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Abstract

In nanocrystalline materials, defect-grain boundary (GB) interaction plays a key role in
determining the structure stability, as well as size-dependent ionic, electronic, magnetic

and chemical properties. In this study, we systematically investigated using density
functional theory segregation and migration of oxygen vacancies at the X3 [liO]/ (111)

grain boundary of ceria. Three oxygen layers near the GB are predicted to be segregation
sites for oxygen vacancies. Moreover, the presence of oxygen vacancies stabilizes this tilt
GB at a low Fermi level and/or oxygen poor conditions. An atomic strain model was
proposed to rationalize layer dependency of the relaxation energy for +2 charged oxygen
vacancy. The structural origin of large relaxation energies at layers 1 and 2 was
determined to be free-volume space that induces ion relaxation towards the GB. Our
results not only pave the way for improving the oxygen transport near GBs of ceria, but
also provide important insights into engineering the GB structure for better ionic,

magnetic and chemical properties of nanocrystalline ceria.



1. Introduction

Nano-crystalline ceramic (NCC) materials are known to possess interesting properties
compared with their microcrystalline and bulk counterparts owing to the extreme large
surface-to-volume ratio. The properties of NCC are often size-dependent, which gives an

independent degree of freedom to tune a broad range of material properties, such as
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chemical'™®, ionic™®, electrical’, optica and magnetic properties. Two major
factors contribute to such size-dependency: the first is the existence of planar defects,
such as grain boundaries (GBs) and/or interfaces; the second is the interaction between
planar defects and other characteristic structural defects including point defects and

dislocations. Therefore, understanding of the interaction of defects with GBs and

interfaces becomes crucial for optimizing NCC.

Cerium dioxide (i.e., Ceria or CeO;) has attracted numerous research efforts due to

18-20 21-23

application in radiation tolerant materials'®?°, chemical catalyst' ®, oxygen sensors
and solid oxide fuel cell (SOFC)**?°. Nano-structured ceria (NSC) show desirable
improvement over bulk ceria in various aspects, such as enhanced irradiation tolerance'®”
2 increased catalytic efficiency at the metal-ceria interface® and efficiency for ceria
reduction”’. Formation and transport of oxygen vacancy (i.e., Vo), which are the
fundamental processes central to applications of ceria, have been widely studied for the
bulk case®®>". In practice, the unavoidable introduction of 2D defects such as surfaces or
GBs complicate oxygen vacancy behavior owing to the interaction between vacancy and
2D defect. For example, oxygen vacancy can segregate nearby GB in Gd- and Mn-doped

. 31 . . .
ceria’’, and oxygen vacancy can assume a subsurface ordering in reduced ceria (111)

surfaces®”. Nevertheless, knowledge is limited for oxygen vacancy behavior near grain



boundaries, which is critical for controlling the electron and ion behavior in an
environment different from the bulk and the overall performance of NSC. Recent

experiments®~" identified detailed structures of two GBs, X5 [001]/(210) and

23 [liO]/(lll), in ceria and uncovered the importance of oxygen vacancy on the

stability of the GBs. However, atomic scale characterization of non-stoichiometry and
oxygen transport by experiments proved to be difficult due to the required use of
advanced techniques, such as transmission electron microscope (TEM) with high voltage,
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chromatic and spherical aberration correction and/or high resolution scanning

tunneling microscope (STM)’’. As an alternative to experiments, first-principle

calculations achieved fruitful results in past decades, and proved to be a robust method

for studying defect behavior in ceria®~**,

The =3 [110]/ (111) GB has a lower GB formation energy than the £5 [001]/(210) GB

because of less structural distortion and lower density of three-folded O (i.e., O bonded
with three neighboring Ce ions) at the GB planes’*. Since low formation energy indicates
high population and contribution to NSC, we systematically investigated, utilizing first

principle calculations, the oxygen vacancy formation and migration in the
23 [liO]/(lll) GB of ceria. Our results predict oxygen vacancy segregation in the
nearest three atomic oxygen layers to the GB, and the presence of oxygen vacancies
stabilizes this tilt GB at a low Fermi level and/or oxygen poor conditions. The ¥V, defect
(i.e., Vo with +2 charge) dominates at low Fermi level and/or oxygen poor conditions,
while the V' defect (i.e., Vo with zero charge) appears at high Fermi level and in oxygen

poor conditions. An atomic strain model was proposed to explain the layer dependence of



relaxation energies for V. Free-volume space induced relaxation of first nearest
neighbor Ce ions towards the GB was identified as the structural origin for large
relaxation energies for ¥ in two oxygen layers nearby GB. Based on our results,

tailoring the ionic, magnetic and chemical properties of NSC may be achieved by

controlling GB’s structure and thickness as well as grain size.

