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1. Solid Oxide Fuel Cells

1.1 The operating principle of Fuel Cells
In the last twenty years fuel cells (FC) attractedch interest due to the high efficiency of
conversion of chemical into electrical energy amthe low emission of pollutants.
The first fuel cell was constructed by Sir Willia@rove in 1839: the device, fuelled with
pure hydrogen, was operated at room temperatuik,aadilute solution of sulfuric acid
constituted the electroly{grove1839]
The FC operating principle is easy:. oxygen is reduced at the cathode andfuible
(hydrogen, hydrocarbon, alcohol, biofuel, etc.pxsdized at the anode; the electrons travel
from anode to cathode through the external cigoraviding electrical power, while the ions
involved in the cell redox reaction close the eieat circuit traveling through the
electrolyte. The state of the art fuel cell teclogyl is based on solid state electrolytes,
ensuring reliability and straightforward operatiohthe device. The reaction products are
H,O and CQ when the fuel is a hydrocarbon, but it is onlyCHfor hydrogen fuelled
devices; the fuel cell reaction also produces Kiegt1.1) [steele2001] Usually, the anode
reaction proceeds with high activation energy, lsat & suitable electrical power can be
obtained by a large surface area electrode wor&ingigh temperature (above 600 °C). At
lower operating temperature (about 100°C), a precimetal anode catalyst (usually Pt) is
needed.[larminie,dicks2003]. If the electrolyte is an anion conductor, the dexiions
produced at the cathode migrate through the elgt#rto the anode where react with fuel.
Alternatively, when a proton electrolyte is invallyethe protons generated at the anode
migrate trough the solid oxide to the cathode whirey react with oxygen. The ion
conduction is thermally activated and its magnitwdees dramatically, depending on the
nature of electrolytghaile2003]



Hydrogen fuelled FC reactions

Cathode:%O2 +2e - 0% Anode:H, - 2H" +2e”
Electrolyte conduction: ©® Electrolyte conduction: H
Anode:H, +0* - H,0+2e" Cathode%o2 +2H"+2e - H,0
[haile2003]
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Fig. 1.1 Layout of a proton electrolyte fuel cell. Oxygenreduced at the cathode and
hydrogen is oxidized at the anode: electrons travéie cathode through the external circuit,
while protons diffuse to the cathode through thecteblyte; the reaction product is water
[solarserver].

Fuel cells have many advantages compared to cdowahpower generation systems:

. “Green energy”: the fuel cells have very low emissions of polhita When the fuel
is hydrogen the reaction product is pure waterasbieving the “zero emission” issue.
However, it should be noticed that at present tieapest technology for the production of
hydrogen is the steam reforming of natural gaseslyzing emissions of greenhouse gases.
. Efficiency: the fuel cell have high efficiency, in particulaCs working at high
temperature can reach an efficiency of 65%.

. Simplicity: the essential components of fuel cells are wmple, allowing high

reliability.



1.2 Types of Fuel Cells
There are several types of fuel cells, classifiecbeding to the exploited electrolyte. A basic
list is reported below:
PAFC (Phosphoric acid FC)
PEMFC (Polymer Electrolyte Membrane FC)
MCFC (Molten Carbonate FC)
AFC (Alkali FC)
SOFC (Solid Oxide FC)
Tab. 1.1gives a synthetic account of the respective charatcs:

Electrolyte | lon Temperaturg Fuel Efficiency | Power
conducted| (°C) (KW)
PAFC | H3PO, H 200 H 40% 1067
PEMFC | Polymer | H* 70-80 H,CHOH | 40% 12.8)
(Nafion)
MCFC | Molten COs” 650-700 H, 45% 1006
carbonate hydrocarbon,
CcO
AFC KOHaq) OH 70 H 60% -
SOFC | Solid oxide| G or H* | 500-1000 | H, 65% 10¢"
hydrocarbon,
CcO

(@) Allied Signal; (b) Fuji Electric; (c) MCFC Research Associatiorfd) Siemens
Westinghouse.

Tab. 1.1 List of the most important types of fuel cell.rfelamental operation parameters
and producer are reportframamoto2000] [steele2001], [haile2003]

For the lower temperature fuel cells (PAFC, PEMRE(C) a fuel reformer is required; this
constitutes a drawback, involving an increase ofiglexity and a decrease of efficiency. For
fuel operation, a Pt anodic catalyst is necesdhgt, is expensive and irreversibly adsorbs
CO at the low working temperatures, so requiringhhpurity H streams. In contrast, fuel
cells operating at high temperature (MCFC and SCHG)v the straightforward oxidation

of both CO and K [steele2001] An important advantage of proton electrolyte faells
(PAFC, PEMFC, SOFC) is that the unreacted fuebitsnmixed with the reaction products, so

allowing straightforward recirculation of unreacteebl. In PAFC’s cells the electrolyte is
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the phosphoric acid, requiring external reformimgl &t catalyst anode. A severe limitation
to the commercialization of this system is the higiit cost.PEMFC’s utilize a polymeric
electrolyte membrane, usually Nafion (a DuPont drachark), whose high proton
conductivity is counterbalanced by the drawbackdo®f operating temperature (Nafion
decomposes at 120°C). Direct methanol PEMFC'’s laavery low powerMCFC’s do not
need external reforming and precious metal anodelys however, the nature of the
electrolyte, a hot and corrosive mixture of lithiupotassium and sodium carbonates, offsets
these advantages.

The AFC fuel cells, that utilize the KOH electrolyte, caork only at low temperature so
that an expensive Pt catalyst anode and exterfaiming are required. Another important
drawback is the necessity of removal of {f@m the cathode. New prospects are given by
the Biological fuel cells which try to replicate the way nature derivesrggdrom organic
fuels; organic fuels, like methanol or ethanol ased, and electrode reactions are promoted
by enzymes. Despite the potential interest, bialigifuel cells are still very far from
technological maturity{steele2001] [larminie,dicks2003]. SOFCs use a ceramic solid
oxide as electrolyte. The SOFCs have several adgastover other types of fuel cell: the
electrolyte is solid, so that the SOFCs do not theemanagement problems of PAFCs and
MCFCs; in particular, they do not need externabmeing and expensive anode catalysts;
moreover, these devices allow flexibility of empiegnt in a large range of high
temperatures, easy handling of the excess heatauriliary energy production, use of
cheaper materials. In contrast, the SOFCs utilzlatively weak and brittle structural
componenfyamamoto2000] Among solid oxide anionic conductors, the mosized is
yttria-stabilized zirconia, while solid oxide protoconductors are to date affected by
unresolved problems concerning low grain boundarndactivity or low chemical stability
[kreuer2003].

Due to the higher efficiency and greater fuel fielily, high temperature SOFC’s are
generally preferred for stationary applicationsr portable devices, low temperature fuel
cells are favored, in particular PEMFC’s, becaussy thave a rapid start-up and minimize
the thermal stresses of materi@tgy.1.2)[haile2003], [larminie,dicks2003]



Typical Portable Cars, boats, Distributed power
applications electronics and domestic generation,
equipment CHP CHP, also buses
POWER 1 10 100 1k 10k 100k iM 10M
in Watts
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advantages Faster recharging  Higher efficiency quiet
Range of < DMFC > ( AFC > < M&>
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the different < . >
types of < PEMFC

)
fuel cell

Fig. 1.2 Chart summarizing the applications and advantafjdgferent types of fuel cells
[larminie,dicks2003].

1.3 Efficiency and potential in a Fuel Cell
If an electrochemical system performs a reverdialesformation, the electrical work is
equal to the variation of the Gibbs free energyeréfore, the electromotive force (or
reversible open circuit voltage) of a hydrogen-iegtlcell is:

AG

1.01) E_, =-
(1.01) B, =~ 2
whereG is the change of Gibbs free energyis the Faraday constanmtjs the number of

moles of fuel and the fact@raccounts for the number of electrons involvedmredox
reaction H2+%O2 - H,0

The Gibbs free energy of the reaction is:

1/2
(1.02) AG = AG" -Rﬂn(mJ

H20
WhereAG? refers to the standard states of all speitéeminie,dicks2003], [haile2003]
The limit value of efficiency is th&ibbs efficiency §c):
AG 2nFE
(2.03) = =- —
Te AH AH

WheredH is the heat of the reaction.

In Tab. 1.2 the molar Gibbs free energiedgj for some useful temperatures, the
corresponding maximum value of open circuit voltégg,) and the maximum efficiency, or

Gibbs efficiency £c) when the fuel is hydrogen are reportgakminie,dicks2003]
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T (°C) Ag (KJ/mol) Eove (V) Ne
25 -273.2 1.23 83%
80 -228.2 1.18 80%
200 -220.4 1.14 77%
600 -199.6 1.04 70%
800 -188.6 0.98 66%

Tab. 1.2 For selected working temperatures of hydrogehddeells, the molar Gibbs free
energy 4g), the corresponding maximum value of open cireaitage E,.) and the Gibbs
efficiency (7c) are reporteflarminie,dicks2003].

Theopen circuit voltagecan be calculated by Nernst equation:

1/2
(1.04) E,, =E°+ RT, | Bz For
2F P,

However, when a fuel cell is put to use, the meawoltage is considerably less than open
circuit voltage, especially at high temperaturese Fig. 1.3 shows the performance of a
SOFC operating at about 8009G@rminie,dicks2003]

1.2 7
‘No loss’ voltage of 1.0V
L i
___— Graph is fairly linear
—
— 0.8
=
@
[=]
= 0.6 N
S | Verysmallinitial fall in voltage, and open circuit
= voltage is very close to theoretical value
© 0.4 —
Voltage begins to fall faster
at higher currents
0.2 —
0 T

0 200 400 G600 800 1000
Current density (mA cm™)

Fig. 1.3 Cell voltage vs. current density of a typical SOéperating at about 800°C.
[larminie,dicks2003].
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Thepotential of a fuel cellis given by the value of open circuit voltage nsrall sources of
losses: the activation overvoltagdW), the ohmic lossesdVonm) and the concentration
losses 4Vit)

(1.05) V(e = Eoey ~AV.q — AV, — AV

Where:Eq is given byeq. 1.04 and the after terms of the right membeegf 1.05are
defined by the=q.s1.06-1.08below reportedlarminie,dicks2003], [haile2003]

The activation overvoltage at the surface of an electrode is given by thesTampirical

equation:

RT i +i
1.06) AV, =——1In 0
109 v, = KL nf 121

Iy

where a is the charge transfer coefficient and dependseantion of electrode and on its
material manufacturingi is the current densityi, is the internal current density (a little
qguantity of electrons that migrate through the tetdgte and not trough the current
collectors), andl is theexchange current density When the circuit is open, at zero current
density (), is not true that there are any activities at ¢hextrodes: the cell reaction is at
dynamic equilibrium, so there is a flow of elecsoinom and to the electrolyte, it is the
exchange current densityp)( If the exchange current density is high then sheface of
electrode is more active. This current densityrigial in controlling the performances of a
fuel cell, its value have to be higher as possi@enerally, in a fuel cell the overvoltage at
the anode is negligible compared to that of thbade. To decrease the overvoltage, use of
catalysts, improvement of electrode surface arehiacrease of working temperature are
needed. A loss of potential is also due to someuamof fuel that diffuses to cathode
through the electrolytdyel crossovej.

The Ohmic losseqeq.1.07, due to power dissipate by all resistance, caddoeeased using
electrodes as thin as possible and with higherwcindty is possible.

(1.07) AV, =i[R

The resistancR includes terms of electrolyte, electrodes andenrcollectors.

When the reagent gas moves into the electrode réssyre is decreasing while the gas is
reacted, this reduction in pressure depends oal#utric current of the cell and will give a
reduction in voltage. Irequation 1.08we see that the change in voltagencentration
lossesis given by the change in pressure of gas at elecrode:

(1.08) AV, =L B | =Ry 1
2F | P,
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wherei; is a limiting current density at which the fuelused up at a rate equal to its
maximum supply speed. Another approach uses armriealpquation and gives better fit to
the results:

(1.09) AV, =mexp(ni)

wherem will typically be about 1*13V, andn about 8*10cnm’mA™ in a SOFC
[larminie,dicks2003].

