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INTRODUCTION

Solid state electrolyte based ionic conductors have a variety of applications in
today’s technical solutions, e.g. in gas sensors (Stefanik et al. 2001; Moos et al.
2011), fluorescent screens (Gomes, Serra 2008; Taniguchi et al. 2012), solid
oxide fuel cells (Inaba, Tagawa 1996; Kilner 2000; Malavasi et al. 2010). Doped
ceria is one of those electrolytes. Assumably, its widest field of application
today is catalysts in car engine exhaust systems (Trovarelli et al. 1999; Gorte
2010), but from the future perspective, it may be part of solid oxide fuel cells
where this material has some important advantages over other ionic conductors.

In most electrochemical applications, good charge transport properties, i.e. good
ionic conductivity, is required. lonic conductivity is determined by the
concentration of the mobile ions and by their mobility in the crystal lattice of the
electrolyte. In the macroscopic approach, i.e. the lattice-wide conductivity and
its dependence on the dopant concentration and temperature, the ionic
conductors are well studied and known. But there is limited knowledge about
mobility and the mechanisms which determine it on the microscopic scale.

A method widely used for investgating the solid ionic conductors experimentally
is conductivity measurement by impedance techniques. This method provides
macroscopic data. On the atomic level, the nuclear magnetic resonance (NMR)
is almost the only tool. In addition, calculations and simulations provide
information about energy barriers, interactions and other details important for
understanding the mobility of ions. The higher the computing power and the
amount of experimental data, the more effective the computational methods are.
Today they are an important tool.

Different dopants have different impact on the conductivity. Scandium Sc as a
dopant in ceria is known to cause low conductivity. The reasons for that are low
solubility of Sc in ceria due to ion size mismatch, which as a result, has a low
dopant concentration, and high binding energy between Sc ions and oxygen
vacancies, which diminishes the mobility. Because of this high binding energy,
scandium doped ceria (SDC) is a model for a low conductivity solid electolyte
with strongly bound charge carriers. In the ceria doped with several dopants Sc
serves as the oxygen vacancy collector. The aim of this study was to determine
experimentally the association energy between Sc and oxygen vacancies in SDC,
and to measure the energy barrier heights for vacancy movement in the vicinity
of the Sc ions. The results are presented in three articles. In article 1, NMR line



shape analysis was performed on SDC spectra which revealed processes
involving vacancy movement. In article 2, spin-lattice relaxation analysis was
made to find activation energies of the processes in the lattice. In article 3, the
activation energy of the lattice-wide movement of oxygen vacancies was
determined with two-dimensional NMR spectrometry.

In this thesis, first solid ionic conductors, particularly doped ceria, are reviewed.
The potential energy landscape in doped ceria is covered, and the parameters
from previous studies are presented. Next, the NMR spectrometry is explained,
with emphasis on topics and methods used in this work. Finally, the results of
the work are described and commented. The appendix contains the three articles
involved.



ABBREVIATIONS

BPP Bloembergen, Purcell and Pound (authors of NMR relaxation
theory)

DFT Density functional theory

EXSY Exchange spectroscopy

FID Free induction decay

MAS Magic angle spinning

NMR Nuclear magnetic resonance

SDC Scandium doped ceria

SEM Scanning electron microscope

SOFC Solid oxide fuel cell

ssb Spinning sideband
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1. THEORETICAL BACKGROUND AND LITERATURE
OVERVIEW

1.1. Ceramic ionic conductors

One of the characteristic properties of ceramics is related to diffusion and
conductivity. This quality is very important also from the point of view of
applications. Different ceramic compounds have diverse charge transport
properties, which vary also with external conditions. Ceramics can be used in
low conductivity applications, e.g. like in insulators used in electrical
engineering, or where high conductivity is required, like in fuel cells.

Most ceramic compounds are crystalline, and possess a rigid regular structure.
The first prerequisite for charge transport is defects in the crystal structure of a
ceramic. The state of a system, e.g. a crystal lattice, is determined by the free
energy G, which can be presented as

G=Gy,—TS (1)

where G, is the free energy at the temperature 7= 0 K, and S is the entropy. No
matter what the exact external conditions are and which parameters the free
energy depends on, G, is proportional to the potential energy of the system.
Every system tends to minimize its free energy. If 7 = 0 K, the free energy can
be diminished through diminishing the potential energy in the lattice, which
results in regular spacings of components. If 7 > 0 K, the free energy starts
diminishing through an increase in entropy. The increase in entropy results in
defects in the lattice. Defects increase the potential energy in the lattice but this
is neutralized by entropy. There are always defects present in a real crystal
lattice.

From the aspect of conductivity in oxygen ion conductors, the defects
introducing vacancies are the most important. There are two main groups of such
defects — Frenkel and Schottky defects. A Frenkel type defect is a displacement
of an ion from its regular position into an interstitial site (Figure 1).

A Schottky defect is the removal of some ions from the lattice (Figure 1).
Vacancies will appear on the places left by ions. The charge neutrality in the
lattice is retained through the removal of both positive and negative ions in the
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stoichiometric ratio. Schottky defects can be introduced in large amounts
through doping the lattice with ions of smaller charge than the host ions have.
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Figure 1. Frenkel (left) and Schottky defect illustrated with a 2D lattice.

e,

Defects introduced through doping are called extrinsic defects. Defects in a
lattice without impurities are called intrinsic defects. Vacancies create space for
ions to move in the lattice (when ions and vacancies exchange places, for formal
comfort it is often said that vacancies move), and mass transport can take place.

The fundamental mechanism behind transport in the lattice is based on diffusion.
Directed diffusive movement in the lattice arises when there is a chemical
potential gradient for the moving particles (e.g. vacancies), and the particles
have enough energy to move. A general law describing these relations is the
Fick’s first law:

dc
J= _Da (2)

. . . . . dc . .
where | is the particle flux, C is the particle concentration, = 8 the particle

concentration gradient in the direction x, and D is the diffusion coefficient or
diffusivity (Chiang et al. 1997). The diffusion coefficient is measured in area per
time, and it depends on the temperature as

D = Dyexp (;—?) 3)
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where R is the universal gas constant, T is the temperature, E, is the activation
energy of the diffusive process, and D, is a constant consisting of the particle’s
vibrational frequency v, the lattice constant A, the number of surrounding sites
where the particle can move into Ngjes, and the entropy change associated with
the movement AS,,ve:

1
N, sites

ASmove)

D0= k

A%v exp ( 4)

where k is the Boltzmann coefficient. The diffusion coefficient can also be
presented in the form

1 2
D= @A Viump (5)

where Vjymy is the jump frequency of the diffusing particle into a neighbor site.
The jump frequency is the product of the vibrational frequency of the particle,
and the probability of the jump, which is determined by the energy barrier for
the jump (that depends on the material, structure, and interactions inside the
material) and by the energy the particle has (i.e. the temperature, as a result).

The diffusion coefficient determines the electrical mobility u of the particle in a
particular environment:

_9p

= ©6)

U

where q is the charge of the particle. The electrical mobility is defined as the
2
velocity of the moving charged particle per electric field, the unit is % where m

is meter, V is voltage, and s is second.

The electrical mobility is directly related to the electrical conductivity o:

o= cqu (7)
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where c is the concentration of the particles. Electrical conductivity is measured
in Siemens per meter S/m, sometimes expressed as 1/Qm. Electrical
conductivity is the parameter that determines the usability of the ionic conductor
in applications.

It follows from equation (7) that the electrical conductivity is proportional to the
concentration of conducting particles, e.g. vacancies, or to the level of doping of
the material, if the conducting particles are introduced by doping.

2
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Figure 2. Conductivity dependence on the doping level (Skinner, Kilner 2003).

This is actually true in the case of low doping levels (Fig. 2). Conductivity is
diminished at high doping levels through defect interactions and elastic strains
introduced into the lattice by deformations occurring with doping (Skinner,
Kilner 2003). For this reason, a maximum in conductivity always appears when
the doping level is changed. But the conductivity can be enhanced by using
dopants with an ionic radius similar to the replaced host ions. This diminishes
the lattice deformations and supports conductivity but it does not change
qualitatively the dependence of conductivity on the doping level, the maximum
in the conductivity remains.
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1.2. Ceria

Ceria CeOs; is a crystalline material with the fluorite structure (Fig. 3). Cerium
cations build up a face centered cubic sublattice, and oxygen anions have a cubic
arrangement. In a perfect lattice, every cerium ion is surrounded by eight oxygen
ions, and every oxygen ion is surrouded by four cerium ions, which are
positioned tetrahedrally around the oxygen. Oxygen ions have a cubic
arrangement around cerium ions.

Figure 3. Ceria lattice. Red is oxygen and white is cerium.

Defects in ceria depend on several influences. One parameter of practical
importance is the partial pressure Py, of oxygen around ceria. If the partial
pressure of oxygen is low in the environment of ceria and the temperature is
high enough to make oxygen mobile in the ceria lattice (beginning from around
300 °C), then oxygen ions start diffusing out of ceria and disjoint as gaseous
oxygen. Oxygen vacancies are left into the lattice, and electrons from vacant
oxygen ions reduce Ce* ions into Ce’". The process in the Krdger-Vink
notation:

1
05 = Vo + 2Cege +50,(g) ®)

It is apparent that for every oxygen vacancy, two cerium cations are turned to
Ce* because every oxygen leaves two electrons into the lattice. These electrons
are weakly bonded by cerium ions and cause electronic conductivity. This is
what happens on the anode side of a SOFC with a ceria based electrolyte. The
partial pressure of oxygen is low at the anode, and quasi-free electrons are
introduced into the electrolyte as a result. The concentration of electrons and the
electronic conductivity are higher at the anode side (Riess 1981) but electrons
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can move through the whole electrolyte to the cathode side. This diminishes the
efficiency of ceria based SOFCs because the electrons that go to the cathode
directly through the electrolyte are doing no usable work in the external circuit.

Ionic conductivity of ceria is enhanced by doping with aliovalent dopants, e.g.
with gadolinium:

l; - 1
Gd,03 - 2Gdg, + Vg + EOZ(g) 9

Gadolinium ions Gd®>* have a smaller positive charge than the cerium ions Ce*",
and at every lattice site where cerium is replaced with gadolinium, a negative
charge -1 appears because the negative charges are not balanced with positive
charges at that point. For every two gadolinium ions introduced, one oxygen ion
leaves the lattice. The oxygen vacancy has a positive charge +2 compared to the
regular lattice because positive charges are unbalanced at the location of
vacancy. That retains the electroneutrality of the lattice.

The oxygen vacancies turn mobile at high temperatures, and doped ceria is
useable as an ionic conductor. Ceria has considerable ionic conductivity at much
lower temperatures than e.g. zirconia, already around 500 °C, but mainly due to
the undesireable electronic conductivity in reducing conditions it is not
considered a better electrolyte for fuel cells.

The preferable dopants for ceria are gadolinium Gd and samarium Sm due to
their ionic radius similar to Ce.

1.3. Coordination spheres and energy barriers

Cerium ions in the ceria lattice are surrounded by eight oxygens. It means that in
case of doped ceria, there are eight possible sites for an oxygen vacancy in the
nearest neighborhood around a trivalent dopant. In the next nearest
neighborhood, i.e. in the second coordination sphere around the dopant, there are
24 sites. A coordination sphere is a set or amount of lattice positions with the
same distance from the dopant. The lattice constant of ceria is 5.41 A, and the
distance from the dopant (or the Ce*' ions, in the case of undoped lattice) to the
sites of the first coordination sphere is around 2.34 A, depending on the lattice
distortion. Depending on the dopant and the way it distorts the lattice, some
coordination spheres around the dopant are energetically more favorable for a
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vacancy to inhabit than other ones. On the potential energy landscape of the
doped lattice (Fig. 4), potential holes and barriers can be distinguished. Potential
holes are located between potential barriers. The potential energy near a vacancy
is different from the energy in the undoped lattice. The corresponding energy
difference is the association energy E,., between the dopant and the vacancy.
Energy barrier is the energy needed by the vacancy for moving from one site to
another. The energy barrier height in the vicinity of a dopant can be different
from the barrier height in the undoped lattice E}. It means that the vacancy
movement in the limits of one coordination sphere may have a different
activation energy than the movement further in the lattice.

In order to move long distances in the lattice, the vacancy bound to a dopant
needs to exit from the potential hole near the dopant and to overcome the energy
barrier of the undoped ceria lattice. So, the activation energy for the latticewide
movement of vacancies E, is the sum of the association energy and the energy
barrier height of the undoped lattice: E, = E ¢, + Epuk (Fig. 4).

Latticewide movement

Jump in
bulk lattice

(1,2) 2,2)

Bulk lattice

Easso

1st coordintaion 2nd coordination
sphere sphere

Figure 4. Idea of the potential landscape between two dopants (on the ends of
the plot). Denotation (a,b) shows vacancy movement from sphere a to sphere b.
Evuk and E,so present energy barrier heigth in the bulk lattice and association
energy between vacancy and dopant, respectively.

The energy needed for the latticewide movement can be determined
experimentally, e.g. with conductivity measurements. On the microscopic level,
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the vacancy movement is hopping between the lattice sites, and to find the
energies required for jumping over particular barriers, more selective and local
measurements than conductivity are needed, e.g. NMR. The measurement of
Epux is very difficult in practice because in the undoped lattice, the
concentration of vacancies and conductivity are very low. Currently, the latest
estimation of Ey, ), in the ceria lattice is 0.47 eV (Dholabhai, Adams 2012). The
distribution of the association energy between different coordination spheres is
also difficult to determine experimentally. There are no universal and effective
methods for that. However, here modeling and calculations provide some help.

Figure 5 from (Dholabhai, Adams 2012) shows the top view of a part of a doped
ceria lattice and vacancy migration paths in the first three coordination spheres
of a dopant, and Table 1 presents the activation energies of movements in these
paths calculated by different authors with the DFT + U method for different
dopants. The doping level of the modeled sample is shown by the source
reference.

@ e ©

.(2 z): . . . .
| ez S 2) (1)
P=2-0-@ @

7

2

Figure 5. Blue is Ce, green is a trivalent dopant, red is O, and black is an oxygen
vacancy. Numbers 1, 2, and 3 represent coordination spheres of the dopant.
Denotation (a,b) shows vacancy movement from sphere a to sphere b.
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Table 1. Calculated energies (in eV) required for vacancy movement for
different dopants. The letters a-e refer to the following sources: a) Dholabhai,
Adams 2012; b) Nakayama, Martin 2009; c¢) Andersson et al. 2006; d) Wang et
al. 2013; e) Ismail et al. 2011. The doping level used in the corresponding
calculation is shown by the reference (per cents).