2. Calculation Details

Density functional theory (DFT) simulations were performed using the projected
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augmented waves (PAW) """ method in Vienna Ab initio Simulation Package (VASP)

2. A local density approximation™ coupled with the Hubbard on-site Columbic
correction in Dudarev et al.’s formalism>* (LDA+U) and spin polarized calculation were

employed. We used a U=6 eV and J=0 eV to capture the localization into 4f orbitals of

electrons”™*’. A Monkhorst-Pack 4x2x1 k-mesh® and 400 eV***® plane wave cutoff

energy were used to ensure a converged and accurate result. The 23 [liO]/ (111) GB,

which was generated by mirroring and shifting (111) plane, has 216 atoms and a
dimension of 7.6 A x 13.1 A x 28.1 A (Figure 1). Two GBs are included to resolve the
conflict between periodic boundary condition (PBC) and stoichiometry, and the
separation distance between two GBs within the cell is large enough to reduce GB-GB
interaction. And the distance between two GBs across the cell is much larger than that
within the cell, owing to the prevention of interference of GB on oxygen vacancies

behavior under PBC. All structure visualizations were realized in VESTA”’, and atoms



were represented by solid spheres with ionic radii. Kroger—Vink notation®® is used for all
defects. Structural relaxations were performed through conjugate-gradient algorithm to
minimize the Hellman-Feynman force below 0.01 eV/A. All migration energy barriers
for oxygen vacancies were calculated by the climbing-image nudged elastic band (CI-
NEB) method”. Low GB formation energy (1 J/m?) indicates relative high formation

ability of '3 GBs, in agreement with recent experiments>*.

The defect formation energy was defined as:

E(form)= E(d)~ E(p)+ X npt, +q(AE, +E,) (1)

where E(d) is the total energy after defect formation, E(p) the total energy before defect
formation, n; the total number of atoms removed during defect formation, W; the chemical
potential for removed atoms, q the charge state of defect, E,», the valence band
maximum, and AE; the measured Fermi energy level from valence band maximum. The
oxygen chemical potential range (-10.46 eV, -5.24 eV) was determined by two
thermodynamic limits: (1) the limit of ceria stoichiometry: u . +2u, = Moo, s and (2) the

limit of the system against the decomposition into constituent elements (face-centered-

Bulk

cubic single crystal of Ce and gaseous O)): u., <u." and u, < ,1182. To quantify the
formation ability of a vacancy at the GB in reference to bulk, segregation energy E_ for

Vo was calculated by:

E  =E (GB)-E (Bulk) (2)
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where E (GB) and E (Bulk) are the formation energy of Vo in GB and bulk,

respectively. In addition, the formation energy of the non-stoichiometric GB, E}*", was

determined by:

E}% = E(NGB)~ E(pb)+ X n i, +q(AE +E,) (3)

where E(NGB) is the energy for the supercell with the GB and one Vo, and E(pb) is the

energy for corresponding bulk supercell without V.

3. Results and Discussions

3.1 Segregation of Oxygen Vacancies

The 23 [liO]/ (111) GB can be envisaged as alternating O and Ce planes (Figure 1),

where two O planes meet with each other at the GBs. Oxygen planes are labeled
according to their distance from the grain boundary (Figure 1). The larger the number is,

the further oxygen layer is from the GB. Segregation energies as a function of oxygen
layer were calculated for +2, +1 and 0 charged vacancies (i.e, V;, ¥, and V), as shown
in Figure 2. It was observed that the near-GB layers (i.e., layers 0, 1 and 2) have negative
segregation energies for vacancies, while the far-GB layers (i.e., layers 3, 4 and 5) have

segregation energies near zero. The Vo segregation range bound by the GB and layer 2

was estimated to be about 0.5 nm from the GB. Our results predict that the ceria GB



favors accumulation of oxygen vacancies, but only strongly influences vacancy

distribution in 0.5 nm from the GB.

