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2011

In the context of the current energy crisis, we need to develop cleaner and more efficient
energy conversion devices. The Solid Oxide Fuel Cell is one of the most promising conversion
devices currently under study: it creates electricity by reduction of either fossil fuels or biofuels
with an efficiency of up to 60% (compared to 30% for a combustion engine). In order to render
this application viable for commercialization, we need to reduce the operating temperature of the
device. This will decrease the fabrication cost and considerably extend the lifetime of the device,
however the ionic conduction has to be kept as high as possible. Electrolyte materials used in the
first commercialized devices were based on oxygen conduction and are active for temperatures
above 700°C. These materials can be replaced by protonic conductors, which show similar
conductivities but in the range of 200 to 400°C. This dissertation aims at explaining the
structural differences and protonic conduction pathways between three of the most promising
candidates: BaZr1-xScxO3-

y(OH)y,

BaSn1-xYxO3-y(OH)y and BaZr1-xYxO3-

y(OH)y.

The

combination of substitution level, cationic arrangement and protonic distribution strongly
influences the protonic conduction of each. In BaZr1-xScxO3-y(OH)y, the scandium substitution is
limited by the instability of the Sc-O-Sc environments, which exist but in a limited amount.
These environments act as energetic traps for protons: the charge carriers are strongly bonded to
these Sc-O-Sc environments considerably reducing their mobility. In BaSn1-xYxO3- y(OH)y, Y3+
iii

and Zr4+ tend to alternate in the structure for high substitution levels (50%) leading to the
presence of mostly one oxygen site, Sn-O-Y. This should facilitate the conduction of protons;
however some unordered regions lead to the trapping of protons on Sn-O-Sn sites, reducing the
protonic conductivity. Finally in BaZr1-xYxO3- y(OH)y, the yttrium cations are distributed
randomly in the structure and the larger size of Y3+ combined with its smaller electronegativity as compared to Sc3+ - prevents the protons from being trapped on Y-O-Y environments. Our
study explains why BaZr0.80Y0.20O2.90-y(OH)y is the best protonic conductor as reported by
impedance spectroscopy.
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Chapter 1:
Introduction

This chapter describes the context in which this research was performed. The
development of Solid Oxide Fuel Cells over the last decade has led to the need for better
protonic conductors to render this application commercially viable on a larger scale. The best
available protonic conductors and their characteristic structure will be described here. This
research has been performed using solid-state NMR spectroscopy. This versatile technique has
led to a large contribution in the understanding of the material science world. The second half of
this chapter will describe the theory behind the different interactions to be considered while
performing NMR and various methods to extract structural information from the studied
materials in order to understand their limitations and propose better candidates.

1

I. Solid Oxide Fuel Cells
A. The next generation of highly efficient energy converter devices
In the last decade, a major concern of scientists has been to resolve the world’s energy
crisis. We are slowly using up all of our resources of fossil fuels while at the same time facing
problems related to global warming making it a priority to find newer and cleaner ways to
produce energy. Fuel cells offer a good alternative to the current power generation devices such
as combustion engines found in cars and stationary heating appliances like household boilers:
they allow the conversion of chemical energy into electrical energy with high efficiency and
limited production of toxic by-products. In addition to emitting smaller quantities of CO2
compared to current power generation devices, fuel cells are also a lot quieter and provide fuel
flexibility. 1-5
Solid Oxide Fuel Cells (SOFCs) are fuel cells constituted of only solid state materials and
gases operating at high temperatures. The anode, electrolyte and cathode materials are made of
ceramics which allow electronic and/or ionic transport at elevated temperatures. Each cell is
extremely thin, only a couple of millimeters, can provide approximately 1 W.cm-2 3and can be
connected to the next cell via the interconnect. In this way, single cells can be stacked up to
deliver more energy. As described in Figure 1.1, SOFCs are based on the reduction of dioxygen
contained in the air at the cathode:
½ O2(g) + 2 e-  O2-(s)

cathode,

followed by the transport of oxygen anions through the solid electrolyte and finally the oxidation
of H2 at the anode by the oxygen anions:
O2-(s) + H2(g)  H2O(g) + 2 e-

anode.

If H2 is directly provided to the cell (at the anode), the only resulting by-products consist
of water at the anode and N2 from the air at the cathode; however this requires the extraction of
H2 from hydrocarbons prior to use in the cell. Due to the high working temperature required for
oxygen conduction through the ceramic materials, from 500°C to 1000°C, hydrocarbons and
biofuels can be refined in situ the cell preventing the use of external reformers and reducing the
complexity of the system;

2, 6-9

in such case CO2 becomes an additional by-product. The
2

efficiency
y of the con
nversion com
mpared to a combustionn engine is ssignificantlyy improved, from
10
30% to 60%.
6
The reequirement for
f high opeerating tempeeratures can be seen as a major draw
wback

for the ap
pplication of this devicee. However, the commuunity has thoought of manny ways to m
make
use of thiis thermal en
nergy, for ex
xample by co
ombining thhe SOFC to a steam turbiine where thhe hot
exhaust gases would
d be used to
t drive the turbine andd produce aadditional ellectricity, heereby
increasin
ng the overalll efficiency of the device to 70%.1, 1 1-12

Figure 1.1. Scheme of a solid oxide fuel cell bbased on oxyygen conductiion.

Even
E
though
h there are ways to en
nhance the efficiency oof SOFCs ooperated at high
temperatu
ure, this ch
haracteristic still limits the extendeed commerccial development of SO
OFCs.
Indeed operation
o
at elevated teemperature implies lonng start up and shut doown times, high
corrosion
n rate of metallic comp
pounds and disparities in thermal expansion behaviors oof the
different parts of the cell leadin
ng to high wear and teear and therrefore, expeensive fabriccation
costs.4, 133 In terms off applicationss, it confiness the SOFCss to stationarry power gennerators. In order
to reduce the fabriccation cost and expand
d the use off SOFCs too portable aapplications, it is
necessary
y to lower the operatting temperrature of thhe cell andd move on to Intermeediate
Temperaature SOFCs (IT-SOFCss) which fun
nction in bettween 200 aand 400°C. A
Achieving suuch a
transform
mation requirres the deveelopment of electrolyte m
materials thaat can conduuct ions at siimilar
3

rates obtained today but at loweer temperatu
ures. Such a challenge rrequires the understandinng of
ionic conduction paathways in the electrolyte which led to the research ppresented inn this
dissertatiion.

B. Electrolyte materials: oxide condu
uctors and p
possibly prootonic condu
uctors?
The
T high tem
mperature SO
OFCs rely on
o the conduuction of oxxygen througgh the electrrolyte
material traditionally
y based on ZrO2, CeO
O2 and LaG
GaO3. In ordder to reduce the operrating
temperatu
ure of SOFC
Cs, new mateerials characcterized by hhigh ionic coonduction (w
with no electtronic
conductio
on) at loweer temperatu
ures need to
o be developped. In the 1960s, Stottz and Waggner14
discovereed that somee oxides were hosting protons
p
as m
minor chargee carriers. Fuurther studiees15-17
outlined that perovsskite based materials already
a
know
wn for theiir oxygen cconductivityy also
presented
d potential applications
a
as protonic conductors. Since the ssize of protoon is significcantly
smaller than
t
the onee of oxygen and its charrge is 1+ vs.. 2-, high prrotonic condductivities caan be
achieved
d at lower tem
mperatures in
i SOFCs. Figure
F
1.2 illlustrates thatt the protoniic conductivity of
yttrium substituted
s
BaZrO
B
00°C is higher than the ooxygen condductivity obsserved in thee best
3 at 40
oxygen conductors, hereby sho
owing the strong
s
potenntial of perrovskite bassed materiaals as
protonic conductor electrolytes for
fo IT SOFCs.

Figure
F
1.2. Proton
P
conducctivity of BaZ
ZrO3 compareed to the best oxide ion connductors.
Figure
F
taken from
f
referencce 18.18

4

IT
T-SOFCs difffer from SO
OFCs by the reactions occcurring at thhe anode andd the cathodde due
to the facct that the charge
c
carrieers traveling through thee electrolyte are now prrotons ratherr than
oxygen io
ons:
H2(g)  2 H+(s) + 2 e 2 H+(s) +½ O2(g)
( + 2 e-  H2O(g)

anodde
ccathode

The by-p
products are still the sam
me but wateer is now relleased at thee cathode (F
Figure 1.3). Note
that the ions are now
w traveling th
hrough the ellectrolyte froom the anodee to the cathhode.

Figure 1.3. Scheme of a solid oxiide fuel cell bbased on protoonic conductiion.

Kreuer
K
reportted in a detaailed review
w19 the charaacteristics off a large rannge of perovvskite
based pro
otonic condu
uctors. Asid
de from high
h conductivitty behavior, in order to be applied iin the
SOFCs, the
t perovskite based can
ndidates need
d to be stablee under the vvarious enviironments prresent
in the celll: the materrial should not
n decompo
ose under H2 O atmospheere or in the presence off CO2
nor be reeduced when
n exposed to
o the cathodee environmeent. Althoughh BaCeO3, B
BaTbO3, BaThO3
and SrCeeO3 are good protonic conductors
c
once
o
hydrateed (Figure 11.4), they arre not very sstable
under caarbon dioxid
de atmospheeres.20-23 SrT
TiO3 and BaaTiO3 are m
more stable, but they doo not
incorporaate protonic defects read
dily.19 In con
ntrast, BaZrO
O3 is stable iin the presennce of CO2 aand it
5

can readiily incorporaate protonic defects, maaking this peerovskite maaterial the strrongest canddidate
for this application
a
so
o far.24 BaSn
nO3 is also stable
s
under CO2 and H2O atmospheeres which m
makes
this mateerial another potential caandidate even
n though thee conductiviity reached bby this materrial is
smaller than the one for BaZrO3.19 Howeverr, the stabilitty under H2 atmosphere has not yet been
extensiveely studied.

Figure 1.4. Proton
P
conductivities of vaarious oxidess. Conductivitties of perovsskite type
oxides are sh
hown by bold lines. Figure taken from reeference 19.199

n order to im
mprove the current propeerties of thesse materials, it is important to underrstand
In
how prottonic conducction works. Our aim iss to determiine the locall structure oof these materials
and expllain the path
hway underg
gone by pro
otons duringg the conduuction mechaanism. Sincce the
materialss most likely
y to be applieed as electro
olytes in IT S
SOFCs are B
BaZrO3 and BaSnO3, wee will
mainly fo
ocus our effo
orts on thosee two materials.
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C. Perovskite structure and implicattions for prootonic transsport
One
O of the waays to lowerr the high op
perating tempperatures of SOFCs is too replace oxyygenion cond
ducting elecctrolytes by protonic conductors. M
Most of the perovskitee-type mateerials,
originally
y studied as anionic con
nductors, aree also potenntial protonicc conductorss after hydraation.
The general formulaa for a pero
ovskite stru
ucture is AB
BX3 where A is a largge cation 122-fold
coordinatted to the an
nion X whilee B is a smalller cation occcupying thee centre of aan octahedraal unit
surround
ded by 6 X anions
a
(Figu
ure 1.5). Bo
oth BaZrO3 and BaSnO
O3 are cubic perovskites with
space gro
oup Pm3m where
w
the A cation (Ba) is divalent aand the B caation (Zr or S
Sn) is tetravaalent,
i.e., A+IIB+IVO3.25

Figure 1.5. Cubic peerovskite struccture of BaZrrO3.

The
T substitutiion of some of the B4+ cations by M3+ cations leeads to the crreation of oxxygen
vacancies for chargee balance reeasons, one vacancy beeing formedd for every two M3+ caations
O3-x/2□x/2 whhere □ repreesents
incorporaated. The neew structuree can now be written ass A(B1-xMx)O
the oxyg
gen vacancy
y. These ox
xygen vacan
ncies, whichh lead to tthe oxygen motion at high
temperatu
ures, also alllow for the hydration
h
off the structurre at lower teemperatures: one molecuule of
7

water can
n react with
h an oxygen
n vacancy to
o form two O
OH groups, generally rreferred to aas the
protonic defects as illustrated in
n Figure 1.6. The protton ions of these defeccts can hop from
oxygen anion
a
to oxyg
gen anion att intermediatte temperaturres giving riise to protonnic conductioon.

Figure 1.6. Hydration prrocess of the BaZr1-xScxO 3-x/2 crystal sstructure. Thee yellow,
blue, pink, reed and green atoms respecctively repressent barium, zirconium, sccandium,
oxygen and hydrogen
h
atom
ms.

The
T choice off the substitu
uting cation will determiine the symm
metry and thhe conductivity of
the new structure. In
n the case off BaZrO3, a large range of substitutiing cations hhas been stuudied.
The best results werre obtained for
f substituting cations having a raddius close too the one off Zr4+
(Figure 1.7), which
h limits the loss of sym
mmetry resuulting from the substituution,19 the most
ng acceptor substituting
g element fo
or BaZrO3 being yttriuum. BaZr1-xYxO3-δ has been
promisin
extensiveely studied by imped
dance specttroscopy;26-37 however there is still a lacck of
understan
nding on thee local structture and prottonic motionn occurring iin this materrial. This research
aims at clarifying
c
thee protonic conduction pathways
p
in B
BaZr1-xYxO33-δ with the use of solid-state
nuclear magnetic
m
resonance (NM
MR) spectro
oscopy, a teechnique thaat will be introduced inn the
second half of this ch
hapter. Sincee yttrium is not
n the easieest nucleus too investigatee using solid-state
NMR, we
w will also focus on sccandium-sub
bstituted BaZ
ZrO3. Whilee a large litterature exissts on
yttrium-ssubstituted BaZrO3, veery little has
h
been rreported foor the scanndium-substiituted
analoguee.18-19 Yttrium
m has been reported to solubilise att least up to 40% in BaZ
ZrO3,38 whille the
scandium
m substitution
n is limited to
t approxim
mately 29%.399-40

8

Figure 1.7. Proton mobility in BaZrO
O3 substitutedd with differrent acceptor dopants.
Figure taken from referencce 19.19

For most perovskite-typee protonic co
onductors, thhe best condductivity vallues are obtained
for low M3+ substitu
ution levels, usually bettween 5 andd 20%. The case of BaS
Sn0.50Y0.50O22.75 is
more un
nusual as very
v
high conductivities have beeen obtained for an exxceptionally high
substitutiion level off 50%.19,

41

BaSn0.50Y0.50O2.75 has been muchh less studieed as a prootonic

conducto
or, although it reaches conductivity
c
values com
mparable to B
BaZr1-xYxO3-δ19, 41 and sshows
good staability underr CO2 and H2O atmosp
pheres. The understandiing of the llocal structuure of
BaSn0.50Y0.50O2.75 an
nd its proton
nic conductio
on mechanissm will alsoo be an exteended part of this
research.
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II. Solid State Nuclear Magnetic Resonance Spectroscopy
Most structural studies of materials utilize diffraction methods, which provide long-range
structural information such as the extent of tilting of the BO6 octahedra. However, it is difficult
to determine directly the structure of the defects and the relaxation around these defects from
these methods. In contrast, solid state nuclear magnetic resonance (NMR) spectroscopy probes
the local environments surrounding different nuclei in the structure, and variable temperature
methods can be used to investigate the dynamics, complementing impedance spectroscopy
measurements. NMR spectroscopy can sometimes separate the dynamics of different species
and/or local environments, allowing motional processes seen by impedance spectroscopy to be
assigned unambiguously to specific dynamical processes and local environments. In this section,
we will introduce the various interactions involved in solid state NMR spectroscopy and review a
couple of techniques that allow more information to be extracted from our systems.

A. Magnetic interactions in the solid
1. Zeeman interaction
NMR spectroscopy relies on the existence of a quantized property of the nucleus called
nuclear spin angular momentum, I. Nuclei are charged particles and they can, depending on the
nuclear structure, possess the property of spin; therefore they produce a small magnetic field and
are associated with a magnetic moment, µ. For a nucleus with a spin quantum number I, there are
(2I+1) allowed spin states, mI = -I, (-I+1), ..., (I-1), I. In the absence of a magnetic field, all the
states have the same energy level, they are degenerate. The energy levels split in the presence of
a magnetic field; this is called the Zeeman interaction. For example, in the absence of a magnetic
field a hydrogen nucleus (I = 1/2) has two spin states, mI = +1/2 and mI = -1/2, both
corresponding to the same energy. When this nucleus is placed in an external magnetic field B0,
its magnetic moment couples to the field B0 causing the two spin states into non-degenerate
energy levels (Figure 1.8). The difference in energy between states is proportional to the strength
of the field B0 and the corresponding transition occurs in the radio frequency region of the
electromagnetic spectrum.42

10

Figure
F
1.8. Th
he Zeeman Effect on the sppin state enerrgy levels.

When
W
NMR active nucleei (i.e. nucleei possessingg spin) encoounter a maggnetic field,, they
will tend
d to align theeir magnetic moment alo
ong the field in order to m
minimize thheir energy. IIn the
quantum mechanicall picture, thee nuclei will precess aboout the magnnetic field (F
Figure 1.9) aat the
Larmor frequency
f
ω0. The Larmo
or frequency
y depends onn the gyrom
magnetic ratioo γ of the speecific
nucleus and
a the stren
ngth of the magnetic
m
field
d B0, i.e. thee strength off the magnet used :43
ω0 = ħ γ B0
The gyro
omagnetic ratio
r
γ is the
t
ratio beetween the magnetic m
moment µ and the anngular
momentu
um I; this rattio is therefo
ore unique fo
or each nucleeus.

Figure 1.9. Precession of
o a spinning
g nucleus reesulting from
m the influencce of an
applied magn
netic field.
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2. Effect of a temporary radio-frequency field
Once the spins have reached thermal equilibrium under the external field B0, an
additional magnetic field B1 is applied via a radio frequency pulse generated by the spectrometer
through a coil oriented along a different axis from the direction of the external field B0. The
precession of the spins is now occurring along the axis resulting from B0 + B1, i.e. away from the
direction of B0. Once B1 is removed, only B0 remains and the axis of precession will relax until it
is aligned with B0, so that thermal equilibrium is regained. The precession frequency and
relaxation process are both influenced by the surroundings of the spins and will therefore differ
slightly from spin to spin. The local magnetic fields generated by the precession and relaxation
of each spin can be captured by the coil and recorded by the spectrometer. After Fourier
transform, the evolution of the precession frequency with time gives rise to the NMR spectrum,
the differences in frequency leading to different resonances. Interactions of the spin with its local
environment affect the resulting lineshape of the NMR signal; the interactions at the origin of
lineshape perturbations are detailed in the following sections. The application of the additional
magnetic field B1 is often referred to as applying a π/2 pulse to the sample, since the strength of
the B1 field is adjusted to flip the sample’s magnetization by 90° from the direction of the B0
field.
3. Chemical Shift Anisotropy
One important interaction of the spin with its local environment occurs through the
surrounding electrons. The nucleus is not the only one to have a magnetic moment the electrons
also do; therefore not only does the nucleus experience the presence of a magnetic field but the
electrons do as well. Even in a diamagnetic system, the presence of a magnetic field will create
circulating currents of electrons which will in turn induce small magnetic fields and these small
magnetic fields will be felt by the nucleus. As a consequence this will change the total magnetic
field experienced by the nucleus and thus its resonance frequency.44 The strength of the field felt
by the electrons changes depending on the orientation of the electron density with respect to the
magnetic field; therefore different orientations may give rise to different chemical shifts. This is
called the chemical shift anisotropy (CSA). While in liquids all molecular orientations are
encountered due to the rapid tumbling of the molecules averaging out the CSA, in solids the
atomic motion is limited and therefore there is no natural averaging of the CSA. In a single
crystal, there are only a limited number of orientations for the nucleus with respect to the
12

magneticc field leadiing to sharp
p resonancess. However in a powdeer, there is a wide rangge of
possible orientations, each interaaction resultiing in a sharrp isotropic rresonance att a different shift.
The orieentation depeendence of the CSA contributes too the broaddening of thhe isotropic peak
leading to
t a particullar shape illu
ustrated in Figure
F
1.10 that is generated by thhe sum of all the
isotropic resonances arising from
m every sing
gle orientatiion present iin the powdder. Averaginng of
the diffeerent orientaations leads to an isotrropic distribbution, i.e. a distributioon for whichh the
interactio
on between the electron
n density and
d the magneetic field is independentt of their rellative
orientatio
on.45

Figure 1.10. The Chem
mical Shift Anisotropy.
A
O
On the left, a single crysstal with
isotropic cheemical shift. On
O the right, a powder paattern with CSA. Figure reeprodced
from referencce 46.46

4. Dipolar coupling
c
In
n addition to
t being inffluenced by the local eelectronic deensity, the nnucleus willl also
interact with
w other nearby
n
nucleei if these nuclei
n
are magnetic. Forr a first spinn I, the maggnetic
interactio
on between the nucleus and the extternal field B0 results inn the presennce of a maggnetic
field at the
t nucleus; the same haappens to a spin S locaated in spatiaal proximityy to the spinn I. If
13

these two
o spins are spatially clo
ose enough, they can innteract withh one anotheer, modifyinng the
resulting magnetic fiield at each nucleus. Th
his interactioon is called ddipolar couppling, and caan be
homonucclear, if I an
nd S are the same isotop
pe, or heteroonuclear. Thhe strength oof the interaaction
between two spins deepends on th
heir gyromag
gnetic ratio, the distancee between thhe two spins - the
on is inverseely proportio
onal to the cu
ube of the innternuclear ddistance - annd the orienttation
interactio
of the I-S
S internucleaar vector witth respect to
o the externaal field B0. T
The last propperty gives rise to
the particcular lineshaape for a pow
wder called Pake
P
doublett, illustrated in Figure 1..11.44

ke pattern fo
or two coupleed spins in a powder sam
mple. (a)
Figure 1.11.. Dipolar Pak
Overall shap
pe and (b) Contribution
C
of the diffeerent spin paair orientation to the
lineshape. Figure reproducced from refeerence 44.44

The
T two com
mplementary patterns of the
t Pake douublet (Figuree 1.11 b) ariise from diffferent
energy co
ontributions depending on
o the alignm
ment of spinn I with respeect to spin S
S. The intensity of
each patttern reflects the percenttage of one particular oorientation of the spin ppair related tto the
external field
f
B0.
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5. Quadrupo
olar interacttion
There
T
are 120 NMR actiive nuclei in
n the perioddic table, am
mongst whichh 80 have sppin >
1/2.47 Th
hese nuclei are called quadrupolar
q
due to theirr non-spheriical charge distributionn; this
particularr charge disttribution leaads to the presence of a nuclear quaadrupole mom
ment eQ thaat can
interact with the ellectric field gradient at
a the nucleeus. The ressulting interraction is ccalled
quadrupo
olar couplin
ng and depeends on both
h the strenggth of the qquadrupolar moment and the
electric field
f
gradientt at the nucleeus. The quaadrupolar cooupling consttant CQ can bbe expressedd as:
C

=

eQ ∗ V
e Qq
=
,
ħ
ħ

where eq
q and Vzz represent the electric field
d gradient. T
There are tw
wo categoriees of quadruupolar
nuclei, on
nes with inteeger spins an
nd ones with
h half-integerr spins; from
m now one w
we will only focus
on the seecond categ
gory since th
his work will not involvve integer sspin quadruppolar nuclei. The
quadrupo
olar interactiion has a co
onsiderable effect
e
on thee NMR specctrum; its deependence oon the
orientatio
on of the nu
uclear spins with respecct to B0 affeects the nucllear energy level splittinng as
depicted in Figure 1.12 for a spin
n 3/2 nucleu
us.

Figure 1.12.. Effect of th
he Zeeman sp
plitting and fiirst- and secoond-order quaadrupolar
coupling on the
t energy lev
vels of a spin 3/2 nucleus.
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The first order of the quadrupolar interaction shifts the mI = -1/2 and mI = 1/2 levels by the same
amount in the same direction leaving the frequency of the central transition (1/2 to -1/2)
unchanged. However the other transitions, 3/2  1/2 and -1/2  3/2 for a spin 3/2, known as
satellite transitions, are both affected by an amount proportional to ωQ, called the first order
quadrupolar frequency, resulting in a shift and a broadening of these resonances.44 The second
order of the quadrupolar interaction does, however, affect the central transition: it leads to its
broadening and adds a contribution to the isotropic shift δiso, in addition to the chemical shift δCS,
which depends on the strength of the quadrupolar coupling.46 The isotropic shift can now be
expressed as:
δiso = δCS + δQIS
where δQIS is for the quadrupolar induced shift. The lineshape of the central transition is related
to the local symmetry of the site and can be described by the asymmetry parameter:
η

=

V

− V
V

where Vxx, Vyy and Vzz describe the electric field gradient tensor. It is possible to simulate a
quadrupolar lineshape and determine both the CQ and η parameters which are related to the local
structure at the nucleus. Depending on the size of the CQ value, the satellite transitions may be
too broad and only the central transition will be observed. One way to confirm the quadrupolar
parameters determined from the fit is to acquire the same spectrum at a different field as the
second-order quadrupolar interaction is inversely proportional to the strength of the field.
However it remains non-trivial to quantify site ratios when the sites have very different sizes of
CQ since some of the signal intensity is contained in the spinning sidebands and it is not always
straightforward to separate the contribution of the central transition to the sidebands from that of
the satellite transitions. Care needs to be taken when setting up experiments for samples
containing sites with very different CQ as the larger the CQ the faster the nutation of the spin. The
length of the pulse should be chosen accordingly so that the two sites have a linear response in
terms of intensity; usually π/2 pulses are shortened to
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/

to ensure such conditions.