The totalefficiencyn of fuel cellcan be calculated by:
(1.10) n =nen,a
wherea is the fraction of fuel usedys is the Gibbs efficienc{eq.1.03)andsy is the voltage
efficiency:
E
1.11 =—
(1.11)n, E

ocv

whereE is the voltage at closed circuit whig,, is the open circuit voltagsteele2001]

1.4 Solid Oxide Electrolytes
The anion conductivity of certain solid oxide ceresrhave known since more than hundred
years.In 1899 Nernst first discovered that XOsz-doped ZrQ was a solid oxide ion
conductorfinernst1899] The substitution of Zf with Y** involves the formation of oxygen
vacanciesfor charge compensation. The defect reaction aarwbtten in Kroger-Vink
notation as:
(1.12) Y,O, - 2Y', +V," +30,"
The conductivity is due to these oxygen vacancies:
(1.13) o =€V, ']

wheree is the effective chargegy is the mobility of vacancies arftyy] their concentration

[yamamoto2000].

An ideal electrolytehas to fulfill further requirements:

. High oxygen ion, or proton, conductivity

. Low electronic conductivity, to minimize the intafrcurrent

. Chemical stability under reducing, oxidizing commiitand in presence of GO

. Impermeability at fuel and air

. Easy fabrication of dense thin film

. Mechanical integrity at operating temperatureghaile2003],[yamamoto2000].
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Fig. 1.4 shows specific conductivity for selected soliddielectrolytes versus reciprocal

temperature.
Temperature [°C]
800 700 600 500 400 300
0k BiEOﬂ-

P \.

-3 F %O

Log(o) [Q'1cm'1]

1000/T [K']

Fig. 1.4 Specific conductivity for selected solid-oxide@tolytes versus reciprocal
temperaturghaile2003]

The classical oxygen ion conductor is the stahlliZeO,, which has a fluorite structure. The
dopant SgO3 gives the highest conductivity. Despite its higim@uctivity, (ZrO 2)1-(SGO3)x
(SS2)is not the most used electrolyte in fuel cell teabgy, because it is expensive and
hardly stable at high temperatures. The typicabtibpf zirconia is ¥Os: the highest
conductivity (0.14 Sci at 1000°C) of yttria stabilized zirconf®SZ) is reached in
correspondence of the compositi@mnO ,)0.8(Y 203)0.2. YSZ has been widely used, due to a
relatively high anion conductivity, a low electrordonductivity and good stability under
reducing and oxidizing atmosphgsamamoto2000], [arachi1999].

The major drawback of YSZ is represented by thg Wgh working temperature; the most
investigated oxide for the production of electrelytorking at lower temperature is CgO
with fluorite structure. In this case Sm and Gdthedopants that give the highest values of
conductivity. The conductivity ofCeygGdg-01¢ (GDC) is 1.2* 10° Scmi' at 800°C and
3.7*10° Scmi' at 600°C. At the same temperature and dopant otratien, the ionic
conductivity of ceria is about one order of magaé&ugreater than zirconia, because the
larger ionic radius of Céwrt Zr** produces a more open structure through which anian

migrate. Despite the better ion mobility, GDC canhe used beyond800 °C because at
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higher temperatures and in reducing conditioi*@an be reduced to &€einvolving a high
electronic conductivity that increases With(@\g;j”‘1 dependencéghaile2003],[tuller1979].

A lot of oxides with perovskite structure, in adarvariety and concentration of dopants
show oxide ion conduction and are diffusely studieokr example8aThy ¢Gdp 103 (BTG)
was used as electrolyte with a thickness of 0.1atrB50°C; its anion conductivity was
estimated to be 8.7*10 Scm' [yamamoto2000], [cook1992] Lag ¢Sro1GaosMgo.02.85
(LSGM) has an anion conductivity of more then 0.1 Scah 800°C and a good chemical
stability, but secondary phases are often deteaatélde grain boundary (GB) that increase
the GB resistivity. A further drawback of LSGM isat it reacts with Ni, a typical material
for anode, to form LaNi@yamamoto2000], [ishiaral994]

One outstanding objective of the research aboutdeits is the development of solid oxide
proton conductors. To obtain proton conductionigralefects are introduced into the oxide
by dissociative incorporation of water that, as t@neasily recognized from the relevant

defect reaction,
(1.14) H,O,, +V, " +0O," < 20H

requires the presence of reticular oxygen vacancgsally created by insertion of lower
valence cationic dopants.

Fromeq. 1.14 the capacity of the solid oxide to incorporatetpns depends on its
Broensted basicity and therefore the formationrofgn defects is not compatible with a
high stability of the oxide against reaction wittiddic species such as ¢@nd SQ
[kreuer2003].

In fig. 1.5 the proton conductivities of some proton condualactrolytesvs. reciprocal
temperature are reported, andio 1.6 the water incorporation and decomposition by,CO
equilibrium constants are compared for selectetbproonductors.
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Fig. 1.5 Specific conductivity for some proton conductdectrolytes versus reciprocal
temperature at a partial pressure of water of 3[krdeéuer2003].
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Fig. 1.6 Equilibrium constants of water incorporation amiddecomposition by C©Ofor
selected proton conductdkseuer2003].
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Some of the best proton conductors have a per@vsipe structure, such as the BaGeO
based oxideswhich have high proton conduction and high constaitydration. An
important drawback is that these materials have pbhemical stability against GO The
proton conductivity of BaCeysSmy 10,95 (BCS) is about 18 Q“'cm® at 500°C.
[kreuer2003], [iwaharal988] Also BaZrQ-based materials have a perovskite structure.
The bulk conductivity oBaZrogY 02029 (BZY) is slightly higher than BaCegthbased oxides
and at the present this is the only material thatlmnes high bulk proton conductivity with
high chemical stability. The major disadvantageBa&Y is the high resistivity of grain
boundary that limits its use for fuel cell appliocat[kreuer2003], [katahira2000].

1.5 Electrodes for Solid Oxide Fuel Cells

The demands of fuel cell electrodes are extremetlamdesearch in this field is very active.
An ideal electrodehas to fulfill several requirements:

. High electronic conductivity
. Transport of gas and ionic species
. Porosity and high surface areas to enhance themuaxiinteraction between

the reagents
. Chemical compatibility with the electrolyte
. Mechanical compatibility with the electrolyte gieyating temperatures.
At present the most used cellNs YSZ|YSZ|LSM made bySiemens-Westinghousdn this
cell the anode material is a Ni / (Z)@2x(Y 203)x cermet, and the cathode composition ig La
xSKMNO35 (X = 0.15 — 0.25); the porosities of electrodes tgpcally 25-40 vol%. After
deposition of La(Sr)Cr® interconnections, the thick-flm (30-gf) is made by
electrochemical vapor deposition (EVD). The anoslepiepared from a NiO and YSZ
mixture which is subsequently reduced in situ. ®yistem ensures an efficiency of 60%. A
tubular 100kW system fabricated by Siemens-Westingl has efficiently worked for over
20,000 hrdsteele2001], [haile2003]Recently LSM cathode was changed with a composite
YSZ:LSM = 50:50. This change has given an incresseeak power densities, for
laboratory cell operated on hydrogen, from aboudn2®/cm? at 1000°C to 2 Wocih at
800°C[haile2003] [singhal2002].
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For each electrolyte, suitable electrodic materialgst be selected: for instance, good
performances are described fbii-YSZ|GDC|LSFC cell (LSFC=La sSr FeysC03)
[yamamoto2000], [van berkel1995] and for Ni|LSGM|SSC (SSC=SrgsSihsC00s)
[yamamoto2000], [ishiara1998].

As concerns proton conducting SOFCs, some expetinvegre simply focused on proof of
principle utilizing Pt for both electrodes. Kreueports that a pellet 15Y:Ba(@@Ce 1)0s5
was covered with a Pt paste as electro@$B(ZC)Y|Pt) . The maximum power was
30mWem? at 800°C, a value lower than the expected value tu grain boundary
impedance and significant electrodes polarizafkxeuer2003].

A cell was made using the proton conductor BaSey 103.5 and with a porous Ni anode
and La Bay 4C00; cathode. The maximum short-circuit current densitii|BCS|LBC cell
was 900mAcrh at 1273°C but proton conduction was predominaniovibel000°C
[haile2003],[iwahara1993].

In Tab.1.3are summarized the selected cells and their cteaistics.

SOFC Type of Characteristics References
conduction
Ni-YSZ|YSZ|LSM o~ efficiency 60%. a tubular system [steele2001]
has worked at 100kW for over
20.000 hrs
Ni-YSZ|YSZ|YSZ:LSM o~ from about 250mWcihat [singhal2002]
1000°C to 2 Wcrii at 800°C
Ni-YSZ|GDC|LSFC o~ a cell voltage of 0.7V was [van
obtained at 150mActhand berkel1995]
603°C
Ni|LSGM|SSC o~ a cell voltage of 0.7V was [ishiara1998]
obtained at 500 mActhand
600°C
PtIB(ZC)Y|Pt H* maximum power was 30mwWcm  [kreuer2003]
Z at 800°C
Ni|BCS|LBC H* maximum current density wag [iwahara1993]
900mAcnt at 1273°C

Tab. 1.3 Are reported some selected SOFCs and their dleaistcs.
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2. Proton conduction in solid oxides

2.1 Types of solid proton conductors

Many different types of solids show proton condmatiin particular, the state-of-the-art
ceramic solid oxides have a maximum conductivityabbut 17 - 10° S cmi*. Generally,
proton conductivity increases until a given tempeeais reached, and then decreases due to

decomposition and/or water loss.

1000 oo 400 300 200 100 200
1 II S (— lL —l |

Log conductivity (Sicm)

" L

0000 0001 0002 _ 0003

T (1/K)

Fig. 2.1 Selected literature data of different types ajtpn conductor solid materials. The
polymer Nafion has the best proton conduction, ibuiecomposes at 120°C. CsHSO
becomes a fast proton conductor at about 140°Cit boelts at 200°C. The BaCeg®dased
oxides have high proton conduction and high constérhydration, but they have poor
chemical stability against GOThe BaZrQ-based oxides have high bulk conductivity and
high chemical stability but they have high resisyiof grain boundarynorby1999].
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A brief account of the most investigated solidesiatoton conductors includes:

Hydrated polymer membranes These materials enclose water pools where alliqui
like mechanism of proton transport takes place. fitedons are often introduced by
ion exchange of alkali cations. The best protondcaior in this class of solids is
Nafion (a DuPont trade mark), that has proton conductiomparable to liquid
H3POy. The working temperature of Nafion in fuel celsless than 120° C, because
at higher temperatures the polymer decomppsaby1999].

Organic and inorganic hydrates. The conduction mechanism takes place with the
formation of defects such as proton vacanciesterstitials, which can be formed by
thermal intrinsic disorder or aliovalent doping. typical material of this class is
CsHSQO,, which becomes a fast proton conductor at abo0tG4and has an upper
working temperature of about 200°C, in correspondeto the CsHS©Omelting
temperaturelnorby1999]

Ceramic solid oxides. Protons are inserted in the structure by disso@ati

incorporation of hydrogefeq. 2.01)or water(eq. 2.02) In Kroger-Vink notation:

(2.01) H, , +20,° = 20H, +2e

2(9g)
(2.02) H,0,,, +V, " +0," = 20H,’

When hydrogen is fe&q. 2.01 formation of delocalized electrons takes pladeijev
dissociative incorporation of wateeq. 2.02 needs oxygen ion vacancies to host
hydroxyl ions. The highest conductivity of this £tais achieved bgerovskite-like
oxides In particular, BaCe®based oxides have high proton conduction and high
hydration constant, but poor chemical stability aoss CQ. On the other hand,
BaZrOs-based oxides have high bulk conductivity and talgmical stability, but are
affected by high grain boundary resistivifiyorby2004], [kreuer2003]

The first that discovered and treated hydrogenatefe oxides was Carl Wagner in 1960.

