NORTHWESTERN UNIVERSITY

Charge Transport across Single Grain Boundaries in Oxide Electrolytes

A DISSERTATION

SUBMITTED TO THE GRADUATE SCHOOL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

for the degree

DOCTOR OF PHILOSOPHY

Field of Applied Physics

By

Xin Xu

EVANSTON, ILLINOIS

September 2019



© Copyright by Xin Xu 2019

All Rights Reserved



Abstract

Transport along and across the grain boundaries of solid-state electrolytes has implications

for a broad range of materials and in an equally broad range of technologies. Over the past 2-3
decades, a substantial body of literature has been developed to explain grain boundary transport
properties within the context of space charge theory. This theory holds that the grain boundaries
in ionic materials are inherently charged due to the difference in energetics between creating point
defects in the bulk and at their interface surfaces. While generally effective at predicting material
properties, two aspects of this approach have remained unsatisfactory. The first is the assumption
that every grain boundary is approximately the same, with the same level of grain boundary charge
imbalance (which generates a space charge potential of given magnitude), and the second is the
difficulty in fundamentally predicting why a charge imbalance occurs. In this study we employ
electron holography to study several individual/isolated grain boundaries in lightly doped, high-
purity ceria. We find a remarkable variation in the electric field perturbation from one grain
boundary to the next, suggesting orders of magnitude differences in the transport properties.

Similarly, 3 orders of difference are observed in grain boundary conductivity by impedance

measurement on single grain boundaries in ceria fibers. Using atom probe tomography (APT) and
secondary ion mass spectroscopy, we are able to identify the chemical nature of essentially every
atom in the grain boundary region. Here we find that trace impurities, < 25 ppm Si and Al, are
concentrated at the grain boundary core, and are the apparent cause of the interfacial charge. These
tetra and trivalent species, located within interstitial sites, generate a positive charge at the interface
that is balanced by a depletion of oxygen vacancies in the neighboring space charge zone, in a

manner analogous to conventional space charge theory. The APT studies further reveal that the



4
dopant element, Sm, is enhanced in the grain boundaries, which has the effect of screening the
impurity charge. Our definitive demonstration of the origins of the space charge effect in ceria
provides clear guidance on how to tune interfacial charge transport at will. Our work further
clarifies why introduction of alkaline earth dopants or simply increasing the concentration of
conventional rare earth element dopants so dramatically increases the grain boundary ionic

conductivity.
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1 Introduction

1.1 Motivation

In many ionic conductors charge transport across and along internal interfaces dominates
the overall properties. Such boundaries may serve as high conductivity pathways or, as is often
observed, as high impedance barriers.! Because the activation energy for transport across grain
boundaries is often large, the impact of such boundaries are pronounced at ambient temperatures,
a factor frustrating efforts to develop all solid state batteries and intermediate temperature solid
oxide fuel cells. Several causes for high ionic impedance at grain boundaries have been discussed.
For the particular case of oxygen ion conductors, these include (i) the presence of blocking
impurity phases, in particular siliceous material that wets the entire grain boundary,? (ii)
constriction effects,® (iii) dopant segregation,*® and (iv) excess positive charge at the grain
boundary core, balanced by a negative space charge region in the near vicinity of the grain
boundary, in which positively charged ionic carriers, i.e. oxygen vacancies, are depleted.®?®
Although these phenomena do not necessarily occur in isolation (for example, dopant segregation
may lead to interfacial charge imbalance,® or impurity phases may constrict grain-to-grain
contact),® space charge effects have come to be accepted as the primary cause of high grain

boundary impedance in high-purity electrolytes.0-12

However, the vast majority of studies aimed at uncovering the origin of grain boundary
behavior have relied on macroscopic measurements that yield ensemble-averaged properties.
Thus, the questions of how the properties of individual grain boundaries contribute to the global
average, and indeed how wide a range of properties occur within a single polycrystalline sample

remain unanswered. Recognition of this gap in understanding has driven efforts to study the
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electrochemistry of individual grain boundaries,*>** with recent efforts directed at measuring even
anion concentrations,®® from which charge imbalance has been inferred. Nevertheless, direct
evidence of electrical perturbations at the grain boundaries of ionic conductors, much less the
variability of such perturbations within the macroscopic average, has rarely been presented. In this
work, we study electrical properties, chemical composition and misorientation of single grain
boundaries to address this need, focusing in particular on ceria, a material of widespread interest

to the materials community.6
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1.2 Oxide Electrolytes
Oxide electrolytes are mixed conductors with predominate ionic conductivity and minor
electronic conductivity. The study on mixed conductors can date back to the year of 1834 when
Michael Faraday discovered high electrical conductivity of PbF at high temperatures.*® The initial
studies on oxygen ion conducting materials were from Nernst in 1899 who observed high ionic
conductivity in doped zirconia due to the fast transport of oxide ions.!® Nowadays, many mixed
conductors have been studied under a wide range of temperatures and atmospheres for various

applications.

Cerium oxide (ceria), as a leading mixed conductor, has been investigated extensively for

application in a range of energy technologies due to: (1) its easy nonstoichiometric change
allowing for oxygen deficiency even without acceptor doping, OF \:\%Oz +V5 +2¢', and (2) a

large oxygen vacancy concentration resulting from heavily acceptor doping, e.g.

Sm,0, —*%—2Sm/, +30} +V; . The defect reactions are described by the Kréger-Vink notation.

The energy technologies related to ceria include oxygen storage materials for solar
thermochemical dissociation of water and carbon dioxide to fuels®®-?2, and more importantly, as in
fuel cells where they can serve as electrolyte and composite of electrode material due to fast

oxygen-ion conduction®*’.

Before ceria-based electrolyte gained interest as an electrolyte for the solid oxide fuel cell,
yttria-stabilized zirconia (YSZ) had long been recognized as the most reliable candidate due to its
high phase stability and satisfying conductivity at high operating temperature 900 <C. But when

the fuel cell system reaches this high of a temperature, it becomes unstable. Some sources of the
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instability include the solid electrolyte/electrode and the electrode/interconnector interfaces.
Continuously working under high temperature environment would speed up the degradation
process, giving poor stability of the fuel cell. Besides, in order to keep elevated operating
temperature, additional thermal energy has to be supplied to the fuel cell system increasing the
energy costs. Therefore, many studies have been performed to seek for alternative materials as an

electrolyte for reduced temperature solid oxide fuel cells.

Doped ceria has long been studied for the electrical conductivity since the 1970s. In 1975,
Tuller and Nowick determined the electrolytic domain of divalent and trivalent doped ceria?®. The
result indicated that doped ceria may become an attractive candidate for the fuel cells at
temperatures below those at which doped zirconia is used due to higher conductivity, lower
activation energy and absence of polarization effects to lower temperatures. Recently, ceria based
electrolyte has been selected for study because of increasingly interest in this material as an
electrolyte for reduced temperature solid oxide fuel cells, which can decrease the traditional
operating temperature from 800-1000 <T to 500-800 <C. Ceria-based electrolyte such as
samarium-doped ceria (SDC) and gadolinia-doped ceria (GDC) exhibit higher conductivity than
YSZ at intermediate temperature. Specifically, electrical conductivity of GDC is about one order
of magnitude larger than that of YSZ with about 0.1S/cm at 800<C?*. Fuel cell operation at this
reduced temperature regime has the potential for substantially lowering the auxiliary component

costs and increasing the thermochemical stability of the system.
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1.3 Grain Boundary Transport Theory in Oxide Electrolytes
Resistive grain boundary in undoped and acceptor doped ceria has been observed dating
back to 1980.2° The same grain boundary effect was also observed earlier in stabilized zirconia 26~
28 which was associated with the blocking impurity phases, in particular siliceous materials. The
impurities in the vicinity of grain boundaries heavily reduced ionic conduction. It was found in
acceptor doped ceria when nearly silicon-free starting materials were used, the grain boundary
resistivity was greatly reduced.?® However, when further study was performed on electrical
conductivity in nanocrystalline ceria, the observed electronic conductivity was significantly
enhanced despite the grain boundary number density increased.3*32 It was realized that blocking
impurity phases was not able to explain all the experimental results. Then space charge effects

have gradually come to be accepted as the primary cause of high grain boundary impedance.

In the space charge theory, a charged grain boundary core is balanced by a space charge
region with the opposite charge in the near vicinity of the grain boundary, in which the carriers
that has the same charge as with the core are depleted. In acceptor doped ceria, the grain boundary
core has excess positive charge which repels positive oxygen vacancies in the space charge region.
The region with depleted oxygen vacancies gives low ionic conductivity through grain boundaries.
In contrast, the positive grain boundary core will cause negative electronic defects enriched in the
space charge region, which explains well the greatly enhanced electronic conductivity in

nanocrystalline ceria when the grain size is comparable or even smaller than space charge region.

In the space charge region, the concentration profile is governed by the constancy of the

electrochemical potential, which is #;(X) = g, () with x in the space charge region and o
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representing the bulk, where u; = 1 +z,ep with g as chemical potential of species i, Z; as charge

state, e as the elementary charge and ¢ as electric potential. With the dilute limit/ideal solution

and one-dimensional model, the concentration profile of species i dependence of x can be
determined by:

% = exp(—%A(p(x)j (1.1)

where C.(X) is concentration of species i in the space charge region, C;() is the concentration in
the bulk region ( far away from grain boundary core), k is Boltzmann’s constant, T is temperature,

and Agp(x) isthe electric potential relative to the bulk. Based on Poisson’s equation Vip= -£ ,

&8,

the electric space charge potential can be determined to be:

— Ap(x) =—-
ox? () E.&

PR Z z;eC; () (
exp

—%Agp(x)j (1.2)

where ¢ is relative dielectric constant, & is vacuum permittivity, p is the total charge

concentration.

To get the analytical solution of Poisson’s equation, the knowledge of species
concentration and boundary conditions are required. Two primary models, Gouy-Chapman Model
and Mott-Schottky Model are used to describe profiles of space charge potential and carrier
concentration distribution. The two models have slightly different assumptions to obtain analytical

solutions of the Eq. (1.2).
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1.3.1 Gouy-Chapman Model
The Gouy-Chapman Model was first proposed for study on the thermal motion of ions near
a charged surface.3*** In this model, there is a diffuse double layer consisting of charges in a
dielectric continuum in response to the electric field built by charged surface, which is described
by Poisson’s differential equation. This model is used to explain the space charge effect in

polycrystalline solid state materials.®11123536

In the Gouy-Chapman Model as shown in Figure 1.1, concentration profiles of all charged
carriers follow from Eq. (1.1). Even though doped cations are difficult to move at intermediate
temperature, the concentration profiles are formed at high sintering temperature and stay

unchanged at lower temperature (assuming space charge potential constant).

cation excess at grain boundary core

(a) 1 (b) GB core

3 Me, Ay
: |
i 7 Ca
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/$\ ) Aps o X
+ - Phuik A .

—— =

Space charge region Space charge region

Gouy-Chapman Model

Figure 1.1 Schematic of Gouy-Chapman Model : (a) carrier concentration in space charge region

and bulk, and (b) charge density and potential profile.
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The Poisson’s equation can be solved only analytically for the situation of two charge
carriers with Z, =—Z_ =17 (e.g., Ca doped CeO, Ca(":e is an immobile charged carrier with

effective charge state Zea, =—2, oxygen vacancy is a mobile charged carrier with z,. =+2,

2, =~Tg =+2 ).612 The bulk concentrations are equal due to electroneutrality

C, (00) =C _(o0) =C,, . The screening length is approximately Debye length:

£,EKT
A= \/ Zzzgzc (1.3)

The Gouy-Chapman profile with semi-infinite boundary conditions is determined to be:

2kT , (1+ 9 exp(—x/A4
Ap(x) == 2KL || LS exp(=X/ 1) (1.4)
ze (1-8.exp(-x/41)
V2
with 4, =§/2—1 =-9 and ¢, = C.(%) =exp(—Mj. The carrier concentration profiles
Cogo+l T ¢, () kT

are determined by inserting Eq. (1.4) to Eqg. (1.1) giving:

c.(x) (1+ 9, exp(=x/4) jz (1.5)

c. () |(1-9 exp(-x/A)

However, this analytical solution doesn’t apply for the case of trivalent dopant in ceria (e.g.,
Sm doped CeOs, Sm'Ce is an immobile charged carrier with effective charge state z_ . =-1, and

oxygen vacancy V' is a mobile charged carrier with z,. =+2,z . # g ). But by appropriate

approximation that only dopant concentration C; is taken into consideration and all other carriers
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are omitted ( such as ignoring oxygen vacancies due to the depletion in the space charge region if

the space charge potential is positive), a simpler analytical solution can be determined.

Poisson’s equation is now:

0? _246¢4() 4@
7 A0(x)= —exp( = Aqo(X)j (1.6)

£

where Z; is the charge state of the dopant, C, () is the dopant concentration in the bulk.

Applying the boundary conditions:

Ap(0)=A
9(0) = Ag, (L.7)
Ap(24)=0
One analytical solution is:
2KT X Z,eAq
Ap(X) = Ag, +——In| 1+ —exp(-—=—2) |,0< x< 24 1.8
P(X) = A, > ( ) n( T )j (1.8)
with 4= |_SréKT
2z2%°e’c, ()
and the dopant concentration profile is:
¢, (X) z,eAq, ( X z,eAq, j_z
—d A S+ i oV Y ¢ IR _LZd=T 70 1.9
S A R Y R T (1.9)

All other carriers that are omitted in Poisson’s equation now can be estimated with the known

electric potential:
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G(x) _ _ZieA(P(X) _ _ ZieAg, X _ ZieAg, ’
ﬁ_exp( T ) =exp( T )(1+2/1exp( T )j (1.10)

For example, the oxygen vacancy concentration is:

G- (X) 2eA @, ( X eAQ, T
T exp(—- =2 20)[ 14 2 exp(- ——20 1.11
o) P ) (L1

1.3.2 Mott-Schottky Model
In the Mott-Schottky Model, the dopant concentration is assumed to be constant across

grain boundaries which does not follow Eq. (1.1). All other carriers are omitted.

cation excess at grain boundary core

GB core
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Figure 1.2 Schematic of Mott-Schottky Model : (a) carrier concentration in space charge region

and bulk, and (b) charge density and potential profile.
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Then Poisson’s equation turns into:

O pp(y = L

o~ (1.12)

&1 &y

where Z; is the charge state of the dopant, C; is the dopant concentration in the bulk. Applying

the boundary conditions:

A
Ap(0)=Ag,, Ap(1)=0, 22 0 (L.13)
8X X=1
The analytical solution is determined to be:
Ap(X) :A%(l—%)z, X<A (1.14)

qo 28800 (1.15)
z,€C,

and the resulting carrier concentration profiles follow:

G(x) _ZieACD(X) _ _ ZieAg, _m 2
@_exp( T )_exp( T @ /1)} (1.16)

which shows a direct relationship between space charge potential and ionic concentration which
is also related to ionic conductivity due to o; = Z;€C, &; where 0, is ionic conductivity and #; is

ionic mobility. In oxygen vacancy dominated ionic conductors, such as Sm-doped ceria in mild
oxidizing environment at intermediate temperatures, the main carrier is oxygen vacancy. The

oxygen vacancy profile due to space charge potential is:
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¢, (X)
: _exp(— ZeAgo(x))

. = 7 (1.17)

If the mobility of oxygen vacancy is assumed to be equal for space charge region and the bulk,

then we have:

Pouik ) CVO--(X) = exp( KT ) (1.18)

where p(x) is grain boundary resistivity at x and p,,, is bulk resistivity. The grain boundary

resistivity can be determined by:

Po _ 1 J-: exp(—zeA(D(X) )dx (1.19)

Phoulk A KT

The integrating factor needs to change from dx to dA¢(x) following by Eq. (1.14):

&E.&
dx =— [——2—dAp(X 1.20
[ a0 (120

The Eq. (1.19) turns into:

P 1a 2eAp(X £
9 =_.[O%exp( k¢( )) ¢ dAp(x)
Lo A T 2eC,Ag,

_exp(2eAg, /KT)
T deAg, /KT

(1.21)

For general carrier with charge state z, the equation becomes:
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Py €Xp(2eAg, /KT)
Phuic T 2zeAq, /KT (1.22)

Therefore, as long as the grain boundary and bulk resistivity are known, the space charge potential

can be determined.