B. NMR techniques for solids
1. Magic An
ngle Spinning
g
In
n solution NM
MR moleculles are subjeect to rapid m
motion. Thiss leads to thee averaging oof the
different anisotropic interactionss such as dip
polar couplinng and chem
mical shift aanisotropy; thhis is
the reaso
on why, for liquid samp
ples, peaks resulting
r
froom the signaal are generaally very naarrow.
This is not
n applicable to solids where moleecular motioons are mucch slower thhan the dom
minant
internal interactions
i
(CSA, dipollar, quadrupo
olar) which leads to peaak broadeninng and difficuulties
in extractting isotropiic shifts. Thee effect of th
he CSA and the dipolar coupling aree strongly reelated
to the orientation of the local en
nvironment of
o the nucleeus with resppect to the eexternal maggnetic
t
the following faactor: (3 coss2 Θ – 1) whhere Θ is thee angle betw
ween the prinncipal
field B0 through
axis of th
he interaction and the ex
xternal magn
netic field B0 . In order too remove the impact of these
two interractions on the
t NMR lin
neshape, thee angle Θ haas to be equual to 54.74°°, i.e. all ressidual
nuclear magnetic
m
fields should align
a
at this angle with rrespect to thhe external ffield B0. Rottating
the samp
ple fast enoug
gh around an
n axis at an angle
a
of 54.774° from thee external fieeld B0 createes the
illusion that
t
all the residual
r
nucllear magnetiic fields are parallel to this axis, removing the CSA
and dipollar interactio
ons (Figure 1.13).
1
This angle
a
is calleed Magic Anngle and gives its name tto the
NMR tecchnique, Mag
gic Angle Sp
pinning (MA
AS).43

Figure 1.13. The Magic Angle
A
Spinnin
ng experimennt. (a) The sam
mple is spun rrapidly in
a cylindrical rotor about a spinning axis at the maggic angle (Θ = 54.74°) withh respect
to the extern
nal field B0. (b) The nu
uclear interacction tensor is representeed by an
ellipsoid; it is fixed to thee molecular frrame to whichh it applies aand so rotates with the
sample. Figu
ure reproduced
d from referen
nce 46.46
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Iff the spinnin
ng speed is fast
f enough to completeely average tthe interactions, then a sharp
resonance whose shift correspon
nds to the iso
otropic chem
mical shift iss observed (F
Figure 1.14)). For
slower sp
pinning speeeds, the sign
nal breaks do
own into thee isotropic reesonance surrrounded by a set
of spinniing sideband
ds separated by the spinn
ning frequenncy; these siidebands aree the result oof the
remainin
ng non-averaged terms off these interaactions.

Figure 1.14.. Effect of MAS
M
at various speeds onn an NMR sppectrum. Figuure from
reference 48..48

In
n the case off the quadru
upolar interacction, MAS is generallyy never enouugh to complletely
average this interacction due to
o the size of
o the first--order quaddrupolar inteeraction andd the
incompleete averagin
ng of the second-order
s
r quadrupollar interactioon; thereforre various pulse
sequencees have been developed
d to facilitaate the anallysis of the local structure surrounnding
quadrupo
olar nuclei. We will detail two of those in thee next sectioons: the firsst one is used to
reduce th
he effect of the quadrup
polar couplin
ng and clariify peak asssignment (M
MQMAS) annd the
second one
o to identtify the quadrupole’s neeighbors byy reintroducttion of the dipolar couupling
interactio
on (TRAPDO
OR).
2. MQMAS
Most
M of the in
nitial techniq
ques develop
ped to increaase the specttral resolutioon of quadruupolar
nuclei reelied on spin
nning the saample at two
o different aangles simuultaneously; it is evidentt that
achieving
g such techn
nical perform
mances is exttremely challlenging. Muultiple-Quanntum Magic angle
Spinning
g49 (MQMAS
S) was a con
nsiderable brreakthrough in the worldd of quadruppolar nuclei since
it was thee first pulse sequence leading to hig
gh spectral reesolution whhile spinningg the rotor att only
one anglle, the magiic angle.46 MQMAS
M
is a two-dimeensional expperiment whhich correlaates a
18

multiple quantum traansition (mI  -mI) to the central ttransition (11/2  -1/2) (Figure 1.115). It
ymmetric <m
m,-m> multiiple quantum
m transition by a singlee high
consists of the excitaation of a sy
power raadio frequen
ncy pulse fo
ollowed by an
a evolutionn time t1a duuring whichh the quadruupolar
interactio
on is alloweed to evolve. A selectiv
ve pulse is aapplied to coonvert the m
multiple quaantum
transition
n <mI,-mI> into
i
an obseervable coheerence, <1/2,,-1/2>. The single quanttum coherennce is
allowed to
t refocus du
uring a time t1b after wh
hich the acquuisition starts.47 Simultanneous increm
ments
of t1a and
d t1b lead to the two-dim
mensional sp
pectrum; the increment iis preferablyy set to integger or
half integ
ger rotor perriods to prev
vent excessiive spinningg sideband m
manifolds. T
The selectionn of a
particularr multiple quantum
q
traansition is achieved
a
thrrough predeefined phasee cycling oof the
excitation
n sequence.

Figure 1.15
5. MQMAS pusle sequeence and cooherence pathhways. The selected
coherence paathways seleccted here are 0  -3/2  -1/2 for a spins 3/2. Duuring the
time t1, the seecond quadru
upolar couplin
ng is averagedd to zero leavving a scaled isotropic
spectrum in the
t indirect diimension. Fig
gure reproducced from referrence 44.44

After
A
a 2D Fo
ourier transfform and sheearing, the reesonances w
will appear ass ridges alonng the
diagonal. The projecttion of each 2D spectrum
m along the F 1 dimensioon - i.e. the vvertical projeection
a isotropic spectrum frree from quaadrupolar brooadening, thhe shifts of tthe resonancces in
- yields an
this dimeension reflecting the co
ombination of
o both the isotropic shhift δiso andd the quadruupolar
induced shift δQIS. In
I addition,, a one dim
mensional sppectrum cann be extractted along thhe F2
dimensio
on for each resonance, and fit to yield an esttimation off the quadruupolar interaaction
parameteers and chem
mical shift δCS
ndividual ressonance.44 E
Examples wiill be given iin the
C for each in
following
g chapters.
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3. TRAPDO
OR
The
T transfer of populatiions in dou
uble resonannce (TRAPD
DOR) pulse sequence500 was
developeed to study the heteron
nuclear dipo
olar couplinng between a spin ½ nucleus I aand a
quadrupo
olar nucleuss S under MAS
M
conditiions. The pprinciple of this experim
ment consissts of
acquiring
g a rotor syn
nchronized echo
e
(π/2 - τ - π - τ) of tthe spin ½ nnucleus I, whhile continuously
irradiatin
ng the quadrrupolar nuclleus S durin
ng the τ tim
mes (Figure 1.16). The iirradiation oof the
quadrupo
olar spin preevents the reefocusing off the echo bby modulatinng the heterronuclear diipolar
coupling interaction under MAS
S. The spectrrum of the sspin ½ I resuulting from aacquisition uunder
irradiatio
on of the qu
uadrupolar nu
ucleus S is compared too the spectruum of the spin ½ I obtained
from a regular roto
or synchron
nized echo experiment , i.e. withoout S spin irradiation. The
differencces in the spectra
s
only
y affect thee environmeent involvinng the I-S dipolar couupling
interactio
on. Increasin
ng the numbeer of rotor periods in bettween pulsess, i.e. increaasing the τ vaalues,
leads to a stronger dephasing of
o the spin ½ signal, tthe spectral differences becoming more
4
50
obvious.46-47,

Figure 1.16. Schematic reepresentation of the TRAP
PDOR pulse sequence.

4. Time scalles in NMR
NMR
N
spectro
oscopy givess access to three
t
differeent time regiimes which relate to vaarious
physical processes in the solid (Figure 1.1
17). The Larrmor timesccale is in thhe same rangge as
t 10-11 s tim
meframe. Si milar to thee liquid statee, such moleecular
moleculaar rotations, in the 10-9 to
motion will
w preventt the CSA from being
g refocused and will leead to the loss of spinnning
sideband
ds if any were
w
previou
usly observeed under sllower moleecular motioon. The speectral
20

timescalee which ran
nges from 10
0-4 to 10-6 s will be afffected by chhemical exchhange leadinng to
broadenin
ng of spectrral width an
nd even coaalescence off resonances (Figure 1.118). Finally slow
moleculaar relaxation
n processes occur in the 10-3 to 1 s range andd are in the same regim
me as
macrosco
opic diffusio
on. Several experimentss have beenn developed to accurateely determinne the
relaxation
n times as deescribed in the
t following
g section.

Figure 1.17. Typical motiional timescale for physicaal processes aand how they compare
to the NMR timeframe.
t
Fiigure reprodu
uced from refeerence 45.45

Figure 1.18.. Intermediate two site ex
xchange and its effect onn the NMR llineshape
depending on
n the regime. Figure reprod
duced from reeference 45.455
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5. Relaxatio
on times
Once
O
the bulk magnetizaation has been rotated aaway from tthe magneticc field B0, itt will
relax bacck to thermaal equilibrium
m towards th
he B0 field bby giving upp energy to tthe surrounddings,
i.e. to the
t
lattice. The time constant fo
or the maggnetization tto recover parts its iinitial
magnetizzation along the z directtion is called
d the spin-laattice relaxaation time, T1. Once thee bulk
magnetizzation has beeen rotated away
a
from th
he magnetic field B0, thee spins will sstart precessiing at
different frequenciess leading to the dephasiing of the sppins magnettization in thhe x-y planee; the
intensity of the bullk magnetization in thee x-y planee decreases. The time constant foor the
magnetizzation to van
nish in the x-y
x plane is called spin--spin relaxaation, T2. Booth the T1 annd T2
time constants are illlustrated in Figure
F
1.19. In general ffor solids, thhe bulk magnnetization is fully
recovered
d along the z direction after its com
mponent in tthe x-y plane has vanishhed which m
means
that T2 < T1.43

Figure 1.19. T1 and T2 rellaxation proceesses. Figure reproduced ffrom reference 43.43

The
T spin-lattiice relaxatio
on time T1 can be deteermined by using an innversion recoovery
experimeent. The mag
gnetization is
i inverted by
b a π pulse,, allowed to evolve for a time τ andd then
rotated by
b a π/2 pullse. The pulsse sequencee is repeatedd with increaasing τ timees to observve the
change of
o the magn
netization inttensity in th
he x-y planee versus τ. F
For such ann experimentt, the
magnetizzation obeys the followin
ng equation:
=

∗ 1 − 2 ∗ exp
p

−

.

After exttraction of M0 and M(τ), the followin
ng plot will rreadily give access to thhe T1 value:
ln 1 −

=

−

22

∗ ln 2 .

The spin-spin relaxation time T2 can be measured by using a Hahn echo experiment (π/2 - τ - π τ) with increasing values of τ. The magnetization decreases exponentially and can be readily be
extracted by fitting the following equation:
= exp −

.

III. How do we proceed from here?
After this introduction, the second chapter will be dedicated to solving the local structure
of BaZr1-xScxO3-x/2 and drawing a first assignment of the different protonic environments
encountered in the material using solid state NMR. The third chapter will attempt to understand
the differences observed in BaZr1-xYxO3-x/2 compared to BaZr1-xScxO3-x/2. The fourth chapter will
cover the unusual characteristics of the BaSn0.50Y0.50O2.75 structure observed by solid-state NMR
and their consequences on protonic conduction. Finally the fifth chapter will consist of a detailed
protonic study of the three materials.
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Chapter 2:
Probing the local structures and protonic conduction pathways in scandium
substituted BaZrO3 by multinuclear solid-state NMR spectroscopy

A comprehensive multinuclear solid-state NMR study of scandium-substituted BaZrO3 is
reported. Static low field and MQMAS very high field 45Sc NMR data revealed the presence of
both 5 and 6 coordinated scandium atoms, the vacancies not being very strongly bound to
scandium.

17

O NMR spectra showed the presence of up to three different chemical oxygen

environments assigned to Zr-O-Zr, Zr-O-Sc and Sc-O-Sc. From the ratios of these different
oxygen sites, the distribution of the scandium cations appeared to be close to random but
indicated that the scandium incorporation was lower than expected, consistent with the
observation of Sc2O3 impurities at higher substitution levels. 1H and

45

Sc NMR data on the

hydrated materials revealed the presence of scandium next to protonic defects. Finally, variable
temperature 1H NMR showed the presence of at least two different proton environments in
between which proton transfer occurs at ambient temperatures (300 K).
This chapter is adapted from an article published in the Journal of Materials Chemistry.1
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I. Introduction
As described in the first chapter, lowering the operating temperature of SOFCs may be
achieved by using protonic conductors instead of oxygen conductors as the electrolyte material.
It was pointed out that one of the strongest candidate so far for such an application is derived
from the perovskite BaZrO3 since this material is stable in the presence of CO2 and can readily
incorporate protonic defects.2 While the best conductivities are reported for yttrium substituted
BaZrO3, this material is rather unfriendly from an NMR point of view: the NMR of the elements
of interest, Y and Zr, is difficult to perform, therefore studying the structural characteristics of
scandium substituted BaZrO3 appeared to be a better starting point in order to understand oxygen
deficiency and protonic trapping arrangements in the dry and hydrated structures respectively. A
large literature exists on yttrium-substituted BaZrO33-14 but to date very little has been reported
for the scandium substituted analogue.15-16 BaZrO3 crystallizes in a cubic perovskite structure,17
space group Pm3m and remains cubic upon substitution.15 Yttrium has been reported to
solubilise at least up to 40 % in BaZrO3,18 while the scandium substitution is limited to only 29
%.19-20 This chapter focuses on the application of NMR methods to investigate the local structure
of a series of scandium-substituted barium zirconate (BaZr1-xScxO3-x/2, x = 0.05, 0.15 and 0.30).
45

Sc,

17

O and 1H NMR spectra of both dry and hydrated structures are acquired to investigate

cation ordering, the locations of the vacancies, and the mobility of the protons in the hydrated
materials.
45

Sc chemical shifts are sensitive to the coordination number of the cation and the

lineshape of the resonance of this spin I = 7/2 nucleus to the local distortion of the
environment.21-22 Thus, we use

45

Sc to determine whether the oxygen vacancies are nearby the

scandium cations, the presence of a 5 coordinated scandium atom indicating the existence of an
oxygen vacancy in the scandium 1st coordination shell. 45Sc NMR is relatively straightforward to
perform since

45

Sc has a natural abundance of 100 %, a gyromagnetic ratio γ of 6.50880 x 107

rad.T-1.s-1, close to that of 13C, and a moderate nuclear quadrupolar moment Q of 0.22 x 10-28 m2.
While

45

Sc NMR spectra are often broad due to the large anisotropic interactions, NMR

parameters including the quadrupolar interactions (EFG) and the chemical shielding anisotropy
(CSA) can be readily extracted to determine the symmetry, structure and dynamics of various
materials.21, 23-27
28

17

O (I = 5/2) NMR is used to probe the cation ordering, since the

17

O chemical shift is

sensitive to the nature of the nearby cations (Sc3+ and Zr4+ in this case). Natural abundance 17O
NMR is challenging in part due to the very low concentration of

17

O (≈ 0.037 %) and

17

O

enrichments are required. Enrichment is, however, very easily performed in this type of materials
via an exchange reaction between the solid itself and

17

O-labeled O2 gas at moderate to high

temperatures.28
Finally, 1H NMR is widely used for the characterization of structure and dynamics of
molecules due to its very high sensitivity (spin quantum number I = ½, almost 100 % natural
abundance and high γ). Highly resolved spectra are easily obtained from liquids because of fast
molecular tumbling, which in most cases fully averages out the anisotropic interactions.
However, in static solids the dominant homonuclear 1H - 1H dipolar interaction generally leads to
broad proton resonances unless dilution,29-30 very fast Magic Angle Spinning (MAS)31-32 or
CRAMPS (Combined Rotation And Multiple Pulse Spectroscopy) techniques

33

are used.34 1H

MAS NMR spectra of the hydrated samples are acquired at room and low temperatures, to
directly observe the protonic defects and to characterize their motional processes.

II. Experimental section
A. Sample Preparation
BaZr1-xScxO3-x/2 (x = 0.05, 0.15, 0.30) samples were synthesized through a glycine-nitrate
combustion route35 using Ba(NO3)2 (Alfa Aesar, 99.999 %), ZrO(NO3). x H2O (Alfa Aesar,
99.9%), Sc(NO3)3. x H2O (Alfa Aesar, 99.9 %) and glycine (Alfa Aesar, 99.7 %) as starting
materials. Stoichiometric ratios of the reactants were mixed in a small amount of deionized water
with a nitrate to glycine ratio of 2:1. Mixtures were then dehydrated on a hot plate and autoignition followed. Powders were then ground and fired at 1200 °C for 10 hours, pressed into
pellets, buried in BaZrO3 powder to prevent barium evaporation, sintered at 1600 °C for another
15 hours and finally slowly cooled to room temperature.

17

O enrichment was performed by

heating the freshly dried samples (1 hour at 950 °C under vacuum) under 50 % 17O enriched O2
gas (Isotec, 99 %) for 2 days at 950 °C. Purity of the samples was checked by X-ray diffraction
using a Scintag diffractometer with Cu-Kα radiation. Diffraction patterns were compared to the
29

JCPDS (Joint Committee on Powder Diffraction Standards) card for BaZrO3 (# 06-0399). Even
though the reported solubility of scandium into BaZrO3 is limited to 29 %,19-20 no Sc2O3 was
detected in the diffraction pattern, except for the

17

O enriched BaZr0.70Sc0.30O2.85. Hydration of

the powders was carried out in a tube furnace. The powders were first dried at 1000 °C for 2
hours and then cooled down by steps of 100 °C every 2 hours until the temperature reached 200
°C with wet N2 flowing over the samples at a rate of 60 mL min-1. The cycle was repeated again
from 800 to 200 °C, to increase the hydration levels of the powders.

B. 45Sc NMR experiments
Static 45Sc NMR experiments were performed on a 8.5 T wide bore magnet with a single
channel static probe tuned to 87.46 MHz. Quadrupolar echo experiments were performed using a
selective π/2 = 0.9 µs at a radio-frequency (rf) field amplitude of 71 kHz with an evolution
period of 20 µs and a recycle delay of 1 s. Additional static

45

Sc NMR experiments were

performed on a 11.7 T wide bore with a double resonance 5 mm MAS probe tuned to 127.47
MHz. The dry samples used for the 45Sc static NMR were dehydrated under vacuum at 950 °C
overnight and packed in well sealed rotors under N2 atmosphere before the experiments were
recorded, to remove any water absorbed during storage of the samples. High field

45

Sc NMR

experiments were performed at 19.6 T on a ultra narrow bore Bruker DRX 830 MHz
spectrometer at the National High Magnetic Field Laboratory, Tallahassee, Florida, USA using a
home-built 1.8 mm single channel probe36 tuned to 202.44 MHz. All samples were packed inside
1.8 mm rotors and spun at a spinning frequency ωr of 33 kHz. t1 rotor synchronized twodimensional (2D) Multiple-Quantum MAS (MQMAS) experiments

37

- in this case triple-

quantum - were performed using a shifted echo pulse sequence and the Soft-Pulse-AddedMixing (SPAM) enhancement pulse.38 Excitation and reconversion pulse lengths of 2 and 0.5 μs,
respectively, were used at an rf field amplitude of 150 kHz, while a pulse length of 1.5 and 0.75
μs were used for the selective 180° echo and the 90° SPAM pulses, respectively, corresponding
to an rf field amplitude of approximately 50 kHz. The experiments were optimized for
BaZr0.70Sc0.30O2.85 and performed under the same conditions for all the other samples. The
chemical shift was externally referenced to a 1 M solution of Sc(NO3)3 in water at 0.0 ppm.

30

C. 17O NMR experiments
17

O NMR experiments were carried out on a 14.1 T wide bore Bruker Avance 600 MHz

spectrometer equipped with a 4 mm HX probehead and operating at 81.36 MHz. All samples
were packed inside 4 mm rotors and spun at a spinning frequency ωr of 15 kHz.

17

O one-

dimensional spectra were recorded using the rotor synchronized Hahn echo experiments with an
evolution period of one rotor period, i.e. τr = 66.7 μs, to avoid probe ringing and selective pulse
widths of π/6 = 0.28 μs and π/3 = 0.57 μs at a rf field amplitude of 100 kHz. Two-dimensional
triple-quantum

17

O MAS NMR experiments were recorded at a spinning frequency of 15 kHz

using the z-filtered pulse sequence.39 Excitation and reconversion pulse lengths of 4.8 to 5 μs and
1.4 μs, respectively, corresponding to an rf field amplitude of 100 kHz, and selective 90° pulses
of 20 μs (rf field amplitude of 15 kHz) were used. Multiple-quantum transfer was optimized on
every sample to ensure efficient excitation of the 3Q coherences, the t1 increment was rotor
synchronized to one rotor period. High field 17O NMR experiments were performed on a 21.1 T
standard bore Bruker Avance III 900 MHz spectrometer equipped with a 3.2 mm HX probehead
and operating at 122.04 MHz. The samples were packed inside 3.2 mm rotors and spun at a
spinning frequency ωr of 22 kHz. 17O one-dimensional spectra were recorded using a simple one
pulse experiment. 15000 transients were accumulated using selective pulse widths of π/6 = 1 μs
at an rf field amplitude of 30 kHz. Further experimental details are given in the figure captions.
The recycle delay was set to 5 s for all experiments and the chemical shift was externally
referenced to water at 0.0 ppm.

D. 1H NMR experiments
1

H NMR experiments were carried out on a 14.1 T wide bore Bruker Avance III 600

MHz spectrometer equipped with a 3.2 mm HXY low temperature probehead. All samples were
packed inside 3.2 mm rotors and spun at a spinning frequency ωr of 12.5 kHz. Spectra were
recorded using a rotor synchronized Hahn echo experiments with an evolution period of one
rotor period. The spin lattice relaxation times T1 were estimated by fitting a recycle delay array
curve. The chemical shift was externally referenced to TMS at 0.0 ppm. All temperatures given
here correspond to the sample temperatures and have been corrected for MAS mechanical
friction.40
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E. NMR simulation
MatLab and MatNMR41 were used to process the data. Simulations and fits were
performed using Winsolid42 or SIMPSON43 and standard numerical techniques.44 The
quadrupolar lineshapes were only simulated using the quadrupolar interaction, no CSA was
introduced.

III. Results
A. Thermogravimetric Analysis
Prior to the description of the NMR data, the thermogravimetric analyses (TGA) of the
hydrated samples are presented in order to quantify the amount of protonic defects contained in
the structure (Figure 2.1). For all BaZr1-xScxO3-x/2 samples, we used the total mass loss to
calculate the total water content of the hydrated material. Assuming full hydration of the
structures, which is not always achievable, a maximum amount of x/2 H2O molecules can be
incorporated leading to x OH defects. Thus we label the hydrated materials BaZr1-xScxO3-x/2y(OH)2y

where the subscript 2y indicates the quantity of protonic defects (2y should be ≤ x)

leading to the following formulas: BaZr0.95Sc0.05O2.97(OH)0.01, BaZr0.85Sc0.15O2.875(OH)0.10 and
BaZr0.70Sc0.30O2.75(OH)0.20, for the three samples studied here. At all substitution levels, the
incorporation of water is lower than expected theoretically, which is ascribed to slow mobilities
of the oxygen vacancies in the lower temperature regimes where the proton defects are more
stable. For the lowest scandium substitution, the hydration level is noticeably lower, and this
may be due to poorer conductivity of this material, which has the fewest oxygen vacancies.
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Figure 2.1. Therrmogravimetrric analysis off BaZr1-xScxO3-x/2-y(OH)2y.
(a)
( BaZr0.95Scc0.05O2.97(OH))0.01. (b) BaZrr0.85Sc0.15O2.8755(OH)0.10.
(c) BaZr0.770Sc0.30O2.75(O
OH)0.20.