The scientific interest in solid oxide proton conttws was strongly enhanced when

Iwahara et al., in 1980’s,showed that certain perovskites have high protmdactivity at

elevate temperatures and demonstrated many posgiplieationdiwahara1981].
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2.2 Formation of hydroxyl defects in perovskites
When a doped perovskite, with general stoichiomeformula A(B.xDyx)Oszs, IS in
equilibrium with water vapor, proton defects arenfed according teq. 2.02 the hydration
equilibrium constant is given by:
[OH,I?
Vo 1105 1Ry 20

Taking into account the electroneutrality conditi@@y. 2.04),where [D’] represents the

(2.03) K =

trivalent dopant concentration, and the stoichioimebalance(eq 2.05) it is possible to

calculate the concentration of proton defdets 2.06)
(2.04) 2[V, " ]+[OH, '] =[D']

(2.05) [O"]+[V, " ]+[OH, 1 =[0] =3

[mKam@fJﬂDLJDF+ gD] _ 4D J

[O] [0 [OlKP,y [O]*KRyy0

2.06) [OH,'] =
(2.06) [OH,’] K

At low Py,0 the dopant is compensated by oxygen vacanciese whhigh B.o the dopant

is compensated by hydroxyl defefiterby2004], [kreuer2003]

As the dissociative incorporation of water is acpamed by a weight increase, the
concentration of proton defects can be experimgntitermined by thermogravimetric
analysis TGA) as a function of temperature or of water-parpagssure. Since K(T)
generally shows an Arrhenius behavior, the enthalpy entropy of hydration may also be
obtained:

(2.07) InK =TAS? —-AH°

[kreuer1999], [giannici2007a].

For cubic perovskites, having only one kind of osmygsite, the fit of eq2.06 to the
experimental hydration isobars is good, and is \ggd also for perovskites that have a
slight orthorhombic distortion, then presenting tkimds of oxygen sites (for example
Y:BaCeQ). Only for perovskites that have a high deviatitom ideal cubic structure, like
for example Y:SrZr@ the hydration isobars can not be fitted by @6 expression. In
particular, the existence of different oxygen siteduces the saturation linjkreuer1999],
[kreuer2003].

The hydroxyl defects formatiof2.02) may be considered an amphoteric reaction because a
water proton is transferred to a lattice oxygen #rahydroxyl ion fills an oxide vacancy.

The hydration enthalpy in perovskites becomes mugative in the order: titanates >
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zirconates > cerates; Kreuer et al. suggest tieb#havior is indicative that the basicity is a
crucial parameter that controls the formation ofdrdoxyl defects [kreuer1999],
[kreuer2003]. Norby et al. show that there is a correlationdaein the hydration enthalpy
and the differencéyg.a in electronegativity between the cations poputatime B-site and
the A-site; perovskites with smalxg.a have the more negative hydration enthalpy
[norby2004].

The low hydration entropy of Y:BaZgXan explain the stabilization of hydroxyl defeafs

to quite high temperature, despite the relativalw Ihydration enthalpykreuer1999].
Giannici et al. have showed that hydration entragycorrelated with the structure of
perovskites: In:BaCeOhas very regular Inoctahedra and hydration entropy less than
Y:BaCeQ, in which the YQ octahedra are distort¢giannici2007a}

2.3 Chemical stability of perovskites
The fact that the capacity of solid oxide to inaugie water depends also on its Broensted
basicity suggests that the formation of proton csfés not compatible with a high stability
of the oxide towards reaction with acidic speciashsas CQ@ and SQ that involves a
decomposition of ceramic oxide (for example reacB®8).
(2.08) BaCeO, +CO, — BaCO, + CeO,

Indeed, the chemical stability of perovskites @ases with the decrease of the stability of
hydroxyl defects, in the order: titanates > zirdesa> cerate@~ig. 1.6)[kreuer2003].

The stability of SrCeg) showing a strong orthorhombic distortion, is asinequal to that of
BaCeQ. Therefore, the chemical stability of perovskitessus acid species is affected to a
minor extent by the reduction of symmetry. The clvaistability of BaZrQ is higher than
BaCeQ, due to the higher covalency of the Zr-O b¢keuer2003].

2.4  Mobility of protons in perovskites
In a hydrated perovskite the free energy decreaseta O-H bond formation is competing
with the free energy increase involved in the cgoset lattice distortion caused by
hydrogen bond establishment between neighboringgeng. Quantum MD-simulations
demonstrate that in BaCetased materials these free-energy contributiangaanced for
a wide range of oxygen separation (250-300 gkmeuer2003], [kreuer2000]} The strong
red-shifted OH-stretching absorption observed byamed spectroscopyR) demonstrates

the formation of strong hydrogen bonds. Instantasemmnfigurations like the one depicted
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in Fig. 2.2 promoted by lattice thermal vibration, are polesdnd allow proton hopping to
eight neighboring oxygen sitg&reuer2003], [kreuer2000]

a) b)

average configuration tranzslant hydrogen
bond (schematical)

Fig. 2.2 Hydrogen bond in BaCeOa) average configuration, b) instant configumatio
allowing proton hoppindgkreuer2000].

When the configuration of O-HD is linear, the calculated activation enthalpy pooton
hopping in cubic perovskites is 0.15 eV; howevke btbserved value is noticeably higher
(about 0.4-0.6 eV), probably because the repulsiteraction between the proton and the
highly charged B-site cation prevents the formatioi linear O-H O configuration.
Actually, this interpretation can be supported bg higher activation enthalpies observed
when the B-site is doped with pentavalent spg&iesier2003], [kreuer2000]

A symmetry decrease has tremendous effect in thiilibyoof protons. Y:SrCe@is less
symmetric than Y:BaCefits large orthorhombic distortion giving risett@o nonequivalent
oxygen sites and therefore to two different chetmérevironments. As a consequence, the
non-homogeneity of proton reorientation freedonotighout the solid oxide produces an
average increase of activatienergy [kreuer1999], [kreuer2003]

The mobility of proton is also sensitive to chenhiparturbation induced by the dopant. In
Y:BaCeQ the proton mobility decreases as a function of dbpant concentration: the
introduction of Y increases the basicity of oxygeasd therefore involves the formation of
stronger O-H bondgkreuer1999], [kreuer2003]
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2.5 Structure of doped perovskites

Fig. 2.3 Structure of perovskiteY:BaZeOThe smaller Zf" cation (deep blue balls) resides
in the center of corner —sharing Zr©ctahedra (& are the red balls). The larger Ba
cations (green balls) are located in the vertidgbecubic cell.

In a perovskite AB@(Fig. 2.3) the smaller B-cation resides in the center ohepssharing
BOs octahedra. The larger A-cation is located in theitees between the octahedra and is
coordinated by twelve oxygens. An ideal perovsigteubic but in the case of BaCg0r
SrCeQ an orthorhombic distortion takes pldgeannici2007a]

Mobility and stability of hydroxyl defects are stgly influenced by the structure of the
perovskiteso that it is very important to study the long rang and the local structure of

a solid proton conductor to understand and to impree its properties. Giannici et al.
recently studied the BaCg@erovskite doped with three different trivalenti@as: the long-
range structure was investigated by X-ray diff@c{iXRD) and the local structure by X-ray
absorption spectroscopy(EXAFS) (Fig. 2.4) [giannici2007a], [giannici2007b],
[giannici2010].
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Fig. 2.4 The left frame shows the experimental EXAFS gpet -193°C) and the best fit
for In:BaCeQ doped at 2% and 30%. The right frame reports th&iér transform and the
best fit for the 30% In-doped samgannici2007a]

The three dopants of barium cerate®*Iny®>* and Gd" respectively, have ionic radius
smaller, nearly equal and larger than*Cd®espite the very small ionic radius mismatch
between C#& and Y*, the YQ octahedra are axially distorted and the hydroxafiedts
preferentially interact with the doped B-sites. BB\ analysis demonstrated that yttrium
solubility in barium cerate is limited to about 1766 the available B sites. Also for
Gd:BaCeQ the dopant solubility does not exceeds about 28% the proton defects are
preferentially localized around the doped B-sited(; octahedra are quite strained and the
second coordination Gd-Ba distances are very cotettaBoth “good” dopant ¥ and Gd*
induce a strong and localized perturbation of I@talcture. On the contrary, the insertion in
barium cerate of indium is possible in the wholenpositional range. The In(bctahedra
are always regular and the hydroxyl defects doimetact with a preferential B-site.lhis
able to effectively release the structural strawerothe surrounding lattice, allowing
complete dopant solubility. On the other hand, gmadiffusivity in In:BaCeQ is definitely

lower than in the other two compourdsannici2007a], [giannici2010]
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2.6 Grain boundary conductivity in perovskites

The grain boundary is the interface between two crystalline grainsairpolycrystalline
material as shown by the report8EM (scanning electron microscope) images) 2.5).

Fig. 2.5 SEM images of pellets BaggZr«Y 02035, (&) X = 0.8(b) x = 0.0. A major rate of

Zr decreases the grain dimensions, therefore isesete grain boundary region.
[fabbri2008].

In a perovskite oxide the grain boundaries are meséstive than the bulk. While cerates
have a moderately high grain boundary resistivity, BaZrQ; this parameter deeply
influences the overall conductivity, which decresabg one order of magnitude going from a
single crystal to small-grained powder. The BaO iderg in the grain boundary region of
BaZrQ; is probably at the origin of hydroxyl defects dstjgn and of reduced proton
mobility [norby2004], [kreuer2003]

Even though BaZr@and BaCe@have not the same crystallographic symmetry, tree a
complete solubility. Recently Fabbri et al. havedstd BaCegs.Zr«Y 0.203.5 perovskites in
order to find a compromise between the chemicdlilgtaof zirconates and the moderate
grain boundary resistivity of cerates. A highercdncentration decreases the grain size and
therefore increases the grain boundary rediBiy. 2.5) The conductivity in wet K
atmosphere decreases as a function of Zr am@imt2.6) therefore in these perovskites an

increase of grain boundary region involves a desgred proton conductivitffabbri2008].
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Fig. 2.6 Arrehenius plots of total conductivity in wep Btmosphere for different
composition of perovskite Bagg,Zr«Y 0.20s.5. [fabbri2008].

27



3. New ceramic oxide proton conductors

Despite decades of efforts, the research on peitevekides proton conductors did not
produced significant breakthroughs with respecthe initial discovery of Iwahara and
collaborators [iwahara1981]; therefore, in the last years new materials arengoe
investigated with the aim of reaching the technmlalgmaturity of fuel cell devices based on
proton conducting electrolytes. In particular, soox@es whose structure characterized
by loose tetrahedral moieties have recently attraed considerable interest My PhD

work and this thesis are inserted in this reseactivity.

3.1 The proton conductor Ca:LaNbQ

P—a

Fig. 3.1 The monoclinic structure of LaNkOThe smaller N¥ cations (green balls) reside
in isolated tetrahedra of oxygen anions (red hallgg tetrahedra are separated by the bigger
La®>" cations (blue balls).