1.3.3 Finite Core Model

In either Gouy-Chapman Model or Mott-Schottky Model, the grain boundary core is a
mathematically infinite thin area which introduces a singularity at x = 0, which is not physically
true. High resolution transmission electron images and atom probe tomography show that grain
boundary core has finite thickness (see Chapter 3). In order to explore the space charge effect, a

more realistic model needs to be employed.
Here, we proposed a space charge model for a grain boundary with a core of finite width,
2d, and position-independent charge density, o, , which was developed to aid in unveiling space

charge origins. The coordinate system is such that x = 0 at the grain boundary core,
Ap(X) =@(X)— @, (Where ¢, is the electric potential in bulk), Ag, =A@(x=0), and all

quantities are symmetric about Xx.
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Figure 1.3 Compare Mott-Schottky Model and Finite Core Model in charge density and potential

profiles : (a) Mott-Schottky Model, and (b) Finite Core Model.

For reference, it is noted that in the Mott-Schottky solution, in which mobile defects (taken
here to be oxygen vacancies) are depleted in the space charge zone as a result of a charge at the

grain boundary core, the following apply:

P =€Z,4Cq, | X[ <A (1.23)
Pouk :Z:ezici =0, x> (1.24)

and the solution to the potential profile is Eq. (1.14) where A is given in Eqg. (1.15). The area-

specific charge density at the core, responsible for generating the space charge potential, is:

Prore =1/886C, A0, (1.25)
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Thus, the bulk dopant concentration (c,, assumed to be the same in the bulk and space
charge regions), the dielectric constant (s=¢,¢,, also assumed to be the same in the bulk and space
charge regions), and Ag, fully define the electric field profile. From the latter and an assumption

of electrochemical equilibrium, the oxygen vacancy concentration can be computed. (The Mott-
Schottky solution is self-inconsistent in the transition region between the space charge layer and

the bulk and hence the charge density in this region is not shown.)

For the finite core model developed here, three regions of charge density are defined:

Py =const = f(Ag,), |X<d (1.26)
Poy =626, d < |X|< 2 (1.27)
Poutc = D€, =0, x — oo (1.28)

Applying Poisson’s equation to the GB core and the neighboring space charge layer gives:

VZ(Agy) =—22 |x|<d
&

(1.29)

V(A ) =— p;c' Ld<|x<4

where Ag and Ag,, are the electric potentials in the GB core and space charge layer, respectively.

The boundary conditions are obtained recognizing that at x = d both the electric potential field and
the normal direction of electric displacement field (D). Taking the dielectric constant to be fixed,

these requirements imply:



40

Apy, (d)=Ap(d)

OA Dyo
OX

_ aA(Dscl (130)

OX

x=d x=d

The symmetric properties of the potential profile and the definition of space charge

potential Ag,and space charge thickness A give additional conditions, specifically:

A¢9b (O) = A(DO A¢sc| (ﬂ’) =0
OApy, (x) _o OAg,, (X) 0 (1.31)
6X X=O aX Xzi

The solutions satisfying these boundary conditions are:

Ay, (X) = —% X +Ag,, |X<d

¢ (1.32)
A%du)z—%qu—zf,d<4q<z

where the space charge potential Ag,and the space charge thickness A are respectively given as:

)

2= (=L
pSCl , (133)
Ao, = (pgb _pscl)pgbd
Do = 2
—£Ps €

The terms d and p_, were taken as fixed input values, leaving only one free variable (A¢, or A)

in the fitting of Ag(X) to the data. Again, the charge density approximation is not self-consistent

at the boundaries between regions.
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In the limit of an infinitesimally thin GB core (d — 0), the expressions above for 4 and

Ag, simplify to the Mott-Schottky result. This can be shown as defining the areal charge density
of the GB core accordingto 5, = p . d, thenevaluating the limiting values of Aand Ag, interms

of this quantity:

2 .
((;b_pscljpgbd ~ ,52 (134)

Inserting the limiting value of A into the limiting value of A¢,, yields the familiar expression:

,2 A
A= ] (1.35)
P



42

2 Experimental Methods

2.1 Lightly Doped High Purity CeO2 Compact
2.1.1 Sample Synthesis & Characterization

Powders of 0.2% samarium (Sm) doped ceria (SDC02) were synthesized via solid state
reaction from high purity cerium oxide (CeO2, 99.995% Aldrich Chemistry, Inc) and samarium
oxide (Sm203,99.999% Aldrich Chemistry, Inc). Dense compacts were prepared by conventional
ceramics processing: the powder was first pressed under a uniaxial pressure of 100 MPa for 30 s,
then compacted isostatically under a pressure of 250 MPa for 20 min, and finally sintered at
1500 <C for 10 hours under still air. The relative density of the resulting compacts, measured by
the Archimedes method, exceeded 96% of the theoretical value. The surface microstructure of the
as-sintered material was evaluated by scanning electron microscopy (SEM) (FEI Quanta 650

ESEM), and the grain size determined by the mean-intercept method®’.

Electrical conductivity was measured by impedance spectroscopy in a pseudo four-probe
configuration. The ceria sample, 1.27 cm in diameter, was polished down to a thickness of 700
um, from 1.2 mm to render conductance high enough to measure. This had the benefit of removing
impurity contaminated surface regions. Au paste electrodes were applied to either side of the disc,
and the structure was heat-treated at 600 °C for 1 hour to cure the contacts. Impedance spectra
were collected under flowing synthetic air, supplied at a space velocity of 10 cm/min. The sample
temperature was varied between 350 T and 250 <C in 50 <C decrements. The combination of light
doping and moderate temperatures resulted in extremely high impedance and necessitated the use
of a Faraday cage to block electrical noise from the environment. In this configuration, impedance

as high as several TQ and capacitance as low as 0.01 pF could be measured. Impedance spectra
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were recorded on cooling, after a dwell time of 4-8 hours at each temperature to reach equilibrium.
Data were collected using a Modulab XM frequency response analyzer equipped with a Femto
Ammeter card, at frequencies from 1 MHz to 0.001 Hz and at a zero-bias perturbation amplitude

of 50 mV.

For the transmission electron microscopy (TEM) studies, a sintered pellet was
mechanically cut and then polished down with a final stage using 1 pm polishing powder.
Following polishing, the sample was dimpled to achieve a sample thickness of ~20 pm in the
central region. Finally, Ar ion milling (the last step: 300 V for 1 hour at -120 °C) was used to
polish the central region of the sample to minimize any possible damage during preparation.
Samples were extracted from the interior portion of the sintered compact, with the expectation that
these would be free of contaminants possibly incorporated during high temperature processing.
The grain boundary crystallographic features were investigated by TEM (JEOL JEM-2100
FasTEM). The chemical composition was studied by energy dispersive spectroscopy (EDS)

(SuperX EDS, FEI Talos F200X TEM/STEM) with an acceleration voltage of 200 keV.

2.1.2 Electron Holography

Off-axis electron holography was performed using a Tecnai F20 S/TEM operated at 200
keV at the Center for Nanoscale Materials, Argonne National Laboratory, using the samples
previously prepared for TEM. A schematic of off-axis electron holography is shown in Figure 2.1
in which the Mdlenstedt electron biprism is inserted between the back focal plane and the image
plane by means of a modified selected-area aperture holder.® The electron hologram arising from

the overlapping object wave and reference wave is in the image plane.
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Figure 2.1 Schematic of the electron optical setup for off-axis electron holography.

During electron holography, the sample was maintained at an elevated temperature of
300 <T (consistent with impedance measurements under the same conditions) using a Gatan
heating holder. Holograms with a field of view of 48 nm were acquired with a 5s exposure time at
positive bias of 100 V applied to the biprism. This resulted in good fringe contrast, > 20% over the
sample area and > 30% over vacuum, along with a typical fringe spacing of ~ 0.2 nm (= 6 pixels)
(see Chapter 3.3.4). The latter implies a spatial resolution of ~ 0.6 nm. The detection limit for the
phase shift in vacuum was determined to be ~ 27/63 rad, which implies a voltage detection limit
of ~ 0.2 V (see Figure 3.12). The off-axis electron holograms were analyzed to reconstruct the

phase shift and amplitude of the electrons using a standard Fast Fourier Transform algorithm in
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the HoloWorks software in Gatan Digital Micrograph (Version 2.31.734.0). Selected area
diffraction patterns were recorded in conventional TEM mode to determine the relative

misorientation across grain boundaries. Grain boundaries with [110] zone axis aligned were sought

out and examined for the study of Ag, on tilt angle. Analyses were typically performed at regions

of the sample ranging from 40 to 150 nm in thickness.

2.1.3 Atom Probe Tomography

For atom probe tomography (APT), a sintered compact was fractured to provide access to
the interior. Sections of the material, ~700 um from the sample surface, were cut and polished into
sharp tips with a final tip radius < 50 nm using a focused ion beam (FIB) (FEI Helios Nanolab
SEM/ FIB). Tips were loaded into the APT buffer chamber immediately after preparation, and the
temperature of the tips was held at 25K throughout the entire measurement. A local electrode atom
probe (LEAP) (LEAP5000 XS, CAMECA) was used to perform APT characterization as shown
by the schematic in Figure 2.2%. Bias up to 7 kV was applied to the tips with laser assistance using
an energy of 20 pJ and frequency of 250 kHz. Using these conditions, the background level was
kept at 10 ppm/ns. Over 20 million ions were collected for each tip examined. The 3-D atom map
reconstruction and GB composition analysis were performed using the software package IVAS

3.8.2. Details of the conversion from 3-D maps to the 1-D projections are shown in Figure 3.16.
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Figure 2.2 Schematic of the Local Electrode Atom Probe : (a) microtip specimen, local electrode,

and detector geometry (b) geometry of an atom probe including Vi = the total accelerating voltage

of the system, Vex = extraction voltage used with both static and dynamic fields, Vpa = post

acceleration voltage that can range in value from zero to magnitudes comparable t0 Vex, Vp =

voltage pulse that is the time-varying component of dynamic fields, L = the flight path length to

the center of the detector, R = the radius of the detector.
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2.2 Undoped CeO; Fibers

2.2.1 Sample Preparation

The undoped CeO: fibers (purity > 99%, Zircar Zirconia, Inc), hereafter simply referred to
as fibers, have diameters in the 3 — 10 um range with a typical diameter of 6 um selected for fiber
study. The grain boundaries of the fibers lie normal to the axial direction and are spaced roughly
at 10-40 um internals along the length of the fiber, which is generally tens to over one hundred
um. Transport measurements of single fibers were made using eight fibers, six with normal grain

boundaries and two without.

In addition to the fibers, a comparative bulk sample was prepared by sintering a CeO-
fiberboard, hereafter simply referred to as fiberboard. The dense fiberboard was made of fibers
from the same batch via a conventional sintering process: the fibers were ground and pressed under
a uniaxial pressure of 100 MPa for 30 s, compacted isostatically under a pressure of 250 MPa for
20 min, and finally sintered at 1550 <C for 28 hours under still air with a heating rate of 3 <T/min.
The relative density of the resulting compact, measured by the Archimedes method, exceeded 96%
of the theoretical value (7.215 g/cm?®). Electrical conductivity of the fiberboard sample was
characterized by electrochemical impedance spectroscopy with controlled temperatures and
atmospheres. The sample was placed inside a continuous flow furnace to which gases were
delivered via digital mass flow controllers, and a pseudo four-probe configuration was employed
(3 Terminal configuration was employed to measure the impedance of fibers, see Chapter 2.2.4).
Au paste electrodes were applied to both sides of the disc, and the structure was heat-treated at 600

°C for 1 hour to cure the contacts. Impedance spectra were collected with an AC amplitude of 50
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mV under the flow of synthetic air, supplied at a space velocity of 10 cm/min. The sample

temperature was varied from 700 <C to 300 <C in 50 <C decrements.

2.2.2 Structural and Chemical Analysis

Misorientation across grain boundaries in solid state polycrystalline materials can be
precisely determined by electron backscatter diffraction (EBSD). Upon interacting with the sample,
elastically backscattered electrons can undergo coherent Bragg scattering as they exit the sample.
This generates a diffraction pattern formed of Kikuchi bands that is collected at a detector. The
sample is held at a high tilt angle, Figure 2.3*%%, to enhance the contrast in the diffraction pattern.
Misorientation in terms of Euler angles can be calculated based on the electron backscatter patterns
(EBSP) of two adjacent grains. Compared to selected area electron diffraction (SAED) in TEM,
EBSD is non-destructive and can provide fast misorientation analysis without introducing damage.
To study grain boundary misorientation in fibers, the Oxford Aztec EBSD system installed in FEI
Quanta 650 ESEM was used to measure backscatter patterns at either side of grain boundaries.
Samples were coated with ~5nm carbon film, which proved sufficient to reduce surface charging
(CeO2 and the MgO are poor electronic conductors) without interfering with the backscatter signal.
Samples were mounted on a 70 ©sample holder relative horizontal plane specifically for analysis,
which was operated at 30 KV with spot size 5 and aperture 3. The mapping step size was set to
0.02 pm. Results indicated that the mean angle deviation was less than 1< during the entire

measurement.
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Figure 2.3 Schematic of Electron Backscatter Diffraction : (a) illustration of the detection

geometry and a conventional detector. (b) schematic of the diffracting cones with respect to the

reflecting plane, the specimen, and the phosphor screen.

Grain boundary composition was characterized by secondary ion mass spectroscopy (SIMS)
due to its high sensitivity (~1 ppm), and more importantly, simplified sample preparation as
compared to APT. SIMS is the mass spectrometry of ionized atoms or clusters that are emitted
from the very top of the sample surface upon being bombarded with energetic primary particles as
shown in the schematic, Figure 2.4%2. The typical pulsed primary ion is Ga* with an energy range
of 1-25 kV. The chemical composition, especially impurity level, in fibers was studied using 25
kV Ga source (PHI TRIFT Il ToF-SIMS). Prior to measurement, the sample surface was cleaned
by a Ga* source for 10 mins which approximately etched 1-2 pm of the sample surface to remove

contaminants.
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Figure 2.4 Schematic overview of the basic principle of time-of-flight secondary ion mass

spectrometry with high-energy primary ions.

2.2.3 Device Fabrication

A novel device for in-plane high impedance measurement was developed for fibers. MgO
(100) (10%<10>6 mm, purity > 99.95%, MTI Corporation) was used as a high temperature
insulating substrate on which a 200 nm Pt film and Pt posts were pre-patterned with a 200 nm

SrCoosNbo 2035 (referred to as SCN20 hereafter) coating to create two electrode contact regions

as shown in Figure 2.5.
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Figure 2.5 Schematic of the fabricated device for in-plane fiber measurement : (a) top-down view.

(b)-(c) side view.