B. Defectt chemistry by 45Sc NM
MR
Figure
F
2.2 sh
hows the stattic 45Sc specctra of dry aand hydratedd BaZr1-xScxO3-x/2 obtainned at
8.5 T alo
ong with th
heir respectiv
ve simulatio
ons (dashed lines). Thee spectra of the dry sam
mples
consist of
o a resonancce at 140 ppm
m comprisin
ng a sharperr componentt due to the ccentral transsition,
along wiith broader features
f
due to the satelllite transitioons, and a second broadder signal, w
whose
concentraation grows as the scand
dium substitu
ution level inncreases. Thhe chemical shift of the sharp
signal is consistent with a 6 coordinated scandium ennvironment,, typically ffrom 108 too 158
ppm,21 while
w
the lacck of breadth
h of this sig
gnal indicates that the sccandium ionns are in a hhighly
symmetric environm
ment; the bro
oad signal is
i ascribed tto scandium
m in a highlly distorted local
ment. After hydration,
h
th
he sharp sign
nal is still prresent in the spectra of aall samples, w
while
environm
the broad
der signal sig
gnificantly reduces
r
in in
ntensity. We,, therefore, aassign the brroad resonannce to
5 coordin
nated scandium cations which, upo
on hydrationn, become siix-fold coorrdinated andd thus
more sym
mmetrically coordinated. These hypo
otheses are cconfirmed byy numerical simulation oof the
spectra and
a by the MAS data presented in
n the next section. Thhe broadeninng of the ceentral
transition
n of the 6 co
oordinated sccandium sign
nal after hyddration alongg with the looss of the sattellite
transition
ns is largely due to an increase in thee chemical shhift distributtion.
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45
Figure 2.2. Static
S
Sc qu
uadrupolar ech
ho spectra off BaZr1-xScxO33-x/2 and BaZrr1-xScxO3BaZr0.95Sc00.05O2.985 (800944 transiennts). (b)
(OH)
obtained
o
at
8.5
T.
(a)
x/2-y
2y
BaZr0.85Sc0.155O2.925 (60792
2 transients).. (c) BaZr0.700Sc0.30O2.85 (227464 transieents). (d)
BaZr0.95Sc0.055O2.97(OH)0.01 (56736 tran
nsients). (e) B
BaZr0.85Sc0.155O2.875(OH)0.100 (13228
transients). (f)
( BaZr0.70Scc0.30O2.75(OH)0.20 (11520 trransients). Siimulations peerformed
with the parameters repo
orted in Tablee 2.1, are shoown below tthe spectra off the dry
samples. Thee dotted liness represent th
he two individdual componnents used to simulate
each spectrum
m and the dasshed lines are the sum of thhe two compoonents.

The
T NMR lin
neshapes forr the dry sam
mples couldd be fit by uusing two diifferent scanndium
environm
ments, whosee quadrupolaar interaction
n parameterss are listed inn Table 2.1. Although thhe fits
are good
d, the poor resolution
r
att low magneetic field strrengths, andd the weak intensities oof the
satellite transitions render the determinatio
on of the qquadrupolar asymmetry parameterss, ηQ,
somewhaat difficult. Nonetheless
N
the same paarameters allso give an eexcellent fit to the specttra of
the dry samples
s
reco
orded at a hiigher field of
o 11.7 T (F
Figure 2.3) pproviding fuurther support for
these sim
mulations.
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Table 2.1. Experimental 45Sc NMR parameters (Isotropic Chemical Shifts δiso; Quadrupolar
Coupling Constants CQ and Quadrupolar Asymmetries ηQ) extracted from the static and
MQMAS spectra of BaZr1-xScxO3-x/2 (x = 0.05-0.30) obtained at 8.5 and 19.6 T.
x
0.05
0.05
Hyd[c]
0.15
0.15
Hyd [c]
0.30
0.30
Hyd [c]

δiso (ppm)

CQ / MHz

ηQ

Assignments

139(1)

0.6(1)

0.4(1)

ScVI

167(1)[a]

-[a, b]

-[a, b]

ScVI OH

240(5)

31(1)

0.0(1)

ScV

142(2)

1.1(1)

0.9(1)

ScVI

160(1)

8(1)

0.0(3)

ScVI OH

138(2)

0.8(2)

0.5(2)

ScVI

235(5)

31(1)

0.0(1)

ScV

144(2)

1.5(4)[d]

- [d, e]

ScVI

162(1)[a]

7(1)[a]

0.0(3)[a]

ScVI OH

142(1)

0.6(2)

0.8(1)

ScVI

240(10)

31(2)

0.0(1)

ScV

144(2)

1.5(8)[d]

-[d, e]

ScVI

162(2)[a]

7(1)[a]

7(1)[a]

ScVI OH

[a]

Signal not observed at 8.5 T. [b] Signal too weak and at the limit of detection of the MQMAS
experiment, and hence cannot be fit with any degree of certainty. [c] Hydrated samples. [d] Not
determined at 8.5 T due to the lack of satellite transitions. [e] Not determined at 19.6 T due to the
lack of signal lineshape.
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45
Figure 2.3. Static
S
Sc qu
uadrupolar ech
ho spectra of BaZr1-xScxO33-x/2 obtained at 11.7 T
with a relax
xation delay of 1.5 s. (a) BaZr0.95S
Sc0.05O2.985 (66104 transieents). (b)
BaZr0.85Sc0.155O2.925 (4512
2 transients)). (c) BaZrr0.70Sc0.30O2.855 (6224 traansients).
Simulations performed with
w the param
meters reporteed in Table 22.1, are show
wn below
the spectra of the dry samples. Th
he dotted linnes representt the two inndividual
components used to simu
ulate each speectrum and thhe dashed linnes are the suum of the
two componeents.
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The sharp peak has a small quadrupolar coupling constant CQ, consistent with a
symmetric ScO6 site; however, the value of ηQ (0.5 – 0.8) is not consistent with the symmetry of
the site: ηQ is expected to be 0 based on the crystallographic structure of the unsubstituted
material. This may reflect the small local distortions that result from substituting a slightly larger
Sc3+ ion (r = 0.89 Å) on the Zr4+ site (r = 0.86 Å)45 and additional effects due to cation
substitutions and oxygen vacancies in the 2nd and 3rd coordination shells, but may also be due to
the inherent errors associated with this fitting. ηQ increases upon scandium substitution, perhaps
reflecting the higher numbers of nearby defects.
The broad scandium resonance, whose relative intensity increases upon scandium
substitution in the dry samples, has a much larger quadrupolar coupling constant (CQ = 30 MHz,
Table 2.1). Its isotropic chemical shift value of 245 ppm falls in the range predicted by Stebbins
et al.21 for a 5 coordinated scandium ion. The large CQ value is consistent with the significant
distortion, and thus electric field gradient, expected for a ScO5 environment, ( is a vacancy)
and provides strong evidence for the location of the vacancy nearby a scandium ion. Note that
this ScO5 environment is square pyramidal and although possessing a large distortion from the
original octahedral environment and thus a Cq, it will still maintain a C4 symmetry axis, and thus
axial symmetry (i.e. η = 0).
Our results are in agreement with a previous high-field MAS NMR study, where a broad
shifted 45Sc resonance at approximately 230 ppm was observed, that was similarly assigned to a
5 coordinate scandium environment in substituted BaZrO3, again the concentration of this
resonance increasing on scandium doping.46 The fitting of the static spectra of the hydrated
samples is more challenging than for the dry ones and it is clear that the spectra contain multiple
sites indicating considerable disorder.
Figure 2.4A shows the one pulse

45

Sc spectra of dry and hydrated BaZr0.85Sc0.15O2.925

materials at a very high field strength of 19.6 T. While the resulting lineshape reveals several
sites, in agreement with the static data obtained at 8.5 T, the signals are still very broad as MAS
alone is not sufficient to fully average out the second-order quadrupolar broadening. The residual
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second-order quadrupolar broadening can, however, be removed by performing a twodimensional (2D) multiple-quantum magic angle spinning (MQMAS) experiment. 28, 39, 47-49
For BaZr0.85Sc0.15O2.925 (see Figure 2.4, panel B), the projection along the F1 dimension
clearly reveals the presence of two sites with shifts of 138 and 262 ppm. The slice at 138 ppm in
the F2 dimension contains a sharp signal with an isotropic chemical shift of 137 ppm that is
assigned to the 6 coordinated scandium environment observed in the static data. Estimation of
the quadrupolar coupling constant of this site is difficult since it is so small. The slice at 262 ppm
contains a resonance with a much broader lineshape, due to a large quadrupolar coupling
interaction (CQ = 31 MHz; Table 2.1), and an isotropic resonance of 230 ppm. This broad signal,
which was difficult to resolve clearly in the one pulse MAS experiment, corresponds to 5
coordinated scandium cations.
The MQMAS results are in very good agreement with the static NMR data obtained at
8.5 T (Table 2.1) and confirm the presence of a site with a very large quadrupolar coupling
interaction, which is ascribed to the presence of an oxygen vacancy in the vicinity of a scandium
atom, i.e. a 5 coordinate scandium site. Similar data were obtained for BaZr0.70Sc0.30O2.85 and
BaZr0.95Sc0.05O2.975; an increase in the ratio of the 6:5 coordinated scandium environments is seen
as the substitution level is decreased, although care must be taken in interpreting intensities of
MQMAS data.
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Figure 2.4. 45Sc MAS NMR single pulse spectra of (A) BaZr0.85Sc0.15O2.925 and (C)
BaZr0.85Sc0.15O2.875(OH)0.10 and two-dimensional sheared triple-quantum 45Sc MAS
spectrum of (B) BaZr0.85Sc0.15O2.925 and (D) BaZr0.85Sc0.15O2.875(OH)0.10 obtained at
19.6 T. 9600 transients were accumulated for each of 12 (for A) and 16 (for B) t1
increments at a recycle rate of 0.5 s. Top: Anisotropic skyline projection. Right:
Isotropic skyline projection of the 2D 3Q MAS. Cross sections (full lines) extracted
parallel to F2 of the 2D 3Q MAS spectrum at: (A) δ1 = 137 (top) and 262 (bottom)
ppm and (B) δ1 = 142 (top) and 165 (bottom) ppm, along with the best fit simulation
(dashed lines) using the parameters given in Table 2.1. The asterisks denote the
spinning side bands.
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The MQMAS

45

Sc data for the 15 % substituted compound after hydration, i.e. for

BaZr0.85Sc0.15O2.875(OH)0.10, is plotted in Panel D of Figure 2.4. The projection along the F1
dimension of the spectrum clearly shows the loss of the broad signal at 262 ppm associated with
the 5 coordinated scandium environment. The spectrum is now dominated by resonances due to
two six-coordinated scandium signals at 142 and 165 ppm for which slices were extracted along
the F2 dimension. The slice at 142 ppm reveals a sharp signal with δiso = 140 ppm corresponding
to the six coordinated scandium environment observed in the dry sample, while the second slice
at 165 ppm contains a much broader lineshape ascribed to a six coordinated scandium in the
vicinity of a protonic defect, for example a ScO5(OH) environment.
The MQMAS spectra for BaZr0.70Sc0.30O2.75(OH)0.20 and BaZr0.95Sc0.05O2.97(OH)0.01
showed similar results, despite a poor signal to noise ratio for the latter (Table 2.1). Even though
the hydrated samples still contain oxygen vacancies as revealed by the TGA and static 45Sc NMR
data, any remaining 5 coordinated scandium environments are barely observed by MQMAS as
their concentration is probably beyond the limit of detection of the MQMAS experiments. Note
that in both 15 and 30 % substituted BaZrO3, some residual scandium oxide Sc2O3 is also
observed, as revealed by the signal at around 120 ppm,21, 27 even though it was not observed by
XRD. The high field MAS

45

Sc data hereby confirm the presence of oxygen vacancies in the

vicinity of the scandium cations that are filled during the hydration process creating protonic
defects, some of which have been observed nearby the scandium cations.

C. Defect chemistry by 17O NMR
17

O MAS NMR was performed to probe the cation ordering further (Figure 2.5). The

spectrum of unsubstituted BaZrO3 at 14.1 T contains only one sharp peak, along with its
spinning sidebands, at an isotropic chemical shift of 376 ppm which is assigned to the single
crystallographic site of oxygen, bound to two zirconium cations, Zr-O-Zr.50 The
BaZr0.85Sc0.15O2.925 and BaZr0.70Sc0.30O2.85 spectra contain an additional environment at around
405 ppm, which is assigned to an oxygen atom between a zirconium and a scandium atom, Zr-OSc, the substitution of a scandium ion in the oxygen local environment resulting in a shift of
approximately 29 ppm. Two additional weak resonances can be observed in the
40

BaZr0.70Sc
S 0.30O2.85 sp
pectrum. Thee first signall at approxim
mately 430 pppm is assignned to an oxxygen
atom bettween two sccandium ato
oms, Sc-O-S
Sc, based onn an additionnal shift of aapproximateely 25
ppm relaative to the Sc-O-Zr env
vironment while
w
the seccond resonaance observeed at aroundd 359
ppm is asssigned to so
ome residuall Sc2O3 in ag
greement witth the 45Sc ddata at high ffield.51

Figure 2.5. Rotor synchrronised 17O MAS
M
NMR H
Hahn echo sppectra of 17O enriched
BaZr1-xScxO3-x/2
obtained
d at 14.1 T. (a) B
BaZrO3 (153360 transiennts). (b)
3
BaZr0.85Sc0.155O2.925 (4096 transients). (c) BaZr0.700Sc0.30O2.85 (33072 transiennts). The
inserts show a zoom of thee central transsition region of the spectraa.
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The

17

O MQMAS NMR spectrum of BaZr0.70Sc0.30O2.85 (Figure 2.6) confirms the

presence of two oxygen environments, Zr-O-Zr and Zr-O-Sc, with isotropic chemical shifts of
386 and approximately 405 ppm, respectively, the concentration of the Sc-O-Sc in

17

O Isotropic Triple Quantum Dimension F1 (ppm)

BaZr0.70Sc0.30O2.85 presumably being below the MQMAS detection limit.
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Figure 2.6. Two-dimensional sheared triple-quantum 17O MAS spectrum of
BaZr0.70Sc0.30O2.85 obtained at 14.1 T. 2220 transients were accumulated for each of 16
t1 increment. Top: NMR spectrum. Right: Isotropic skyline projection of the 2D 3Q
MAS. Cross sections (full lines) extracted parallel to F2 of the 2D 3Q MAS spectrum
at δ1 = 398 (top) and 414 (bottom) ppm along with the best fit simulation (dashed
lines) using the parameters given in Table 2.2.
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Fitting of the individual ridgeline shapes (Table 2.2) yield quadrupolar coupling constants
CQ of ≈ 1.6 and 3.0 MHz for the sites at 386 and 405 ppm, respectively, in line with values
previously reported for other bridging oxygen atoms in perovskite structures.52

Table 2.2. Experimental 17O NMR parameters (Isotropic Chemical Shifts δiso; Quadrupolar Coupling
Constants CQ and Quadrupolar Asymmetries ηQ) extracted from the MAS spectra of BaZr1-xScxO3-x/2
(x = 0.05-0.30) obtained at 14.1 T.[a]
x

δiso (ppm)

CQ / MHz

ηQ

Assignments

0 [b]

376

1.2(3)

-[c]

Zr-O-Zr

386(2)

1.5(2)

0.0(2)

Zr-O-Zr

402(7)

3.2(2)

0.2(2)

Zr-O-Sc

386(2)

1.7(2)

0.0(3)

Zr-O-Zr

408(4)

2.8(2)

0.2(2)

Zr-O-Sc

0.15
0.30
[a]

Determined from the MQMAS experiment.
spectrum. [c] Not determined.

[b]

Determined from best fit simulation of the MAS

Experiments performed at a very high field of 21.1 T (Figure 2.7) did not produce any
enhancement in resolution but allowed us to estimate the ratios of the different oxygen
environments (Table 2.3), which are close to the expected values for a random distribution of
scandium cations and oxygen vacancies.
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Figure 2.7. Comparison between thee 17O MAS NMR spectrra of BaZr1-xxScxO3-x/2
obtained at 14.1
1
and 21.1 T. (a) BaZr0.85Sc0.15O2.925. (b) BaZr0.70S
Sc0.30O2.85. A zoom of
the 17O centraal transition of
o the spectra is only shownn.

Table 2.3.
2 Relative intensities off the differen
nt local enviroonments extrracted from eexperimental 17O
NMR data
d and expected ratios for a random diistribution off the scandium
m cations in thhe BaZr1-xScxO3cture.[a]
x/2 struc
x

Zr-O-Zr

Zr-O-Sc

Sc-O-Sc

0.15

0.7
7 - 0.9 (0.72)

0.1 - 0.3 (0.26)

-[b] (0.02)

0.30

0.67
7 - 0.73 (0.49))

0.233 - 0.33 (0.42))

0.01 - 0.05 (0.09))

[a]

The experimental
e
ratios have been
b
obtained
d from spectraal deconvoluttion and simuulation of the 17O
data. Th
he range of values
v
represeent the two different valuess obtained byy fitting the high (21.1 T) aand
lower field
f
(14.1 T)
T data. Valuees in parenth
hesis correspoond to the exxpected ratioos for a randdom
[b]]
distribu
ution of cation
n and oxygen vacancies. Not detectedd experimentaally.
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D. Protonic defects by 1H NMR
The 1H NMR spectra obtained for all the hydrated materials at 110 and 300 K are shown
in Figure 2.8. At all substitution levels, the spectra recorded at 110 K contain a broad resonance
with intense spinning sidebands, indicating that the protonic defects are rigid at this temperature.
The broad signal can be simulated with two resonances at approximately 1.1 - 1.3 and 2.8 – 3.1
ppm suggesting that there are at least two types of protonic defects with different chemical
environments and basicities (or hydrogen bonding strength). The ratio of the 1.1 - 1.3 ppm
resonance to the 2.8 – 3.1 ppm signal increases upon substitution, from 0.3:1 to 0.5:1 and to 1:1
for

BaZr0.95Sc0.05O2.97(OH)0.01,

BaZr0.85Sc0.15O2.875(OH)0.10

and

BaZr0.70Sc0.30O2.75(OH)0.20

respectively, the increasing level of scandium ions in the structure leading to a higher
concentration of more basic (or more weakly hydrogen bonded) protonic defects.
It is clear that the protons at around 1.2 ppm are hosted by an oxygen atom next to a
scandium; however there are still two possible assignments to this proton resonance. Indeed, this
oxygen could be linked to either a Zr cation or another Sc atom. If we assume the proton at
around 1.2 ppm is hosted by a Zr-O-Sc site, then we can attribute the resonance at around 2.9
ppm to a proton on a Zr-O-Zr environment. In this case the ratios of the two signals would be
very close to those expected for a random distribution of protonic defects over these two
environments: 0.1:1, 0.4:1 and 0.9:1 for BaZr0.95Sc0.05O2.97(OH)0.01, BaZr0.85Sc0.15O2.875(OH)0.10
and BaZr0.70Sc0.30O2.75(OH)0.20 respectively. However, the slightly higher concentration of the
Zr-OH-Sc environment than that predicted, based on a random distribution, would suggest that
there is a slight tendency of the protonic defect to order nearby a scandium ion.
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Figure 2.8. Variable
V
temp
perature 1H MAS
M
NMR H
Hahn echo speectra of BaZrr1-xScxO3(OH)
.
(a)
(
BaZr
Sc
S
O
(OH
H)
.
(b)
B
aZr0.85Sc0.15O2.875(OH)0.10 and (c)
x/2-y
2y
0.95
0.05 2.97
0.01
BaZr0.70Sc0.300O2.75(OH)0.20. Top: Spectrra obtained aat 300 K. Thee signal at arround 12
ppm arises from
f
the pro
obe backgrou
und. Bottom: Spectra obtaained at 1100 K. The
inserts show a zoom in thee 10 to -5 ppm
m range regioon.
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For the second scenario where the proton at 1.2 ppm is hosted by a Sc-O-Sc anion, then
the resonance at 2.9 ppm most likely arises from a proton on a Zr-O-Sc site. In this case, the
protons would be strongly attracted to scandium since they preferentially associate on oxygen
sites nearby scandium. However the number of protons that can be hosted on a Sc-O-Sc site is
limited since the concentration of this particular oxygen site is rather small; therefore some
protons are forced to locate on Zr-O-Sc site. Additionally this later hypothesis would imply that a
large quantity of the oxygen vacancies are located in between two Sc cations, since we barely
observed Sc-O-Sc in the dry samples. The concentration of those sites would therefore critically
increase after hydration. Indeed if we assume that all the vacancies are located in between two Sc
cations, i.e Sc-□-Sc, then the ratios of Sc-O-Sc to Zr-O-Sc upon hydration increase from 0:1 and
0.12:1 to 0.14:1 to 0.51:1 in BaZr0.85Sc0.15O2.875(OH)0.10 and BaZr0.70Sc0.30O2.75(OH)0.20
respectively. Therefore there would be enough Sc-O-Sc vs. Zr-O-Sc sites after hydration to host
the reported amounts of proton ions, namely 0.08 vs. 0.58 and 0.29 vs. 0.57 in
BaZr0.85Sc0.15O2.875(OH)0.10 and BaZr0.70Sc0.30O2.75(OH)0.20 respectively.
Although less likely, it is possible that the two resonances both arise from Sc-OH-Zr
groups that differ in the nature and strength of H-bonding. In this case, the higher frequency
resonance is assigned to a proton H-bonded to another Sc-O-Zr environment, while the lower
frequency environment is only weakly H-bonded, possibly to a Zr-O-Zr environment, the least
basic oxygen environment in the structure. The correct assignment will be identified in Chapter 5
via the use of appropriate 1H-45Sc double resonance experiments and comparison to 1H NMR
spectra of the other two studied systems, BaZr1-xYxO3-x/2-y(OH)2y and BaSn1-xYxO3-x/2-y(OH)2y. A
1

H spin lattice relaxation time of 40 s is estimated for both sites in all samples at 110 K,

consistent with the rigidity of the protonic defects at this temperature.
The spectra recorded at room temperature (300 K) show only one single resonance
resulting from the coalescence of the two environments observed at 110 K, the single resonance
moving from 2.5 to 1.7 ppm upon scandium substitution, in agreement with the increasing
concentration of more basic oxygen sites, either Sc-O-Zr or Sc-O-Sc. Along with the absence of
spinning sidebands and the presence of a line width of only 1 to 2 kHz, the coalescence of the
two signals at 300 K is a clear proof of the local protonic motion. The spin lattice relaxation time
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T1 also corroborates the increased mobility of the protonic defects, decreasing from 40 s at 110 K
to 1 s at 300 K for all samples. Our results demonstrate that the protonic motion already occurs at
room temperature, on the timescale of these NMR experiments, at approximately 0.5 kHz, based
on hopping rate between two sites required for coalescence of two resonances separated by
approximately 1.6 ppm.53
IV. Discussion
Both sets of

45

Sc NMR experiments revealed the presence of 5 and 6 coordinated

scandium environments. The hydration of the different materials lead to a noticeable drop of the
number of 5 coordinated scandium sites. Although the MQMAS data did not resolve the
remaining 5 coordinated sites due to their low concentrations, they were, however, detected in
the static spectra in agreement with the partial hydration level determined from the TGA data.
The study of the hydrated samples by MQMAS revealed the presence of a new resonance which
was assigned to a 6 coordinated scandium atom near a protonic defect. The scandium NMR
results, therefore, showed the presence of oxygen vacancies in the vicinity of the scandium
cations and also the existence of protonic defects in the surrounding of scandium after hydration.
It is difficult, however, to estimate accurately the proportion of oxygen vacancies or
protonic defects present in the surroundings of scandium as both the MQMAS and quadrupolar
echo experiments are not quantitative pulse sequences, especially when the environments under
investigation have very different quadrupolar environments. However, the trends in the ratios
between the two environments, as a function of scandium doping level, should reflect the
changes in relative proportions for experiments performed under similar conditions, even if the
absolute ratios are not accurate. Both the MQMAS and static experiments reveal that the 5
coordinate scandium environments are present in significant concentrations and that the ratio of
the concentration of the 5:6 coordinate sites increases upon scandium substitution; a similar
increase in the 5:6 ratio was also observed in some earlier work.46
Assuming that the oxygen vacancies randomly occupy all possible oxygen sites leads to
ratios, for the 6:5 coordinate scandium environments, of 95:5 and approximately 86:13 for 5 and
15 % substitution, respectively. For 30 % substitution, a small concentration (3 %) of 4 scandium
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coordinate sites is also predicted (although unlikely), and hence the ratio of 6:(5+4) is 74:26. In
contrast, if the vacancies are always coordinated to (i.e. are nearby) a scandium ion, then a ratio
for the 6:5 sites of 1:1 is predicted for low substitution levels, since every scandium ion is, on
average, associated with ½ a vacancy. A very slight increase in the number of 5-coordinate
scandium environments will occur at high scandium substitution levels if Sc-O-Sc or Sc-□-Sc
contacts exist, which will occur if there is a random or close to random distribution of scandium
ions. The increase in the concentration of 5 coordinate environments with scandium substitution
suggests that, although the vacancies do not avoid scandium (the 5 coordinate sites are seen),
there is only a slight tendency, if any, for them to order nearby the scandium cations, for samples
prepared at 1600 °C and cooled slowly to room temperature.
The oxygen results for BaZr0.85Sc0.15O2.925 and BaZr0.70Sc0.30O2.85 showed the presence of
three different local environments for oxygen: Zr-O-Zr, Zr-O-Sc and Sc-O-Sc. Although the ratio
of these sites is reasonably close to that expected for a random distribution of scandium cations
in the structure (Table 2.3), there are significantly fewer Sc-O-Sc interactions than that predicted,
based on a random model, and also fewer Sc-O-Zr sites, indicating that there is no tendency for
scandium and zirconium to alternate in the lattice, unlike yttrium and tin in yttrium-substituted
BaSnO3 (Chapter 3).
There appear to be missing scandium ions, particularly at the highest doping level (i.e.
more oxygen atoms nearby scandium should be seen experimentally), and the experimental
ratios obtained for BaZr0.70Sc0.30O2.85 are very close to the distribution of sites calculated for a
substitution level of 15 to 21 %. This is ascribed to incomplete substitution of scandium in the
lattice (supported by the observation of Sc2O3, particularly in the highest doped material by 45Sc
and 17O NMR), the inherent errors associated with these measurements (which can be large when
deconvoluting and simulating spectra containing resonances with very different quadrupolar
coupling constants), and possibly the tendency for a vacancy to sit between two scandium ions,
when they are located nearby. However this latter effect is much too small to account for all the
missing scandium, since the vacancies only account for 1, 2.5 and 5 % of all oxygen sites for the
5, 15 and 30 % substituted samples respectively.
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The tendency for the scandium cations to avoid energetically unfavourable Sc-O-Sc
interactions, i.e. two nearby ScO6 species, may very well explain the limit of the solid solution to
29 % (and only 15 to 21 % in this study). Above this substitution level, the structure would have
to contain a significant number of Sc-O-Sc environments unless Sc-O-Zr ordering is favourable,
which it is not. Even if the vacancies are preferentially located in between two scandium ions to
form O5Sc-□-ScO5 linkages, the system appears unstable with respect to phase separation to
form Sc2O3 and a barium zirconate with a lower substitution level.
The 1H NMR results at low temperature showed the presence of at least two different
protonic sites, the intensity of the more basic (or more weakly hydrogen bonded) environment,
increasing upon substitution. There are still some uncertainties on the final assignment of these
two resonances, whether we are observing protons on Zr-O-Zr and Zr-O-Sc or on Zr-O-Sc and
Sc-O-Sc. The first hypothesis would suggest that the proton ions are only slightly preferentially
attracted by the more basic (or more weakly hydrogen bonded) oxygen environments, i.e. Zr-OSc. Indeed if binding to a Sc-O-Zr oxygen atom were strongly thermodynamically favoured over
binding to a Zr-O-Zr environment then the concentration of Sc-OH-Zr environments would
dominate at all substitution levels, since there are always sufficient Sc-O-Zr oxygen sites for the
protons to bind to. If there is only a small energy difference between binding to a Zr-O-Zr vs. a
Sc-O-Zr site, then the additional configurational entropy gained by the occupancy of a much
larger number of Zr-O-Zr environments may make binding to the Zr-O-Zr site favourable.
Furthermore, the occupancy of protons on the Zr-O-Zr sites should increase with temperature;
however, a greater range of temperatures is required to explore this phenomenon.The location of
the proton positions is also in agreement with the original locations of the vacancies, where we
did not see a strong tendency for clustering nearby scandium, although it is not strictly necessary
that the two are related. The second hypothesis implies that the protons are strongly associated
with scandium. It would also suggest that most of the oxygen vacancies are located in between
two scandium atoms, since we do not observe enough Sc-O-Sc environments by