Recently Haugsrud, Norby et al. have investigated proton conductors with chemical
formula RE.,AxMO,5 (RE = Rare Earth, A = Alkaline Earth, M = Nb, Ta@he structure,
Fergusonite - type (space group 112/al) at low taipre (below about 495°C) and
Scheelite — type (space group 141/a) at high teatpes, is characterized by the presence of
isolated [NbO,] or [TaO,] tetrahedra (Fig. 3.1) These compounds show a very good
chemical stability in C@rich atmospheres [haugsrud2006a], [haugsrud2007],
[mokkelbost2008]and therefore, despite their low proton conductjvére considered as a

possible alternative to perovskites.
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The structure and the phase transitions of of@&) 0iINbOs 995 Were studied byin situ
neutron diffraction (Fig. 3.2) by Malavasi et al.. The data at 150°C and 300°Celetive

to the monoclinic fergusonite structure, while gifese transition to scheelite takes place at
about 495°C, probably proceeding throughout a braade of temperature, where the two
phases coexist. In fact, the diffraction patterds®°C has been described as a mixture of
75% monoclinic and 25% tetragonal phase. The daté0@°C and 750°C are mainly
ascribed to the tetragonal phase, but a minor mimmo@mount can still be detected. This
behavior is present in both dry and wet conditiohs. important aspect is that the cell
volume does not have any abrupt change during tasep transitiojmalavasi2009] so

ensuring mechanical stability of the electrolytéeis.

e e e

G

4500

Intensity

0RC

1 S00%( \ML/L/I

10 Ak

fﬁ{dt grees)

Fig. 3.2 Neutron diffraction patterns of bafCa 0iNbOs 995 at different temperatures. At
450°C it is possible to observe the onset of thgusonite - scheelite phase transition
[malavasi2009]

The conductivity of the REANDO, 5 (RE = Rare Earth, A = Alkaline Earth) oxides was
studied by Haugsrud and Norby. The data of condigtivere collected as a function of
oxygen and water partial pressure in a range opé&zatures from 300 to 12009Eig. 3.3)
Impedance spectroscopy data were also collectedramge of frequencies from 0.5 t0°10
Hz. At low and moderate temperatures the condugtofi these materials is independent of
the oxygen partial pressure, but at high tempesat@nd oxidizing conditions the total
conductivity increases as a function af,Pshowing a contribution of p-type electronic
conductivity. The conductivity increases also asiraction of R0 and present the isotope
effect in deuterated conditions. It is possiblectmclude that the proton conductivity is
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dominant in wet atmosphere below 800°C; the highesiie is about I8 S cm' on the
sample LaodCa 0INbO,s5 and the proton conductivity decreases with deangasadius of
the rare-earth cation. The proton conductivity gemnthrough the phase transition, and in
particular the activation energy for the proton ifigbincreases from 55 kJ midlfor the
high temperature tetragonal phase, to 75 kJ™nfol the monoclinic one. Impedance
spectroscopy data show that only at very low teaipees the grain boundary resistivity is
higher than in the bulk, so allowing to concludattim this material the grain boundary
resistivity does not limit the overall performarjb@augsrud2006a], [haugsrud2006h]
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Fig. 3.3 Total conductivity of LaofCa 0iNbOs 995 in various atmospheres vs. inverse
temperatur¢ghaugsrud2006a]

Mokkelbost et al. showed that {&Ca cNbO,5 does not have any secondary phase in XRD
pattern, and that its morphology is homogeneous witgrain size of 1.2um (when
sinterized at 1200°C). Increasing of dopant amaunrihe preparation route does not yield
significant change of proton conductivity, but fenhanced grain boundary resistivity;
therefore, it is concluded that the solubility af @ the bulk of LaNb®is probably less than
2% [mokkelbost2007], [mokkelbost2008]
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3.2 The proton conductor LaBaGaQ

Fig. 3.4 The orthorhombic structure of LaBaGa@he G&" cations (green balls) reside in
isolated and distorted tetrahedra of oxygen anfmtsballs). The tetrahedra are separated by
La®* cations (deep blue balls) and®Bdight blue balls).

A further proton conducting ceramic oxide charazezt by loose tetrahedral moieties is
RE;«Ba1+xGaO,5 (RE = Rare Earth), whose structure and conductivitye investigated by
Kendrick, Slater et al.. The structure is orthorlmnconsisting ofdistorted and isolated
[GaO,] tetrahedra separated by large $faand B&" cations(Fig. 3.4) The ratio La/Ba can
be varied to form oxygen vacancies, giving rissitmle phase LaBa;+GaQ,5 (0< x <0.2),
as demonstrated by XRD and neutron diffraction .data expansion of cell parameters
(space group R2;2;) was observed on increasing the Ba content, bedfesB&" cation is
larger than L& [kendrick2007],[schénberger2005]

Conductivity data were collected as a function emperature and at different partial
pressures of oxygen and wat€ig. 3.5) The conductivity of LagBa; ,.GaQ; g0 is higher in
wet atmospheres, with larger difference with resgecdry environment below 650°C.
Conductivities measured in deuterated conditiomsvsisotope effect, consistent with proton
conduction. The proton conductivity of dgBa: -GaQs ¢ is about 14 S cmi* at 500°C in wet
conditions. The conductivity in dry Natmosphere is lower than in dry @mosphere, so
that some electronic p-type conduction is prefsaitonberger2005], [li2003]

The conductivity of the sample R3Ba..1GaQ; g5 is higher then LggBay GaQo (7.6*10% S
cm?® at 500°C in Q). However, PysBai1Ga:es shows substantially electronic p-type

conductivity[schénberger2005]
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Fig. 3.5 Conductivity data vs. 1/T for baBa; ;GaGs o in (@) dry Ny, (b) wet N, (c) wet
Ho/Ar (5%:95%)[schonberger2005]

The structure of wet (with hydroxyl defects) andy dfwith anionic vacancies)
LagsBay ;Gals 90 has been investigated by neutron diffraction arfll Dcomputational
simulations. For the dry sample the formation of@eclusters was proposed, originated by
the rearrangement of the structure around the anu@tanciegFig. 3.6) The migration of
oxide ions could take place by breaking and re-fiogmof GaO; clusters along the
crystallographicc direction, with activation energy of 0.59 eV. Tbemputational analysis
showed a significant rotational motion of tetralzeithr theab crystallographic plane.

In the wet samples, the preferred site for thequravas calculated in the interstitial region
between @ and Q. The calculated activation energy of inter-tetdriak proton migration
was much lower (0.07 eV) than intra-tetrahedral tggmo hopping barrier (0.75 eV).
[kendrick2007].

Fig. 3.6 The GaO; cluster proposed by
Kendrick, Slater et al. in dry-baBa 2GaG; oo,
originated by the rearrangement of two
tetrahedral units around the anionic vacancy
[kendrick2007].
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4. Experimental techniques

In this chapter I'm giving a brief account aboug ttharacterization techniques exploited in
my PhD work. Some of these techniques (XRD, EXARB® devoted to the structural
characterization, while TGA and IS are necessarytte functional characterization of the

investigated materials. Some details about datlysiaare also given.

4.1 Thermogravimetric analysis

The thermogravimetric analysi$GA) allows to study the chemical and physical procgesse
involving sample change of weight in heating/coglaycles. So, it is possible to investigate
the decomposition of solids, and the interactioitf Wwases that involve a change of mass,
such as corrosion or gas absorption. In partictiter dissociative incorporation of water in a
solid proton conductor involves a weight increasdjich can be studied by TGA
[kreuer1999].
A TGA apparatus consists of an electronic microhetathat measures the change of weight
of a sample put into a furnace and subjected tgrpromed temperature ramps in a
controlled environment. The heating source is Uguaiovided by infrared lamps focused
onto the sample, allowing a virtually instantanebesat transfer, and reaching temperatures
as high as 1000°C. A flowing Naitmosphere allows to remove the reaction prodaatisacts
as coolant for the balance. A sensor is used tctdeviations of the microbalance from the
null-point; before each measurement it is importentset up the null-point with a tare
measure[brown2001].
An important factor that affects the microbalansdghe variablduoyancy of the sample -
sample holder system, due to change in densityhef fluxed gas as a function of
temperature. The hydrostatic force of Archimeda gas is given by equation:
(4.01) F,= Pm g

RT
whereP is the pressure/ is the volume of the sample-sample holder systeis,the molar
mass of gasg is the gravity acceleratiorR is the universal constant of gases dnthe
temperature. The increment of temperature involvekecrease of Archimede’s force and,
consequently, a little weight increase; then, famples subjected to very small weight

changes, allowance for buoyancy is ne€theown2001].
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4.2 X-ray Diffraction and Rietveld analysis

In 1913 L. Bragg wrote the Bragg’s law for x-raymstructive interference in a crystal, and
in the same years L. Bragg and M. von Laue werditsieto use the x-ray diffractiofKRD)
to investigate the structure of crystals, in paittc they found the structure of some simple
crystal[viterbo2003].
Nowadays the x-rays diffraction gives important tcdsutions about study of solid structure
in material science. As is written in second chapfethis thesis some important properties
of proton conductors are strongly influenced by #teicture, so XRD is a very useful
technique to study this compoufgiannici2007a].
The XRD technique is based on the interference dmtvihe X-rays beams scattered by the
atoms of crystal.
The electron density of a real crystal can be thows the convolution of cell electron
density {o(r)) with its periodicity function, all multiplied bghe form factor of cell (r)):
(4.02) p.(F) = [po (N)* X a(r - ﬁu,v,w)}qa(r‘)
Whereu, v, w are the vector that define the real Bravais'sdat{R,,w). The value of cell
form factor @r)) is one inside de volume of cell and zero outside.
The scattered amplitude is given by the Fuoriarsi@am of electron density:

_ _ 1_ — =
4.03) F(@) =FT[p.(r)] =y F(H )th:l(ﬂ(Ol ~Hpu)
Whereh, k, | are the vector that define the reciprocal lat{idgk ) andq is the scattering
vector.

The intensity of scattered beam, the informatiaeneed from the experiment, will be:

2

@04 1 (@) = ViF(ﬁ)Zw(a “H,,)

hk.|
The atomic coordinates would given from the scatteamplitude, unfortunately the
diffraction experiments only give the diffractedansities, which are proportional to the
square of the amplitudes, so the information alioeitphase of complex numbers is lost. In
crystallography it is callethe phase problem

The thermal vibration of atoms around the positmnminimum energy produces an
effective increase of the electronic density disttion width. A Gaussian and isotropic

distribution of electronic density is often assumiédJ is the mean square displacement of
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atom around the position of minimum energy thenRbeerier transform of electronic density
will be:

(4.05) FT[p,(F)] = exp877°U sin® 8/ A?) = expBsin® 8/ %)

where B is the Debye-Waller disorder factor.

If we take account the temperature the atomic excagf factor becomes:

(4.06) f. = f,expBsin®8/A%)

wheref, is the atomic scattering factor at T = 0.

[viterbo2003].

A crystalline powder is formed by a very large nembf randomly oriented small crystals
(crystallites) (in the Fig. 4.4 an example of powder diffraction pattern). Eacbipecal
lattice vector will assume a large number of ranlyorpossible orientations. As a
consequence, the observed XRD pattern is a funcficthe D angle between the scattered
and the incident beam or, more rigorously, of ttevevector modulus differenapbetween
the scattered and the incident beam:

2sind

(4.07) |g/=q=

The Rietveld method allows to carry out a structural refinement usihg full diffraction
pattern. The XRD pattern is fitted by an array eflp functions (Gaussian, pseudo-Voigt,
Pearson or else, depending on the exploited expatahapparatus) whose angular position
depends on the unit cell parameters and whosesiityer a function of the unit cell content
(atomic positions in the asymmetric unit, spaceugreymmetry, thermal disorder etc.). A

least-squares refinement is performed by minimizirggfunction:

(4.08) Sq)= ZW,' [1obs (G) = (1 aic (@) + 1o (G4 NI

wherelons(q) is the observed intensitlcj(q) is the contribution of thigth peak function to
the overall calculated intensity ahgu(q) is the background function, usually simulated by a
polynomial of suitable degree.

In conclusion, the application of the Rietveld mefment needs a structural model, given by
the reference structure of the investigated madtearal, within this model, allows to
determine, for a given material, specific informatisuch as the cell parameters, the refined
atomic position with static or dynamic thermal diser, the site occupancy relative to the
assumed space group and, therefore, also the dapiongnt of a given crystallographic site.
[viterbo2003]
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The most popular package for the Rietveld refineneGSAS, allowing to simultaneously
refine several crystal phases, with a quantitatieeermination of relative phase amount,
crystallite size and possible preferred orientatijgnby2001].