More specifically, the device was fabricated using the following steps:

(1) Pt film patterning: 200 nm thick Pt film was patterned by conventional

photolithography to create a base structure by AJA Orion Sputter System using Pt target (purity

99.99%, AJA International, Inc) with a deposition rate of 1 A/'s. The Pt film was used as the base

electrodes (a 10 um gap between electrodes);

(2) Pt posts patterning: four Pt posts for securing the fiber sample (two posts on each side)
were grown by ion beam induced deposition (FEI Helios Nanolab SEM / FIB) on the prepatterned
Pt film. The dimension of each Pt post was 6>3 jum at the bottom and 3L pm at the top with a
total height of more than 6 m (deposition time ~13min, 93pA, 30 kV). A polymer mask (S1813)
was used to protect the substrate, especially the gap between the electrodes, from Ga*
contamination from deposition and imaging. To remove the polymer mask, subsequent to past

fabrication, the whole device was soaked in Remover 1165 with sonication;
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(3) Wet etching: the device was soaked in Nanostrip (90% Sulfuric acid and <1% Hydrogen
peroxide) for 10 min, followed by 50 vol % H3PO4 for 10 min at 60 <C which caused the exposed
MgO surface to be etched by 3-5 pm. By including this step, the leakage through the substrate

between two electrodes was heavily reduced.

(4) SCN20 Coating: a 200 nm thick layer of SCN20 was deposited on the Pt posts and Pt
film by photolithography and pulsed laser deposition (PLD) as a contact layer between Pt posts
and fibers. SCN20, a mixed ionic and electronic conductor, has high activity for oxygen

electroreduction and can reduce the electrode contribution to the impedance measurement*3-6,

After the device was fabricated, a single fiber was loaded into the device using an
omniprobe in a FIB chamber. Prior to fiber measurement, the structure was annealed at 600 <C in
air for 30 min. This step was taken to remove hydroxyl groups on the surface of the hygroscopic
MgO substrate, as well as carbon impurities in the Pt posts. Such impurities are known to be
incorporated into Pt during ion beam deposition and reduce its conductivity*’. Au wires of 0.2 mm

thickness were used to connect the device for impedance spectroscopy.

2.2.4 High Impedance Measurement

Alternating current impedance spectroscopy (ACIS) was used to probe the transport
properties across single grain boundaries in 6 pm thick fibers. The impedance of a single fiber (20
pm long and 6 pm thick) is estimated to be 1.6 GQ at 550 <C and increase rapidly to 1000 GQ at
350 <T in air based on bulk and grain boundary conductivity from impedance measurement on the

comparative fiberboard. The extremely high impedances measured across fibers have required
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implementation of a Faraday cage, electronic upgrades to impedance system, and careful

impedance measurements, which will be discussed below.
1. Faraday Cage

A Faraday cage is an enclosure made of conductive materials that block electric fields from
the environment and minimize noise in sensitive electronic measurements. The screening
mechanism is that the external electrical fields cause electric charges in the conductive materials
to redistribute over the cage such that they cancel the field inside the cage. The cage is usually
grounded to dissipate any electric currents generated from external or internal electromagnetic

fields that would otherwise disrupt the measurement.

The fibers as-measured have extremely high impedance due to unfavorable geometry: large
length and small cross-sectional area. When a voltage is applied to a fiber, the generated current is
so small (~2 pA at 450<C) that the signal is overwhelmed by large electrical noise from the
environment (~10* pA noise perturbation was detected when fibers were heated inside a furnace
tube), usually giving an unreasonable result. Therefore, the Faraday cage is used to screen external

electric noise.

In the experiment, samples were measured at elevated temperature by impedance analyzer
with a Faraday cage. The Faraday cage had two parts (both grounded) connected to each as shown
in Figure 2.6. The furnace part was made of stainless steel 316 (SST316) mesh, fully surrounding
the sample inside the furnace tube to screen the electrical noise from heating elements. SST 316
mesh has high phase stability and satisfying conductivity at elevated temperature qualifying it as

an appropriate screening material. In order to keep the mesh from touching the samples and causing
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a short circuit, a dual-tube system was used in which another smaller tube was placed between the
mesh and the sample. The wire connection part outside of the furnace was made of copper mesh
which was used to block noise signals from the lab environment. According to electrical noise
tests, the impedance modulus of several TQ (Terra Ohm, 102Q) and the capacitance of 0.01 pF

(Pico Farad, 10"*2F) could be measured.

Quartz Tube @ = = o= == = o= o= -

Faraday Cage

S

Stainless steel 316 mesh

e

| Modulab XM | Ground

Figure 2.6 Schematic of Faraday Cage used in ultrahigh impedance station

2. Electronic Upgrade

An electronic upgrade was installed in our outdated instrument to improve the ability to
measure ultrahigh impedance. According to calculation, fibers have an average 23 GQ impedance

at 450 <C in air which means they have 2 pA current travelling through them when 50 mV AC
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amplitude is applied. To accurately measure such a low current through the samples, the impedance
analyzer (Modulab XM, Solartron Analytical) is upgraded with the XM Femto Ampere card,

which is able to detect current values as low as 1fA (=101° A) with the use of a Faraday cage.

A standard 100 GQ resistor was tested with the upgraded XM Modulab, which showcased
its superior measurement of ultrahigh impedance with high stability and accuracy as seen in Figure
2.7 (a) compared to the result from the outdated Modulab as seen in Figure 2.7 (b). It is clear from
Figure 2.7 (b) that the outdated Modulab impedance results at high frequency range showed

obvious artifacts.
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Figure 2.7 Impedance measurement on 100 GQ standard resistor by (a) upgraded Modulab (b)
outdated Modulab (AC amplitude=50 mV, Frequency range=1MHz to 0.1Hz, Integration time=1s,

Cycle=1)
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3. Impedance Spectroscopy

Impedance spectroscopy is usually employed to separately determine global grain
boundary resistance and bulk resistance for polycrystalline samples. Impedance measurement
requires a small sinusoidal voltage perturbation to be applied to an equilibrated system, and the
corresponding current response is measured. The ratio of the voltage perturbation to the current

response is the impedance.

Individual transport steps in multistep processes can be effectively characterized by
impedance spectroscopy. Ideally each step has a unique time constant associated with it and can
be separated in the frequency domain. A particularly useful way to represent impedance spectra is
the Nyquist plot, which is a plot of the impedance in the complex plane, -z’ (minus imaginary
component of the impedance) against z’ (real component of the impedance), which are parametric
functions of frequency. In the Nyquist plot, each transport step with a sufficiently different
characteristic time constant is represented by a unique arc. Specifically, for an ideal polycrystalline
sample, the responses from the bulk, the grain boundaries and the electrodes are well resolved and
appear in the plot from high frequency (MHz) to low frequency range (mHz) in the sequence

shown in Figure 2.8.
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Figure 2.8 Impedance spectroscopy and Nyquist representation : (a) the depiction of an alternating
voltage perturbation and current response in relation to a generic polarization curve, and (b)
impedance spectrum sketch, in a Nyquist representation, for a polycrystalline material showing
arcs for electrolyte processes (bulk and grain boundary) and electrode processes. Reproduced from

Ref. 48,

Electrical conductivity of fiber samples was measured by impedance spectroscopy in a 3
Terminal (3T) configuration as shown in Figure 2.9%°. The ModuLab XM system uses a feedback
control loop where the contour electrode (CE) and the reference electrode 1 (RE1) are connected
to one side of the electrodes while working electrode (WE) is connected to the other side. For low
current electrochemistry, greater accuracy is obtained by using a modified version of the control
loop where the reference electrode 2 (RE2) is disconnected from WE and connected to the ground

(LO).

Impedance spectra were collected under the flow of synthetic air, supplied at a space

velocity of 10 cm/min. The sample temperature was varied from 600 <C to 300 <T in 50 C
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decrements. The combination of undoping, unfavorable fiber geometry and moderate temperatures
resulted in extremely high measured impedance, which necessitated the use of a Faraday cage to
block electrical noise from the environment. Impedance spectra were recorded on cooling, after a
dwell time of 1-2 hours at each temperature to reach equilibrium. Data were collected using a
Modulab XM frequency response analyzer equipped with a Femto Ammeter mode, at frequencies

from 1 MHz to 0.01 Hz and at a zero-bias perturbation amplitude of 50 mV.
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Figure 2.9 The 3T connection diagram for measuring low current in Modulab XM installed with

Femto Ammeter card.
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3 Direct Grain Boundary Study in Ceria Compact

3.1 Abstract

A number of grain boundary phenomena in ionic materials, in particular, both depressed
and enhanced charge transport characteristics, have been attributed to space charge effects.
Developing effective strategies to manipulate transport behavior requires deep knowledge of the
origins of the interfacial charge, as well as its variability within a polycrystalline sample with
millions of unique grain boundaries. Electron holography is a powerful technique uniquely suited
for studying the electric potential profile at individual grain boundaries, whereas atom probe
tomography provides exquisite access to the chemical identify of essentially every atom at
individual grain boundaries. Using these two techniques, we show here that the space charge
potential at grain boundaries in lightly doped, high purity ceria can vary by almost an order of
magnitude. We further find that trace impurities (< 25 ppm), rather than inherent thermodynamic

factors, may be the ultimate source of grain boundary charge, suggesting chemical tunability.
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3.2 Electrical Properties of 0.2 at% Sm doped Ceria
3.2.1 Microstructure
To ensure a wide space charge zone and facilitate its detection, we employed ceria with a
low dopant concentration, just 0.2 at% Sm. According to the Mott-Schottky model (which takes
the dopant concentration profile to be flat and the grain boundary core to be infinitesimally thin)*?,

the half-width of the space charge zone, extending from the grain boundary core at x = 0 into the

Ao |_26500 (3.1)
z,ec,

where Ag, is the space charge potential (the difference between the potential at the grain boundary

adjacent grains, is

core and that in the bulk), &, is the relative dielectric constant, Z, is the effective valence of the

dopant (= -1), e is the elementary charge, and C; is the volumetric concentration of the trivalent
dopant, which resides on the Ce site within the fluorite structure of ceria. For typical values of
Ag, and relative dielectric constant in doped ceria (0.2-0.5 V and 20-60, respectively, depending

on composition)®*-2, the dopant concentration of 0.2 at% implies A =3-8 nm, substantially larger

than the spatial resolution of the electric potential measurements.
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(b) [

Figure 3.1 Microstructure of sintered 0.2 at% Sm doped ceria bulk and grain boundary : (a)
scanning electron microscopy image of as-sintered of 0.2 at% Sm doped ceria; (b) transmission
electron microscopy image of a representative grain boundary in 0.2 at% Sm doped ceria. Fast

Fourier Transform (FFT) of adjacent grains shows the tilt is about the [110] zone axis.

Samples of 0.2 at% Sm-doped ceria, hereafter simply referred to as ceria, were prepared
for this study from ultra-high purity starting materials using conventional ceramics processing
techniques. After sintering, the grain size was measured to be 12.5 + 1.2 um, Figure 3.1 (a). The
grain boundaries, as evident from the representative TEM image presented in Figure 3.1 (b), were
sharply defined and free of any amorphous phases. The crystallographically visible thickness,

which corresponds to the thickness of the grain boundary core, is 1-2 nm.

3.2.2 SuperX Energy Dispersive Spectroscopy
Grain boundary composition data were collected using a FEI Talos F200X TEM/STEM

equipped with a Super-X EDS detector and operated at 200 keV. The sample was mounted on a
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Molybdenum (Mo) grid (PELCO® Aperture Grids), selected to minimize the background signal
from impurity elements. The Mo grid offers the lowest impurity level amongst the available
choices, with Al < 20ppm, Ca < 20ppm, Mg < 20ppm, and Si < 50ppm; the only other significant
impurities in the Mo grid, Fe <50 ppm and Cr < 50 ppm, are not relevant to the present study. The
elemental maps in Figure 3.2 (d)-(h) are collected for a counting period of 843 s and are featureless,
indicating that impurities are below the detection level. The absence of a signal due to Sm in (i),
even when the counting time is increased to 2147 s, indicates the detection limit must be higher
than 0.07 at % (0.2 cation %). In this measurement the total number of counts exceeds the
recommended value of 10° over the energy range of analysis for establishing the detection limit.53

It is noted that the Sm-Lal peaks overlaps the Ce-LB2 peak, and accordingly, the Sm-LB1 peak is

used for asserting Sm detectability.

Within the detection limits of conventional energy dispersive X-ray spectroscopy carried
out in conjunction with the imaging, no impurities were found at the grain boundaries. As

described below, however, greater sensitivity could be achieved by atom probe tomography.
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Figure 3.2 EDS analysis of a representative grain boundary, carried out in conjunction with
transmission electron microscopy : (a) high-angle annular dark field image showing location of
grain boundary; (b) composite elemental map for Sm, Si, Al, Ca, and Mg (c) integrated counts
for these elements over the area shown in (b); (d)-(h) individual elemental maps for the
respective elements; and (i) energy resolved spectra over the range for the Ce and Sm peaks

directly on the grain boundary collected using two different counting times, as indicated.

63



64

3.2.3 Impedance Spectroscopy
Electrical impedance spectroscopy revealed high impedance at the grain boundaries, as
well as in the bulk, in Figure 3.3. High resistivity is expected due to the very low dopant
concentration, and particular care was employed in the measurements in order to accurately record
the spectra. The data were analyzed by equivalent circuit fitting, which yielded the bulk and grain
boundary resistances and their equivalent capacitances at each measurement temperature. The bulk
conductivity was simply determined by accounting for the sample dimensions. The specific grain

boundary conductivity was calculated from the impedance fit parameters within the framework of

the brick-layer model>* using the expression o, = Ri(%j(%j where C,, and Cypare the
gb gb

bulk and grain boundary capacitances, respectively, and Rgb is the grain boundary resistance. This

expression accounts for the fact that the total length of grain boundary material that contributes to

the measured grain boundary resistance is only a small fraction of the sample length, where that

C
fraction is approximated by bl A single, temperature-averaged capacitance ratio was

Cob
employed for the calculation. We find the grain boundary conductivity to be 5 orders of magnitude
smaller than that of the bulk, Figure 3.3 (c), with an activation energy, 1.51 +£0.01 eV, that is
somewhat higher than that of the bulk, 1.31 eV (statistical uncertainty < 0.001 eV). While lower
grain boundary than bulk conductivity is commonly reported, such a large difference is rare, and

has appeared in the literature on ceria only in connection with low dopant concentration. %05
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Figure 3.3 Macroscopic transport properties of polycrystalline 0.2 at% Sm doped ceria (grain size

12.5 + 1.2 pm) under synthetic air : (a) impedance spectra and (b) expanded spectra, collected at

the temperatures indicated; (c) bulk and specific grain boundary conductivity determined from

equivalent circuit fitting; and (d) space charge potential and space charge layer thickness inferred

from a Mott-Schottky analysis.
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The average space charge potential was estimated using the expression®

Obutk _ p(eAn/kT) (32)
Oy  26ZA@, [KT

which follows from the Mott-Schottky model, and an assumption that, other than a depletion of
carriers, the properties in the bulk and space charge regions are the same. Here, k is Boltzmann’s
constant, T is temperature, and z is the effective valence of the mobile species (+2 in the case of
oxygen vacancies). The derived space charge potential, Figure 3.3 (d), is 0.38 V at 300 °C, and
rises with temperature. From a Taylor expansion of Eq. (3.3) the activation energies for bulk and

grain boundary transport (Euui and Egs, respectively) are expected to obey the relationship *°