17

O NMR to

host such a large concentration of protons. Additional experiments will be presented in Chapter 5
to clarify the assignment.
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The coalescence of the protonic sites and the sharpness of the resonances observed for
each compound at room temperature imply the presence of protonic motion even at this
temperature. Furthermore, the motion related to the coalescence phenomenon must correspond to
a transfer of a proton cation between the chemically distinct oxygen environments. The loss of
spinning sidebands at 300 K, i.e. the loss of 1H dipolar coupling, implies rotational motion of the
protons about their oxygen sites. Although, to date, we have not performed detailed analyses of
the motion, the onset of the rotational motion does not appear to occur at a temperature that is
noticeably lower than that of the proton exchange process, but this suggestion must be more fully
tested.
The proton transfer step between different oxygen sites was reported to be the ratelimiting step of the conduction mechanism in comparison to the rotational diffusion of the
protons around their hosting oxygen in systems such as substituted SrCeO3, BaCeO3 and
BaTiO3, based on quantum molecular dynamics simulations and quasielastic thermal neutron
scattering experiments.54-58 In contrast, in a system with strong H-bonding, such as scandiumsubstituted SrTiO3, quantum molecular dynamics simulations (albeit on the SrTiO3 unsubstituted
system) showed that very rapid proton transfer steps occurred between oxygen atoms.59
The smaller expansion of the lattice parameter on substitution by scandium, in
comparison to substitution by the much larger yttrium ion, will result in shorter O…O distances
and consequently stronger hydrogen bonds and easier proton transfer between oxygen sites; this
may hinder reorientation of the proton ions around the oxygen atom in this system. Thus, in
scandium-substituted BaZrO3, the rotational diffusion step may be a possible hindrance to longrange conduction, in addition to the transfer step. This may help to explain the slightly poorer
conductivity of this material compare to the yttrium-substituted analogue.
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V. Conclusions
A comprehensive solid-state NMR study of scandium substituted BaZrO3 has been
reported. Five coordinated scandium cations were observed by

45

Sc NMR confirming the

presence of oxygen vacancies in the vicinity of the substituting element. Scandium atoms nearby
protonic defects were seen on hydration. No clear evidence for strong clustering of the vacancies
nearby scandium was seen. The

17

O NMR results did not show any evidence for any Sc-O-Zr

ordering and instead revealed a lower scandium substitution level than expected based on the
initial scandium molar ratio, particularly at the higher doping levels, the system forming Sc2O3,
presumably so as to avoid the formation of Sc-O-Sc environments in the perovskite structure. 1H
NMR at 110 K revealed the presence of at least two different types of protonic defects, due to
sites with different basicity and/or hydrogen-bonding. Further experiments are in progress to
examine the interaction of proton and scandium. The proton defects are rigid and strongly
bonded at 110 K, while the coalescence of their respective resonances along with the loss of
spinning sidebands at room temperature indicates that the protons undergo local motional modes.
The coalescence of the two resolved signals corresponds to one possible proton transfer step in
the conduction mechanism (involving two (or more) types of defect sites), which occurs at
surprisingly low temperatures (300 K). The reorientation of the protons around their hosting
oxygen atoms, which does not appear to be more rapid than the transfer step, may be hindered by
the small expansion of the lattice parameter after scandium insertion and the presence of strong
hydrogen bonds, thereby contributing an additional barrier to long-range conduction in the
scandium-substituted BaZrO3 systems. This may help to explain the lower conductivity of
scandium-substituted BaZrO3 as compared to the yttrium substituted analogue.
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Chapter 3:
Evidence of mixed site cationic substitution in BaZr1-xYxO3-δ
by NMR spectroscopy

The mixed site substitution of yttrium in BaZrO3 is reported by XRD and solid-state
NMR analyses. Due to its rather large ionic size, yttrium can substitute for both Zr and Ba in
BaZrO3. It is important to limit the amount of A site substitution occurring during sintering in
order to keep the oxygen vacancies present in the dry structure. As observed by 89Y NMR, the
presence of 12-coordinated yttrium cations significantly decreases the amount of oxygen
vacancies preventing the incorporation of proton ions in the material. The sintering conditions
are critical to ensure the preparation of the best protonic conductor.
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I. Introduction
The substitution of Y3+ for Zr4+ in BaZrO3 leads to the formation of oxygen vacancies.
After reaction of the vacancies with atmospheric water, the material conducts protons starting
from approximately 200°C. For applications in IT-SOFCs, not only should the electrolyte
material be a good protonic conductor but it should also be stable under CO2, H2O and reducing
atmospheres. BaZr1-xYxO3-x/2 is one of the few materials to possess all of these characteristics,
which explains why it is the most studied perovskite based protonic conductor.1-13 From the point
of view of solid state NMR, this material is difficult to study. 17O is a quadrupolar nucleus (spin
= 5/2) and the acquisition of 17O NMR signal requires prior 17O enrichment of the samples due to
the low abundance of this isotope (≈ 0.037 %). While these characteristics would make such a
nucleus quite unfriendly, the oxygen environments are the easiest to detect in the structure. 89Y
may be a 100% abundant spin ½, usually excellent qualities for an NMR nucleus; however
yttrium has a particularly small gyromagnetic ratio rendering this nucleus rather insensitive to
any change of magnetization and is also characterized by long T1 relaxation times. This leads to
time-consuming experiments in order to obtain a good signal to noise ratio for this particular
nucleus. In addition the concentration of Y is rather limited in the studied materials, from 10 to
50 % of the B site cations, increasing the initial difficulty in detecting the various Y
environments existing in our structure of interest.

91

Zr is another active nucleus; however not

only is it a quadrupolar nucleus (spin = 5/2), it is also the main cation present in the rotors used
to spin the samples. The most commons rotors are made of yttria stabilized ZrO2, Si3N4 rotors
are used only in particular occasions.

II. Experimental section
A. Sample Preparation
BaZr1-xYxO3-x/2 (x = 0.10, 0.30, 0.50) samples were synthesized through a glycine-nitrate
combustion route14 using Ba(NO3)2 (Alfa Aesar, 99.999 %), ZrO(NO3). x H2O (Alfa Aesar,
99.9%), Y(NO3)3. x H2O (Alfa Aesar, 99.99 %) and glycine (Alfa Aesar, 99.7 %) as starting
materials. Stoichiometric ratios of the reactants were mixed in a small amount of deionized water
with a nitrate to glycine ratio of 2:1. Mixtures were then dehydrated on a hot plate and autoignition followed. Powders were then ground and fired at 1200 °C for 10 hours, pressed into
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pellets, buried in BaZrO3 powder to prevent barium evaporation, sintered at 1600 °C for another
15 hours and finally slowly cooled to room temperature.

17

O enrichment was performed by

heating the freshly dried samples (1 hour at 950 °C under vacuum) under 50 % 17O enriched O2
gas (Isotec, 99 %) for 2 days at 950 °C. Purity of the samples was checked by X-ray diffraction
using a Scintag diffractometer with Cu-Kα radiation. Diffraction patterns were compared to the
JCPDS (Joint Committee on Powder Diffraction Standards) card for BaZrO3 (# 06-0399).

B. 17O NMR spectroscopy
Room temperature 17O NMR experiments were carried out on a 14.1 T wide bore Bruker
Avance 600 MHz spectrometer equipped with a 4 mm HX probehead operating at 81.36 MHz.
All samples were packed inside 4 mm MAS zirconia rotors and spun at a spinning frequency ωr
of 15 kHz. 17O one-dimensional spectra were recorded using the rotor synchronized Hahn echo
experiments with an evolution period of one rotor period, i.e. τr = 66.7 μs, to avoid probe ringing,
selective pulse widths of π/6 = 0.83 μs and π/3 = 1.67 μs and recycle delay of 5 s. Twodimensional triple-quantum MAS NMR experiments were performed using the z-filtered pulse
sequence.15 Hard and soft pulses were performed at ω1O = 100 kHz and approximately 15 kHz,
respectively. The multiple-quantum transfer was optimized on every sample to increase the
excitation sensitivity of the MQ coherences. The t1 increment was rotor synchronized to one
rotor period ωr of 15 kHz, i.e. 66.67 μs. The recycle delay was set to 5 s for all the experiments.
High temperature 17O MAS NMR experiments were performed at 11.7 T on a wide bore Oxford
500 MHz spectrometer equipped with a 7 mm HX high temperature MAS probe from Doty
Scientific, Inc tuned to 67.78 MHz. The samples were packed in a boron nitride BN insert which
was then placed in a 7 mm silicon nitride Si3N4 rotor. Spinning was performed under nitrogen at
4 kHz at room temperature and at 6 kHz above 200 °C. Temperature calibration of the probe was
carefully performed by using the

207

Pb resonance of Pb(NO3)316-17 below 400 °C and

119

Sn

resonance of Pr2Sn2O718 above 400 °C. The temperatures given in the text are actual sample
temperatures and are given with an accuracy of ± 4 °C. One-pulse spectra were recorded with a
π/2 pulse width of 3 μs and a recycle delay of 1 s was used for 200°C and above. Chemical shifts
were externally referenced to H2O at 0 ppm.
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C. 89Y NMR Spectroscopy
High field 89Y NMR experiments were performed on a 20.0 T standard bore Bruker 850
MHz spectrometer in Warwick, UK equipped with a 7 mm probe tuned to 41.66 MHz using a
Hahn echo pulse program with a π/2 = 6 µs and a π pulse of 15 µs with a pulse delay of 250 s.
All samples were packed in 7 mm silicon nitride Si3N4 rotors and spun at a spinning frequency of
4 kHz. Chemical shifts were externally referenced to solid Y2O3 at 330 ppm for the main peak.

D. 91Zr NMR Spectroscopy
High field

91

Zr NMR experiments were performed on a 21.1 T standard bore Bruker

Avance III 900 MHz spectrometer equipped with a 3.2 mm HX probehead and operating at
83.69 MHz. The samples were packed inside 3 mm glass tubes to avoid rotor background; no
spinning was performed. Static quadrupolar echo experiments (π/2 - τ - π/2 - τ) were recorded
using a pulse widths of π/2 = 3 μs. The chemical shift was reference to BaZrO3 at 317 ppm.
III. Results and discussion
A. XRD
Figure 3.1 shows the XRD pattern for the dry BaZr1-xYxO3-x/2 solid-solution. The samples
do not contain Y2O3 impurities, usually observed at a 2Θ values of around 29°. We can observe a
shift to lower 2Θ values upon yttrium substitution. The ionic radius of Y3+ is bigger than the one
of Zr4+, 0.90 Å and 0.72 Å respectively,19 thereby increasing the lattice parameter upon
substitution. While the lattice increase should be proportional to the yttrium concentration, it
seems that this is not the case for our set of samples (Table 3.1 and Figure 3.2). For instance the
lattice parameter of BaZr0.50Y0.50O2.75 is almost identical to the one of BaZr0.70Y0.30O2.85;
however we do not detect any impurity. The yttrium must be present in the structure but maybe
not where we expect it. According to a recent report by Haile et al.,13 there is a tendency for
yttrium to not only substitute on the B site of the perovskite but also on the A site, particularly if
Ba evaporation occurred during sintering. BaO loss has been reported at temperatures above
1250°C20 and may very well be occurring in our samples since the sintering temperature is set to
1600°C. The small lattice parameter observed for BaZr0.50Y0.50O2.75 may be an indication for the
occurrence of such phenomenon in our sample. More information will be obtained from
NMR spectroscopy.
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Figure 3.1. X-ray
X
diffracttion pattern of
o dry BaZr1-xxYxO3-x/2. (a) For 2Θ valuees of 10°
to 90° and (b
b) zoom in thee 28° to 32° 2Θ
2 region.

Table 3.1. Cell parametter extracted from
f
XRD paatterns for dryy BaZr1-xYxO33-x/2.

x

0

0. 10

0..30

00.50

Cell paarameter (Å)

4.193
3(1)

4.2000(2)

4.2331(1)

4.2234(1)
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Figure 3.2. Comparison
C
of
o the lattice parameter off our BaZr1-xYxO3-x/2 sampples (blue
stars) with th
he ones gatherred by Yamazzaki et al20 froom the literatuure. 6, 10, 13, 20-330

B. 17O NMR
Figure
F
3.3 illlustrates thee

17

O NMR results for tthe dry BaZrr1-xYxO3-x/2 samples. BaaZrO3

contains only a singlle oxygen sitte, Zr-O-Zr, with a chem
mical shift off 376 ppm inn agreementt with
the literaature.31 We observe
o
two resonances for x > 0 : aat 375 and 3395 ppm forr x = 0.10, aat 374
and 394 ppm for 0.3
30 and at 371 and 380 for
fo x = 0.50. The lower frequency rresonance (371 to
376 ppm
m) is the stro
ongest reson
nance in both BaZr0.90Y0.10O2.95 annd BaZr0.70Y0.30O2.85; wee can
thereforee assign it to
o an oxygen atom surrou
unded by tw
wo Zr cationns, i.e. Zr-O--Zr, in agreeement
with the Zr-O-Zr sh
hift in BaZrrO3.31 The resonance
r
att higher frequency grow
ws upon ytttrium
b assigned to
t an oxygen
n anion in bbetween Zr aand Y, i.e. Z
Zr-O-Y. Thee shift
substitutiion; it can be
resulting from the su
ubstitution off a zirconium
m ion by an yyttrium catioon induces a shift of 20 ppm,
which is smaller than
n the one ind
duced by sub
bstituting a scandium atoom in the struucture (29 pppm).
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Figure 3.3. 17O NMR off dry BaZr1-xxYxO3-x/2 at rroom temperaature with a spinning
speed of 15 kHz.
k
(a) Full Hahn
H
Echo sp
pectra, (b) zooom of the isotropic region.
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Deconvolution results of the site ratios are gathered in Table 3.2 and compared to the
oxygen site ratio in the case of a random distribution of yttrium in the structure. Our samples
seem to always contain less oxygen nearby yttrium as compared to the amount that should be
detected. One possibility is that all the oxygen vacancies are located in between two yttrium
cations forming Y-□-Y environments. However even in such a case we are still missing some
yttrium cations. For BaZr0.50Y0.50O2.75 if we assume that all the oxygen vacancies are located in
between two yttrium cations (Table 3.3), then the experimental ratios of oxygen sites in the
sample would be 0.49:0.43:0.08 for Zr-O-Zr:Zr-O-Y:Y-□-Y which are similar to those calculated
for a substitution level of 30%, in agreement with the XRD results. A similar trend is seen for all
substitution levels: we observe less yttrium on the B site of the perovskite than expected from
calculation for the chosen substitution levels.

Table 3.2. Ratios of the different oxygen sites in BaZr1-xYxO3-δ extracted from Figure 3.3b.

x

(a)

Deconvolution results by site
Zr-O-Zr
Zr-O-Y
Y-O-Y

Random distribution model
Zr-O-Zr
Zr-O-Y
Y-O-Y

0.00

1.00

0.00

0.00

1.00

0.00

0.00

0.10

0.95(3)

0.05(2)

- (a)

0.81

0.18

0.01

0.30

0.80(4)

0.20(4)

- (a)

0.49

0.42

0.09

0.50

0.53(4)

0.47(3)

- (a)

0.25

0.50

0.25

No such environment detected by Hahn Echo experiment.

Table 3.3. Ratios of the different oxygen sites in BaZr1-xYxO3-δ extracted from Figure 3.3b and
assuming that all oxygen vacancies are located between two yttrium atoms. The ratio of Y-□-Y
assuming all vacancies in between yttrium caitons can be calculated for each substitution level.

x

Deconvolution results by site
Zr-O-Zr
Zr-O-Y
Y-□-Y

Random distribution model
Zr-O-Zr
Zr-O-Y
Y-O-Y

0.00

1.00

0.00

0.00

1.00

0.00

0.00

0.10

0.93(3)

0.05(2)

0.02

0.81

0.18

0.01

0.30

0.76(4)

0.19(4)

0.05

0.49

0.42

0.09

0.50

0.49(4)

0.43(3)

0.08

0.25

0.50

0.25

64

Figure 3.4, 3.5 and 3.6 show the MQMAS spectra for BaZr0.90Y0.10O2.95,
BaZr0.70Y0.30O2.85 and BaZr0.50Y0.50O2.75 respectively. The two oxygen sites, Zr-O-Zr and Zr-OY, are clearly resolved for all substitution levels; however no third site that could potentially
arise from a Y-O-Y configuration is observed, even for BaZr0.50Y0.50O2.75. Such a site is expected
to appear at a chemical shift around 411 ppm based on the other two shifts. Since the substitution
of yttrium for zirconium in BaZr0.50Y0.50O2.75 seems to actually be only approximately 30%, the
amount of Y-O-Y environment present in the structure may very well be below the detection
limit of the MQMAS experiment for this sample. In the case of a 30% substitution level, only
9% of the oxygen sites are predicted to be Y-O-Y environments assuming the distribution of Zr
and Y cations is random, a concentration that may be difficult to observe by MQMAS.

65

Figure 3.4. 17O MQMAS
S of dry BaZ
Zr0.90Y0.10O2.995 at room teemperature. (aa) Triple
quantum MA
AS spectrum. On top is thee skyline projjection along the F2 dimennsion and
on the left th
he isotropic projection
p
alo
ong the F1 diimension. Crooss sections eextracted
along the F2 dimension att (b) 399 ppm
m and (c) 403 pppm.
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Figure 3.5. 17O MQMAS
S of dry BaZ
Zr0.70Y0.30O2.885 at room teemperature. (aa) Triple
quantum MA
AS spectrum. On top is thee skyline projjection along the F2 dimennsion and
on the left th
he isotropic projection
p
alo
ong the F1 diimension. Crooss sections eextracted
along the F2 dimension att (b) 400 ppm
m and (c) 404 pppm.
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Figure 3.6. 17O MQMAS
S of dry BaZ
Zr0.50Y0.50O2.775 at room teemperature. (aa) Triple
quantum MA
AS spectrum. On top is thee skyline projjection along the F2 dimennsion and
on the left th
he isotropic projection
p
alo
ong the F1 diimension. Crooss sections eextracted
along the F2 dimension att (b) 414 ppm
m and (c) 417 pppm.
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The high temperature 17O NMR spectra of BaZr0.70Y0.30O2.85 are presented in Figure 3.7.
The resonances are not as well resolved as in the previous spectra simply because the spinning
speeds that can be reached with the DOTY high temperature probe are much more limited (4
kHz at room temperature and 6 kHz for 200°C and above) than with a 4 mm HX probe (typically
15 kHz). Starting at 400°C we observe the coalescence of the two oxygen environments due to
the motion of the oxygen ions in the structure; the oxygen atoms are hopping from Zr-O-Zr to
Zr-□-Y and from Zr-O-Y to Zr-□-Zr averaging out the two resonances. This confirms the
existence of oxygen conduction at high temperatures which starts at about 400°C in this material,
the coalescence requiring a jump frequency k greater than the frequency separation Δν between
the two resonances and given by:32
=

Δν
√2

which yields approximately k = 4 kHz. We can also note the loss of spinning sidebands at 700°C.
Very slow motion of the ions on the order of the spinning frequency (15 kHz) prevents the
refocusing of some of the interactions at the end of the echo that gives rise to the spinning
sidebands.33-34 The loss of the spinning sideband at higher temperatures indicates the increased
motion of the oxygen ions from about 4 kHz at 400°C to 15 kHz and faster at 550°C and above.

69

Figure 3.7. Effect of high temperrature on thhe
BaZr0.70Y0.30O2.85.
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17

O NM
MR spectrum of dry

C. 89Y NMR
Figure 3.8 shows the

89

Y NMR of dry BaZr1-xYxO3-δ. We can observe approximately

three different resonances: a very broad one in the range of 100 - 300 ppm present for x = 0.10
and 0.50, one at around 407 ppm seen for all samples and finally one at 500 ppm only observed
for x = 0.30. The resonance at 407 ppm grows consistently with yttrium concentration and
always constitutes the main environment; we can therefore assign this resonance to 6coordinated Y cations, i.e. Y-(OB)6 where B = Zr or Y. The chemical shift of this site is in
agreement with other 6-coordinated Y environments reported in the literature.35-46 In order to
assign the other two resonances, we need to compare our chemical shifts with the range of 89Y
chemical shifts observed for a variety of Y local environments reported in the literature (Figure
3.9).35-46 The shift ranges observed for different coordination numbers tend to overlap; however
there is a clear overall trend for an increase in shift with decreasing coordination number.
Therefore we can assign the resonance at 500 ppm observed in BaZr0.70Y0.30O2.85 to 5coordinated Y cations. While one would expect to observe the highest concentration of 5coordinated Y cations in BaZr0.50Y0.50O2.75, we actually resolve none in this sample. The third
resonance is observed in the range of 100 - 300 ppm. The chemical shift of this resonance
matches the one of the only nominally 12-coordinated Y environment reported in the literature
for YAlO3;37 while YAlO3 crystallizes in a perovskite structure, it is somewhat distorted leading
to a A (Y) site coordination number of 8 rather than 12. We can therefore assign this resonance
to a 12-coordinated Y cation substituting Ba on the A site, in agreement with the small cell
parameter observed by XRD. The substitution of yttrium on the A site of our materials must
distort the local structure of the A site due to the large difference in ionic radius between Y3+ and
Ba2+, 0.90 and 1.35 Å respectively. The distortion of the site may lead to the presence of yttrium
cations coordinated to slightly fewer oxygen ions than the theoretical value of 12 for a symmetric
A site, nevertheless it does confirm the substitution of yttrium on both the A and B sites. The
broad resonance at around 150 ppm observed in BaZr0.90Y0.10O2.95 is also due to A site
substitution of yttrium.
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Figu
ure 3.8. 89Y NMR
N
of dry B
BaZr1-xYxO3-δ.