4.3 Synchrotron radiation

The Maxwell's equations imply that an acceleratelarged particle generates
electromagnetic radiation. This fact is at the $asithe X-ray production in the synchrotron
facilities: bunches of electrons asecelerated to relativistic velocitiesusuallyby a linear
accelerator (Linac) and a first booster synchrqtamd injected in the ultra-high-vacuum
synchrotron ring. The electrons are bound to ruthénsynchrotron ring by bending magnets,
so inducing the emission of synchrotron radiatids.the electrons have a speed close to
light, the relativistic time contraction brings tegnchrotron radiation into the X-ray band of
frequenciesfmargaritondo2003] Moreover, the bunches of electrons can be forcexnldss
periodic structures of magneSig. 4.1) theundulators and thewigglers, that accelerate
the electrons, the former with long pulses andlatter with short pulses, giving rise to a

very brilliant and collimated x-ray beam.

detector o) undulator: one | Is —
(a) undulator: one long pulse| - (b) bending magnet: one short pulse (c) wiggler: series of short pulses

(narrow bandwidth) (broad bandwidth) (broad bandwidth)

Fig. 4.1 In a synchrotromindulators (a) andwigglers (c) accelerate the electrons with long
pulses and with short pulses producing, respegtivierrow and broad energy spectrum. The
bending magnets (bend the electror{margaritondo2001].
The characteristics of synchrotron radiation are:

- high intensity

- high brilliance of the source

- high rate signal / noise

- narrow angular collimation

- high degree of polarization

- pulsed time structure

- high beam stability
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Fig. 4.2 ESRF, Grenoble, one of the biggest and must powerfatisgotrons in the world.
[ESRF].

The 3% generation synchrotrons are characterized by higfty (GeV) electron energies and
highly advanced control techniques. The biggest st powerful synchrotrons in the
world are: Spring-8 (8 GeV) in Japan, APS (7GeVVis.A. and ESRF (6 GeV) in France
(Fig. 4.2} and in a near future Petra-lll in Germany.

4.3.1 Synchrotron radiation and X-ray Diffraction
XRD experiments carried out at a synchrotron beantake advantage of a much better
signal-to-noise ratio and instrumental resolutiathwespect to laboratory instrumentation.
Therefore, phase identification is more reliabled anpurity phases can be easily detected.
The very small instrumental contribution to the lpdaoadening and the high brilliance
make possible to expand the range of measurabdtatiiie size and to analyze the structure
of nanophases:ig. 4.3shows the differences between a powder diffragbiattern collected
in a synchrotron and a diffraction pattern, of th@me ceramic powder, collected in
laboratory.
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Fig. 4.3 Comparison between the diffraction pattern of genha sBa; .GaG; oo collected at
the XRD laboratory of ISMN-CNR in Palermo (abovagdhe diffraction pattern of the
same sample collected at beamline ID31 of ESRoWel

Synchrotron radiation gives the opportunity of periing in the most effective experimental
conditionsin situ XRD experiments, collected as a functiont&perature (temperature-
resolved experiments), pressure (pressure-resolved experiments), time (time-resolved

experiments), or electric/magnetic field It is also possible to investigate tlbbemical
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properties of samples, for example in a gas-solid reactign¢ieating a suitable chemical
environment in the sample holder and collecting XR&iterns that allow to monitor a
chemical reaction involving a structural changéhef solid.In situ experiments require non-
standard instrumentation, but also a careful plagif the experiment, taking into account
the limiting cases of: a) data collection time stowthan the structure transition (in this case
the sample an only be studied at equilibrium), &adollection time faster than the structure
transition (therefore allowing to follow in detailthe development of the event)
[artioli2003].

4.3.2 X-ray Absorption Fine Structure (XAFS)
X-ray absorption spectroscopy can be effectivelpliad to the structural characterization of
materials only exploiting a synchrotron radiatiouice.
When a X-ray beam crosses a sample of thickréise intensity ) is reduced according to

the law:

(4.09) | =1,expFux)

wherey is thelinear absorption coefficientthat depends on the density and composition of
the sample, but also on the X-ray energy: whenehergy increasegs progressively
decreases. In this behavior there are the shaqgordiauities, calledabsorption edges

occurring in correspondence of the photon energiesyliar of a given atomic species, high

enough to eject an electron from a core atomid IEheh. 4.1).

Edge: K Ly L, Ls My

Core level: 1s 2s p 2ps/12 3s

Tab. 4.1 Labels of the absorption edges correspondinggandicated atomic core levels

The emitted photoelectron wave number is:

(4.10) k =4/ (@m/7?)(hw-E,)

whereE, is the core electron binding energy.

If the absorber atom is not isolated, the photdedac wave is backscattered by its
neighboring atoms and gives rise to an interferepattern by superposition with the
incoming photoelectron wavdFig. 4.4) As a consequence, the absorption coefficient
exhibits a fine structure depending on the enerfjyhe photoelectron, calle&XAFS
(Extended X-rays absorption fine structure), that brings information about the nature, the
position and the number of backscatterer atomsreftwe, the EXAFS spectroscopy is

39



selective for chemical species and constitutes wegal tool to investigate the structure
around an absorber atom. As the photoelectron frearpath is limited to a few angstroms,
the structural analysis is limited to the closesrcdination shells about the absorber.

PRl
re N

vy Fig. 4.4.Schematic picture of EXAFS phenomenon.

,'; When a X-ray photon of enough high energy is alebrb

¢ by an atom, a core level electron is ejected; finsto-
electron can be described by a spherical wavehdf t
emitting atom is not isolated the photoelectronl \wi

v back-scattered by neighboring atoms

Fig. 4.5reports the complete K absorption edge of Ga inL#i®aGaQ oxide: the overall
XAFS (X-ray Absorption Fine Structure) is dividedo two regions:

- The oscillations of the absorption coefficientsited in the 30-50 eV interval above
the edge are calleBANES (x-rays absorption near edge structure). The XANES
allows to obtain informations about the electrastiticture and the oxidation state of
the absorber.

- Thep oscillations from the XANES to about 1 keV beyahé edge constitute the
EXAFS. [fornasini2003].
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Fig. 4.5 X-rays absorption fine structu(¥AFS) at the K edge of Ga for the sample
LaBaGaQ. The two regionXANES andEXAFS are shown.

The absorption coefficient(c), as a function of the photon eneiy ha, depends on the

probabilities of transition from the initiap{* ;> to the final electronic statey" yr>

(4.11) p(@OS7< @ 1Ar 1w >

where

(4.12) §=[<¢f g >

Therefore, it is assumed that the interaction imesljust one electron, with initial staga>

r

corresponding to the core atomic state and firatles)s> representing the photoelectron
wavefunction. The other N-1 electron are passivih wespect to the interaction with the
incoming photon, with initial statap{*'> corresponding to the electronic state of the
unperturbed N-1 atomic electrons and final stateesponding to the relaxed system of the
N-1 electrons. & is the superposition integral of the N-1 electrovesvefunction and its
value is generally between 0.7 and OEqy. 4.11 is derived in the electric dipole
approximation and thereforg represents the polarization unit vector.

The EXAFS function is defined as the differencenssn the actual absorption coefficignt
and the absorption coefficient of the isolated atgmmormalized tQ:

(4.13) x(k) =2t

0
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The standard EXAFS formula is:

1,09

(4.14) x(kT)= ZS’ = exp(2r, / A, ) exp2kPa ?)sin(2kr, + ¢ (K))

J
wherefj(k) is the backscattering amplitude of tﬂbbackscattererr,j the distance from the
absorberN; the number of backscatterers located at a distariicam the absorber. The first
exponential factor describes the anelastic lossil, A; representing the mean free path of
the photoelectron. The second exponential factoestanto account the fluctuation of the
local structure, both originated by the thermal iomobf atoms and by the structural disorder
due to the distribution of interatomic distanceke disorder is treated within the harmonic
approximation, assuming a Gaussian distributionutltibe average; ther,-2 parameter is
called Debye-Waller factor. The interference tesm(2kr;+ ¢(k)) in the EXAFS formula
takes into account the relative position of absodne backscatterer and tipék) phase-shift
between the emitted and the backscattered Winreasini2003]
Giving important information about the local stre of the sample, EXAFS is a useful
technique to investigate the local structural clesndue to the water incorporation in a solid

oxide proton conductdgiannici2007a].

The first step in the EXAFS data analysighie extraction of the EXAFS signalfrom the
collected dat#Fig. 4.6)

(4.15) mx=In(l,/1) = p,x

Wherex is the sample thicknesgx is the background, resulting from the contributadrall

the excitations of the selected elements and oérodlements; it can be estimated by
extrapolating the pre-edge behavior. A thresholcergn Es is usually chosen in
correspondence of the first inflection point of g@ge and the discrepancy betwegnand
the electron binding enerdy, in eq. 4.10is calledEy and treated as a free parameter to
optimize the best-fit.

The next step is the calculation of tReurier Transform to go from the wavenumbdr

space to the space of distances from the absoilbey.3.7)

@16) F(r) =] " x(W(K)K" expikr)dk

where W(K) is a window function which reduces tipairgous oscillations induced by the
finite k range and the terk! is used to balance the low and high k-parts obfrestrum.
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Fig. 4.6 Extracted EXAFS signal of a LaBaGasample (left); modulus of the
corresponding Fourier Transform (right).

To model the EXAFS signal, a geometrical structaneund the absorber atom is assumed
and all significant photoelectron scattering paths andin particular also multiple
scattering paths(Fig. 4.7) are taken into account. To this concern, one efntlost popular

software packages FEFF [klementev2001]

Fig. 4.7. Examples of multiple scattering

& .f/. paths. Each row corresponds to a given
contributiony,. Each column
X3 . corresponds to a given n-body correlation
N\ functiong;. [fornasini2003]

e -0 @ | 0—0
= 7\
@ o o

) & g4

Finally, a fitting refinement is carried out. The maximum number of independent
parameters that can be refined over a given daita:se

20AKAr
T

(4.17) Nig =

[fornasini2003]
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4.4  Electrochemical Impedance Spectroscopy

The concept of electrical impedance was first ihiied by Oliver Heaviside in the 1880s.
NowadaysEIS (Electrochemical Impedance Spectroscopy) is a poleechnique to
characterize the electrochemical behavior of materand its microscopic regions. In
particular, EIS is very important to characterizee tsolid oxide proton conductors
[potter2006].

In this technique, AC impedance measurements adermaa wide range of frequencies
(usuallyfrom 102 to 10’ Hz) andthe different regions of a material are characteried
according to their relaxation times The measurements are usually taken from a ceihba
two identical thin electrodes applied to the faoka simple electrolyte pellet. The flow of
electrons, protons or other charged particles digpen the impedance of the electrodes and
of the electrolyte. The flow may depend on struatinhomogeneities of the electrolyte,
such as grain boundary, minority phases or defadtse bulk. The impedance of a material
is determined irdifferent atmospheres(inert, oxidant or reducing, dry or wet atmospkgre
and as a function ofemperature and/or applied pressure [macdonald,johnson2005],
[irvine1990].

When an AQ)(t) signal:

(4.18) v(t) =V, sinta)

is applied to a cell, the measured curiént

(4.19)i(t) =1 sin(ta +6)

has a phase dela@y which is zero for purely resistive behavior.

The response of the cell is given by. 4.20if it is purely resistive, byeq. 4.21if it is
capacitive, byeq. 4.22if it is inductive:

_ v(t)
" R

(4.21)i(t) =[dv(t)/ dt]C

(4.20)i(t)

(4.22)i(t) =[av(t)/ dt]%

WhereR, C andL are respectively the resistance, the capacity lmmthtuctance.
The Fourier transform can simplify significantlyetrmathematical treatment of system

giving a relation similar to Ohm’s law:
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. V(ja)
4.23) 1 (jw) =——
Z(jw)

wherej is the imaginary unit and(ja) is the “impedance function” For each type of

circuit element the impedance has a different véliad. 4.2)

Circuit element Impedance Z(jw) Tab. 4.2.Are given the value of
Impedance for each type of circuit
Resistance R element.
Capacity
}/j ([T
Inductance jlalL

The impedance is a complex quantity with a real pdr(resistive) Z’ and an imaginary
part (capacitive/inductive) Z” :

4.24)Z(ja)=2'+jZ"

(4.25)ReZ) = Z'=|Z|cos@) and Im(Z) = Z"=|Z|sin(6)

with the phase angle:
(4.26) 0 = tan‘l(%j

[macdonald,johnson2005].

