplegusformed natural gas.

1.3.3 Proton-conducting oxides: application in fuetells

The development of proton-conducting oxides foll ftedl have stranded by the
conflict between high proton conductivity and cheahiand electrochemical stability
under fuel cell operating conditiorisg. acceptor-doped BaCg@hows the highest proton
conductivity, but the long stability in water and&containing atmosphere becomes a
problem [45, 47]. The electrolytes based on Bazr@xhibit good stability, but the
conductivity is not high. Additional problems aedated to the insufficient knowledge and
research on electrodes for these new fuel ¢6lilsHowever, due to the advantages of
proton-conducting oxides fuel cells at intermedi@@mperature, more and more research
institutions and companies have devoted to reseanch development on the proton-
conducting oxide fuel cells.

Ito et al. [82] made a laboratory fuel cell with a 0.7 pm-thickddped BaCe®
electrolyte deposited on a Pd anode substrate if#)0and with a perovskite cathode. The
cell showed high power densities, 1.4 W}ah600 °C and 0.9 W/chat as low as 400 °C.
This performance is higher than typical polymerregye fuel cells and as high as that of
high temperature SOFCs, even though it is operatedhitermediate temperatures, but
substantial lifetimes were not reported.

Meng et al. [83] reported the power density of the cell using 50 fiiims of Gd-
doped BaCe® (BGCO) as electrolyte, kaSrhsCo0;-BGCO as cathode, Ni-BGCO
cermets as anode, is around 300 m\W/atmabout 700°C for industrial ammonia of &b
fuel. This work shows how the unstable BaGetay be used with a basic fuel such as
ammonia. It is very interesting and promising fpplcation in fuel cells.

Acceptor-doped mixed barium zirconate cerates B@&E&; have been

investigated for their better stability of the zinate combined with the better conduction
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of cerate, but fuel cell tests have not given coawig result$84, 85].

1.4 Barium Stannate Compounds

Barium stannate with formula BaSgbelongs to the family of perovskite
compounds like the best protons conductors BaGa(BaZrQ. Until now, quite few
studies have been published on this compound te gibithe potential interest in many
applications. In this part, we thus give some detan the synthesis of BaSp@nd on the
envisaged applications for BaSgOn particular as proton conductors. This willoal

introducing the objective of our study.

1.4.1 Synthesis

Barium stannate for the applications detailed bakalmost always prepared via
solid state reaction. It requires high temperaalb®ve 1000 °C), results in coarse-grained
powders and leads to very poor densification a#iatering. In recent years, many
preparation procedures have been developed tonoftes-grained BaSn powders at
relatively low temperatures. We describe some efrtlioelow insisting on the success (or

not) of the methods to favour sintering.

1.4.1.1 Solid state reaction
BaSnQ is conventionally prepared by ceramic solid stataction through
sintering of BaC@ and SnQ@ at a high temperature ranging from 1000 °C to 1400

according to equatiof86, 87]:
BaCO, + ShO, - BasnO,+CO, 1 (1-26)

If the stoichiometric mixture of BaCOand Sn@ powders is heated at a
temperature between 900 °C and 1000°GSB&, not BaSnQ@ is first formed a€q.(1-
27), and it reacts continually at 1100°C to form Bagn®ingle phase BaSn@ppears in
the sample after being sintered at 1200°C for 2he reactions are described as follows

[88]:
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2BaCo, + 0, — Ba, S0, + 2C0, 1 (1-27)
Ba, SN0, + N0, — 2Bas0, (1-28)

To lower the preparation temperature, Azad and [86hemployed barium nitrate
to substitute barium carbonate and successfullypgresl BaSn© at 1000°C. The
formation of BaSn@from metal nitrates via solid state reaction isuased to take place

as follows:

2Ba(NO;), + 20, — 2BasnO,+ 4NO,+0, (1-29)

In this case, the mixture of raw materials was tallled for 4 h, then calcined first
at 800°C for 8 h and fired again at 1000°C for 24lhe traditional several repetitions of
“crush and calcination” steps are thus avoidedhis inodified route.

However, up to date, a high degree of densificatiom the solid-state derived
BaSnG; samples has not been achieved. The relative deysitf sintered bodies is only

up to 70-80 % of the theoretical value even in sanhgs sintered at 1600 °C for 12 h.

1.4.1.2 Self-heat-sustained (SHS) meth$8&6]

The self-propagating or self-heat-sustained symhissan attractive and viable
alternative to the conventional methods of advanoatkrials production in the field of
ceramic- and metal-matrix composites. In the se#ttsustained process for preparing
barium stannate, metallic tin powder is intimatalixed with anhydrous Ba(Ng. Tin
can disperse uniformly in Ba(NJ2 when heated at 250°C due to the low melting point
metallic tin (232°C)The compound formation was found to have initissedbout 800°C
via an intermediate Ba-rich pha&gSnQ, as in solid state reaction. In the initial stages,
molten metallic tin reacts as Bq. (1-30) and (1-31) The Ba-rich phase subsequently

reacts with more Sn or Sp@ form BaSn@asEq. (1-32) and (1-33).

(1) + 2Ba(NO,), - Ba, S0, +4NO, 1 (1-30)
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(1) +2Ba(NG,), +%O2 - Ba,Sn0,+2NO, 1 (1-31)
Ba,S10, + (1) +O, - 2BashO, (1-32)
Ba,0O, + ShO, - 2BaS0, (1-33)

The SHS derived BaSn@ powders could be well densified (near zero porosit
sintered at 1600°C for 2 h with uniform particle ske (1-2 pm) and good

microstructural features.

1.4.1.3 Coprecipitation method

It consists of preparing an aqueous solution camgithe desired cations and then
mixing with another solution which contains the gip&ating agent. The precipitated
product is separated from the liquid by filtratiatied and thermally treated to attain the
desired compounds. The BaSn@wders were synthesized from peroxoprecursorghwhi
is precipitated by adding BaCand Sn(j solution to a solution of ammonia and@{ in

water as follow$89]:

BaCl, + nCl, +6NH ,+ H,0,+5H 0 - BaSn0,(0,)BH O 1 +6NH I (1-34)

The peroxo-precursor calcined at 900°C for 1 h ®pure BaSn@powder with
uniform small particles sizes (50 to 200 nm) arghtspecific surface area (14hy). The
powders are very sinterable since 93% of the thieatalensity is reached after sintering
at 1400°C for 4 h.

It has also been reported that Bagr@n be prepared by coprecipitation of tin

chloride and barium nitrate solutiof#0] by adding NaOH precipitating agent.
BaNO, + ShCl, + 4NaOH - BaSn(OH ), | +4NaCl (2-35)

The dried precipitation is mainly composed B#Sh(OH),, which is poorly

crystallised. After calcining at 600°C, the purdicuBaSnQ phase forms as follows:
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BaSn(OH), — BaShO, +3H,0 (1-36)

Oxalic acid has also been used as a precipitatyemtaby Baoet al. [91] for
preparing BaSn® The chemical reactions during synthesis procgsane described as

The oxalate precursor converts to pure BaSw@en treated at 1000 °C with less

than 0.2 um particle sizes.

1.4.1.4 Hydrothermal synthesis method

Hydrothermal synthesis has been widely employe@répare ceramic powders.
The BaSn@ preparation via hydrothermal synthesis route, usatinic hydroxide gel
(SO, xH,,0) which was freshly precipitated from tin chloridelution by addition of
ammonia, andBa(OH), solution as starting materials. The mixture wanthandled in a
Teflon-lined autoclave at a temperature between°@58nd 280°C. The as-prepared
powder was the hydrated ph&a&n(OH),. On heating in air or on heating the pressure
of the autoclave in situ at about 260°C, this highlgphase converted into fine BaSnO

powders. The whole process is presented as follows:
SO, XH ,0 + Ba(OH), O £ EFF1 Basn(OH ), O E°F1. BasnO,+3H,0  (1-39)

The advantage of this method for the preparatioBa$nQ lies in the very low
process temperature (260°C). Such a temperaturesmadssible to keep the nano size

and very high specific surface area.

1.4.1.5Polymerized complex method
Polymerized complex method is widely applied foepgaration of the multi-

component oxides, and is also called modified Reamethod. The advantage of the
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method lies in the limitation of segregation offelient metal ions, which is achieved by
forming stable metal-chelate complexes by polynation[92].

The BaSn@and (BaSr-,)SnQ; powders were synthesized by Udawattal. [92,

93] by polymerized complex method, S@HO and BaC@as starting materials, citric
acid and ethylene glycol (6s0,) as chelating agent and polymerization agent. The
polymerization was promoted among citric acid atiylene glycol heated continually at
135 °C, and attained the gel (transparent browiny@sth no precipitation. The resin was
pyrolyzed at 350°C for 3 h in static air. The povedthus formed are called “precursor”.
The precursor heated at 600for 2 h in static air contained tiny needle-likgstals of
BaC(Q; among aggregated BaSyn@ne powder with definite morphology. When the
powder was heated at 8Q0for 2 h in static air, somewhat larger particlasging from

80 to 100 nm in size were observed with facetedpimaogy but no needle-like BaGO
crystals.

Licheronet al. [94] dissolved tin chloride in distilled water and skakd it with
chelating agent to prevent hydrolysis or condensaflhey then mixed it with BaG@nd
citric acid. The obtained transparent solution wasatralized by addition of ammonia. It
was then added acrylamide and N, N, N’, Mtramethylethylenediamine. The mixed
solution was thereafter heated at 80°C, and th&aggion occurred in a few minutes after
introducing N-N’-methylene-bis-azobisisobutyronéri(AIBN). This agueous gel was
transformed into powders by calcination in air @%®C for 5 h. The powders converts into
pure BaSn@calcined at 1000°C for 12 h.

The method we used in the present study is verylasino polyacrylamide
polymerization but uses much less toxic organicigse(monomers or initiator). We will

give more details ilChapter 2.

1.4.2 Properties and applications
Barium stannate is known to have a perfectly cyamvskite structure at room

temperature (space grOleném). The lattice constant of BaSp@ a = 4.116 A, and the
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thermal expansion coefficient is 9.65A&™ (200 K-800 K)[95], The X-ray density
measured at 25°C is 7.238 gftnBarium stannate attracts some attention in nateri
technology with good chemical and physical propgsttilt can be used to prepare
thermally stable capacitors and to fabricate cecdmundary layer capacitof96], solid
state sensof97, 98], electrochemical devicep}, 99-101] and photoelectrochemical

applicationd 102-104].

1.4.2.1 Capacitors

Barium stannate is paraelectric and nonferroetecfdi0O5]. The dielectric
coefficient (¢') and dielectric loss factad varies in the range of 14 to 15 and 0.0001 to
0.001 respectively under the frequencies frorhtd0LF Hz and the temperatures from -
200 to 400°C [88]. Bevillonet al. [95] reported that the dielectric constant measurdd at
kHz is around 40, and also showed no significaolgion with temperature between 10
K and room temperaturelhe capacity is barely dependent on frequency amalo
temperature in the region from 4@ 10 Hz [88]. With its characteristic dielectric
properties, BaSn£has been used to prepare thermally stable cap=j9&).

Barium stannate titanate compounds are importantpfactical application in
ceramic capacitors as well as in functionally gchdeaterial§ 106, 107]. The increase of
Sn-substitution on Ti-sites leads to an increasgieléctric constant, while the Curie point
shifts to a lower temperature. Furthermore, the tilayer barium stannate titanate

ceramics have a relatively high dielectric constarat wide temperature ran§7, 108].

1.4.2.2 Sensors

In recent years, BaSn@ompounds have attracted more and more attensicn a
sensor material since its electrical propertiehagconductivity, resistance or impedance
are dependent on oxygen partial pressure, the enatuthe measured gases and their
concentrationd109]. Based on these properties, many gas sensor demede from
BaSnQ powder have been developed. For instance, sersmsed on BaSnQare

sensitive to a variety of gase®. a maximum sensitivity for CO in the temperatunega
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of 600-700°C[110], NO in the temperature range of 450-550%], and other gas
including H, CH,, CO and @, their best sensitivities were obtained at temipees below
700°C[111, 112]. Taoet al. [90] reported that a sensor made of Bagalo exhibits low
response to LPG and petrol, but a high responseyaod selectivity to ethanol, and was
proposed as a promising ethanol sensor. Chu reptivéd BaSn@sensor exhibits a high
sensitivity and good selectivity to dilute @5 gas (0.01 ppm) at 3009€13]. The gas-
sensing properties of BaSp@re thought a surface reaction proddd9)]. Therefore, the
gas-sensing properties of BaSn@ a certain extent, depend on the surface sfatiee
sensitive layer, which relates to the preparaticocgss. Therefore, to achieve high gas
sensitivity, BaSn@is usually fabricated at reduced temperature artas film.

The wide diversity of tested gases and the laclexgdlanations to relate gas
sensing properties to structural and chemical feataf BaSn@make doubting about the
real selectivity of BaSn§gas sensors. This nevertheless reflects a proleablation of

conductivity withP(O,) and a possible high reactivity of the materiaface.

1.4.2.3 Photocatalysts

The photocatalytic production of hydrogen via dinglsotodecomposition of water
over oxide semiconductors has attracted much aitefdor the solar energy conversion
and environment preservation. Cubic Bagihm@s also been suggested to have promising
potentialities in photoelectrochemical applicatiahe to itsd™ electronic configuration
and to its band gap=(3.4 eV) close to those of classical photocataljyii4, 114]. Borse
et al. [104] reported that the Pb-substitution on Sn site amvert visible-light-inactive
BaSnQ into a visible-light-active photocatalyst for, @roduction through the electronic
structure tuningi.e. the BaPbgSmn 203 system produce 3Z mol/h of G, underA = 420
nm photons, while no £for pure BaSn@ Yuanet al. [115] showed that Sr substitution
on the A site in BaSn9enhances greatly ;Hevolution rate, and theoretical calculation
reveals that strontium substitution not only pusheghe bottom of the conduction band

but also increases the contribution of the Sr Hdtals to the bottom of the conduction
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band. Recently, the theoretical electronic striecttalculation based on density functional
theory of Ba(MsSny.5)O3; with some tetravalent metal iong. M = Ti, V, Cr, Zr, Ce and
Pb, shows that the comparison of computed optitalomtion coefficients can be

arranged for Mi) Cr >V > Ti andi) Pb > Ce > Z{114].

1.4.2.4 Proton conductors

BaSnQ has recently been proposed as a protonic cond{@fprd4, 99] with
potential applications in fuel cells, when Sn istiadly substituted by trivalent metals (Y
[44] and In[99]), and activated by reaction with ambient moist&@.mol % Y-doped
BaSnQ can be hydrated (enthalpy is -101.5 kJ Wb a high degree which leads to the
formation of protonic charge carriers and the o@ee of very high proton conductivity
with low activation enthalpy (Ea = 0.51 eV) compgadeato that of BaCegbased materials
(seeFigure 1.8 and rather good stability in G&@ontained atmospheid4]. Xie et al.
[116] reported that Sn substitution Ce site in Baf¥@-0s.s enhances the chemical
stability in CQ-containing atmosphere and sinterability, and akwows good
conductivity,i.e. the conductivity of BaGgSny 1Y 020s.s reaches 0.007 S/cm at 700 °C.
The hydration properties of barium stannate dopgdtrivalent elements (12.5%)
investigated by density-functional calculationswhldhat Y-, In- and La-doped BaSsO
exhibit more negative hydration energies than otineslent dopants,e. - 0.71 eV for In,
- 0.69 eV for Y, and -1.02 for LEL9]. In the case of Y, the hydration energy of Y-doped
BaSnQ changes with Y contentsg. -0.62 eV for 10 mol %, and -0.83 eV for 25 mol %
[20].

However, the experiment results also indicated tBaiSnY(Q;s compound
exhibits the collapse of the structure and the &irom of a brownmillerite phase upon
reduction, and the macrocracking induced by laicain resulting from hydration due to

the high concentration of oxygen ion vacan¢#y.
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1.50bjectives

Despite the possible interest of barium stannatieesxin the field of proton
conductors, as mentioned above, there are onlystadies dealing with these properties.
Barium stannate compounds seem to present levgisotdn conductivity sufficient for
fuel cells applications and applications could beigaged if their stability, in particular, in
humidified reducing atmosphere, do not impede thed.

Taking into account the possible advantages anblgmres of barium stannate as a
proton conductor, we decided to start a systensatidy of barium stannate with trivalent
dopant elements for the point of view of defectrolstry, chemical stability, transport
properties, and suitability for fuel cells. This les to get further insight into the following

points:

1. Preparation of doped barium stannate by gel polyerization

BaSn.xMxOs5 (x = 0.125 and 0.25, M = Fe, Sc, In, Y, Gd, Sm, Nd &a) were
synthesized using gel polymerization. The chemacal physical properties of raw powder
samples were characterized using X-ray powderadifion (XRD), scanning electronic
microscopy (SEM) and thermogravimetry to optimibe texperimental conditions for

pure powder preparation.

2. Site incorporation selectivity in pure and dopedarium stannate

Site incorporation selectivity was analyzed by ¢welution lattice parameters and
incorporation energies of doped barium stannatepiiral defect model and atomistic
simulation are combined to comprehensively study dquestion of site incorporation

selectivity.

3. Impact of dopants on hydration energy of doped &rium stannate
The enthalpy and entropy of doped barium stannatrewobtained by
thermogravimetric analysis, and thereafter the hpaf dopants and contents on

hydration energy was studied.

4. Proton conductivities of doped barium stannate
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The conductivities of doped barium stannate werestigated under different
atmospheres (wet and dry Ar, Air and, Hifferent oxygen pressures) by AC impedance
spectroscopy (IS), to probe the effect of dopantpgrties and contents, and atmosphere

on the electron, hole, oxygen ion and proton cotidties of doped barium stannate.

5. Chemical stability of doped barium stannate
The chemical stability of doped barium stannate wea®stigated in different

atmospheres and conditiong, H,O- and CQ-rich atmospheres.

6. Optimisation of sintering through ZnO addition
The conductivity and sinterability of doped bariustannate with ZnO as a
sintering aid and as a second dopant were invéstiganticipating that ZnO can decrease

the sintering temperature, without affecting thaductivity.
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Chapter 2 Experimental Techniques

2.1 Introduction
In this chapter, the experimental teche&and processing method used for the
characterisation and fabrication of powders antesa pellets in this thesis are explained

in detail.

2.2 Chemical and structural characterization
2.2.1 X-ray powder diffraction (XRD)

X-ray powder diffraction is an essentiathnique for phase identification and
crystal structure refinement. XRD data obtainedthis work were collected at room
temperature and under ambient conditions with Sieni2-5000 powder diffractometer
using Cu K1+, radiation @ =1.5418A) and an applied voltage and current of 35 kV and
40 mA, respectively. The data were collected, @ region from 20° to 60° in@with
0.03° for B-step and 5 s/step for powders, artdr@gion from 20° to 110° in@with
0.02° for D-step and 8 s/step for pellets. For pellets atdsffit temperatures, each pattern
was recorded in vacuum on a high accuracy two-dKfsaction meter, in a Bragg-
Brentano geometry, using Cu,; radiation filtered with a nickel foil to remove & as
X-ray source which is generated by a 18 kW rotatingde. Both phase identification and
lattice parameter refinement were performed usitlgFRACplus Evd1l] and Topag2],

and Cellref V3 3] programs, respectively.

2.2.2 Scanning electron microscope/Ener gy disper sive spectroscopy (SEM/EDS)
Scanning electron microscope in conjurctivith EDS was used to examine
microstructure and chemical feature of sintered gas Samples’ morphologies were
observed using a Hitachi S-4700 scanning electrmmoscope operating at 5 kV. At the
same time, EDS was utilized with a link system tdigspectrometer PFT (Princeton

Gamma Tech, PRISM) to determine compositional ifiee between bulk and grain
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boundary regions of selected sintered pellets. farrostructural characterisation of
sintered bodies, the surface and fracture of sasnwéze observed. Samples surfaces were
previously polished using SiC papers until the atet of optical quality were obtained,
and then were etched thermally at 50 °C below ihesng temperature for 5 min with a
heating rate of 2 °C/min. To allow their observati@a fine layer of gold metal was

deposited onto the sample by radio frequency Spugte

2.2.3 Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was performed on a 8rulkS66 spectrometer in flowing
nitrogen, in order to detect the evolution of prsoun phase with thermal treatment
temperature. Calcined powders were diluted in afificransparent KBr and pressed into
pellets (sample: KBr mass ratio of 1:300). Varitkesm splitters and detectors were used
to optimally cover the range from 4000 ¢rto 100 cn, from the far infrared to mid

infrared range.

2.2.4 Thermogravimetric analysis/differential temperature analysis (TGA/DTA)

The behavior of compounds as a functiotemperature was probed by TGA/DTA
(SETARAM TG/DSC, Model 92-1750). Thermal analysisasw utilized for the
characterization of decomposition behaviour of pemdprecursors and proton
incorporation.

For decomposition of doped BaSn®@ecursor, thermogravimetric analyses were
performed on a small quantity (~17 mg) of precur3drey have been carried out using
the same instrument (with alumina crucible as exfee) to observe the decomposition
behaviour and to determine the lowest calcinat@nperature. These analyses have been
undertaken in a flowing air, from room temperat(Rd) to 1400°C, with a heating and
cooling rate of 10 °C/min.