Path Ref./doping Sc Y Gd Sm Pr La
level
11 a/6.25% 0.59 0.66 0.78
b/3% 0.32 | 0.53 | 0.56 0.64 0.84
a/6.25% 0.5 0.47 0.41
b/3% 0.6
152 c/6.25% 0.52 0.44 0.29 0.2
d/18.75% 0.34 0.4 0.45 0.51 [ 0.55
e/3.2% 0.48
a/6.25% 0.36 0.4 0.43
b /3% 0.26
21 c/6.25% 0.32 0.38 046 [ 042
d/18.75% 0.68 | 0.75 0.73 0.66 [ 0.65
e/3.2% 0.4
1-3 a/6.25% 2.61 2.69 2.79
351 a/6.25% 2.46 2.56 2.69

If the goal is to determine the potential barriers for vacancy transitions, either
experimentally or through calculations, low doping levels are more suitable. If
the doping level is high, coordination spheres of different dopant ions are getting
closer or overlap, and movements from a particular coordination sphere into a
further sphere or into the lattice cannot be observed, and neither can the
corresponding energies be determined. For the same reason the computations
cannot be made in very small lattice models because there is not enough space
for different coordination spheres.

As seen in Table 1, there is almost no data for Sc doped ceria. That motivated to
determine experimentally the energies for vacancy movement in SDC,
particularly in the first coordination sphere (path 1—1) and for macroscopic
vacancy movement, i.e. to determine the association energy E,q, in SDC. The
energy barrier height in the first coordination sphere refers to the state of lattice
around the dopant. For instance, if the barrier is low, then there is space for the
vacancy to move around the scandium ion. The association energy, on the other
hand, determines the perspective to use the material as an ionic conductor. In
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addition, there are experimental methods available to determine these values
plausibly. Experimental data for SDC have been scarce, and experiments give
input and references also for the calculational approach.

20



2. EXPERIMENTAL

2.1. Samples and synthesis

Sc doped ceria samples were produced with solution combustion synthesis. This
is a relatively new method that allows nanoscale materials to be produced fast
and easily in a single step. The essence of this process is exothermic redox
reactions between metal nitrates and a fuel. In this study, glycine-nitrate
combustion and citrate-nitrate combustion were used, where glycine and citric
acid were fuels, respectively.

The ingredients for the synthesis were:

Cerium(III) nitrate hekshydrate of 99.99% purity from Aldrich
Scandium(III) nitrate of 99.99% purity from Alfa Aesar
Niobium(V) chloride of 99.95% purity from Alfa Aesar
Yttrium(III) nitrate of 99.9% purity from Alfa Aesar

Citric acid of 99.5% purity from Sigma-Aldrich company
Glycine of 99.5% purity from Alfa Aesar

In the citrate-nitrate method (Singh et al. 2006), cerium nitrate and dopant
nitrates (chloride in the case of Nb) were dissolved in doubly distilled water (2
mol/l). Their ratios were chosen for doping levels of 0.2%, 0.5%, 1%, and 5%.
Citric acid solution was added to the solution of nitrates, 2 mol citric acid per 1
mol of metal cations. Gelation under stirring at 80 °C takes two hours, then with
the temperature raising, the water evaporates, solution becomes more viscose,
and after simultaneous elimination of water and nitric oxides, the combustion of
organics starts. The resulting powder was pyrolysed at 500 °C for three hours.

In the glycine-nitrate method (Rocha et al. 2003), cerium nitrate and dopant
nitrate ratios were calculated for doping levels of 0.2%, 0.5% and 1%, and
nitrates were dissolved in doubly distilled water. Glycine (0.7-0.8 mol per 1 mol
nitrate) was dissolved separately and added under stirring to the solution. The
solution was heated to evaporate water. At the temperature of 200-300 °C, the
resulting viscous liquid swelled, autoignited and went through highly exothermic
picturesque combustion, converting the precursor materials into fine
nanopowder. The synthesized powders were pyrolysed at 500 °C for three hours.
After that, the powders were calcined at different temperatures up to 1600 °C.
For temperature dependent non-spinning NMR measurements, the powders were
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pressed isostatically and sintered for three hours at 1600 °C into 20 mm rods
with a diameter of 5 mm.

2.2. Grain size and properties of ceria powders

When doping CeO; with a trivalent dopant like Sc, for every two dopant ions
one oxygen vacancy is introduced into the ceria lattice. Sc ions bind oxygen
vacancies, and as there are twice as many Sc dopant ions as oxygen vacancies in
the lattice, half the Sc ions can bind a vacancy into their neighborhood, and the
other half cannot. The Sc ions coupled with a vacancy (7-coordinated Sc,
because they are surrounded by seven oxygen ions and one vacancy) and the Sc
ions without a vacancy (8-coordinated Sc, surrounded by eight oxygen ions)
have different shieldings in the magnetic field, and so there are two different
peaks in the NMR spectrum of Sc doped ceria (Fig. 6) — one at 20 ppm,
corresponds to 7-coordinated Sc, the other at -35 ppm, to 8-coordinated Sc.

Sintering the powders at higher temperatures increases the grain size (Fig. 7).
This influence is apparent also in Figure 6. In the case of small grain sizes
(corresponding to lower temperatures), the peak of 7-coordinated Sc is missing
or small. In nanosize powders (grain size ~25 nm), all the vacancies are bound
by grain surfaces, and there are no 7-coordinated Sc in the lattice.

8-Sc
7-Sc
ssb, ssb,
ssb ssb
160001 / ° L i
1400C | | A
1200C A
1100C | -
1000
800C | ﬂ{
500C v !
80 60 40 20 0 -20 40 -60 -80
ppm

Figure 6. Dependence of 0.5% SDC MAS (Hz) NMR spectra on the SDC
sintering temperature (500 — 1600 °C, shown left). Arrows show spinning
sidebands.
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Figre 7. SEM pictures of 0.5% SDC. Probes are covered with gold for viewing
with SEM.

It is remarkable that the spinning sidebands of the 8-coordinated Sc are large at
low temperatures, and diminish as the temperature rises. It might be a sign that
in the case of small nanosize grains, the lattice is more deformed and has
additional asymmetries and unbalanced quadrupolar couplings. When the grains
are larger, and vacancies are beside scandium ions, the lattice is more
symmetric, and quadrupolar interactions are balanced out.

2.3. Sc solubility in ceria

As Sc*" is small compared to Ce*, it does not fit into the ceria lattice in large
amounts. If the doping level is increased, dimers are formed where one vacancy
is bound to 2 Sc. Such multiple-Sc complexes create a small wing to the line of
7-coordinated Sc (Fig. 8). If the doping level is increased further, Sc,O; clusters
appear in the material as small crystallites, and a line for Sc,Os appears in the
spectrum (Fig. 8).
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Figure 8. SDC spectra with different doping levels. At the doping level of 5%,
Sc appears not to be completely dissolved - Sc,Os3 clusters and multiple-Sc
complexes appear.

Estimably, the solubility of Sc in ceria is 2 mol%. Randomly distributed single
Sc ions in the lattice are achievable until that doping limit when using
combustion synthesis. As the solubility is so low, this limit can easily be
disregarded where NMR spectra of Sc doped ceria are not measured. Unlike
many other methods, NMR shows the exceeded solubility limit very clearly.
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3. SOLID STATE NMR TECHNIQUES

3.1. 1D Spectrometry

Solid state nuclear magnetic resonance spectrometry is special because it is
strongly influenced by intrinsic interactions in the measured sample or material.
Because the structure of solids is mainly static, there are interactions which are
not averaged out like in liquids and may have a dependency on directions.
Nuclei with spins larger than '2 are involved in the quadrupolar interaction
which, when present, is the strongest and has the greatest influence on spectra in
solids. Other important interactions in solids are dipolar coupling and chemical
shielding. In some cases, there may be other interactions, e.g. J-coupling or in
other words, indirect nuclear spin-spin coupling in some molecular structures
and interactions related to the magnetism of the sample.

3.1.1. Chemical Shift

External magnetic field induces electron currents in the orbitals of atoms and
molecules, through which local magnetic fields arise, which vary according to
electron density in the material. The induced local fields are opposite to the
external field, and in effect cause shielding against the external field.

As the positions of electron currents depend on the shape of the molecules and
their orientation in the field, the external field and induced local fields are in
general not aligned parallel.

Local field B in a site i is related to the external field B, through the
chemical shift tensor &'

BP® = (1-6"B, (10)

In solid state NMR spectrometry, the sample is usually polycrystalline, a single
piece of a polycrystal, or a powder with polycrystalline grains. As there are all
crystallite orientations present, many different chemical shifts are introduced
into the spectrum. This results in a broad line called the powder line.

Chemical shifts can be averaged into the isotropic chemical shift with
sufficiently fast motion. In liquids, it is achieved through the Brownian motion,
in solids, fast spinning is used. As a result, a narrow line is achieved.
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As Larmor frequencies depend on the magnetic field, spectra measured in
different fields are not directly comparable. For this reason, frequencies are often
not used in spectra. In order to reduce the dependence on the field, the measured
frequency feample is compared with a reference frequency f.r, and their

difference is divided by the reference frequency f.:

_ fsample - fref

)
fref

(11

This quotient is in order of 10, so the chemical shift § is expressed in units of
ppm. Also the reference sample must be mentioned when chemical shift
referencing is used. Usually certain standard reference samples are used.

3.1.2. Quadrupolar coupling

Quadrupolar coupling is of a major importance in NMR because of its
magnitude. It may be several hundred MHz. Quadrupolar coupling arises from
electric rather than from magnetic interactions.

Quadrupolar interaction shifts the energy levels of different spins, causing
splitting of spectrum lines. Considering the energy of spins, without the
magnetic field and without the quadrupolar interaction, the energy levels
according to the spin projection quantum numbers —I,—[ + 1, ...,1 of a spin |
are degenerate. In the magnetic field, these energy levels are separated through

the Zeeman interaction (Fig. 9), and consecutive energy levels E,(,? ) differ by an
equal amount, which also determines the Larmor frequency w; :

E® = —ho,m (12)

where m is the spin projection quantum number (if the spin is I, then m takes
the values —1,—1 + 1, ..., ).
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Figure 9. Spin energy levels, exemplified with a spin of 5/2. NOTE: degenerate
levels in this figure are shown to illustrate the degenerated state and to
demonstrate separately the influence of different interactions. If quadrupolar
interaction is present, then the energy levels are shifted even without an external
magnetic field, and they are never in such degenerate state.

Transitions between these states give a single line at the frequency w; in the
spectrum. If the quadrupolar interaction is present, the energy levels are shifted
(Fig. 9). Usually there are two orders of the quadrupolar interaction to consider.
In the case of a symmetric field gradient, the energy levels resulting from the
first order quadrupolar interaction are given as

a _  3e%qQ B 1
E,’ = 8Il-1) (3(cos8)? —-1) <m2 3 I(I+ 1)) (13)

where Q is the electric quadrupole moment, e is the elementary charge, eq
is the largest principal component of the electric field gradient, 8 is the
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angle between the applied field and the crystal axis. As a result, lines are
split in the spectrum (Fig. 10).

512 < 3/2 3212 12 =12 =12 =32 =32 =572

()

Figure 10. NMR spectrum due to quadrupolar interaction, corresponding to the
scheme in Fig. 9.

Such spectrum with separate lines like in Figure 10 corresponds to a
monocrystal. If there is a distribution of angles 6 in the sample, e.g. in a powder,
wide lines appear instead of narrow peaks, covering many different crystal
orientations (Fig. 11).

800 [ *1e6]
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-— 7T T
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Figure 11. NMR MAS (13600 Hz) spectrum of Sc,Os.
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Due to the dependence on the angle 8 as 3(cos 8)? — 1 in (13) it is possible to
average the first order quadrupolar interaction out with the magic angle spinning
under the angle 54.7°.

Quadrupolar coupling also has a second order term, which shifts the energy
levels further and changes also the position of the central line (Fig. 9). The
second order quadrupolar coupling can be averaged out by rotating the sample
additionally at the angle of 30.6° or 70.1°. Special techniques like double
rotation (Samoson et al. 1988), dynamic angle spinning (Chmelka ef al. 1989;
Llor, Virlet 1988), or multiple quantum NMR (Frydman, Harwood 1995) have
been developed in order to average out both terms.

3.2. Exchange Spectroscopy

2D NMR spectrometry is a method that provides additional data about certain
aspects of the spin system not achievable with 1D spectrometry. Many different
2D techniques of NMR are available, all of them designed for different
purposes. But in general, 2D NMR is used in order to distinguish between
different interactions in the spin system, to identify couplings between spins or
to study dynamic processes in the sample (Ernst ef al. 1997). The last is the case
in this thesis where 2D spectrometry is used to study the vacancy exchange
between dopant ions. The exact 2D technique is EXSY (Exchange
Spectroscopy) developed by Jeener, Meier, Bachmann, and Ernst (Jeener et al.
1979).

The EXSY pulse sequence is shown in Figure 12. The pulse P; rotates the
magnetization to the xy-plane where it precesses the time t;, called the evolution
time. The magnetization vectors from different sites dephase during that period.

P1 P> P3

t tm Detection

time

Figure 12. EXSY pulse sequence.
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The P» pulse rotates the magnetization vectors to the xz-plane, and as only the z-
components of the magnetization are important, the remaining x-components are
usually removed by the use of a field gradient. Then, the z-component remains
for the time t,,, called the mixing time, during which spin-lattice relaxation and
exchange take place. After time t,,, the magnetization is again rotated to the xy-
plane with the pulse P3, and the FID is measured during the detection or
acquisition time t,, after which a FID corresponding to a 1D spectrum is gained.

The evolution time t; is varied in the experiment. In the beginning it is zero,
then it is increased by small steps, and at every time the full procedure is
followed until receiving the FID during the acquisition time. In this way, a large
number of FIDs is gained, which build up a so-called 2D FID signal M (t;,t,).

The 2D Fourier transform is performed on the data, and a 2D spectrum is
obtained (Perrin, Dwyer 1990):

S(wy, wy) = ff M(ty, t,)e twrtig=ivata ¢, dt, (14)

where w, and w, are the corresponding frequencies.

The scheme of the resulting spectrum of a probe with two exchanging sites is
shown in Figure 13.

A
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Figure 13. AA and BB are the diagonal peaks, AB is the cross peak of AA, and
BA is the cross peak of BB.

30



The two axes correspond to two measurement times: the evolution time t; and
the acquisition time t,. The frequencies of the peaks measured during these
times are presented on the frequency axes w; and w,, gained through the 2D
Fourier transform. The peaks which have the same Larmor frequency on both
axes are called the diagonal peaks, and they correspond to the two different sites.
If there is an exchange taking place between the two sites during the mixing
time, the frequencies of the nuclei taking part of the exchange are different
during the two measurement times. A nucleus at the site A produces a peak AA
at the frequency w, during the time t;, and after the exchange, a peak AB at the
frequency wg during the time t,. A nucleus at the site B taking part in the
exchange produces the peaks BB and BA, analogously. The peaks occurring due
to exchange are called the cross peaks. As the time t, comes after the mixing
time, the cross peaks appear on the axis corresponding to ¢t,, i.e. on the axis of
w,. The diagonal peaks are produced by the nuclei not taking part in the
exchange, and having the same frequency during both t; and ¢,.

The 2D magnetization M (t,,t,) is given as (Jeener ef al. 1979):

M(ty, t,) = — Z a;j (tm) cos w; t; cos w; t;
i,j=A B (15)

e I e e Gy

where A and B are the two sites the exchange takes place between, k is the
exchange rate, x, and xg are the mole fractions of the sites, t,, is the mixing
time, T,5, and T,g are the transverse relaxation times for sites A and B,
respectively.