Electronic transition levels are calculated based on equilibrium of defect formation
energies between a pair of point defects, and, therefore, define the stability boundary for
the corresponding defects. Figure 3 depicts the +1/0, +2/+1 transition levels of oxygen
vacancies for GB and bulk. First, the transition levels from the GB gradually converged
to that in bulk when the oxygen layer number exceeds 2 (i.e., at far-GB layers). Second,

the V, occupies a limited region compared with +2 and 0 charge cases in both GB and

bulk, in agreement with a previous DET study®. Third, it’s worth noting that despite the
fact that the boundaries of the +2/+1 transition at the GB and in the bulk unanimously lie

below the lowest energy of 4f band, the remaining electrons at O vacancy site after the
removal of oxygen atom localize into neighboring Ce 4f orbitals for both V;, and V,

. . . 1. .
which form polarons responsible for electron conduction®' in ceria.

To fully explore oxygen vacancy forming ability, we plot the chemical potential and
electronic Fermi level dependent oxygen vacancy formation energies in Figure 4 for two
representative oxygen layers, 0 and 1. Stoichiometric region occupies about 50% of the
whole explored region, and is dominant in an oxygen rich environment, in agreement

with experimental results®®. In oxygen poor conditions, +2, +1 and 0 charged oxygen

vacancies form naturally, driven by the negative formation energies. The V; occupies a
low Fermi level and/or located in oxygen poor region, while the V) on the other hand

prefers a high Fermi level and oxygen poor region. The V, is stable only in a limited

region near GB layers, consistent with transition level calculations (Figure 2). In addition,



we explored how the oxygen vacancy influences GB’s formation ability by mapping

EJ*" with respect to Fermi level and chemical potential (Figure 5). The stoichiometric

GBs are stable in an oxygen rich environment, and hence free from oxygen vacancy
formation, while non-stoichiometric GBs appear at low Fermi levels and/or in oxygen

poor conditions. The presence of one oxygen vacancy stabilizes the GB by reducing

E ;VGB from 0.87 eV in stoichiometric case to as low as 0.43 eV. It’s crucial to be aware of

the fact that our current study is limited to 0 K conditions. Temperature can drastically
increase the oxygen vacancy concentration for the stoichiometric region defined in this
study. The temperature- and pressure-effect on point defects in GB of ceria will be

reported elsewhere.

The defect-induced structural relaxation can be decoupled into two consecutive relaxation
processes: (1) electronic relaxation with fixed ion positions; and subsequent (2) ionic
relaxation. Electronic relaxation energy or bond energy Epong 1S measured by the energy
difference between the supercell after fix-ion electronic relaxation and the pristine
supercell. Ionic relaxation energy, Eiex, 1S calculated by subtracting the energy of the

pristine supercell from that of the fully relaxed supercell. Provided E, and E, are defined
by E,=E.> —E} and E =E? —E™" respectively. We can, therefore, predict the
segregation energies for Vo by £ = E, + E . The aforementioned analysis® was carried
out for GB and bulk, and the corresponding results are plotted in Figure 6(a). For near-
GB layers, Ey, increases and E, decreases steadily with increasing oxygen layer number.

For far-GB layers, both E, and E, decrease with increasing oxygen layer number. The

large negative values of E; at oxygen layers 0, 1 and 2 give rise to near-GB vacancy



segregation region identified in Figure 2. To better understand the layer dependency of E,,
an atomic strain model was proposed. In general, the removal of oxygen ion results in
inward-vacancy relaxation of O neighbors and outward-vacancy relaxation of Ce
neighbors. Since nearest neighbor ions constitute a major contribution to the total
relaxation, only the first (Ce) and the second (O) nearest neighbors were considered for

atomic strain calculations. The atomic strain €; for each neighbor ion 1 associated with
vacancy induced relaxation is defined as: € =(d_ —d/ )/d. , where d/ and d__ is
interatomic distance between neighboring ion and vacancy after and before vacancy

creation, respectively. The total atomic strain & for vacancy creation is expressed by a

summation over all neighboring ions’ atomic strain: €, = 261.. The interaction strength

parameter, S, can be defined to correlate the atomic strain and relaxation energy via

= ZS *¢ . Since Ce-O has different interaction strength than O-O, we can classify

1 elax

S; into two categories: Sco for Ce-O and Spo for O-O. By comparing the relaxation

energies between GB and bulk, we obtain:

Ce(GB) Ce( Bulk) O(GB) O(Bulk)

Er = Eseg;relax = ra/ax rlzlllali SCO{ Z 8 - Z 8i}+SOO{ Z 81‘ - Z gi}+Ec (4)

i

where E or E_is relaxation contributed segregation energy; E_; and E™"

seg;relax relax relax

Ce(GB) Ce(Bulk)
relaxation energy for GB and bulk, respectively; Z € and 2 €, are summations

over the first nearest neighbor Ce atom’s atomic strain at the GB and in bulk, respectively;
O(GB) O(Bulk)

Z € and 2 €, are summations over the first nearest neighbor O atom’s atomic

i i
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strain at the GB and in bulk, respectively; and E. is an energy correction term accounting

for the relaxation effect beyond the first and second nearest neighbors. Applying a two-

Ce(GB) Ce( Bulk)

variable linear regression of E with respect to D(Ce)= 2 £ — z g, and

seg;relax i

i i

0(GB) O(Bulk)
D(0)= 2 € - Z €, , a very good fitting is achieved with a standard error lower than

3% as shown in Figure 6(b), and the optimal parameter values of Sc0=3.88 eV, Spo=-
2.40 eV and E.~=-0.42 eV are obtained. Our atomic strain model is capable of
rationalizing the relationship between relaxation energy and atomic strain, and hence

gives a reliable prediction of the relaxation contributed segregation energies (Figure 6(a)).

In order to identify structural origins for unusually large relaxation in oxygen layers 1 and
2, we determined the layer dependent atomic strain difference D(Ce) and D(O) between
the GB and bulk for the nearest neighbor Ce and O ions, as shown in Figure 7(a). At the
near-GB region, D(Ce) has a fast drop and becomes negative in oxygen layers 1 and 2. At
the far-GB region, positive D(Ce) values are obtained. The negative D(Ce) values were
interpreted via displacement vector visualization map in Figure 7(b). Due to the large
free-volume space in the GB compared to that in the bulk, Ce ions tend to be attracted
towards the GB to further minimize the total free energy after vacancy creation, and
results in large inwards-GB displacement vectors, as shown in Figure 7(b). This GB
induced relaxation directly leads to the crossover from positive to negative D(Ce) values,
and consequently large relaxation energies after vacancy creation, according to our
atomic strain model. For far-GB layers, oxygen layers closer to the GB block such GB
induced relaxation of Ce ions, and a bulk like behavior is resumed as indicated by Figure

6(a) and Figure 7(a).
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3.2 Migration of Oxygen Vacancies in ) 3 GB

Macroscopic oxygen transport involves two critical atomic level processes: oxygen
vacancy formation and migration. Activated by thermal agitation and driven by lowering
of the total free energy, vacancy formation provides prerequisites for vacancy-assisted
migration and allows for thermodynamic prediction of vacancy concentration. On the
other hand, vacancy migration is indispensable for shedding light on the kinetic aspects

of oxygen transport. In this study, we investigated systematically the migration energy

barriers along the lowest migration pathway [100]** for V. Migration energy barriers for

V, near the GB are listed in Table 1, and plotted, along with segregation energies in

Figure 8. For layers 0, 1 and 2, it’s easier for vacancy to migrate towards (with the E,, of
0.46 to 0.70 eV) than away from (with the E;, of 0.60 to 0.98 eV) the GB. Therefore, if
one vacancy forms far away from the GB, it can preferentially hop towards the GB under
thermal activation. After equilibration, accumulation of oxygen vacancies at GB is
expected, consistent with thermodynamic prediction based on segregation energies
(Figure 2). Meanwhile, Vo may be trapped kinetically in near-GB layers due to a high
migration barrier of E23=0.98 eV from layer 2 to layer 3. Combining the trend of
segregation of Vs at the GB with lower migration energy barriers (e.g., E01=0.6 eV and
E10=0.57 eV) than that in bulk (i.e., 0.75 eV), we can reasonably expect the enrichment
of oxygen vacancies near the GB, which may not only facilitate oxygen diffusion in this
region owing to increased concentration and decreased migration barrier’, but also

provide potential absorption sites for fission products, such as helium and xenon.
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4. Conclusions

Oxygen vacancy’s formation and migration in X3 [liO]/(lll) grain boundary ceria
were systematically investigated based on first principle calculations. Segregation of
oxygen vacancies near the GB is favored both thermodynamically and kinetically. The
V; defect dominates at low Fermi level and/or oxygen poor conditions, while the V'
defect appears at high Fermi level and in oxygen poor conditions. An atomic strain model
was proposed to reveal layer dependency of relaxation energies of V;. The results
indicate that free-volume space induced Ce ion relaxation towards the GB is responsible
for the large relaxation energies in oxygen layers 1 and 2. The V; defect preferentially

migrates towards the GB and gets trapped at oxygen layers 0, 1 and 2, which in return

helps stabilize the GB under low Fermi levels and/or oxygen poor conditions.