For the detection of proton incorporatidiGA was performed in flowing wet Ar
with constant water pressure 21 Kpa (50 % waterpgessure at 30°C). The powders (~

1g) were first shaped as pellets using low presdure sample was first treated under dry
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Ar at 1200°C during 2h at heat rate 5°C/min, toodesvater and remove the barium
carbonate from the surface completely. The mass gais then measured at different
temperatures under wet Ar. During each measurerttentemperature and water pressure
was kept constant and keeping enough time to ntakevater hydration reaction reach
chemical equilibrium. Above 600°C, the step in temgpure was 100°C, and below 600°C,
the temperature step was 50°C.

For the calculation of proton concentmtithe apparent change of mass must be
corrected taking account of “buoyancy effect” sirtbe samples are suspended in a
variable atmosphere (its density changes with teatpee and water content) during TGA
measurements. The apparent mass difference betweemeasurements temperaturg T

and T;, can be corrected as:

Am=Am, +V (o, ~ p,) (2-1)

Where V is the volume of the sample, datermined simply using the theoretical

density of the materialp, and p, are the densities of wet Ar at &nd T respectively.

2.3 Electrical characterisation
2.3.1 Theprinciple of AC impedance spectroscopy (I1S)

Alternating current (AC) impedance spestopy is widely used in characterising
electrical properties of materials and their irded with electronically conducting
electrodes[4]. The interest of AC impedance spectroscopy liestaneffectiveness in
isolating individual reaction/migration steps inmaultistep process. This is, because each
electrode and electrolyte (grain and grain boundprgcess has, ideally, a unique time
constant associated with it. Accordingly the retetafrequency range for each process
should also be different. If the relaxation fregexenange for each of the process is widely
separated, their respective contributions can paragd in the frequency domabj.

Experimentally, this technique is basedapplying a sinusoidal voltage frequency

and very small amplitude over the sample, and miggguhe corresponding voltage
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response. The current through the electrolyte mmestain small, in order to avoid
polarization problems and/or to irreversibly damé#we material. The ratio of the voltage

response to the current perturbation is the impesln).

The quantity used for expressing modélsnmpedance is the complex number,

defined as:
2=2+jz (2-2)

Where, the real part of the impedange comprises the resistive component (R),

the imaginary partZ’), includes capacitive and inductive components.

~ Increasing frequency
g <
o
&
n Thulk Tel
3 Tab
N g
' I 11 I
S +——>S+———
Ryuik Rgp Re
Z', ((yem)

Figure 2.1 Idealised Nyquist impedance plot showing the:rBimg II) grain boundary,
and Ill) electrode resistivities. B, Ry and Ry are the impedances for the grain, grain
boundary and electrode contributioms,, 7,7, are the relaxation times for the grain,

grain boundary and electrode processes.

The representation of imaginary impeda(Ze) versus the real partZ() in a
complex plane is called a Nyquist plot. The outpua simulated solid electrolyte cell is
shown inFigure 2.1. In an electrically inhomogeneous sample, whichtains several
components (bulk, grain boundary, electraale), each semicircle corresponds to the
grain, grain boundary and electrode contributiespectively, which may be represented
by a paralleRC element, wher® is the resistance ar@lthe capacitance. An equivalent
circuit for such a sample is given kingure 2.2 and consists of individu&C sub-circuits
denoting the various processes in a typical sdédtelyte cell. It is desired to separate

each paralleRC element and measure its componR@ndC values. The magnitude &
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will give the resistance of the specific processd ghe magnitude o€ will serve to
identify the process. The famous software packagewZsoftware has been employed to
analyze IS data based on equivalent cird@its

Figure 2.1 also demonstrates how the impedance and relaxateninformation is
deduced from the data. The relaxation time for gacdeess is calculated froBxq. (2-3)
using the apex frequency shownHigure 2.1. w,is the angular frequency anigis the

relaxation frequency (Hz)

r,=w'=RC=(2mf )" (2-3)

ClJuIl{ Cgb Celec
11 I I
LR 1 [R]
Rpuk Rap Retec
— — —
| I I

Figure 2.2 Equivalent circuits for complex impedance specopy measurements

showing the bulk, grain boundary and electrBesub-circuits.

Frequently, the experimental data for ynaypstems give complex plane diagrams
that form circular arcs with center lying below taeis (that is a depressed semicircle).
This is the so-called dispersing phenomenon. Indhge of the dispersing effect, the
double-layer capacitance and pseudo-capacitanoévet in electrochemical reactions do
not function as pure capacitors, but as constaaselklements (CPEs), whose admittance

and impedance, respectively, are defined as:

Yeee =Y, (j)? (2-4)
1
AndZ. . =——
Y (jw)?

WhereY, is the admittance magnitude aadthe exponential termrga=1 in a perfect

capacitor anca=0 for a pure resistor. Capacitors should be suibstl by CPEs in the
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equivalent circuits to result in a better fit whéme dispersing impedance data are

encountered.

2.3.2 Experimental method

Electrical measurements were performed commercial sample-holder (Systems-
lonics) coupled to a Solartron 1260 frequency raspoanalyzer. Acquisitions were
performed at fixed temperatures after a stabiliwatf more than 1 h. The two sides of the
pellets were painted by platinum ink (METALORG926), dried at 373 K in an oven, and
further heat-treated at 1373 K during 2 h. The mesments were either carried out in dry
and wet atmosphere, or in controlled B(@nhd P(HO) atmospheres. Measurements in dry
and wet atmospheres were performed on coolingrggairom 850°C, with a cooling rate
of 200°C/h for dry atmosphere and 50 °C/h for wetasphere. In the first case, drying
was achieved by running the gas through a colun©f desiccant, and humidification
was obtained by bubbling gas through water. Thegerypartial pressure was controlled
by an electrochemical pump (Zirox electrolysis kelbupled to a couple of Ar/air -
delivering mass flow controllers. This system akotive control of oxygen partial pressure
in a continuous way from 10atm to 1 atm. For low oxygen partial pressure @PEO10°
atm.), the oxygen partial pressure was deduced Hemical equilibrium calculation
between H, Ar and water partial pressure at 1 atm. BAHand Ar gas were mixed by
mass flow controllers, and water partial pressuas wontrolled by gas humidifier (OMI-
SP280C-A, OMICRON Technologies). The impedance tspewere obtained in the
frequency range of 0.1 Hz to 10 MHz, where the Agfeptial amplitude was 50 mV.
ZView? electrochemical impedance software of S@ibhssociates Inc. was used for data

analysis.

2.4 Synthesis of ceramics oxides
Materials examined in this work were $ystized by both solid state reaction (SSR)

and a chemical solution route. Acceptor-doped samplere prepared by acrylic acid
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polymerization, while the samples with ZnO additwere prepared by solid state reaction

method.

2.4.1 Solid state reaction

The conventional SSR is the most commeadumethod for multi-component
ceramic powders synthesis with the advantage ofiitsplicity. It involves intimate
mechanical mixing of the ceramic precursors (oxid@sbonates and nitrates), repeated
grinding and heating cycles to achieve pure criystalesults. However, this method has
clear disadvantages in that the non-homogeneitfeghe initial powders necessitate
multiple repetitions of prolonged thermal treatmantl grinding. As a consequence, it
produces large grains, and induces chemical and gizze non-uniformity.

In this work, we have combined the balling and SSR methods. The precursors
are first milled using ball milling, to obtain homenous fine powders, which also help
decreasing the calcination temperature to obtaingle phase.

For example; the SSR route for Bagro 03 is as follows. Stating materials
were high purity BaC@(Alfa Aesar, 99.9 -101 %), SnQAlfa, 99.9 %), %03 (Rhbne-
Poulenc, 99.999 %). Firstly, BaG@owders were dried at 120 in the oven; Sn@and
Y03 were fired at 800C for 2 h before mixing together. The mixtures wamdled in a
ZrO, container with Zr@ balls (Retsch, PM100) at 450 rpm for 12 h and sgqbsntly
calcined in air at 1400 °C for 10 h.

The nominal formation reaction is:
BaCQO, +(0.75)10, + (0.125Y,0, - BaS, .Y .0 55 +CO ,t (2-5)
For the other compositions, the synthdésibws the same route, with different

starting materials and temperature.

2.4.2 Acrylic acid polymerization
Syntheses using wet chemistry routesaseamcome many of the disadvantages of

SSR method. The homogeneity of the product is e@rpedue to the mixing of the
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reagents at the molecular level in solution. Theulteng oxide powders have a high
specific surface area and, consequently, a higbtivést, which decreases the final
temperature and time of treatment. There are mdfgreht wet chemical routes existing
to synthesise fine ceramic powders, such as cagmaton, spray drying, freeze drying,
Pechini method, and sol-gel, which were presemédchiapter 1 for the particular case of
BaSnQ. Unfortunately, these methods are time consuminigrge quantities of fine

powders are required. In this work, we utilizedyéicracid polymerisation method for fine
powders synthesis. Cations are chelated stronglgitig acid in aqueous solution, and
stable solutions of citrates are easily and rapgd#ifed by in situ formation of auxiliary
three-dimensional tangled network: the polyacrgé, in which the appropriate cations
are chelated in nanocavities. After drying in mwave oven, pyrolysis then yields very
fine and highly dispersed powders of mixed oxided solid solution7]. It has widely

been used to prepare a broad range of electrocemides 8-10].

2.4.2.1 Experimental process

In this wet chemical method, nitrate cownpds were preferred, which easily
dissolve into water and favor combustion reactiolms.this study, we successfully
prepared citric acid stabilised tin nitrate solntigvith SHf* content of 0.2 melL™). Tin
metals were dissolved into diluted nitric acigiBacia= 4 Nin metas Chitric acia= 2 Mok L™)
and citric acid solution @ic acid = 2 Nin), Citric acid serving as chelating reagent. Some
precipitates were observed during dissolution, #red color of solution became gray.
After all tin metal were dissolved, the pH valueswen increased till a value of 6 by
adding ammonia. Almost all precipitates disappeatéolwever, there were still some
precipitates in the solution, so it needed to lieréd before using=igure 2.3 shows the
transparent tin solution after filtering. To det@mmtin concentration, 10 ml of solution
was measured 3 times, and then calcined at 1008°@ h. The resulting mass of SnhO

was then measured. The concentration of tin salwteduced.

- 46 -



Chapter 2 Experimental Techniques

Figure 2.3 Tin solution

BaSpnMOs; (denotedx = 0-0.5, M = Fe, Sc, In, Y...) powders were synthegdi
by gel polymerisation route from an aqueous sofutiontaining cation. Firstly, Ba(N{,
tin solution and M(NG); were completely dissolved into de-ionized waterdifferent
beakers. Then, the three solutions were mixed hegatesulting in a clear transparent
solution with total volume equal to 250 mL. The p&lue was then increased till a value
of 6 by adding ammonia. The mixed solution was éxkamntil boiling, then added 25 mL
of acrylic acid followed by 1.4 g of N, N'- methyle bis-acrylamide. The solution was
then heated until boiling again, and then we adaaakral droplets of hydrogen peroxide
as an ignition reagent. At this moment, the two amars reacted together to form a
cross-linked polymer containing the solution, immagely forming a transparent gel, as

shown inFigure 2.4 (a).

Figure 2.4 (a) Gel, (b) Precursor after combustion
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The gel obtained was then dried in a aviave oven for 30 min. The precursor
obtained was heat-treated between 700 °C and 12@f°@ h leading to the desired

BaSn M0s3;; compounds. The experimental process is presemtedure 2.5.

Citric Acid

Acrylic Acid + N, N— MBA

——»| Salt Solution |«—— Sr* Solution
Heating 100C
l
— H202
Gel

A 4

4——| Microwaveoven(600W/30mir

Precursors

y

1200C

Nanopowders

Calcination

Figure 2.5 The synthesis process of Bag, Oz 5 powders

2.4.2.2 Physico-chemical characteristics of powders

BaSn@based powders were synthesized using gel polyatienmsi.e. pure BaSn©

(denoted BSO) and Ba®4Y 05035 (denoted BSY50). These two extreme compounds in

terms of composition were used to optimise the poreder preparation.
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Figure 2.6 TGA experiments applied to BSO and BSY50 precusrgoair.

In the TGA curve, the weight loss is a6 for T < 150°C, which is attributed to
departure of residual water. Most of weight lossurs below 500°C, it includes two steps:
step | (T = 200-300°C) and step Il (T = 300-520°&)d the weight loss is about 70 % due
to the decomposition and oxidation of acrylic pogmand nitrate ions with the acrylamide
polymerisation rout¢ll]. It was also reported that two exothermic peakseapat 390°C
and 460°C under air atmosphere, which is in aceetid our result11]. Above 520°C,
the weight loss is about 5 %, and may be due ta#&wemposition of residual carbonate.
The weight loss of BSO is higher than that of BSY¥&@ause the total citric acid content

decreases with increasing Y content.

BSO ¥-BaCoO,

. .- kB .
s E]
© «
iy 600°C ~
= [ 2
] A A o ‘®
5 700°C g
o []

E h h 800°C ..E

| h h 900°C
k h 1000°C
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Figure 2.7 XRD patterns of BSO and BSY50 powders calcinedifégrent temperatures.
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X-ray diffraction patterns of powders aaéd at different temperatures are
displayed inFigure 2.7. Analysis of XRD diffraction patterns shows thastance of the
typical peaks of barium stannate after thermaltitneat at 600°C for 4h, although the
residual impurity BaC@ with the main diffraction peak at 23.912] is detected until
900°C for BSO and till 1100°C for BSY50. The intepsof the main peak of BaCO
decreases with increasing calcination temperatane, is not further detected in the
sample calcined at 1000°C for BSO, 1200°C for BSY$Qdopant seems to make the
formation of the perovskite phase more difficuldghus also the elimination of BaGO

In Figure 2.7, diffraction peaks are thinner for undoped sanmpiigcating a greater grain

size for pure BaSn9

=
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Figure 2.8 Infrared spectroscopy of BSO and BSY50 compounds.

FTIR spectra for precursor calcined dfedent temperatures are presented in
Figure 2.8. The band with absorption bands at 627'ds the characteristic stretching
mode of Sn-O bondd3]. Two absorption bands at 1443 tand 861 crif correspond to
BaCQ; [14-15], and the intensity decreases with increasing teatpe. However, this
band is also detected after thermal treatment 80°12 in contradiction with X-ray
diffraction measurements. Barium carbonate is diffi to remove completely in wet
chemical method. It was reported that the decontipasiemperature of pure barium
carbonate is above 1300°C, and the single pha¥#a8hQ powders was obtained at

1500°CJ[12]. Sinet al. [16] reported that the precursor first calcined at €00f oxygen,
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and calcined at 1000°C and 1100°C in Ar, will rem@¥fectively BaC@ The persistence
of carbonate peaks after high temperature thermeatment could also be due to post-

treatment surface carbonation of the samples.

2.4.2.3 Microstructure of pure and doped BaSnO3 powders

The surface morphology and microstructafeBSO and BSY50 powders were
observed by SEM, as shown kingure 2.9 andFigure 2.10, respectively. The shape and
agglomeration of BSO and BSY50 powder is very défe. Figure 2.9 shows that BSO
powders exhibit an almost spherical morphology @odous agglomeration, and the
agglomeration and grain size increase obviousli w@mperature. Below 1000°C, BSY50
powders consist in soft agglomerates of small grzéns with some characteristic cubic
shapes. Grain size, between 50 nm and 70 nm, aligh¢ly with thermal treatment at low
temperature. However, above 1100°C, the distrilpgtiof grain size start to be very wide,

and the grain size is from 100 nm to 200 nm.

Figure 2.9 SEM pictures of BaSn§gpowders: (a) 800°C, (b) 1000°C, (c) 1200°C for. 4 h
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Figure 2.10 SEM pictures of BSY50 powders: (a) 800 °C, (b)@0G, (c) 1100 °C, (d) 1200 °C
for 4 h.

2.4.3 Sintering

The powders calcined were dispersed usalgmilling in a ZrQ container with
ZrO; balls at 400 rpm for 2 h. Green pellets (9 mm ianteter, 60-70 % in relative
density) were obtained by uniaxial pressing at @rassures for 1 min, and isostatic
pressing at 750 Mpa during 10 min. High densitygtelwere obtained by sintering in air
at 1500°C and 1600°C during 12 h. The density,rdeteed by simple measurement of

pellet mass and dimensions after polishing theased, was superior or equal to 90 %.

2.5 Conclusion

The experimental methods used in thiglystuave been presented in detailed, in
particular, for the powders preparation. Two exgestompounds in terms of composition,
pure BaSn@ and 50 mol % Y-doped BaSpWvere used to optimize the pure powder

preparation. XRD and FTIR show that barium carbemadifficult to remove completely
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using gel polymerization method even if calcined200°C. Y dopant seems to make the
formation of the perovskite phase more difficuldahus also the elimination of barium
carbonate. A compromise between the preparatiopuoé phaseif. without barium
carbonate) and the obtention of small grain sizeesponds to a thermal treatment of
1200°C for 4 h. This treatment was the one usdtarfollowing to prepare nanopowders
from the polymerization route. Let us precise h#rat whatever the composition, the
pellets prepared from this nanopowders had alwaysnaity around 90 % after sintering
at 1500°C for 12 h. This constitutes already a \@gd result considering the aversion

toward densification of BaSnased compounds.
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Chapter 3 Synthesis, Structure and Electrical

Properties of BaSn MO

3.1 Introduction

In this chapter, we want to explore threctural and transport properties of doped
BaSnQ. From the beginning, the number of possible dapastchosen as wide as
possible and we will then restrict our study to thest interesting ones. This chapter is
interesting for the application since it helps tentify the dopants giving the most
interesting properties but also from the fundamemiint of view since it helps
understanding the defect chemistry of acceptor-dgeeovskite compounds.

For perovskite-type oxides, the site-ipecoation mechanism of #M dopants
controls the overall defect chemistry and thusrttransport properties. The incorporation
of M3 dopants onto B-site will generate oxygen vacancies, and introdorceons into
crystal structure via the dissolution of hydroxyhs at oxygen vacancy site in humidified
atmosphere, but the incorporation of thd"Mopant onto the & site will reduce oxygen
vacancies contents and thus proton conductivitynéSstudies have shown that forM
doped A"B**O; perovskites the ¥ dopants distribute over the two cation sites, dad t
the effect, is greater for large dopant ipn3].

In this chapter, the defect chemistrpeesally possible incorporation onto A-site of
M>*-doped BaSpMxOs; (x = 0.125 and 0.25, M = Fe, Sc, In, Y, Gd, Sm, Nd aajl
were investigated based on lattice parameter amirieal defect model. The Sc, In, Y and
Gd dopants were explored more deeply by powderyXdifiraction, thermogravimetry
analysis, scanning electronic microscopy and impeelapectroscopy to investigate the
effect of dopants nature on the microstructure tnadsport properties of doped barium

stannate COIT]pOUﬂdS.
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3.2 Structural properties of BaSn M ,03; compounds

Doped BaSnihanopowders were prepared by polymerisation assiho Chapter
2. No major difference was observed during the ggsaepending on dopant nature. In all
cases, as shown ohapter 2, a compromise between small grain size and phasgy |5
obtained for a thermal treatment at 1200°C for X+nay diffraction patterns of powders
presented irFigure 3.1 Except the presence of residual BaG@purity, there are no
other impurities observed. However, for La and Ngbahts, we can not obtain the pure

phase at 1200°C. As shown below, higher tempersfneeneeded in these cases.

(a) V- BaCO, (b)

: l._L_ <

oy «©

2> LA_,[—— Fe ;

T \ S

2 L : i

] v - L \_In S

= |y i N Ehe W M
y N Gd
v T T A T /L T Sm La - l“ MA‘_

20 30 40 50 60 70 20 30 40 50 60

20/° 20/°

Figure 3.1 X-ray diffraction of powders calcined at 1200°C #oh: (a) BaSgysMo 2035
(Fe, Sc, In, Y, Sm and Gd), (b) Nd and La dopedri&aS

BaSn7Mo 28035 powders were pressed into pellets under presse@eMPa, and
sintered at 1500°C and 1600°C for 12 h. The XRDtepas of the sintered
BaSn 79Mo.24035 are shown inFigure 3.2 Single phase perovskite is obtained for all
different dopants, and the peak corresponding & phase of BaCQ impurity is not
detected. Indexing of the powder X-ray diffractipatterns is realised considering the
space group@mém. The measured densities and cell parameters ofpleamre
summarized iMable 3.1

From the cell parameters values and denisig an occupation of sites equal to that

supposed by the chemical formula, we can also leethe theoretical density of these

compounds (se€able 3.1).
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(a) (b)
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Figure 3.2 X-ray diffraction patterns of BagmM, »:03; samples: (a) 1500°C for 12 h, (b)
1600°C for 12 h.