The mixing coefficients a;;(ty,) determine the integral intensities of the peaks in
the 2D spectrum. For the diagonal peaks corresponding to the sites A and B:

)
app(ty) = xpe %tm [cosh(Dtm) - Esinh(Dtm)]
(16)
1)
apg(ty) = xge %tm [cosh(Dtm) + Bsinh(Dtm)]

and for the crosspeaks:
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k
app(tm) = apa(ty) = xAxBBe_Utm sinh(Dt,,) (17)

where

1,1 1
O':E<_+ka+_+xAk>

Ty Tyg

1/1 1 18)
8=—(—+xk———xk) (

2\T, P T A

D= RV 62 + xAka2

where T;, and T;p are the spin-lattice relaxation times for the sites A and B,
respectively. Equations (17) and (18) are given for the case where no direct
dipolar interaction occurs between the sites A and B, and the dipolar relaxation
rate is zero.

Equation (15) is based on the assumption that the exchange is slow, which is the
desirable condition for EXSY (Jeener et al. 1979). If the exchange is fast, the
changes of intensities of the diagonal and crosspeaks cannot be analyzed and
fitted with the mixing coefficients a;;(t,,) because the exchange process
equalizes all peaks rapidly. In this case, it is difficult to achieve information
from the spectra, e.g. the exchange rate k. If the exchange rate is even faster and
approaches the distance of the peaks on the frequency scale, the exchange
averages the two peaks into one, and the exchange cannot be seen at all.

The unsuitability for fast exchanges limits the applicability of EXSY to narrow
temperature ranges. In SDC measurements, the temperatures of 240 — 300 °C
could be used (the lower limit is determined with the activation energy of the
exchange process).

Another limitation in practice is that the duration of measurement must be kept
in reasonable limits. That diminishes accuracy and can affect the data analysis,
so it is necessary to regulate the balance between the quality of data and the
duration of measurement in the optimal way in every experiment.
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4. NMR HARDWARE

MAS measurements were performed with the Bruker AVANCE-II-600
spectrometer in a 14.5 T magnetic field. Probes were built in-house and used
with 4 mm zirconia rotors. Reference compound was Sc(NO3); solution in water.

For measurements with varied temperature the Bruker AMX 360 spectrometer
was used. A magnetic field of 8.5 T was used, and for relaxation measurements
also a 4.7 T field was used. The saturation recovery pulse sequence was used in
relaxation measurements.

The high temperature probe (Fig. 14) was home-built and used with 5 mm quartz
ampulas for the substance.

r

Figure 14. Home-built high temperature NMR probe. Heating wires (visible at
sides on top of the probe) surround the coil.

Temperature at the coil was measured with an integrated K-type thermocouple,
and kept constant on a desired level with an automatic controller, which
regulated the heating current. Temperatures up to 800 °C were achieved.

Low temperature measurements were carried out with an in-house built probe
combined with a He gas flow cryostat from Janis Research Company. The
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temperature was regulated manually through changing the gas flow from the He
vessel, and measured with a controller from Lake Shore Cryotronics.
Temperatures as low as around 4 K were achievable with this setup, but for the
experiments in this study, only 50 K was needed.
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5. RESULTS

5.1. Overview of the study

Scandium doped ceria ScxCe.xOz.x2 with an x = 0.005 (0.5% SDC) probe was
synthesized by the combustion synthesis and measured with NMR spectrometry.
Chemical shift and line shape analysis of the spectra was performed, relaxation
time temperature dependencies were measured in different magnetic fields, and
EXSY measurements were performed for vacancy exchange analysis. Doping
level of 0.5% was considered optimal for measuring separate scandium centers,
which are available when scandium dopants are distributed randomly in the host
lattice. The aim was to

- find the activation energy of the oxygen vacancy exchange between 7-
and 8-coordinated Sc in the lattice

- find the activation energy of the vacancy movement in the first
coordination sphere of the 7-coordinated Sc

- study the structure of SDC on the atomic level and to determine
processes and possible phase transitions taking place in the lattice.
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5.2. Vacancy dynamics in SDC Publications 1,2
Scandium spectra in 0.5% SDC were measured at different temperatures
between 100 K — 1073 K (Fig. 15).

7-Sc /}. E— /). 8-Sc

Chemical Shift [ppm]
/p
7-Sc 8-Sc
-270K
260K
*250K

240K
230K |
m,_,/\ 220K
210K
T =
-200K |
] \\W ~) - 195K
190K v e
100K 180K
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100 80 60 40 20 0 -20 -40 -60 -80
Chemical Shift (ppm)
Figure 15. Sc spectra in 0.5% SDC at different temperatures.

36



There are two lines in the spectra. The line with a larger chemical shift (i.e
corresponding to a higher Larmor frequency) belongs to the 7-coordinated Sc
ion (which has one oxygen vacancy and seven oxygen ions in its neighborhood)
because of smaller shielding due to vacancy, and the other line belongs to the 8-
coordinated Sc ion (which has eight oxygen vacancies in its neighborhood). The
8-coordinated Sc line is narrow at all temperatures until around 500 K, i.e. it has
a stable symmetric cubic environment which eliminates quadrupolar, dipolar,
and chemical shift anisotropies. The 7-coordinated scandium, which has no
symmetric environment due to the presence of the vacancy, has a line with a
powder pattern shape at low temperatures, which corresponds to the distribution
of shieldings, but between 230 K — 500 K it has a narrow line referring to
symmetry. The symmetry that appears only at high temperatures is dynamic, it is
caused by fast movement of vacancy around the Sc ion, and this averages out all
anisotropies, resulting in a narrow line. It is remarkable that such movement
begins already at slightly above 200 K. It means that vacancy movement in the
nearest neighborhood of the Sc ion has very low activation energy (0.37 eV). At
above 500 K, vacancies start moving into the lattice and vacancy exchange
between Sc ions begins: both lines broaden and at 633 K, when the vacancy
exchange frequency reaches the separation of the two lines on the frequency
scale (4.8 kHz), they are averaged into a single line. The fact that the averaged
line is in the middle of the two lines shows that the time spent by vacancies in
the lattice away from Sc ions is very short, and the ratio of 7-and 8-coordinated
Sc ions remains constant.
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5.3. Neighborhood of 7S¢ Prblication !

Low temperature measurements in different magnetic fields provided data about
symmetries around the 7-coordinated Sc. Figure 16 shows the spectra measured
at the temperature of 150 K in the field of 4.7 T and at 160 K in 8.5 T.

[rel]
o |

15

10

I
100 50 0 -50 {ppm]
Figure 16. SDC spectra measured at 170 K in the field of 4.7 T (red line) and at
180 K in 8.5 T.

It is apparent that both the lines of the 7-coordinated Sc and 8-coordinated Sc are
very similar, there are no large differences in line widths. This refers to zero or a
very limited quadrupolar coupling. According to line shape simulations, the
quadrupolar coupling constant can be around 1 kHz, which can be the cause of
minor differences in line widths of both 7-coordinated and 8-coordinated Sc
lines in two different magnetic fields.

The intensity differences in the lower frequency part of the line of the 7-
coordinated Sc (the powder line) are caused by small relaxation rate differences
in the environments with higher and lower shieldings. Such differences are more
influential in lower fields.

In conclusion, the comparison of spectra measured in different fields illustrates
that the oxygen cage around the 8-coordinated Sc remains cubic so that the
quadrupolar coupling is neutralized, and when the oxygen vacancy movement
around the 7-coordinated Sc stops, a structure is formed where quadrupolar
interaction is still averaged out. In a work of O. Knop et. al. (Knop et al. 1975) it
is clarified, which configurations are possible in the fluorite lattice to neutralize
the quadrupolar coupling.
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5.4. Activation energies of processes in SDC lattice Putlication2

5.4.1. Theoretical considerations

The energy transfer between nuclear spins and the lattice hosting these spins is
achieved through the fluctuations of the local magnetic field caused by the
thermal motion of the lattice, leading to the spin-lattice relaxation. The
efficiency of this process is proportional to the spectral density of the
fluctuations around the Larmor frequency.

If the fluctuations take place in an isotropic uniform medium, the relaxation
process can be described by the theory presented by N. Bloembergen, E. M.
Purcell and R. V. Pound in 1948 (Bloembergen et al. 1948). This theory, called
the BPP theory, was developed for liquids with an assumption that nuclei in
mutual interaction are moving randomly but it is applicable in solids too when
the fluctuations are random and without any biases. According to the BPP
theory, the autocorrelation function of the fluctuations decays as exp(-t#/t.),
where 7. is the correlation time, and the spectral density of fluctuations found
through the Fourier transform is

21,

=F2__—°
J(@) =Fo 1+ w?t?

(19)

where F is the amplitude of the fluctuations. The relaxation time depends on the
density of the fluctuations at the Larmor frequency wy :

Tt =K[J(w,) + 4/ Qw,)] (20)

The constant K is the strength of the coupling through which the fluctuations
exchange energy with spins. If J(w) is given with Eq. (19), then

Til=K LI A (21)
L A e R P

In the classical BPP theory, the constant K is defined for spin-1/2 nuclei as K =
3uf n*y*
16012 16’
Planck constant, y is the gyromagnetic ratio of the nuclei, » is the distance

where (1, is the magnetic permeability of free space, h is the reduced
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between the nuclei. In the case of quadrupolar nuclei, the constant K describes
the strength of the coupling and the amplitude of the fluctuations of the
quadrupolar interaction. It means that the relaxation rate depends on the relation
between the Larmor frequency (which depends on the magnetic field) and the
correlation time 7, of the molecular motion. The correlation time depends on the
activation energy of the motion E, and temperature 7 as

. (22)

where k is the Boltzmann constant and 7,1 is the attempt frequency. Relaxation

is the fastest when 7,.w; = % (Fig. 17).

Correlation time is very short, Correlation time is very long,
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than w;t.
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than wjt.
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ong

Larmor frequency.

Figure 17. 1/T1 vs 1000/T plot shows how lattice movements affect the spin-
lattice relaxation. Movements become faster and the correlation time decreases
when the temperature 7 increases.

If the medium is not uniform, and the fluctuations do not take place between
energetically equal configurations, then the system tends to spend less time in
the higher energy states. As a result, there is a bias towards lower energy states.
This situation can be modeled with oscillations in a double well with
inequivalent minima (Fig. 18), and in this case, the BPP theory is applicable
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with modifications (Blinc 1968). If the energies of the two different
configurations are F; and E, and the difference between them AE = E, — E;,
then the ratio of probabilities of occupancies of the configurations is

a = e AE/kT (23)

The spectral density of fluctuations in this case is

2T 4a
= F2 <
J(@) %1+ w22 (1 +a)?

24)

where the correlation time 7. is the average time between the jumps or
transitions, determined through the transition probabilities W, and W, between
the two configurations:

1
— =W+ Wy =1 +a)Wp, (25)

c

If the density of states in the different configurations is also different then the
ratio of the densities of states in the different configurations a, has to be taken
into account in the ratio of probabilities of occupancies of the configurations:

a= aoe—AE/kT (26)

The influence of the modifications on the relaxation rate (transition probability
per second) is shown in Figure 18, where the case of AE =0 and qy =1
corresponds to the classical BPP model.

The ratio a adds other exponents into the relaxation rate equation, and as a
result, the activation energy of the process is increased by AE, which means that
the exact activation energy cannot be found from the slope of the Arrhenius plot
if the value of AE is not known. Also, the maximum point of the relaxation rate
is shifted, which means that the correlation time cannot be found directly from
the maximum of the relaxation rate unless the parameter a is known.
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Figure 18. Influence of unequal energies of configurations where the
fluctuations take place inbetween. The difference of energies AE changes the
activation energy of the fluctuations to E, = E; + AE instead of E, = E;, where
E; is the height of the energy barrier between the configurations (compare the
slopes of blue and red lines).

In some cases, e.g. at low temperatures, relaxation takes place due to thermal
vibrations of the lattice. Relaxation is related to acoustical vibrations, which
have relatively low frequency, and according to Abragam (Abragam 1961),
direct and two-phonon processes causing relaxation can be distinguished, both in
the frames of the Debye model. Direct process is the absorbtion or emission of a
single phonon. Two-phonon process can be the absorbtion or emission of two
phonons or the absorbtion of one and the emission of another phonon. The latter
is called the Raman process.

If the frequency of one phonon in the two-phonon process is w; and the
frequency of another phonon is w,, then the first kind of the process must satisfy
the condition w; + w, = w;, and the Raman process, where one phonon is
absorbed and another phonon emitted, must satisfy the condition w; — w, = wy,
in order to cause relaxation (w;, is the Larmor frequency). In the direct process,
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the frequency of the single phonon needs to be near w;. As phonon frequencies
are mostly much higher than w;, only a small part of the phonon spectrum
satisfies the conditions for the direct process and non-Raman two-phonon
process, which makes the influence of these processes on the relaxation
negligible. The Raman process, on the other hand, is efficient because phonons
from all parts of the spectrum take part in it.

It is shown in detail in (Abragam 1961) that the relaxation rate P in the Raman
process depends on the temperature 7 as P = f(T?) if the temperature is around
the Debye temperature @ of the material or higher, but if the temperature is
considerably lower (0.02 @ or less), then P = f(T”). Debye temperature is
usually in the order of 10> — 10° K.

On the other hand, the relaxation rate does not depend on the Larmor frequency
and hence on the magnetic field if relaxation is caused by the Raman process
because the condition w; — w, = w, is satisfied for a wide range of Larmor
frequencies due to diversity of w; and w,.

If the lattice is not uniform, and there are vibrations of a local extent around
impurity centers which differ from lattice-wide vibrations, then the relaxation of
the impurity nuclei depends on this characteristic local frequency. Relaxation
rate is still independent of the magnetic field but varies exponentially with the
temperature.

5.4.2. Experimental outcome
The temperature dependence of relaxation times of 7- and 8-coordinated

scandium ions was measured in two different magnetic fields: 8.5 T and 4.7 T
(Fig. 19).

It was revealed that there are processes dependent and independent on magnetic
field, and at low and high temperatures there are different processes driving the
relaxation. The low temperature processes do not depend on the magnetic field,
as is apparent from the figure. Independence on the magnetic field is typical of
phonon related relaxation (Raman process), and exponential temperature
dependency refers to the local phonon relaxation mechanism. This is in accord
with the fact that scandium ions are impurity centers in the ceria lattice, and their
ionic radius is considerably smaller compared with cerium. The difference
comes from the surround of the Sc ions in the lattice.
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Figure 19. Longitudinal relaxation time temperature dependencies with
magnetic fields of 4.7 T and 8.5 T.

The 7-coordinated Sc has a low symmetry environment but the 8-coordinated Sc
has a symmetric cubic surround, and as the line shape analysis shows, the cubic
symmetry remains at low temperatures too. The relaxation is expected to be
caused by the movement of the Sc ion in the cubic box which is built for cerium,
and is too large for a small Sc ion. The activation energy of the 8-coordinated Sc
relaxation mechanism at low temperature is lower than that of the 7-coordinated
Sc (0.0198 eV vs 0.0259 V).