The analysis of impedance data is made by fittith & mathematical model; it is based on
an equivalent circuit made up of ideal resistors, capators and inductances Different
regions of a ceramic oxide are usually fitted bgiseances and capacitances placed in
parallel(Fig. 4.8)
As a useful example, the impedance of a{RRarallel B-C) circuit is:

1
VR, +(jaC)
A software package used for EIS data analystSisnpWin.

4.27)Z(jw) =R, +
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Fig. 4.8.Impedance spectroscopy data of samplgBa, ;GaG; oo (collected at 605°C in H
wet atmosphere) and relative equivalent circuit.

The real component of impedance is resistive: ftbenvalue of frequency at the maximum
we can calculate the value of capacitor:

4.28) 2w, ,,RC =1

The next stage is to assiandC values to regions of cell, Irvine et al. have gawseful

table of possible interpretations for different aeipance value, séleab. 4.3 [irvine1990]

Capacitance [F] Phenomenon Responsible
10% Bulk
10 Minor second phase
10*-10° Grain boundary
10107 Bulk ferroelectric
10°-10" Surface layer

Tab. 4.3.Capacitance values and their possible interpretsficvine1990].

The disadvantage of EIS is associated with theilpesambiguities in interpretation, as
different ideal circuit model can give the same @ug@nce spectrum. To overcome these
ambiguities, it is important, to analyze carefudlgveral sets of measuremenis different

conditions[macdonald,johnson2005]
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5. Experiments & Results

5.1 Introduction

As discussed in the third chapter, great interest heen recently devoted to a new
generation of proton conductor oxides, charactdrizga structure having loose tetrahedral
moieties.

La;xBay+xGaQ,2 have been proposed as proton conductor by Slatdr[kendrick2007],
[schonberger2005], [li2003].During my PhD work, | studied the correlation betwe
structure and conductivity dfa;.xBa;+xGaOs.x, oxides (x = 0,...0.2). From now on, | will
designate this class of compounds with the acrobhB@x, wherex represents the barium
excess. Moreover, aiming at gathering data on protmduction in materials constituted by
loose tetrahedral moieties, also the oxidédy Ba;«xGaOsyx. (from now NBGx) were
investigated. The structures of both dry and wetas, as well as their dependence on
temperature, have been investigated by combinggh feisolution (HR) XRDin situ XRD
and EXAFS spectroscopy. Water incorporation waslistluby TGA analysis. The proton
conductivity and its variation in the microscopegrons of materials was investigated by IS

analysis.

5.2 Synthesis
The RE.Ba+GaQ.x, (RE = La, Nd) materials were synthesized accordinghe solid-
state reaction methofkendrick2007]. Stoichiometric amounts of reactants (,Qa or
Nd,Os, BaCQ and GaOs) were weighed (within an accuracy of i) and intimately mixed
in a mortar. The powder was heated at 1200 °C 2br dnd ground in a ball mill for 15
minutes. The powder was again heated at the samgetature and ground, and finally
heated another time at 1300°C for 12h and groundh&rmore, aliquots of the powders
were heated at 800°C for 3h under a flow of drygetyin order to obtain the dry samples
(from now on, referred to by a™ at the end of the acronym, for example LBG5d).
The XRD data, collected with a Bruker D500 laboratdiffractometer Fig. 5.1) and
subjected to Rietveld refinement, show that the gexe are constituted by the single
orthorhombic phase 2,2, [rueter1990] in the range of composition:
LBGx, 0sx<0.2 and NBGx, &x<0.05
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Suitable pellets for conductivity measurements vedrtained by uniaxial pressing at 250
MPa and subsequent heating at 1350°C for 5h. trBtes were deposited using a porous
platinum paste (Heraeus, CL11-5100), and a gold was stuck to both sides of the pellet.

The cells were then heated at 800°C for half am.hou

Intensity (a.u)

T T T T T T T T T T T 1

obs A
—— calc
back 2theta

residual

Fig. 5.1 XRD data (black line) and Rietveld refinementn{pline) of LBG20 sample. The
powders are constituted by a single orthorhombiasph S.G. P2,2;: the G&" cations
(green balls) reside in isolated and distortedabetdra of oxygen anions (red balls). The
tetrahedra are separated by 'Leations (deep blue balls) and*Béight blue balls).

5.3 TGA Analysis
The incorporation of water in the structure of thxédes was studied by means of thermo-
gravimetric analysis; data were collected with aifgtruments Q5000IR balance.
Measurements were performed undeatinosphere with a slow heating ramp, namely
2.5°C/min Fig. 5.2. A first loss in weight is attributable to thdaase of CO, C®and HO
possibly adsorbed on the surface of the powdenseldsas observed for other proton
conductor oxides, whereas the second loss is dilre twater incorporated in the structure
[mokkelbost2007] All the LBGx samples start to lose water at al®030°C, whereas the

NBG5 sample holds water up to higher temperatwasi50°C). The mole fraction of water
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loss is in agreement with the theoretical valueseigd for the relevant Ba/RE ratio in the
structure Tab. 5.1).

nbg5

—Ibg5

% Weight
(e}
(e}
o1
| I

T T T T T T T T T T T T
200 300 400 500 600 700 800

Temperature

Fig. 5.2. TGA data: All LBGx samples start to lose wateradbut 300°C, while NBG5
sample holds water at higher temperatures, untiie650°C.

Sample Water loss (mole fraction)| Water loss (mole fraction)
Experimental Theoretical
LBG5 0.037 0.025
LBG10 0.061 0.050
LBG15 0.071 0.075
LBG20 0.103 0.100
NBG5 0.037 0.025

Tab. 5.1. Mole fraction of water loss, measured by TGA, #meltheoretical value given
from the ratio Ba/RE in the structure. The two eslare in fairly good agreement.

Thermochemical parameters for the water loss weterchined, from linear regression of
InK vs. 1/T datgeq. 5.01) as large asH® = -90 kJ/molAS’ = -118 J/mol.

(5.01) InK =TAS® —AH°

The high and negative value of hydration entropygests a significant ordering of the O-H
bonds in the lattice.
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5.4 In situ XRD Analysis
In situ XRD data were collected at the11l beamline of th&SRF synchrotron (Grenoble)
using a monochromatic radiation wih= 0.34A. The sample was mounted in a Linkam
thermochemical cell, heated in the range 25°C *8Gihd connected to a gas stream,
namely water vapor and,Nor wetting atmosphere or,Nor drying atmosphere. Using the
GSAS software, all diffraction patterns were satisbrily modeled in the orthorhombic

P22,2, space groupriiter1990]. Two typical examples are report@eg. 5.3 — 5.4).

6000 - ~I{obs)
Ibg20_25C —— I(calc)
— I(back)
— residual

4000

Intensity (a.u.)

2000 +

2Theta

Fig. 5.3. XRD data (black line), measured at 25°C, and Rietvefinement (pink line) of
LBG20 sample. The residual (red line) is the ddfeme between the experimental and
calculated pattern.
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Fig. 5.4. XRD data (black line), measured at 34°C, and Rietvefinement (pink line) of

NBG5 sample. The residual (red line) is the diffee between the experimental and

calculated pattern.

Analysis of data collected at ca. 30°C shows thatsubstitution of the Baor N&** cations

with the larger B& causes an increase of the cell parameters astdiumof the dopant

amount. Indeed, we can notice a shift of the ditfcm peaks to smaller angl@sg. 5.5) In

particular, if we compare the dry samples, in otdexxclude the effects of protonation, a

larger elongation is observed along éhaxis, rather than along the other cell aiiesb.

5.2). When hydroxyl defects are introduced, i.e. fa wet samples, we can notice a

decrease of tha parameter, an increaselmfnd a smaller increase @f(Tab. 5.2) Then, a

significant anisotropic structural rearrangemehkéesaplace with hydration, which is

probably due to the formation of hydrogen bondsveet neighboring tetrahedra [GAO

along a direction nearly parallel to thexis.

Sample | T (°C) a (A b (A) c (A) V (R

LBGO 29 10.0173+ 3E-4 | 7.269(k 3E-4 | 5.912% 2E-4| 430.50+ 2E-2
LBG5d 51 10.0272+ 4E-4 | 7.2700+x 4E-4 | 5.909% 3E-4 | 430.80+ 2E-2
LBG10d 31 10.0596+ 9E-4 | 7.307H 9E-4 | 5.9275% 8E-4 | 435.71+ 6E-2
LBG15d 49 10.0812+ 8E-4 | 7.310(c 7E-4 | 5.925% 7E-4| 436.67+ 4E-2
LBG20d 23 10.0931+ 6E-4 | 7.314% 6E-4 | 5.936% 6E-4 | 438.24+ 4E-2

Total 0.076 0.046 0.024 7.7

Increment

NBGO 36 9.9400+ 9E-4 7.134% 9E-4 | 5.8506- 8E-4| 414.93+ 6E-2
NGB5d 30 9.9482+ 8E-4 7.138% 6E-4 | 5.8478 5E-4| 415.30« 4E-2
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Sample | T (°C) a (A) b (A) c (A) V (K)
LBGO 29 10.0173+ 3E-4 | 7.269(x 3E-4 | 5.912% 2E-4| 430.50+ 2E-2
LBG5 - - - - -
LBG10 22 10.0443+ 8E-4 | 7.318(x 7E-4 | 5.927% 7TE-4 | 435.72+ 4E-2
LBG15 28 10.0503+ 6E-4 | 7.331% 6E-4 | 5.931( 6E-4 | 437.02+ 3E-2
LBG20 25 10.0677+ 5E-4 | 7.351(k 5E-4 | 5.938% 5E-4 | 439.51+ 3E-2
Total 0.050 0.082 0.027 9.0
increment

NBGO 36 9.9400+ 9E-4 7.134% 9E-4 | 5.850G- 8E-4| 414.93+ 6E-2
NBG5 34 9.9481+ 7E-4 7.1444 6E-4 | 5.851% 5E-4| 415.92+ 4E-2

Tab. 5.2 Cell parameters obtained by fitting of XRD datdlected at about 30°C. “Total
increment” means the overall variation of paramdtemm LBGO to LBG20. The cell
parameter increases as a function of dopant amduntet samples a decrease of the
parameter, an increaselpfand a smaller increase @fan be recognized.

80009 " pg0_20C

~ Ibg5d_51C
1~ Ibgl0d_31T
— Ibg15d_49C
6000 {|—— Ibg20d_23C

4000

Intensity (a.c.)

2000

2Theta

Fig. 5.5.Comparison of some XRD diffraction peaks for daynples. We can notice a shift
of diffraction peaks to smaller angles due to iasee of cell parameters as a function of
dopant amount.
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Fig. 5.6.a) In situ XRD data of sample LBG20: heating ramp from 25°C75°C in dry
flux. It is possible to notice the shift of diffta@an peaks towards lower angles, due to
thermal expansion of the structul®. Diffraction patterns of the same ramp, at différen
temperatures.

In fig. 5.6thein situ XRD data of samples LBG20 heating from 25°C to°@h dry flux

are reported. It is possible to notice the shifthef diffraction peaks towards lower angles,
due to thermal expansion of the structure.

For low doping levels (5-10%) thk axis linear expansion coefficient in wet samples,
calculated from Rietveld refinement, is smallemth@a dry samples; by contrast, an opposite
behavior can be noticed along theaxis (Tab. 5.3) This observation provides further
support to the hypothesis of anisotropic formaidrhydrogen bonds between neighboring
tetrahedra [Gag). For higher doping levels (15-20%) the analydigh@rmal expansion is

biased by structural disorder.
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Sample a(a) a(b) a(c)
LBG5 1.02*10° + 2*107 | 1.12*10° + 2*10" 7.2*10° + 2*10”
LBG5d 7.7*10° + 3*10” 1.57*10° + 8*10" 9.0*10° + 3*10”
LBG10 1.07*10° £ 9*10" 1.1¥10° + 1*10° 8.9*10° + 5*10"
LBG10d 6.5*10° + 3*10” 1.6*10° + 1*10° 9.7*10° + 7*10"

Tab. 5.3.Linear expansion coefficient along the three @lsgraphic axes, calculated by
Rietveld refinement oin situ XRD patterns. The coefficient in wet samples isien than
in dry samples; an opposite behavior can be rezegralong the axis.