Theoretical Observed
Cell parameter Relative Density
Compounds density Density
(R) (%)

(g/cnt) (glcnt)
BSFe25 4.1048(11) 6.87 6.68 97.2
BSSc25 4.1453(5) 6.61 5.78 87.5
BSIn25 4.1403(3) 7.04 6.94 98.5
BSY25 4.1895(3) 6.65 5.94 89.3
BSGd25 4.2060(5) 6.95 6.23 89.6
BSSm25 4.2018(11) 6.94 6.3 90.8
BSNd25 4.1997(7) 6.91 5.88 85.1
BSLa25 4.1981(8) 6.89 6.76 98.1

Table 3.1Cell parameters, theoretical and experimentalilea®f BaSg,9M( 24055 compounds
sintered at 1500°C for 12h.

Table 3.1shows that the relative density of sintered compswlepends on dopants
nature. We find that In, Fe and La are favourablsample sintering while other dopants
are not. ltoet al. [4] reported that the partial substitution of In or Ba Y as second
dopant improves the sinterability of BaZ;Ovhich was explained by two factors: a
dopant oxide with lower melting point and a ionadius of dopant closer to Zr are

favourable to sintering. However, in present stullg, radius of La dopant is much higher

-57 -



Chapter 3 Synthesis, Structure Blettrical Properties of Ba3SaMxOs.s

than that of Sn, and has a high melting point, 9w positive effects on sintering. Thus,

further study is needed to fully understand theafbf oxide doping on densification.

3.3 Defect Chemistry of doped BaSn9
The defect chemistry, in particular, th@pant site incorporation selectivity in the
perovskite BaS4ydMo 035 (M = Fe, Sc, In, Y, Gd, Sm, Nd and La) compounsls i

investigated here using a defect model based ¢paeimeters proposed by Véual.[3].

3.3.1 Evolution of cell parameters

The lattice parameters determined by $agad Cellref v3 programs are given in
Table 3.1 The lattice parameters of samples sintered a0°IG@re lower than that of
samples sintered at 1500°C, which might be attedbirh part to the evaporation of barium.
The lattice parameter evolution as a function gdatd radii (forx = 0.25) is presented in
Figure 3.3 From a simple consideration of ionic radii, tha doped sample would be
expected to have the greatest lattice parameteFesttbped the smallest, with the Nd, Sm,
Gd, Y, In and Sc-doped samples showing a decreaseryl of lattice parameter,
respectively. However, it is evident that theransabnormal lattice parameter drop for Sm,
Nd and La, which leaves the Gd-doped sample ardatfece parameter than that of Sm,
Nd and La-doped compounds. Besides, the latticanpetier of In-doped sample is lower
than that of Sc-doped sample. This latter fact lmareasily explained by considering the
possible evaporation of indium at high temperature.

The unexpected lattice parameters of I$anand La-doped samples are proposed to
be a result of dopant incorporation onto thé'Bste as reported for Baey sMo 16055 (X
= 0.85-1.20, M = Nd, Gd, YDb]3]. If we assume that the trivalent dopant ion is
incorporated only onto the Sn site, Ba®V 25035, the lattice parameter should be a
monotonic function of dopant ionic radi[. Thus the evolution of the lattice parameters
for large ions dopants, such as Sm, Nd and La,esigdhat these large ions are at least

partly incorporated onto Ba site due to BaO evapmnrat high sintering temperature.
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Figure 3.3 Evolution of cell parameters as a function of dapadius of BaS§ygV 25035
compounds.

3.3.2 Defect model versus cell parameters

Wu et al. [3] quantified the relationship between stoichiomeawyd Iattice
parameters, and used this relationship to indiyeddtermine the concentration of M
cations on the A and B sites from experimental eslof the lattice parameters. The
approach is based on the fact that there is ansalideally linear relationship between the
volume per formula unit of known (B#M**05) perovskites and the sum of the volumes of
the species comprising the formula unit, although lattice parameters of a perovskite
compounds can not be determined a priori from tmeciradii of the species involved
because of the octahedral tilting that is well know occur in this structure type. The
relationship between the volume per formula unitpefovskites and the sum of the
volumes of the species proposed by ®wal. methodq 3], is presented ifable 3.2and

Figure 3.4

The correlation was attained by fittirgalin theFigure 3.4, as follows:

V., =-490.55+ 10.52,, A (3-1)

cell —
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VolB* Vol(A+B+30) Vcsplunit
t factor REF(ICSD#)
(A% (A3 (A%

BaTiO; 0.9276 1.0615 52.891 64.4 73646
BaSnO; 1.376 1.0184 53.339 69.731 15087
BaZrO; 1.563 1.004 53.526 74.019 43136
BaTbO; 1.839 0.9854 53.802 78.243 89028
BaAmO; 2.572 0.946 54.535 82.313 61317
BaPuO; 2.664 0.9418 54.627 84.192 65033
BaPrO, 2.572 0.946 54.535 83.75 2753
BaCeO; 2.758 0.9376 54.721 85.55 79625
BaUO;, 2.953 0.9294 54.916 86.04 84821

Table 3.2Calculated and experimental unit cell volume of B O, perovskite.

90

| Y=-490.55+10.52*x R’=0.96
85 -

80
75 -

70 -

V(unit cell) / A3

N - BaM03 perovskite
B BaTi — Linear fit

65 -

52.5 ' 53'.0 ' 51’;.5 I 54:.0 ' 53':.5 . 55I.0
V(A+B+30)/ A

Figure 3.4Pseudo-cubic cell volume of barium based peroslatea function of the sum of the
ionic radii of the constituent species.

3.3.3 Application to doped BaSn@

Figure 3.4 shows that this straight line correlation doespass exactly through the
data point for BaSn® The experimental cell volume (per formula uni)@9.731 A
whereas it was calculated at 70.587 ffom Eq. (3-1) Accordingly, the relationship is

modified by a correction factor according to:
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V., =-491.4% 10.52, A (3-2)

cell — sum

From this, we can ideally use the measur@l volumes to determine the total
volume of the species residing on the three sitéseoperovskite cell with the relationship
Eq. (3-2) However, in order to apply this correlation topdd barium stannates, and to
determine the values of three unknowns, A-site @ef$pe cation occupancy, B-site
respective cation occupancy, and anion site ocayp@rom a single input parameter, we
need to take the following assumptions or approkona[3]: (1) both A and B sites are
fully occupied (no cation vacancies), (2) M atontugancy on the barium site will be
sufficiently small so as to retain the validity fe correlation curve ( derived only for
barium based perovskites) to the new compositiah @) anion vacancies, which are
induced by doping, have the same volume as ionsabiald normally occupy those sites.
This is considered reasonable in light of the radagsigned to an oxygen vacancy in
perovskite structurer(v;) = 1.14045 R) by Mogenseret al.[6].

These approximations imply that the oatigm on the A and B sites can be

respectively described §3]:

A= (ﬂj Ba+ (_y) M (3-3)
1-y 1-y

()
Where 2y/(1-y) represents the fractiorBaflost from the perovskite composition,
and y/(1-y) represents the dopant occupancy of\tbiée. The parameter y is the amount
of dopant on the A-site before normalization foe tahdjusted stoichiomety of the
perovskite.
The volumes associated with these speeare estimated usingg. (3-2), taking
care to employ the ionic radii appropriate for #t#fold and 6-fold coordination for Ba

and Sn sites, respectively. This analysis is aggbethe nominally stoichiometric samples

sintered at 1500°C and 1600°C. The results, preddanfTable 3.3 provide a measure of
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the extent to which the dopant may incorporateh@nA site in nominally stoichiometric

compositions. The small cell volume of the Sm, Mdl &a can now be explained, and
support partial occupation of the A-site by Nd ladat 2 % and La 3.1 % level. Of course,
the model also foresees partial occupation of A-&it the smaller dopants. In this case,
the values are of the order of 1 % dopant A-sitas probably indicate the limitations of

such model since the evolution of cell parametergasonable for small dopants without
considering a possible transfer of dopant atom#é-aite. Besides, let us precise that the
assumption of full occupancy on A-site for theskewations is not fully reasonable since
perovskite structure is known to accommodate easityancies on A-site (for instance due
to more important Ba evaporation). The Ba evaponadilso leading to a diminishing of

cell parameters, the real situation may correspondn intermediate case with both a

partial occupation of dopant atoms on A-site amd full occupancy of A-site.

Dopant Sc In Y Gd Sm Nd La

V(exp) 1500°C 71.2308 70.9734 73.5337 74.4060 B¥B18  74.0721 73.9875
M on A-site 0.0017 0.0096 0.0087 0.0099 0.0148 002 0.0306
M on B-site 0.2483 0.2404 0.2413 0.2401 0.2352 982 0.2194

V(exp) 1600°C 70.6653  70.8603 72.9508 73.3654 73400 - -

M on A-site 0.005 0.0103 0.0122 0.0161 0.0159 - -
M on B-site 0.245 0.2397 0.2378 0.2339 0.2341 - -

Table 3.3The occupation of M ions on A- and B-sites of nominally stoichiometric
BaSn 7sM (25055 derived from cell volume analysis.

3.4 Thermal expansion

X-ray diffraction experiments were perfmd under vacuum atmosphere from
295K to 1073 K. 25 mol % Y-doped BaSn&s an example is presented-igure 3.5 It
shows that even at high temperature doped BaSigthpounds do not present any
transition of structure. The indexations of thekseare always done considering a cubic

perovskite structure with space groamé m. The evolution of the lattice parameter with
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temperature is shown fgure 3.6, and the measured thermal expansion coefficienets a

listed in Table 3.4 The results show there is no evidence for thermglansion

coefficient evolution with dopant radius. The dop#&excepted Fe) presence increases

slightly the thermal expansion coefficients comparivith pure BaSn©(9.6x 10°K ™

from 300 K to 800 K[7]). In the Fe case, the possible evolution of iotemee with

temperature might explain the high value observed.
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Figure 3.5 X-ray diffraction of BaSksY 0,403 at different temperatures
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Figure 3.6 Cell Parameter of BagmM(.0s5 (M = Fe, Sc, In, Y, Gd, Sm, Nd and La) at diffdren

temperatures.
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Thermal Expansion Range of temperature
Dopant ion
K* K
Fe® 1.22x10° 373-1073
sc 1.02x10° 373-1073
In3* 1.01x10° 373-1073
Y3 1.02x10° 573-1073 (¥)
Gd* 1.19x10° 373-873
sm** 1.15x10° 373-1073
La® 1.05x10° 373-1073

(*) in the case of yttrium, the linear thermal exgan was only observed between 573 and 1073K apipb
due to residual water presence in the sample at RT.

Table 3.4Thermal Expansion of BagnM, .50 sintered at 1500°C

3.5 Thermodynamics and transport properties of BaSpnM O35

We now present the thermodynamics antsprart properties of BaggMOz5 (X =
0.125 and 0.25) compounds. The study is limitethése dopants having a radius close to
that of tini.e. M = S¢&*, In**, Y** and Gd*. Due to the possible partial occupancy of

dopant on A-site, Nd and La were not considerethéur

3.5.1 Microstructural and structural properties of samples

The XRD patterns for = 0.125, are very similar to that presented aldovex =
0.25. Indeed, XRD patterns of BaSmMo.1203s (M= Sc, In, Y and Gd) compounds in
Figure 3.7 also show some small peaks corresponding to Bd@Qpowders, while the
pellets patterns can be indexed in a pure cubiovs&ite structure (space grOlRmé m).

The cell parameters are observed to increase wjtaArt radius as analyzed fox 0.25.
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Figure 3.7 X-ray diffraction of BaSgg7dV 12035 (M = Sc, In, Y and Gd): (a) powders calcined at
1200°C for 4h, (b) pellets sintered at 1600°C f2in.1

The morphology of sintered pellets isvghan Figure 3.8 andFigure 3.9for x =
0.125 andk = 0.25 respectively. All compounds exhibit densacure. The grain size of
Sc-, Y- and Gd-doped BaSg@ompounds changes slightly with dopants natureiand
about 1um, while the grain size (~ 2 um) of In-dbBaSnQ is greater. The grain size
increases significantly with dopant contents, eslgcfor indium dopant, the grain size
for x = 0.25 is about 8 um, much higher than that f0.125 (~ 2 pm This may indicate

that the presence of oxygen vacancies may helgeiosification.
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Figure 3.8 SEM pictures of BaSidMo.1240s5 (M= Sc, In, Y and Gd) compounds sintered at
1600°C for 12 h.

Figure 3.9 SEM pictures of BaSnMo 055 (M= Sc, In, Y and Gd) compounds sintered at
1600°C for 12 h.
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3.5.2 Water uptake

Thermogravimetric analysis was performusthg a SETARAM TG/DSC (Model
92-1750). The as-prepared powders were first ieated at 1200°C for 2 h under dry Ar
to remove water from the structure and also possibiface carbon dioxide. The gas was
then saturated with water (P{B) = 0.021 atm.). Data were collected every 100°C
between 800°C and 600°C, and 50°C between 600°C1&0dC upon cooling, with
different time at each temperature in order to medwydration equilibrium. The

experimental results of weight increase due to geake are presentedhingure 3.10Q
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Figure 3.10Water uptake of Bag@:dMo.120s5 (M= Sc, In, Y and Gd) compounds as a function
of time under P(LD) = 0.021 atm.

Figure 3.10shows that the weight changes significantly betw&@0°C and 200°C.
For In**, Y3 and Gd", the increase in weight spreads over a wide rafigemperatures

while for S¢* increase weight at low temperature is very limitathigh temperature (>
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550°C), the hydration reaction reaches equilibrivery quickly (1 h), while at low
temperature (500-200°C), a long time is needeédachr equilibrium (3-8 h), depending on
also on dopant nature. This long time to reachliguim is problematic from a practical
point of view since experiments can last till mtran 3 days.

From the final weight gain at a given parature, one can deduce e’ content
for the same temperature. This is currently whatlheen done iRigure 3.11 (a)for thex
= 0.125 composition in Ba$gMOsz4 In order to extract the thermodynamical
parameters characterising hydration, one has toEgse(3-5) that expresses theH’
content as a function of temperature, equilibrivsnstant K, and acceptor concentration.
Nevertheless, as demonstrated Bigure 3.11, the OH® content does not reach the
maximum value supposed by acceptor contegrt 0.125). In this case, the equation is

modified in order to take into account effectivgdnt contenf8], as following:

3KPy0 —\/}<szO (9Kp, o - 6Kp, oS+ Kn, , § + Kp+ 245 4 §)
Kpy,o =4

(3-5)

[oH: ] =

Where,Sis the effective dopant content.

During a first approach, we fitted tl@H" content values over the whole
temperature range with ti&. (3-5)and considering that the equilibrium constanifol

an Arrhenius law with:
KTInK =TAS®° —AH° (3-6)

We obtained the hydration enthalpy, thdration entropy and the effective dopant
concentration. From these values, we expressethytieation equilibrium constant as a
function of the inverse of temperature. These hesdurves plotted ifrigure 3.11 (b)
This figure shows that the equilibrium constanadanction of inverse temperature is not
linear in the whole range of temperatures. At miediate/low temperature (below 600°C),
the weight changes are essentially due to hydragiod IrK is almost linear in the

Arrhenius representation. At high temperature, hamethe behavior deviates from
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linearity, displaying an increase in slope. Reggrithmzzakiet al. [9] also reported a
similar behavior in Y-doped BaZg@ompounds. This deviation was thought to resuihfro
temperature dependences of the entropies and pigthalf water incorporation, and from
the influence of non negligible hole concentrataod changes in oxygen content at high
temperature. This last point is in agreement wittatnobserved from transport properties
(seechapter 4). Below 250°C, the values also deviate from lirtgafhis deviation may
be due to the fact that hydration reaction wasincan equilibrium state due to slow
kinetics. For this reason, the equilibrium constaas fitted in the 600 to 200°C
temperature range using the equation mentionedealbothis case, only the enthalpy and
entropy values were fitted since effective dopamicentration was retained from the
previous fit. The results are reportedlmble 3.5as a complement to the results obtained

from the isobar fitting in the whole temperaturage.
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Figure 3.11Hydration behaviour of 12.5 mol % with differeribéts of dopants: (a) Hydration
isobars, (b) Equilibrium constant of the hydratieaction.

In this study, we have thus chosen tdbfith hydration isobars and equilibrium
constant Figure 3.11) to obtain effective proton concentration, entlyadmd entropy of
hydration, and listed ifable 3.5 Kreueret al.[10] reported that the direct fitting of the
hydration isobars leads to inaccurate enthalpy emtcbpy values since deviations from

ideal behaviour or thermodynamic equilibrium magwhup as a deviation from straight
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line behaviour in the Arrhenius representatidable 3.5 shows that the values of
enthalpy and entropy obtained using the direahfthydration isobars are more negative
than that of a fitting of hydration equilibrium cstant due to an increase in slope at higher

temperature.

Dopant ™ ‘Sn]effective /2 ;ydr* S As;ydr* e OFDI2
kJmol ™ Jmol 'K kJmol ™

Scl25 0.1046 -86.36/-73.44 -120.93/-106.43
Sc25 0.176 -77.19/-67.46 -109.94/-100.94 -
In125 0.0769 -69.46/-58.9 -121.04/-109.83 -68.52
In25 0.22 -72.74/-64.13 -128.22/-115.06 -
Y125 0.0836 -59.01/-49.01 -97.17/-86.81 -66.59~56
Y25 0.1046 -69.15/-72.53 -120.38/-123.28 -
Gd125 0.0996 -46.11/-41.54 -79.33/-75.02 -1.93
Gd25 0.18 -46.87/-45.11 -83.01/-84.0 -

Note: Effective dopant concentration was attaingditing the proton concentration.
(*): Enthalpy and entropy were obtained by fittilmiK verse 1/T between 600°C and 200°C.

Table 3.5The hydration thermodynamics parameters for diffedopants as determined from
thermogravimetry and DFT calculations.

Dopant - ;ydr AS;ydr
kJmol™* Jmol K™

Sc -119.4 -124.9

In -66.6 -90.2

Y -79.5 -88.9

Gd -66.1 -85.9

Note: The fitting temperature range is between @0and 500°C [10].
Table 3.6The hydration thermodynamics parameters of 10%ndbpant level in BaZrO
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In theTable 3.5 both hydration enthalpy and entropy show somedBewith the
ionic radius of the dopant. In the case of BaZ®similar trend is not obvious, s€able
3.6[10], the values of hydration enthalpies of doped BaZzn®@ much more negative than
that of BaSn@ It may be due to the different basicity and rado Sn and Zr cations.
Kreueret al. [10] proposed that protonic defects seem to be ingrglysstabilized with
increasing basicity. The most negative enthalpghiserved for Sc dopant since oxygen
ions coordinated to Sc show a significantly highkxctron density and therefore higher
basicity [8, 10, 11]. The thermodynamic data of the hydration reactisnalmost
independent of the dopant concentration. Only falopant, the apparently more negative
hydration enthalpy of 25 mol % Y content compareth w2.5 mol %, which may be a
result of local structural distortions as a respotesthe formation of a high concentration
of oxide ion vacancied0].

Considering the evolution OH" content as a function of temperature and taking
into account the probable higher mobility of pratoftompared to oxygen), one may

anticipate that the proton conduction will overpas®n conduction at around 500-600°C.

3.5.3 Transport Properties
3.5.3.1 Impedance spectra

Nyquist plots (4ag VersusZ.a as parametric function of frequency) for the
BSSc125 compound at different temperatures undérawe dry argon atmospheres are
shown inFigure 3.12 It is evident that, under wet atmosphere, theeidamce of samples
diminishes strongly as compared to dry atmosph&tréow temperature (below 500°C),
the impedance spectra consisted of two semiciréles.low frequency arc is attributed to
grain-boundary processes whereas the high frequancyis attributed to the bulk
response, and contributions of both bulk and glmondaries can be most often well
identified and separated from the least squargsdibf the impedance data, by using for
each contribution an equivalent electrical elemsorisisting of a resistance in parallel

with a constant phase element.
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Figure 3.12Impedance spectra of BagnS¢ 14035 compound at different temperatures

3.5.3.2 Transport properties
The transport properties of Bagvi«Os; (M = Sc, In, Y and Gd) were investigated
by impedance spectroscopy under dry and wet Ar. dtreductivities measured are

presented ifrigure 3.13andFigure 3.14.
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Figure 3.13Arrhenius plots of conductivities of Bag@Mo 1240s5 (M=Sc, In, Y and Gd) in dry
and wet Ar. Scrf - Dry Ar, m - Wet Ar), In © - Dry Ar; e -Wet Ar),
Y ( ), Gd © - Dry Ar, ¢ -Wet Ar).
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Figure 3.14Arrhenius plots of conductivities of Ba&@aMy0:5 (M = Sc, In, Y and Gd) in dry
and wet Ar. Scrf - Dry Ar, m - Wet Ar), In © - Dry Ar; e -Wet Ar),
Y ( ), Gd © - Dry Ar, ¢ -Wet Ar).

The conductivities show the same trendk ¥2.5 mol % and 25 mol % dopant
concentration. In the dry atmosphere, the conditgtilecreases in the order: Sc > Y > In
> Gd, but in wet Ar at low temperature, the conduitgt follows: Y > Sc > In > Gd. It
indicates that there is no obvious correlation leetwvconductivity and the ionic radius of
dopant. Similar behaviour was also reported inBagr ¢R0.0/03-a (R=Sc, Y, Ho, Dy, Gd

and In). In this case, the conductivity in the aetdecreased in the order: Y > Ho > Sc >

Dy, In > Gd[13].
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The conductivities increase under wetifAcompared to under dry Ar, especially
for bulk conductivity, suggesting that proton coatilon was the main charge carriers at

low temperature.