High temperature processes in the case of both 7- and 8-coordinated Sc have a
temperature dependency typical of activated hopping: relaxation times become
shorter and shorter when the hopping frequency approaches the Larmor
frequency, and if the temperature continues rising, the hopping frequencies
become higher than Larmor frequency, and the relaxation times become longer
again as the spectral density of hopping frequency around the Larmor frequency
decreases.

In the case of 7-coordinated Sc, the process is the vacancy hopping around the
Sc ion, which according to the line shape analysis also began averaging the
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powder line into a sharp peak around 250 K. The relaxation measurements
allowed determination of the activation energy of that process: 0.37 eV.

The 8-coordinated Sc relaxation process, which has the activation energy of 0.28
eV, seems to be the fluctuation of the shape of the nest of the Sc ion. In the
lowest energy configuration, the environment of the 8-coordinated Sc is cubic
but there are metastable configurations with higher energies. It is important to
mention that as explained above, the activation energy of the high temperature 8-
coordinated Sc process is the sum of the energy barrier height between the
configurations, and the energy difference of the configurations. As the exact
configurations and their energies remain unknown in the frames of this study,
the activation energy cannot be divided between the two parts, and it shows the
maximum possible height of the energy barrier separating the two configurations
(i.e. if the energy difference of configurations is zero, then the activation energy
of the process is 0.28 eV).
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5.5. Activation energy of the vacancy exchange in SDC Publication 3
2-dimensional NMR technique EXSY was used to determine the activation
energy of the vacancy exchange process between 7- and 8-coordinated Sc ions in
SDC. The crosspeaks in the EXSY spectrum appear due to the vacancy
exchange, and the more frequent the exchange, the greater the crosspeaks are
and the faster they grow. That means that the correlation times of the process can
be found through the time dependence of the cross peak intensity growth (Fig.
20).
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Figure 20. Cross peak growth at different temperatures.

The vacancy hopping frequency is the inverse of the correlation time, and
through the hopping frequency, the exchange frequency can be found. The
temperature dependence of the exchange frequency allows the activation energy
of the exchange process to be found (Fig. 21). Just to compare and confirm the
compliance of the data, the exchange rate corresponding to the averaging of two
Sc spectrum lines into one at 633 K found from the Sc NMR spectra temperature
dependence on Figure 15, is added to Figure 21. This exchange rate is not
included in the fitting and finding of the activation energy.
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Figure 21. Vacancy exchange rates at different temperatures (an exchange rate
corresponding to the averaging of two Sc spectrum lines into one is added for
comparison as a blue dot).

The activation energy of the vacancy exchange in SDC was found to be 1.18 +
0.1 eV. This is considerably higher than the activation energy needed for
movement around the 7-coordinated Sc ion, and it is in good compliance with
the values obtained in other studies (Sen et al. 2014). EXSY is a method
allowing us to see the exchange “directly” and it is a very straightforward way to
determine the exchange frequency and the activation energy of exchange.
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5.6. Conclusions/Main results

1)

2)

3)

4)

5)

6)

The oxygen vacancy is always coupled with a Sc ion and moves around
it. The activation energy of that movement is 0.37 eV, i.e. it takes place
already at the room temperature.

The cubic oxygen-cage of the 8-coordinated Sc ion is stable and retains
its symmetry at low and high temperatures but at high temperatures
(around 250 K — 720 K), the cage structure fluctuates between the
lowest energy cubic configuration and metastable higher energy
configurations. Such structure fluctuations cause spin-lattice relaxation
of the 8-coordinated Sc in the temperature range where they occur.
Maximum height of the energy barrier between the configurations is
0.28 eV.

At low temperatures (under 200 K), the vacancy movement around 7-
coordinated Sc and the structure fluctuations in the neighborhood of 8-
coordinated Sc stop. Phonons dominate at low temperature in the lattice,
and due to ion size mismatch there are local modes around Sc ions. The
activation energies of fluctuations around the 7-coordinated and §-
coordinated Sc are 0.0259 eV and 0.0198 eV, respectively.

The vacancy exchange between 7- and 8-coordinated Sc ions starts at
around 500 K, the activation energy of the exchange process is 1.18 eV.
The time spent by vacancies in the lattice is negligible, the ratio of 7-
and 8-coordinated Sc is retained.

The association energy of oxygen vacancy to the scandium ion in SDC
is1.18eV -0.47eV=0.71eV.

With combustion synthesis, the Sc solubility in ceria is limited to 2%,
and the exceeding of this limit can be clearly determined with NMR.
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ABSTRACT

The atomic level structure and oxygen vacancy dynamics in Sc doped ceria were
studied in this research. Sc doped ceria probes with different doping levels were
synthesized with the combustion synthesis method, and through the NMR
measurements of the probes it was estimated that Sc solubility limit in ceria is
2%. A probe with the doping level of 0.5% was used in the study. Through the
NMR line shape analysis and spectrum temperature dependency it was found
that oxygen vacancy is strongly bound to the first coordination sphere of Sc ion,
but it can move in that coordination sphere already at room temperature. At
around 500 K, vacancy exchange between Sc ions starts. Temperature
dependency of Sc spin-lattice relaxation time in two different magnetic fields
revealed different lattice processes taking place at different temperatures in
ceria. At low temperatures, the phonon mechanism drives the spin-lattice
relaxation. At high temperature, vacancy movement (for 7-coordinated Sc) and
lattice structure changes (around 8-coordinated Sc) cause the relaxation. The aim
was to find the activation energy of vacancy movement in the first coordination
sphere around Sc, and the activation energy of the vacancy exchange between Sc
ions in the lattice. According to the measured relaxation temperature
dependence, the former was 0.37 eV. Through EXSY measurements the
activation energy of the vacancy exchange between Sc ions was found to be 1.18
eV. With these values, this study provides experimental data that are scarce for
low-conducting SDC, and through that it enhances the understanding of doped
ceria based ionic conductors. It also provides experiment-based starting points
for simulations and computational studies.
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KOKKUVOTE

To6s uuriti Sc-lisandiga tseeriumdioksiidi atomaarset struktuuri ja hapniku
vakantsi diinaamikat. Leeksiinteesiga valmistati erineva legeerimisastmega Sc-
lisandiga CeO, proovid ja tuumamagnetresonantsmootmistega (TMR) hinnati Sc
lahustuvuse piiriks  tseeriumdioksiidis 2%. Uuringutes kasutati 0.5%
legeerimisastmega proovi. TMR spektrijoone kuju analiiisi ja spektrite
temperatuurisdltuvuse kaudu tehti kindlaks, et hapniku vakants on tugevalt
seotud skandiumi ldhiimbrusse, aga saab skandiumi tmber liikuda juba
toatemperatuuril. 500 K timbruses hakkavad vakantsid lilkuma lébi CeO, vore
Sc ioonide vahel. Kahes erinevas magnetvdljas moddetud Sc spinn-vore
relaksatsiooni temperatuurisdltuvus niitas erinevaid protsesse, mis legeeritud
CeO, vores eri temperatuuridel aset leiavad. Madalal temperatuuril pdhjustab
relaksatsiooni foononmehhanism. Korgel temperatuuril on
relaksatsioonimehhanismiks vakantsi liikkumine (7-koordineeritud Sc puhul) ja
vore struktuurimuutused (8-koordineeritud Sc iimber). Eesmérk oli leida hapniku
vakantsi liikumise aktivatsioonienergia Sc iimber ja vakantsi liikumise
aktivatsioonienergia 1ébi vOre erinevate Sc ioonide vahel. Esimene oli mdddetud
relaksatsiooni temperatuurisoltuvuse jargi 0.37 eV. 2D TMR modtmistega leiti
vakantsi voOres litkumse aktivatsioonienergia véirtuseks 1.18 eV. Nende
tulemustega pakub t66 uusi eksperimentaalseid andmeid Sc-lisandiga CeO;
kohta, mida on selle madala ioonjuhtivusega materjali kohta vdhe. Seeldbi
parandab see t60 arusaamist legeeritud CeO, pdohistest ioonjuhtidest ja {ihtlasi
pakub katsepohiseid 1dhteandmeid simulatsioonidele ja arvutuslikele toodele.
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In this work we investigate the solubility of scandium in ceria, and present a detailed investigation of oxygen
dynamics in 0.5% scandium doped ceria from 50 K to 1073 K by 4>Sc solid state NMR line shape, chemical
shift, and spin-lattice relaxation analysis. We show that oxygen vacancy is strongly attached to the scandium
in the seven-coordinated scandium-oxygen vacancy complex (7-Sc), but even at room temperature the va-

cancy is moving freely around the scandium atom between eight equivalent sites in millisecond time scale.

The activation energy of that vacancy jump is 0.37 eV. The eight-coordinated (8-Sc) scandium ion retains

Keywords: i . >
Ceria cubic environment down to 50 K. The exchange rate between 7-Sc and 8-Sc sites exceeds 10° Hz above
Scandium T>600 K.

Oxygen dynamics
Solid state **Sc NMR
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1. Introduction

Cerium oxide has found use in diverse technological applications
from synthesis catalyst and automotive three-way catalyst to solid
oxide fuel cells and possibly fluorescent screens. For most applica-
tions, cerium oxide is doped with different ions that enhance ionic
conductivity, improve catalytic properties or supply necessary fluo-
rescent centers.

Tonic conductivity in cerium oxide operates through diffusion of ox-
ygen vacancies created by doping with aliovalent nuclei. Optimization
of ionic conductivity in ceria is commonly approached by choosing dop-
ants that keep the lattice constant close to the undoped value, e.g. Gd,
Sm (minimal stress), and in the concentration range 10-20 at.%. At
higher dopant concentrations the ion conductivity decreases, generally
believed due to defect interactions [1,2]. Other, bigger and smaller dop-
ants give lower ionic conductivity attributed to stronger deformation of
the local structure and, consequently, to the higher barriers for ion
hopping.

There is a considerable amount of theoretical modeling work done
in this direction [3-5]. However, detailed experimental information
about dopant distribution and interaction with vacancies has been
hard to obtain. Gerhardt et al. [6] investigated scandium doped ceria
with dielectric relaxation methods, and found several relaxation
processes in low temperature region. Later EXAFS methods were
applied to doped ceria [7,8] to determine defect association, however,
uncertainties in this method are still large.

* Corresponding author. Tel.: +372 56687370.
E-mail address: subbi@kbfi.ee (J. Subbi).

0167-2738/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.551.2012.02.039

Solid state NMR provides a powerful and unique tool for investigating
both dopant and vacancy distributions and dynamics. Cerium oxide has
fluorite structure with cubic symmetry, hence both cations and anions
have cubic neighborhoods in pure ceria. This eliminates quadrupolar
coupling, and both dipolar and quadrupolar nuclei have comparatively
narrow lines, if introduced to the lattice in low concentrations. However,
for high resolution NMR we need dopants without unpaired electrons to
avoid inhomogeneous magnetic field due to electronic magnetism. This
leaves us with four trivalent candidates: La, Lu, Y and Sc. NMR spectra
of %La, 3% and “°Sc in doped ceria have been measured before
[9-11]. 7O-NMR has been used as well, but generally isotopic enrich-
ment is needed due to low natural abundance of '70.

In the paper by Avila-Peres et al., [11] it was shown that around
400 °C oxygen vacancies become mobile in NMR timescales, and
this averages Sc sites chemical shifts into a single line, known as
motional averaging. It was shown, that in particular cases there are
immobile vacancies in Sc doped ceria. We discuss this later.

Scandium is the smallest of these ions, and its solubility in ceria is
limited due to size mismatch [12]. Due to small ion radius, 0.87 A for
Sc3*, compared to 0.97 A for Ce**, scandium ion neighborhood and dy-
namics are expected to be different from those of cerium. It is expected
to bind vacancy stronger than bigger dopant ions, and provide lower ion
conductivity [1,3].

On the other hand, scandium doped zirconium oxide is a better
ion conductor than yttrium doped zirconium oxide, despite Sc>*
being too small for stable fluorite structure, and has very complicated
phase diagram [13]. This observation contradicts the common view
that the least lattice deforming dopants provide the best ion conduc-
tivity [14]. In this work we provide one possible explanation to this,
showing that for a vacancy hopping between eight equivalent sites
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around scandium ion, the barrier is significantly lower than for vacancy
escape from the parent ion. If enough scandium could be introduced
into the lattice, scandium neighborhoods may form percolating paths
throughout the whole lattice.

Scandium is a good NMR nucleus with high sensitivity and limited
quadrupole coupling that has been widely investigated in solid state
NMR [15]. It is giving two resonance lines in the NMR spectrum of
Sc doped ceria: an eight-coordinated scandium (8-Sc) and a seven-
coordinated scandium-oxygen vacancy complex (7-Sc) [11].

In this work we present a detailed investigation of oxygen dynamics
in scandium doped ceria from 50 K to 1073 K by solid state NMR relax-
ation, chemical shift and line shape analysis. We show that oxygen
vacancy is strongly attached to the scandium in the seven-coordinated
scandium-oxygen vacancy complex, but even at room temperature
the vacancy is moving freely around scandium atom between eight
equivalent sites in a millisecond time scale.

2. Experimental

Scandium doped ceria ScyCe; — xO3 — x» With x =0.002, 0.005, 0.01
and 0.05 were synthesized by citrate route from corresponding ni-
trates [16,17] (in the following we use notation 0.2%SDC, 0.5%SDC,
1%SDC and 5%SDC). Appropriate amounts of LaNO3 and CeNO3 aque-
ous solutions were added to neutralized oxalic acid solution. After
precipitation the product was washed, dried and subsequently heated
to 500 °C. For temperature dependent measurements the powders
were isostatically pressed into 5 mm rods with length of 20 mm,
and sintered at 1600 °C for 3 h. Part of the powder was calcined at
1600 °C without pressing for MAS NMR analysis. A portion of 5%SDC
was calcined at 1400 °C to test the solubility.

455c MAS NMR spectra were recorded on Bruker AVANCE-II-600
spectrometer, in 14.5T magnetic field (**Sc resonance frequency
145.8 MHz) using home built MAS probe and 4 mm zirconia rotors.
The spectra were referenced to the resonance frequency of Sc(NO3)3
solution in water. Different spinning speeds were used, but already
7 kHz was adequate for suppressing dipolar broadening.

Temperature dependencies of “°Sc spin-lattice relaxation of the
static SDC samples were measured at two magnetic fields 8.5T and
4.7T using saturation recovery pulse sequence. These measurements
were carried out on Bruker spectrometer AMX 360 using home built
high-temperature probe. The probe has NMR coil in appropriate oven
for samples in 5 mm quartz ampulas. Due to good thermal insulation
the temperatures up to 800 °C were obtained within 15 W heating
power. The low temperature measurements were carried out using
home built probe in He gas flow cryostat from Janis Research Company.

3. Results and discussion
3.1. ¥*Sc MAS NMR spectra and Sc solubility in ceria

In this work we are interested in properties of separated scandium
centres, so the scandium solubility in ceria and possible defect associ-
ation had to be investigated first. “>Sc MAS NMR spectra of 0.2%SDC,
1%SDC and 5%SDC powders and that of a commercial Sc;05 sample
are presented in Fig. 1. Only two narrow lines in SDC, corresponding
to isolated 7-Sc, and 8-Sc centres at 36 ppm and —21ppm,
respectively, are visible in the spectra of 0.2%SDC and 1%SDC. In
5%SDC the situation has changed. We can see clearly both undissolved
Sc,05 (similar Sc;03 band can be seen in 5%SDC spectra of Jain et al.
[18] as well) and Sc-Sc associates that form a shoulder to the 7-
coordinated line. The small intensity of Sc,03 resonances can be deceiv-
ing as this represent only central transitions of the quadrupole broadened
spectra. So 5%SDC was under our preparation conditions clearly above
the simple solubility limit. Increasing calcination temperature from
1400 °C to 1600 °C increased the shoulder at 7-Sc line, but did not add
free scandium centres to the lattice.