5.5 EXAFS Analysis
The EXAFS data were collected at th&FS beamline of th& LETTRA synchrotron
(Trieste) at the Ga K—edge (10.4 KeV) at 77 K. |dgime packages Feff6 and Viper, the
spectra were modeled with 15 atomic distanced]jastrative example is shown Fig. 5.7.
Moreover, inFig. 5.8 and 5.9comparisons between the FT of dry and wet samples,

respectively for LBG20 and NBG5 are shown.

—— Model
—— residual

5 10 15

Fig. 5.7.EXAFS data (black line) and model (pink line) d&20 sample. The residual (red
line) draws the difference between the experimetdtd and the model signal.
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Fig. 5.8 Comparison between the FT data of samples LBGR( (ine) and LBG20d (red
line).
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Fig. 5.9 Comparison between the FT data of samples NBGk (lme) and NBG5d (red
line).
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The parameters used for all the EXAFS analysesghatime 15 atomic distances (plus one
of multiple scattering) and the Debye—Waller fastof disorder, are reported Tiab. 5.4,
5.5and 5.6

In general, for perovskite-type (ABDproton conductors the octahedra [f@re distorted
or strained as a function of the dopant amountgfbee the B-O atomic distances and
disorder factors change accordinffyannici2010]. Unlike the behavior of proton
conducting perovskites, in the investigated, B .xGaQ,.x/2 the first-neighbors Ga-O
distances do not vary as a function of dopant amndume disorder factor of the first-
neighbor oxygen anions increases slightly in thieesef the samples. These results suggest
that the [Gag] tetrahedra remain essentially unperturbed oressing the dopant amount.
The effect of doping is noticed in the increaséhefdisorder factors of next-neighboring
shells(Tab. 5.4, 5.5 and 5.6)Temperature variation does not cause signifieffetts in
Ga-O first distances as well, so suggesting thditijgof [Ga(y] tetrahedrdFig. 5.10) The
rigidity of [Ga(Oy] tetrahedra can explain the high calculated astweenergy of intra-
tetrahedra proton hoppirigendrick2007].

FT magnitude (arb. u.)

R (A)

Fig. 5.1Q FT - EXAFS data of samples LBGO at 80 K (blacie)iand 300 K (red line).
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For the LBG20 dry sample, Kendrick et al. propoterdformation of [Gg0;] clusters
[kendrick2007]. By contrast, the EXAFS analysis shows that inghmples the average of
the first two Ga-Ga distances (at about 4A6and 4.85&) has only a slightly decreasing
trend in association with the highest doping l€t&-20%)(Fig. 5.11) The lack of
considerable variations in the Ga-Ga distancesdmtwiry and wet samples suggests that

the hydroxyl defects involve mostly an orientatibrearrangement of [Ga{Dtetrahedra.

477 o

4.77
(a) Dy samples (b} W et zamples

. . |
| J

I

4.74 —

T T
Ik IbgSwet |bgiOwet IbgiSwet |bg20wet

4.7 1

L T E T L T T T T T T
Ibg IbgSdry  Ibg10dry Ibg1Sdry Ibhg20dry

Sample Sam ple

Fig. 5.11 Average of the first two Ga-Ga distances (at abba2 A and 4.8515&) as a
function of the dopant amount in dfg) and wet(b) samples. This value has only a slight
contraction trend in correspondence of the higleptng level in dry samples.
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Distances LBGO LBG5 LBG10 LBG15 LBG20
& Disorder
R, 4x Ga-O 1.85 1.85 1.84 1.85 1.85
R> 1x Ga-O 3.01 3.00 3.00 3.01 3.02
0201,2 0.0030 0.0030 0.0031 0.0031 0.0036
R3 2x Ga-Me 3.25 3.25 3.25 3.25 3.25
O%\e3 0.0035 0.0036 0.0035 0.0042 0.0055%
R4 4x Ga-Me 3.43 3.43 3.43 3.44 3.44
O2\ed 0.0055 0.0056 0.0053 0.0062 0.0087
Rs 1x Ga-Me 4.05 4.06 4.05 4.07 4.07
Re 3x Ga-Me 4.19 4.18 4.18 4.18 4.18
Reb 2x Ga-Me- “ “ “ “ “
O*
O2\e6h 0.0027 0.0025 0.0026 0.0033 0.0057
R~ 7x Ga-O 4.34 4.33 4.33 4.33 4.32
Rs 1x Ga-Me 4.41 4.36 4.38 4.29 4.29
ones,G,S 0.0060 0.0065 0.0064 0.0071 0.0085%
Ro 8x Ga-O 4.72 4.73 4.72 4,72 4.73
R1o 2x Ga-Ga 4.63 4.65 4.63 4.64 4.62
R11 2x Ga-Ga 4.85 4.85 4.84 4.83 4.88
R1, 4x Ga-O 4.95 4.94 4.95 4.94 4,99
Ri3 2x Ga-Ga 5.29 5.29 5.27 5.28 5.23
R1s4 6x Ga-O 5.37 5.37 5.37 5.38 5.38
0207,9'12,14 0.0023 0.0026 0.0026 0.0030 0.0045
R1s 4x Ga-Ga 5.93 5.93 5.93 5.93 5.93
02@&10’11,13,15 0.0067 0.0068 0.0071 0.0082 0.0102

* = Multiple scattering path

Tab. 5.4 EXAFS parameters for wet LBGX samples: 15 atodmtances (plus one multiple
scattering path) and the corresponding Debye-Wédletors. The atomic scattering factors
of Ba and La are similar, so both were consideted sameMe atom. The distances are
reported inA and the disorder factors Af.
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Distances LBGO LBG5d LBG10d LBG15d LBG20d
& Disorder
R1 4x Ga-O 1.85 1.84 1.84 1.84 1.85
R> 1x Ga-O 3.01 2.98 2.97 3.00 3.02
0201,2 0.0030 0.0034 0.0032 0.0043 0.0032
R3 2x Ga-Me 3.25 3.25 3.25 3.25 3.25
O2\e3 0.0035 0.0034 0.0032 0.0064 0.0053
R4 4x Ga-Me 3.43 3.43 3.43 3.43 3.44
O2\es 0.0055 0.0056 0.0053 0.0096 0.0087
Rs 1x Ga-Me 4.05 4.04 4.05 4.07 4.07
Re 3x Ga-Me 4.19 4.17 4.18 4.18 4.20
Reb 2x Ga-Me- “ “ “ “ “
O*
O Meh 0.0027 0.0028 0.0026 0.0062 0.006%
R~ 7x Ga-O 4.34 4.32 4.33 4.32 4.33
Rs 1x Ga-Me 4.41 4.32 4.31 4.27 4.24
onesyeys 0.0060 0.0063 0.0069 0.0095 0.0120
Ro 8x Ga-O 4,72 4.71 4.70 4.73 4.73
R1o 2x Ga-Ga 4.63 4.64 4.66 4.61 4,59
R11 2x Ga-Ga 4.85 4.84 4.83 4.86 4.87
R1> 4x Ga-O 4.95 4.95 4.92 4.98 4.99
R1s 2x Ga-Ga 5.29 5.27 5.29 5.23 5.24
R1s4 6x Ga-O 5.37 5.36 5.37 5.36 5.37
0207,9'12,14 0.0023 0.0025 0.0024 0.0048 0.0052
Ris 4x Ga-Ga 5.93 5.92 5.93 5.92 5.91
02@&10’11,13,15 0.0067 0.0073 0.0075 0.0109 0.0107

* = Multiple scattering path

Tab. 5.5 EXAFS parameters for dry LBGX samples: 15 atodistances (plus one
multiple scattering path) and the correspondingy@éWaller factors. The atomic scattering
factors of Ba and La are similar, so both were wred the samile atom. The distances
are reported itk and the disorder factors Af.
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Distances & NBGO NBG5 NBG5d
Disorder
R1 4x Ga-O 1.85 1.85 1.86
R> 1x Ga-O 2.99 2.97 2.96
0201’2 0.0029 0.0032 0.0034
R3 2x Ga-Me 3.25 3.24 3.25
O2Me3 0.0030 0.0035 0.0046
Ra 4x Ga-Me 3.40 3.39 3.39
O\t 0.0032 0.0042 0.0050
Rs 1x Ga-Me 3.55 3.55 3.53
Re 3x Ga-Me 4.11 4.11 4,12
Reb 2x Ga-Me-O* “ ! “
O Metb 0.0028 0.0042 0.0046
R~ 7x Ga-O 4.23 4.22 4.24
Rs 1x Ga-Me 4.36 4.34 4.21
one5,6,8 0.0062 0.0065 0.0058
Rg 8x Ga-O 4.66 4.65 4.70
R1o 2x Ga-Ga 4,55 4,54 4,57
R11 2x Ga-Ga 4.84 4.82 4.88
R1» 4x Ga-O 4,93 4,92 5.00
Ri3 2x Ga-Ga 5.26 5.26 5.27
R14 6x Ga-O 5.63 5.65 5.71
0207,9,12,14 0.0031 0.0041 0.0040
Ris 4x Ga-Ga 5.85 5.86 5.90
02(3a10,11,13,15 0.0068 0.0075 0.0061

* = Multiple Scattering path

Tab. 5.6 EXAFS parameters for dry NBGX samples: 15 atodimstances (plus one
multiple scattering path) and the correspondingy@eWaller factors. The atomic scattering
factors of Ba and Nd are similar, so both were wmed the samkle atom. The distances
are reported itk and the disorder factors Af.
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5.6 HR-XRD Analysis
High-resolution XRD data were collected at tB81 beamline oESRF synchrotron
(Grenoble) using A= 0.4A radiation. All the data were collected at room penature. The
diffracted radiation was collected by a bank oh¢igi(111) analyzer crystals. The GSAS
package was used to fit the diffraction patterrisfirat, unconstrained fittings were
performed using the orthorhombicR2; space groupriiter1990]. A representative result,

relative to the LBG20 sample, is reportedrig. 5.12

40000 15000 —obs

——calc
back
—— residual

20000

Intensity (a.u.)

2theta

Fig. 5.12 XRD data (black line) and model (pink line) of GRO sample. The residual (red
line) is drawn.

On the basis of the EXAFS data, that led to comgltke[GaQ] tetrahedra as rigid bodies,
constrained fitting runs were also tried: usingdb@mic positions of LBGO, it was carried
out arigid body fitting run of LBG20d and LBG20 in which all distances andlaagf the
[GaO,] tetrahedron did not vary. According to these asedythe structural rearrangement
from dry to wet structures consists essentiallg slight rotation of the rigid [Ga{D
tetrahedra that leaves almost unchanged the Gastaces between the Ga centers of
neighboring tetrahedra. The use of constraints &tvihe fitting parameters involved an
only slight worsening of the goodness of fit. Hee the results given from this approach
were unsatisfactory from the point of view of imtestation, mostly because a very small
difference in the inter-tetrahedra oxygen distarefdsBG20 and LBG20d is determined,
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with an essentially random variation of O-O intetr&hedral distances between the dry and

wet sample.

The unconstrained Rietveld analysis confirms thatdopant insertion causes an increase in
the cell parameters, in particular the increasegédas larger than the other two. Obviously,
the formation of oxygen vacancies causes an ineredthe disorder factors, in particular the
one pertaining to the oxygen anigfigb. 5.7) In agreement with thi& situ — XRD

analysis, hydration mostly produces a decreaseeat parameter, pointing to the formation
of hydrogen bonds between neighboring tetraheda®jfzalong a direction approximately
parallel to thea axis. Moreover, hydration involves the filling @kygen vacancies with
hydroxyl defects, and a consequent decrease abdygen disorder factors. The parallel
decrease of’s. , definitely larger than the La/Ba disorder factmuld be related to the
formation of inter-tetrahedral hydrogen bonds, imirgy a rearrangement of the network of
[GaQy] tetrahedrgTab. 5.7)

LBGO LBG20d LBG20
a @A) 10.01502+ 5E-5 10.0998% 5E-5 10.0735% 4E-5
b (A) 7.26659+ 5E-5 7.31373% 3E-5 7.3550& 4E-5
c A) 5.91073+ 3E-5 5.93557+ 3E-5 5.94534 2E-5
V (A9 430.154+ 3E-3 438.44% 3E-3 440.50% 2E-3
0we (A?) 0.0135+ 2E-4 0.0245 2E-4 0.0206: 2E-4
0%ca(A?) 0.0105+ 6E-4 0.0184: 6E-4 0.0117 4E-4
0% (A? 0.016+ 2E-3 0.053 2E-3 0.039% 2E-3

Tab. 5.7. Cell parameters and Debye-Waller factors. Vabl#ained by fitting of HR-XRD
data. The DB factors were assumed to be the sanadl the oxygensd®o) and for lantanum
and barium ¢*ve).