Total Dry Bulk Dry Total Wet Bulk Wet

Compound
(eV) (eV) (eV) (eV)

Sc125 0.96 0.69 0.87 0.52
Sc25 0.73 0.63 0.73 0.52
In125 0.97 0.72 0.73 0.50
In25 0.79 0.54 0.76 0.51
Y125 0.89 0.48 0.72 0.38
Y25 0.75 0.50 0.58 0.35
Gd125 0.95 - 0.84 0.52
Gd25 0.78 0.59 0.72 0.53

Note: activation energy was attained by fitting Wenius plots with the temperature between 600°C and
800°C for dry Ar, 550°C and 250°C for wet Ar. Fod @opant, the bulk conductivity can not be sepakate
from the impedance spectrum.

Table 3.7Activation energy of BaSnM,Os s compounds under dry anget Ar

The conductivity of Y doped BaSxnihder wet Ar is much higher than that of other
dopants. In the above section, it was shown that Hydration energies of Y-doped
BaSnQ is lower than that of Sc- and In-doped, suggedtiag the proton concentration is
lower for this dopant under wet atmosphere. Thus thgh conductivity observed
suggests that Y as an acceptor dopant is favoufabtae proton mobility. Similar results
have been reported for Y-doped BaZrnd it was argued that Y dopant tends to “push”
the proton out of the edge of the BGctahedronj.e. bend hydrogen bonds are formed
[10]. Table 3.7 also shows that the proton mobility in Y-doped B@Sis significantly
higher with much lower activation energy (0.35 e\88eV), and is almost independent
of the dopant concentration. Islagt al [14] also reported that there is an association
between the dopant ion and the protonic defectr@xyd ion at oxygen site), which may

affect proton mobility, and he calculated the bmnglienergies of hydroxyl ion and a
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neighbouring dopant substitutid®H; M., ) in BaZrGs: Sc (-0.74 eV), Y (-0.26 eV) and
In (-0.58 eV). These results indicate that protawbility is very sensitive to the type of
acceptor dopant ion, and that™vould be favourable for low dopant-proton assdoiat

energy.

3.6 Conclusion

The synthesis, defect chemistry and pratonductivities in the perovskite BaSn
M;Os5 (x = 0.125 and 0.25, M = Fe, Sc, In, Y, Gd, Sm, Ndl a@) have been
investigated. Structural characterization revediat tall compounds present cubic
perovskite structure (Space growmém). The lattice parameters do not show the
systemic trend with the radii of dopants, but ananal drop for Sm, Nd and La. The
small cell parameters of the Sm-, Nd- and La- ddp@8nQ can be explained by a partial
occupation of the Ba-site. The thermal expansioalnsost independent on dopants ions.
The highest values of water uptake and proton ccindties are observed for Sc- and Y-
doped BaSng) respectively. It indicates that Y as acceptoratpgs favourable for the
proton mobility, while high negative hydration ealipy for Sc-doped BaSnQtabilise the
proton at higher temperature within the structureé probably traps it and thus impedes its

movement.
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Chapter 4 Structure, Proton Incorporation
and Conductivity of Y-Doped BaSnQ

4.1 Introduction

In the previous chapter, the structural propertipspton incorporation and
conductivities of acceptor doped BaSritave been systemically studied. The results have
shown that Y-doped BaSnOcompounds possess good conductivity, in particular
significant proton conductivity at low temperature humidified atmosphere. In this
chapter, BaSiyY O35 compounds (denoted = 0, 0.05, 0.125, 0.25, 0.375 and 0.50 as
BSO, BSY5, BSY125, BSY25, BSY375 and BSY50 in thkofving) were investigated
deeply in order to understand the effect of dogantent on the microstructure, chemical
stability and transport properties.

BaSn xY O3 compounds were synthesised by a gel polymerizatiate, calcined
at 1200°C for 4 h, and then sintered at 1600°Clfdrh to give dense materialise.
following the same experimental process as destribechapter 2. The structural and
microstructural properties were characterized bypXddhd SEM. Water incorporation was
analyzed by TGA. The conductivities as a functibtemperature, oxygen partial pressure
and humidity were investigated by impedance spsctioy, which allows revealing the
main charge carriers depending on thermodynamidittons. From these measurements,

we discuss the influence of microstructure and dobpantent on transport properties.

4.2 Microstructural and structural properties

The morphology of the as-prepared powsdgrresented by SEM micrographs in
Figure 4.1 It consists in flake-like aggregates with aroungm size. For these powders
obtained at 1200°C, the grain size is about 50Timse agglomerates were in part broken
down by a ball miling at 400 rpm for 2 h. The balllling also leads to more

homogeneous powders as evidencedrigyre 4.1 (b) Nevertheless, some agglomeration
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still subsists after this treatment. The morpholo@sintered pellets is shown Figure
4.2 In this case, the grain size of the compoundsnse® increase with the yttrium
content from less than Opn for the BSY5 to several microns for higher yttnigcontents.

These SEM micrographs also reveal the high deobiigined for the sintered samples.

500nm

Figure 4.1 SEM pictures of BSY375 powder heat-treated at 12d0r 4 h: (a) and (b): not milled,
(c) and (d): after ball milling.
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Figure 4.2SEM pictures of BaSnY Oz pellets sintered at 1600°C for 12x¥ 0.05,
(b) x=0.125, (cx=0.25, (d)x = 0.375.

X-ray diffraction of the BaSfyY«Os-5 powders and pellets are shownFRigure
4.3(a) and (b) respectively. While some small “parasitic” peake observed for the
powders, corresponding to barium carbonate andheokt diffraction peak, the pellets
diagrams can be indexed in a pure non-distortediccylerovskite phase (Space
Group:Pmém). BSY50 composition was reported to crystallise anperovskite-type
structure with a double unit cell (a = 844 pm) do@n ordering of the B-site catiofi.
This doubling of unit cell is never observed hererefor thex = 0.5 composition. Besides,
while powders forx = 0.5 could be obtained with an almost pure pdabephase after
heat-treatment at 1200°C, the pellet prepared lier Yame composition break during
sintering. The other pellets for this compositiofll Wwreak into pieces during the heat
treatment after polishing and deposition of ele#s) indicating a poor stability. The poor

stability of this composition was actually mentidrte exist by Murugaragt al.[1] under
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wet and reducing conditions.
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Figure 4.3 X-ray diffraction patterns of BaggyY Oz-5 powders and Pellets: (a) Powders calcined
at 1200°C for 4 h in air, (b) Pellets sintered@@a°C for 12 h in air. (1Y = 0.0, (2)x = 0.05, (3)x
=0.125, (4)x =0.25, (5x = 0.375, (6)x = 0.50.
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Figure 4.4 Cell parameter as a function of Y doping leveBaiSn Y ,Os; (o: powder m: pellet).

The cell parameters increase with yttrium contsegFigure 4.4, as might be

expected from the respective ionic radii in a @fobordination of St ions (0.69 A) and

Y3* ions (0.9 A) according to the tabulation of Shanfi2]. The question nevertheless

arises whether this linear evolution is fully codrr with the difference in radius size

between SH and Y** cations. The previous chapter, we have shown fterstudy of Wu

et al.[3] that it exists a clear correlation between th@aesve volume of cations in Ba-

containing perovskite and the cell volume. An emspirlaw was then proposed:
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Vel = - 478 + 10.3 Yim-ions (4'1)

Where, L corresponds to the volume of the AB@erovskite cell and ¥m-ionsto
the sum of equivalent volumes of the different@adi considered as spheres. The radii of
atoms are those given by Shanhgh

In the case of two cations on a same site, thevabpnt volume will correspond to
that of a sphere with the mean radius. On thevielig graph Figure 4.5, we present the
results of such calculations in the case of Ba%x03-5 compounds. We also present on
this graph the results previously given by &fual.[3] corresponding to different barium-
based perovskite materials. Let us precise hetgedbgroposed by Wet al, the volume
of oxygen vacancies is considered to be equal @b @h oxygen atoms. Here, we also
considered that ¥ cations were placed only on B-site in substitutorsri*. The results
reveal a very good agreement between the propamssdahd what found for BSY
compounds. This confirms that such law works weitl dcceptor-doped compounds with

oxygen vacancies and that the model of substitubsrf* by Y** atoms on B-site is

reasonable.

o ©
(4] (=]
T

V(unit cell) / A3
[«-]
(=]

52.5 ' 53.0 ' 53I.5 ' 54I-.0 ' 54I-.5 ' 55.0 ' 55.5
V(A+B+30) / A3

Figure 4.5Pseudo-cubic cell volume of barium-based perogslats a function of the sum of the
ionic radii of the constituent species for standaythpounds (solid squares. See ref.[3]).
BaSn YO powders (open circles) and Ba{riOs; pellets (open squares).

-82-



Chapter 4 Structure, Proton Incorporation a@dnductivity of Y-Doped BaSpO

From X-ray data, we could also calculdte theoretical density of Ba§gY xOs-5
compounds. This theoretical density is shown to imish with Yttrium content
corresponding both to a diminishing of the molecwaight of the formula unit and to the
increase of cell parameters. The relative densitpeadlets is almost the same for all
compositionsj.e. around 90 %. This seems to indicate that the @atiicrostructure of
powders with some aggregates impedes the prepa@tiolly dense pellets. Surprisingly,
the yttrium content has a small influence on decedibn in spite the fact that the grain
size and thus the diffusion seems to be favouredifglyer yttrium contents. The greater

densityi.e. 94 % is nevertheless observed for he 0.375 compound, as also proved by
SEM picturesigure 4.2).

Molecular Theoretical Observed Relative
Cell parameter  Cell volume

Compounds Weight A &) density Density Density

(g/mol) (g/cn) (g/cn) (%)
BSO 304.03 4.1169(4) 69.776 7.23 6.52 90.2
BSY5 302.14 4.1273(14) 70.306 7.14 6.31 88.4
BSY125 299.31 4.1478(7) 71.359 6.96 6.31 90.6
BSY25 294.58 4.1784(48) 72.950 6.70 6.09 90.9
BSY375 289.86 4.2195(22) 75.1247 6.41 6.04 94.3

Table 4.1Cell parameters, theoretical and experimentalileosBaSn Y ,Os.4 compounds.

4.3 Thermodynamic analysis of water uptake

The experimental process and data arsafgsiwater uptake are the same as those
described inchapter 3. Water uptake obtained from the thermogravimednalysis is
presented ifFigure 4.6. The behaviour is similar for all compounds. Agthitemperature
(600-1000°C), the weight becomes constant withih for all compounds. At lower
temperature, the time for equilibrium of hydratiseaction changes slightly with
composition, being in the range of 5-10 h for higlbontent. Water uptake increases with
Y content due to the increase of oxygen vacanaciagadble for reaction with water, and
water uptake mainly occurs at low temperature (leBb0°C), which is a typical

temperature range of water uptake for perovskibpéoprconductofl, 4-6].
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Figure 4.6 Water uptake of Ba3RY O35 samples and temperature as a function of timerunde
P(H0O) = 0.021 atm.

Analysis of the raw data in tlrégure 4.6 yields the proton concentration and
equilibrium constant as a function of temperatumamarized inFigure 4.7 (a) and (b)

respectively.
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Figure 4.7 Hydration behaviour of BagRY ,Os_s with Y doping level: (a) Hydration isobars, (b)
Equilibrium constant of the hydration reaction.
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Figure 4.7 (b) shows that the equilibrium constant as a functafninverse
temperature is not linear in the whole range ofperatures. At low temperature (below
600 °C), the weight changes are mostly due to himiralnK is linear in the Arrhenius
representation. At high temperature, however, thigabiour deviates from linearity. As
already shown in the previous chapter and recemjyed by Yamzzalet al. [6], this is
probably due to the an evolution of the thermodyiegmarameters with temperature or to

the contribution of holes (see below). Below 250, values also deviate from linearity,

probably because of too slow hydration kinetics.

° *

Y Dopant level AH, /OH BS e ! BShygr -
hydr hydr ydr ydr [M S”Jeffective Reference
(mol %) kJ molt Jmol* K™
0.05 -60.24/-45.36 -106.73/-94.29 0.0213
0.125 -59.37/-49.10 -97.11/-86.98 0.0836
This study
0.25 -69.15/-72.53 -120.38/-128.52 0.2010
0.375 -93.81/-83.91 -136.33/-123.45 0.3431
0.1 -60 - -
0.25 -79.1 - -
[7]
0.375 -81.95 - -
0.40 -84.27 -

Note: Effective dopant concentration was attaingditbing the proton concentration.
(*): Enthalpy and entropy were obtained by fittilmiK verse 1/T between 600 °C and 200 °C.

Table 4.2The effective dopant concentration, entropy arttiapy of doped BaSnO

The enthalpy and entropy of hydration abtained by fitting hydration isobars
between 200°C and 800°C and equilibrium constatiienlinear part between 600°C and
200°C in theFigure 4.7, summarized imable 4.2 The effective dopants concentrations
are obtained by fitting the proton concentratiorsbgwn in theFigure 4.7 (a) They are
0.0213, 0.0836, 0.201 and 0.3431 for BSY5, BSYEBSY25 and BSY375 compounds,
respectively. These values are not very close tatvexpected for full saturation of

protons into structure, 0.05, 0.125, 0.25 and Q.3@Spectively. Similar results were
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reported in Y-doped BaZr{J6]. Table 4.2shows that the hydration enthalpy is close to
the data reported by Kreuff], and the values of enthalpy and entropy obtairsguguhe
direct fitting hydration isobars are more negatthan that of a fitting of hydration
equilibrium constant due to an increase in slog@giter temperature. Yamzzait al.[6]
showed that the values &H and AS depend on the temperature range chosen for fitting
i.e. for 20 mol % Y-doped BaZr{the values oAH and ASobtained are -22 1 kJ/mol
and -39 1 J/mol respectively at temperature between 50°€ Z00°C[6], and -93.3
kd/mol and -103.2 J/mol respectively at temperatbeeveen 550°C and 900°(5].
However, in the present study, the valuesAbf and AS deduced from the fitting of

[OH;] are only slightly different from the values obtadrfeom the fitting of InK.

4.4 Transport properties
4.4.1 Analysis of impedance spectra

We represent Nyquist plotsi{(4 versusZ.ea as parametric function of frequency)
for the BSY125 compound at different temperaturewet and dry argon atmospheres in
Figure 4.8 These graphs are representative of the gengpattasf impedance spectra
observed in the whole series of samples. They aca&ldérst that, under wet atmosphere,
the impedance of sample diminishes strongly as eoadbto dry atmosphere. Besides, as
shown in this figure, contributions of both bulkdagrain boundaries can most often be
well identified and separated. The conductivitiessagiated to the bulk and grain-
boundary contributions are then deduced from thstlsquares fitting of the impedance
data, by using for each contribution an equivalelgctrical element consisting of a

resistance in parallel with a constant phase elemen
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Figure 4.8 Impedance Spectra of BSY125 in dry and humidifedt different temperatures.

4.4.2 Transport properties as a function of P(Q

Conductivity measurements have been medsior all samples as a function of
oxygen partial pressure between™1@nd 1 atm. During these measurements, the
stabilisation time was around 1-2 h and adjustepedding on the evolution of the
impedance spectrum. The results were very simdamfi compounds excepted for pure
BaSnQ for which a complex behaviour is observed. Pur8ria is known to present a
n-type behaviouf8]. Figure 4.9 (a)shows that the conductivity of BaSn€ontinuously
decreases with the increase of oxygen partial pred®]. However, the behaviour
observed in this study is very different and shevigansition between a n-type behaviour
at low oxygen partial pressure and high temperatuie p-type behaviour at high oxygen
partial pressure and low temperature. Besides,songrising point is the high value of

conductivity obtained in spite of the absence ofumtarily introduced defects. The
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understanding of non doped BaSn®out of the scope of the present study. Nevkasise
a fine study of BaSn{properties at high temperature would be probaklgessary and
would suppose to study a range of compositions vatlying Ba over Sn contents. Indeed,

the presence of Ba vacancies cannot be discardéd mctual compound.
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Figure 4.9The total conductivity of (a) Electrical conduétivof BaSnQ [9] (a: 1116 K, b: 1173 K,
c: 1216 K, d: 1273 R, (b) BaSn@, (c) BSY125 as a function of oxygen partial pressu

Let us thus come back to doped compoutits,measurements versus oxygen
partial pressure are presentedrigure 4.9 (c)for thex = 0.125 compound. This figure
evidences an evolution of conductivity with BYQery similar to that of other proton
conductors such as barium zirconates or ceratdseth the material changes from pure
anion conducting compound with no evolution of asctevity with P(Q) to a p-type

conducting behaviour with an evolution of conduityiv?(O,) following a ¥4 power law.
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This behaviour corresponds to the situation whemneravacancies are still the major
defect in terms of concentrations but due to tighdt mobility of holes, their conductivity
overpasses anion conductivity at high oxygen gaptiassure. Conductivity can then be

fitted by the following law 10]:

Ototal (T) = Taniod T) + OhotedT) P(Oz)l/4 (4-2)

From which some fundamental charactesstif anion or holes transport can be
extracted. The numerical results of such fitting given inTable 4.3 We see that the
anion migration energy decreases wityOY content from 1.32 eV for BSY5 to 0.96 eV
for BSY375. This value is close to the ones obsgifee other compound®.g9.0.77 eV
for SrCe 95Ybo.0503[10] and 1.06 eV for B&5nYGs 5 [1]. The fitting procedure gives also
an activation energy for the hole conduction precétevertheless, since this activation
energy reflects both hole formation energy andrthegration energy, it does not allow
separating concentration and mobility contributibmghe conductivity. Concerning hole
conductivity activation energy, we observe thatisitcorrelated to oxygen migration
activation energy. Such an effect was previouslyeobed by Tulleet al. [10], and was
assigned to the fact that the transport of holessisting of O especies and better
described by a polaron behaviour is probably linkedoxygen vibrations, that also

influences oxygen transport.

Oxygen vacancy Hole conductivity
Compounds activation energy activation energy
eV)® ev)®
BSY5 1.32 1.03
BSY125 1.17 0.909
BSY25 1.04 0.801
BSY375 0.96 0.829

W Measured from fitting of conductivity versus B the 650-850 °C temperature range.

Table 4.3Activation energies of anion and hole from tot@hductivity in BSY compounds.

4.4.3 Conductivities as a function of temperaturen different atmospheres
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The conductivities of BagyY «Os-5 were investigated under different atmospheres
since protons, oxygen vacancies, electrons and fadlecoexist, with their concentration
dependent on dopant concentration, temperaturgeoxgartial pressure and water partial
pressure. All the measurements were carried oun ugmmling from 850°C, and the

cooling rate was 200 °C/h for dry atmosphere, 5 TG wet atmosphere.

4.4.3.1 Reproducibility of measurements

In order to verify the stability of sarepland the reproducibility of measurements in
different atmospheres, the conductivities underAirywere measured several times during
the measurements. The order of measurements DmgsAr (1°%) — Wet Ar - Wet
5H,/Ar - Dry Ar (2" - Dry air - Wet air - Dry Ar (3™). The Arrhenius plots of

total conductivities of BaSrYxOs—s in dry Ar are presented ifigure 4.10 for all

samples.
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Figure 4.10Arrhenius plots of total conductivities of BaSW,Os-5 in dry Ar with different times.
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For BSY5, BSY125 and BSY2%igure 4.10shows that the conductivities in dry
Ar have almost kept the same values during all oreasents. It is even surprising that
the conductivities increase slightly compared it £ measurement at low temperature.
This is probably due to the proton “frozening” lretstructure after measuring under wet
atmosphere. However, for BSY375, the conductivigs ldegraded slightly in the'®2
measurement, and decreased sharply in"thér8 measurement. After measurements, we
observed that the sample was broken, which in gradtjustifies to the sharp decrease of
the 3° conductivity measurement. The instability of sttwe may be induced by
hydration due to the high concentration of oxygamvacancies. The same behaviour was
also reported in the B&nY(G; 5 by Murugarajet al.[1]. With these results, we want to put
emphasis on the fact that interpretation forxke0.375 composition should be considered

with care due to the obvious instable state ofshisple.

4.4.3.2 Influence of P(Q) and P(H,O) on conductivity

In this part, we want to comment what the condiigtiook like in dry and wet Ar,
dry and wet air, and wet ArddThe objective is to make as clear as possiblenthm
differences between oxidative neutral and reduaingospheres, and between dry and wet
atmospheres.