7-Sc 8-Sc

/./
T /
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Fig. 1. **Sc MAS NMR spectra of 0.2%SDC, 1%SDC, 5%SDC and scandium oxide powders
in 14.5 T magnetic field, at room temperature. All small lines are rotational sidebands.

The solubility of scandium in ceria is a complicated problem. If
there would be just randomly distributed scandium in ceria and pre-
cipitated Sc,05, there would be a simple solubility limit. However, if
there is a strong energetic benefit from forming scandium dimer-
oxygen vacancy complexes, and dissolving these in ceria, the analysis
gets more complicated. Higher multimers can be involved as well, but
dimers are probably the first to form. The scandium in these dimer—
vacancy complexes is 7-coordinated, as the lowest energy position
for the vacancy is between scandium ions, and corresponding lines
are close to 7-coordinated single scandium line. But these complexes
have lower than cubic symmetry, and this shows in quadrupole
broadening of scandium lines. Higher scandium complexes are not
necessarily 7-coordinated, and as the complexes get bigger, scandium
coordination eventually approaches effective 6 of scandium oxide.
The almost linear chemical shift dependence on coordination can be
seen in Fig. 1. The Vergaard slope analysis of XRD line shifts, used
routinely for solubility tests, however, does not necessarily separate
dissolved monomers from dimers, and shows only macroscopic
phase separation. Equilibrium structures in the scandia-ceria system
and their formation is an interesting problem in itself, and solid
state NMR could be helpful here, but this remains outside the scope
of this work.

Our goal here is to investigate separated scandium centres, and
despite the fact that 3 h at 1600 °C may not be enough to achieve
equilibrium distribution of scandium complexes in 5%SDC, some
trends are clearly visible. While in 0.2%SDC, 0.5%SDC and 1%SDC
there is a small but detectable amount of 7-coordinated scandium
dimers or higher complexes, in 5%SDC we have separation of phases
at 1400 °C. At 1600 °C the separated scandium oxide phase is still vis-
ible, and the additional dissolution of scandium oxide creates a strong
wing to the 7-coordinated single scandium peak, without increasing
the 8-coordinated scandium line intensity. This means that mainly
neutral multiple-scandium-vacancy complexes are formed, and no
ideal solution can be achieved. To avoid complications due to
scandium dimers and higher complexes, we chose 0.5%SDC for the
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detailed investigations. 0.2%SDC and 1%SDC spectra were measured
to confirm the concentration independence of the spectral features
we were investigating.

The ratio of 7-Sc and 8-Sc ions depends on scandium concentra-
tion, defect association and availability of additional centres capable
to bind oxygen vacancies. In the lattice of ceria every cation has 12
nearest neighbour cations. Therefore, in 0.5%SDC, in the case of ran-
dom distribution of scandium ions, 6% of scandium ions form dimers,
and the spectra are dominated by single scandium ion lines. If the va-
cancies would be distributed randomly in the lattice, the intensity of
the 7-Sc line would be about 2%. On the other hand, if there is signif-
icant attraction between scandium ions and vacancies, as suggested
by earlier experiments [6,18] and calculations [3], we will see an
equal amount of 7-Sc and 8-Sc and a small amount of neutral scandi-
um dimer-vacancy pairs. This result is not altered, if the dimer
concentration is somewhat higher than predicted from random dis-
tribution of scandium ions. Experimentally, the exact ratio of 7-Sc to
8-Sc was hard to determine from spectra, as the distribution of inten-
sity between sidebands was different for these sites. While MAS spec-
tra gave 7-Sc to 8-Sc ratio 47:53, static spectra gave the ratio 54:46.
Overall, the simple model of strong attraction of vacancies to scandi-
um ions works well, and we rely on it in this work.

A surprising feature in the MAS NMR spectra is the almost com-
plete lack of rotational sidebands of 7-Sc-vacancy complex that
should be of lower symmetry than 8-Sc. The explanation comes
from low temperature measurements in the next section: the narrow
7-Sc line is a result of dynamical narrowing, at room temperature the
vacancy is rapidly rotating around scandium ion, averaging out both
quadrupolar and chemical shift anisotropies.

3.2. Vacancy dynamics at high temperature

All temperature dependent measurements were conducted in static
samples. As the cation in the CeO, lattice has cubic symmetry, both
chemical shift anisotropy and quadrupolar coupling are missing, if the
lattice symmetry is retained around the dopant site. Remaining line
broadening at room temperature is mainly due to inhomogeneous
macroscopic magnetic susceptibility of the sample, and amounts to
3 ppm in our case.

45Sc spectra from room temperature to 1073 K are presented in
Fig. 2. At temperature around 500 K both lines started to broaden and
at 633 K coalesced into one line in the middle, due to fast oxygen
vacancy hopping between 7-Sc and 8-Sc scandium ions. The vacancy
movement averages two lines into a single line, if the vacancy exchange
frequency is higher than the line separation, 2mx4.8 10>s~" in our
case. However, this process is not a simple hopping between two equiv-
alent sites. Since the average distance between the Scions in 0.5%SDC is
about 6 lattice units (+/200), many jumps are needed for a vacancy to
find another scandium ion. It cannot be local hopping near the 7-Sc
ion, as in this case 8-Sc would not be involved, and the 8-Sc line
would be unmoved. According to a recent modelling study [3], the
vacancy association energy to scandium is 0.4 eV negative, and the
vacancy is essentially bound, spending most of the time in scandium
neighbourhood, despite frequent hops into ceria lattice. Due to this po-
tential well the barrier for leaving scandium ion neighborhood is higher
than the barrier for hopping in the pure ceria lattice, and accordingly the
frequency of hopping in pure lattice is high compared to the frequency
of leaving the scandium neighbourhood. So the vacancy in pure lattice
finds soon another scandium to stay with, and spectra on Fig. 2 show
that all scandium ions are equivalent in this process: All visible intensity
is in the averaged line, and its average coordination number is close to
7.5. At higher temperature the vacancy should spend more time in
ceria lattice, the scandium-vacancy complex “dissociates”, and average
coordination number of scandium should diminish, if the temperature
is high enough, see below.

T ¥ T ¥ T
20 -40 -60 -80
Chemical Shift [ppm]

Fig. 2. High-temperature *°Sc static powder NMR spectra of 0.5%SDC in 8.4 T magnetic
field.

High-temperature averaging of scandium lines into one line has
been reported recently by Avila-Peres et al. [11], where 5% scandium
doped ceria was investigated. They saw immobile oxygen vacancies
and interpreted their spectra by a simple double well jumping model.
However, we have shown here that 5% of scandium oxide cannot be dis-
solved in ceria under standard preparation conditions, and indeed a
scandium oxide band is clearly visible in their spectra [18]. Because of
incomplete solvation of scandium, all kind of trapping sites for vacan-
cies can be formed with different binding energies and temperatures
of dissociation. We have shown here that in 0.5%SDC, where single
scandium centres dominate, the vacancies associated with them are
all mobile.

3.3. Vacancy dynamics at low temperature

45Sc low temperature spectra are presented on Fig. 3. 7-Sc and 8-
Sc lines have different temperature behaviours. Going down from
room temperature, the 7-Sc line first broadened at 218 K and then
obtained a characteristic powder line shape due to axially symmetri-
cal chemical shift anisotropy at 188 K, with the full width of 2.3 kHz.
We interpret this as a freezing of the vacancy rotation around the
scandium ion, i.e. at temperature below T<220 K the vacancy hop-
ping frequency becomes lower than 2.3 kHz. 8-Sc, on the other
hand, retains narrow symmetrical line down to 50 K, pointing to
high symmetry of the 8-Sc site.

There is surprisingly small quadrupolar coupling in 7-Sc even in this
frozen state. From our experiments, quadrupolar broadening must be
much smaller than chemical shift anisotropy broadening. The chemical
shift anisotropy as the source of broadening is supported by the line
shape and magnetic field independence of the broadening, tested in a
lower field 4.7 T magnet. We do not know the reason for this.

3.4. Chemical shift temperature dependence and spin-lattice relaxation

An interesting parameter in the spectra is chemical shift tempera-
ture dependence, presented in Fig. 4. In the low temperature range,
where 7-Sc and 8-Sc behave as individual centres, this characterizes
temperature change of chemical shielding by local neighbourhood.
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Fig. 3. Low temperature “>Sc NMR spectra of 0.5%SDC in 8.4 T magnetic field. The 7-Sc
line shape at 100 K corresponds to chemical shift anisotropy broadening with axially
symmetric chemical shift tensor, ;= 14 ppm and &, =42 ppm.

The shielding is smaller for 7-Sc than for 8-Sc, and diminishes with
thermal expansion of the lattice according to the change of local
environment.

At high temperature, where the lines coalesce due to fast oxygen
vacancy hopping, the chemical shift reflects the average environment
of the scandium ion. It depends on the average coordination number
of scandium ion and on the chemical shifts of both centres, 7-Sc and
8-Sc. Remarkably, in the low temperature range the temperature
dependence of the chemical shift of 8-Sc is much stronger than that
of 7-Sc. We believe this reflects soft, large amplitude motion of
small scandium ion in a too big cage of 8-Sc. However, the 8-Sc neigh-
bourhood remains cubic down to the lowest temperatures. Some
doubts in this respect have been presented by Cormack et al. [19].

In the high-temperature range, where there is just one averaged
NMR line, the chemical shift of that line reflects the fact that there
are twice less vacancies than scandium ions. The temperature
dependence of the chemical shift of the high-temperature line is
also average between the extrapolations of low-T 7-Sc and 8-Sc shifts.
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Fig. 4. Temperature dependence of the chemical shift & of °Sc static powder NMR spec-
tra of 0.5%SDC in 8.4 T magnetic field.

Its linearity shows that vacancies spend most of the time near scandi-
um ions and there is no effective dissociation of scandium-vacancy
complex up to 1073 K.

The spin-lattice relaxation behaviour of scandium ions has many
features and its detailed analysis goes out of the scope of this publica-
tion. However, in the temperature range from 250 to 550 K the relax-
ation of Sc in 7-Sc site reflects activated rotation of the vacancy around
scandium ion with activation energy 0.37 eV. The correlation time for
vacancy hopping around scandium ion, calculated from spin-lattice
relaxation, is 70 ps at 220 K and agrees well with observed freezing
of rotational averaging at the same temperature.

The activation energy for vacancy hopping around scandium ion is
much lower than activation energy for oxygen ion transport in any
doped ceria. We believe this is due to the small size of scandium
ion, therefore leaving more space around it and making the barrier
for vacancy hopping lower, as less deformation is needed from the
surrounding lattice to accomplish the jump. This is in accordance
with the results of model calculations by Nakayama and Martin [3],
showing the lowest activation energy for any doped ceria for jumps
between cerium and scandium ions.

These results point to an interesting speculation: If we could intro-
duce so much scandium into ceria lattice that scandium neighbour-
hoods would touch, we could have a very good ion conductor.
Unfortunately, the ion size mismatch that lowers vacancy jumping
barrier, also severely limits the scandium solubility in ceria. However,
in scandium doped zirconia (SSZ) the small size of scandium ion can
be the reason for high conductivity, despite of the fact that scandium
ion is too small for stabilizing cubic structure in zirconia, resulting in
an extremely complicated phase diagram, and causing problems with
practical use due to unstable microstructure [20]. At 20% scandium
doping, where the ion conductivity is the highest, scandium neigh-
bourhoods are well connected in SSZ, and may form favourable ion
transport channels.

In general, this indicates that for best oxygen conductivity we
need stressed crystal structures with long metal-metal distances.
Unfortunately, these systems may not have enough thermodynamic
stability for practical applications.

4. Conclusions

Scandium solubility in ceria is limited, and 5% scandium is not dis-
solved in 3 h at 1600 °C. In dissolved part mainly scandium complexes
are formed, and to investigate isolated scandium centres, doping should
be preferably below 1%.

Oxygen vacancies are strongly attached to scandium ions and
spend most of the time in the nearest neighbour position up to tem-
perature T=1073 K, despite jumps into ceria lattice with frequency,
growing over 5 kHz above 600 K. In the same time they rotate freely
around scandium ions even at room temperature, with low activation
energy of 0.37 eV. The rotation frequency becomes lower than 2 kHz
below T<200 K.

8-Sc cage in ceria lattice has cubic equilibrium structure. However, the
potential surface of the cage can be complicated with lower symmetry
configurations with local potential minimums energetically close.
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Scandium spin dynamics in scandium doped ceria has been addressed first time through spin-lattice relaxa-
tion temperature dependence. Scandium spin-lattice relaxation temperature dependence in 0.5% scandium
doped ceria matrix has been measured in the range between 60 K and 1073 K in magnetic fields 4.7 T and
8.5 T. The temperature dependence revealed four separate processes, two for 8-coordinated scandium and
two for 7-coordinated scandium. However, none of these processes could be associated with oxygen vacancy
Keywords: hopping processes, directly responsible for ion conductivity in scandium doped ceria.

Ceria We have established that for 7-Sc, the high temperature process is vacancy hopping around the scandium ion

Scandium with activation energy 0.37 eV and the low temperature process is a Raman process involving local vibrations
Oxygen dynamics with characteristic energy 26 meV (208 cm ™).
43¢ NMR For 8-Sc, the high temperature process is assigned to hopping between potential wells with different energy

Spin-lattice relaxation minima with apparent activation energy of 0.28 eV. We have shown that in this case the apparent activation

energy of the process does not correspond to barrier height for hopping, but to barrier height plus energy
difference between minima of corresponding wells. The low temperature process is again a Raman process

involving local vibrations with even lower characteristic energy 20 meV (160 cm ™).

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cerium oxide has found use in diverse technological applications
from synthesis catalyst [1] and automotive three-way catalyst [2,3]
to solid oxide fuel cells and potentially fluorescent screens [4,5]. For
most applications, cerium oxide is doped with different ions that en-
hance ion conductivity, improve catalytic properties or supply neces-
sary fluorescent centers.

Ion conductivity in ceria operates through diffusion of oxygen va-
cancies created by doping with aliovalent nuclei. Optimization of ion
conductivity in ceria is commonly approached by choosing dopants
that keep the lattice constant close to the undoped value, e.g. Gd,
Sm (minimal stress), and in the concentration range 10-20 at.%. At
higher dopant concentrations the ion conductivity decreases, gener-
ally believed due to defect interactions [6,7]. Other bigger and smaller
dopants give lower ion conductivity attributed to higher deformation
of the local structure and consequent higher barriers for ion hopping.