1 OAg
Ego ~ Epur + Ze{A%L/T_O +? 8(1/1?)} (3.3)

The grain boundary activation energy expected from this expression is ~ 2.1 eV. While the
agreement with the measured value (1.51 eV) is moderate, the observation of a higher activation
energy for grain boundary transport agrees with the prediction. The space charge potential
measured here (0.36 — 0.41 V) is consistent with the value of 0.41 V we obtain by extrapolation to
300 <T of the bulk and GB conductivities of 0.1 at% Y doped ceria, reported by Guo et al. for the
range of 400 to 800 °C.%° These authors furthermore also find a grain boundary conductivity that
is 5-6 orders of magnitude lower than in the bulk. Similarly, Avila-Paredes et al.*>® report a six
orders of magnitude difference at 300 °C between bulk and grain boundary conductivity in Gd-

doped ceria when the dopant concentration is 1 at%.
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3.3 Grain Boundary Potential Unveiled by Electron Holography

3.3.1 Electric Potential Mapping

Off-axis electron holography (OAEH) in a transmission electron microscope offers a
unique capability to directly reveal, with nanometer spatial resolution and high sensitivity, the
electric field in a material.>” By splitting a coherent electron beam into two components, one which
passes through the sample and one which passes through vacuum, and recombining them, one
generates an interference pattern or hologram from which the phase shift and scattering amplitude
of the electrons due to interaction with the sample can be reconstructed. Encoded in this
reconstruction is the electrostatic potential within the material. The method has been effectively
employed for the study of grain boundaries in SrTiO3,%%° demonstrating the viability of the
approach. Furthermore, the instrument employed here achieves a spatial resolution of ~ 0.6 nm
and voltage resolution ~ 0.2 V, values that are well suited to an investigation of grain boundaries

in lightly doped ceria

Electron holography measurements, aimed at directly detecting the electric potential and
probing the boundary-to-boundary variations, were performed on a total of ten grain boundaries,
with sensitivity analysis performed using measurement made through vacuum (see Chapter 3.3.4).
The temperature was held at 300 °C for direct comparison with the impedance measurements.
Despite the vacuum conditions, the free electron (Ce®*) concentration at grain boundaries is
expected to remain negligible at this temperature.* In five cases, we were successful in identifying
boundaries in which the grains on either side where aligned along the [110] zone axis (for example

Figure 3.1). A representative hologram from one of these five samples is shown in Figure 3.4.
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Figure 3.4 Electron holographic imaging of a representative grain boundary in 0.2 at% Sm doped
ceria : (a) hologram over a 48 nm field of view, (b) zoomed in view of (a) showing fringe contrast
of 35%; (c) reconstructed phase map; (d) reconstructed amplitude map; (e) reconstructed potential

map of the yellow boxed region in (c) and (d); and (f) electric potential profile, as integrated over
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all of the area depicted in (e), with the bulk potential set to zero. Red dashed line in (a), (c) and (d)

corresponds to the edge of the sample.

Prior to recording the image, the sample was tilted slightly away from the zone axis so as
to diminish the diffraction contrast that can hinder/create artifacts in the phase reconstruction in

electron holography, Figure 3.5.

Figure 3.5 Transmission electron microscopy image of a representative grain boundary : (a)
aligned along the [110] zone axis, with the FFT images of the two grains shown; and (b) tilted

away from the zone axis.

The reconstructed phase map, A@(x, y), Figure 3.4 (c), showing the phase shift relative to

vacuum, carries the desired information about the electric potential profile. Specifically, under the
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assumption of a potential that is invariant along the z direction within the sample,

ABO(X, y):CEIV(x, y,z)dz=C.V, (x,y)t , where V (x,y) is the projected average electric

potential, t is the sample thickness, and C_ is the interaction constant equal to 0.00728
rad / (V -nm) for 200 keV electrons. The thickness is obtained from the amplitude map, Figure
3.4 (d), according to the expression® t/ A, =-2In(A,/ A) where t is the sample thickness, A, is

the inelastic mean free path of electrons in the material, Ao is the amplitude from the sample region

in the hologram, and A is the amplitude from the vacuum region. Using a parameterization of A,

based on inelastic-scattering theory and the Kramers-Kronig sum rule,>®? the mean free path in

ceria was estimated to be 92 nm. Thus, all information for generating the potential map is available.

Following these methods, we found a clear electrical signature of the grain boundary, with
a significant positive electric field over a region almost 20 nm in breadth and a peak potential of
0.88 V, Figure 3.4 (e,f). Results from eight other grain boundaries were qualitatively similar,
Figure 3.6. Grains in images 1,2,5,6,9 are [110] zone axis aligned, whereas as those in grain

boundary images 3,4,7,8 have random oriented. GB5 is that shown in Figure 3.4.

In addition to the 10 measurements across grain boundaries, 9 measurements were made
far from boundaries, from which the mean inner potential of ceria was determined to be 19 3 V.
The value is consistent with that calculated using electron scattering factors, 17 V (see Chapter

3.3.4).
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Figure 3.6 Electric potential maps obtained from 9 samples with clearly evident grain boundaries
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To determine the space charge potential for each grain boundary, we corrected the data for

two features of the experiment: (i) the grain boundary may not necessarily lie parallel to the
electron beam, Figure 3.7 (a), and (ii) if the electric field is indeed high at the grain boundary, the
field will leak into the vacuum surrounding the sample, Figure 3.7 (b). The non-ideal orientation
of the grain boundary has the consequence of broadening the electric potential profile and
decreasing the peak value relative to what would be measured in the desired orientation. The
electric leakage causes an over estimation of the electric field in the sample because the electrons
will undergo a phase shift due to the leakage field in addition to that due to the field within the

sample.
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Figure 3.7 Schematics of factors impacting measured electric field associated with grain boundary
space charge effects : (a) misalignment of grain with finite core thickness; and (b) leakage of

electric field into vacuum.
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3.3.2 Tilt Correction
In the analysis of space charge potential, we treated the effect of the grain boundary

misorientation relative to the electron beam direction by recognizing that the thickness-averaged

electric field, V (x'), recorded in the holography experiment, Figure 3.7 (a), is given by

1 t/2 1 t/2 1 t/2
J'V(x’,z’)dz':f I Ap((x'cosa—1z'sin a))dz'zE I Ap(X' —Z'a)dz’ (3.4)

—t/2 —-t/2 —t/2

\7(XI) :E

where {x'} refer to coordinates in the experimental reference frame, {X} to those of the grain

boundary reference frame, « is the small tilt angle (rotation about y) between the two, and A¢p(x)
is the electric potential due to the charge at the grain boundary core. In projection on the image
plane, a grain boundary with a core of thickness 2d has a crystallographically visible thickness of
t tan(a) + 2d/cos(a), providing a means for estimating «. For the grain boundary shown in Figure
3.4 and Figure 3.5, for example, the visible core thickness is 5.0 nm. The true crystallographic
thickness (deduced from APT measurements) is ~ 1.6 nm, implying a tilt angle of 2.8°. Across the
9 grain boundary samples the value of « ranged from 0.8 to 9.0° shown in Figure 3.8. The grain
boundary misorientation angle relative to the direction of the electron beam is as indicated in the

legend for each figure, in which the fitted space charge potentials are also reported.



1.5¢

1.0F

0.5

0.0

Relative Electric Potential / V

measured it o, Adg

GB1 ——4.3° 1.90V
GB2 —9.0°, 1.28V
GB5 ——2.8° 0.99V
GB6 ——0.9°, 0.80V

GBS 0.34V

—23.1°,

20  -10

0

10 20

Distance from Grain Boundary / nm

[110] zone axis aligned GB

2.0 — (b)

1.5}
1.0
0.5

0.0 e

Relative Electric Potential / V

-0.5

measured  fit o, Ad,
> GB3 ——5.8° 2.20V

o GB4 ——3.1°, 1.15V
o GB7 —3.3° 0.37V
<o GB8 ——0.4° 0.368V

3010
Distance from Grain Boundary / nm

0

10 20

Random GB

75

Figure 3.8 Fitting results for nine unique grain boundaries : (a) [110] zone-axis aligned grain

boundaries; and (b) random grain boundaries.
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Besides the tilt angle, application of Eq. (3.4) requires the functional form of Ag(x), which

is a priori unknown. While the Mott-Schottky solution provides a reasonable first approximation,
it is inconsistent with our experimental observation of a grain boundary core of finite thickness.
Accordingly, we carried out an analysis accounting for a finite core, rather than the delta-function

profile assumed in the Mott-Schottky treatment (see Chapter 1.3.3). Use of the resulting Ag(x) in
Eq. (3.4) had the effect of decreasing the magnitude of the tilt correction to Ag, relative to that

derived from the Mott-Schottky potential profile.

The sensitivity of the deduced value of the space charge potential, Ag, , to variations in

the core grain boundary thickness, 2d, was evaluated by the following procedure. Noting that the

crystallographically visible core thickness, 2d’, to be related to the grain boundary misalignment
angle, e, according to 2d’ = t tan(a) + 2d/cos(c), we solve for « for each d. The measured V (X)
was then represented according to Eq. (3.4) for several d and « pairs and a fit performed to obtain
Ag, . A variation in the true grain boundary core thickness 2d from 0 (Mott-Schottky limit) to 2.0
nm produces a variation in A¢ from 1.17 to 0.95 V, a range that is comparable to the ~ 0.2 V
sensitivity of the measurement shown in Figure 3.9. While the impact of a finite core thickness is
small, in order to avoid a systematic overestimation of Ag_, a finite core thickness, specifically

2d = 1.6 nm, was used for all analyses.
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Figure 3.9 Effect of grain boundary core thickness effect on the space charge potential deduced by

fitting to the experimental electric field profile : (a) fitted spectra, each with a different grain

boundary core thickness between 0 and 1 nm; and (b) dependence of deduced space potential and

grain boundary tilt angle on grain boundary core thickness
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3.3.3 Leakage Correction
The electric field leakage, also addressed in this analysis, in principle impacts the entire
V (x') profile, Figure 3.7 (b). We focused here on obtaining a corrected value for the space charge

potential, which we approximated as Agp, = Ap/™" _% ,where A" is the tilt corrected space

E

charge potential, A, is the phase shift measured in the near-vicinity of the surface-terminating

eak

grain boundary and the thickness t is that of the sample. For the example grain boundary shown in

Figure 3.4, we found A6, tobe 0.11 rad, Figure 3.10, implying a correction of 0.18 V. The mere

detection of a leakage field at the grain boundary termination provides additional direct evidence
that the grain boundary has an electric potential that differs from that of the bulk. Furthermore, the
magnitude of the leakage field (and associated correction) was correlated to the magnitude of the
space charge potential, Figure 3.10 (c), as would be expected for an electric field perturbation
occurring at the grain boundaries. High phase shift was found close to the GB core. All 9 GBs
were characterized, and the leakage field correction voltage was plot against tilt-corrected space
charge potential. It showed that the leakage contribution to electron phase shift was high in GB

with large space charge potential.
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Figure 3.10 Magnitude of leakage field correction : (a) phase mapping of electrons in the near-
vicinity of the surface-terminating grain boundary. (b) phase shift profile was plotted along the
yellow line in (a). (c) Plot of leakage field correction voltage against tilt-corrected space charge

potential.
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The space charge potentials determined by these methods, Figure 3.11, displayed a
remarkably wide range of values, from as large as 1.15 V to as small as 0.13 V. According to Eq.

(3.2), the observed variation in Ag, corresponds to a tremendous, indeed many orders of

magnitude, variation in oy, . While extremely surprising, the result is not entirely unprecedented.
In a study of lightly Fe-doped SrTiO3z bicrystals, Zhang et al. found an enormous variation in
transport properties, from barely detectable impedance at the boundary to hundreds of kQ.2* The
macroscopically averaged impedance value of Ag, of 0.38 V lies within the wide range of values
determined by holography, but it is notably lower that the averaged value of 0.69 V from the 9
GBs represented in Figure 3.11 (a). The difference is likely due to over sampling of the high Ag,
boundaries as these are inherently amenable to electron holography studies. Perhaps even more
remarkable than the breadth of recorded Ag, values, was the occurrence of occasional grain
boundaries at which no electrical perturbation at all could be detected (see Chapter 3.3.5). This

completely unanticipated result indicates that a charged grain boundary core is not an inevitable

feature of electrolyte materials.
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Figure 3.11 Grain boundary space charge potentials measured by electron holography for (a) nine
unique grain boundaries and (b) a subset of [110] tilt grain boundaries as a function of tilt angle.
Raw measured electric potential profile is corrected for grain boundary misalignment relative to
the electron beam direction and electric field leakage into vacuum to obtain the values shown. In

(b) the grain boundary tilt angles and plane traces are indicated.



82

Focusing attention on the [110] zone axis aligned grains, we find here that the space charge
potential is highest when the grain-to-grain tilt angle is highest, Figure 3.11 (b). In their study of
symmetrical, low-angle tilt grain boundaries in SrTiO3 bi-crystals Zhang et al. similarly concluded
(but on the basis of impedance measurements), that the space charge potential increases with

increasing angle.* The steep variation in Ag, recorded here as a function of [110] tilt angle is

further reminiscent of the steep dependence of grain boundary energy in similarly fluorite-
structured yttria-stabilized zirconia®®® and uranium dioxide®, and even in cubic close-packed
metals over the same angular range.®®®” Whether the charge and transport characteristics derive
from surface energy effects and are thus universal in their dependence on tilt angle remains to be

determined.

3.3.4 Phase Detection Limit

Holograms were recorded using a Mollenstadt biprism and an exposure time of 5 seconds.
The field of view in Figure 3.12 (a) is 48 nm and the resolution 31 pixels/nm. The intensity contrast
in the zoomed region (b) is 38%, indicating a high quality recording;® the fringe spacing is 0.194
nm, implying lateral resolution of the reconstructed phase, amplitude and electric field maps of ~

0.6 nm.
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Figure 3.12 Hologram recorded using 100 V bias with electron beam traveling only through
vacuum : (a) wide view hologram; (b) zoomed view as indicated; and (c) intensity profile obtained

from region corresponding to (b).
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The detection limit, o,,, was evaluated using the region of the hologram indicated in Figure

2 I :
3.12 (b). This limit is given by ~ L where C is the fringe contrast C = "—"% and Ne is
CyN, I I

max + min
the number of detected electrons contributing to a give point in the reconstructed phase map.%® As
shown in (c) the average photon count per pixel is ~2082. For the CCD (Gatan Ultrascan CCD 4K
x 4K) in the Tecnai F20, every electron generates six photons in the detector. In addition, the
reconstruction was binned such that every four pixels in the hologram (2048 > 2048) contributed
to one pixel in the phase map (1024 x1024). Thus, the phase detection limit is

\/E 2

O -~ [
?  0.38x+/4x2082/6 63

(3.5)

The measured phase detection limit is comparable to the value of about 2—75 reported by Lichte®,

using similar instrumentation.

The voltage detection limit in the presence of a sample is given by V,

lim

(o)
= —“’t the thickness
E

of samples examined here ranged from 40 to 150 nm. Because the fringe contrast decreases with
thickness, the voltage detection limit is approximately independent of sample thickness and was ~

0.2 V in all cases.
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3.3.5 Mean Inner Ptential of Ceria
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Figure 3.13 Phase contrast as a function of sample thickness at positions far removed from grain

boundaries, used for determining the mean inner potential of ceria.

In the absence of other effects, the mean inner potential, V,,, , generates a phase shift, A@,
given by A6=V,,,C.t , where C_ is a constant equal to 0.00728 rad /(V -nm) for 200 keV

electrons, and t is the sample thickness. Using the best fit slope to the measured data, a value of

19 £ 3 V was obtained forV,,, . The non-zero intercept for AG(t) has been attributed in the

literature to surface effects. A fit in which the intercept is forced to zero yields a of 15 + 3V, and

lies within two standard deviations of the value obtained for a free intercept value. The work here
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focuses on the difference between bulk and grain boundary regions of the samples studied. Because
such surface effects would be expected to remain approximately constant across the sample, they

play no role in establishing the grain boundary space charge potential or its detection.