Figure 4.11 shows the total, bulk and grain conductivities5omol % Y-doped
BaSnQ as a function of temperature in different atmosgebeHere this composition is
detailed to illustrate the general behavior. THeetBnces observed for other compositions

will be commented in the following.
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Figure 4.11Arrhenius plots of total and bulk conductivitigssomol % Y-doped BaSn{at
different atmosphere under different atmospheres.
(o - Dry Ar, m - Wet Ar, e - Wet 5H,/Ar)

The conductivity measured under wet atmosphere shawhigh conductivity
compared with the measurement under dry atmospitetew temperature, while the
difference is not so obvious at high temperaturdee Effect of humidity is especially
visible for bulk conductivity. This is typical fgoroton conducting materials due to the
absorption of steam resulting in enhanced protondgction [11-13]. For Grain
boundaries, the difference between dry and wet sppimere is much smaller. From this, it

is already anticipated that only materials with artpnt grain sizes will present significant

proton conduction.
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The total conductivity under wet BHAr is significantly higher (one order of
magnitude) than in wet air or Ar. The bulk condagtiis independent of RCat low
temperature (below 500 °C), which has also beearteg in BaCa 1dNb; 5095 [14] and
5 mol % Ca doped BaCg(15]. Thus, the increased total conductivity at low penature
comes clearly from the contribution of grain bourydeonductivity. The grain boundary
conductivities of BggzZro.77Y 0.16ZN0.04035 and BaZs gY 02035 compounds were reported
to be higher in wet 54Ar than in wet air at low temperature. Howeveg #guthor did not
explain this point{16]. Flint et al. [15] reported that the grain boundary resistance in
oxygen is higher than in nitrogen or hydrogen dueeaction of oxygen with oxide-ion
vacancies, and leading to a decrease in oxide amancies available for reaction with
water. In this study, we suppose that the GB mimghteduced more easily than bulk. In
this case, the oxygen released might be compendatedlectrons, according to the

following equations as:

05 =20,(g) +Vs +2¢ @-3)

This would lead to enhanced conductiapprties of grain boundary.

Concerning the behaviour at high tempeeatwe already showed that Y-doped
BaSnQ present a p-type behaviour at high ;,POhen, it is logical that the total
conductivities in dry airKigure 4.13 is higher than in dry Ar due to hole conduction.
From Figure 4.12 it seems that this behaviour is maintained glitylow temperature in
dry atmosphere. In humid atmosphere the situatsototally different, since the total
conductivity is now independent of P{)Oconfirming that conductivity is dominated by
proton charge carriers.

In the following graph, we present thensagraph as obtained for BSY5, for the
compositionx = 0.125 andk = 0.25. Except for the behaviour in hydrogen, dgleaeral
conclusions are the same. (1) no protons contributions at high temperatutég b
significant hole behaviour in oxidative atmosphemed (2) dominating protonic

conductivity at low temperature whatever the huatidosphere.

-93-



Chapter 4 Structure, Proton Incorporation a@dnductivity of Y-Doped BaSpO

T/°C T/°C
750 600 450 300 8?0 7?0 G(I)O 5(?0 4?0 3?0
° BSY125 b BSY25
1 (3 DE
X L= ”\” Fx. ° E?Er
e 0 ey ‘s 0710, "Ea:
g :HEI\, ) ° ..:!I‘\ED:'I‘\
2 4 BN AN ) NS
4 ~o_re -~ 14 BN '\
~ \EI\"\O\ - O Y
= 2 \.\ : ~0 .\
=] o ®. ° X \
~ =) N e
S BN 9 2 g
= D<= u\.
4 O 3] A
1:0 1.’2 1:4 1:6 1 1:8 210 1.‘0 1:2 1.'4 116 1:8 2.0
1000/T/ K 1000/T / K-1

Figure 4.13Arrhenius plots of total conductivity of BagiY,Os;5 (x = 0.125 and 0.25) under
different atmospheresi(- Dry Ar, m - Wet Ar, e - Wet 5H,/Ar).

4.4.4 Influence of ¥* content on conductivity
4.4.4.1 Conductivity in wet and dry Ar atmosphere

The total conductivity, bulk conductivitgnd grain boundary conductivity of
substituted BaSRY O35 (0.05< x < 0.375) materials, measured under both dry and wet
argon atmospheres, are plottedrigure 4.14 Let us first comment the general trend of
these curves as mentioned above. Dry and wet ctwdies are the same at high
temperature. The total conductivity increases wlith Y** content as expected from the
increased number of oxygen vacancies with the gutish level. Nevertheless, at high
temperature, the total conductivity tends to saeurihen only slight differences between
BSY25 and BSY375 samples are observed. This betmaiscclassical in ion conducting
compounds for which the conductivity as a functidracceptor doping passes through a
maximum value. Another reason might be the sligigrddation of BSY375 under wet
atmosphere.

InTable 4.3are gathered the activation energy in the dry #Aobtained from the
measurements between 600°C and 800°C. These \atissnaller that the ones extracted
from the fitting presented above for different PXO'his can be explained in part by the
fact that the contribution of holes (with smalleti@ation energy) to the conduction is not
negligible in the Ar atmosphere used here. Anogxgianation is the presence of residual

water in the “dry” atmosphere which leads to a negligible proton contribution. Such
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assumption is supported by the fact that condugtivi dry atmosphere also shows a
change of slope with decreasing temperature wilédrahenius like behaviour could be
expected. Then, one can hardly associate the @otivanergy values to a single charge
carrier (oxygen vacancies as would be expected)tlamsl no information can really be

extracted from the behaviour in dry atmospherewttemperature.
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Figure 4.14Arrhenius plots of total conductivities of BaSW Oz s samples under dry (open
symbols) and wet (solid symbols) Ar: (a) Total coctiivities, (b) Bulk conductivities, (c) Grain
boundary conductivities. BSY5 (black squares), BSY125 (red circles> o),
BSY25 (up green triangles: A), BSY375 (blue rhombic: ¢).

More interesting is the behaviour in \@@hosphere at low temperature. From this

low temperature behaviour, one may get quantitahf@mation about proton transport.
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The linear behaviour of the logarithm of condudtiwersus 1/T is only observed below
400 °C from which the activation energy of the kotaulk and grain boundary proton
conductivity can be extracted. These values arerteg in Table 4.4 The values of
activation energy for bulk transport in wet atmasgghat low temperature are around 0.4
eV. These values are smaller than those obtainedB&SnY(Q;5 (0.51 eV)[1] and
BaSnInG; 5 (0.56 eV)[17]. According to literature, the activation energy fdgtrium-
substituted BaZr@was about 0.42 eV - 0.31 eV in the 5 mol % to 15%nof Y** on Zr
site [18]. Kreuer reported that the activation energy waeualD.44 eV in the ¥
concentration range of 2 mol % to 10 mol % and G¥8for BZY20 [5]. These last
results for zirconates compounds suggest that th®m transport activation energy is
constant at low substituant concentration, and tifgirease for higher ¥ concentration.
In this study, we find that the proton activatiamergy within bulk is constant whatever
the yttrium content. Besides the obtained valu@ igery good agreement with the value
(0.36 eV for BaSnHg}) determined from ab initio calculatiof9].

The grain boundary conductivity increasf Y content in thd-igure 4.14 which
has to be related to the grain size of the samplesh was shown also to increase with Y
content (shown irfrigure 4.2). The results for all compositions show that tbaductivity
is dominated by grain boundary conductivity and tha effect is more evident under wet
atmosphere since grain boundary conductivity ewlealy slightly with humidity. A
similar behaviour exists in most of proton condugtan particular barium zirconate

compoundg4, 20, 21].
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Total Dry Bulk Dry GB Dry Total Wet Bulk Wet GB Wet

Compound
(eV) (eV) (eV) (eV) (eV) (eV)
BSY5 1.21 0.59 1.16 0.98 0.40 1.02
BSY125 0.87 0.48 0.79 0.72 0.38 0.74
BSY25 0.75 0.50 - 0.58 0.35 0.72
BSY375 0.70 0.47 - 0.59 0.36 0.71

Note: the activation energy was attained by fitthighenius plots with the temperature between 8D@&Ad
800 °C under dry atmosphere. Activation energyotdltconductivity was attained between 500 °C and
250°C, for bulk between 400 °C and 250 °C underatrabsphere.

Table 4.4Activation energy for conduction properties of BE&dmpounds under Ar atmosphere

4.4.4.2 Conductivity in wet hydrogen atmosphere

The total conductivity under wet BAr evolves strongly with Y content as
synthesised in the Figure 4.15. At high temperatabeve 550 °C), for low Y content, the
conductivity is almost linear with temperature, lghfior high Y content, it exhibits weak
temperature dependence. For BSY5 sample, the kmivald monotonic and has been
attributed to electron contribution due to an easgduction of grain boundaries that will
control overall conductivity. For the other samples transition is evident at an
intermediate temperature that corresponds to thpdeature at which differences between
dry and wet atmospheres are observed. We can timssder that the conductivity at low
temperature in Ar/kl humidified atmosphere is essentially protonic atune. Then, the
plateau of conductivities versus temperature fghhjttrium content in wet 5}Ar above
500 °C may be a consequence of an increase in nb@nic charge mobility with
temperature and a simultaneous decrease in protaentration due to loss of wafeg].
Similar behaviour has also been observed for;CBgd\Nb;gQOgs [14] and
Bay.97Zr0.77Y 0.16ZN0.04035 and BaZs sY o 2035 compoundg$16]. At high temperature, when
samples are no longer hydrated, the main chargesxsaare either oxygen vacancies or
electrons. The high conductivity observed in BSYi&d aBSY125 reflects probably
electron contribution to conductivity, while thehet compounds are still ion conducting

under these conditions. This explanation is coltexgth the fact that grain boundaries are
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found to be more easily reduced (and higher elaatomducting than bulk) and that grain

boundaries are more present in compounds with la@nfent due to small grain size.
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Figure 4.15Arrhenius plots of total conductivities of BaSW.Osz-5s samples in wet S3Ar.

4.4.5 Isotope effect

The isotope effect was investigated bmgaring a 12.5 mol % Y-doped BaSnO
sample under Ar bubbling inJ@ and DO, seeFigure 4.16 The slopes of Arrhenius
plots at higher temperatures are different froms¢hat low temperatures under Ar with
H,O and DO. The values of conductivities are found to beghme at high temperatures
whatever the atmosphere while the conductivitiessueed at low temperature in@

humidified Ar are lower in BO-humidfied Ar.
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Figure 4.16 Arrhenius plots of total conductivity plots of $2nol % Y-doped BaSn{under Ar
bubbling in HO and BO.

It is well known that the proton does notupy a true interstitial site but attaches to
an oxide ion because of its small size. In a atassapproach of particle diffusion, the
proton hopping rate is expected to be proportidmm, which means that the radio of
protonic conductivity to deuteronic conductivityosid be o, / o, =/2. However, it
shows different results for the ratio of protorocdeuteronic conductivities. For instance,
Scherban[23] reported thato, /o, is close to 2.5 in 5 mol % Yb-doped SrGeO
compound at room temperature, and concluded thatbmuc hopping follows a non-
classical behavior. However, Huafhgd] reported a contrasting result in 6 % Y-doped
SrZrG;, into which g, /o, is close tor/2 , and concluded that protons migrate by
hopping in the crystal. In our experimeRtgure 4.17 shows that the ratio of protonic to
deuteronic conductivities increases with decreagnperatures,, / o, is close tov2 at
temperature between 600°C and 450°C, and aboubéween 450°C and 300°C. In
general, the conductivities are determined by th&ci concentration and mobility in
crystal. However, we know that some ions may “fe8em the structure at low
temperature, which would lead to different concatiins of protons and deuterons. In

this case, the ratio of protonic to deuteronic eotigfities will change with temperature.
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Figure 4.17The ratio of conductivity as a function of temgara in Ar bubbling irH,0 andD,O0.

The activation energy of sample undeg® s 0.04 eV higher than that undesH
The same results have been reported in 5 mol %oged SrCe@[23] and 6 mol % Y-
doped SrZr@[24]. The existence of an isotope effect provides aming evidence that
the conduction mechanism in Y-doped Bagn® primarily protonic. The conductivity

decrease and the activation energy increase wineongrare replaced by deuterons.

4.5 Chemical stability

The degradation of conductivity and structural abgity of 37.5 mol % Y-doped
BaSnQ were put into evidence after several measuremamier wet atmosphere. A
similar behaviour was reported for YO s compounds with the collapse of the
structure and the formation of a brownmillerite ghaupon reduction, and the
macrocracking induced by hydratipH. In our study, we also observed thatBaYQ; 5
compound is not stable. The pellet sintered at 4630r 12 h (relative density is > 90 %)
was broken when it was in the laboratory atmosplafter some days, and it will be
crashed during treated thermally in the air. Howetiee sample sintered at 1400°C
(relative density below 85 %), is stable, even &t atmosphere, suggesting that porosity
helps reducing the effect of the lattice strainulisg from hydration[1]. In order to

study the yttrium content dependence on chemieddilgly in different conditions, we
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studied the stability of samples with differentiytn content under different atmospheres,

including wet Ar, 5H/Ar and CQ, and also in boiling water.

4.5.1 Stability in wet atmospheres/conditions

Figure 4.18shows that Y-doped BaSg@owders except 5 mol % Y-doped BaSnO
are decomposed completely in boiling water for 3amd transformed into BaSn(Q4)
Ba(OH)-8H,O and Y(OHj). For the same treatment applied to pellets, nergthase is
observed. Nevertheless the peaks are wide whicbaiteda significant effect of hydration
on the crystalline structure. For 25 mol % Y-do@BabnQ pellet,Figure 4.19shows that
no parasitic phase is observed from x-ray diffi@ctpattern, even after a boiling water
treatment of 15 h. However, there is a visible wlhitose phase on the surface of sample.
A SEM observation of a fracture shows clearly thisse till a depth of 10 um inside the

sample Figure 4.20)

I Powders Pellets

Intensity / a.u.

Intensity / a.u.

=N W Rlo

20 30 40 50 60 70 8 90
20/°
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Figure 4.18X-ray diffraction of Y-doped BaSn{n boiling water for 3 h: 1 - BSY5, 2 - BSY125,
3-BSY25, 4 - BSY375, 5 - BSY50.
(m - BaSn(OHy, ¥ - Ba(OH)-8H,0, @ - Y(OH)s, ¢ - BaSnO(OH))
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Figure 4.19X-ray diffraction of BSY25 pellets in boiling watéor different time.

Figure 4.20SEM picture of BSY25 pellets in the boiling water 15 h.

A less aggressive treatment was nevertheless patbiconsisting in keeping the
powder samples at 350 °C for 100 h under weFfgure 4.21shows there is no parasitic
phase observed whatever the composition. How&igure 4.22shows that Ba(OH)was
formed on the surface of 50 mol % Y doped Bagd@ing TG measurement from 1000
°C to room temperature at 0.021 atm. water pres$ure37.5 mol % Y-doped BaSgO
X-ray diffraction pattern shows small peaks corogsing to pure BaSnf)suggesting the
segregation of Y. However, the parasitic phasesalyeobserved on the surface of sample,

not observed inside of samples (fracture of sangpid,polished) in thEigure 4.22
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Figure 4.21X-ray diffraction patterns of Y-doped BaSn@obwders heat-treated in wet Ar at
350°C for 100 h: 1 - BSY5, 2 - BSY125, 3 - BSY25,BSY375, 5 - BSY50.
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Figure 4.22X-ray diffraction patterns of Y-doped BaSxnfpwders after TG measurement: 1 —
BSY5, 2 -BSY125, 3 - BSY25, 4 - BSY375, 5 - BSY50.

The above results show that the stabilities dgfgnificantly between liquid water
and water vapour. A similar behaviour has beenntedan doped BaCef{by Bhideet al
[25]. For barium cerate, the author supposed that vatacks the surface of BaCgO
particles and forms barium hydroxide. Barium hyddexis soluble in water and the
remaining insoluble Cefforms a porous layer on the surface of the remgiiaCeQ.
Water can readily penetrate through the porous.Ge@rface, and continue the material
decomposition. In this study, X-ray diffraction fgabs in Figure 4.18 show peaks

correspond with barium hydroxide and barium tin foyxide respectively. The barium tin
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hydroxide will formed barium tin oxide at higher(% [26].
350-600C

BaSnQ.,(OH, _, BaSn3(3-0.5 ) H %4-

In the presence of water vapour, the situatiorxpeeted to be different. For proton
conductors, oxygen vacancies can be filled by watelecules according tBq. (1-2)
Based on this reaction, it consists of the follayvstepg27]: 1) chemical absorption of
H,O on Y-doped BaSn{surface, 2) reaction of 8 with O on the Y-doped BaSnO
surface to form hydroxyl ions OH3) penetration of OHinto the inner part by grain
boundary diffusion, 4) filling of oxygen vacancidsy OH ions, and therefore the
formation of proton defects. In the proton condugtdhe oxygen-ion diffusion is much
lower than the protonic diffusion. Thus, the oxygen diffusion coefficient would
determine the rate of dissolution of water into ferovskite lattice and subsequent
kinetics of decomposition. Therefore, the transpoftwater (liquid) and dissolved
Ba(OH), through the porous layer when boiled in waterxigeeted to be much faster than
the transport of oxygen ions and proton defectughothe lattice. Hence, the kinetics of
decomposition in liquid water is then expected éonbuch faster than in water vapour,
which is consistent with the experimental res|2.

One may argue that the treatment of boiling wateschot correspond to any of the
conditions a material encounters inside a working €ell. Nevertheless, this treatment is
a very fast and valuable to test the stability aftenials in humid atmosphere. Indeed, we
tested the same treatment on 10 mol % Y dopedrbazitconates and barium cerates. The
results show the total degradation of barium cerptevders and pellets, while zirconates
pellets are absolutely not degraded and powdessstrdws small peaks corresponding to
Y,0s. We thus consider this test to give relevant imi@tion on the stability of material
for the foreseen fuel cells application.

The stability of the perovskite structure has ofberen rationalized in terms of the
radii of ions comprising the unit cell using a paser knows as the Goldschmidt

tolerance factot, which is defined28]:
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r,+r,

= \/E(rB +ro)

(4-7)
Where,r,, ryandr, are the ionic radii of A, B, and O ions, respediiv&reuer[29]
have reported that the perovskite oxide with bigpB exhibits low tolerance factor and
low thermodynamics stabilisation with respect te binary oxides, and the closer this
to unity, the greater is the expected stabilitythef perovskite structure8]. Bhideet al.
[28] reported that the Madelung energy (a negative ggn@uantity) is inversely
proportional to the lattice parameter for thEB¢*O; perovskite. From this argument, the
stability of perovskite oxide decreases thus whi ihcrease of cell parameters. Then, the
tolerance factors is anticipated to decrease witiuyn content, and the Madelung energy
is anticipated to have smaller absolute values withum content due to both the
diminishing of formal charge and to the increasecell parameters. This qualitative
argument helps thus understanding why the instalafi Y-doped compounds diminishes
with yttrium content. Another possibility is thdtet greater content of oxygen vacancies
with yttrium makes the strain induced by humiditioa much more important for higher

yttrium contents.

4.5.2 Stability in wet 5H/Ar and CO»

BSY25 and BSY50 powders (calcined at 1400°C fohl@nd pellets (sintered at
1500 °C for 12 h) were treated thermally at 6006IC50 h under wet 5HAr and 650 °C
for 50 h under wet CO The X-ray diffraction patterns are shownHigure 4.23 and
Figure 4.24 respectively. There is no impurity observed fog samples treated under wet
H, and CQ. Y-doped BaSn@seem stable under G@tmosphere in accordance with the
result previously published on EnYG;5 [1]. However, it was reported BBnYGs s
formed the brownmillerite phase upon reduction aphere. In our study, we have not

observed this phase from samples treated in wgiAsH
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Figure 4.23X-ray diffractions of (1) BSY25 and (2) BSY50 B sintered at 1500°C for 12 h in
wet 5H/Ar at 600°C for 50 h.
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Figure 4.24X-ray diffractions of (1) BSY25 and (2) BSY50 iret'CG at 650°C for 50 h.
(a) Powders and (b) Pellets

4.6 Conclusion

We have succeeded in synthesising BaS@sq4 dense compounds with a
polymerisation route followed by a classical simgr All materials present a cubic
perovskite structure with cell parameters followthg evolution of mean radius on B-site.
All compounds uptake water at low temperature dr&tnhogravimetric measurements
indicate a decrease in hydration enthalpy as wttricontent increases. All doped
compounds are oxygen ion conducting at high tentperand present a mixed anion-hole

behaviour in the range Pal atm of oxygen partial pressure. Activation efeschave
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been determined for both charge carriers and arersto diminish with yttrium content.
The best anion conduction properties are obsereedhigher yttrium contents showing
that mobility does not evolve as much as oxygemameg concentration with yttrium
doping. At low temperature, proton conduction iseved in humid atmosphere for all
compounds. The level of proton conduction followsattof oxygen conduction i.e. the
higher the doping level the higher the proton catidity. From the analysis of bulk and
GB conductivity, we determined that this evolutisnin great part due to difference of
microstructures between the samples. Indeed, the dmnduction increases strongly in
humid atmosphere while it increases only slightly&Bs. Smaller grain size samples will
thus present poor proton conduction. Activationrgies for bulk proton conduction
changes slightly with Y content between 0.35 eV40®V, a value close to that observed
for barium zirconates.