Theoretical modeling of oxygen vacancy energetics in doped ceria
lattice [8-10] provides us preferred configurations of dopants and
vacancies, and also potential barriers for transfer of ions between
different configurations. Experimental data about these barriers are
generally obtained from measurements of the temperature depen-
dence of ionic conductivity. Macroscopic conductivity is, however,

* Corresponding author. Tel.: 4372 56687370.
E-mail address: subbi@kbfi.ee (J. Subbi).

0167-2738/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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an averaged property, and gives only indirect information about local
ion hopping dynamics.

Solid state NMR provides here a powerful tool for investigating
both dopant and vacancy distributions and dynamics in doped ceria.
Both NMR lineshape analysis and spin-lattice relaxation measure-
ments of oxygen 70 [11-16] or doped nuclei such as **Sc [17-20]
or 8%Y [21-23] can provide valuable information about ion movement
and lattice dynamics in general. Spin-lattice relaxation of quadrupolar
nuclei in the absence of electronic magnetism is dominated by cou-
pling of nuclear quadrupole moment to electric field gradient (efg)
fluctuations [24,25]. These fluctuations can be induced by thermal
vibrations of the lattice or by changes of the lattice configuration
near the nucleus, e.g. ion conduction related hopping. Temperature
dependence of spin-lattice relaxation can reveal the activation barrier
to the ion hopping and has been used widely to investigate ionic
conduction in different compounds [11-13,26,27]. However, in most
of the ionic conductors the NMR data yield much smaller activation
energy than conductivity measurement (see review [26]), except in
some cases, e. g. doped BaF, (fluorite structure), where the NMR re-
laxation and conductivity data are shown to be in good agreement
[27]. 1t is argued that the activation energy from NMR is much
lower because NMR relaxation is sensitive to local single ion hops,
whereas the conductivity probes the long range transport where
the highest barrier may determine the conductivity. But in simple
structures like fluorite lattice, local jumps in the host lattice that
would have significantly lower barrier than those responsible for
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long range diffusion, are hard to imagine—there is just one sort
of possible jumps in this high symmetry crystal. Situation can be
different around dopants, as is demonstrated in this work and in our
previous publication [20].

Spin-lattice relaxation of '70 in oxygen conductors was investi-
gated first by Fuda et al. in yttrium doped ceria [11,12], and later by
Viefhaus et al. in yttrium stabilized zirconia (YSZ) [13]. Fuda et al.
found two activated processes from two maxima. They assigned the
relaxation maximum at T = 600 K to the mechanism of oxygen
jumps via vacancies. The activation energy of the process was deter-
mined as E; = 0.49 eV and, surprisingly, the jumping rate 1/7. was
found to be independent of dopant concentration. This activation
energy is considerably smaller than activation energy of ionic con-
duction, 0.88 eV [6]. For YSZ the difference between the activation
energy from conductivity measurements and that from the NMR
relaxation is even larger. Reported activation energy values for YSZ
from conductivity measurements are between 1.17 and 1.33 eV [28],
about four times higher than the value ~0.3 eV from NMR relaxation
found by Viefhaus et al. [13].

Recently our group has measured 7O relaxation in lanthanum
doped ceria at different lanthanum doping levels, and found two acti-
vated relaxation processes. Only one, giving relaxation maximum at
1070 K, and activation energy of 0.96 eV was obtained for oxygen
vacancy jumps between available oxygen sites. The other, with relax-
ation maximum at 650 K, and activation energy of 0.45 eV had too
short correlation time, and was interpreted as due to ceria lattice
dynamics [15].

There are other methods to study molecular dynamics in crystals
as well. Some time ago Gerhardt et al. [29] investigated scandium
doped ceria with dielectric and acoustic relaxation methods, and
found several relaxation processes in low temperature region. A com-
parison with our results will be presented in discussion.

What are then the activated processes in ionic conductors we see
in spin-lattice relaxation, and how are they connected to the ionic
conduction mechanism? These are the questions motivating us, and
in this work we investigate relaxation processes in weakly scandium
doped ceria, allowing investigation of isolated scandium centers.

Cerium oxide has fluorite structure with cubic symmetry, and both,
cations and anions have cubic neighborhoods in pure ceria. This elimi-
nates quadrupolar coupling, and both dipolar and quadrupolar nuclei
have comparably narrow lines, if introduced to the lattice in low
concentrations. Scandium ion is smaller than other three-valent ions
commonly used for doping, and its solubility in ceria is limited due to
size mismatch [30]. Due to small ion radius, 0.87 A for Sc**, compared
to 097 A for Ce?*, scandium ion neighborhood and dynamics are
expected to be different from cerium ion neighborhood. It is expected
to bind vacancy stronger than larger dopant ions, and provide lower
ion conductivity [31].

Scandium is a good NMR nucleus with high sensitivity and modest
quadrupole coupling, giving two lines in Sc doped ceria: an eight
coordinated scandium and a seven coordinated scandium—oxygen
vacancy complex [17-20].

In previous work [20] we presented a detailed investigation of
oxygen dynamics in 0.5% scandium doped ceria from 60 K to 1073 K
by solid state 4°Sc NMR line shape analysis. We showed that oxygen va-
cancy was strongly attached to the scandium in the seven coordinated
scandium—oxygen vacancy complex, but even at room temperature
the vacancy was moving freely around scandium atom between eight
equivalent sites in a millisecond time scale.

In this work we present the first study of the temperature depen-
dence of the #°Sc spin-lattice relaxation in scandium doped ceria,
allowing detailed study of local dynamics around individual scandium
ions. We demonstrate that four different activated processes are in-
volved in scandium doped ceria in the temperature range from 60 K
to 1073 K, only one being associated with oxygen vacancy jumps.
This vacancy jumping around isolated scandium ion, however, does

not contribute to ionic diffusion. Thus, none of these four processes
could be directly associated with long distance oxygen diffusion in
scandium doped ceria.

Here we investigate the relaxation behavior of the same 0.5% scan-
dium doped ceria material that we investigated in [20], and that
work should be consulted for NMR spectra for which the relaxation
is measured.

2. Experimental

Scandium doped ceria ScyCe; — 4O, — x> with x = 0.005 (0.5%SDC)
was synthesized by citrate route from corresponding nitrates [20,32].
Appropriate amounts of Sc(NOs); and Ce(NOs); aqueous solutions
were added to neutralized oxalic acid solution. After precipitation
the product was washed, dried and subsequently heated to 500 °C.
For relaxation measurements the powders were isostatically pressed
into 5 mm rods with length of 20 mm, and sintered at 1600 °C for
3 h. Part of the powder was calcined at 1600 °C without pressing for
MAS NMR analysis.

455c MAS NMR spectra were recorded on AVANCE-1I-600, in 14.1 T
magnetic field (**Sc resonance frequency 145.8 MHz) using home
built MAS probe and 4 mm zirconia rotors. The spectra were referenced
to resonance frequency of Sc(NOs)s solution in water. Different sample
spinning speeds were used, 7 kHz was adequate for suppressing all
dipolar broadening interactions.

Temperature dependence of *Sc spin-lattice relaxation of the
static 0.5%SDC samples was measured at two magnetic fields 8.5 T
and 4.7 T using saturation recovery pulse sequence. These measure-
ments were carried out on a Bruker AMX 360 spectrometer using
home built high temperature probe and low temperature probe.
The latter was operating in He gas flow cryostat from Janis Research
Company.

3. Results and discussion
3.1. Powder NMR spectra

455¢ MAS NMR spectrum of 0.5%SDC powder is presented on Fig. 1.
We have at room temperature only two narrow lines in SDC, corre-
sponding to isolated 7-coordinated (7-Sc), and 8-coordinated (8-Sc)
Sc centers at 36.1 ppm and —20.7 ppm, respectively.

The ratio of 7-Sc and 8-Sc ions depends on scandium concentra-
tion, defect association and availability of additional centers capable
to bind oxygen vacancies. In the lattice of ceria the cations form a

-20.7
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Fig. 1. ¥*Sc MAS NMR spectrum of 0.5%SDC powder in 14.1 T magnetic field, at room
temperature. The weak lines at 74, 27 and —68 ppm are rotational sidebands of the
8-Sc line.
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fce close packed sublattice, and every cation has 12 nearest neighbor
cations. Therefore, in 0.5%SDC, at random distribution of scandium
ions, only 6% of scandium ions form dimers, where scandium ion
has another scandium ion as the nearest neighbor cation, and the
spectra are dominated by single scandium ion lines. If the vacancies
were distributed randomly in the lattice, the intensity of 7-Sc line
would be only 1%. On the other hand, if there was significant attrac-
tion between scandium ions and vacancies, as suggested by earlier
experiments [17,29] and calculations [8], we would see equal amount
of 7-Sc and 8-Sc sites and a small number of neutral scandium -
scandium dimer - vacancy complexes, as there is one oxygen vacancy
formed per two scandium ions. The ratio of 7-Sc and 8-Sc is not
altered, if the scandium dimer concentration is somewhat higher
than predicted from random distribution of scandium ions, as the
scandium dimer—vacancy complexes are neutral, and we see still
equal amount of 7-Sc and 8-Sc sites. Experimentally, the exact ratio
of 7-Sc to 8-Sc was hard to determine from spectra, as the distribution
of intensity between sidebands was different for these sites. While
MAS spectra gave 7-Sc to 8-Sc ratio 47:53, static spectra gave the
ratio 54:46. Overall, the simple model of strong attraction of vacan-
cies to scandium ions works well, and we rely on it in this work.

Aremarkable feature here is the almost complete lack of rotational
sidebands of 7-Sc-vacancy complex that should be of lower symmetry
than 8-Sc site. The explanation comes from our previous work: At
room temperature the vacancy is freely rotating around scandium
ion, averaging out both quadrupolar and chemical shift anisotropies
[20]. At room temperature almost equal line widths (~3 ppm) for
the resonances of 7-Sc and 8-Sc sites show up in the spectra of static
sample as well.

455c NMR spectra at 100 K, 250 K and 723 K are presented in
Fig. 2. On the high temperature side, around 500 K both lines become

T=723K

T=250K

T=100K

100 80 60 40 20 0 -20 -40 -60 -80

Chemical Shift [ppm]

Fig. 2. Temperature dependence “*Sc NMR spectra of 0.5%SDC static powder in 8.5 T mag-
netic field. Three characteristic spectra from different temperature regions are presented.

broader and at 633 K coalesced into one line in the middle, due to
the fast oxygen vacancy hopping between scandium ions, as oxygen
ions had become mobile in the ceria lattice. Detailed analysis of this
process was given in [19] and in our previous publication [20]. On
the low temperature side, the 7-Sc line first broadens at 218 K, and
then obtains characteristic shape of a powder line due to chemical
shift anisotropy at T < 188 K, with a width of 27 ppm. Below 100 K
we did not detect any further change of the lineshape [20].

3.2. Temperature dependent spin-lattice relaxation

3.2.1. Theory

To make sense of our measured temperature dependencies of
scandium T, relaxation, a short look into the theory of spin-lattice
relaxation is necessary. There are different possible mechanisms for
spin-lattice relaxation in solid lattice [25]. However, for an isolated
quadrupole nucleus, in the absence of electronic magnetism, the
dominating interaction causing relaxation is coupling of the nuclear
quadrupole moment to the electrical field gradient (efg) fluctuations
at the nucleus position. These fluctuations can be induced by thermal
lattice vibrations or by sudden changes of molecular surroundings,
e.g. oxygen vacancy jumps. Specifically, if the spin temperature as-
sumption holds, it is proportional to the spectral density of these fluc-
tuations at Larmor frequency o;:

Ty = AlJ(@y) + 4 (20,)) M

where A measures the quadrupolar coupling strength. This spectral
density is the Fourier transform of the correlation function of the
efg fluctuations

J@o) = [*_G(7) exp(—ie,T)dr. @)

If the fluctuations are due to uncorrelated jumps between different
equivalent configurations in the lattice, e.g. wandering of the vacancy
around scandium ion between 8 equivalent positions, the process can
be described by an exponentially decaying correlation function with
a single correlation time 7, and the spectral density is

2 2TE
14 72

J(@) 3)

where Fy is the amplitude of the fluctuations. In the case for the classi-
cal BPP theory [25] the relaxation rate can be expressed in a form:

Te n 4T,
1+ 0,272 1+40,°1>

;' =cC 4)

where C is a constant characterizing the amplitude of the fluctuations
of the quadrupolar interaction, @, is the Larmor frequency. In the case
of activated process the correlation time 7. of the fluctuations follows
exponential temperature dependence

E
re=Toexp %) 5)

where E, is the activation energy of the process, T is the temperature,
and the pre-exponential factor 7'0’1 is the attempt frequency. In this
case it is straightforward to determine activation energy from the
slope in the Arrhenius plot In(T;') vs 1/T at low temperatures
where ®;°7,2 > 1 or at high temperatures where ©,°7.° < 1.
This relaxation rate depends on magnetic field, as the correlation
time is compared to the Larmor frequency of the transition, and
has maximum at ;7. = 0.7. In case this maximum is measured,
one has a unique possibility to determine absolute value of the corre-
lation time 7. almost model free. However, if the different configura-
tions in the process have different energies, the uncorrelated jump
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assumption breaks down, as the system spends less time in the higher
energy configurations. In the case of double well potential with
inequivalent minima, Blinc [33] has shown that the approach is still
usable with some modifications. If the energies of the configurations
are E; and E,, AE = E, — E;, the spectral density of the fluctuations
can be expressed as

P 27, 4a
T e (1+a)?

J(w) (6)

where a is the ratio of the probabilities for the system to be in these
configurations

a = e LEKT )

and 7. is now the average time between jumps,

1
=Wt Wy =(1+aWy (8)

c

where W;, and W5, are transition probabilities between these con-
figurations. We have here an additional temperature dependence
through configuration occupancy ratio a. The temperature depen-
dence of the correlation time is not strong, it can change only from
2Wi, at AE<KT to Wy, at AE>KT, but J(®) can change significantly
due to exponential temperature dependence of a. This approach does
not imply any detailed information about the potential form, just the
energy difference and the principle of detailed balance at thermody-
namic equilibrium. However, it implicitly assumes equal densities of
states in both potential wells, and this is not so in general. Or, as we
shall see in our case of 8-Sc, we have jumps between high symmetry
equilibrium configuration and several higher energy configurations
of lower symmetry (there cannot be just one higher energy configura-
tion because of the high symmetry of the lattice), we have to modify
the occupancy ratio, and the formula (7) becomes
a= aoefAE/kT. 9)
To have an idea how these considerations modify the analysis
compared to standard BPP theory, we have made some simulations
of relaxation temperature dependencies with different assumptions.
Simulations in Fig. 3 show temperature dependence of the transition
probability for the simple BPP model together with different energy
site model with aqp = 1 and ao = 8.

1E-7 5 Transition probability

1E-8 f
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1E-11 o

1E-12 4

1E-13
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wE—_

1/T (1000/K)

Fig. 3. Simulation of the transition probabilities for nuclear spin based on formulas (6)
to (9).

In fact, in the case of unequal site energies, the exponential tem-
perature dependencies of a and 7. simply add in the low temperature
side where @212 > 1, and the process looks like simple hopping be-
tween similar sites with activation energy E; + AE. This result is not
changed by different number of higher energy sites. The maximum of
the relaxation curve and associated correlation time are, however,
hard to interpret, as we seldom know detailed properties of these
higher energy sites. On the high temperature side the temperature
dependence of relaxation approaches that of the BPP theory, as AE be-
comes insignificant, but this range is experimentally hard to explore.