For comparison to the experimentally determined value, the mean inner potential of ceria

was calculated from the electron scattering factors of the elements using the expression

h> 1 47.86

VMIP:T,‘ngeE jnjfj(O):T jnj fJ(O) (36)

Here f j (0) is the electron scattering factor of element j, h is Planck’s constant, e is the elementary

charge, M, is the rest mass of the electron, Qis the unit cell volume in A%, and n; is the number

of atoms of element j that are in the unit cell. The electron scattering factors of Ce**, Sm®" and O*
are shown below’. For completeness, the 0.2 at% Sm doping is included in the calculation, but it
has negligible impact on the result. The predicted mean inner potential is 17 V for 0.2% Sm doped

ceria. This number is in good agreement with the measured value of 19 +3V.

Element Atomic number Z electron scattering factors fj(0), A
Ce* 58 6.159840.0005
Sm3* 62 6.388140.0005
o 8 4.099240.0009

Table 3.1 Electron scattering factors for elements of Ce**, Sm** and 0.



87

3.3.6 Barrierless Grain Boundary

(a) Left Grain [110]

(c) Right Grain
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Figure 3.14 Transmission electron microscopy and electron holography imaging of a grain

boundary in 0.2 at% Sm doped ceria with no apparent space charge potential , with the panels

showing the features indicated.
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Clear presence of the grain boundary is revealed in the hologram in Figure 3.14 (b), while

the selected area diffraction patterns (a,c) show the regions on either side of the boundary are out
of crystallographic alignment. The reconstructed phase maps (d,e) are almost featureless, and there
is no impact of the grain boundary on the phase shift profile (f). The reconstructed electric potential
map, shown in both (g) 3-D and (h) contour rendering, is similarly rather featureless. The contrast
for this measurement is 25% and the sample thickness is 102 nm, thus the potential detection limit
is 0.17 V. The absence of a detectable electric field in the vicinity of the grain boundary implies

that the space charge potential must be less than 0.17 V.



89
3.4 Grain Boundary Segregation Unveiled by Atom Probe Tomography

3.4.1 Atom Probe Tomography Reconstruction

While grain boundary crystallography is clearly an important factor, understanding the
origin of the grain boundary properties requires knowledge of the grain boundary chemistry to a
sensitivity level greater than can be achieved by EDS. Atom probe tomography has elemental
sensitivity to the ppm level as well as atomic level spatial resolution.”? Samples for APT analysis
(in the shape of sharp needles with diameter ~ 50 nm) were extracted from close to the surface and

deep in the interior of the polycrystalline compact, accessed by cleaving in Figure 3.15.
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oo

Exterior GB

After APT

Figure 3.15 Scanning electron microscopy images showing the positions from which APT samples
were extracted and the interior GB1 measured by atom probe tomography : (a) wide view cross-
sectional image highlighting position from which the near-surface sample was extracted; and (b)
zoomed view highlighting positions from which two bulk samples were extracted; (c) SEM image
of representative tip-shaped sample before and after APT analysis; (d) APT reconstruction of

atomic species.



91

Conversion from the APT reconstruction to the 1-D profiles was carried out as described

below for the interior grain boundaries as an example. Integration was carried out over an area ~
80 nm in diameter, as shown in the green region due to its lower background compared to other
regions in Figure 3.16. Because the grain boundary is not flat in a rectilinear coordinate system,
the proximity histogram (“proxigram”) approach was employed in which the grain boundary
position is automatically detected based on the elemental concentrations.”® Here the Al iso-
concentration surface with 0.035 atom % Al was selected to define the grain boundary. The bin
size was 0.5 nm, with 3 nm voxel size and 6 nm delocalization. This parameter set gave isosurfaces
most similar in shape to the GB plane. We note that analysis of subsections of the regions depicted
here (results not shown) generated different relative concentrations of the impurity elements,
indicating that even on the ~ 30 nm scale, significant heterogeneities are present. We further note
that the peak concentrations in these other analyses were not always exactly centered on zero (with
deviations of ~ 0.2 nm), reflecting the limits of the proxigram approach in handling a curved grain

boundary in combination with varying concentrations along the boundary.
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Figure 3.16 Conversion of APT reconstructions to 1-D concentration profiles : (a) GB1; and (b)

GB2.

3.4.2 Exterior and Interior Grain Boundary

The representative grain boundary close to the sample surface was found to have high
concentrations of Si, Al and Ca, as well as an enhanced Sm concentration relative to the bulk,
Figure 3.17 (a). The two grain boundaries deep within the bulk show much lower, but non-
negligible, impurity levels in addition to evidence of dopant segregation, Figure 3.17 (b,c).
Averaged over the 10 nm expanse of the grain boundaries, the Al content is about twice that of the
interior grain boundaries, whereas the Si is about four times higher. The Ca, Mg, Ba and Sm
concentrations, in contrast, are comparable to those in the interior. This shows that the sample
surface may be contaminated during high temperature sintering process. Therefore, only interior

grain boundaries are typically selected for further analysis.
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Figure 3.17 Atom probe tomography study of grain boundary located near the surface and in the

bulk of the polycrystalline compact : (a) concentration profiles of exterior GB, with the grain

boundary position assumed to coincide with the peak impurity concentrations, with inset plot of

integrated mean volumetric concentrations from -5 to +5 nm. (b), (c) elemental distributions across

interior GB1 and GB2, respectively;
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Gaussian fits to the intensity profiles in interior grain boundaries yield the follow results in

Table 3.1. The FWHM approximately corresponds to 2d used in holography analysis, and the

results here motivated the use of d = 0.8 nm. Note that the Sm profile is significantly wider than

that of the impurity elements, particularly in GB1.

GB1 GB2
Element Peak / cation % FWHM / nm Peak / cation % FWHM / nm
Al 0.87 +0.06 2.08 +0.09 0.78 =0.02 2.92 +0.05
Si 0.42 +0.03 241 +0.16 0.45 +0.01 3.86 =0.07
Ca 0.39 +0.03 3.31+0.21 0.75 +=0.03 4.99 +0.17
Mg 0.12 +0.01 1.78 +0.17 0.18 +0.01 4.33 +0.10
Sm 0.69 £0.06 452 +£0.51 0.54 +0.03 5.76 £0.33
Ba 0.06 +=0.01 1.34 +0.40 0.060 £0.005 4.69 +0.57

Table 3.2 FWHM of species Al, Si, Ca, Mg, Sm and Ba in GB1 and GB2.

Significantly, the impurity concentrations at these two grain boundaries differ substantially,

despite their origin from a single sample and near proximity therein. In particular, while the dopant

enhancement level (about 3x relative to the bulk) and the Al and Si concentrations of the two grain

boundaries are similar, the Ca and Mg concentrations are notably lower in grain boundary 1 (GB1)

than they are in GB2. It is known that introduction of alkaline earth elements into doped ceria

increases its grain boundary conductivity,”*"" and thus a difference in the concentration of these
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elements between different boundaries immediately suggests differences in transport properties.
Furthermore, although impurities were detected, the sample prepared here, with macroscopically
averaged Si and Al concentrations of 18 ppm and 5ppm, respectively shown in Table 3.3, is far

purer that any previously evaluated in the literature.>

3.4.3 Sample Impurity Level

The total impurity levels of the in-house ceria sample were estimated from the APT results
and the measured grain size from SEM imaging. Taking each grain to be a cube (LxLxL), and
the impurity-enriched grain boundary region to have a thickness of I, the total impurity level is
expressed as

2.0b bulk | 3 gb
fi:(6ILci )/L32+ci L :3I(Iii et

3.7)

where ¢ and ¢™* are the concentrations of impurity i in the GB and bulk regions, respectively.

The grain boundary concentrations used are those reported for GB1, in Figure 3.17(b), with an
impurity-enriched region of 10 nm. The grain size is taken to be 12.5 pm on the basis of Figure

3.1. The background level measured in the APT experiment was 10 ppm/ns.
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This work
Element Literature® / ce/ ppm* cbu / ppm* Overall / ppm*
ppm*

Si 867 1404 15 18
Al <191 2217 - 5
Ca 155 1578 78 82
Mg 129 183 - <1
Y 52 132 99 99
La <186 27 27 27
Pr <37 9 9 9
Gd <164 - - -
Yb <75 - - -
Dy <32 - - -
Nd <36 - - -
Er <31 - - -

*ppm here is reported on a metal basis (i.e., relative to the number of cerium sites)

Table 3.3 Impurity concentrations in lightly doped ceria prepared here (0.2 at% Sm), as compared

to the highest purity sample reported in the literature.
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3.4.4 Electric Potential Profile
Several potential mechanisms by which dopant and alkaline earth metal segregation
influence grain boundary conductivity have been proposed, but with no agreement to date. Here
we consider the possible impact of the measured cation chemistry on interfacial charge. An
estimation of the charge density was made under the following assumptions: (1) there is no distinct,
grain boundary core; (2) the cations, including Ce, exist in their fully ionized state (Ce**, Si**, AI**,
etc.); (3) smaller cations, Si**, AI**, reside in interstitial sites, whereas larger cations, Ca?*, Mg?*,
Ba2* and Sm®*, reside on regular cation (Ce*") sites; and (4) the concentration of oxygen vacancies
is small such that it does not impact the value of the electric field in the grain boundary region.
This approach avoids reliance on the highly uncertain oxygen signal recorded by APT. With these

assumptions, we (i) compute an initial charge density associated with the effective charge of the
cation species (for example, Gd®* replacing Ce*" has an effective charge of -1, written Gd’Ce in

Kroger-Vink notation), (ii) compute the implied potential resulting from the excess positive charge,
(iii) compute the oxygen vacancy profile under the assumption that the vacancies achieve
electrochemical equilibrium, and finally (iv) compute the revised charge density that now accounts
for both the cation excess and the oxygen vacancy depletion in the grain boundary and confirm

that the impact of vacancies on the electric potential profile is negligible.

Here, GBL1 is taken as an example with completed details. The charge, electric potential
and oxygen vacancy profiles across grain boundaries were estimated as follows. First, for ease of
analysis, the concentration profiles of Figure 3.18 (a) were represented by Gaussian profiles.
Second, based on the ionic radii of the elements,’® the likely site occupancies were assigned.

Specifically, Al and Si were taken to reside in interstitial sites, whereas all other elements (see
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legend of (a)), being comparable or larger than Ce*', were taken to enter the structure
substitutionally. Third, the relative charges were assigned assuming the structural incorporation

and the predominant ionic oxidation states. This implies the following species, as indicated in

to these segregated species was computed by simple addition of the valence weighted

' psegregation !

profiles, specifically according to

p(x)segregation = (3CAI + 4CSi - 2CCa - 2CMg - 2CBa - CSm)e (38)

where ¢; is the Gaussian profile concentration of each species, and e is the elementary charge, as

shown in (b).
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Figure 3.18 Inferring charge, electric potential, and oxygen vacancy profiles from elemental
concentration profiles determined by atom probe tomography : (a) Gaussian fits to the profiles
shown in Figure 3.17 (b) for GB1; (b) intermediate calculation of charge density due to cation

segregation; and (c,d) overlain charge and potential profiles for GB1 and GB2, respectively, after

accounting of anion vacancies.

This fourth step produces charge profiles that are not balanced by the presence of oxygen

vacancies. Far from the grain boundary, the effective positive charge due to oxygen vacancies
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balances out the negative offset evident in the figure, where the latter arises from the Sm dopant
species. In the grain boundary region, the large positive charge presumably repels oxygen
vacancies, but the system has no way of generating negative charge to balance out the impurities.
That is to say, even with an oxygen vacancy concentration of zero, ignoring dopant segregation,
introduction of Si** and AI** into interstitial sites of ceria cannot be locally charge balanced (unless
oxygen interstitials are invoked, a possibility considered unlikely and hence not treated here). Thus,

in the fifth step, the electric field due t0 p .., Was computed, where we make the reasonable

assumption that the oxygen vacancy concentration can be omitted for the first round analysis. That

is, the field was computed according to Poisson’s equation

V2(Ap) = _f (3.9)

with the charge density set to p, ..., and the bulk dielectric constant set to the value measured
by impedance spectroscopy ( &, = 36), and according to the boundary conditions
Ag(0) =Ag, Ap(0) =0

OAp|  _ OAg
OX |0 OX

0 (3.10)

X=00

In the final step, the oxygen vacancy concentration, C, . , was computed using the electric potential

profile and the assumption of electrochemical equilibrium. Specifically, we used the expression

C, (0=C,. (=) exp(—zei—_l?(x)) (3.11)
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where C,. () is the vacancy concentration in the bulk, fixed by the dopant concentration. The

charge due to oxygen vacancies was added to the p. ..., t0 generate the final charge

concentration profiles shown in (c) and (d). Here we see positively charged cores flanked by
negatively charge regions, and the overall features are reminiscent of traditional space charge
profiles. The positive core is due to the Si** and AI¥* impurities, which cannot be charged balanced
within the framework of the fluorite structure. The adjacent negative regions are due to the
repulsion of oxygen vacancies by the core, and to some extent, due to the enhancement of dopant
species with effective negative charge, which are presumably attracted by the positively charged

impurities.
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Figure 3.19 Inferred potential and oxygen vacancy concentration profiles for (a) GB1, and (b) GB2,

respectively.