Figure 3.9. A comparison
n of the expeerimental shiffts observed iin BaZr1-xYxO3-x/2, x =
0.10 (red cirrcle), 0.30 (b
blue triangle) and 0.50 (ppurple star), aand the 89Y chemical
shifts reporteed for stoichiiometric mateerials in the literature (black squares)..35-46 The
shifts for thee different ytttrium coordin
nation environnments in yttrrium substituuted ZrO2
and CeO2 resspectively, aree shown as orrange and greeen stars, resppectively.
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The ratios of the different Y environments are gathered in Table 3.4. For
BaZr0.70Y0.30O2.85 the proportion of 5 to 6 coordinated Y sites (0.30:0.70) is very close to the one
expected in the case of a random distribution of the oxygen vacancies in the structure
(0.26:0.74); therefore we can assume that the vacancies are not preferentially located next to the
Y cations in this sample. In the case of BaZr0.90Y0.10O2.95 and BaZr0.50Y0.50O2.75 the A site
substitution of yttrium will lead to the following stoichiometry: (Ba1-2bY2b)(Sn1-a+bYa-b)O3-a/2+1.5b.
According to the ratio of Y-O6 to Y-O12 environments displayed in Table 3.4, we can calculate
the amount of A site substitution for x = 0.10 and 0.50. The actual formulae for those two
samples are: (Ba0.954Y0.0456)(Sn0.946Y0.054)O2.996 and (Ba0.83Y0.17)(Sn0.67Y0.33)O3.00 respectively.
There is close to no oxygen vacancies left in those samples due to the presence of A site
substitution; it is therefore not surprising not to observe 5-coordinated Y cations in these two
samples.
A-site substitution of yttrium in these materials leads to a smaller concentration of Y on
the B site and therefore a smaller lattice parameter; the replacement of the large Ba2+ cations by
the smaller Y3+ cations does not result in cell expansion but rather contributes to cell contraction.
The amounts of A site substitution estimated from the

89

Y ratio for “BaZr0.90Y0.10O2.95” and

“BaZr0.50Y0.50O2.75” lead to B site substitution levels of 5 and 33% respectively. According to the
literature, 35-46 the expected lattice parameters for such substitution levels are in good agreement
with our cell parameters: a = 4.1995 and 4.2338 Å for “BaZr0.90Y0.10O2.95” and
“BaZr0.50Y0.50O2.75” respectively (Figure 3.2), confirming the presence of A site substitution.
For x = 0.50 which led to the (Ba0.83Y0.17)(Sn0.67Y0.33)O3.00 composition, the lattice
parameter (a = 4.2338 Å) is very close to the one of our BaZr0.70Y0.30O2.85 sample (a = 4.2307 Å)
consistent with an approximate Y substitution of 30% on the B site of the former. Even though
all samples were prepared following the same route, “BaZr0.90Y0.10O2.95” and “BaZr0.50Y0.50O2.75”
were sintered at the same time while BaZr0.70Y0.30O2.85 had been sintered on a different day
which may explain why no A site substitution took place in the latter.
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Table 3.4. Distribution of the yttrium cations in the
dry BaZr1-xYxO3-δ structure.

x

B site

A site

□-Y-O5

Y-O6

Y-O12

0.10

-

0.54(2)

0.46(3)

0.30

0.30(2)

0.70(2)

-

0.50

-

0.66(1)

0.34(2)

D. 91Zr NMR
The Zr(OZr)6 octahedral unit in BaZrO3 is characterized by a very sharp resonance at 317
ppm confirming the cubic symmetry of the pure material (Figure 3.10). Upon yttrium
substitution, the local distortion around zirconium is clearly observed by the increasing
broadening of the sharp resonance at 317 ppm. For BaZr0.90Y0.10O2.95-δ and BaZr0.70Y0.30O2.85-δ
the broadening is still fairly reasonable leaving the structure symmetric. In BaZr0.50Y0.50O2.75- δ
the extent of the broadening is a lot more significant, reflecting the larger amount of structural
distortions in this material. The samples were not packed in a glovebox for these experiments;
therefore it is possible that the samples were not fully dry since the powders pick up water
readily. Even if the structures still contain some 5-coordinated Zr cations, it is possible that this
site could be too broad to be detected.
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Figure 3.10 Static 91Zr NMR
N
of dry BaZr
B 1-xYxO3-xx/2. Number oof transients recorded
for x = 0, 0.10, 0.30 and 0.50
0 are 128, 93173,
9
3501996 and 7538099 respectivelyy.

IV. Discussion
D
The
T sintering
g process off BaZr1-xYxO3-δ has a ccritical influuence on thhe substitutioon of
yttrium in
i the structture. Depen
nding on thee amount off BaO loss resulting frrom sintering the
materialss at high tem
mperature (aabove 1250°C), yttrium
m will readily occupy tthe A site oof the
perovskitte, in addition to occu
upying the B site, stroongly affectting the num
mber of oxxygen
vacancies available in
i the samples; all subsstitution leveels are subjeect to this pphenomenon. The
dius of Y3+ (0
0.90 Å) lies in between the ionic raadii of Zr4+ ((0.70 Å) andd Ba2+ (1.35 Å),19
ionic rad
leading to
t two possib
ble substituttion scenario
os : yttrium is small enoough to repllace Zr4+ butt also
big enoug
gh to substittute for Ba2++ without bringing majorr overall struuctural distorrtions. Whilee it is
possible to predict a double site substitution
n from the X
XRD patternns, the obserrvation in the 89Y
pectra of yttrrium resonaances with coordination
c
number higgher than 6 for some oof the
NMR sp
samples constitutes a direct proof. The abseence of Y-O
O-Y environnments as seeen by
75

17

ON
NMR

spectroscopy indicates the instability of such oxygen environments. The presence of Y-O-Y sites
is also prevented by A site substitution of yttrium for barium. Unfortunately the A site
substitution significantly decreases the concentration of oxygen vacancies in the materials; it
then becomes difficult to incorporate protonic defects in the structure. Care has to be taken in the
preparation of those materials in order to ensure the highest possible protonic conduction; the
absence of oxygen vacancies limits the concentration of protons, i.e., of charge carriers.

V. Conclusions
XRD and 89Y NMR showed the presence of A site substitution of yttrium, compensating
for the BaO loss occurring during sintering. 5-coordinated yttrium will only be present if all the
yttrium cations are available on the B site. We did not observed particular arrangements of
oxygen vacancies and yttrium cations in the sample free of A site substitution. Additionally Y-OY environments were not seen, indicating the random distribution of yttrium in the structure.
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Chapter 4:
Probing Cation and Vacancy Ordering in the Perovskite BaSn1-xYxO3-δ by
NMR Spectroscopy: Implications for Proton Mobility

Hydrated BaSn1-xYxO3-x/2 is a protonic conductor that, and unlike many other related
perovskites, shows high conductivity even at the highest substitution level of x = 0.50. (Kreuer,
K. D. Annu. Rev. Mater. Res. 2003, 33, 333 and Murugaraj, P. et al. Solid State Ionics 1997, 98,
1) A structural investigation of BaSn1-xYxO3-x/2 (0.10 ≤ x ≤ 0.50) using multinuclear NMR
spectroscopy has been performed to investigate cation ordering and the location of the oxygen
vacancies in the dry material. The 119Sn NMR spectra illustrate that Y substitution on the Sn (B)
site is close to random up to x = 0.20. At higher substitution levels, clear evidence for the
avoidance Y-O-Y linkages is seen, leading to strict Y-O-Sn alternation of the cations in the B
site of the perovskite structure when x = 0.50. These results are confirmed by the absence of the
Y-O-Y oxygen environment, as shown by 17O NMR. Five coordinate Sn and Y sites are seen by
119

Sn and

89

Y NMR, respectively, which disappear on hydration. The concentration of 5

coordinated Sn sites is higher than the 5 coordinated Y sites, even when x = 0.50. This is
ascribed to the presence of residual Sn-O-Sn defects in the cation-ordered material, which can
accommodate oxygen vacancies. Very high temperature

119

Sn NMR (up to 700 ºC) reveals that

the oxygen ions are mobile above 400 ºC, oxygen mobility being required in order to hydrate
these materials. The high protonic mobility in these systems is ascribed to the Y-O-Sn cation
ordering in the high Y-content materials, the predominance of single oxygen site preventing
proton trapping on more basic sites such as those nearby two Y atoms.
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I. Introduction
One approach to lowering the operation temperature of a solid oxide fuel cell (SOFC)
involves the use of ceramic electrolytes that rely on protonic conduction to transfer charges
between electrodes. To date, the most stable materials include perovskite based protonic
conductors such as BaZr1-xMxO3-δ, BaCe1-xMxO3-δ, SrCe1-xMxO3-δ where M is a large trivalent
ion.1 Generally, the best conductivity values are obtained for low M3+ substitution levels, usually
between 5 and 20%. The case of BaSn0.50Y0.50O2.75 is more unusual as very high conductivities
have been obtained for an exceptionally high substitution level of 50%.1-2 BaSn0.50Y0.50O2.75 has
been much less studied as a protonic conductor, although it reaches conductivity values
comparable to BaZr1-xYxO3-δ1-2 and shows good stability under CO2 and H2O atmospheres. In all
of these potential protonic conductors, substituting the +4 cation by M3+ creates oxygen
vacancies in the structure, of up to 8% (of all O sites) in the case of BaSn0.50Y0.50O2.75.
Incorporation of protons occurs by reaction of the oxygen vacancies with water molecules
leading to the formation of hydroxyl groups.
The unsubstituted member, BaSnO3, crystallizes in a cubic perovskite (ABO3) structure
with space group Pm-3m.3 Yttrium can substitute for tin on the B site, the end-member
BaSn0.50Y0.50O2.75 again adopting a cubic perovskite structure (Figure 4.1a). Additional weak
reflections were, however, observed in the X-ray diffraction patterns reported in some studies;
these have been ascribed to Y3+ and Sn4+ ordering on the B site, forming a A2BB’O6
superstructure (a double perovskite) involving a doubling of the ABO3 unit cell.2, 4-6 The local
structures found in these materials remain unclear since the intensities of the superlattice
reflections are noticeably weaker than predicted for the fully ordered structure indicating only
partial ordering. Furthermore, no structural studies have been reported on materials with
intermediate yttrium contents. On hydration, the oxygen vacancies formed as a result of the
yttrium substitution are filled by hydroxyl groups, but the underlying cation sublattice
presumably remains unchanged (Figure 4.1a).
In this study, we investigate the local structure of BaSn1-xYxO3-x/2 in order to understand
why high conductivities are seen at high substitution levels. NMR spectroscopy is an ideal
technique with which to investigate local structure in this material, since it is sensitive to local
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environments, coordination numbers and site symmetry. Additionally, the local environments
surrounding the different atoms can be probed individually by acquiring NMR spectra of the
different NMR active nuclei present in the solid, i.e.
119

119

Sn,

17

O and

89

Y, for BaSn1-xYxO3-x/2.

Sn is a (8.6% abundant) spin I = ½ nucleus and is used to identify the distribution of yttrium in

the materials as the

119

Sn nucleus is very sensitive to the nature of the nearby cations.7-8

Furthermore, the location of oxygen vacancies nearby Sn should also be readily observed, as the
presence of a vacancy reduces the coordination number of Sn, resulting in a change of chemical
shift.7 The spectra of both the dry and hydrated samples are acquired in this work to assign the
resonances and to help determine the location of the oxygen vacancies. 17O (spin I = 5/2, 0.037%
natural abundance) NMR is then used to confirm the cation ordering observed by 119Sn NMR, as
its shift is sensitive to the chemical nature of the surrounding cations.

89

Y (spin I = ½, 100%

natural abundance) NMR spectra are acquired to determine whether any substitution on the A
site occurs; this is particularly important because substitution on this site will decrease the
concentration of vacancies. For example, equal substitution on the A and B sites, represented by
the formula (Ba1-yYy)A(Sn1-yYy)BO3 results in a stoichiometric oxygen sub-lattice. Finally, very
high temperature

119

Sn MAS NMR spectra are used to explore the mobility of the vacancies in

the lattice, mobility of the vacancies being required for water incorporation in the solid.
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Figure 4.1. Structure
S
of BaSn
B 1-xYxO3-xx/2. (a) Schemaatic representtation of the hhydration
process by reeaction of a molecule
m
of water
w
with an oxygen site ffrom the latticce and an
oxygen vacaancy leading to the form
mation of twoo hydroxyl ggroups, i.e., protonic
defects. (b) Proposed
P
stru
ucture for dry
y and hydrateed BaSn0.50Y00.50O2.75 with ccomplete
ordering of the
t B site cattions. Barium
m atoms havee been omitteed for clarity. Yellow,
blue, purple, red and greeen spheres rep
present Ba, Snn, Y, O and H atoms, resppectively;
n vacancies. The double arrow indiccates the
yellow squares representt the oxygen
oxygen migration from a 6 to a 5 coordinate Sn cattion at high teemperature, leeading to
a Sn atom with
w
an averrage coordinaation numberr of 5.5 on the timescalle of the
migration.
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II. Experimental section
A. Sample Preparation
BaSn1-xYxO3-x/2 (x = 0.10, 0.20, 0.30, 0.40 and 0.50) samples were synthesized through a
glycine-nitrate combustion route9 using Ba(NO3)2 (Alfa Aesar, 99.999%), SnO2 (Fisher
Scientific, 99.40%), Y(NO3)3 . 6 H2O ( Alfa Aesar, 99.9%) and glycine (Alfa Aesar, 99.7%) as
starting materials. Stoichiometric ratios of the reactants were mixed in a small amount of
deionized water with a nitrate to glycine ratio of 2:1. Mixtures were then dehydrated on a hot
plate and auto-ignition followed. Powders were then ground and fired at 1200 °C for 10 h,
pressed into pellets, buried in BaZrO3 powder to prevent barium evaporation and sintered at
1600 °C for another 10 h. Hydration of the powders was carried out in a tube furnace. The
powders were first dried at 1000 °C for 2 h and then cooled down by steps of 100 °C every 2 h
until the temperature reached 200 °C with wet N2 flowing over the samples at a rate of 60
mL.min-1. The previous cycle was repeated once from 800 to 200 °C to increase the hydration
level of the powders. 17O enrichment was performed by heating the dried samples (1 h at 950 °C
under vacuum) in 50% 17O enriched 17O2 gas (Isotec, 99%, used as received) for 2 days at 950
°C. The purity of the different compounds was checked by X-Ray diffraction (XRD) by using a
Scintag diffractometer with CuKα radiation and by comparison to diffraction patterns in the
JCPDS (Joint Committee on Powder Diffraction Standards) database. Levels of hydration were
obtained by thermogravimetric (TGA) analysis using a Q500 TA instrument under dry N2
atmosphere.

B. 119Sn NMR spectroscopy
119

Sn NMR experiments were acquired at 11.7 T on a wide bore Oxford 500 MHz Varian

Infinity Plus spectrometer using a 3.2 mm HX Chemagnetics probehead tuned to 186.26 MHz.
The samples were dried, prior to the experiments, at 950°C overnight and then packed under an
N2 atmosphere in 3.2 mm zirconia rotors which were then spun at a spinning frequency ωr of 20
kHz. 119Sn single pulse experiments were carried out using a π/2 pulse width of 2 µs (i.e. at an rf
field amplitude of ω1Sn = 125 kHz) and recycle delays of 70 s allowing full relaxation of the
119

Sn spins for the dry samples. Similar experimental conditions were used for the hydrated

samples albeit with a shorter recycle delay of 30 s. High temperature
84

119

Sn MAS NMR

experiments of BaSn0.50Y0.50O2.75 were performed on a 8.45 T wide bore Varian Oxford Infinity
Plus 360 MHz spectrometer equipped with a 7 mm HX high temperature MAS probe from Doty
Scientific, Inc tuned to 134.18 MHz. The sample was packed in a boron nitride BN insert which
was then placed in a 7 mm silicon nitride Si3N4 rotor. Spinning was performed under nitrogen at
4 kHz at room temperature and at 6 kHz above 200 °C. Temperature calibration of the probe was
carefully performed by using the

207

Pb resonance of Pb(NO3)310-11 below 400 °C and

119

Sn

resonance of Pr2Sn2O712 above 400 °C. The temperatures given in the text are actual sample
temperatures and are given with an accuracy of ± 4 °C. One-pulse spectra were recorded with a
π/2 pulse width of 5 μs at ω1Sn = 50 kHz and a recycle delay of 3 s was used. Chemical shifts
were externally referenced to SnO2 at -604.3 ppm.

C. 17O NMR spectroscopy
17

O NMR experiments were carried out on a 14.1 T wide bore Bruker Avance 600 MHz

spectrometer equipped with a 4 mm HX probehead operating at 81.36 MHz. All samples were
packed inside 4 mm MAS zirconia rotors and spun at a spinning frequency ωr of 15 kHz.

17

O

one-dimensional spectra were recorded by using rotor synchronized Hahn echo experiments with
an evolution period τr of one rotor period to avoid probe ringing. Small π/6 pulses were used
corresponding to an rf field amplitude of ω1O = 100 kHz. Two-dimensional triple-quantum MAS
NMR experiments were performed using the z-filtered pulse sequence.13 Hard and soft pulses
were applied at ω1O = 100 kHz and approximately 15 kHz, respectively. The multiple-quantum
transfer was optimized on every sample to increase the excitation sensitivity of the MQ
coherences. The t1 increment was rotor synchronized to one rotor period ωr of 15 kHz, i.e. 66.67
μs. The recycle delay was set to 5 s for all the experiments. The chemical shift was externally
referenced to water at 0.0 ppm The signal observed at approximately 380 ppm corresponds to
either 17O enrichment of the ZrO2 rotor or some remaining BaZrO3 powder that was used during
sintering.

D. 89Y NMR Spectroscopy
89

Y NMR experiments for the dry samples were performed at 11.7 T on a wide bore

Oxford 500 MHz Varian Infinity Plus spectrometer equipped with a 7 mm HX Chemagnetics
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probehead tuned to 24.50 MHz. The samples were prepared as described above, and were packed
in 7 mm silicon nitride Si3N4 rotors and spun at a spinning frequency of 4 kHz. 89Y single pulse
experiments were carried out using a π/6 pulse width of 4 μs at an r.f. field amplitude of ω1Y =
20 kHz and recycle delays of 250 s. High field 89Y NMR experiments on the hydrated materials
were performed at 19.6 T on a ultra narrow bore Bruker DRX 830 MHz spectrometer at the
National High Magnetic Field Laboratory, Tallahassee, Florida, USA using a 7 mm single
channel probe tuned to 40.84 MHz. All samples were packed inside 7 mm ZrO2 rotors and spun
at a spinning frequency ωr of 8 kHz. The chemical shift was externally referenced to the most
intense resonance of solid Y2O3 at 330 ppm.

E. NMR analyses
MatLab and MatNMR14 were used to process the data and perform the deconvolutions.
119

Sn deconvolutions were accomplished with fixed chemical shifts across the whole series for

the different peaks after a first refinement. Simulations were performed using SIMPSON15 and
standard numerical techniques.16

III. Results
A. XRD
In order to understand cation and vacancy ordering, we have studied both dry and
hydrated solid solutions of BaSn1-xYxO3-x/2 with x values ranging from 0.10 to 0.50. Figure 4.2
shows the diffraction pattern for nominally dry BaSn1-xYxO3-x/2 (0.10 ≤ x ≤ 0.50). For the whole
range of compositions, the powders adopt a cubic perovskite structure, space group Pm3m, the
cell parameter increasing with the yttrium substitution level. No yttria Y2O3 impurity, the most
common impurity for this system, was detected for these samples. Additionally, no extra
reflections are observed at low angles due to long range cation ordering, which, if present, should
give rise to a superstructure appropriate to a doubling of the perovskite unit cell, and a space
group Fm3m.17 The x = 0.1 phase contains a small fraction of the unsubstituted BaSnO3 phase
present as an impurity (as indicated by arrows).
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Figure 4.2. Powder X-raay diffraction
n patterns of BaSn1-xYxO33-x/2 for 0 ≤ x ≤ 0.50.
Shoulders (p
peaks) due to
o the Cu Kα2 radiation aare visible at high angles.. Arrows
indicate smalll fraction of unsubstituted
u
d BaSnO3.

B. TGA
Figure
F
4.3 sh
hows the thermogravimeetric analysiss (TGA) of tthe hydratedd samples, B
BaSn1xYxO3-x/2-y(OH)2y

(wh
here 2y ≤ x),, from which
h the hydroxxyl content aassociated wiith water losss can

be readilly extracted.. The conceentration of protonic deefects increaases in the hhydrated sam
mples
along wiith the yttriu
um substituttion as expeected. All saamples show
w a hydratioon level cloose to
maximum
m, i.e. two
o hydroxyl groups fo
or one oxyygen vacanncy (2y ≤ x), exceptt for
BaSn0.60Y0.40O2.80 wh
here a lower hydration content couldd only be achhieved. We hhave repeateed the
hydration
n process a number
n
of tiimes for thiss sample, annd the total uupdate was aalways noticeably
lower thaan the theoreetical maxim
mum value. The
T small w
weight loss seeen below 200 ºC for thhe x =
0.1 and 0.5
0 samples is
i ascribed to
o the loss off surface watter.
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Figure 4.3. TGA
T
of BaSn
n1-xYxO3-x/2-y(O
OH)2y (2y ≤ xx) for 0.10 ≤ x ≤ 0.50. The protonic
defect conceentrations weere calculateed from the mass of waater lost froom room
temperature to
t 800°C.

1
C. 119
Sn NMR

The
T 119Sn maagic angle sp
pinning (MA
AS) NMR sppectrum of unnsubstitutedd BaSnO3 (F
Figure
4.4a) con
ntains a sing
gle, sharp ressonance at -6
679 ppm from
m tin in an ooctahedral environment.. This
environm
ment is surrou
unded by 6 tin
t atoms in its 1st B-sitee cation coorrdination sheell,7 giving rrise to
a Sn(OS
Sn)6 local en
nvironment, where the nearby A (Ba2+) catiions have bbeen omittedd for
simplicity
y. Two very
y different chemical
c
shift regions arre seen in thhe spectra of the dry ytttrium
substituteed materialss (Figure 4.4a). The firrst region, bbetween -550 and -700 ppm, contaains a
series off resonances,, whose num
mber and inttensities deppend stronglyy on the ytttrium substittution
level. In this region in addition to
t the resonance due to Sn(OSn)6, ttwo other reesonances att -645
8 ppm are seeen for BaSn
n0.90Y0.10O2.995 and BaSnn0.80Y0.20O2.990 that can bbe assigned tto tin
and -618
octahedraa containing
g respectively
y 1 and 2 ytttrium atomss in the 1st ccation coordiination shelll, i.e.,
Sn(OSn)5(OY)1 and
d Sn(OSn)4(OY)
(
n of one ytttrium ion in the tin local
2, the substitution
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coordination shell causing a shift of approximately 30 ppm. Further resonances from
environments with higher numbers of nearby yttrium ions are observed at higher frequencies as
the yttrium substitution increases (x ≥ 0.30), but it becomes more difficult to assign specific local
environments to these additional resonances as they increasingly overlap, the shift observed per
yttrium substitution becoming smaller. The tin local environments are radically different in
BaSn0.60Y0.40O2.80, as compared to the lower substituted compounds, and segregate into
environments rich in yttrium (resonance at around -570 ppm) and environments poor in yttrium
(resonance at around -645 ppm) : phase separation is occurring in this sample which contains a
low substituted phase (x < 0.30) and a partially ordered phase (x > 0.40). At an yttrium
substitution level of 50%, i.e. for the composition of the reported protonic conductor
BaSn0.50Y0.50O2.75, only one broad resonance at -564 ppm is seen in this first region, indicating
that one local environment, tentatively assigned to Sn(OY)6, dominates. The second region,
which becomes clearly visible at higher substitution levels (x ≥ 0.20), contains only one broad
resonance at -423 ppm. Prior

119

Sn NMR studies of M2SnO3 (M = Li, Na or K) by Clayden et

7

al. showed that the change from 6 to 5 coordinate tin sites in this class of compounds resulted in
a shift of 140 ppm to higher frequencies (i.e. less negative). This observation is general, a shift to
higher frequencies on decreasing the coordination number being well established for 27Al, 25Mg
and

71

Ga, for example.18 On this basis we assign the resonance in the 2nd region to the 5

coordinate Sn environments that are associated with the oxygen vacancies, i.e. Sn(OX)5(□X)
where □ is the oxygen vacancy and X = Sn or Y.
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1
Figure 4.4. 119
Sn MAS NMR
N
single pulse
p
spectra of BaSn1-xYxO3-δ samples. (a) Dry
BaSn1-xYxO3-x/2. (b) Co
omparison between
b
dry
ry and hyddrated sampples for
BaSn0.30Y0.70O2.85 and BaaSn0.50Y0.50O2.75. The majoor resonances have been labelled
with their iso
otropic chemical shifts.