This situation is quite common in ionic conductivity analysis, as
the different vacancy positions near dopant ion are often of different
energy. The same applies to 8-Sc in our case. We know that the
equilibrium configuration of the scandium ion has cubic symmetry,
and that there is another configuration of lower symmetry at higher
energy, separated by a potential barrier, but we do not know the
energy of that configuration.

At low temperature, where the frequency of the jumps gets low
compared to the Larmor frequency, the lattice phonon related quad-
rupole relaxation mechanism takes over. In a classical work [24]
Kranendonk has shown that the phonon related relaxation is domi-
nated by a two phonon Raman processes, where one phonon is
absorbed and another created, with energy difference equal to spin
transition energy. A Raman process induced relaxation is usually
independent of magnetic field. In the harmonic approximation, the
relaxation rate can be expressed as

@) e
T; 4\?](6"(?_])2@ (10)

where o is the phonon frequency and f(®) is the phonon density, and
A characterizes the coupling of phonons to nuclear quadrupole mo-
ment. If the phonon density at the nucleus site can be approximated
by Debye model, the relaxation rate is proportional to temperature
squared, Ty ! o T? in temperature range above the Debye tempera-
ture. In practice, the behavior is observed in many materials in tem-
perature range above T > 100 K [25].

However, for phonon related relaxation of impurity centers, the
applicability of the Debye model is not obvious. In Debye model the
relaxation is dominated by low frequency acoustical phonons that
all induce comparable but weak efg at nucleus site. The efg at the
impurity nucleus in the lattice, on the other hand, can be dominated
by local phonon modes that distort the neighborhood significantly, as
shown by '*°La relaxation by rattling motion in an oversized cage
[34,35]. If these local phonons have characteristic frequency, w., we
get from Eq. (10)

1 ehm(/m
A (11

(enmc/” 1 ) 2

and for temperatures kT < ho,, Eq. (11) can be approximated by
7' —Be 12)

where B incorporates all temperature independent coupling parame-
ters. This relaxation again looks like an activated process, however, it
does not depend on the magnetic field. The formula (11) is obtained
for a harmonic local vibration, and the exact temperature behavior of
the relaxation depends sensitively on the real potential surface for the
local motion [35]. This potential surface is not known in our case. How-
ever, the low temperature approximation in Eq. (12) depends only on
the existence of the lowest excited level at energy o, and is indepen-
dent of the energy spectrum above this level.
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So the magnetic field independent exponential temperature de-
pendence of T; points to a Raman process induced by a local lattice
vibration.

Measurements in different magnetic fields are important here to
separate between different relaxation mechanisms.

3.2.2. Relaxation

Spin lattice relaxation in quadrupolar nuclei is, in general, multi-
exponential, the exact ratios of different components depend on
both excitation (initially prepared state), and spectral density of the
perturbation that is causing relaxation [36-38]. In the limiting case
of “extreme narrowing”, when the correlation time of the perturba-
tion is much smaller than reciprocal Larmor frequency, or when the
thermal equilibrium between different spin states is maintained
throughout the process, the relaxation is the single exponential, and
1/T, = 2W (T, = 7, where 7 is the correlation time), where W is
the transition probability between spin levels for both single and dou-
ble quantum transitions. However, when the correlation time is not
short, as in the range where activated hopping dominates the process,
single and double quantum transitions have different probabilities,
and some deviations from single exponential relaxation emerge, pro-
ducing faster relaxation components with small amplitude [39,40].

In our case the saturation radio frequency excitation field strength
is 50 kHz. The nutation spectra were independent of the excitation
field between 15 and 60 kHz and show that all transitions in Sc
are excited and detected together. The saturation comb length was
10 ms, and provided even saturation of all transitions. We see small
fast relaxation components in some cases, but their influence to
total relaxation time is smaller than experimental uncertainty [39].
In all our analysis we use single exponential fitting to the saturation
recovery curves.

Spin-lattice relaxation temperature dependence for 7-Sc and 8-Sc
in two different magnetic fields are presented on Fig. 4. Four different
relaxation processes can be separated, two for both centers. None of
these processes could be directly associated with oxygen vacancy
hopping processes, responsible for ion conductivity in scandium
doped ceria, as the activation energy for ion conduction in scandium
doped ceria is over 1 eV [19], three times higher than our highest ac-
tivation energy. This is the sum of vacancy hopping barrier in pure
ceria and vacancy binding energy to scandium ion, we know that
vacancy is dominantly bound to scandium ion even at 800 °C [20].
This high barrier hopping, however, does not dominate scandium
relaxation in the measured temperature range.

7-Sc has a low temperature relaxation process that does not depend
on magnetic field, and a high temperature relaxation process that has

87.4MHz:
100 = 1/T\[7-S¢]
® I/Ti[8-Sc]
10 48.6MHz:
- o 1/T)[7-Se]
= 1 o I/T)[8-Sc]
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Fig. 4. *°Sc spin-lattice relaxation rate 1/T; for 7-Sc and 8-Sc centers in two different
resonance fields over temperature range from 60 to 1073 K. Three temperatures are
indicated, for which spectra are presented on Fig. 2. Continuous lines correspond to
fits with indicated parameters.

characteristic magnetic field dependence of the activated hopping.
Moreover, the high temperature relaxation has a maximum at 430 K
in the 8.5 T magnetic field, and all parameters of the process can
be determined: Activation energy E, = 0.37 eV, attempt frequency
71 =63 % 10'? 5™, and squared amplitude of quadrupolar fluctua-
tions C = 2 x 10" s=2, We identify the high temperature process
with the activated jumping of the oxygen vacancy around scandium
ion, as the correlation time for this process at 220 K, determined from
relaxation, fits well with the correlation time determined from the
line broadening process, 70 ps. The low temperature relaxation has
exponential temperature dependence as well, but the magnetic field
independence points to the Raman process. We interpret this as a relax-
ation induced by a low symmetry local mode, the low activation energy
0f 0.026 eV (208 cm™') is plausible for this kind of movement.

The biggest uncertainties in the measured parameters come from
the models used: simple activated hopping with one attempt fre-
quency and fixed amplitude of efg fluctuation for high temperature
processes, and a single frequency Raman process for the low temper-
ature relaxation. Still, we believe that the high temperature apparent
activation energies could be determined to better the 5% accuracy, how-
ever the characteristic frequency for the low temperature Raman pro-
cess is only indicative of a distribution of Raman active local phonons,
and can be used to assess the rigidity of the surroundings of dopant
ions, 7-Sc and 8-Sc in our case.

8-Sc relaxation shows again two processes, one field independent
at low temperature and one field dependent at higher temperature. At
600 K 8-Sc and 7-Sc coalesce due to vacancy movement in the lattice,
and no separate relaxation process can be assigned to the centers.

These two processes have different activation energies and ampli-
tudes from 7-Sc processes, and have to be treated as specific 8-Sc
processes. The structure of the eight-coordinated scandium in the
ceria lattice has been under discussion for a long time. It has been
argued, based on anelastic and dielectric relaxation measurements,
that 8-Sc cage in ceria should be lower than cubic symmetry [29],
and low temperature relaxation mode corresponds to movement be-
tween different low symmetry configurations. Later calculations [41]
tentatively supported this conclusion, but the result depended sensi-
tively on the polarization parameters of scandium ion, and these were
not known. In our previous publication [20] we showed that equilib-
rium structure of the 8-Sc has the symmetry of the undisturbed lattice
that can be seen in Fig. 2 as well: the 8-Sc line stays narrow down to
the lowest temperature.

The low temperature process involves vibration with a character-
istic energy of 0.020 eV (160 cm™"'), even lower than 7-Sc. At the
lowest temperature 8-Sc relaxes almost ten times faster than 7-Sc.
The softness of this mode might explain the stronger chemical shift
temperature dependence of 8-Sc than 7-Sc [20], since the oversized
cage of 8-Sc is very flexible.

The high temperature process is an activated process with apparent
activation energy of 0.28 eV, but this process has lower amplitude than
vacancy rotation in 7-Sc. However, it is not hopping between equivalent
sites. We know that the lowest energy position is of cubic symmetry, so
the other (metastable) potential wells must be of higher energy. There
are at least four of these potential wells, but could be more, depending
on the exact symmetry breaking. Our analysis in the previous section
shows that in this case the apparent activation energy is not the barrier
height from the lowest energy position. Both amplitude and apparent
activation energy of the process depend on the energy of the other
site involved in the jumping. In our case the apparent exponential acti-
vation energy that is the sum of the barrier height and energy difference
between potential wells that we do not know, and shows the upper
limit to the barrier height.

Both these observations indicate that 8-Sc has complicated poten-
tial surface. The low temperature process shows that there are low
frequency modes significantly distorting the symmetry of the 8-Sc
cage, and the high temperature process can be explained only if we
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assume a lower symmetry metastable configuration, separated by
less than 0.28 eV barrier from symmetrical equilibrium configuration.

The processes seen in dielectric and inelastic relaxation study of
Gerhardt et al. [29] agree with our high temperature processes:
Their low temperature process with 0.23 eV activation energy corre-
sponds to our 0.28 eV process in 8-Sc, and their high temperature A
process with activation energy of 0.41 eV corresponds to vacancy
rotation in 7-Sc, for what we measured the activation energy of
0.37 eV. However, the activation energies in dielectric relaxation
and NMR were measured at different temperatures. In dielectric re-
laxation the activation energies were determined around 125 K and
230 K for 8-Sc and 7-Sc respectively, where the characteristic fre-
quency of the processes was between 1 and 5 kHz. In our case the re-
laxation was measured between 250 K and 550 K, and we believe this
is the reason for the somewhat different activation energies obtained.

4. Conclusions

Scandium spin-lattice relaxation temperature dependence in ceria
matrix revealed four separate processes, two for 8-coordinated scan-
dium and two for 7-coordinated scandium. However, none of these
processes could be associated with oxygen vacancy hopping processes
responsible for long-range ion conductivity in scandium doped ceria.

We have established that for 7-Sc, the high temperature process
was an activated vacancy hopping around the scandium ion with
activation energy 0.37 eV and the low temperature process was a
Raman process involving local vibrations with characteristic energy
26 meV (208 cm™1).

For 8-Sc, the high temperature process is an activated hopping be-
tween potential wells with different energy minima with apparent
activation energy of 0.28 eV. This cannot be a vacancy related process,
as there are no vacancies around. This can be, however, a switching
between different metastable local potential minima of the unstable
8-Sc cage. We have shown that in this case the apparent activation
energy of the process does not correspond to barrier height for hop-
ping, but to barrier height plus energy difference between minima
of corresponding potential wells. The low energy process is again a
Raman process involving local vibrations with even lower character-
istic energy 20 meV (160 cm™'). This shows that the 8-coordinated
scandium cage in ceria has very complicated potential surface with
multiple minima due to small size of the scandium ion.
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ABSTRACT

Oxygen vacancy exchange between Scions in 0.5% Sc-doped ceria Sco 0osC€0.99500.9975 is investigated by means of
2D exchange spectroscopy (EXSY). #*Sc NMR spectrum of Sc-doped ceria contains two peaks—one corresponding
to Sc ions coupled with an oxygen vacancy (Sc-7), and the other corresponding to Sc ions in a regular lattice
site surrounded by eight oxygen ions (Sc-8). The vacancy exchange between these two Sc sites generates the
cross-peaks in the EXSY spectrum. Relative amplitudes of the cross-peaks provide direct values of the exchange
frequency at a given temperature. Arrhenius analysis of the exchange frequency gives the activation energy
E, = 1.18 eV for the vacancy hopping between Sc sites. Most of this energy barrier is due to association energy
which binds the vacancy to Sc*. Large dopant-vacancy association energy in Sc doped ceria is demonstrated by
455 NMR spectrum of La/Sc doubly doped sample, Sc,La,Ce; — 2,0, — », X = 0.005, where the only line of Sc-7
site shows that all vacancies are bound by Sc** ions.

EXSY

1. Introduction

Doped ceria is an oxygen ion conductor which can be used in various
applications, e.g. as a three-way catalyst in exhaust systems of car en-
gines [1,2], in fluorescent screens [3,4], in gas sensors [5,6], and in solid
oxide fuel cells (SOFC) [7-9]. To use ceria as an ionic conductor, e.g. in
SOFC as an electrolyte, ceria is doped with aliovalent ions in order to
introduce oxygen vacancies which become mobile and cause ionic
conductivity at high temperatures. The most suitable dopants for this
purpose are trivalent ions Gd>* and Sm>*. The reason for being the
best dopants was proposed [8] that Gd®> ™ and Sm>™ fit into the ceria
lattice without causing considerable lattice distortions. Optimal concen-
tration for dopants is 10-20%.

Ionic conductivity (o) is determined by the activation energy E, for
the vacancy diffusion and the temperature T:

Eﬂ
UT:ooexp(fm) (1)

where 0y is a pre-exponential factor and kg is the Boltzmann constant.
In commonly accepted description of doped ceria [8,10-14] the vacan-
cies are bound to the dopant ions forming stable associates with a
certain binding- or association energy E. This is the energy which pre-
vents the vacancies from being mobile. Therefore the activation energy
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is the sum of two contributions: E; = Egss + Epui, Where Epyy is the
migration barrier for vacancy diffusion in the lattice of pure ceria. By
definition Ej, is dopant independent, thus the association energy is a
key parameter to account the different ionic conductivities for different
dopants.

A number of first-principles computational studies have recently
been successfully applied to calculate the association energies and mi-
gration barriers in doped ceria [15-20]. The calculations show that in
case of small trivalent dopants, smaller than Gd*>* ions [15,16], the ox-
ygen vacancies occupy the nearest neighbor (NN) position, whereas in
case of large dopants the vacancy occupies the next nearest neighbor
(NNN) position. These calculations also provide energy barriers for
vacancy migration in doped ceria and give a valuable hint for getting
highest ionic conductivity in ceria [19]: the dopant must be large
enough to avoid strong trapping of the vacancy in NN sites yet small
enough to have easily surmountable migration barriers. The highest
association energy Eqss = 0.43 eV was calculated for the NN vacancy at
Sc3* dopants [16].

There are not too many experimental techniques to study the mech-
anisms of the vacancy diffusion in atomic level. The main techniques
used to study oxygen migration in doped ceria are based on the ac
impedance analysis of the electrical conductivity [7,13]. The other tech-
niques are dielectric relaxation measurements [21] and nuclear mag-
netic resonance (NMR). NMR has proved to be a very useful technique
for studies of the local structure and dynamics in doped ceria [22-33].
In their pioneering work Fuda et al. [22,23] studied the temperature
dependence of 70 spin lattice relaxation in yttrium doped ceria (YDC).



50 R. Pader et al. / Solid State Ionics 267 (2014) 49-53

At low doping level the relaxation vs temperature curve showed two
characteristic maxima which were ascribed to two different relaxation
processes. The relaxation process at low temperature (T < 600 K) was
ascribed to vacancy hopping in pure ceria with activation energy of
E, = 0.49 eV. The relaxation process at higher temperatures was not
assigned.