The electric potential and vacancy profiles derived from such an analysis are presented in

Figure 3.19. Significantly, the assumptions regarding the effective charges of impurity and
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segregated dopant species produce an electric field profile and accompanying vacancy depletion
profile that are essentially indistinguishable from that produced by the assumption of a charged,
infinitely thin grain boundary core. The inferred space charge potentials at the interface are 1.3
and 0.7 V, respectively, for GB1 and GB2, with vacancy depletions at the interfaces of ~20 and

~10 orders of magnitude (as is standard for space charge effects). The almost two-fold difference
between the two Ag, values support the conclusion from the holography measurements that

substantial grain-to-grain variations are possible in a single material. The present analysis implies
that positive charge at the grain boundary core originates from the presence of Si and Al impurities,
as opposed to an inherent imbalance between native cationic and anionic species, and that

segregation of species with effective negative charge, Gd.,,CaZ, , etc., to the grain boundary

decreases the space charge potential. Thus, the scavenging role of alkaline earth dopants in
enhancing grain boundary conductivity can be very simply understood as countering the impurity
charge. Similarly, dopant segregation naturally diminishes, rather than increases the grain
boundary resistance. We suggest that heightened dopant segregation explains the steep decline of
grain boundary resistance with increasing dopant concentration, as reported for Gd-doped?>>°8, Y-
doped®®*® and La-doped®® ceria. The interpretation suggests that alkali metals, which have rarely

been studied as additives to ceria, may serve as particularly effective space charge scavengers.
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3.5 Summary
We directly observe high positive charge in the grain boundaries of lightly doped, high-

purity ceria. The detected space charge potential varies from as much as 1.15 V to negligible. This
wide range puts into question models of material behavior that assume a single value for Ag,. In

the case of [110] tilt boundaries, the space charge potential apparently decreases with tilt angle, a
result that may reflect the behavior of the surface energy. The observation of grain boundaries that
are free of a detectable electric field perturbation indicates that charge imbalance at the interfaces
of oxide electrolytes may not be an inherent material property. Indeed, Si and Al impurities at the
grain boundaries, as detected by atom probe tomography, may be entirely responsible for high
interfacial charge. A similar conclusion was reached in the case of SrTiOs, in which an electric
field perturbation at grain boundaries was found only in the presence of impurity species; pristine
grain boundaries displayed negligible space charge potential.®® Here, segregation of trivalent and
divalent substitutional dopants to the grain boundaries apparently counters the charge of tetravalent
interstitial impurities, and may be the reason for the substantially higher grain boundary
conductivity in heavily doped fluorites than in those which are lightly doped, as studied here. The
finite-core space charge model developed here provides an approximate framework for treating
the electric potential profile generated by differentiated regions of impurity and segregated dopant

charge.
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4 Direct Grain Boundary Study in Ceria Fibers

4.1 Abstract

Many previous works have focused on mixed ionic-electronic conductors to study material
behavior based on single values of grain boundary properties such as space charge potential, grain
boundary conductivity, activation energy, etc. even though millions of grain boundary exist in the
sample. This is due to a lack of appropriate methods and techniques access to single grain boundary
properties. The aim of this work is the deconvolution of the contributions of individual grain
boundaries to the macroscopically averaged contribution of an ensemble of grain boundaries on
the transport properties of polycrystalline mixed ionic-electronic conductors. We directly observe
up to 3 orders of variation in single grain boundary conductivity for samples in the same batch of
ceria fibers by impedance spectroscopy. The implied space charge potential varies from 0.25 V to
0.41 V. Due to the small distance between electrodes, we are able to apply large electric field to
single grain boundaries and observe current saturation when bias across grain boundaries reaches
1.5x10° V/cm at 450 <C. Such behavior has been theoretically predicted but never previously
observed. Electron backscatter diffraction and secondary ion beam spectroscopy unveil the unique
misorientation of each fiber, and various segregation level of Si, Al, Caand Mg at grain boundaries.
Variable enrichment of these species may be responsible for the large variation of grain boundary

transport properties.
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4.2 Ceria Fibers and Fiberboard
4.2.1 Ceria Fibers
As previously reported, the undoped ceria fibers provided by Zircar Zirconia Inc. have
diameter in the 3 — 10 um range, and we typically select those with a diameter of about 6 um for
electrical measurement. The grain boundaries lie normal to the axial direction and are spaced every
10-40 um along the length of the fiber as shown in Figure 4.1. As evident from the representative
high resolution transmission electron microscopy image of a thin slice of sample prepared by

focused ion beam (FIB) milling, the grain boundaries are sharp and free of any amorphous phase.

EHT = 200KV Signal A= InLens  Date :14 Jan 2015
WD= 4mm

10pm’ 4 J 3pm®
Mag= 203KX wo Mag= 1000KX  |——f PhotoNo. = 6179 Time :16:52

e (002)

® (000)
. + 3y

Figure 4.1 Electron image of a representative fiber and grain boundary : (a) scanning electron
microscopy image of a representative fiber, (b) zoomed in view of (a) showing the clear grain
boundary; (c) low mag transmission electron image of the grain boundary, with (d) high resolution
transmission electron image; (e) selected area diffraction pattern of the left grain showing the grain

boundary is in the [310] zone axis.
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4.2.2 Ceria Fiberboard
The sintered fiberboard prepared by conventional ceramics processing starting from the
same batch of fibers shows high density, >96% of the theoretical value as measured by the
Archimedes method. The grain size is determined to be 10.9 £0.7 pm from the scanning electron

microscope image as shown in Figure 4.2 by using mean-intercept method.

HV det mag B spot WD HFW
20.00kv | ETD | 1134x 4.5  9.1mm 183 pm

p:4

Figure 4.2 Scanning electron microscopy image of the fiberboard prepared by sintering

commercial ceria fibers at 1550 <C for 28 hours with relative density >96%.

Example electrical impedance spectra are showed in Figure 4.3 revealing the bulk and grain
boundary impedance in air from 500 <C to 300 <C. As seen in Chapter 3.2.3, the impedance data

were analyzed by equivalent circuit fitting, yielding the bulk and grain boundary resistances and
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their equivalent capacitances at each measurement temperature. The bulk conductivity was

: . . . . : 1 (L
determined by accounting for the sample dimensions with the equation: o}, = —(—j where
bulk

L and A are sample thickness and sample area, and R, is bulk resistance. The specific grain

boundary conductivity was calculated from the impedance fit parameters within the framework of

the brick-layer model®* using the expression o, ZRL(%X%] where G, and Cy, are the
gb gb

respective bulk and grain boundary capacitances and R, is the grain boundary resistance. A

single, temperature-averaged capacitance ratio was employed for the calculation. This expression
accounts for the fact that the total length of grain boundary material that contributes to the

measured grain boundary resistance is only a small fraction of the sample length, where that

C
fraction under the assumption of a spatially invariant dielectric constant is approximated by % .
gb
C o
Thus, the grain boundary thickness ¢ can be estimated according to %:6 where G is grain
gb

sizeand ¢ was determined to be 29.9 nm. To be accurate, the calculated grain boundary thickness
is not a physical or crystallographic thickness, but a thickness related to electrical proporties,

describing the width of space charge layer.
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Figure 4.3 Macroscopic transport properties of ceria fiberboard (grain size 10.9 + 0.7 jm) under

synthetic air : (a) impedance spectra and (b) expanded spectra, collected at the temperatures

indicated; (c) bulk and specific grain boundary conductivity determined from equivalent circuit

fitting; and (d) space charge potential inferred from a Mott-Schottky analysis.
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As shown in Figure 4.3 (c), the grain boundary conductivity is 3-4 orders of magnitude
smaller than that of the bulk with an activation energy of 1.68 +£0.04 eV higher than that of the
bulk, 1.18 eV (statistical uncertainty < 0.005 eV). The higher grain boundary activation energy is
consistent with our 0.2% Sm doped CeO> used for electron holographic study and is commonly
reported elsewhere®®®17®, The space charge potential at each temperature was calculated according

to Eg. (3.2) as shown in Figure 4.3 (d) with temperature averaged value 0.30 V.
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4.3 Device Performance
4.3.1 COMSOL Simulation
The electrodes of the fabricated device for in-plane measurement are shown in Figure 4.4.
The contact area between the electrodes and the tested fiber does not fully wrap the fiber. Only
half of the area around the fiber is in contact with SCN20 coated Pt posts. To assess the impact of
this geometry on the measured transport properties, finite element simulation was performed by
using the AC/DC module of COMSOL 5.2. The geometry of a typical fiber was set to 6 pm in
diameter and 20 pm in length. The bulk and grain boundary conductivity measured from the
fiberboard at 450 <T in air were used for simulation. A voltage of 50 mV was applied. The
maximum mesh size was 0.2 m as the results among varied mesh size agreed within 1%. To

compare, another electrode type was simulated with fully wrapped electrodes on a fiber.

(a) 52°tilt
Pt with SCN20 codting

Wet etching

mag HV curr det mode WD tilt -
2500 x5.00kV1.4nAETD SE 4.0mmO0

Fiber w/ GB

Figure 4.4 Scanning electron imaging of two representative samples : (a) a fiber without grain

boundary, (b) a fiber with a single grain boundary.



111

At 450 T, a typical fiber with 6 m in diameter and 20 pm in length has a total resistance

of 23 GQ. On both sides of the fiber, electrodes with a width of 3 m are half-wrapped as shown
in Figure 4.5 (a, ¢). This decreases the effective fiber length. The simulated resistance is 20 GQ
which is 3 GQ less than the fiber resistance. When the electrodes are hypothetically fully wrapped
around the fiber, the resistance turns out to be 18 GQ which is even less than the fiber resistance.
The current density distribution in Figure 4.5 (e)-(g) quantifies this behavior: the electrodes have
a finite width along the axis of the fiber which shortens the current pathway making the fiber
“shorter” than actual length. Therefore, with conductivity and cross-sectional area unchanged, the

resistance will be less than the real.
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Figure 4.5 Electrical conductivity simulation in AC/DC Module COMSOL 5.2 : (a) half-wrapped

electrodes, and (b) fully wrapped electrodes, with (c) current density of (a), and (d) current density
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of (b); Streamline of current density in (e) x-z plane, (f) x-y plane, and (g) y-z plane of half-
wrapped electrodes. Current density norm means the absolute magnitude of current density with
the unit of A/m?. Simulation conditions: temperature = 450 °C, voltage=50 mV, atmosphere = air,

fiber diameter = 6 pum, max mesh size for simulation = 0.2 um.

By comparing the two different electrode types, the half-wrap electrodes are more resistant
than the fully wrapped electrodes because the cross-sectional area that current travels through is
slightly smaller, somewhat balancing the decreased resistance due to the shorter current pathway.
Furthermore, the total resistance of 17 pm and 14 pm fibers are calculated to be 21 GQ and 20 GQ
respectively. In terms of resistance, a 20 pm long fiber with half-wrapped electrodes is equal to a
14 pm long fiber. This means that the current density almost distributes over the entire cross-
sectional area between the two electrodes which is also 14 pm. Even when compared to a 20 pm
long fiber, the half-wrapped electrodes only bring down the total resistance by 13% as shown in

Table 4.1.

For electrical measurement on fiber samples, it is extremely difficult to apply electrodes
on both end faces of fibers which means the real resistance is hard to measure. Since the current
distribution in the region between electrodes is almost fully distributed, the half-electrode provides

a satisfactory measurement geometry.
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Types Total resistance / Half-wrapped electrodes
GQ relative to other cases
Half-wrapped electrode 20 -
Full-wrapped electrode 18 111%
20um long fiber 23 87%
17um long fiber 21 95%
14pum long fiber 20 100%

Table 4.1 Simulated resistance at different electrode types and length of fibers.

4.3.2 Sample Holder and Bare Device Impedance

The sample holder is an alumina 4-bore tube (AdValue Technology, Inc) with three Pt
wires through it. The holder was preheated to 1100 <C for 3 hours to remove surface contamination.
Ceramics bond (Aremco Products, Inc) was used to seal the end of the holder. This is because
ceramics bond as a high temperature sealant has a much higher impedance than any conventional
polymer sealants. The impedance spectra of the sample holder without loading samples from
500 T to 300 <C under flowing air are shown in Figure 4.6 (a). The sample holder is shown to be

very resistive at high temperature, e.g. >1800 GQ at 450 <TC.
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Figure 4.6 Macroscopic transport properties of the sample holder and devices without loading
fibers under synthetic air : (a) impedance spectra of sample holder from 500 <T to 300 <C; (b)
impedance spectra of sample holder, devices without fibers collected at 450 <C, and (c) spectra

from (b) along with the simulated impedance of a typical fiber (6 pm thick and 20 pm long).

Two bare devices without fibers were also tested on the same conditions. In Figure 4.6 (b-
c), impedance of sample holder and two bare devices are compared at 450 <C. Even though the
impedance of the two bare devices is lower than that of sample holder, they still have a >800 GQ
impedance. The impedance spectrum of a fiber which is 20 pm long and 6 pm thick is simulated
based on the bulk conductivity and grain boundary conductivity from the fiberboard. Since the

grain boundary conductivity from the fiberboard is the averaged conductivity of all grain
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boundaries, the fiber impedance can be only for reference. As reported previously, the total fiber
resistance (including both bulk and grain boundary resistance) is 23 GQ which is much smaller
than that of bare device, which is over 800 GQ. Therefore, the leakage contribution from the

substrate is negligible and, therefore, ignored.

4.3.3 Reducing Electrode Impedance by SCN20 Coating

An essential aspect of the fabricated devices is the SCN20 coating, which can reduce
electrode impedance due to its high catalytic activity. To validate the coating effect, two devices,
each of which carried a fiber free of grain boundaries, were measured at the same conditions by
impedance spectroscopy. The fiber loaded into the device without the SCN20 coating was 8 |um
in diameter and 16 pm in length with the bulk resistance estimated to be 5 GQ at 450 <C based on
the bulk conductivity from the fiberboard. Similarly, the other fiber in the device with the SCN20
coating was 5 jum in diameter and 15 pm in length with the bulk resistance estimated to be 13 GQ
at 450 <C. Example impedance spectra at 450 <T in air are shown in Figure 4.7. Under zero bias,
the measured impedance of the fiber in the device without the SCN20 coating is 40 GQ which is
much larger than the estimated value 5 GQ. In contrast, the impedance of the fiber in the device
with the SCN20 coating was measured to be 11 GQ which is consistent with the estimated 13 GQ.

This implies that the Pt electrode introduces large resistance to the impedance measurement.

Furthermore, bias was applied to the measurement from 0 V to 1 V and went back to initial
state of zero bias as the last step. The impedance of the device without the SCN20 coating is
sensitive to the applied bias, and decreased from 40 GQ to 5 GQ when bias changed from 0 V to

1 V. Since the tested fiber is free of grain boundaries and the bulk electrical conductivity is
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independent of bias, the change in impedance must be from electrochemical response from the
electrode. This shows that the main impedance is due to the electrode response, which results from
inadequate electrochemical activity at the Pt-ceria-gas interface. In such a device, any grain

boundary impedance would be buried and overwhelmed by the electrode response.
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Figure 4.7 Bias behavior of devices with and without SCN20 coating under synthetic air : ()
impedance spectra of a device without SCN20 coating at the bias from 0 V to 1 V; (b) impedance

spectra of a device with SCN20 coating at the same bias range.

However, the impedance behavior of bare device with the SCN20 coating is relatively
unchanged under bias from 0 V to 1 V, which implies the electrode impedance is small. This
simply reflects the high electrochemical activity of SCN20. It is anticipated that by using the coated
device, the grain boundary impedance in a boundary containing fiber can be unveiled without

influence of the electrode impedance.
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4.4 Grain Boundary Impedance

4.4.1 Impedance Spectra of Single Grain Boundaries

Impedance spectra of an example ceria fiber with a grain boundary (a bicrystal) are shown
in the Nyquist plot in Figure 4.8 from 500 <C to 300 <C. Through the entire frequency range of 1
MHz to 10 mHz, each impedance spectrum is a single depressed semicircle with the resistance
spanning from 5 GQ to over 1000 GQ. The observed impedance spectra are inconsistent with those
commonly observed on macroscopic polycrystalline samples in Figure 2.8, which have well
separated bulk and grain boundary arcs in the frequency domain. After an intensive study of the
spectra and the impedance measurement system, we found that a large stray capacitance affiliated
with the device, sample holder and wiring was responsible for the observation of a single arc in

the impedance spectra of a bicrystal fiber.
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Figure 4.8 Macroscopic transport properties of a single fiber under synthetic air : (a) impedance

spectra and (b) expanded spectra, collected at the temperatures indicated.
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4.4.2 Stray Capacitance Effect
Stray capacitance, or parasitic capacitance, is an unavoidable capacitance that generally
exists between electronic elements within a circuit. When electronic elements have different
electrical potentials and are close to each other, electric charge will be stored on them and
additional capacitance, which is stray capacitance, will be introduced to the circuit. Generally, the

stray capacitance effect is observed when a small capacitance is being measured.

Unlike through-plane measurement which may have a quite large distance between
electrodes reducing stray capacitance, the in-plane measurement generally has smaller distance
between electrodes. In this study, the Pt posts are less than 20 pm between each other which
implies unavoidable stray capacitance. Building on the results shown in Figure 4.6, the temperature
dependence of the impedance of two devices without fibers were measured with the impedance
spectra as shown in Figure 4.9. The capacitance values determined from both the ceramic holder
in Figure 4.6 (a) and from the two devices in Figure 4.9 are reported in Table 4.2. The average
capacitance of the sample holder and the devices over the temperatures are almost the same. This
shows that the sample holder we used for impedance measurement has already introduced very
high stray capacitance to the measurement, which means that no matter how device fabrication is

improved, stray capacitance cannot be lower than 1.2x10™F .
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Figure 4.9 Macroscopic transport properties of two devices without loading fibers under synthetic

air : (a) impedance spectra and (b) expanded spectra, collected at the temperatures indicated.