These results provide valuable insights into how defects interact with GB, and are useful
for engineering GB structures for better ionic, magnetic and chemical properties of
nanocrystalline ceria. With decreasing grain size, the contribution of GBs to total oxygen
conduction becomes increasingly important. Understanding of defect formation and
migration near GB allows prediction of defect concentration and temperature- or
pressure-dependent oxygen diffusivities®, which are essential for assessing GB’s
influence and developing better SOFC. Furthermore, the knowledge of the relative
stability and concentration of oxygen vacancies with different charge and spin-polarized

states can facilitate interpretation of ferromagnetism prevalent in NSC'*'%% Last but not
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least, the segregation of oxygen vacancies nearby GB impacts oxygen storage capability

of NSC and provides sites of high oxygen vacancy concentration crucial for chemical

catalyst in automotive industry and water-gas shift reaction®®®*,
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Tables:

Table 1 Migration energy barriers for +2 charged Vo near the ) 3 grain boundary in ceria.

Path Em (€V) Path Em (€V)
EO] 0.60 EIO 0.57
EI2 0.70 E21 0.46
E23 0.98 E32 0.70
E34 0.70 E43 0.82
E45 0.76 E54 0.84
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Figure 1. Projected view along [110] axis of Y3 grain boundaries. O layers are labeled by

integers from 0 to 5. Layer 0 lies on one of two grain boundaries indicated by black

triangles.
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Figure 2. Segregation energy for +2, +1 and 0 charged oxygen vacancies versus oxygen layer

number. The black dashed line indicates the bulk limit.
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Figure 3. Thermodynamic transition levels for oxygen vacancy as a function of oxygen layer

number in bulk and at the } 3 grain boundary in ceria.
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Figure 4. Chemical potential and Fermi energy dependent oxygen vacancy formation
energies near the >3 grain boundary ceria at (a) the GB layer (layer 0) and (b) the first

nearest neighbor layer (layer 1). The legend is in unit of eV.
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Figure 5. Chemical potential and Fermi energy dependent grain boundary formation
energies near the ) 3 grain boundary ceria with a single oxygen vacancy at (a) the GB layer

(layer 0) and (b) the first nearest neighbor layer (layer 1). The legend is in unit of J/m”.
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Figure 6. (a) Oxygen layer dependent total (solid black circles), relaxation contributed (solid
red circles) and bonding contributed (solid blue circles) segregation energies of oxygen

vacancy. Atomic strain model predicted relaxation contributed segregation energies, E,,
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are included for comparison (solid green squares). (b) Two-variable linear regression plot in
atomic strain model, where blue dots are relaxation contributed segregation energies and

the plane enclosed by black edges is a fitting result according to Eq. 4.
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Figure 7. (a) Oxygen layer dependent atomic strain difference D(Ce) and D(O). (b)
Displacement vector visualizations of the nearest neighbor Ce ions (yellow balls)

surrounding O vacancy (red balls) at O layers 1 and 2. The location of the grain boundary
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is indicated by pink line. The atomic displacement vectors shown by grey colors are

magnified by 10 times for better visualization.
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Figure 8. Migration energy barrier (red stars) and segregation energies (solid black circles)
for +2 charged oxygen vacancy as a function of oxygen layer from the } 3 grain boundary in
ceria. The zero energy line represents the bulk limit, where segregation energy is zero. Eij

gives the migration energy barrier of vacancy migration from layer i to layer j.
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Graphic Abstract
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The segregation energies of +2 charged oxygen vacancies transition from negative values at
oxygen layers 0,1,2 to positive values beyond layer 2. The GB-induced large relaxation of Ce
ions accounts for large negative values of ion relaxation energies, resulting in a preferential
segregation of oxygen vacancies nearby grain boundary.
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