The stability of Y-doped BaSp@as investigated under different atmospheres and
conditions. Under Cg) the Y-doped compounds are stable, and there ismperious
phase observed by XRD. However, the conductivity3df5 mol % Y-doped barium
stannate degraded after several measurements, wschied in the collapse of the
structure. For low yttrium content, we have notevied the degradation of conductivities
neither the appearance of parasitic phase in thplsatreated in humidified and highly
reducing atmosphere. This would mean that the bilgtaof barium stannate compounds

is not as important as expected, and is probab#yedgentially to hydration induced stress.
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Chapter 5 Effect of ZnO Additive on Sintering

and Electrical Properties of BaSR 75Y 0.2:03.5

5.1 Introduction

BaSk7sY 024035 compounds have shown high proton conductivity atker good
stability under wet atmospheres in chapter 4. Harethey exhibit a strong aversion
against densification. For instance, the relatieasity is only about 90 % for samples
sintered at 1600°C for 12 h. Such a high tempesagwssibly results in barium
evaporation and leads to the decrease of protoductinity. A high temperature also
makes difficult to fabricate an effective electrenfical device using this oxide. Indeed, it
is difficult to find good electrode materials whidan sustain a so high temperature
without significant chemical reactions. It is alsmpossible to retain the porous
microstructure of the electrode at such temperature

Recently, both Haile’s and Irvine’s graupave reported that ZnO as an additive or
a second dopant can favour a high densificatiotowt sintering temperature (1300-
1350°C), and can strengthen the chemical stabditgn if this slightly decreases the total
conductivity [1-5]. The results reported are nevertheless contraglictoncerning zinc
position in the materials. Babikt al.[2] reported that Zn accumulates in the intergranular
regions as observed by SEM and energy dispersikayX$pectroscopy (EDS), while Tao
et al.[4] reported that zinc enters the lattice structuoenfboth EDS and XRD analyses
after firing.

The aim of this chapter is to verify tithe positive effect of ZnO addition on
densification of barium stannates can also be egdr barium stannates. In order to
investigate the effect of ZnO additive on the fotimra of single phase, densification and

electrical properties, we have employed two methtaisintroducing ZnO into the

- 110 -



Chapter 5 Effect of ZnO @igd on the Properties of BagiYo.2503.5

materials, and investigated the effect of ZnO oe #iorementioned properties by a
combined approach of XRD, SEM/EDS and AC impedapeztroscopy (I1S).

This chapter consists of two parts. Rathe effect of ZnO on the pure phase
formation and densification of BagnY 024035 compound. Part Il: the effect of ZnO as a

sintering aid and second dopant on the electricglgrties of BaSyysY 0.2803.5.

5.2 Part I: ZnO effect on pure phase formation anddensification of
BaSn.75Y 028033

5.2.1 Experimental

Polycrystalline barium stannate based pmmds were prepared by a solid state
reaction method. Starting materials were high pusaCQ; (Alfa Aesar, 99.9-101 %),
SnQG (Alfa, 99.9 %), %03 (Rhéne-Poulenc, 99.999 %) and ZnO (Fluka ChemE9 $0).
First, BaCQ powders were dried at 120 in the oven, and SnQY,03 and ZnO powders
were calcined at 800 °C for 2 h before mixing tbget Stoichiometric amounts of Bag,O
SnQ, Y03 and ZnO were mixed initially in a mortar by hadgetone was added during
the milling to ensure thorough mixing. Subsequerttlg mixtures were milled in a ZgO
container with Zr@balls (Retsch, PM100) at 450 rpm for 12 h.

For investigating the effect of ZnO assiatering aid on the densification of
BaSn 75Y 024035 compound, the milled mixture of stoichiometric amts of BaCQ,
SnQG and Y;03, was calcined 1400°C for 10 h to obtain pure Ba$fy 4035 powder.
The calcined powders were mixed with given quadiof ZnO, and pressed into 10mm
pellets by uniaxial pre-pressing in a steel dieaundl t pressure for 1 min, and then
isostatically pressed at 750 MPa during 10 minggréensities ~ 60-70%). Thereatfter, the
as-pressed pellets were sintered at 1300°C, 14808C1L500°C for 12 h. The heating rate
was 300 °C/h, and cooling rate 400 °C/h.

The relative densities of sintered pslletere determined by measuring the

dimensions and weight of each sample. Total lirdainkage (L-k)/Lo was used to
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characterise the effect of the content of ZnO agglion the sinterability of the BSY25,

where lg is the initial diameter and L is the final dianrete

5.2.2 Results and discussions
5.2.2.1 Single-phase formation with ZnO

Many methods have been developed to pedplaarium stannate based materials,
including conventional solid state reactid6] and wet chemical methodg/-10].
However, doped BaSnxompounds are mostly prepared by solid state iceajct1-14]
due to its features of simplicity. It is known tithts method supposes high temperature
for attaining single phase. The single-phase faonabf doped BaSn{ compound
supposes a calcination temperature above 1300°Q€,generally needs intermediate
grinding.

In order to investigate the effect ZnO dine formation of pure phase
BaSn.75Y 024035 compound, we added 4 mol % ZnO into the stoichtomenixtures of
oxide/carbonate measured for the Bagvo 503 target compound. The mixtures were
calcined between 950°C and 1400°C. The value ofod ¥ ZnO was the one used
previously by Babilcet al. [2] for BaZrGQ; compound. We will see in the next paragraph

that this value also corresponds to the optimisgdevfor BaSh7sY 025035 densification.

(a) 1 - Powders milled (b) 1 - Milled powders
. 2 -1200°C for 10h . 2 -950°C for 3h
5 3-1300°C for 10h . 3 - 1050°C for 3h
: 4 - 1400°C for 10h S 4 -1200°C for 10h
T & 5 -1300°C for 10h
2 = = .
2. 1 i 2 |5 N . I A
] [ ] -
g g 4 [ e t [ ] k A
E 2 =B - A“ A s (3 o * *
: o, PO EST| SECEEA
v
AL A vy (v e NS Y XY XY o]
T T T T T T
20 30 40 50 60 20 30 40 50 60
20/° 20/°

Figure 5.1 X-ray diffraction patterns of powders calcifnedidferent temperature: (a)
BaSn 75Y 5.2:03., (b) BaSp 75Y 025035 with 4 mol % ZnO additive.

(. -Y,0;, ¢ - BaSnQ, m - BaSnp 75Y 0,055, ¥ - BaCQ, 0 - SnQ, o - KB)
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X-ray diffraction patterns are preserniteéigure 5.1. After ball milling, there is no
new phase formed in the raw powders, however tlakgpbecome wide. This indicates
that the grain size of powders becomes smaller afiéing, and this might be favourable
to sintering and reactiorkigure 5.1 (a)shows that pure BagY 24035 compound is
obtained after heat-treatment at 1400°C. The plespitases are identified using program
Eva, and they are 203, BaSnQ, BaSn.75Y 02035 and K below 1400°C. With ZnO
additive, Figure 5.2 (b) the single phase of Ba&mY 024035 compound is obtained at
1300°C, which is about 100°C lower than BapMo2:035 without ZnO. A similar
behaviour was shown in the compound Ba¥p Os; for which the single phase
preparation temperature with ZnO is roughly 3500@/dr than that required for pure

BaZr.gY 02035 [4].

5.2.2.2 Densification with ZnO

To investigate the effect of ZnO contesrt the densification behaviour of
BaSn.75Y 026035 compound, we first prepared single-phase Ba$h .03 at 1400°C,
which was identified by X-ray diffractionFgure 5.1). The linear shrinkage of
BaSn.75Y 024035 compound with different ZnO (0-10 mol %) contest presented in
Figure 5.2 We use the linear shrinkage for comparing thestdieation of different
additions of ZnO since the theoretical densityarhples will change with ZnO content.

Figure 5.2 shows that the linear shrinkage, increases irdhge from 0-4 mol %
ZnO, and then almost remains constant value fdndnignO contents. This behaviour is
similar to the case of ZnO as an additive in Ba¥p O35, and it was reported that a
maximum density as a function of sintering tempaeexists at 1300°(2]. In this study,

we find that the densification at 1400°C is slightigher than at 1300 and 15@)
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Figure 5.2 The linear shrinkage of BagnY o..:0s 5 with different ZnO contents as a sintering aid
sintered at different temperatures.

5.2.3 Conclusion

With the use of 4 mol % ZnO as a singrand, we can increase significantly the
density of BaS#;sY 024035 at low temperature, and decrease the temperafutbeo
formation of single phase Ba&niY 25035 prepared by solid state reaction.

The question now remains about the rdéyga by ZnO and its influence on
transport properties. This will be studied in thexinpart, during which we will examine

ZnO both as a sintering aid and a second dopant.

5.3 Part II: ZnO as a sintering aid and second dopat effects on

microstructural and electrical properties of BaSn 75Y o035 compound

5.3.1 Experimental

For ZnO as a second dopant, we studiecdmposition of BaSn1Y 0.252n0.04035
(denoted BSY25Zn4). The mixtures of Ba§,&nQ, Y.0; and ZnO in stoichiometric
ratio were milled in a Zr@container with Zr@ balls (Retsch, PM100) at 450 rpm for 12
h. For ZnO as a sintering aid (denoted BSY25-4Zn@, used pure Ba9mY 2803
powders initially prepared at 14@0 for 10 h, and mixed with 4 mol % ZnO and
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performed a ball milling at 400 rpm for 2 h. Aftemnaping the sintering process consisted

of a thermal treatment at 1300-1400°C during 12 h.

5.3.2 Results and discussions

5.3.2.1 Structural and microstructural properties

The diffraction patterns of sintered ptdlobtained are presentedFigure 5.3 In
all cases, a single phase cubic structure is obdefspace group?.mé m). The lattice
parameters were refined using the Topas and cellogframs, and the relative density was
calculated by dimensions and weight (sedafle 5.1). ZnO both as a sintering aid and
second dopant can increase significantly the dewgisamples at 1300 °C. Babi&t al
[2] reported that the enhanced densification is asduimebe a result of the high Zn
concentration in the grain-boundary regions, anggested that Zn entering the bulk
crystalline structure would induce a decrease ofsiieation. In contrast, Taet al. [4]
suggested that ZnO reacts with barium oxides tofortermediate barium zinc oxides
with relative lower melting point decreasing thetsring temperature. Another possibility
is that zinc enters the perovskite lattice andzahecontaining perovskite exhibits a lower
melting point, which further leads to denser sample this study, the comparison of the
two methods, suggests that both mechanism may @xisgtnhanced densification with

zinc oxide. Both Zn in the grain boundary and ie bulk will enhance the densification.
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Figure 5.3 X-Ray diffraction patterns of sintered pellets:BRSY25 sintered at 160C,
2 - BSY25-4Zn0 sintered at 1300, 3 - BSY25Zn4 at 130 for 12 h.

Sintering condition Lattice Parameter Relative density
Compounds
(°C) a(A) (%)
BSY25 powder 1400 4.1963(3) -
BSY25 pellet 1600 4.1680(7) 94-97
BSY25-4Zn0O 1300 4.1892(8) 96-98
BSY25Zn4 1300 4.197(8) 97-99

Note: The theorical theory density value used vedsutated by using the lattice parameter of BSY25
powders calcined at 1400°C for 10 h.

Table 5.1the lattice parameters and relative densificadiocompounds

FromTable 5.1 the cell parameters for the four samples candssified according
to: a (BSY25Zn4) >a (BSY25 powder) >a (BSY25-4Zn0O) >a (BSY25 pellet). The
interpretation for such result is not obvious thowgpme explanations can be found from
the composition of compounds and from the thermedtiment they were submitted to.
First of all, the ionic radius of Zfiin 6-fold coordination (0.72A) is slightly highénan
that of SA* (0.69A, six-coordinatiori15]). A slight increase of cell parameter might thus
be expected if Zn substitutes for Sn. More drastidl, be the evolution due to barium

evaporation during thermal treatment. In this caseémportant decrease of cell parameter
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is expected if significant amount of barium is Idsting high temperature sinteriftg].
These two points allow explaining the evolutiorthe seriesa (BSY25Zn4) >a (BSY25
powder) >a (BSY25 pellet).

For BSY25-4Zn0, nevertheless, some zittereng inside the structure can not be
discarded. In this case, the real formula of thempound should probably be written:
Bay «(Shy.75Y 0.251xZNkO3¢ With x not exceeding 4 mol % corresponding to the casa of
total incorporation of zinc addition inside the @eskite structure. In this case, more than
the influence of zinc on the mean radius of B-ghe,consequence of this incorporation is
an induced sub-stoichiometry on A-site leading tenzaller cell parameter as observed
when barium evaporation is considered. Indeednd goes to the B-sites on firing, which
could be expected to increase the vacancy contiemsaon both the Ba and oxygen sites

according td2]:
Zn0 - Zrin-l_ Q+ \I/II3a+2 \ro (5'1)

The increase in barium vacancy conceontias also responsible for the decrease in
lattice parameters of BSY25-4Zn0O comparing withepBSY25. It was also reported to
be responsible for the increase of grain-boundargbility, grain growth and
densificatiof2].

The microstructure of sintered pelletssigown inFigure 5.4-5.6. Figure 5.4
illustrates the microstructure of samples with Za®a second dopant as a function of
sintering temperature. The grain size grows obWousth increasing the temperature,
from 1-2 um at 1300°C to 3-4um at 1350°C, and the grain shows a rough surface at
1400°C, which may be due to the evaporation of Znsimilar behaviour has been
reported in the BagksY 016035 With 4 mol % ZnO as additivi2]. The SEM pictures of
BSY25-4Zn0 (.e. ZnO as a sintering aid) are presenteBligure 5.6 with EDS analyses.
EDS patterns show that the small grain (point Tjil@ks stronger peaks corresponding to
Zn element, while the big grain (point 2) exhiitsy small peaks for Zn element, and the

other small grains in grain boundary also cont@inselement. This result is in agreement
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with the chemical analysis of Y-doped Bazr@ith 4 mol % ZnO additivd2]. The
average grain size of unmodified BSY25 sinteretl&ft0°C Figure 5.5 is about 1-2um,
which is close to that of BSY25Zn4 compound sirdeae 1300°C. Caballeret al [17]
observed that introduction of very small concemdreg of ZnO to BaTi®@ dramatically
inhibited grain growthin contrast, it was reported that the grain siz&'@oped BaZrQ@
with 4 mol % ZnO is higher than that of simple Ypagd BaZrQ for samples sintered at

1300°C [2]. Hence, considering the great difference of tewaupee between the two

treatments, we can consider that ZnO favours gpaowth.

‘

Figure 5.4 SEM picture of BSY25Zn4 sintered at different temgiure: (a) 1300°C for 12 h, (b)
1350°C for 12 h, (c) 1400°C for 12 h.

Figure 5.5SEM of BSY25 sintered at 1600°C for 12 h
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Figure 5.6 SEM of BSY25-4ZnO compounds: (a) 1300°C, (b) 185qt) 1400°C for 12 h;
EDS: (d) point 1, (e) point 2 in SEM of (c).

5.3.2.2 Transport properties

The evolution of the Nyquist plots of BE¥4ZnO obtained at low temperature
under dry and wet air atmospheres is showfigure 5.7. The other compounds have
similar impedance spectra. Therefore we only pregenimpedance spectra of BSY25-
47Zn0. At low temperature, the impedance spectraveldhe impedance of sample in wet
air diminished dramatically comparing with in driy due to proton conduction. Below
300°C, the impedance spectra consisted of thrésdualicircles. The higher frequency arc
is attributed to bulk response, low frequency aratiributed to electrode response (see
below), and the semicircle between the bulk andtelde arcs is attributed to grain
boundary response. With increasing temperaturearte shift to high frequencies and for
T > 300°C, the impedance spectra consist of then draundary arc, electrode arc and
Warburg diffusion. The frequency arc correspondimdpulk reaches a value higher than

the maximum measurement frequency of the impedarater and thus the bulk arc is no
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longer visible in this case. (> 380°C). In ordeirtdentify the semi-circle in the frequency
between 1OHz and 1Hz, we measured a full impedance specwitmthe bias of 0.2 V.
Figure 5.7 shows that this semi-circle changes with bias,gesting that it can be
associated to electrode contribution not to ouremnait

In order to separate the bulk and granngdary resistance, impedance spectra were
modeled using an equivalent electrical circuit fedrwith threeRC; circuits in series at

low temperature( < 300°C), and the series assoniaf a resistance and tviRC; at high

temperature.
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2500 500 -
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Figure 5.7The impedance Spectroscopy of BSY25-4Zn0O in theadd/wet air at different
temperature (solid symbol - wet air, open symlxy-air).

The Arrhenius plots of the total, bulkdagrain boundary conductivity are shown in
Figure 5.8 and the activation energies are listedable 5.2 The total conductivities do

not show significant differences, but the total aoctivity of BSY25-4Zn0 is slightly
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higher than that of the other compoundsgure 5.8 also shows that the bulk
conductivities are unaffected by the ZnO as a sgigeaid. However, the bulk
conductivity of BSY25Zn4 i(e. Zn as a second dopant) is much lower than that of
unmodified BSY25 and BSY25-4Zn0. Also, the actigatenergy of bulk conduction for
BSY25Zn4 (0.53 eV) is higher than that of BSY25(0eV) and BSY25-4Zn0O (0.39 eV)
compounds. For ZnO as a sintering aid, Baleko al [2] reported that the bulk
conductivity of 4 mol % ZnO modified BaggsY 0.1503-s IS lower than that of unmodified.
However, in this study, we observed that ZnO ameersng aid did not affect the bulk
conductivity. It may be due to the different expegntal methods. In Babilo’s study, the
wet chemical method was used to prepare Y-doped@aith ZnO additive, and ZnO
was introduced prior to pure phase Y-doped BaZKbwever, in our study, ZnO was
introduced into pure phase BSY25 compounds. Theuamof Zn entering inside the
structure may be very small comparing with Babilstisdy.

For the grain-boudary conductivisigure 5.8 (c) shows that the grain boundary
conductivities of BSY25Zn4 and BSY25-4Zn0O are dlighhigher than that of BSY25.
Figures 5.4-6reveal that the grain sizes of the compounds iargas (between 1-2um).
The increase of grain boundary conductivity of niiedi BSY25 with ZnO may be due to
the low sintering temperature leading to no impesiaccumulated in the grain boundary.
The total and bulk conductivities increased in wetat low temperature due to proton
conduction, the activation energies of total coniditg in wet air were ~ 0.62 eV, similar
to BaZp 29no 75035 (0.63 eV)[18]. The activation energies of bulk conductivitiesreve
between 0.39 eV and 0.53 eV, which is typical footpn conductors (0.4 - 0.5 eY)9-
20].
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Figure 5.8 The conductivity of pellets measured in dry and &ae m- BSY25 in wet airp-
BSY25 in dry airo- BSY25-4Zn0O in dry aire- BSY25-4Zn0O in wet air,
A - BSY25Zn4 under wet aiy- BSY25Zn4 in dry air.

Compounds Total Dry Bulk Dry GB _Dry Total Wet Bulk Wet GB_Wet
BSY25 0.74 0.58 0.93 0.62 0.41 0.90
BSY25-4Zn0O 0.65 0.53 0.83 0.61 0.39 0.82
BSY25Zn4 0.72 0.69 0.79 0.62 0.53 0.81

Note: the activation energy under dry air was fitfeom 800-500 °C, under wet air from 400 °C to 260

Table 5.2the activation energy of BSY25, BSY25-4Zn0O and BSXn4
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5.4 Conclusion

Single-phase and dense BSY25 compound bees successfully prepared at
1300°C by adding 4 mol % ZnO as a sintering aid dongdant. This temperature is
significantly lower than the one required to obtsimgle-phase (1400°C) and much lower
than the one to obtain dense dense ceramics (19Q0GitQout ZnO. From analysis of
XRD and SEM, all compounds are single phase withiccperovskite structure. Zinc
oxide as a sintering aid does not affect the buwiikdactivity, and slightly increases the
total conductivity. However, Zn as a second dopa@treases significantly the bulk
conductivity. The activation energies of bulk coatlities are between 0.39 eV and 0.53
eV in wet air, which suggests that the charge eegrare protons at low temperature. The
total conductivity of BSY25-4Zn0O reaches 214° S* cm’ at 621°C in the humidified

air.
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Chapter 6 Atomistic Simulation of Pure and
Doped BaSnQ

6.1 Introduction

In the previous chapters, the defect detgn microstructre and transport
properties of acceptor-doped BaSntave been investigated by XRD, SEM, TGA and
IS. In order to understand well the influence o thopant nature and content on the
defect chemistry of pure and doped Bagni@ particular, dopant site occupancy and
dopant association energyatomistic simulations are of prime importance. lar o
group, we have carried out calculations based om Bxfd semi-empirical simulations.
A DFT’s study from our group has shown that the atttpoxygen vacancy and dopant-
proton interaction depends strongly on the dopaunme and the mobile atom stable
position is rarely close to the dopddf. This would allow explaining that high dopant
concentrations are not necessarily to ensure sogmif ion conduction. Another study
of stannate compounds using semi-empirical poten&ilso gave some first results on
the surface energies and redox reacti@ps

Atomistic simulations based on semi-emegirinteratomic potentials have been
applied successfully for the study of the defedpgrties of a range of perovskite-type
proton and oxide-ion conductors. In particularsthelped to predict defect energies
and to propose ionic transport model at the atolenel [3-11], having a predictive
role in the design and improvement of materials.