Temp / °C Capacitance of the Capacitance of the Capacitance of the
sample holder / F Device #1 / F Device #2 / F
300 1.2x10™ 9.0x10™ 1.0x10™
350 1.2x10™ 1.3x10™ 1.1x10™
400 1.2x10™ 1.4x10™ 1.3x10™
450 1.3x10™ 1.4x10™ 1.5x10™
500 1.3x10™ 1.5x10™ 1.5x10™
Average 1.2x10™ 1.3x10™ 1.3x10™

Table 4.2 Measured stray capacitance from the sample holder in air from 500 <C to 300 <C.
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To better understand the stray capacitance, we also built a model to calculate the stray
capacitance from a holder composed of two parallel wires through the 4-bore alumina tube as
shown in Figure 4.10. The required parameters are the diameter of Pt wires a = 0.5 mm, the
distance between Pt wires d = 3.15 mm, the wire length | = 450 mm, and the relative dielectric

constant of alumina &, =9.8. Therefore, the stray capacitance between the Pt wires is determined

to be

— 2 —6.8x10F (4.1)
In i+ d—z—l
2a 4a

The value is consistent with what was measured on the bare electrode which showed that the long
parallel Pt wires and short distance between wires are the main reason responsible for the large
stray capacitance.

(a) (c)

Pt wire diameter @ = 0.5 mm

/=450 mm

Figure 4.10 Sample holder setup and parallel wire model for stray capacitance calculation : (a) 4-
bore alumina tube as sample holder, with (b) ceramic bond as sealant at the end; (c) parallel wire

model for stray capacitance calculation.
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The large stray capacitance in the system will influence the shape of impedance spectra in

the Nyquist plot. The bulk and grain boundary arcs are not resolvable in the frequency domain
when the stray capacitance is larger than the grain boundary capacitance (usually bulk capacitance
is much smaller than that of grain boundary). In order to explore it further, we simulated a series
of impedance spectra in which the stray capacitance was set to increases from infinitely small, ~0
to fairly large, ~1x10**F , Figure 4.11. The latter is on the order of what we have measured from

the bare device and sample holder. The equivalent circuit for simulation is performed using

parameters calculated from the impedance data on fiberboard at 450 <T ( & =25,

GB thickness = 29.9 nm, 0, =6.65x107S/cm, o, =8.57x10°S/cm ), and the typical

geometry of fibers (6 pm thick and 20 pm long). The bulk and grain boundary capacitances are
determined to be 3.1x107'°F and 2.1x107°F , respectively. We find that when the stray
capacitance is smaller (at least 1 order) than the grain boundary capacitance, the bulk arc and grain
boundary arc can be well separated. However, when the stray capacitance is comparable to the
grain boundary capacitance or larger, the bulk and grain boundary arcs merge into a single arc and
cannot be resolved. When the stray capacitance reaches 1.0x10™F, the impedance spectrum
looked like a perfect single arc without any evidence of distinct bulk and grain boundary arcs. This
explains well why the observed impedance of a bicrystal fiber is a single arc with a large stray
capacitance of 1.3x10™F . Significantly, however, even though stray capacitance can change the
shape of impedance spectra, it has no effect on total resistance. This behavior is leveraged to obtain

values for the grain boundary resistance.
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Figure 4.11 Simulation of stray capacitance effect on a single fiber impedance (6 pm thick and 20

pm long)

4.4.3 Simulation of Fiber Diameter Effect on Impedance
Since the stray capacitance resulting from the combined effect of the fabricated devices,
sample holder and wiring is difficult to reduce, it is of value to consider whether the measurement

can be improved by changing the sample geometry. Specifically, we consider the sample
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dimensions required for the bulk and grain boundary capacitance to be larger than the stray

capacitance.

The bulk and grain boundary capacitance are related to the geometry of fibers by

Chun = &0 n
(4.2)
C

gb — &&=

where &, (= 25) is relative dielectric constant, &, is vacuum permittivity, A is cross-sectional area

of fibers, L is the length of the fibers, and ¢ is the grain boundary thickness. We assume the
relative dielectric constant of the grain boundary is equal to that of the bulk. Clearly, the
capacitance will increase when the ratio of cross-sectional area to sample length increases.
Therefore, we simulate a series of impedance spectra by changing the diameter of fibers from 4
m to over 100 pm with a fixed length of 20 pm. The stray capacitance is set to be 1x10™"'F

throughout the simulation.

Example impedance spectra of bicrystal fibers with diameter increasing from 10 pm to 80
pm are shown in Figure 4.12. We observe that when diameter is larger than 50 pm, the impedance
spectra tend to separate into two arcs. When the diameter reaches 80 pm, the bulk and grain
boundary arcs are convincingly separated. The simulation result shows that increasing fiber
diameter can reduce stray capacitance effect by increasing grain boundary capacitance over stray
capacitance. However, when a fiber diameter increases to 80 pm with only 20 pm thickness, it is

appropriate to address it as a disc rather than a fiber.
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Figure 4.12 Simulation on impedance spectra on fibers with different geometry under synthetic
air : (a) impedance spectra with fiber diameter 10-80 pm, and (b) expanded spectra; (c) bulk and

grain boundary capacitance with fiber diameter increases. Simulation conditions: fiber length set
to 20 pm, grain boundary thickness set to 29.9 nm, relative dielectric constant &, = 25 (measured

from impedance on pellet sample), stray capacitance set to 102! F.

Even if we can find a smart way to successfully synthesis a micron disc with 80 pm
diameter and 20 jum thickness, high-quality impedance spectra which produce well-separated bulk
and grain boundary arcs cannot be guaranteed. This is due to the limited instrument performance

of a real measurement. High quality instrument performance is limited within the accuracy contour
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plot which varies by test conditions, model and manufacturer. For example, for a “fiber” with 80
m in diameter and 20 | in length, the resistance and capacitance of bulk and grain boundary
are calculated to be:

R, =6.0x10"Q R, =6.9x10'Q
Coux =5.6x10™F C, =3.7x10"F

This bulk and grain boundary resistance can be measured accurately with a Faraday cage.
However, the bulk capacitance is on the order of 10™F . According to the accuracy contour plot

-14

of the impedance analyzer Modulab X in Figure 4.13%, the capacitance of 10™F is too small to
be accurately measured through entire frequency with error >3% and >3< The impedance analyzer
can measure larger capacitance with higher accuracy in a wide frequency range. For the
capacitance of 10™F , accuracy of < 3% and < 3<error can be achieved through the frequency of

100 Hz to 0.1 MHz while for the capacitance of 10 F the frequency range expands to 0.1 Hz to

1 MHz with accuracy approachingto < 1% and <1<
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Figure 4.13 Accuracy contour plot of XM Modulab combined with Femto Ammeter and 2A

Booster

To accurately measure bulk impedance in the high frequency range, the bulk capacitance
must be the order of 10"*F or even higher, which implies the fiber diameter needs to be larger
than 80 um. From the Figure 4.12 (c), to achieve the accuracy of < 3% and < 3< the diameter of
the fiber is calculated to be at least 108 um. This additional requirement does not depend on stray
capacitance but relies on instrument limit. In other words, even if we succeeded in removing stray
capacitance by redesigning the ceramic holder, we still need a fiber with such a large diameter to

obtain accurate measurement of the bulk capacitance.
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4.4.4 Variability of Grain Boundary Impedance
After understanding the stray capacitance effect in our measurement, we found it was
difficult to either reduce stray capacitance below grain boundary capacitance or increase fiber
diameter above 108 pm. The goal of recovering well-separated bulk and grain boundary arcs may
not be easily achieved. However, stray capacitance has no effect in the total resistance, and we can
unveil the grain boundary resistance by subtracting the bulk resistance from the measured total
resistance. The bulk resistance can be determined based on the bulk conductivity measured from
the fiberboard. Therefore, we have the key for solving the mystery of single grain boundary

resistance.

Six bicrystal fibers were measured by impedance spectroscopy from 600 <C to 300 <C in
air. The area specific resistance of the grain boundaries is calculated by multiplying the grain
boundary resistance with the cross-sectional area and is plotted in Figure 4.14 (a). The average
area specific resistance of grain boundaries is calculated based on the measurement of the
fiberboard by multiplying average grain boundary resistivity with grain boundary thickness. From
the plot, we observe the variation of area specific grain boundary resistance of the six fibers is 2-
3 orders of magnitude, suggesting that the space charge potential and space charge layer thickness

varied as well.
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Figure 4.14 Single grain boundary resistance at the temperatures indicated : (a) area specific
resistance of single grain boundaries; (b) Arrhenius plot of grain boundary conductivity at inversed

temperatures.

The space charge potential Ag, of single fibers can be calculated using the expression®

RCIVI
= 4.3
2ezAq, [ KT “3)

Ohulk

Ugb

where, oy, and o, are the conductivity of bulk and grain boundary, k is Boltzmann constant, T

is absolute temperature, and z is the effective valence of the mobile species (+2 in the case of
oxygen vacancies). The expression is based on the Mott-Schottky model, and an assumption that,
other than a depletion of carriers, the properties in the bulk and space charge regions are the same.

In a typical measurement of a polycrystalline sample, the ratio of bulk to grain boundary
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capacitance values can be used to obtain o, from the impedance data. However, as discussed,

the stray capacitance makes this approach impossible. The grain boundary thickness of each fiber

is unknown, but uniquely relevant to its space charge potential by the expression:

S=24=2 | &P (4.4)
€z,C,

which follows from Mott-Schottky model where Ag, is the space charge potential, &, (=25) is
relative dielectric constant, &, is vacuum permittivity, Z, is the effective valence of the dopant,
e is the elementary charge, and C, is the volumetric concentration of the dopant. The only
unknown parameter is Z,C,. However, when the impedance of the fiberboard is measured, the

average space charge layer thickness 24 and average space charge potential Ag?o were calculated

to be 29.9 nm and 0.30 V, respectively based on brick layer model and Mott-Schottky model.
These parameters can be used in the equation above to calculate the average charge concentration

in the fiberboard which is also assumed to be true in single fibers.

iberboar grg A_ iberboar iber
(240,) ™ot =~ Zr2020 | (7,¢,) o — (7,¢,) ™ (4.5)
el
The Eq. (4.3) now is converted to
Obuk _ _ Obuk_ _ gl (4.6)
o, O1ASR, 2ezA@, /KT
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where 5 =24 A Now, the only free variable is the space charge potential Ag,, and it can be
A,

determined from Eq. (4.6). Furthermore, the space charge layer thickness (=grain boundary
thickness) and grain boundary conductivity can be obtained afterwards. The average space charge
potential and space charge layer thickness over the measured temperature ranges in Figure 4.14

are shown in Figure 4.15.

0.45 T T T T T T T T T T T 36

0.40 - 34
[ ]
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0.25 -7 L L 08

0.20 T T T T T T T T T T T 26
1 2 3 4 5 6

Space charge potential Ag, / V
Space charge layer thickness 2 / nm

Grain boundary ID Number

Figure 4.15 Average space charge potential and space charge layer thickness of the six

characterized fibers over the measured temperature ranges inferred from a Mott-Schottky analysis.
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The grain boundary conductivity with the dependence of temperature is plotted in Figure

4.14 (b). Activation energies are calculated from the slopes based on linear fitting to the data. The
activation energies and space charge potentials are summarized in the Table 4.3 and are plotted in
Figure 4.16. From the table, the high space charge potential corresponding to low grain boundary
conductivity has large activation energy. High space charge potential and activation energy are
related to large grain boundary barrier. GB2 has the highest potential 0.41 V among the six fibers
with 1.71 + 0.08 eV activation energy, which is 0.16 V higher than that of GB4 with 1.38 + 0.02
eV activation energy. Even though there is only a slight difference in space charge potential, the
grain boundary conductivity can be quite different following the Eq. (4.3). Compared to lower
barrier GB4, the conductivity of higher barrier GB2 is 2-3 orders lower throughout the entire
temperature range. In summary, the large variability in grain boundary conductivity is unveiled by

impedance spectroscopy on single fibers.
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Type Diameter/  Length/um GB Activation Space Charge GB
pum Energy/eV ~ Potential /V  thickness /
nm
GBI 59 15.4 1.34 £ 0.04 0.29 29.4
GB2 4.3 21.2 1.71 £0.08 0.41 333
GB3 55 18.6 1.42+0.03 0.36 32.6
GB4 4.8 16.0 1.38 £0.02 0.25 27.2
GBS 6.1 18.6 1.63 £0.05 0.27 28.4
GB6 6.2 18.5 1.50 £0.03 0.30 30.0
GB Average 1.75 cm 0.1 cm 1.68 +0.04 0.30 299
Bulk Average 1.19+0.00 - -
Fiber 1 without 4.7 15.1 1.33+0.01 - -
GB
Fiber 2 without 5.0 14.8 1.40 +0.01 - -
GB

Table 4.3 Parameters summary for six fibers with normal grain boundaries and two fibers without

grain boundaries
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Figure 4.16 Plot of grain boundary activation energy vs. space charge potential of the six

characterized bicrystal fibers.

4.4.5 Grain Boundary Bias Behavior and Current Saturation
Many studies have found that the electrical behavior of grain boundaries under bias is

different from that of bulk in ionic conductors such as Sm doped CeO2, Y doped CeO2, Y doped

BaZrOs, etc!®'8-84 When the bias across grain boundary V,, is less than or comparable to the
KT . . . - .

thermal voltage, V,, = —, the electric current transporting through grain boundary is linear with
e

V,,, which shows the linear behavior of ohmic resistance. However, when the bias continues to

increase over V,,, the relationship between electric current and bias follows power law, which is
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I, <V, Where n=2. The mechanism for this bias behavior has been studied based on space
charge theory®-:83, To date, major studies have been focused on polycrystalline materials with a
large number of grain boundaries. In these studies, the grain boundary behavior represents the

average effect which ignores single grain boundary properties such as crystalline structure,

misorientation, composition etc.

In order to explore electrical behavior of single grain boundaries, bias was directly applied
from 0 V to 8 V on fibers which spanned only 20 pm between electrodes. This implies an ultrahigh
electric field up to 4x10°V /cm on a single grain boundary, more than any other bias that has

been reported in macroscopic samples. The bias ramp step is 10 mV/s with data collection every

5mV.