In
n order to co
onfirm the assignment
a
of
o these resoonances, we compared tthe spectra oof the
dry and hydrated
h
sam
mples (Figurre 4.4b). On hydration, tthe resonancce at -423 pppm disappearrs for
BaSn0.70Y0.30O2.85 wh
hile it is greaatly reduced
d in the case of BaSn0.500Y0.50O2.75, cconsistent wiith its
assignmeent to a 5 coordinate
c
tin
t site, Sn((OX)5(□X), the tin atoom being neearby an oxxygen
vacancy. During the hydration process,
p
the oxygen vaccancies are ffilled by hyydroxyl grouups or
oxide ion
ns (Figure 4.1b), reduccing the pro
oportion of 5 coordinatte tin cationns present inn the
structure in favor of the 6 coo
ordinate tin sites. The residual ressonance at --423 ppm inn the
hydrated BaSn0.50Y0.50O2.75 is due
d to incom
mplete hydraation of the material inn agreement with
TGA datta (Figure 4.3). The rem
maining signaal from the 5 coordinateed Sn is morre pronounceed for
BaSn0.50Y0.50O2.75 th
han for BaaSn0.70Y0.30O2.85, even though alm
most compleete hydratioon is
nominallly achieved as
a determineed by TGA for
f the formeer, while 17%
% vacant sittes remain foor the
latter. Th
his suggests that
t some off the water in
n BaSn0.50Y00.50O2.75 is prresent as surrface water rrather
than occu
upying sitess in the bulk
k of the sam
mple; this waater presumaably gives riise to the looss of
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water seen between room temperature and approximately 200 ºC in the TGA experiment (Figure
4.3).
The concentration of the different local environments expected for random substitution of
yttrium and vacancies in the lattice can be readily calculated and compared with the experimental
data14-16 (Figure 4.5 and Table 4.1) to determine if there is any evidence for clustering. We focus
on the six coordinate sites since many of the different environments are resolved. To overcome
the difficulty of extracting intensities from overlapping resonances and to provide a simpler and
more reliable analysis, the ratio of the Sn(OSn)6 resonance is compared with the intensity of the
z = 1, 2 and 3 Sn(OSn)6-z(OY)z resonances and the sum of the z = 4, 5 and 6 resonances. For
substitution levels below 30%, the concentration of tin local environments is close to the
predicted values for a randomly substituted lattice (Figures 4.5a-e). In contrast, for substitution
levels of 30% and above, there is a clear tendency to form more tin octahedral units with 4, 5 and
6 yttrium atoms nearby, i.e. Sn(OSn)2(OY)4, Sn(OSn)1(OY)5 and Sn(OY)6, over that predicted
for a randomly substituted lattice (Figure 4.5e). This provides clear evidence for cation
clustering or ordering. The simplest ordering in this system consists of tin and yttrium atoms
alternating on the B site of the lattice, as shown in Figure 4.1b, resulting in a single environment
for tin, Sn(OY)6, when the substitution level reaches 50%. This is consistent with the NMR
spectrum of BaSn0.50Y0.50O2.75, which is dominated by the Sn(OY)6 resonance at -564 ppm,
indicating that at least locally, the material is ordered. This ordering, if long-range, should give
rise to superlattice reflections in the XRD pattern, indexable to the space group Fm-3m.
Although our XRD measurements (Figure 4.2) did not show the presence of the additional
reflections, they have been observed by previous workers, albeit with intensities that are
significantly weaker than predicted for full ordering.4-5, 17 For BaSn0.60Y0.40O2.80, the Sn(OY)6
resonance again dominates, but now a clear shoulder at more negative frequencies due to
environments such as Sn(OSn)(OY)5 is seen along with a broad resonance at lower frequencies
due to environments such as Sn(OSn)6-x(OY)x (x = 0 - 2). This suggests that this material
comprises Sn-rich clusters within an overwhelmingly Y-Sn ordered network. The presence of the
Sn-rich clusters, which will not contain many vacancies, may represent one reason why this
material is difficult to fully hydrate: domains or regions containing few vacancies (and thus
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poorer oxygen
o
transsport) preventing or blo
ocking diffuusion of thee water intoo all parts oof the
sample.

Figure 4.5. A comparison between th
he experimenttal intensity rratios of the different
Sn(OSn)6-z(O
OY)z local en
nvironments and those c alculated by assuming a random
distribution of
o Y on the Sn sublattice, as a functioon of Y conttent. Dry sam
mples: (a)
Sn(OSn)6, (b)
(
Sn(OSn))5(OY)1, (c)) Sn(OSn)4((OY)2, (d) Sn(OSn)3(OY
Y)3, (e)
Sn(OSn)2(OY
Y)4, Sn(OSn)1(OY)5 and Sn(OY)
S
nvironments. Comparison between
6 tin en
the dry and hydrated sam
mples: (f) Sn(OSn)6, (g) Sn(OSn)5(O
OY)1, Sn(OSnn)4(OY)2,
Sn(OSn)3(OY
Y)3, (h) Sn(OSn)2(OY)4, Sn
n(OSn)1(OY))5 and Sn(OY
Y)6 tin environnments.
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Table 4.1. Ratios and isotropic chemical shifts of the different six coordinate Sn environments in the dry
samples obtained from deconvolution of the experimental spectra.
Sn(OSn)6-x(OY)x

x
0.10

0.20

0.30

0.40

1.00(2)

0.57(3)

0.28(1)

0.09(4)

0.04(3)

-674

1

0.41(2)

0.40(1)

0.25(4)

0.15(4)

-645

2

0.03(2)

0.28(1)

0.30(4)

0.05(3)

-618

0.04(1)

0.12(2)

0.15(5)

-595

0

3

0.50

δiso (ppm)

0

0.24(5)
4/5/6[a]

-579
0.61(4)

-571
1.00(2)

-564

[a]

Only one peak is used to deconvolute this region; however its shift gradually increases upon yttrium
substitution due to a higher number of yttrium surrounding this particular tin environment.

Table 4.2. Ratios and isotropic chemical shifts of the different six coordinate Sn environments in the
hydrated samples obtained from deconvolution of the experimental spectra.
Sn(OSn)6-x(OY)x

x
0.10

0.20

0.30

1.00(2)

0.56(2)

0.18(1)

0.03(1)

1

0.30(1)

0.31(1)

0.16(1)

0.07(2)

-647

2

0.14(1)

0.38(1)

0.28(2)

0.10(3)

-622

0.10(1)

0.29(1)

0.23(3)

-591

0

3

0.40

0.50

δiso (ppm)

0

-674

0.16(2)
4/5/6[a]

-579

-570

0.03(1)
0.08(1)

[a]

0.60(3)

1.00(2)

-563

Only one peak is used to deconvolute this region; however its shift gradually increases upon yttrium
substitution due to a higher number of yttrium surrounding this particular tin environment.
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Analysis of the changes in intensity of the various six coordinate tin units after hydration
(Figure 4.5f-h, Tables 4.1 and 4.2) suggests that the distribution has changed. For x = 0.20 to
0.40, the relative fraction of the Sn(OSn)6 environment decreases slightly on hydration (Figure
4.5f), and is compensated by an increase in relative fraction of tin environments surrounded by 1,
2 or 3 yttrium atoms (Figure 4.5g). Since the new environments must originate from sites that
were originally nearby a vacancy, these results suggest that the oxygen vacancies do not reside in
the tin-rich region of these samples. (The total concentration of six-coordinate sites increases on
hydration, and thus the relative intensity of the Sn(OSn)6 site decreases since no new Sn(OSn)6
sites are created on hydration.) In the case of BaSn0.50Y0.50O2.75, we observe the presence of some
Sn(OSn)6-x(OY)x (x > 0) sites after hydration (Figure 4.4b) whose ratio is difficult to estimate by
spectral deconvolution since it is in the level of spectral noise. This suggests that there are some
residual Sn-O-Sn defects in the lattice which can accommodate oxygen vacancies (forming
environments such as Sn(OSn)5-x(OY)x(□Sn)) in the dry material. The presence of the defects
may explain the lack of long range cationic ordering as seen by XRD in this sample. This
suggestion will be further explored by 17O and 89Y NMR.

D. 17O NMR
In order to confirm the local ordering proposed above, it is important to show that no
clustering of the yttrium ions occurs, something that is more difficult to definitely rule out based
on the

119

Sn NMR data alone. One straightforward approach is to use

17

O solid state NMR

spectroscopy since this quadrupolar nucleus is very sensitive to the chemical nature of the nearby
cations.19-20 BaSnO3 gives rise to a single resonance centered at 120 ppm with a distinctive
second order quadrupolar lineshape (Figure 4.6a). Upon substitution of tin by yttrium, a second
resonance appears, at 236 ppm for BaSn0.90Y0.10O2.95, whose intensity is proportional to the
yttrium content and is therefore assigned to oxygen in a Sn-O-Y linkage, Y substitution in the O
local environment producing a large shift of 51 ppm. An additional sharp resonance is seen at
186 ppm for BaSn0.70Y0.30O2.85, BaSn0.60Y0.40O2.80 and BaSn0.50Y0.50O2.75, which is tentatively
assigned to water bound to the surface of the particles. The shift of the Sn-O-Sn environment
gradually increases upon substitution as more yttrium substitutes for tin in the second cation
coordination shell of oxygen. The change is more sudden for the Sn-O-Y environment where a
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10 ppm shift is observed at a substitution level of 30% and above, i.e. at about the same point
where the B site cation clustering/ordering is observed by 119Sn NMR.
Two-dimensional

(2D)

multiple-quantum

magic

angle

spinning

(MQMAS)

experiments,13, 21-22 from which high resolution one dimensional spectra can be extracted, were
recorded for each sample to ensure that no other resonances are hidden under the Y-O-Sn and
Sn-O-Sn signals. The Y-O-Sn and Sn-O-Sn environments are clearly resolved for
BaSn0.90Y0.10O2.95 as illustrated in Figure 4.6b. Even in the highly yttrium substituted samples,
no additional resonances at a frequency greater than 246 ppm, i.e. in the chemical shift region
expected for a Y-O-Y environment, are observed (Figure 4.7). This corroborates the tendency
for strict cation ordering at high substitution levels, and further suggests that yttrium
substitutions above 50% on the B site of the perovskite structure will not be thermodynamically
stable.
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Figure 4.6. 17O MAS NM
MR spectra of
o BaSn1-xYxO 3-x/2. (a) Dryy BaSn1-xYxO3-x/2, (b)
Triple quantu
um MAS datta of BaSn0.90Y0.10O2.95. P eaks have beeen labeled w
with their
center of graavity (or peak
k positions). (i) Hahn echho spectrum. (ii) Two-dim
mensional
triple-quantu
um MAS specctrum. 1320 trransients weree accumulateed for each off the 16 t1
increments. (iii)
(
Isotropicc projection of
o the 2D MQ
QMAS spectrra. (iv) Crosss sections
(full lines) ex
xtracted paraallel to F2 of the 2D MQM
MAS at δ1 vaalues of 254 ((top) and
187 (bottom
m) ppm for Sn-O-Y
S
and Sn-O-Sn resspectively aloong with thee best fit
simulations (dashed
(
lines)) using the fo
ollowing param
meters: δiso = 247 p.p.m., CQ = 3.8
MHz and ηQ = 0.02 (top) and
a δiso = 168
8 p.p.m., CQ = 5.5 MHz annd ηQ = 0.02 (bbottom).
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1
Figure 4.7. 17
O MAS NM
MR spectra of BaSn0.50Y0.50 O2.75. (a) Rottor synchronizzed Hahn
echo spectru
um. (b) Two-dimensional triple-quantuum MAS speectrum. 876 ttransients
were accumu
ulated for eacch of the 32 t1 increments.. (c) Isotropicc projection oof the 2D
MQMAS. (d
d) Cross sectio
ons (full liness) extracted pparallel to F2 oof the 2D MQ
QMAS at
δ1 of 262 (to
op) and 213 (bottom) ppm
m for Sn-O-Y
Y and Sn-O-S
Sn respectiveely along
with the bestt fit (dashed liines) using th
he following pparameters: δiso = 261 p.p..m., CQ =
3.4 MHz and
d ηQ = 0.15 (top) and δisoo = 203 p.p.m
m., CQ = 2.66 MHz and ηQ = 0.02
(bottom).
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E. 89Y NMR
Due
D to the lo
ong acquisitiion time req
quired to peerform

89

YN
NMR particuularly in sysstems

with very
y long 89Y T1 relaxation
n time (aroun
nd 250 s) annd low Y subbstitution levvels, we recoorded
the 89Y NMR
N
spectraa of BaSn1-xYxO3-x/2 for only
o
three suubstitution leevels: x = 0..1, 0.3 and 00.5. In
the dry compounds
c
(Figure
(
4.8a
a), the main environmennt which rannges from 3000 to 343 pppm is
assigned to 6 coordiinated Y en
nvironments in agreemennt with prevviously publlished resultts for
mples containing 6 coord
dinate Y env
vironments.118, 23-33 Its shhift is presum
mably affecteed by
other sam
the increeasing numb
ber of yttrium atoms in the secondd (B-site) caation coordinnation shell with
increasin
ng yttrium substitution
s
level, sincee, on the basis of the

17

O NMR,, the first ccation

coordinattion shell is fully occupiied by the tiin atoms. In the case of B
BaSn0.90Y0.110O2.95 the seecond
cation co
oordination shell is mo
ostly occupiied by Sn aatoms whilee for BaSn00.70Y0.30O2.85 it is
occupied
d by both Sn
S and Y, consistent
c
with
w
the broader lineshaape of the 6 coordinatted Y
environm
ments

obseerved

in

BaSn0.70Y0.330O2.85.

Thhe

sharper

lineshape

observed

for

BaSn0.50Y0.50O2.75 prrovides furth
her support for the pressence of yttrrium and tinn ordering iin the
structure, the orderin
ng limiting th
he number of
o possible aarrangements for Y and Sn in the seecond
(B-) catio
on coordinattion shell su
urrounding the Y(OSn)6 atoms. This second cattion coordinnation
shell is mostly
m
occup
pied by yttriu
um in the casse of BaSn0.550Y0.50O2.75.

Figure 4.8. 89Y MAS NM
MR spectra of
o BaSn1-xYxO3-x/2. (a) dry materials acqquired at
11.7 T and (b
b) hydrated materials
m
acquired at 19.6 T
T.
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A second ressonance is clearly
c
obserrved for BaS
Sn0.70Y0.30O2.85 and BaS
Sn0.50Y0.50O22.75 at
higher fieeld in the ran
nge of 455 – 447 ppm. To
T help assiggn this resonnance, the 89Y chemical shifts
observed
d for a variety of differeent Y local environmennts have been plotted ass a function of Y
coordinattion numberr (Figure 4.9
9); although there
t
is an ooverlap betw
ween the shift
ft ranges obseerved
for the diifferent coorrdination nu
umbers, theree is a clear ooverall trendd for an increease in shiftt with
decreasin
ng coordinattion numberr. This obseervation sugggests that tthis second resonance aarises
from a lo
ower coordin
nated yttrium
m site. We can thereforee confidentlyy assign this resonance tto a 5
coordinatted yttrium environmen
nt, which rep
presents, to oour knowleddge, the firstt spectrum oof a 5
coordinatted yttrium environmen
nt reported in the literaature. BaSnn0.90Y0.10O2.955 gives rise to a
weaker 5-coordinate
5
d Y resonan
nce at 400 pp
pm, which iis seen moree clearly in tthe deconvooluted
spectrum
m (Figure 4.10a).
4
Afteer hydration
n (Figure 44.8b), the 5 coordinateed Y resonaances
disappearr as the oxygen vacancies are now
w filled witth OH grouups confirm
ming the prevvious
assignmeent.

Figure 4.9. A compariso
on of the ex
xperimental sshifts for 5 aand 6 coordiinated Y
environmentss in BaSn1-xYxO3-x/2, x = 0.10 (red circcle), 0.30 (bllue triangle) and 0.50
(purple star),, and the 89Y chemical shiifts reported for stoichiom
metric materiaals in the
literature (bllack squares)).18, 23-33 The shifts for th
the different yttrium coordination
environmentss in yttrium substituted
s
ZrrO2 and CeO2 respectivelyy, are shown aas orange
and green staars, respectiveely.
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The ratios of 5 to 6 coordinated Y environments for all three substitution levels were
extracted by spectral deconvolution (Figure 4.10) and are compared to the ratios obtained for 5
and 6 coordinated Sn environments in Table 4.3. For BaSn0.90Y0.10O2.95 and BaSn0.70Y0.30O2.85 the
ratios of 5 to 6 coordinated environments are very similar for both Sn and Y showing that the
vacancies seem to order randomly at low substitution levels. For BaSn0.50Y0.50O2.75 the ratio of
5:6 coordinated Y environments (0.34:0.66) is noticeably smaller than the one observed earlier
for 5:6 coordinated Sn environments (0.44:0.56), while for strict Y – Sn cationic ordering, these
ratios should be identical. This discrepancy is ascribed to a number of factors. First,

89

Y

relaxation times are extremely long and although we have measured spectra with different
recycle delays than those reported here (250 s), where no change in relative intensity was
observed, it is difficult to completely exclude the possibility that the relaxation time for the 5coordinated Y environment is longer than that of the 6-coordinate environment, leading to a
reduction of its intensity. Second, it is possible that some of the yttrium atoms substituted on the
A site rather than on the B site as a result of BaO loss during sintering, as reported by Haile et al.
for the Y substituted BaZrO3 system.34 This gives rise to the stoichiometry Ba1-2bY 2b(Sn0.5+bY0.5b)O2.75+1.5b,

Y substitution on the B site reducing the oxygen vacancy content, and thus the 5:6

ratio, for both Y and Sn. Furthermore, Sn-O-Sn environments are created (consistent with the
17

O NMR). Assuming that there is a tendency for the vacancies to be located between two Sn

ions (, i.e. there would a considerable amount of Sn-□-Sn), reflecting the preference for Sn over
Y for a 5 –coordinate environment, this would account for the larger amount of 5 coordinated Sn
environments observed in the dry structures. This is consistent with the observation of some
Sn(OSn)6-x(OY)x (x > 0) environments after hydration by

119

Sn NMR. These Sn rich clusters

must be much smaller in size and be nearer more yttrium ions (required for vacancy formation),
since unlike those seen in the x = 0.4 sample, they are more readily hydrated. A 12 coordinate
yttrium A site should, in principle, be visible in the 89Y NMR spectrum as a resonance at lower
frequencies than the 6 coordinate yttrium resonance according to the trends shown in Figure 4.8.
Such an environment may be quite disordered as there are many different cationic arrangements
on the nearby B site, rendering the number of possible 12 coordinated yttrium environments
quite large. This would result in a very broad signal which, combined with only a small amount
of A site substitution, very long T1 may prevent the observation of this particular 12 coordinate
yttrium resonance. The presence of A site substitution by Y may be another factor that hinders
100

long rang
ge ordering of
o the Y – Sn
S sublattice.. Finally, it iis also possiible that not all of the ytttrium
is actuallly accommod
dated into th
he structure, and that thee Y2O3 impurrity phase iss either too loow in
concentraation or too small in sizee (XRD) to be
b detected bby NMR andd XRD.

Figure 4.10. Decovonluttion of the 89Y
8
NMR sppectra of dryy BaSn1-xYxO3-x/2. (a)
BaSn0.90Y0.10O2.95, (b) BaS
Sn0.70Y0.30O2.855 and (c) BaS
Sn0.50Y0.50O2.755.
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Table 4.3. Experimental ratios of the intensities of the 5 and 6 coordinated Y and Sn
environments extracted from deconvolution of the 89Y and 119Sn NMR spectra of
BaSn1-xYxO3-x/2, respectively.
89

x

119

Y NMR

5 coord. Y

6 coord. Y

5 coord. Sn

Sn NMR
6 coord. Sn

0.10

0.08(2)

0.92(2)

0.00(4)

1.00(4)

0.30

0.22(2)

0.78(2)

0.21(3)

0.79(3)

0.50

0.34(2)

0.66(2)

0.44(1)

0.56(1)

F. 119Sn NMR at high temperature
Although little discussed in the literature, hydration of the material requires that the
oxygen vacancies are mobile, so that they can move to the surface to react with the water
molecules. For this reason, hydration of these materials is generally performed at high
temperatures (between 200 and 800 °C), which is a trade-off since higher temperature will lead
to increased desorption of the water. In order to investigate the oxygen vacancy transport in this
system, we have recorded high temperature

119

Sn MAS NMR spectra of BaSn0.50Y0.50O2.75

(Figure 4.11). At room temperature, the 5 and 6 coordinate tin environments are clearly resolved
at -423 and -564 ppm respectively. As the temperature increases, a broad component appears at
400 °C in between these two environments at around -497 ppm. Upon additional heating, the
intensity of this resonance increases and its linewidth narrows. This new resonance is ascribed to
a Sn atom with an average coordination of 5.5 on the NMR timescale, which results from oxygen
ion hopping between a tin octahedron into a vacant site nearby a 5 coordinate cation, the former
becoming a 5 coordinate tin atom and the latter a 6 coordinate tin atom (Figure 4.1b). This
process starts above 200 °C, the coalescence requiring a jump frequency k greater than the
frequency separation Δν between the two resonances and given by35
=

Δν
√2

which yields approximately k = 58 kHz. This motional process is in agreement with the
previously reported hydration behaviour, where significant water uptake starts at around 300 °C.1
This is also the temperature at which the loss of structural water is seen in the TGA experiments.
The observation of residual (5 and 6- coordinated Sn) resonances at -423 and -564 ppm at the
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highest temperature
t
indicates th
hat there is a distributioon of correllation times for this syystem.
Studies are
a in progreess to investiigate the rolee that water plays in alteering the acttivation enerrgy of
the oxyg
gen-ion mig
gration, a phenomenon that has aalso been exxplored by using com
mputer
simulatio
ons.36-37

Figure 4.11. High temperrature
sample.

119

Sn MAS
M
NMR sppectra of the dry BaSn0.50Y0.50O2.75
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IV. Conclusion
In summary, this multinuclear NMR study reveals strong evidence for random yttrium
distributions at low substitution levels, and short-range Y-O-Sn ordering at high substitution
levels in BaSn1-xYxO3-x/2. The tendency for yttrium and tin to alternate on the B site of the
perovskite structure was observed by 119Sn NMR, with all the tin environments being surrounded
by at least 4 yttrium atoms in the 1st B-site cation coordinate shell in BaSn0.50Y0.50O2.75. This
ordering is in agreement with the 17O NMR spectra, which for BaSn0.50Y0.50O2.75 is dominated by
a Y-O-Sn, 17O resonance. No Y-O-Y local environments were observed; this cannot be explained
by the preferential location of the vacancies in between two yttrium atoms, since no preference
for 5 coordinate over 6 coordinate environments was seen by

89

Y NMR. Indeed, the intensity

ratio of the 5:6-coordinate environments in BaSn0.50Y0.50O2.75 is actually higher in the

119

Sn

spectrum, than in the 89Y spectrum.
Even BaSn0.50Y0.50O2.75 contains some residual Sn-O-Sn environments, consistent with
the lack of long-range cation ordering observed in our study, as probed by XRD. This is ascribed
to either incomplete Y substitution, and/or the presence of some Y3+ cations on the A site as has
been reported for the yttrium substituted BaZrO3 system.34 A-site substitution of yttrium is
driven or is coupled with BaO loss during sintering and leads to the stoichiometry, Ba1-2bY
2b(Sn0.5+bY0.5-b)O2.75+1.5b,

and the formation of Sn-O-Sn groups. Preferential location of the

oxygen vacancies in between two tin atoms, accounts for the different 5:6 ratios for Sn and Y.
The difficulty in achieving long-range cation ordering, especially with systems containing Y3+
and Sn4+ ions, which will show very low diffusivities even at very high temperatures, and in a
system that will not tolerate Y-O-Y linkages, is likely to be one cause of the differences between
the extent of ordering observed in different studies; further, it may also be associated with the
observation, in one report,2 of an amorphous component on the particles or between grain
boundaries.
Finally, these results have significant implications for proton conductivity because they
indicate that the majority of the protons in the hydrated material will be coordinated to the same
type of oxygen linkage (Y-O-Sn) for locally-ordered BaSn0.50Y0.50O2.75 (the residual protons
being Sn-O-Sn oxygen ions). The ability of the structure to accommodate Y-O-Sn ordering
104

allows very high levels of yttrium, and thus vacancies (and protons on hydration) to be
incorporated into the structure, without forming basic oxygen sites such as the Y-O-Y
environments. The high concentration of Y-O-Sn and lack of Y-O-Y environments allows hops
to occur via jumps involving similar local environments, without being trapped on the more
basic Y – O –Y environments. Such cation ordering has not been seen in the yttrium substituted
BaZrO3 and BaCeO3 systems, which show higher conductivity at lower yttrium substitution
levels.1 Thus, we believe that the high conductivity of BaSn0.50Y0.50O2.75 is due to the
predominance of a single O site, the lack of basic Y-O-Y sites, combined with the large number
of protons in the material due to the high substitution level. Finally, the oxygen conduction
required for hydration of such a protonic conductor was observed via the exchange of the 5 and 6
coordinated Sn environments in BaSn0.50Y0.50O2.75 at 400°C and above.
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Chapter 5:
Understanding the protonic organization and motion
in protonic conductors by 1H NMR

This chapter reports the use of 1H solid-state NMR to identify the different interactions
and processes involved in protonic conduction and how they affect the conductivity of the
various perovskite-based materials. The protonic distribution becomes accessible at low
temperatures after freezing of the motion. In BaZr1-xScxO3-δ, 1H/45Sc TRAPDOR experiments at
-120°C allow identification of the different proton environments. In this material the protons are
strongly attracted to Sc-O-Sc environments where they can compensate for the extra negative
charge present on the oxygen site, even at low substitution levels. This preferential location and
the short Sc…Sc distance creates a secluded environment for proton from which it requires a
high activation energy to escape, hereby limiting the protonic conduction in this material. In
BaZr1-xYxO3-δ the larger ionic size of Y3+ vs. Sc3+ minimizes the trapping of protons on Y-O-Y
environments, the disparities in B…B (B = Zr or Y) being less pronounced than in BaZr1-xScxO3δ.