We found lately similar relaxation behavior of '70 in La** doped
ceria (LDC) [29]. In samples of low doping level we saw at temperatures
T <600 K the oxygen hopping with an activation energy of E; = 0.45 eV.
At higher temperature the relaxation process was described by the
activation energy E,=0.96 eV. The latter process was attributed to
the vacancy diffusion through the lattice while the origin of the low
temperature relaxation process was unclear at that time.

An interesting NMR work has been done on Sc3* doped ceria (ScDC)
[27-31,33]. There is one oxygen vacancy for every two Sc®>* dopant
ions, thus half of the Sc dopants are coupled with a vacancy (7-Sc),
and the other half have a regular surrounding of eight oxygen ions
(8-Sc). Accordingly, there are two “>Sc NMR lines in the spectrum of
SDC—one corresponding to 7-Sc, and the other one corresponding to
8-Sc [26]. The analysis of the temperature dependence of the line
shape in 5% Sc doped ceria [28] yielded the activation energy for ionic
diffusion E, = 1.19 eV in good agreement with the conductivity
measurements. Recently we studied #°Sc NMR spectrum and spin-lattice
relaxation of *°Sc in ScDC in a wide temperature region [30,31]. We
discovered that the vacancy associated to the 7-Sc site starts hopping
around the Sc ion already at low temperature, at T > 210 K. The
relaxation measurements gave an activation energy for that motion
E, = 0.37 eV. In a very recent paper by Sen et al. this finding was
perfectly confirmed. In the light of this finding, we believe that the
low temperature relaxation of 70 in YDC [22] and in LDC [29] is caused
by the vacancy hopping around the dopant ion.

In this paper we present the activation energy measurements of the
vacancy diffusion in 0.5% ScDC using exchange NMR spectroscopy
(EXSY) [34,35]. As vacancies move between Sc ions, an exchange pro-
cess takes place: when the vacancy leaves the site of 7-Sc, it becomes
8-Sc site and vice versa: when the vacancy reaches 8-Sc, it becomes
7-Sc. EXSY is a robust and straightforward tool for investigating such
ionic exchange and has been successfully used e.g. in Li ion conductors
[36,37]. In addition, using NMR spectrum of Lag 0055€0.005C€0.9901.995
doubly doped sample we will show that the association energy of the
vacancy to Sc®* is much larger than the energy which associates the
vacancy to La*>* ions.

2. Experimental

The samples of scandium doped ceria ScyCe; — xO3 — /2, X = 0.005
and doubly doped Scy LayCe; — 540, — &, X = 0.005, are synthesized
by citrate route from corresponding nitrate as described previously
[29-31] (in the following we will use notations 0.5%ScDC, and
0.5%Sc0.5%LDC). Appropriate amounts of ScNO3, La(NOs); and
Ce(NOs3)3 aqueous solutions were added to neutralized oxalic acid solu-
tion. After precipitation the product was washed, dried and subsequent-
ly heated to 500 °C. For temperature dependent measurements the
powder was isostatically pressed into a 5 mm rod with length of
20 mm, and sintered at 1600 °C for 3 h. The sample of 0.5%ScDC was
used in our previous study [30,31].

455¢ 2D exchange spectra of static 0.5%SDC sample were measured
in 8.5T magnetic field (*°Sc resonance frequency 87.4 MHz) using
home built high temperature probe and Bruker AVANCE-II-360
spectrometer.

High resolution “>Sc MAS NMR spectra were recorded in 14.1T
magnetic field (*°Sc resonance frequency 145.8 MHz) using Bruker
AVANCE-II-600 spectrometer and home built MAS NMR probe for
4 mm zirconia rotors. The chemical shift is referenced to the resonance
frequency of Sc(NOs)3 0.06 M solution in D,0.

3. Results
3.1.%°Sc EXSY spectra and the vacancy exchange frequency

2D spectra of 0.5%ScDC were measured at temperatures of 240 °C,
260 °C, 280 °C and 295 °C. At these temperatures the lines of 7-Sc and
8-Sc were distinguishable and the vacancy exchange rate between
them was slow enough to study the properties of vacancy exchange
dynamics by 2D EXSY experiments. The pulse sequence for EXSY spectra
was a standard sequence {p;—t;—p>-Tmix—p3-acqusition}, where p;, p>
and p3 are 90° pulses of appropriate phases, t; is an evolution (labeling)
time, a delay incremented for indirect dimension (F1), and 7, is a
mixing time for exchange process. The mixing time was varied from
0.3 ms to 5 ms, the number of slices in the indirect dimension was 256.

The EXSY spectra at 1 ms mixing time at given temperatures are
shown in Fig. 1. The peaks on the diagonal at 42 ppm and —8 ppm
belong to 7-Sc and 8-Sc sites, respectively. The cross-peaks appear
after the mixing time when the ionic exchange has taken place. Relative
amplitudes of the cross-peaks grow with growing mixing time. At short
mixing time the amplitude of the cross peaks grow with rising tem-
perature, as can be seen in Fig. 1. In 2D EXSY spectra the peak corre-
sponding to 7-Sc sites is much smaller than 8-Sc peak. In ordinary 1D
spectrum of the same sample the peaks have almost equal intensities
(see Ref. [30]). The reason for such difference is that transverse relaxa-
tion time T> for 7-Sc site is much shorter than that for 8-Sc site: at 240 °C
T> = 0.33 ms and 0.59 ms for 7-Sc and 8-Sc, respectively. Short T, causes
considerable loss of the intensity during the evolution period t; of the
experiment. It should not affect the exchange rate value since the latter
is determined by modulation of z-component of the magnetization dur-
ing the mixing time, 7,,;,, where its decay is determined by longitudinal
relaxation T; in both sites.

Relative amplitudes of the cross-peaks can be evaluated as [35]:

1—exp(—RcTpy;
as i) = Fa (i) =+ PR, @)

where T,; is the mixing time and R is the so called cross rate constant.
At long mixing times, RcTmix > > 1, the cross peak amplitude approaches
Y. In the simplest case the cross rate constant gives directly the
exchange frequency k, Rc = 2k. In case of fast and different T; relaxation
at sites A and B the cross rate constant is evaluated as follows [35]:

1/1 1\2
— 24 (-
RC72VI< +4(TM T]B> ' @)

where T4 and T;p are the spin-lattice relaxation times for the sites A
and B, respectively.

In Fig. 2 the cross-peak intensities are plotted as a function of mixing
time. The intensities in Fig. 2 are given as an average of the two cross
peaks. The cross relaxation rate R. was obtained by fitting the peak in-
tensities by usual three parameter exponential function I(Tx) = A +
B exp(—RcTmix), where the parameters A and B take into account
uncertainties of the background integration of the 2D spectrum.

From the fittings we obtain the cross rate constant Rc and calculate
the exchange rate k using Eq. (3) and previously measured T; values
[31] as given in Table 1.

Despite of the fast and different relaxation rate at 7-Sc and 8-Sc sites,
one can see that k = R¢/2 and corrections due to different relaxation
times are irrelevant, except the case of 240 C.

Activation energy of the exchange rate E4 can be evaluated from the
Arrhenius equation:

k(T) = ko exp(ZBET“) (4)
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Fig. 1. #>Sc NMR 2D EXSY spectra at temperatures between 240 °C and 295 °C, recorded with 7,,; = 1 ms. The spectra are obtained by 256 slices in F1 dimension, each 128 accumulations,

relaxation delay is 0.2 s.

where ky is the pre-exponential factor, an attempt frequency, and kg is the
Boltzmann constant. The Arrhenius plot in Fig. 3 reveals activation ener-
gy of the exchange process E, = 1.18 4 0.10 eV and ko = 5 x 1013571,

The activation energy obtained in this work is in a good agreement
with the results of Avila-Paredes et al. [28] E, = 1.19 eV for 5%ScDC
and with the very recent value E, = 1.2 eV [33] for 0.5%ScDC from the
fittings to the temperature dependence of the “>Sc NMR line shapes.
For comparison we added to the plot an exchange rate given in ref.
[30] from the analysis of the spectrum at 633 K.
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Fig. 2. Relative intensity of the cross-peaks as a function of mixing time. The curves present
computer fit to the data by three parameter exponential function.

3.2. Vacancy association in Sc-doped ceria

The energy of vacancy association with Sc>* ions in doped ceria can
be compared with the association energy to the other dopants using
NMR spectra of “°Sc in doubly doped ceria. Fig. 4a shows the spectrum
of La** and Sc3* co-doped sample 0.5%La0.5%ScDC where only the
line corresponding to the 7-Sc sites is present. The spectrum tells
unambiguously that due to the higher association energy of Sc>+ all
the vacancies induced by La®>* and Sc®* in ceria lattice are associated
with Sc ions. The spectrum of Sc*>* and Nb®>* co-doped sample
0.5%Nb0.5%ScDC sample (Fig. 4b) shows the case where only the line
corresponding to 8-Sc sites is present. This means that no vacancies
are present in donor and acceptor equally co-doped ceria. Similar
spectrum is obtained for nano-sized (grain size ~25 nm) powder of
0.5%ScDC (Fig. 4c). Here the line of 7-Sc sites is missing because the
vacancies are bound at the surface of the grains. After sintering of
the same sample (3 h at 1300 °C) the spectrum becomes “normal”
(Fig. 4d) showing two lines with nearly equal intensities.

Table 1
Experimental values of the cross rate constant R/2, spin-lattice relaxation times (from Ref
31) and calculated exchange frequency at studied temperatures.

Temperature Rc/2 T1a (7-Sc) T (8-Sc) k

[c] [s7'] [ms] [ms] [s7']
240 148 6.6 18.5 140
260 365 9.7 135 365
280 726 14.2 16.7 726
295 2097 18.5 247 2097
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Fig. 3. Temperature dependence of the vacancy exchange rate k. The blue circle corre-
sponds to the exchange rate at 633 K given in ref [30] by analysis of the spectrum where
7-Sc and 8-Sc lines become a single motionally averaged line. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
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4. Discussion

Microscopic model of vacancy hopping in doped ceria involves quite
many energy barriers [14-20]. From conductivity measurements only

8-Sc
7-Sc
ScDC *
sintered d
SCDC r T *I T T T T T T 1
W T T T T T T T T 1
NbScDC J b

60 50 40 30 20 10 O -10 -20 -30 -40
Chemical Shift [ppm]

Fig. 4. **Sc MAS-NMR spectra of a) La®>* and Sc>* co-doped sample 0.5%La0.5%ScDC,
b) Nb°* and Sc** co-doped sample 0.5%Nb0.5%ScDC, c) 0.5%ScDC nano-powder (grain
size 25 nm) as grown at 500 °C, d) 0.5%ScDC sample sintered at 1300C. The asterisks
denote spinning sidebands.

global activation energy for vacancy diffusion can be evaluated. The
NMR experiments can provide the values of several hopping barriers if
the fluctuation process causing nuclear relaxation is assigned correctly.
So far the relaxation can be interpreted almost unambiguously at low
doping levels only. At higher doping levels distribution of the activation
barriers gives the temperature dependence of the nuclear relaxation
which is difficult to interpret [23,29]. In Table 2 we have collected the
vacancy hopping parameters in doped ceria obtained by NMR experi-
ments. Here we have adopted the notations for the hopping pathways
from Dholabhai et al. [17], where E(;_1, denotes the energy barrier for
vacancy hopping between NN sites to the dopant, E(,_») is that between
NNN sites and E, is the activation energy for global diffusion, from one
dopant to another. We strongly believe that in LDC the low temperature
relaxation of '”0 is caused by the vacancy hopping between the NNN
sites to the dopant. The main arguments for that are i) the NMR spec-
trum of '*°La in LDC shows only one line [38] and ii) all the DFT calcula-
tions show that the vacancy in LDC occupies the NNN site to La*>* ion.

Vacancy association energy for ScDC can be obtained as Eqss = E; —
Epui- Unfortunately, experimental determination of Ep,y is difficult.
It might be close to the E(;_1) value for YDC or E(,_,) value for LDC, hop-
ping between the sites not much different from the pure lattice. Using
the latest calculated value for Ep,, = 0.47 eV [18] (almost identical
value Ep,x = 0.482 eV was obtained previously by Nakayama and
Martin [16]), one obtains E,s; = 0.71 eV for ScDC, and Eqs = 0.45 eV
for LDC. Such difference of the vacancy association energies for Sc*
and La>* dopants imply that at 300 K the probability to find vacancy
at Sc* is ~10* times higher than that at La>*. Indeed, “°Sc NMR
spectrum in Fig. 4a of co-doped compound Lag 0055€0.005C€0.0101.995,
where one vacancy is introduced per one La and one Sc ion shows
that all vacancies are bound by Sc ions.

45S¢ MAS NMR spectrum in Fig. 4c of nano-sized (grain diameter
~25nm) ScDC powder shows that in this compound only the line corre-
sponding to Sc-8 is present, consequently no vacancy is at Sc>* ions
since all the vacancies are bound by the surface of the grains. Thus, the
energy which binds the vacancies to the surface is even larger than
that binding the vacancy to Sc>*. This experimental finding confirms
earlier observation by Kim et al. [26] that oxygen vacancies in the
surface region of ScDC are nearly immobile even at high temperatures.
Here we have to point out a controversy between the spectrum in
Fig. 4c and the spectra given in Ref 26 (Fig. 2): the spectrum in Fig. 4c
shows only the line corresponding to Sc-8 sites, whereas the spectra
of nano-sized ScDC in Ref [26] clearly show Sc-7 sites. We believe that
the main reason of such different spectra is a different Sc concentration
of the samples in Ref [26] (5%) compared to samples in this work (0.5%).
We have noticed earlier [30] that in spectra of the ScDC samples with
higher Sc concentration two new lines appear in the spectrum. One is
belonging to Sc,05 clusters and the other line, a broad shoulder next
to regular Sc-7 line, we assigned to a cluster where two Sc ions bind
one vacancy. The vacancy in such cluster is immobile and does not
contribute to ionic conductivity.

5. Conclusions
Oxygen vacancy exchange between Sc dopants in Sc-doped ceria is

investigated with 2D NMR (EXSY). Normalized cross-peak intensities
are plotted as a function on mixing time, the exchange rates at different

Table 2
Energy barriers for vacancy hopping in doped ceria from NMR experiments.
ScDC LDC YDC
E, 1.18 eV [This work] 0.92 eV [29]
1.19 eV [28]
12 eV[33]
Eq-1y 0.37 eV [31] 0.49 eV [22]
Theory: 032 eV [16] 0.85 eV [16] 0.53 eV [16]
Ep-2) 0.45 eV [29]
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temperatures are found, and the activation energy of the process is
determined through the Arrhenius analysis. The activation energy of
the oxygen vacancy exchange process in Sc-doped ceria is found to be
1.18 +/—0.10 eV. The association energy binding the vacancy to Sc3*
ions at the NN site was estimated to be 0.71 eV. It is considerably higher
than 0.43 eV as predicted by DFT calculations [16]. We have shown that
in co-doped sample 0.5%Sc0.5%LaDC the association energy binding the
vacancy to Sc3* is much larger than that which binds vacancy to La®*.
In nano-powder of ScDC all the vacancies are located at the surface of
the grains.
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