Example 1, -V, plots of three bicrystal fibers, GB1, GB3 and GB5, from 550 <TC to

g
350 <C in air are shown in Figure 4.17. Here the current density j,, replaces the current 1, iny-
axis by considering the diameters of each fiber. Bias across grain boundary in x-axis is in the unit
of V,,. GB3 has a higher space charge potential at 0.36 V while GB5 has a lower potential at 0.27

V. GB1 has a potential at 0.29 V similar to that of fiberboard. In the plot of GB3, the current

through the grain boundary has linear relationship with the bias across grain boundary before

\Y
—% ~20. When the bias increases beyond —£ =20-30, a power law relationship between Jgp
th th

V
and —£ with an exponent of ~2 appears. Moreover, the slope in high bias region slightly increases
th

from 1.81 +£0.02 to 2.67 x0.01 when the temperature decreases from 550 <C to 350 <C. The
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transition point shows a shift toward higher bias when temperature decreases, which is due to the

temperature dependence of V,, = k—T. In contrast, lower space charge potential GB5 has slightly
e

different grain boundary behavior, especially under high bias. The |, -V

g Plot of this bicrystal

.V
fiber can be divided into three sections. The first section is a linear region ]y, o V—gb which is seen
th

v, V., (VY
when Vi is relatively low (e.g. Viﬁlo at 450 <C). Then ]y v where n =2 when

th th th

V \Y
—® —20-30 at 450 <T. Surprisingly, when —£ further increases, the linear relationship returns.
th th

This behavior suggests the current reaches a saturation regime. Such saturation behavior has been
predicted®8® but rarely experimentally observed in ionic conductors. This is because macroscopic
samples have millions of grain boundaries. Even though a high bias can be applied to the sample,
the voltage across any individual grain boundary is small and can’t bring the grain boundary to
saturation. However, in our study, each fiber has only one grain boundary, and the grain boundary
conductivity is ~3 orders less than the bulk conductivity. Most of the bias applied to the fiber drops
on the grain boundary. Therefore, a large bias is achieved which drives the grain boundary towards
saturation. However, current saturation is not found on GB1 and GB3 with higher space charge
potential when the applied bias goes to maximum 8 V. This is probably because the applied bias

is not large enough when the grain boundary barrier is high.
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Figure 4.17 Ig -Vgb plots of grain boundary with different space charge potentials at indicated bias :
(a) GB3 with 0.36 V, (b) GB1 with 0.29 V and (c) GB5 with 0.27 V. Current density is used

considering variability of fiber diameters.
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4.5 Grain Boundary Misorientation and Composition
The misorientation of each fiber was measured by EBSD. One example grain boundary
(GB1) is shown in Figure 4.18. The sample is tilted 70=from the horizontal plane to optimize both
the contrast in the diffraction pattern and the fraction of electrons scattered from the sample. Since
the fiber has a geometry of cylinder, the region for detection is limited and restricted to only the
very top surface facing towards the detector. Other parts of the fiber are either blocked from the
detector or from the incident electron beam. In the Figure 4.18 (c), only the top surface of the fiber
is able to be characterized by EBSD. The region that can be indexed is only along the outline of
the fiber. When the electron beam reaches the area below the top surface, the backscatter signal is

blocked by the fiber itself and thus not collected by the detector.

Side view
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(b) GBI

Figure 4.18 Electron backscatter diffraction analysis on a representative grain boundary : (a)
schematic of measurement geometry; (b) scanning electron imaging of a fiber with a grain

boundary GB1; (c) misorientation mapping on the top surface of the grain boundary.

The misorientation is recorded as Euler angles and converted to the pair of rotation
axis/angle in the Table 4.4 below. The rotation axes of the six grain boundaries are not the same:
there are a low index axis [100] of GB 6 and a high index axis [417] of GB3. Among the six fibers,
GB1, GB4 and GBS share the same rotation axis [110] with the rotation angles of GB1, 54.0°,
higher than that of GB4, 7.7°. With higher rotation angles, the space charge potential of GB1 is
0.04 V higher than that of GB1, which implies a relationship between misorientation angles and

space charge potential as shown in Figure 4.19.
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Fiber Type Space Charge Potential /V Misorientation

GB1 0.29 [110]/ 54.0°
GB2 0.41 [111]/54.2°
GB3 0.36 [417]/24.1°
GB4 0.25 [110]/7.7°
GBS5 0.27 [110]/46.4°
GB6 0.30 [100]/ 45.2°
GB Average 0.30 Random

Table 4.4 Misorientation determined by electron backscatter diffraction for six fibers with normal

grain boundaries

0.45

Space Charge Potential / V

0.20

0.40

0.35 4

o

)

a
1

[111]
[417] u
[100]
030 - == === == === == == = = = w------
./
. /
[110]

Rotation Angle / °

60

Figure 4.19 Plot of space charge potential vs. rotation angle with rotation axis as indicated.
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To correlate misorientation with electrical properties of GB, we observe that the most
resistive GB2 has misorientation of [111] / 54.2°while the least resistive GB 4 has misorientation
of [110] / 7.7< In contrast, GB6, which represents the average impedance, has misorientation of
[100] / 45.2< The relevant research on grain boundary conductivity or grain boundary energy
dependence of misorientation in CeOz is rare. There are two studies on grain boundary energy and
surface energy of twist and tilt grain boundaries in CeO; but are not very relevant to our work®" 8,
Our result provides an important missing link between misorientation and electrical properties of

grain boundaries.

Chemical composition of the six fibers has not been characterized yet by SIMS. However,
the grain boundary composition of random fibers was studied. We found a high variability in grain
boundary composition. An example of grain boundary is shown in Figure 4.20. Al, Si, Mg and Ca
are found to segregate at the grain boundary. Those species are not purposely doped in the fibers
but are impurities possibly from the starting materials, transferring and/or sintering process.
Another grain boundary with less segregation is shown in Figure 4.21. None of the previous
impurities are found to be obviously segregated in this grain boundary. Even in the same fibers in
Figure 4.22, the two grain boundaries have different segregation level. The finding from SIMS
study is consistent with previous APT study on 0.2 at% doped CeO- used for electron holography

where Al and Si are most likely responsible for positive space charge potential at grain boundaries

in CeO.. As interstitial impurities, the segregated Al and Si introduce positive charge AL™ and
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The segregation level related to grain boundary state depends on many factors. One of the

most important factors may be misorientation. From what we learned from EBSD analysis, we
found the misorientation of each fibers was unique causing varied grain boundary energy. The
grain boundary energy in ionic oxides has been studied widely43-6587.89.9 \which shows that the
grain boundary energy will change in terms of misorientation. The varied grain boundary energy

may be the driving force on species to segregate at grain boundary core.

Figure 4.20 Chemical composition mapping across a representative heavily segregated grain

boundary for Mg, Al, Si and Ca. Scale bar = 10 pm.
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Figure 4.21 Chemical composition mapping across a representative lightly segregated grain

boundary for Mg, Al, Si and Ca. Scale bar = 10 pm.

Figure 4.22 Chemical composition mapping across a representative fiber with two grain

boundaries for Mg, Al, Si and Ca. Scale bar = 10 pm.
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4.6 Beyond Undoped Ceria Fibers & Fiberboard
I would like to take the last chance to discuss impurities and impedance in nominal undoped
ceria synthesized in the lab and literature. Hopefully my input on this topic will be helpful to

someone after me.

In the past five years, many ceria samples were synthesized, either doped or undoped, with
starting powders, either high purity or regular. All the samples are sintered at high temperatures to
achieve large density, approaching to the theoretical value. All the nominally undoped ceria
samples were found to have different bulk and grain boundary conductivities. The difference in
bulk conductivity can be as high as 4 orders which is definitely beyond measurement error. The
large difference must be due to something else, of which the most possible factor, an impurity, is

addressed here.

Even if the synthesized sample is nominally undoped, an impurity in the sample can
convert the sample from undoped to doped. Impurities can be from anywhere such as starting
powders, grinding, sieving, ball milling, beakers, pressing, combustion boats, furnaces, etc. In
some steps, impurities can be controlled carefully. For example, during the high temperature
sintering process, extra powders fully covering the sintered pellet in the combustion boat protect
the pellet from the contamination from the furnace and the combustion boat. Furthermore,
selection of starting powders is vital to the impurity level in the final products. However, we only
have the option to select products from different suppliers but are not able to control the impurity

level or further purify the existing starting powders.

The starting CeO, powders in the lab are usually not of high purity. Most of them are 99.9%

trace from Aldrich Chemistry with impurities < 1500 ppm based on the provided Product
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Specification. The 1500 ppm impurity level implies a small amount of contamination over the
entire sample. However, if we consider grain boundary segregation, then the segregated impurities
may be substantial when the enrichment factor is high. There are other CeO, powders of high
purity which are 99.995% with impurities <55 ppm. These are the cleanest ceria powders found
online and used in the synthesis of 0.2 at% Sm doped CeO, (SDC02) for electron holography and
atom probe tomography study. The third CeO. samples are the fiberboard with purity > 99%. All

the three sample were sintered at high temperature with similar density and grain size as shown in

Figure 4.23 and in the Table 4.5 below.

Figure 4.23 Scanning electron microscopy image of three ceria samples : (a) undoped ceria (grain
size 10.0 = 0.6 pm) made from starting powders CeO2 >99.9%, Aldrich Chemistry; (b) 0.2% Sm
doped cerium oxide (grain size 12.5 + 1.2 pm) made from starting powder CeO2 >99.995% and
Sm»03>99.999%, Aldrich Chemistry; (c) ceria fiberboard (grain size 10.9 + 0.7 m) made from

CeO; fibers >99%, Zircar, Inc.
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Undoped Ceria 0.2 at% Sm doped CeO2 Fiberboard
Impurity level 99.9%. < 1500 CeO2 (99.995%, < 55 ppm),
9%, < o

ppm szO3 (99.999%, < 15ppm 99%
Grain size 10.7+ 0.6 um 10.9+£ 0.7 um 125+ 1.2 um
Relative >96% >96% >96%
density
Sintering 1550 °C 1500 °C 1500 °C
temperature

Table 4.5 Structure and impurity level of the three ceria samples

The bulk conductivity of the three samples is shown in Figure 4.24 (a). We can clearly
observe that the high purity ceria powders even doped with 0.2 at% Sm has the lowest bulk
conductivity, which is slightly lower than that of the fiberboard, but almost 4 orders lower than
that of undoped ceria made of powders with 99.9% purity at 300 <T. When the temperature
increases, the difference in bulk conductivity becomes smaller and vanishes when extrapolated
beyond 700 <C. We also compare the bulk conductivity of some ceria samples in the literature.
One is undoped ceria made of 99.999% high purity CeO. powders and the other is 0.1 at% Y doped
CeO>. Both samples have higher conductivity compared to that of the fiberboard and SDCO02 by

extrapolating data to low temperature range ~300 <C.

At such a low temperature, the electronic conductivity is extremely low and can be ignored.
The only charge carrier is oxygen vacancy, the concentration of which is dominated by dopant
level. In nominal undoped ceria, those species such as alkaline earth elements Mg, Ca, Ba which
are common impurities in CeO3, can replace Ce atoms and sit on Ce sites generating oxygen

vacancies by
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MO —=2 M., +V3 +0; (4.7)

Thus, high bulk conductivity means the high substitutional species in the bulk region. Among the

ceria samples, SDCO02 shows the lowest impurity level in the bulk.
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Figure 4.24 Arrhenius plot of ceria samples : (a) bulk conductivity, and (b) grain boundary
conductivity of a series of ceria samples including undoped ceria (99.9%), undoped ceria
(99.999%), 0.1 at% Y doped ceria, 0.2 at% Sm doped ceria and 20 at% Sm doped ceria either in

the lab or literature.

Grain boundary conductivity is also plotted in Figure 4.24 (b). We observe that the grain
boundary conductivity of the fiberboard is the highest while the SDCO02 is the lowest among the

three ceria samples. The difference is as high as 2 orders in grain boundary conductivity. The
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reason for such a large difference is unknown. From our previous finding, the impurity level at
grain boundary core is responsible for electrical conductivity of grain boundary. Those interstitial
cation impurities such as Al and Si will introduce a positive charge to grain boundary core. While
those substitutional cations such as alkaline earth elements counter the positive charge at grain
boundary core. Therefore, to explain the difference in grain boundary conductivity requires the
knowledge of impurity amounts and defect type. However quantitative measurement of impurity
level and determination of defect type at grain boundary core is difficult due to the need for high
spatial resolution and high sensitivity. To further study and compare impurity level in different
ceria samples is beyond the scope of study and will be passed down to others who are interested.
Besides, whether the impurity level at grain boundaries is correlated with grain boundary
misorientation is unclear and still needs more investigation. But the most important point I would
like to bring up here is that the impurity effect especially at grain boundaries may determine the
electrical performance at low temperatures. Even if those impurities are in the level of ppm and
generally ignored, it is vital to electrical conductivity of ionic oxides at intermediate or even low

temperatures, the ideal operation temperature range that solid-state fuel cells aim for.
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4.7 Summary
In this work, we develop a type of novel device and design an ultrahigh impedance station
for in-plane impedance measurements at elevated temperatures. The resistance of this device
without loading samples exceeds 800 GQ at 450 <€ in air while resistance as high as TQ and
capacitance as low as 0.01 pF are measurable by using the ultrahigh impedance station. The coating
of mixed conductors SCN20 on top of Pt layers effectively decreases the electrochemical
resistance between the interface of electrodes and samples, which assists in unveiling single grain
boundary resistances. Large variability in grain boundary conductivity is observed, which is up to
3 orders among the six fibers with the space charge potential spanning from 0.25 V to 0.41 V. This
puts into question the traditional grain boundary transport theory in polycrystalline materials which
assumes a single value of space charge potential. Misorientation is obtained by electron backscatter
diffraction on each fiber, which shows that all fibers have unique misorientations, even though
they are from the same batch materials. The fiber of [111] / 54.2 ©has the lowest conductivity
while the fiber of [110] / 7.7<has the highest. Si, Al, Ca and Mg are found segregated at grain
boundary cores with variation from grain boundary to grain boundary. This matches our finding
from the APT study on 0.2 at% Sm doped ceria which also found grain boundary segregation of
those species. Similarly, we believe that Si and Al segregation at grain boundary cores are
responsible for positive charged grain boundaries while divalent substitutional dopants are able to
counter the charge of tetravalent interstitial impurities and therefore increase grain boundary
conductivity in ceria. The device developed here facilitates the observation of current saturation

across grain boundaries. This validates the space charge theory with a unique point of evidence.
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5 Summary & Conclusion

In this study, the charge transport of single grain boundaries was investigated in ceria, one
of the most significant oxide electrolytes in materials community, with systematic studies on the
electrical conductivity, misorientation and chemical composition. We primarily tackle two
problems which are usually overlooked in ionic materials due to a lack of relevant experimental
evidence. The first problem is the assumption that every grain boundary is approximately the same
with single values of properties since many models of material behavior rely on this assumption.

The second problem is the origin of grain boundary barriers to ionic conductivity.

With results from electron holography and impedance spectroscopy on single grain
boundaries in ceria, we have strong evidence to show that a large variability of grain boundary
properties is directly observed in terms of space charge potential varying from 1.15 V to negligible,
and ionic conductivity of many orders difference. Selected area diffraction and electron backscatter
diffraction show that each grain boundary has unique misorientation. This misorientation study
found that large tilt angle grain boundaries favor high boundary barriers. Atom probe tomography
and secondary ion mass spectroscopy study on single grain boundaries reveal that Al, Si and
alkaline earth species enriched at grain boundary cores at different levels. All of the direct
observation has put into question models of material behavior that assume uniform grain boundary
properties in samples. Furthermore, the direct grain boundary study unveils the space charge
origins in solid-state ionic materials. Si, Al and those interstitial impurities at the grain boundaries
may be entirely responsible for the high interfacial positive charge. Segregation of trivalent and
divalent substitutional dopants to the grain boundaries is able to counter the charge of interstitial

impurities, and may be the reason for the substantially higher grain boundary conductivity in
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heavily doped fluorites than in those which are lightly doped, as studied here. Thus the space
charge origin is primarily driven by a chemical cause intead of thermochemical one. This provides
us with clear guidance on how to tune interfacial charge and transport in ionic materials:
substitutional dopants that reduce space charge potential favor positive carrier transport while
interstital impurities that increase space charge potential assist negative carrier transport. We are
hoping this study will assist in many research fields of the future that can utilize grain boundary
engineering such as intermediate temperature fuel cells, solid-state batteries, thermochemical cells,

memristors and electrocatalysts.
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