For low substitution levels, the protons are found predominantly on Zr-O-Zr sites but above

20% substitution a consequent concentration of proton is present on Y-O-Y sites, which explains
why the conduction in BaZr1-xYxO3-δ is better at lower substitution levels (10 to 20%). For
BaSn0.50Y0.50O2.75 even though the B site cationic ordering described in Chapter 4 is expected to
considerably enhance the protonic motion, the conductivity is limited by the presence of small
Sn-rich clusters throughout the structure, creating Sn-O-Sn environments where the protons
reside for a longer time compared to Sn-O-Y. High temperature experiments show that BaZrO3
holds protons longer than BaSnO3.
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I. Introduction
Most of the protonic migration studies in A2+B4+O3 perovskites have been performed by
impedance spectroscopy.1-21 This technique efficiently discriminates between good and bad
candidates based on activation energies and conductivity; however it does not provide a clear
understanding of the mechanism involved during the conduction process. Based on these
observations, it is difficult to explain why a particular substituting element gives better results
than another. A lot of interactions have to be taken into account: the size of the substituting
element, its distribution in the structure, its effect on the location of oxygen vacancies which will
impact the distribution of protons in the hydrated structure; none of this is accessible via
impedance spectroscopy. In this context, an increasing number of computational studies22-31 have
been performed to help understand the mechanism underlying the protonic conduction; however
only the overall effect can be compared to actual experimental results (since impedance
spectroscopy is limited to overall conduction analysis). There is a real lack of knowledge of the
ongoing processes occurring at the atomic level and techniques that can access local structure
will be of great use to investigate such detailed mechanism. A few reports based on structural
refinements32-34 and vibrational spectroscopy35-36 aimed at explaining the microscopic processes;
however limited information is accessible from each technique and there is a need to extend our
knowledge on local structure and protonic behavior to validate the current hypotheses. In this
context, solid-state NMR is one of the best techniques to clarify some of the uncertainty related
to the local processes since it gives access to both structural and motional details of a particular
structure. In this chapter, we will explore the differences underlying the protonic conduction
mechanism in the three systems reported in Chapters 2, 3 and 4: BaZr1-xScxO3-δ, BaZr1-xYxO3-δ
and BaSn1-xYxO3- δ. I would like to acknowledge numerous discussions between our group,
Professor Sossina Haile and Dr. Yoshihiro Yamazaki from Caltech which have helped draw
some of our conclusions. I would like to specially thank Dr. Yamazaki for providing some of the
BaZr1-xYxO3-δ samples.
The first key problem to overcome, which may be responsible for the disparities in
protonic conduction reported in the literature, involves controlling the amount of water dissolved
in the structure.37 Hydration of the perovskite materials requires the migration of the oxygen
vacancies from the bulk to the surface where they can react with water. Elevated temperatures
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are required for the mobility of the oxide vacancies; however high temperatures are also
associated with dehydration. The dissolution of water can result in the presence of bulk protons,
successfully incorporated in the structure, but also hydroxide species covering the surface area.
While the former actively participate in the conduction mechanism, the latter will prevent further
hydration of the material; therefore it is important to have a good control over the hydration
process. Thus it is not always straightforward to fully hydrate these materials without covering
the surface with hydroxide species. The community is fairly divided between the idea that the
protons can be strongly associated with the substituting element38-39 and that the energy barrier
for proton migration is only related to the basicity of the oxygen site.

40 1

H NMR experiments

performed at low temperature will provide a lot of information on the distribution of protons in
the three different systems and we will analyze the reasons behind such a particular protonic
distribution in Sections III.B and III.C. Another key point widely discussed in the literature is the
protonic migration process. The most commonly thought behavior involves a two-step process:25,
30, 41

the first step consists of the rotation of the proton around the hosting oxygen and the second

involves the jump of the proton to the next oxygen, the latter being considered the rate-limiting
step in the conduction mechanism.22-23 We will observe proofs of protonic motion at temperature
as low as -120°C in some of the systems in Section III.C. Finally, since water is generated in situ
in a fuel cell, it is important to determine the extent of hydration/dehydration of these materials
to understand the relevant conduction mechanisms of potential SOFC electrolytes – protonic vs.
anionic – under hydrated conditions at elevated temperatures. We will report the differences of
behaviour in BaZrO3 and BaSnO3 in Section III.D based on our analysis of high temperature 1H
NMR spectra.
First we will explore the effect of sample preparation and hydration scheme on the proton
distribution in BaZr0.70Y0.30O2.85-y(OH)2y. Our results will clearly illustrate the need of a rigorous
hydration method to maximize reproducibility. Second, we will observe the different proton
resonances in BaZr1-xScxO3-x/2-y(OH)2y depending on substitution level and temperature. Definite
assignments of the various resonances will be made possible by analysis of 1H/45Sc TRAPDOR
experiments at -120°C. Based on this assignment, a similar analysis of the proton environments
present in BaZr1-xYxO3-x/2-y(OH)2y and BaSn1-xYxO3-x/2-y(OH)2y will be performed. Finally the
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change in proton distribution at high temperatures will be identified in BaZr1-xYxO3-x/2-y(OH)2y
and BaSn1-xYxO3-x/2-y(OH)2y.
II. Experimental section
The synthesis of all materials has been described in the previous chapters and will not be
covered in this chapter. Please refer to the previous chapters for more information about the
synthesis procedures.
A. Hydration method
In order to understand the impact of sample preparation and hydration method, we
studied the 1H NMR spectra of two sets of BaZr0.70Y0.30O2.85-y(OH)2y samples. One batch of
BaZr0.70Y0.30O2.85-y(OH)2y pellets was prepared by combustion synthesis and then separated into
two sets: the first set was crushed manually and the second set was attritor milled at 500 rpm for
4 hours with yttria stabilized zirconia 3 mm balls leading to a higher surface area. Different
hydration schemes were then tested on the two sets of powders in order to identify the best
hydration method by 1H NMR. The hand crushed samples were hydrated in a tube furnace. First
the powder was dried at 1000°C for 2 h and then cooled down by steps of 100°C every 2 h with
wet N2 flowing over the samples at a rate of 60 mL.min-1. Half of the hand crushed powder was
hydrated from 1000°C down to 350°C and the second half from 1000°C down to 200°C. Half of
the attritor milled powder was hydrated following the same method, from 1000°C down to 50°C.
The second half of the attritor milled sample was hydrated by exposure to ambient atmosphere
for several days.
B. Low temperature 1H NMR
BaZr1-xScxO3-δ (x = 0.05, 0.15 and 0.30) BaZr1-xYxO3-δ (x = 0.10, 0.20, 0.30 and 0.50)
and BaSn1-xYxO3- δ (x = 0.10, 0.30 and 0.50) were hydrated in a tube furnace under moist N2 gas
down to 350°C to limit the presence of surface hydroxide species. At the end of the hydration
scheme all powders were rapidly transferred to a N2 glove box in order to pack the samples into
the rotors with limited exposure to ambient air, hereby preventing formation of hydroxide
species. Low temperature 1H NMR experiments were performed on a 8.5 T wide bore Varian
Oxford Infinity Plus spectrometer with a 4 mm Varian probehead tuned to 360.0 MHz. Single
pulse experiments were performed for all samples at 25°C, -20°C, -60°C and -120°C using 100
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transients. Pulse delays were determined using an inversion recovery pulse sequence before
acquisition of the one pulse experiment. All spectra have been normalized by weight for
comparison of hydration levels. Additional Hahn echo experiments with increasing delay time
between pulses were recorded to evaluate the T2 value for each proton sites. 1H chemical shifts
were externally referenced to TMS at 0 ppm.
C. 1H/45Sc TRAPDOR
All 1H/45Sc TRAPDOR were performed on a 17.6 T Bruker wide bore magnet at the
NYSBC facility in NYC with a 4 mm Bruker probehead tuned to 750.2 MHz. Rotors were
packed quickly under ambient atmosphere with BaZr1-xScxO3-x/2-y(OH)2y (x = 0.05, 0.15 and
0.30) and spun at 12.5 kHz. Recycle delays of 2 s and 10 s were used at room temperature and 120°C respectively. The 1H shift was externally referenced to chloroform at 0 ppm respectively.
D. High temperature 1H NMR
High temperature 1H MAS NMR were acquired on a 8.5 T wide bore Varian Oxford
Infinity Plus spectrometer using a 7 mm HX high temperature MAS probe from Doty Scientific,
Inc tuned to 360 MHz. Samples were packed in a boron nitride BN insert and placed in a 7 mm
silicon nitride Si3N4 rotor. One pulse, T1 inversion recovery and T2 spin-spin lattice relaxation
experiments were performed using 128, 4 and 4 transients respectively. Spinning was performed
under nitrogen at 4 kHz at room temperature and at 6 kHz above 200°C. 1H chemical shifts were
externally referenced to H2O at 4.2 ppm.

III. Results
For the 1H NMR experiments, different references have been used on different magnets
(chloroform vs. TMS vs. H2O), although they should in principle lead to identical chemical shifts
for one material, it appears that the referencing introduces translational shift, therefore the
chemical shift value from one field to the next may be slightly different but the chemical shift
difference between resonances will not be affected by the referencing. For this reason, the
reference used for each experiment will be mentioned in the figure caption.
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m, which are sharper, aree a signaturee for more m
mobile
protons and
a can be assigned
a
to th
he presence of hydroxidde species onn the surfacee of the partticles.
Due to th
he higher surrface area resulting from
m mechanicall crushing, thhe attritor m
milled samplees are
more sub
bject to the formation
fo
of hydroxide species.

Figure 5.1. 1H NMR of BaZr0.70Y0.30O2.85-y(OH
H)2y after different grindding and
hydration meethods. Hand crushed pow
wders hydratedd from 1000°°C down to (a) 350°C
and (b) 200°C. Attritor milled
m
powderrs hydrated (cc) from 1000°°C down to 550°C and
(d) by exposu
ure to ambien
nt atmospheree for several ddays. Spectra referenced too TMS.
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Attritor milling of the powders induces the creation of cracks in the particles. We can
indeed observe higher proton contents for the powders that were attritor milled (Figure 5.1). The
bulk hydration seems to be more important than for the hand crushed samples: the 5.4 ppm
resonance is broader in case of attritor milling; however it also introduces the presence of surface
hydroxides that will inhibit any additional hydration. The presence of these hydroxides will
certainly complicate the understanding of the NMR spectra and will also fail to reproduce the
conditions encountered by the material in the real fuel cell. We will therefore limit our study to
materials that have been hydrated down to 350°C and exposed to ambient atmosphere for a
limited amount of time whenever it is feasible, i.e. when the experiments were run at Stony
Brook.

B. Low temperature 1H NMR of BaZr1-xScxO3-x/2- y(OH)2y
The single pulse 1H NMR spectra for BaZr1-xScxO3-x/2-y(OH)2y at 25°C and -120°C are
reported in Figure 5.2. At room temperature we observed an average resonance due to the proton
transfer between different oxygen sites. At -120°C we can resolve the various proton
environments observed in Chapter 2 but shifted by approximately 1.7 ppm. The resonances at 4.5
and 2.9 ppm correspond either to Zr-OH-Zr and Zr-OH-Sc or to Zr-OH-Sc and Sc-OH-Sc
environments respectively. The environment at 4.1 ppm results from unfrozen proton exchange
still occurring at -120°C. For BaZr0.85Sc0.15O2.925-y(OH)2y not all the protons of the environment
at 2.8 ppm are taking part in the hopping mechanism at 25°C, hereby showing the higher
immobility of those protons.
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Figure 5.2. Comparison of single pu
ulse 1H NMR
R of BaZr1-xScxO3-x/2-y(OH))2y at (a)
25°C and (b)) -120°C. Spectra referenceed to TMS.

In
n order to definitively
d
assign
a
the various
v
protoon environm
ments, we peerformed 1H
H/45Sc
TRAPDO
OR of BaZr1-xScxO3-x/2-yy(OH)2y (x = 0.05, 0.15 and 0.30) aat 25°C andd -120°C (F
Figure
5.3). For all samples,, the shifts observed
o
by TRAPDOR are at lowerr frequency tthan the onee seen
by singlee pulse expeeriments, by
y approximaately 1.6 ppm
m. At room
m temperaturre, we observe a
single ressonance at 2.2
2 - 3.0 ppm
m that is not altered
a
by thhe TRAPDO
OR effect, noo matter how
w long
C we
Sc is irraadiated, at leeast up to a value of 80
00 μs. For B
BaZr0.85Sc0.155O2.925-y(OH
H)2y at -120°C
now obseerve the threee different proton
p
reson
nances at appproximatelyy 2.9, 2.4 annd 1.0 ppm w
which
all show a TRAPDO
OR effect, th
he impact on
n the one at 1.0 ppm being the mosst dramatic. F
From
ms that all siites are direcctly bondedd to Sc atom
ms, the site aat 1.0 ppm bbeing
these ressults it seem
bonded to
t a higher number
n
of Scc atoms. Wee can therefoore tentativeely assign thhe sites at 2.99 and
1.0 ppm to protons reesiding on Zr-O-Sc
Z
and Sc-O-Sc oxyygen sites reespectively. The resonannce at
2.4 ppm whose shift is almost ideentical to thee one of the resonance oobserved at 225°C results from
30
maining locaal protonic exchange
e
in
n between Z
Zr-O-Sc and Sc-O-Sc, inn other wordds not
some rem

all of the protonic mo
otion has beeen frozen ou
ut at this tem
mperature.
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Figure 5.3. 1H/45Sc TRAP
PDOR effect on BaZr1-xSccxO3-x/2-y(OH))2y. For x = 0..05 at (a)
25°C and (b)) -120°C, for x = 0.15 at (c)
( 25°C and (d) -120°C aand for x = 0..30 at (e)
25°C and (f) -120°C. Specctra referenceed to chlorofoorm.
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A comparison of the TRAPDOR effect at -120°C throughout the BaZr1-xScxO3-x/2-y(OH)2y
solid solution shows a similar trend for all samples (Figure 5.3). The resonance at 1.0 ppm is
always more affected than the one at 2.9 ppm. However the effect of the Sc irradiation seems to
be more pronounced for the 2.9 ppm resonance at higher Sc substitution levels. Presumably the
nearest oxygen atoms, to which the protons at 2.9 ppm are hydrogen bonded, are surrounded by a
higher ratio of Sc, hereby increasing the TRAPDOR effect for the Zr-OH-Sc site through
hydrogen bonding. This tendency is not as clearly observed for the Sc-OH-Sc site since such
protons are already surrounded by two Sc cations and the TRAPDOR outcome is already
maximized. According to our current proton assignment, we are observing a high ratio of ScOH-Sc while we were barely able to detect a resonance for Sc-O-Sc by 17O NMR in Chapter 2,
even for BaZr0.70Sc0.30O2.85-y(OH)2y. Why did we not detect more Sc-O-Sc environments? In the
quantification of the different oxygen sites in Chapter 2, we seemed to be missing some Sc from
the structure, which was ascribed to incomplete substitution of scandium. One possibility is that
a significant proportion of the oxygen vacancies are actually located in between two Sc cations.
After hydration the Sc-□-Sc environments lead to a non-negligible amount of available Sc-O-Sc
oxygen sites, which could be the preferential location for protons. This would account for such a
high concentration of protons observed on Sc-O-Sc sites, particularly in BaZr0.70Sc0.30O2.85y(OH)2y.

Additionally we qualitatively reported quite a significant amount of 5 (vs. 6) coordinate

Sc environments, which supports our latest assignment. A comparison to the other hydrated
systems presented in this chapter will further test this new assignment. The ratios of the different
proton sites were extracted by deconvolution of the single pulse spectra obtained at -120°C
(Table 5.1). The Sc-OH-Sc to Zr-OH-Sc ratios observed, i.e. the areas of the resonances at 2.9
vs. 4.5 ppm, are quite different from the ones obtained in Chapter 2: 0.2:1, 0.9:1 and 2.1:1 here
vs. 0.3:1, 0.5:1 and 1:1 in Chapter 2 for BaZr0.95Sc0.05O2.975-y(OH)2y, BaZr0.85Sc0.15O2.925-y(OH)2y
and BaZr0.70Sc0.30O2.85-y(OH)2y respectively. As was discussed in section III.A, the hydration
used in the current scenario is far from leading to complete hydration of the samples; therefore
the distribution of the protons over the different oxygen sites clearly demonstrates which sites are
the first to be occupied and which ones are less likely to be occupied. From the previous results
we can conclude that the Sc-O-Sc oxygen sites present the smallest binding energy. In turn, if a
higher degree of hydration is reached, the entropy factor has a much greater impact on the
distribution of the proton atoms and it becomes more difficult to evaluate the strength of the O-H
118

bond. The different conclusions drawn from Chapter 2 compared to the ones deduced from this
set of results clearly illustrates the sensitivity of the hydration method used for qualitative
analysis of the NMR spectra.

Table 5.1. Ratios of the different proton sites in BaZr1-xScxO3-x/2-y(OH)2y at 120°C.

Sites (ppm)
4.5

2.9

Weight average
(ppm)

0.05

0.86(3)

0.14(4)

4.3

0.15

0.53(1)

0.47(2)

3.8

0.30

0.32(2)

0.68(6)

3.4

Assignment

Zr-OH-Sc

Sc-OH-Sc

x

Figure 5.4 illustrates the protonic motion being slowed down with decrease of the
temperature in BaZr1-xSxO3-x/2-y(OH)2y. For BaZr0.85Sc0.15O2.925-y(OH)2y some of the protons
hosted by Sc-O-Sc do not take part in the local motion occurring at room temperature, hereby
showing the higher immobility of Sc-OH-Sc environments restricting the overall protonic
conduction. The motion observed at room temperature is limited to the hop of the proton in
between the different oxygen sites surrounding its initial location, with a tendency to jump to
oxygen atoms bonded to the nearest available Sc cation; however this motion does not extend
throughout the structure at 25°C. Until we reach a temperature where most of the exchange has
been stopped (-120°C in our case), the spectrum will give a good picture of how the different
proton environments are involved in the exchange. In the case of a Zr-OH-Sc environment, if we
assume that the Sc cation is surrounded by 6 Zr cations, then the proton can hop around the 6
different oxygen atoms connecting Sc to the next 5 Zr cations. In the case of a Sc-OH-Sc
environment with each scandium cation surrounded by 5 Zr atoms, the proton will most likely be
hoping in between the 10 oxygen atoms connecting the two Sc cations to the rest of the
BaZr0.85Sc0.15O2.925-y structure plus the oxygen atom common to the two Sc cations, with a
preference for the Zr-O-Sc environments the closest to the Sc-O-Sc hosting site, i.e. 8 of the 10
Zr-O-Sc sites. Therefore no matter what the identity of the initial hosting oxygen site was, unless
most of the motion has been frozen out, the proton will more likely be found on a Zr-O-Sc site,
which is what is observed when the temperature is reduced.
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Figure 5.4. 1H NMR of BaZr
B 1-xScxO3- x/2-y
(OH)2y at low temperattures. (a) x = 0.05, (b)
x
x = 0.15, (c) x = 0.30. Speectra referenced to TMS.
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The
T resonancce at 2.9 ppm
m correspond
ding to Sc-O
OH-Sc is onlly clearly ressolved at -1220°C.
The hop of the protton over a larger part of
o the structuure requiress the presence of another Sc
cation in the third cattionic coordination shelll of the hostiing oxygen aatom or implies the brieff stay
of the prroton on a Zr-O-Zr
Z
sitee. The secon
nd scenario will only hhappen at higgher temperrature
since the protons are not first attrracted to Zr--O-Zr and w
will require m
more energy to travel thrrough
one of th
hose oxygen
n environmen
nts. On the other hand, the protoniic repulsion towards succh an
oxygen site
s limits thee time the prroton spendss on this site which in turrn increases the conducttivity.
One can
n easily un
nderstand th
he complexiity of the interactionss involved during prootonic
conductio
on in this ty
ype of materrials. Finally
y we can alsso observe tthe presencee of some suurface
hydroxid
de species at 0.6 ppm, th
he motion off these speciees is also froozen out whiile decreasinng the
temperatu
ure.
Figure
F
5.5 sh
hows the 1H Hahn echo spectra reccorded to exttract the spiin-spin relaxxation
times T2 of the differrent proton environment
e
ts. The signaal at 4.5 ppm
m is lost firsst, confirminng the
higher mobility
m
of the protons ho
osted on the Zr-O-Sc sitees.

Figure 5.5. 1H spectra recorded with different
d
Hahhn echo delayys to determinne the T2
relaxation rattes for the diffferent proton
n environmennts in BaZr0.855Sc0.15O2.925-y((OH)2y at
-120°C. The values on thee right correspond to the ddelay time bettween the 90° and the
S.
180° pulses. Spectra refereenced to TMS
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C. Low temperature 1H NMR of BaZr1-xYxO3- x/2-y(OH)2y
Figure 5.6 shows the 1H NMR of BaZr1-xYxO3-x/2-y(OH)2y (x = 0.10, 0.20, 0.30 and 0.50)
at 25°C and -120°C. There is a noticeable difference between this set of samples compared to the
previous system. At room temperature we only observe one resonance at 5.7 ppm for
BaZr0.80Y0.20O2.90-y(OH)2y. For BaZr0.70Y0.30O2.85-y(OH)2y and BaZr0.50Y0.50O2.75-y(OH)2y we can
clearly separate a second resonance at 2.8 ppm. In the case of BaZr0.50Y0.50O2.75-y(OH)2y based on
the 1H intensity, the hydration level seems to be much lower than for BaZr0.80Y0.20O2.90-y(OH)2y
and BaZr0.70Y0.30O2.85-y(OH)2y. This corroborates our conclusions in Chapter 3 where we
observed amphoteric substitution of yttrium on both A and B sites in BaZr0.50Y0.50O2.75. This A/B
site substitution pattern leads to an actual sample formula of (Ba0.83Y0.17)(Sn0.67Y0.33)O3.00 where
no oxygen vacancies are left. It is therefore not surprising to find such a low hydration level in
this sample. The resonances observed for this substitution level are much broader than for the
20% and 30% samples due to the higher disorder in the structure. Additionally the proton level in
BaZr0.90Y0.10O2.95-y(OH)2y is extremely limited compared to all other samples which is once again
in agreement with our findings of Chapter 3 where the actual sample formula was reported to be
(Ba0.954Y0.0456)(Sn0.946Y0.054)O2.996 leaving very few oxygen vacancies for hydration.
At

-120°C

the

different

resonances

are

not

as

well

resolved

as

for

BaZr1-xScxO3--x/2-y(OH)2y. This makes it more difficult to evaluate with confidence the number of
proton environments encountered in the structure. After deconvolution it appears that all spectra
can be well fitted by using three sites with chemical shifts of 7.3, 5.2 and 2.7 ppm. The
resonance at 2.7 ppm is clearly not taking part into the proton hopping observed at room
temperature, or at least not all the protons in this environment are participating in the local
motion. The ratio of this site is also increasing with yttrium substitution; therefore we can assign
this resonance to the more immobile Y-OH-Y environments while the resonances at 5.2 and 7.3
ppm can be attributed to Zr-OH-Y and Zr-OH-Zr environments respectively. These shifts are
closely related to the ones observed in BaZr1-xScxO3-x/2-y(OH)2y where Zr-OH-Sc and Sc-OH-Sc
were reported at 4.5 and 2.9 ppm respectively.
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Figure 5.6. 1H NMR of BaZr
B 1-xYxO3-xx/2-y(OH)2y at (a) 25°C andd (b) -120°C. Spectra
referenced to
o TMS.

The
T ratios of the differen
nt sites extraccted by specctral deconvoolution are ggathered in T
Table
5.2. Acco
ording to Ch
hapter 3, the cations seem
med to be ranndomly distr
tributed overr the B site w
with a
possible ordering of the oxygen vacancies in
n between Y atoms prevventing us frrom observinng YO-Y environment in higher subsstituted samp
ples as obserrved by 17O NMR. Ourr 1H NMR reesults
suggest preferential
p
ordering of proton nextt to yttrium. Indeed we observe a hhigher numbber of
Zr-OH-Y
Y sites in both BaZr0.900Y0.10O2.95-y(OH)
(
H)2y and a hhigher
2y and BaZr0.80Y0.220O2.90-y(OH
number of
o Y-OH-Y environmen
nts for all substitution
s
levels expecct the 10% sample. Whhat is
more surprising is that the prrotons tend to distributte over thee Y-O-Y annd Zr-O-Zr sites
ng the Zr-O
O-Y sites under
u
popuulated in BaaZr0.70Y0.30O2.85-y(OH)2yy and
preferenttially, leavin
BaZr0.50Y0.50O2.75-y(O
OH)2y by com
mparison to a random ddistribution m
model. How
wever cautionn has
to be tak
ken for two reasons.
r
Firsst not all thee motion is bbeing frozenn out at -1200°C; thereforre the
extracted
d ratios do not
n correspon
nd to a pureely enthalpicc distributionn. Secondly the resonannce at
5.2 ppm could very well
w be remaaining from the
t coalesceence of the reesonances att 7.3 and 2.77 ppm
due to strong residuaal protonic exchange
e
at -120°C. At low substituution levels, 20% and beelow,
there arre almost no Y-OY environmeents availabble in thee structure (about 7%
% in
BaZr0.80Y0.20O2.90-y(O
OH)2y); thereefore the pro
otons will be distributed only over Zrr-O-Zr and Z
Zr-OY sites an
nd the condu
uction mech
hanism will be
b maximizeed as the tim
me for the prootons spent iin the
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vicinity of yttrium cations is limited. Above 20% substitution, there are enough Y-O-Y sites to
host a large amount of the proton population: 20% and 61% in the case of BaZr0.70Y0.30O2.85y(OH)2y

and BaZr0.50Y0.50O2.75-y(OH)2y respectively as estimated from deconvolution. This

tendency for protons to occupy Y-O-Y sites at higher substitution levels considerably decreases
the protonic conductivity of the materials. If we assume that the rest of the protons, Zr-OH-Y and
Zr-OH-Zr, have the same mobility throughout the solid-solution, the ones in BaZr0.70Y0.30O2.85y(OH)2y

and BaZr0.50Y0.50O2.75-y(OH)2y will soon encounter a Y-O-Y environment where they

will be residing for a much longer time than on Zr-O-Zr or Zr-O-Y, thereby reducing the
conductivity in those two materials. Our proton assignment and the observed ratios nicely
explain the conductivity results reported in the literature,10-11,

20-21

hereby supporting our

assignment and the minimal effect of the residual protonic exchange at -120°C. The proton
distribution observed in BaZr1-xYxO3-δ clearly explains the conductive behavior reported for this
material, the best conductivities being obtained for substitution levels between 10 and 20%.