The HR-XRD data were collected at room temperatréhis temperature no significant
proton conduction occurs. Therefore, the refineno¢ttomic positions suggests the picture
of a material in which it is possible to identifyet“frozen” position of proton@=ig. 5.13)
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A

0—P» -

Fig. 5.13 Structure of LBG20 drawn by the VESTA programmfréiD-XRD data. The Ga
cations (green balls) reside in the tetrahedrapfien anions (red balls). (E'a- deep blue
balls; B&" - light blue balls). The shortest distances inétrahedra (@0,), and the
distances @0, are emphasized.

Hydration causes a slight rotation of tetrahedidh@anearrangement of atomic distances:
the inter-tetrahedra distance ©0,, which is almost parallel to tteeaxis, becomes shorter,
passing from 3.054 to 2.971A. Noticeably, no other inter-tetrahedra distan@=me so
much shortefTab. 5.8 and Fig. 5.13)Most likely, protons are located in the interatit

O:1 — Oy region, in agreement with the theoretical simoladi of Kendrick et al.
[kendrick2007]. Correspondingly, the Gas@ntra-tetrahedral bond is stretched from 1.770
A to 1.875A (Tab. 5.9)

Sample d(@0x) (A) d(Cr-Oy) (A)
LBGO 3.045 3.002

LBG20d 3.051 3.090
LBG20 2.971 3.192

Tab. 5.8 The shortest inter-tetrahedral;O,4) distances and the,; @, distances are
reported for all the analyzed samples. Distancksilzded from the HD-XRD data.

63



Distances4) LBGO LBG20d LBG20
Ga-O 1.850 1.815 1.806
Ga-O 1.861 1.886 1.739
Ga-G; 1.832 1.749 1.773
Ga-Q 1.803 1.770 1.875

Average 1.836 1.805 1.798

Tab. 5.9 The first four Ga-O distances and their averdge. distances are calculated from
the HD-XRD data.

5.7 EIS Analysis
EIS data were collected at Dipartimento di SciemZecnologie Chimiche of the University
of Roma “Tor Vergatatising a Multichannel Potentiostat VMP3 (Princetquphed
Research). Impedances were measured in the fregummge of 500k Hz-0.1 Hz at
temperatures generally ranging from 400 °C to ®@0ahd under different dry or wet
atmospheres, namely of hydrogen, synthetic airasgdn. Each set of measures were
modeled with an equivalent circuit using the ZSimp\8bftware; two illustrative examples
are reported hereaft@fig 5.14 — 5.15)

35000 —
= Zobs

1 Ibg20_H, wet_495T
25000

20000 4

Zi (Ohm)

15000

equivalent circuit
10000

5000 - Sy,
" pL e Terrr LY | L T T
‘f "oy
0+ r T r T r T r T r T r T r 1
0 5000 10000 15000 20000 25000 30000 35000
Zr (Ohm)

Fig. 5.14 EIS data (black squares) and model (blue squafeG20 sample. Data
measured at 495°C inkvet atmosphere. The picture shows also the eaqnvalrcuit used
to model the data.
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Fig. 5.15 EIS data (black squares) and model (blue squafes3G20 sample. Data
measured at 700°C inkvet atmosphere. The picture shows also the eagnvalrcuit used
to modeling the data.

The conductivity of the bulk material in wet atmbspe is much higher than in dry gas flux
(Fig. 5.16a) as expected assuming that proton conduction tzlkes in these materials.
This difference in conductivity decreases at tlghbst temperatures according to decrease
of mole fraction of water incorporated into theusture(Fig. 5.17) By contrast, the grain
boundary conductivities in wet and dry atmospheeesanilar. Consequently, it can be
concluded that the proton mobility at the grain taary region is very loFig. 5.16b) The
same drawback is present in BagrDased proton conductors, where the formatiorraihg
boundary minor phases was proposed as a probalde o&the decreased proton mobility in
that regionkreuer2003].

In a semiconductor the conductivity decreases uretkrcing conditions, depending on
p(O,) Y4, if the semiconductor is-type; differently, it increases under oxidizinghditions,

+Y4 if the semiconductor is-type [haugsrud2006b] In all the studied

depending om(Oy)
samples the bulk conductivity is higher in dryth@an in dry argon; therefore, it is possible

thatp-type electronic conduction takes place in dry apheregFig. 5.16a)
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Fig. 5.16. Arrhenius plots of LBG10 sample inp,Hand Ar “wet”, Ar and Air “dry”

atmospheresa) bulk conductivity;b) grain boundary conductivity) total conductivity.
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Fig. 5.17 Comparison between Arrhenius plots of bulk cotiditg in H2 “wet” and Ar
“dry”, and TGA curve of LBG10 sample in the samega of temperatures.

The bulk conductivities in wet Ar and;i8how the same features, but the grain boundary
conductivity is higher in Ar than in Hvet atmosphere. Further experiments are planned to
confirm this behavior.

The reduced grain boundary conductivity could be, @s in barium zirconate materials, to a
demixing of minor phases, such as BaO. An evidehseich minor phases formation is
given by XPS (X-ray Photoelectron Spectroscopya dedllected at ISMN-CNR of
Palermo). These data, reported intdie 5.1Q show that in the sample surface there is a
larger content of lanthanum and barium than ofigral] in contrast with the stoichiometric

composition of material.

Element at %

O 81.0

C 55.0 (probably C£)
Ba 6.8

La 8.2

Ga 4.0

Tab. 5.11 Rate of elements at the surface of LBGO samplergby XPS technique.

The highest conductivity of the bulk takes placéhia sample having the biggest amount of
dopant; on the other hand, the grain boundary octiuty is independent of dopant amount
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(Fig. 5.18a) The LBG20 sample has a total proton conductiefty.4*10* S/Cm at 700°C
in H, wet atmospherégTab. 5.11)

b} H2 wet_grain boundary

a) H2 wet_bulk
o

=30+
®  |bgS5_gb
. * |bgli0_gh
=-3.5 —_ & |bgZ0_gb
= = Linear Fit of lbg5_ghb
i i Linear Fit of lbg10_ghb
e e Linear Fit of lbg20_ghb
= =
i A
g g
[ N ®m |bg5_bulk - ]
+ |bg10_buk
A |bg20_buk
Linear Fit of Ibg5_buk
Linear Fit of [bg10_bulk L]
Linear Fit of [bg20_bulk u
-45 T T T 1 -8 T T 1
1.0 1.2 1.4 1. 1.0 1.2 1.4 1.6
1000 T{K} 1000/ T(K)

Fig. 5.18.Comparison of Arrhenius plots ipkvet atmospheres) bulk conductivityb)
grain boundary conductivity.

Sample Conductivity | Temperature Atmosphere
(S/Cm) (°C)

LBG20 Bulk 9.0 10" 700 H, wet
GrainBoundary| 1.6 10" 700 H, wet
Total 1.4 10° 700 H, wet
Bulk 5.9 10 700 Ar dry
GrainBoundary| 9.510° 700 Air dry
Total 7.910° 700 Air dry

Tab. 5.11 Highest conductivity values measured for LBG2@gi in dry and wet
atmospheres.
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A comparison between the conductivities of sampBS5 and NBG5, differing for the rare

earth cations, shows that the conductivity of balkigher in the former one, whereas the

conductivity of grain boundary is higher in thetéstsample at lower temperatu€sg.

a} H2 wet_bulk b} H2 wet_grain boundary
-3 .
[ ]
-4
*
1 E *
= i .
i o
— a4 — .5
2 =
[ [ L]
? =
3 3
m Lbg5_b E w Lbgs_gb
# MNbgi_b * Mbg5_agb
Linear FitofLbg5 _b Linear Fit of LbgS_gb
Linear FitefHboS_b Linear Fit of Mbg5_gh
-5 T T T 1 -7 T T T
1.0 1.2 1.4 1. 1.0 1.2 1.4

1000/T(K) 1000/ T{K)

Fig. 5.19.Arrhenius plots comparison in kivet atmospheres of samples LBG5 (black
points) and NBG5 (red points)) bulk conductivityb) grain boundary conductivity.
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5.8 Conclusions
The new-generatioliRE;.«Ba;+xGaOsx2 (RE = La, Nd) proton conductor oxides were
investigated with several synchrotron radiationhiegues ih situ — XRD, HR-XRD,
EXAFS) and withTGA andEIS. The combined informations obtained by these whfie
techniques allowed to draw an overall picture & 8tructure of these materials and to

outline a reliable relationship of the structuedtures with proton conduction:

Fig. 5.20.Fragment of the crystal structure of LBG20. Theabha Ba atoms are removed for
clarity, Ga atoms are drown in green and the O atomred. Only O-O distances shorter
than 3A are shown as solid lines.

 Powders with a single orthorhombic phase can beagpeel in the range of
composition: LBGx, & x < 0.2 and NBGx, & x < 0.05. All samples are able to give
rise to dissociative incorporation of water asction of self-doping amount.

* The [GaQ] tetrahedra remain essentially rigid on increasimgdopant amount, after
hydration and also by increasing the temperatubne. ffect of doping is noticed in
the increase in the disorder factors of next-neigimg shells. The rigidity of [GagD
tetrahedra can explain the high calculated activaginergy of intra-tetrahedra proton
hopping.

* The EXAFS data do not show any formation of JG4 dimers in dry samples.

* Oxygen vacancy formation and hydration give bo#e ra significant anisotropic
structural rearrangement. The self-doping causem@ease of cell parameters; in
particular, the increase aloags larger than along tHeandc axes. Hydration causes
a decrease of treeparameter, an increaselmind a smaller increase oparameter;
then, it is likely that at room temperature hydmodends are established between

neighboring [Gag] tetrahedra along a direction approximately patdt thea axis.
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Hydration gives rise to a slight rotation of tedha and to a rearrangement of
atomic distances. In particular, the inter-tetrabb®,-O, distance, which is almost
parallel to thea axis, is contracted (2.97A) and this is the only inter-tetrahedral
distance becoming shorter thanA3after hydration(Fig 5.20) In correspondence
with the formation of the GO, inter-tetrahedral distance, the Gai@tra-tetrahedral
bond is stretched.

The formation of hydrogen bonds is confirmed by thigh negative hydration
entropy AS° = -118 J/mol) and by the greater decrease in ibmrder factor of Ga
cations in HR-XRD analysis.

The LBG20 sample has a total proton conductivity @#10* S/Cm at 700°C in H
wet atmosphere.

Significant bulk proton conduction takes place iB;RBai«GaQ,., materials; the
highest bulk conductivity was noticed in the sampkving the largest dopant
amount.

The values of bulk proton conductivity are lowearthn perovskites oxides probably
due to the high energy barrier of intra-tetrahepi@ton hopping, arising from the
rigidity of GaQ, tetrahedra.

The grain boundary proton mobility is very lowidtargued that the BaO demixes at
the grain boundary during pellet formation and thé secondary phase could affect
the grain boundary conductivity.

The isotropy of migration paths of protons is alisaited by the low symmetry of
proton environment in these materials.

The NBG5 sample (studied for the first time) shalessame structural behavior.

It holds water up to higher temperature than othees. NBG5 has a lower proton
conductivity of bulk and a higher proton condudinvof grain boundary than LBG5

sample.
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