In this chapter, we have explored thepprties of pure and trivalent ions (Fe,
Sc, In, Y, Gd, Sm, Nd and La) doped BaSnky atomistic simulations. These
atomistic simulations were essentially based onissmpirical potentials but DFT
calculations were also used to give complementarformation on electronic
properties (the calculations were done Eyile Bévillonand Grégory Genes)e We
will show that these calculations help not onlygige local information on the defects
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energetics but also on their macroscopic countérpach as the evolution of cell
parameters with doping. This study is volontarimited to dry samplese. we do not

study here the incorporation of protons insidedtracture.

6.2 Methods
6.2.1 Atomistic simulation technique

Two kinds of approaches were used hare,lmased on semi-empirical potential
the other one based on DFT calculations. The @in& is less CPU-costing but hardly
gives precise information on electronic state. Bleeond one is in this sense more
complete but limited to very small systems.

The basis of atomistic semi-empirical giation is the specification of an
interatomic potential model, which describes théeptial energy of the system as a
function of the atomic coordinates and allows thedeling of perfect and defective
lattices. The lowest energy configuration of thestal structure is determined by
using energy minimization procedures. The Born nhadpresentation is commonly
used for ternary oxides, with the energy partitebneto long-range Coulombic and

short-range pair potentials of the Buckingham form:

V.. (r. ): Aexp L (6-1)
o ) %

Where Ap and C are adjustable parameters assigned to tlenaxide anion
interaction. In the present study, the values eséhparameters were taken from Ref
[12-14] (Table 6-1). Those corresponding to Ba and Sn were showepgooduce well
the perfect lattice properties of simple oxides atsb of BaSn@ These properties are

gathered inTable 6-2
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A p C K
MO Y(e) Ref
(eV) (A) eV, A9 (eV A?
0% 9547.96 0.2192 32.00 -2.389 23.09 [12]
Ba®* 873.829 0.3863 0.0 9.203 459.2  [12]
sn** 1056.8 0.3683 0.0 1.58 2037.8  [12]
La® 2088.89 0.3460 23.25 3.0 [13]
Nd** 1995.20 0.3430 22.59 3.0 [13]
st 1944.44 0.3414 21.49 3.0 [13]
Gd** 1885.75 0.3399 20.34 3.0 [13]
y3* 1766.40 0.33849 19.43 3.0 [13]
In% 1495.65 0.3327 4.33 3.0 [14]
sc 1575.85 0.3211 0.0 3.0 [14]
Fe* 1414.60 0.3128 0.0 3.0 [14]

Table 6.1Buckinghaminteratomic potential parameters

In addition to studying the perfect le¢ti an important feature of this approach
is to predict how the lattice ions accommodateaasikinds of defects. To do this, the
energy of a defect, such as a vacancy, an intetsidn, or a substitutional ion is
calculated via the Mott-Littleton approa¢h5]. This method consists in partitioning
the crystal lattice into two regions so that theisioin a spherical inner region
surrounding the defect are relaxed explicitly, Begure 6.1 In contrast, the remainder
of the crystal, where the defect forces are reddyivweak, is treated by more
approximate quasi-continuum methods. In this wagal relaxation is effectively
modeled and crystal is not considered simply asigi rlattice. In the present
calculations, the radii of regions | and lla wer2 A and 24 A, respectively. Region
sizes were chosen to be large enough to ensurenthappreciable change in defect

formation energy occurred if the region sizes waeeased further.
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Figure 6.1 Representation of the two region approach for cteémergy calculations. The
inner region, I, surrounds the defect and ion dispiments are calculated explicitly. In the
outer region, llb, displacements are calculatedgishe Mott-littleton approximation. Region
Ila acts as a transition between Region | and 18] .

In all calculations, the electronic pdatability of O*, B&* and SA" ions are
accounted for by the so-called shell model, Begire 6.2 This model consists of a
massless shell with char‘gﬁae} that is allowed to move with respect to a massivee
of chargex|d. The core and shell charges are connected by @roggc harmonic
spring force constant k. Displacement of the shelftive to the core gives a good
description of electronic polarization and allowspgarticular the computation of the
optical dielectric constant, not possible within rigid-ion model. In all cases,
calculations have been conducted using the Gulge dbdt include all the features

detalied abov¢§l7].
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Figure 6.2 The shell model. The orange atom is the core hadlue atom represnets the
charge of the massless shell. The red arrows reptg®larization, black arrows represent
Coulombic interactions and blue arrow representstsfange interactiofil8].

In order to give complementary informatito semi-empirical simulations, we
also performed a number of density-functional cittans with the SIESTA codfl9,
20]. We used the GGA-PBHE21] functional to describe the exchange-correlation
energy. In this case, the core electrons are ftedteough Troullier-Martins
pseudopotential§22], that include as valence electrons the 5s, 5pGmntbr Ba, the
4d, 5s and 5p for Sn and the 2s and 2p for O. Thimerical scheme provides for
cubic BaSn@ an equilibrium lattice constant of 4.2l with a typical overestimation
of the GGA. The defects studied by this method {ra@uoxygen vacancy, neutral
oxygen interstitial) are included in a 2x2x2 supdr¢40 atoms if no defect). The
configurations are optimized until all the compotseaf the Hellman-Feynman forces

are below 0.02 eV/angstroem.

6.2.2 Defective unit cell volumes

The Mott-Littleton defect calculationseabeen also used to predict lattice
volumes, using an approximation of non interactohgfects. More concretely, the
defect relaxation volume, can be calculated frofd4, 23, 24]:

of
v =—k: Ve [_Vj Zp-
T

ov
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Where, k; is the isothermal compressibility andhe unit cell volume(df, / ov)- is the
change at constant temperature, in the Helmhofecti®ormation energy as a function of
the change in the unit cell volume. Given the defelaxation volume, the unit cell

volume can then be determined from the followingagopn:

Vcell - ZVdefect>< ¢ defec;r v perfe

(6-3)
Where,

- 1 __ [m] - 3_ 3
ZVoetect= Vi, +5\s cdefect_m,vpeﬁect_(4.1236) = 70.11A

This approach will be used not only tdéedmine the influence of dopant size on
cell parameters but also the influence of dopamitex on the same evolution.
Surprisingly, we will see that this approach woviesy well even if the approximation

of non-interacting defects is obviously not corrgcparticular for high doping level.

6.3 Results and disscussions

6.3.1 Basic properties of BaSn®

Before studying defects, it is necesstysimulate the properties of pure
BaSnQ. Table 6.2shows the simulated properties values includinticka parameter,
lattice energy, mechanical properties and dielegirbperties. The calculatedlattice
parameter of thém3m perovskite structure is found to be in very goapleament
with the experimental value. Indeed, the latticeapzeter of BaSn®is reproduced to
within 0.17 % of the experimental value. The caitet mechanical and dielectrics
properties are also consistent with the experimertdues [25] and with those
obtained by means of first-principles density fuocél calculationg26].

To evaluate thermal expansion coeffigerthe ZSISA method (Zero Static
Internal Stress Approximation) was used in this kviar evaluate the cell parameters at
different temperature. In the ZSISA method, onlg #train derivatives with respect to

the free energy are used while the internal deweat neglect the free energy
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contribution [27]. This approach has been found to be more stabldigtter
temperatures than total free energy minimizatidghgure 6.3 shows that the
temperature evolution of the lattice parameterinedr and the thermal expansion

coefficient calculated is 1.06xFP0K™ (300-800 K), close to the experimental data

9.6x10° K™ [25, 26] for the same range of temperature.

4.136 4

e »~
- -
W w
N &
1 I

4.130

Cell Parameter/ A

4.128 T d T T T T T T T T T
300 400 500 600 700 800

T/K

Figure 6.3 Cell parameter as a function of temperature o BaSnQ.

Properties This study DFT[28] Experiment [25]
Lattice parameter (A) 4.1236 4.156 4.116
Lattice energy(eV) -144.32 - -
Static dielectric constant 23.63 22.3 -
High frequency dielectric constant 4.24 4.89 -
£11=280.36 - -
Elastic constant (GPa/m)
€s6—137.64 - -
Young modulus(GPa) 189.72 207 244
Poisson coefficient 0.329 0.233 -
Shear modulus(GPa) 100.4 84 99.9
Compressibility(GPa™) 5.4x10° - 6.86x10°

Table 6.2Calculated and Experimental Properties of BaSnO

Therefore, the potentials used allow oépicing reasonably well the structural,
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elastic and dielectric properties of pure Bagn&hd are thus validated for the

following calculations.

6.3.2 Intrinsic atomic defects

We first calculated the major point degeformation energy. Solutions energies
were then evaluated from solution equations on basis of isolatedi.e. non
interacting point defects (vacancies and inteedsji To calculate the energy of a
vacancy, an ion was removed from its lattice sitd placed at an infinite distance. An
interstitial was modelled in the same way by takamgion from infinity and placing it
at an interstitial site. The calculated energies eported inTable 6.3 with the
exception of cation interstitial and Frenkel eneggisince they led to calculations
instabilities. Anyway they are undoubtly higher @nergy and thus will not be
considered further. The lattice energy used inddleulation of Schottky-type defects
were obtained from atomistic simulation of BaSn®&nQ and BaO.

Examination offable 6.3 reveals that the creation of Frenkel and Schottky
defects corresponds to substantial amounts of gnditge most favourable energy is
found for the formation of Ba Schottky-type disaraéich could result in loss of BaO
at high temperature. This behaviour is very welbn in Ba-containing oxides and a
recent study on cation non-stoichiometry in BageOnfirms that barium loss does
occur at high temperaturd®29]. However, as a general rule, the magnitude of the
calculated energies suggests that the concentraifomtrinsic atomic defects is

relatively small.
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Formation energy

Parameter Defect equilibirum
(per defect /ev)
Ba?* vacancy 19.1
Sn** vacancy 83.99
0% vacancy 18.64
O7 intersititial -9.05
X X
Bag, + St +3 G =
Schottky fBa n 4.938
Viga +Va, +3V; + BaSng
O Frenkel Op=V5+Q 4.795
Ba Schottky-type Bay, + Q) = Vg, \§ + BaC 2.615
Sn Schottky-type Sr§n+ 2 Cg = VSn+ 2\5 + Sn¢ 6.757

Table 6.3Isolated point defects

6.3.3 Redox reactions

It is essential to understand the stgbédnd behaviour of electronic defects with
respect to the lattice defects since most appbaoati.e. fuel cells or gas sensors
require the materials to be used from highly redgdo highly oxidising atmospheres.
Allan et al]2] investigated defect and surface structure of tl8n@ (Ca, Sr, Ba)
stannates as oxidation catalysts by atomistic satmarls. The formation energies of
cations vacancies and interstitials were calculabede very high compared to that of
anions. Therefore, in the present study, we onlysatered the possibility of oxygen
vacancy for reduction and oxygen interstitial orygen vacant site filling for
oxidation. For the undoped system, the followingateons for oxidation and reduction
were considered.

For reduction:

1

o§=vED+§oz(g)+2é (6-4)
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For oxidation:

%02 (9)=0 +2Hf (6-5)

Taking into account the fact that chacgeapensating oxygen vacancies are
created on acceptor-doping, we also consideredal@wing equation for acceptor-

doped samples:
VED+%OZ(9)= o +2H (6-6)

These calculations were performed by meanDFT. For reduction, a neutral
oxygen vacancy is placed in the supercell descrdimve and the system is optimized.
The question is whether the two electrons left Iy missing oxygen atom occupy an
extended state (like those of the conduction banmd semiconductor) or a spatially-
localized state (polaron-like). After optimizatioand although the oxygen vacancy
would be a priori surrounded by two equivalent $ores, we observed that only one
Sn atom has a Mulliken charge that differs siguifity from the others: 7 among the
eight Sn atoms of the supercells have equal Mullikkarge within 0.03, while thé"s
(one of the two surrounding the vacancy) has a ikei charge 0.18 lower than the
seven others. The Ba atoms have all their chargealavithin 0.01, while the O atoms
also have charges equal within 0.04. This reselty indicates that the charge left by
the missing O is localized directly on one single (Small bound polaron) and does
not occupy any extended state. It is noteworthy the charge does not localize on the
two Sn surrounding the vacancy but prefers to iaeabn one single Sn. This is
compatible with the known oxidation degrees of $4 @nd +2). As a consequence,
the distance from the reduced Sn to the neighbgu@ins increased (between 2.16 and
2.20 A) with respect to the Sn-O distance in puaglm stannate (2.105 A in GGA).

This would justify the possible semi-enigal modelling (not considered here)
of reduced barium stannate by the replacement ef ®d" ion by one with lower

charge. It is noteworthy that adding (resp. remgyian additional electron in the
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supercell (without introducing any point defectyuéts in a uniform distribution of the
additional (resp. missing) charge on the Sn atoatBer than the localization on a
single Sn. It means that in this latter case, tlditonal (resp. missing) charge
corresponds to the density of probability of aneexted conduction band state (resp.
valence band state). The reduction of Sn from +42ads thus probably intrinsically
related to the existence of the point defect (Canay).

For oxidation reaction, we first examinpdre BaSn®@ in which one extra
oxygen atom is inserted as interstitial in the 2X2wpercell. It is clear that neither Ba
nor Sn can be more oxidized. In such systems, soelly observes the formation of
suboxide species (peroxide,”O or superoxide ions £). This is precisely what
happens in this case: the extra O atom forms a botidone oxygen of the structure
(seeFigure 6.4). The two atoms share the charge (equal Mullikearges within 0.01,
which are higher than the charges of all the otbeatoms by approximately 0.21 per
oxygen atom), and their bond is 1.49 A, which igi¢glly the bond length of peroxide

ions Q% The charges of the Ba and Sn are almost nottaffec

Figure 6.4 Structure of peroxide ion as obtained from oxymesertion into the BaSngell.

Let us precise that in acceptor-doped pmunds, no oxygen interstitial is
necessary since oxygen vacancies are already prédenhave thus calculated the
energy of a In-doped and Y-doped barium stannafeni@l % doping rate) without

oxygen vacancieg,e. under strong oxidizing atmosphere. It is usuallynéted that
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the filling the oxygen vacancies leads to the apgpe@e of holes in the electronic
structure. Indeed, we find the two calculated systéo be metallic, with empty states
close to the valence band top (holes). It is besiglenerally observed that holes in
oxides systems behave like polarons. No evidenceotdronic like behaviour that
would be reflected by a localisation of chargepus into evidence here but the small
size of the system impedes such a description. Nesless, we should keep in mind
that the actual measurements of BSY compounds asaion of atmosphere (see
chapter 4) revealed the contribution of holes ghhoxygen partial pressure. In this
case, the electrical behaviour was found to berpailai.e. with like semi-conductor
behaviour and activation energy is slightly smattethat of oxygen atoms.
Concerning energies associated to thes#abon/reduction reactions, thHeqg.
(6-4) is associated to an enthalpy value of 4.0 eV. Thisie is high but significantly
smaller than the one obtained for BaZrfdom similar DFT calculation$30]. This
would signify that BaSn® would reduce more easily than BazrQvould do.
Concerning oxidation reaction, the insertion of eutnal oxygen atom is associated
with a very low positive enthalpy of 1.1 eV. Thiseans that such reaction is not
probable. Besides, this reaction becomes less essl favoured at high temperature
due to the entropic contribution of gaseous oxygenhe reaction total free energy.
The Eq. (6-6) is associated with negative enthalpies, respdytif@ In** and Y**
dopants, in close agreement with the calculatedievalf -1.21 eV for BaZr® by
Sundell et al. [30]. Nevertheless, still here, the entropic contribatiof gaseous
oxygen is not taken into account neither the batoedissociate the Omolecule. The
negative value of enthalpy would mean that theesyshaturally evolves toward the
incorporation of oxygen and creation of holes indaxive atmosphere, at least at low
temperature, and that charged oxygen vacanciesnieciable when temperature
increases. In reality, if an important incorporatiof oxygen is not readily observed at
low temperature, the p-type behaviour has been wmedsin air at temperatures

between 600°C and 900°C.
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6.3.4 Dopant-ion substitution

The substitution of a range of trivaleations was investigated on both Ba and
Sn sites for BaSnflattice in order to gain some insight into energyst and
subsequent preferential sites of dopants in hdstéa Substitution of the dopants on
the Sn site was analyzed according to the stanthckptor-doping” defect reaction,

with the creation of oxygen vacancies as chargepmorsating defects:

M0, (9)+ i, +2 O~ Myy+ Vo Sngl ) (67)

For substitution on the Ba site, dopambrporation was described by:

i'V|203(5)+ig Bd, - MEa"’_lVlslsa*'_:3 Baq % 6-8)
2 2 2 2

The substitution on the Ba site, whichtcarily to substitution on Sn site, does not
produce oxygen vacancies but leads to BaO elintinafihe energies associated to these
reactions were evaluated by combining correspondieigct and lattice energy terms.
Such an approach provides a useful systematic guidihe relative energies for the
doping of different atoms at the same site. Thaltieg solution energies for substitution
on the Ba and Sn sites as a function of ionic Stamadiug31] are presented iRigure

6.5. 6-fold radius is used in both A and B-site substn for reasons of simplicity.

164 Fe —— Ba Site

—{3—Sn Site

Esol / eV

'0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05
Dopant Radius / A

Figure 6.5 calculated solution energy as a function of dopadius.
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Examination of the results reveals an amgnt correlation between solution
energy and ion size. This was already the casetfmr perovskite compoundls, 6, 9,
32]. The majority of dopants ions (with exception oh,SNd and La) are predicted to
substitute preferentially for Sn in BaSpGrrom the values of solution energy, we
predict IF* and Y¥** to be among the most favourable dopants for BaSffis agrees
with the experimental work of Schob€83, 34] where these cations were used as
acceptor dopant for effective proton conductionv@éheless, the solution energy on
B-site is almost the same for %cIn®* and Y** cations while their ionic radius differs
by more than 0.15 A. Besides, Y solution energyBesite is one of the lowest in spite
of the big radius difference betweerr*Y(0.9 A [31]) and SA" (0.69 A[31]). This
situation is rather different from the one obseruedfluorite compounds for which the
lowest solution energy generally corresponds to@adt atom with a radius very close
to that of host aton{14, 24, 35]. Nevertheless, such behaviour has already been
observed in perovskite compounds. Indeed, Is&nal. [9] showed that in barium
zirconate compound the favourable substitution esitB correspond to ¥ and Gd*
whose radii differ also by more than 0.148 A witlat of Z#*. This can be interpreted
by the fact that perovskite structure is known teanmodate much deviation from
the ideal structure. Besides, in the case of BaSti@ tolerance factor is calculated to
be 1.02 which means that the atom radius on B4isitemall if compared to the
available volume. This might then explain why biggéoms might be incorporated in
the structure without an important energy cosis nteresting to note that Sincation
sits at the crossover points in Figure 3 which ssgg possible substitution at either Ba
or Sn sites. This also exists in other perovskikel®, such as Nd in BaZgand Y in
CazrGs [9]. Our simulations suggest that similar effect mightur for larger dopants
(eg. Nd and La) which have a lower calculated soluenergy on Ba site. In fact, the
real situation is somewhat different since cati@ns incorporated in stoichiometric
proportion corresponding to substitution on eitsge. Nevertheless, this means that

for larger dopant some partial substitution on feshould not be discarded. A similar
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phenomenon was reported in Barium cerate compo{#iddndeed, Haileet al. [36]
showed that nominally B-site doped ,8& gsMo.1503.4 (x=0.85-1.20) can exhibit

significant Nd dopant partitioning over both Ba aDd sites.

6.3.5 Defect volume and cell parameter

In this section, the variation of lattiparameter with dopant radius and solute
concentration was calculated. In this case, we amdgsidered the substitution of
atoms on B-site. We then compared these calcuktiorexperimental data. Table 4
shows the volume associated to the punctual defemirding to the method described
above. We observe first that oxygen vacancy migivieha negligible influence on cell
volume evolution. Actually, from these results, @3of oxygen vacancies in BaSgO
would result in a less than 1 % contraction on ¢k# parameter. This was already
shown by Mogensert al. [37] who demonstrated that oxygen vacancy(Y{;) =
1.3771 A~1.4045 A) has a volume similar to thatnfoxygen ion. Then, we observe
that only F&" substitution on B-site cation leads to a negatieéect volume, which
actually corresponds to the fact that this atom dasnaller radius than tin. However,
as shown from the following table, the presencbafum vacancies or of dopant atom
Gd®*, Sn?* and L&" on A-site also leads to a diminishing of a negafiefect volume,
and thus to a decrease of cell parameters. Themresf these two defects could thus

explain the evolution of cell parameters confirmthg model proposed in chapter 3.
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Defect relaxation volume Defect relaxation volume
Defect 3 Defect 5
(A®) /defect (A% /defect
vc;’ -1.35 VE;; -1.86
Feg, -3.22
Sg, 3.54
Ing,, 7.34
Yo, 13.97
Gd'Sn 17.36
Smy, 19.31 Sy, -7.87
NdlSn 21.19 Ndg, -7.00
LaISn 24.9 Lag, -5.27

Table 6.4Defect relaxation volume

Figure 6.6 shows the predicted lattice parameters as a fumaif dopant radius
and concentration for BagmMo.25035 (M = Fe, Sc, In, Y, Gd, Sm, Nd and La) and
BaSn,YxOs;5 (x = 0-0.375). The examinations of the results reveslt lattice
parameters predictions reproduce well the experiaietiata for the BaSRY xOs
system, except for fiy, Sn?*, Nd®* and L&". For Ir** substitution, it is probable that
the actual experimental composition is differemanir the nominal formula due to
indium evaporation during thermal treatment. Thisuld explain why the cell
parameter of indium substituted compound is smahan expected. For St Nd®*
and L&", the lattice parameters predicted are higher ttren experimental ones
possibly due to partial substitution on A-site. §hivould confirm the tendency
foreseen by solution energy calculations preseatsalve.Figure 6.6 also shows the
evolution of cell parameter for Y doped compoundthwloping level ranging from 0
to 37.5 mol %. In this case, the agreement is goyd. This is all the most surprising
since, for these calculations, defects are constlests non-interacting which is

evidently far from the reality for such doping léve

- 140 -



Chapter 6 Atomistic Simulation of Pure and doped BagnO

I
N
<

4.23

ot (b)

—

3 420

< 4.20 5

E ®

e £4.17

5 5

o 415 S

o =414

B )

s o —e—Exp.