Table 5.2. Ratios of the different proton sites in BaZr1-xYxO3-x/2-y(OH)2y at -120°C.

x

Deconvolution results by site (ppm)
7.3
5.2
2.6

Random distribution model
Zr-OH-Zr Zr-OH-Y
Y-OH-Y

0.10

0.68(2)

0.32(3)

0.0(0)

0.81

0.18

0.01

0.20

0.53(3)

0.40(8)

0.07(2)

0.64

0.32

0.04

0.30

0.48(4)

0.32(5)

0.20(1)

0.49

0.42

0.09

0.50

0.24(3)

0.16(6)

0.61(4)

0.25

0.50

0.25

Assignment

Zr-OH-Zr

Zr-OH-Y

Y-OH-Y

Figure 5.7 illustrates the change in protonic distribution as the temperature of BaZr1xYxO3x/2-y(OH)2y

is decreased. For BaZr0.70Y0.30O2.85-y(OH)2y we see the growth of the site at 2.6

ppm as the temperature is reduced along with the appearance of a broad resonance at 7.3 ppm.
The resonance at 5.2 ppm gets broader with cooling; however its intensity does not vary much
supporting the fact that this resonance is more likely due to Zr-OH-Y environments than the
result of coalescence of the 7.3 and 2.6 ppm resonances. In addition if the resonance observed at
5.5 ppm at room temperature were only due to coalescence of the 7.3 and 2.6 ppm sites, it should
occur at the weight ratio of these two resonances, therefore at a shift of approximately 4.0 ppm
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based on
n the deconvolution ressults for botth BaZr0.80Y0.20O2.90-y(O
OH)2y and B
BaZr0.70Y0.300O2.85y(OH)2y.

gain corrobo
orates the ob
bservation off Zr-OH-Y eenvironmentss at 5.2 ppm
m.
This once ag

Figure 5.7. 1H NMR of BaZr
B 1-xYxO3-x/2-y(OH)2y at llow temperattures. (a) x = 0.10, (b)
x = 0.20, (c) x = 0.30 and (d) x = 0.50. Spectra referrenced to TM
MS.
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The
T spin-spin
n relaxation behavior T2 of the diffferent protoon environm
ments is show
wn in
Figure 5.8. Similarly
y to BaZr0.855Sc0.15O2.925-yy(OH)2y the resonance aat 2.8 ppm is the last to fully
relax, confirming thee higher imm
mobility of the
t Y-OH-Y
Y protons thaat are not paarticipating iin the
motion at 25°C.

Figure 5.8. 1H spectra recorded with different
d
Hahhn echo delayys to determinne the T2
relaxation raates for the diifferent proto
on environmeents in BaZr0..70Y0.30O2.85-y((OH)2y at
25°C. The vaalues on the right correspond to the deelay time bettween the 90°° and the
180° pulses. Spectra refereenced to TMS
S.

Tables
T
5.3 an
nd 5.4 preseent detailed ratios and relaxation ttimes for alll temperaturres in
BaZr0.80Y0.20O2.90-y(O
OH)2y and BaZr
B 0.70Y0.30O2.85-y(OH)2 y respectiveely. All relaxxation timess, T1,
T2 and T1ρ, show thee higher rigiidity of prottons on the Y
Y-O-Y site at 25°C. Ass the temperrature
decreasess, the motio
on is frozen out and thee relaxation times for aall three protton sites become
similar. There is no
o clear evid
dence of a higher
h
rigidiity of protoons on Zr-O
O-Y vs. Zr-O
O-Zr;
bution of protons
p
overr these twoo sites is strongly inffluenced byy the
however the distrib
ure.
temperatu
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Table 5.3. Ratios and T1, T2, T1ρ relaxation times at low temperatures for BaZr0.80Y0.20O2.90y(OH)2y.

Temperature (°C)

Site (ppm)

Ratio

T1 (s) (a)

T2 (ms)

T1ρ (ms)

-120

7.3

0.53(3)

23.70

3.1(4)

21(4)

5.1

0.40(8)

24.67

3.1(3)

26(5)

-60

-20

25

-

(b)

- (b)

2.7

0.07(2)

19.42

7.3

0.50(2)

6.22

1.07(9)

13(2)

5.1

0.45(6)

6.38

0.89(7)

12(2)

2.7

0.05(2)

5.67

0.10(2)

12(2)

7.0

0.43(2)

0.79

0.32(3)

3.0(3)

5.4

0.53(4)

0.81

0.26(2)

3.1(3)

2.7

0.03(1)

0.81

0.16(2)

2.7(5)

7.3

0.14(0)

0.12

0.16(2)

1.4(1)

5.7

0.86(1)

0.13

0.30(2)

1.4(0)

2.7
0
(b)
T1 value estimated from the τ time for the zero intensity point, Intensity too small
to allow estimation of T2.
(a)

Table 5.4. Ratios and T1, T2, T1ρ relaxation times at low temperatures for BaZr0.70Y0.30O2.85y(OH)2y.

Temperature (°C)

Site (ppm)

Ratio

T1 (s) (a)

T2 (ms)

T1ρ (ms)

-120

7.3

0.48(0)

13.13

2.3(5)

20(4)

5.1

0.32(0)

13.03

1.8(3)

22(4)

2.7

0.20(0)

11.01

1.1(3)

22(6)

7.3

0.49(1)

4.24

1.1(1)

14(3)

5.1

0.34(0)

4.20

0.8(1)

12(1)

2.7

0.17(0)

4.10

0.9(2)

18(2)

7.1

0.36(1)

0.58

0.4(1)

5.1(6)

5.1

0.44(0)

0.59

0.3(0)

4.2(3)

2.5

0.20(0)

0.71

0.7(2)

13(2)

7.2

0.17(1)

0.07

0.3(0)

1.4(1)

5.5

0.66(0)

0.08

0.3(0)

1.5(1)

2.7

0.18(0)

0.14

0.8(4)

5.5(10)

-60

-20

25
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(a)

T1 value estimated from the τ time for the zero intensity point.
For BaZr0.70Y0.30O2.85-y(OH)2y at -120°C, we observe 48% of protons on Zr-O-Zr and

32% on Zr-O-Y, this distribution being dominated by the entropy factor. At 25°C we now
observe 17% of protons on Zr-O-Zr and 66% on Zr-O-Y. At this temperature, the protons have
enough energy to reorganize over the oxygen sites and tend to get trapped on the Zr-O-Y
environments for charge balance reasons. Throughout the whole set of temperatures, the number
of protons on Y-O-Y does not seem to vary; these protons are strongly bonded to their oxygen
site. For BaZr0.80Y0.20O2.90-y(OH)2y the distribution of protons over Zr-O-Zr and Zr-O-Y follows
the same pattern, going from 0.53:0.40 to 0.14:0.86 at -120°C and 25°C respectively.

D. Low temperature 1H NMR of BaSn1-xYxO3-x/2-- y(OH)2y
The 1H NMR results of BaSn1-xYxO3-x/2-y(OH)2y (x = 0.10, 0.30 and 0.50) at room
temperature and -120°C are plotted in Figure 5.9. The spectra at room temperature show one
resonance at 4.2 – 4.5 ppm throughout the solid solution with a clear increase of the proton
concentration with yttrium substitution level. At low temperature we can observe two resonances
for all substitution levels, the first one at 3.7 ppm and the second at 7.3 ppm. In comparison to
the two previous systems, the resonance at 7.3 ppm can be assigned to Sn-OH-Sn environment
and the one at 3.7 ppm to Sn-OH-Y environments.
In Chapter 3, the structural analysis of BaSn1-xYxO3-δ revealed the cation ordering of Sn
and Y at higher substitution levels. Under such circumstances, one would expect to only observe
one proton environment, Sn-OH-Y, for BaSn0.50Y0.50O2.75-y(OH)2y. However, it was apparent by
17

O NMR that the structure was not fully ordered as some Sn-O-Sn environments were still

observed in BaSn0.50Y0.50O2.75. Additionally the
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Y NMR revealed that some of the oxygen

vacancies seemed to be located in between Sn atoms forming Sn-□-Sn environments, in
agreement with one computational study.29 After hydration these Sn-□-Sn environments become
Sn-O-Sn sites, additional potential hosts for protons. When those new Sn-O-Sn environments are
added to the Sn-O-Sn sites present before hydration, the ratio of Sn-O-Sn environments turns out
to represent a considerable amount of the overall oxygen sites as is observed in Figure 5.9.
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Figure 5.9. 1H NMR of BaSn
B
d (b) -120°C. Spectra
1-xYxO3-x/2-y(OH)2y at (a) 25°C and
referenced to
o TMS.

After
A
deconv
volution of the
t low tem
mperature 1H spectra (Taable 5.5), it appears thaat the
ratio of Sn-OH-Sn
S
to
o Sn-OH-Y varies
v
only slightly
s
throuughout the sseries, the am
mount of Snn-OHY only increasing
i
by
b 2% from
m BaSn0.70Y0.30
H)2y to BaSnn0.50Y0.50O2.75-y(OH)2y. S
Since
0 O2.85-y(OH
yttrium prefers
p
being
g 6 coordinatte rather than
n 5, the vacaancies tend tto order in bbetween Sn aatoms
and limitt the amountt of ordering
g that can acctually exist in BaSn0.50Y0.50O2.75-δ. T
This corroboorates
the difficulty in preeparing lon
ng range ord
dered BaSnn0.50Y0.50O2.75-δ; there w
will always be a
tendency
y for some Sn to clu
uster hereby
y preventingg the yttriuum cations from becooming
5-coordin
nate.

Table 5.5.
5 Ratios off the differennt proton sitees in
BaSn1-xYxO3-x/2-y(OH)2y at -120°C..

x

Sites (ppm)
7.3

3.7

0.10

0.21(1)

0.76(1))

0.3
30

0.32(1)

0.68(1))

0.5
50

0.34(2)

0.66(2))

Assign
nment

Sn-OH-Sn
S

Sn-OH-Y
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Figure 5.10 shows the 1H NMR distribution for BaSn1-xYxO3-x/2-y(OH)2y when decreasing
the temperature. The motion is frozen more quickly than for BaZr1-xYxO3-x/2-y(OH)2y where even
at -120°C some exchange was still observed. The clustered Sn cations certainly prevent the
BaSn1-xYxO3-δ system from conducting protons as well as in BaZr0.80Y0.20O2.90-δ. Once again the
motion observed at room temperature is limited to nearby oxygen sites, the Sn clusters must
therefore be small enough to participate in this exchange with Sn-O-Y environments. This would
result in a distribution of Sn clusters throughout the structure, an additional barrier for the
protons to conduct: the higher the number of Sn clusters, the more the protonic conduction will
be slowed down.
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Figure 5.10. 1H NMR of BaSn
B 1-xYxO3--x/2-y(OH)2y at low temperattures. (a) x = 0.10, (b)
x = 0.30 and (c) x = 0.50. Spectra referrenced to TM S.
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Figure
F
5.11 illustrates
i
th
he spin-spin relaxation bbehavior of S
Sn-OH-Sn aand Sn-OH-Y
Y at 120°C in
n BaSn0.50Y0.50
H)2y. The two
o proton sitees have veryy similar behhaviors; one does
0 O2.75-y(OH
not seem
m to relax fasster than the other one. This
T corroboorates our asssignment, siince from thee two
previous systems a Y-OH-Y
Y
environment sho
ould be slow
wer to relax ddue to its higgher immobiility.

Figure 5.11. 1H spectra reecorded with different Hahhn echo delayys to determinne the T2
relaxation rattes for the diffferent proton
n environmennts in BaSn0.500Y0.50O2.75-y(O
OH)2y at 120°C. The values
v
on thee right corresp
pond to the ddelay time bettween the 90°° and the
180° pulses. Spectra refereenced to TMS
S.

E. High
H
temperrature 1H NMR
1.
1

BaZr1-x
OH)2y
1 YxO3- x/2-y(O

The
T protonicc behavior at
a high temp
peratures inn BaZr0.70Y00.30O2.85-y(OH
H)2y is show
wn in
Figure 5.12. The spiinning speed
d for high tem
mperature sppectra is connsiderably reeduced comppared
to low teemperature results,
r
6 kH
Hz vs. 14 kH
Hz, which exxplains the laack of resoluution observved at
room tem
mperature co
ompared to th
he previous set of resultts. From rooom temperatuure to 250°C
C, the
chemicall shift of th
he observed
d resonance at 3.5 ppm
m shifts to higher freqquencies. Inn this
temperatu
ure range, th
he samples are
a not losing
g water; therrefore we caan assume that the protonns are
simply reedistributing
g themselvess throughou
ut the structuure, more oof the Zr-O--Zr environm
ments
being occcupied as th
he temperature increases. This illustrrates the tenndency for prrotons to connduct
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in the material:
m
the protons aree leaving thee sites withh smaller ennthalpy but hhigher activvation
energy, Zr-O-Y
Z
and Y-O-Y, for sites wheree they can exxchange morre freely, i.ee. Zr-O-Zr. S
Some
of the pro
otons are still trapped on
n the Y-O-Y
Y environmennts (shouldeer at lower frrequencies), since
the BaZrr0.70Y0.30O2.855-y(OH)2y sam
mple does contain a nonn-negligible amount of ssuch sites. A
Above
300°C th
he shift of th
he protons gradually
g
deecreases to 00.9 ppm. Acccording to ssection III.A
A this
region off chemical shift
s
corresp
ponds to hyd
droxide speccies; the struucture is now
w dehydratinng as
well as conducting
c
protons.
p
Duee to the grad
dual decreasee of the chem
mical shift w
with temperaature,
this coulld be illustrrating the opening
o
of the structur
ure with tem
mperature leeading to pproton
environm
ments less hy
ydrogen-bon
nded to the nearest
n
oxygeen atom. Thee resonance becomes shharper
as the tem
mperature off 750°C is reeached. The 1H spectrum
m after the hhigh temperaature experim
ment,
back at ro
oom temperature, showss a clear drop
p in proton cconcentratioon and the prrotons seem to be
occupyin
ng most of th
he oxygen sittes nearby yttrium,
y
i.e. bboth Zr-O-Y
Y and Y-O-Y
Y.

Figure 5.12
2. High tem
mperature
referenced to
o water.

1

H NMR of B
BaZr0.70Y0.30O2.85-y(OH)2y. Spectra
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A similar patttern is obserrved for prottons in BaZrr0.50Y0.50O2.775-y(OH)2y (F
Figure 5.13)). The
protons seem
s
to leav
ve the structture at higher temperatuures, startingg at 500°C. In the 200°°C to
400°C teemperature range,
r
we ob
bserved an additional
a
ressonance at 22.5 ppm indiicating that some
of the prrotons are hosted
h
on Y--O-Y. They reside on tthis site until 500°C, thhe temperatuure at
which the expansion of the unit cell
c becomesss non-negliigeable. Aboove 500°C, thhe cell expannsion
decreasess the strength of the hyd
drogen-bondiing leading tto a decreasee in chemicaal shift. At 6600°C
and abov
ve, we obserrve a sharperr shift at 1.1 ppm illustrrating the higgher mobilitty of the prootons,
free from
m hydrogen--bonding. On
nce again affter the expeeriment, thee proton disttribution at room
temperatu
ure seems to
o be mostly distributed
d
on
o Y-O-Y ennvironments..

Figure 5.13
3. High tem
mperature
referenced to
o water.

1

H NMR of B
BaZr0.50Y0.50O2.75-y(OH)2y. Spectra
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2.
2

BaSn1-x
OH)2y
1 YxO3- x/2-y(O

Fewer tempeeratures weree recorded for
f the BaS
Sn1-xYxO3-δ ssystem. Nevvertheless a clear
sharpenin
ng of the pro
oton resonan
nce is observ
ved for BaSnn0.50Y0.50O2.775-y(OH)2y (F
Figure 5.14)) with
a gradual shift from 3.1 to 1.9 ppm.
p
The prrotons seem to be hoppiing in betweeen Sn-O-Y
Y sites
until they
y reach the surface
s
and become
b
hydrroxide speci es (1.9 ppm)) before beinng released iin the
atmospheere. After the experimen
nt the proton
n concentratiion has droppped and is m
mostly distribbuted
on the Sn
n-O-Y enviro
onments.

Figure 5.14
4. High tem
mperature
referenced to
o water.

1

H NMR of B
BaSn0.50Y0.50O2.75-y(OH)2y. Spectra
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A similar tren
nd is observ
ved for BaSn
n0.70Y0.30O2.885-y(OH)2y (F
Figure 5.15); however inn this
case, thee structure seeems to reacch full dehy
ydration closse to 600°C. Even afterr coming baack to
room tem
mperature, th
here are barely any proto
ons detected by NMR.

Figure 5.15
5. High tem
mperature
referenced to
o water.

1

H NMR of B
BaSn0.70Y0.30O2.85-y(OH)2y. Spectra

IV. Discussion
D
The
T TRAPDOR and low
w temperatu
ure 1H NMR
R results cleearly highligght the strucctural
differencces underlyin
ng the three protonic con
nductors stuudied here annd the conseequences onn their
conductio
on characterristics. The protonic
p
disttribution in BaZr1-xScxO3-δ suggestss that the protons
exhibit higher
h
affinitty to scandiu
um. For the 30%
3
substituuted materiaal, the majoriity of the protons
exist on Sc-O-Sc sitees. In the caase of BaZr1--xYxO3-δ untiil a substituttion level off 30% is reaached,
ot observe the
t presencee of Y-OH-Y
Y environmeents and onnly a minoritty of protonns are
we do no
hosted on
n the Y-O-Y
Y site in BaaZr0.80Y0.20O2.90-y(OH)2y. From the T2 experimennts it occurss that
the “trap
pping” site, i.e. Sc-O-Scc or Y-O-Y,, leads to prroton speciees that are m
much more rigid.
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These protons are less likely to participate in the conduction mechanism or will require a lot
more energy to escape those sites. In BaZr0.70Sc0.30O2.85-y(OH)2y the majority of the protons exist
on Sc-O-Sc environments, which easily explains the lower conductivity observed for BaZr1xScxO3-δ

compared to BaZr0.70Y0.30O2.85-y(OH)2y. Most of the protons in BaZr0.70Sc0.30O2.85-

y(OH)2y

are immobile and the energy required for conduction will be dedicated to “untrapping”

those protons.
Due to the smaller size of scandium compared to yttrium, with respective ionic radii of
0.75 and 0.90 Å,42 the lattice parameter in BaZr1-xScxO3-δ is much smaller than in BaZr1-xYxO334, 37

δ.

If we think of a proton being hosted on a Sc-O-Sc site vs. Y-O-Y site, the Sc…Sc atomic

distance is much shorter than the Y…Y one, therefore increasing the hydrogen-bonding of the
proton with the nearest oxygen which in turn increases the energy for the proton to “escape”
from the Sc-O-Sc site. A similar effect noticed by infrared spectroscopy supports the unique
behavior upon hydration in BaZr1-xScxO3-δ.36 In BaZr1-xYxO3-δ the more homogenous repartition
of X-O-X distances (X = Zr or Y) keeps the protons more mobile, unless they happened to be
hosted by a Y-O-Y environment. It increases the chances for proton to hop around freely as long
as the Y concentration stays below 30%, therefore increasing the conductivity of BaZr1-xYxO3-δ
compared to BaZr1-xScxO3-δ. The low temperature 1H NMR experiments also show the need to
keep the yttrium substitution to low levels in order to keep the proton mobile. Above 20%
substitution a non negligible amount of protons will not actively participate in the conductivity
mechanism for extended periods of time and the probability for the more mobile protons to
encounter a Y-O-Y site on the way increases with substitution level.
The case of BaSn1-xYxO3-δ is slightly different mostly due to the cation ordering occurring
in this structure at substitution levels of 30% and above. The cation ordering should in principle
create a network of oxygen sites all identical to one another, Sn-O-Y, preventing the presence of
trapping sites, Y-O-Y, and therefore increasing the conductivity, all sites having the same
enthalpy. However the presence of Sn clusters distributed throughout the structure considerably
reduces the protonic conductivity in the material.
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In the end BaZr1-xYxO3-δ with 10 to 20 % of yttrium substitution appears to be the best
candidate of all three systems studied for protonic conduction. It presents a limited amount of
trapping sites, Y-O-Y, unlike in BaZr0.85Sc0.15O2.925-y(OH)2y where a large portion of the protons
occupies Sc-O-Sc sites and becomes immobile. Even though the protons do not tend to be
trapped, the material still holds the protons over a large range of temperatures unlike
BaSn0.50Y0.50O2.75-y(OH)2y where a high concentration of protons is being released starting at
600°C. This is all the more important since the condition under which these materials will be
used, will bring a constant balance between dehydration and faster protonic motion at higher
temperature. Y3+ is also the cation with the closest radius to Zr4+, hereby limiting the amount of
distortion encountered in the structure and facilitating the protonic motion.
In order to propose a better perovskite based protonic conductor, it is important to keep
all these requirements in mind. It seems very unlikely to find a substituting element that would
leave the BaZrO3 structure or any other perovskite based material as little distorted as possible,
provide a limited amount of trapping sites, i.e. prevent clustering of the substituting cation,
dehydrate at the highest possible temperature, in our case better than 600°C, and finally present a
smaller activation energy than the one reported for protons in BaZr1-xYxO3-δ. The lanthanide
family may contain a possible candidate but it is far from being an easy set of requirements to
meet. Further research will be needed in order to evaluate additional candidates.
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V. Conclusions
A set of 1H NMR experiments allowed the clarification of the different protonic
conduction reported in the literature for BaZr1-xScxO3-δ, BaSn1-xYxO3- δ and BaZr1-xYxO3-δ. The
clustering of the oxygen vacancies between Sc cations in BaZr1-xScxO3-δ results in a high
concentration of Sc-O-Sc environments in the hydrated structure, the environments which turn
out to be the perfect trapping site for proton. The shorter Sc…Sc distance involved in this
configuration due to the considerably smaller size of Sc3+ compared to Zr4+ spatially confines the
proton and reduces its acidity. This proton becomes secluded from the rest of the structure and
the activation energy required for its motion will be particularly costly to reach, limiting the
potential conductivity in BaZr1-xScxO3-δ. Due to the cation ordering present in BaSn1-xYxO3- δ at
high substitution levels, one could expect BaSn0.50Y0.50O2.75-δ to be the perfect protonic
conductor. Indeed such an arrangement should leave in theory only one oxygen site, Sn-O-Y,
facilitating the motion of protons through the structure as all oxygen sites have the same energy.
However this implies the presence of a high 5 coordinate Y concentration, while yttrium is much
more comfortable in a 6 coordinate geometry. Therefore in order to avoid a high number of 5
coordinate Y, the oxygen vacancies order in between Sn cations, leading to a non negligible
concentration of Sn-O-Sn sites after hydration. The 1H NMR results at 25°C showed that these
Sn-rich clusters are limited in size since the protons hosted on Sn-O-Sn environments participate
in the local motion at room temperature. However it implies that a considerable amount of these
small clusters are distributed throughout the structure to prevent a high concentration of 5
coordinate Y environments and any mobile proton is even more likely to encounter such clusters
and be slowed down in their motion. In BaZr1-xYxO3-δ the similar size of Y3+ and Zr4+ leaves the
structure almost undistorted after substitution which results in a more homogeneous distribution
of O…O distances. Therefore the protons are less attracted to Y-O-Y environments than to Sc-OSc in BaZr1-xScxO3-δ and remain more mobile at identical substitution levels. However the
concentration of Y-O-Y environment will remain related to the yttrium concentration and result
in a tendency for protons to locate on Y-O-Y in BaZr0.70Y0.30O2.85-y(OH)2y and BaZr0.50Y0.50O2.75y(OH)2y

since such sites exist; therefore it is only natural to have to limit the concentration of

yttrium to low substitution levels to keep the protons mobile. Our 1H NMR results showed that
the sample with the highest concentration of mobile protons, Zr-OH-Zr and Zr-OH-Y, is
BaZr0.80Y0.20O2.90-y(OH)2y in agreement with reported conduction results. According to our
139

analysis, it will be quite difficult to find a substituting element more suited than yttrium in
BaZrO3 and that will lead to higher conductive performances.
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