4.10 ——Simu. —O— Simu.
411
05 06 07 08 09 10 1.1 0.0 0.1 0.2 0.3 0.4
Dopant Radius / A Doping level x

Figure 6.6 Comparison of experimental and predicted latti@eameter: (a) Lattice parameter as a
function of dopant radius in BagaM.:0s5 (M = Fe, Sc, In, Y, Gd, Sm, Nd and La), (b) Ladtic
parameter as a function of dopant concentratioBasn,Y,Os;s (x = 0, 0.05, 0.125, 0.25 and
0.375).

6.3.6 Defect association

It is well known that the charge-compdimga oxygen vacancies, which form
upon acceptor doping, tend to interact attractivelyh dopant, leading to defect
clustering. The formation of such cluster adds dditeonal binding (or association)
term to the activation energy for oxide-ion conduity. The magnitude of this
interaction is related to the binding energy, definas the difference between the
formation enthalpy of the appropriate defect clusaad the sum of the formation

enthalpies of the isolated point defects:
Ebind = Ecluster_Z Eisolated defec (6'9)

We have considered the energies of simglects configuration consisting of a pair
cIuster(M;n:Vg')' at an adjacent (nearest neighbour, NN) site andrgkcoordination
shell (next-nearest neighbour, NNN) sites, Begire 6.7. The cluster binding energies

associated to these two configurations are repont&igure 6.8
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Figure 6.7 Dopant-vacancy cluster configuration in Bagn@01: Nearest neighbour (NN), PO2:
Next-nearest neighbour (NNN).

Figure 6.8 reveals that the most stable configuration of tedect cluster
depends on the size of the dopant cation. For dogations (such as Fe S¢* and
In®*), smaller than ¥, it is energetically more favourable for the vaopamo locate at
an NN site, whereas larger dopant cations (sucBd§ Snt*, Nd** and L&") favour
the NNN site for the vacancy.

For Y, the difference of binding energy is small betwedN and NNN
configuration. Thus as the oxygen vavancy movesyafsmam the Y** ion, there is
very little change in the binding energy.

Such inversion between NN and NNN si@bgity for the O vacancy has been
reported at larger dopant concentration from abargalculationg38]. Although the
larger concentration leads to larger binding erexgihe largest dopants are also found

in most cases by these authors to stabilize thagncy in the NNN site.
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Figure 6.8 Binding energies of dopant and oxygen vacanciesfaaction of dopants radius.

6.3.7 Oxygen ion migration

Finally, some information about oxygen gnation we extracted these
simulations. It is generally accepted that oxygéfusion is based on rapid transport
of oxygen vacancies which migrate by a conventiohapping mechanisnj39].
Atomistic simulation have been successfully usedineestigate oxygen vacancy
migration of other compounds like AZg@5], ACe(; [6, 10] and LaBQ [11, 39]. In
order to find the activation energy for oxygen immgration, it is necessary to locate
the lowest saddle point on the energy surface Heruvarious possible pathways. The
saddle point is the highest point along lowest gnpgrathway for an oxygen ion to
move between two vacant oxygen sites. The actimaivergy for & migration due to
the presence of vacancies is just the differencileénlattice energy when the moving
O is positioned on the saddle point and either eftttio octahedron corners.

In this study, the energy profile was peg out by calculating the defect energy
of oxygen ion migrating along the diffusion pathtween adjacent oxygen sites
followed the method of Cherret al. [39]. Each energy point was obtained after
relaxation of the lattice at the fixed coordinatdéghe migrating ion. The contour plot
of potential energy surface for oxygen vacancy atign is presented iRigure 6.9 It
clearly shows that the migration “channel” followssmall deviation from the direct
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path for vacancy migration. Migrating ion withinetlperovskite lattice is commonly
assumed to take a direct linear path along the x¥Hdye of the B@octahedron into a
neighbouring vacancy, for which the saddle poinfosated midway between the two
anion sited39]. However,Figure 6.9 shows that oxygen follows a curved route with
the saddle point bowed away from the adjacent SiorcaThis curved pathway had
also been foreseen in other perovskite compoukdsBaCeQ [6] and CaZrQ [4].

In the case of BaSp(Qthe saddle point obtained is displaced at a dtstaof
0.12 A from the linear path with migration energy0o65 eV. It has been reported that
the migration path of BaCeQwith cubic structure is observed at a distanc®.8b-
0.40 A from the linear path with the migration ege0.84 eV[6], undoped CaZr®
and SrZrQare found at distances of 0.42 A and 0.20 A from lihear paths with
calculated activation energies of 0.42 eV and @98 respectivelyf5]. These results
tend to show that the curvature is more pronourioedarger B-site atoms. The small
value of such distance for BaSf(3 also coherent with the fact previously mentine
that tin is small on its site in this compound. Aating to experimental results,
oxygen migration energies lies in the range 0.7 teV1.2 eV in acceptor-doped
BaSnQ compounds. According to DFT calculations, the axygnigration energy lies
in the range of 0.65 eV-0.79 eV also in acceptguetb compounds. Thus the value
obtained here might reflect only part of the vagahopping mechanism. In particular,
it is important to keep in mind that this calcuthtenergy relate to intrinsic migration
of oxygen vacancies and do not include possible@sason energies or dopant effects.
These additional energy terms may account for dngelr activation energies that are

found experimentally.
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Figure 6.9 Contour plot of potential energy surface for oxygewsancy migration (showing the
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Figure 6.10Migration energy of an oxygen ion as a functionhaf distance, d, orthogonally from
the linear path connecting nearest-neighbor oxgifes.

Figure 6.10 (b)shows the evaluation of the activation energy>gfgen migration
as we displace the oxygen ion in the saddle pevwatydrom the central Sn. The minimum
energy is obtained at a distance of 0.12 A fromlitrear path with the migration energy,
Emig = 0.65 eV by fitting the curve using polynomiat. Has been reported that the
migration energy of BaCeQwith cubic structure is observed at a distance.85-0.40 A
from the linear path with the migration energy 0e84[6], undoped CaZr®and SrZrQ
are found at distances of 0.42 A and 0.2 A fromlithear paths with calculated activation
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energies of 0.42 eV and 0.58 eV, respectivdy. These results have shown that
incorporation of a larger dopant on the B-site piced a greater path curvature, and
increasing the oxygen migration energy. It is int@ot to note that the calculated energies
relate to intrinsic migration of oxygen vacanciesl alo not include energies of defect
formation or association. These additional energyms may account for the larger

activation energies (1 eV) that are found for gartlopant levels.

6.4 Conclusion

Atomistic simulation techniques have bemed to get further insight into the
defect properties of pure and doped BagnThe conclusions are drawn from our
results as follows.

The potentials used reproduce well theeoved properties of cubic BaSnO
and might be used father stannate compounds. Actually, pyrochlorecstmes (not
presented here) are also very well reproduced thihin-oxygen potential used here.

Calculated energies for creating intikndefects are relatively high, with the
most favourable energy for the formation of BaOaraxy pairs.

Oxidation and reduction behaviour is isamto that observed in other barium-
based perovskite compounds though a higher reditgibmight be observed if
compared to barium zirconate.

The trivalent dopants, ¥cIn®*, and Y** have relatively favourable solution
energies at the Sn site. For cations greater timati, Some partial substitution on A-
site cannot be discarded and even is partly prayeexperimental values.

The predicted lattice parameters, deddo@m defect volume calculations, as a
function of dopant radius and concentration argaood agreement with experimental
values.

The binding energy qiv 'Sn:V")')' association with dopant size shows that
small size dopants prefer a cluster geometry inctvithe oxygen vacancy resides in a

nearest neighbour site, while for the big size ddpathe oxygen vacancy is located in
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a next nearest neighbour site. The yttrium dopanhé one that probably leads to less
association effects.

The oxygen migration energy is calculate be around 0.65 eV, in partial
agreement with the experimental values. Oxygen wese found to follow a slightly

curved trajectory on hopping between adjacent vagaites.
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Chapter 7 Conclusion and Per spective

7.1 Conclusion

7.1.1 Resume of the main results

First, a gel polymerization method hasrbsuccessfully developed to obtain pure
(if we except residual BaGpand homogeneous BaSiM,Os;5 (x = 0-0.5, M = Fe, Sc, In,
Y, Gd, Sm, Nd and La) nanopowders after calcinasibh200 °C for 4 h. In this case, the
average particle size is typically 100-200 nm aachgounds present a cubic perovskite
structure (Space groupmém). The sinterability of these nanopowders is depahan
the dopant nature but, in all cases, rather higlonfipared to most of previous studies. For
In and Fe dopants, the relative densities reactoug-98 % at 1500-1600°C while the
relative densities are about 90 % for other dopamtsSc, Y and Gd.

The defect chemistry of BaSgMo 25035 (M = Fe, Sc, In, Y, Gd, Sm, Nd and La)
compounds has been investigated taking into accstamttural considerations, atomistic
simulations and transport measurements. The |gtaceameters do not show the systemic
trend with the radii of dopants, but an abnormalpdior Sm, Nd and La. The small cell
parameters of the Sm-, Nd- and La- doped Ba%aD be explained by partial occupation
of the Ba-site, which is supported by semi-empirgadculations. These simulations also
show that the trivalent dopants, Sc, In, and Y hala&tively favorable solution energies at
the Sn site and the smaller association energyaxigigen vacancies.

When dealing now with the behavior offsgompounds as proton conductors, we
observed that all compounds present at low temyrerat dominating proton conduction
in wet atmosphere. Besides, the highest valuesaténuptake and proton conductivities
are observed for Sc- and Y-doped Bagnf@spectively. This confirms that, if Y is
favorable for the proton mobility, the high negatitydration enthalpy for Sc-doped
BaSnQ stabilizes the proton at higher temperature withi@ structure but impedes its

movement. As a general rule, the best ion condugbimperties, either for oxygen or
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protons, are obtained for the highest doping lewslsch indicate that for the range of
composition studied the conductivity is driven hg number of charge carriers.

The stabilities of Y-doped BaSipQvere investigated under different atmospheres
and conditions. In bO, CG and H-containing atmospheres, the Y-doped compounds do
not present impure phases by XRD. However, the wcindty of 37.5 mol % Y-doped
barium stannate degrades after several measurenadnth results in the collapse of the
structure. For low yttrium content, we have noteskied any degradation of conductivities
neither the appearance of parasitic phase in thgplsatreated in humidified and highly
reducing atmosphere.

Finally, we showed that the use of zirmle as a sintering aid for the 25 mol % Y-
doped BaSn@compound allows obtaining a relative density of%95after a sintering at
1300 °C. Zinc oxide as a sintering aid does noecafthe bulk conductivity and even

slightly increases the total conductivity.

7.1.2. Comparison of barium stannate with typical proton conductors

For typical proton conductors, it is wietiown that acceptor-doped BaGeshows
the highest proton conductivity, but its long-testability in CQ and water-containg
atmosphere remains a concern. Y-doped Ba£@nbine high bulk proton conductivity
and good chemical stability, and is considerede@lgood candidate electrolyte material
for intermediate-temperature fuel cells. In thisidst we find that Y-doped BaSnO
compounds also exhibit high proton conductivity agawbd chemical stability in CO
containing atmosphereg. the bulk conductivity of 12.5 mol % Y doped BaSn® wet
Ar is 1.2x10° S/cm at 600°C, is slightly lower than that of 10Ir#%6 Y doped-BazZr@
3x10° S/cm at 600°C (Bohet al. J. Am. Ceram. Soc., 20000) in the wet air.

7.2 Per spective
First of all, it has been put into evidenthat St dopant atoms favor a good
hydration rate of samples at high temperature, evigitrium dopant lead to favorable

energetic map for protons movement. Besided! 8opant as a smaller atom thad*Y
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would probably enhance the stability of compoun@ne may then think that a
combination a both atoms could probably give aarmediate behavior and could then be
used to improve the conduction and stability propsr

Then, a next step in atomistic simulagievould concern the modeling of protons
inside the doped BaSnOmaterial. This would first give some indications ¢he
localization of protons even if some previous reswdre already available for other
perovskite compounds. More interesting would bédtermine the possible dopant-proton
interaction energies that would help determinirgliest dopants atoms. Since yttrium has
already been identified as one of them, the sinariatwould allow understanding better
the reasons for such good conduction properties.

Finally, another concern is the stabitifyparium stannate compounds. In this study,
we have shown that this stability is probably intediate between that of cerate and that
of zirconate compounds but we only tested yttriuspetl compounds. It would be thus
interesting to test whether other dopant atoms teasimilar conclusions. It is already
anticipated that a smaller dopant would probablygine so poor stability for high doping
levels. Besides, Barium Cerate which is one ofrtiest promising proton conductors due
to its high conduction suffers from strong probleofistability. The solid solution with a
barium stannate compound could probably solve sointlee problems encountered, even

if a degradation of properties could be observed.
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Appendix A

Résumé en Francais

Objectif:
L'objectif de ce travail de thése consistait a i&ude nouveaux matériaux pour
applications aux piles a combustible de formuleBa® O35 (x = 0-0.5, M = Fe, Sc, In,
Y, Gd, Sm, Nd and La). Ces composes présententaousphere humide une
conduction protonique non négligeable potentiellenm@éressante au sein de piles a
combustible basse température. La these se su@sparties suivantes:

- Chapitre 1: Introduction

- Chapitre 2 : Méthodes

- Chapitre 3 : Elaboration et étude de composénBaB O3 (x = 0.125/ 0.25,

M=Fe, Sc, In, Y, Gd, Sm, Nd and La)

- Chapitre 4 : Elaboration et étude de composésaB¥503; (x=0 - 0.5)

- Chapitre 5 : Effets de I'ajout de ZnO comme aglentrittage

- Chapitre 6 : Modélisation

- Chapitre 7 : Conclusion

Résumé de la thése

Chapitre 1 : Introduction

Au cours de l'introduction, nous décrivons le catgagénéral des piles a combustible et
plus particuliéerement des piles a combustible aexgolide. En soulignant que
I'abaissement de la température de fonctionnemenpites permettrait de limiter des
surcouts importants et un vieillissement accél@gabmposants, nous montrons qu'une
voie pour parvenir a cet abaissement de tempérpaigee par I'meploi de matériaux de
type conducteurs protoniques, plus performantdegieonducteurs anioniques a basse

température. Nous présentons plusieurs matériauxuso comme étant de bons
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conducteurs protoniques tels que le cérate de baoyule zirconate de baryum. Ceci
permet d'introduire directement les stannates dgibade structure cristalline voisine
pour lesquels des propriétés de conduction protenamt également été observées. Nous
insistons sur le fait que ces études sont extrémelingtées et ne permettent donc pas de
décider définitivement sur I'utilité ou non de cesnposés. Ceci nous amene
naturellement a notre étude systématique de cepasin avec |'objectif de démontrer

leurs potentialités au sein des piles & combustible

Chapitre 2: Techniques expérimentales

Au cours de ce chapitre, nous présentons les mgshaquek nous avons employées au cours
de cette thése. Nous insistons particulierementasi@chnique d'élaboration de poudres
par polymérisation d'acide acrylique que nous aw@veloppées afin d'obtenir des
poudres aisément densifiables. Le résultat estaino&nt puisque nous obtenons des
céramiques apres frittage de densité de l'ord@0ée |a ou des méthodes plus classiques

ne permettaient pas de dépasser 80%.

Chapitre 3: Synthese, structure et propriétés éleagques de composés BagSaM O3
Ensuite, nous avons élaboré une série d'écharstitlartype BaSnMyOs5 (x = 0.125 /
0.25, M=Fe, Sc, In, Y, Gd, Sm, Nd and La), pougleds nous avons a la fois étudié les
propriétés structurales, microstructurales et tepietés de transport. L'objectif avoué
était d'identifier les dopants permettant d'obtésrpropriétés de transport les plus
intéressantes. A l'aide a la fois de mesures denthgravimétrie permettant de déterminer
I'absorption d'eau et de mesures électriques, aouss pu déterminer que les dopants
Sc* et Y3 étaient ceux permettant d'obtenir les meilleuoppétés de conduction
protonique. D'un autre c6té, nous avons montrénguavolution non monotone des
parametres de maille en fonction du rayon du dopauvait s'expliquer par la présence
du cation dopant sur le site A en supposant égalbtane perte par évaporation du

baryum.
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Chapitre 4: Propriétés structurales, incorporationprotonique et conductivité de
composés BaSpM Oz

Faisant suite au chapitre 3 ou nous avions moniedeydopant le plus intéressant du
point de vue des propriétés électriques étaitilytt, nous avons réalisé une étude étendue
des composés dopés a I'yttrium. Au cours de ceittbapous montrons que les propriétés
de transport sont améliorées lors que le taux gamtcaugmente, ce qui peut s'expliquer
par l'augmentation du nombre de porteurs et I'anggtien de la taille de grains avec le
taux d'yttrium. Cependant, nous montrons égalempeata stabilité du matériau pour ces
forts taux de dopage est fortement réduite. Ert,défe matériaux les plus fortement dopés
se dégradent sous atmosphére humide. Nous avoesnégéa montré que les composés
sont stables sous atmosphere hydrogénée mémgankssde grain semblent se réduire
facilement pour donner une contribution électrorigon négligeable a la conduction

totale sous hydrogéne.

Chapitre 5: Effet de I'addition de ZnO sur le frittage et les propriétés électriques de
BaSn.75Y0.2¢03.q

Les températures de frittage de 1500°C telles tjlisées lors des chapitre 3 et 4 sont
extrémement contraignantes du point de vue deliapipn et une solution de mise en
forme a basse température doit donc étre trouvéeohrs de ce chapitre, nous explorons
donc une nouvelle méthode mise en forme des sesdatbaryum ou ZnO est utilisé
comme additif afin de faciliter le frittage. Nousnirons qu'il est possible de par I'emploi
de 4% (en poids) de ZnO comme additif de baiss@iutdeurs centaines de degrés la
température de frittage des matériaux sans poantaffecter les propriétés de
conduction. Il est méme remarquable de constaketajoonduction est méme améliorée
pour une céramique frittée avec ZnO a 1350°C,aaude 1500°C pour un frittage

classique.
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Chapitre 6: Simulation a I'échelle atomique de BaSD; pur et dopé

Enfin, au cours d'un dernier chapitre qui vientemplément des chapitres 3 et 4, nous
avons réalisé une étude par calculs semi-empirided'effet du dopant au sien de

BaSnQ. Cette étude permet d'une part de montrer qudoleants qui viennent s'insérer le
plus facilement au sien du composé mére sdfit 8¢*, et Y** correspondant aux cations
ayant le rayon ionique le plus proche d&'S@es calculs permettent également de prévoir
I'évolution des paramétres de maille en fonctiom dghodéle de défaut et viennent donc en
support aux hypothéses faites lors du chapitre Substitution partielle sur le site A par

les gros dopants. Ces calculs permettent égaleditaniciper une faible interaction entre
I'yttrium et la lacune d'oxygéne qui permet d'exyypdir en grande partie les bonnes

propriétés de conduction de ces composeés.

Chapitre 7. Conclusion

Enfin, en conclusion, nous essayons en résumaptdgsiétés observées de stannates de
baryum dopées, de les resituer dans le contextéraée I'application visée. Nous
montrons ainsi que les stannates de baryum peéttenintéressantes pour l'application
aux piles a combustible pour peu que le taux dewdiogoit limité, que la taille de grain
soit importante, que le procédé d'élaborationcgatimisé afin d'éviter les hautes
températures de frittage. Nous montrons que,rsvieau de conduction est faible si
comparé a celui des cérates, il est par contreddait comparable a celui des zirconates.
Une solution de compromis consisterait alors ceetaient a fabriquer des solutions
solides entre BaCe(®t BaSnQ@ dopés, afin de combiner les propriétés intéressais

conduction ou de stabilité des deux matériaux.

- 156 -



	Cover.pdf
	Acknowledgements
	Abstract-Resume
	Contents
	Chapter 1 Introduction
	Chapter 2 Experimental Techniques
	Chapter 3 Synthesis
	Chapter 4 Structural
	Chapter 5 Effect of ZnO Additive on Sintering and Electrical Properties of BaSn0
	Chapter 6 Atomistic Simulation of Pure and Doped BaSnO3
	Chapter 7 Conclusion and perspective
	Appendix A-R

