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The interface formation and its effect on redox processes imagglomerated ceria
nanoparticles (NPs) have been investigated using a multiake simulation approach with
standard density functional theory (DFT), the self-congent-charge density functional
tight binding (SCC-DFTB) method, and a DFT-parameterizedeactive force- eld

(ReaxFF). In particular, we have modeled GgOgo NP pairs, using SCC-DFTB and DFT,
and longer chains and networks formed by CgyOgg or Ce1320264 NPS, using ReaxFF
molecular dynamics simulations. We nd that the most stable{111}/{111} interface

structure is coherent whereas the stable {100}/{100} strutures can be either coherent
or incoherent. The formation of {111}/{111} interfaces isdund to have only a very
small effect on the oxygen vacancy formation energyEyac. The opposite holds true
for {100}/{100} interfaces, which exhibit signi cantly lever Ey,c values than the bare
surfaces, despite the fact that the interface formation etiinates reactive {100} facets.
Our results pave the way for an increased understanding of ¢& NP agglomeration.

If-consistent charge density functional tight binding,
ation

Keywords: multiscale modeling, density functional theory, se
reducible oxides, cerium dioxide, nanopatrticles, agglomer

INTRODUCTION

Synthesized ceria samples often appear in the form of aggloesesdnanoparticles (NPs)\(ang
and Feng, 2003; Mai et al., 2005; Du et al., 2007; Lin et d12;20u et al., 2015; Schlick et al.,
2016; Lykaki et al., 20)1.7n most cases, agglomeration degrades the total catgigtiformance
due to the elimination of reactive surfacelsi €t al., 2003; de Diego et al., 200However,
in some cases, agglomeration has been found to enhance thbticaperformance due to
favorable properties of the interface itself, e.g., by fatitig the formation of critical defects
(Maillard et al., 200p For ceria, only a small fraction of the numerous publishéddies in
recent years have scrutinized the nature of native intega®©n the experimental sidé/ang and
Feng (2003synthesized ceria NPs of truncated octahedral shape andze$ sif 3—10nm, and
noted that the agglomeration of their ceria NPs could be elated with the disappearance of
accessible {100} facets during growth. The resulting agglates consisted of NPs in the range
of 1mm in diameter and with each consecutive NP pair forming a ceherinterface, i.e.,
perfectly matching their lattices across the interface karisig a common {111} facet. Reactivity
was not discussed in that study, but in a series of pagewsy et al. (2010)and Feng et al.
(2012, 2016Yyeported that the atomic structure and local oxygen dynandecs modi ed by
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the formation of grain boundaries in thin- Ims of ceria. Ti@also  Council EMMC, 2019. We use a consistent parameterization of
concluded that grain boundaries can be stabilized by thegmes the SCC-DFTB and ReaxFF interaction models which are both
of oxygen vacancies. trained against DFCU data. These parameterization e orts
On the theoretical side, Sayle and co-workers have used-forowvere described in detail in previous publicatiofsdqvist et al.,
eld simulations to investigate structure-property relatships 2015; Kullgren et al., 20).7In the present paper, however, we
for ceria nanostructures and have for example investigateshostly move in the opposite direction, from SCC-DFTB to
nanocubes, nanorods, nanochains, and mesoporous strgcturBFT, using the former method to screen many NP assembly
(Sayle et al., 2005, 2011; Jeyaranjan et al.)2lil8ne of their  structures, the most stable of which are subsequently imizetd
studies, ceria nanochains were generated via orientechattant  using DFT. Finally we make use of the ReaxFF model for ceria
(OA) and used as model systems to explain the mechanism féo perform long MD simulations during the initial stages of
ceria nanorod formation $ayle et al., 200.1Sk et al. (2014) nanoceria agglomeration. In the following, we will oftenibthe
performed density functional theory (DFT) calculations f®lf- U term in our notation for DFT and SCC-DFTB not to burden
assembled one and two dimensional nanoceria networks. , Thuthe text, but it is in fact present in all our electronic caktibns
they studied nanowires and nanogrids built from corner-shgr  of (partially) reduced ceria systems.
Ce ions or from sharing of oxygen terminated {100} facets; th We will present the stable ceria interface structures found
latter requiring an energy cost to reduce one side of the ¥100and their e ects on the oxygen vacancy formation energy, Whic
facets of the NPs prior to agglomeration. For future refeegnc we will use as a key descriptor of oxygen chemistry. We nd
we note that the periodic boundary conditions usedSh et al. that while agglomeration of course lowers the NPs' surface
(2014)induce constraints on the possible NP interfaces that caareas, the interface-speci ¢ defects might lead to an amiva
be modeled. To the best of our knowledge, detailed theakticof agglomerated NPs toward redox processes. Finally, we also
investigations at the atomic scaleagferiodiaceria NP interfaces discuss how to extend our ndings into larger interface gyss
and their redox activity are lacking in the scienti c litdtae. using the ReaxFF method. Here we will briey address the
The present study primarily deals with the interface betweemechanism of NP agglomeration and relate to the concept
two ceria NPs and the specic oxygen chemistry that mayf OA which has been amply discussed in the literatug (
accompany it. et al,, 2006; Du et al., 2007; Lin et al., 2012; Raju et al.,
In this work, we will show that stable ceria-ceria interface2014; Zhang and Ban eld, 20),4and where nano-crystallites
structures formed between agglomerated ceria NPs displayllide and interact favorably, e.g., by sharing some commo
oxygen redox properties that are quite di erent from those ofcrystallographic orientations, resulting in the formatioof
either the bare surface or the bulk material, and that this isnterfaces between the NPs.
true both for the “rim” region and the “internal” region of #h

interface, and both focoherentaindincoherentnterfaces. Here
the term “rim” refers to interface regions where the constitt INTERFACE CONSTRUCTION PROTOCOL
atoms are exposed while the term “internal” refers to regionAND COMPUTATIONAL METHODS
where they are not. Our model systems are ceria NP pairs, with
an outlook toward chains at the end of the article. In this work, as mentioned, we use a computational protocol
Our method is asequential multiscale simulation approachbased on a combination of electronic structure methods, aelgm
linking three levels of theory along the multiscale ladderthe SCC-DFTB and DFT methods, to study ceria NP interface
namely Hubbard augmented DFT (DEWU) (Perdew et al., structures. SCC-DFTB is roughly 2 orders of magnitude faste
1996; Dudarev et al., 199&he self-consistent-charge densitythan standard (semilocal, i.e., “GGA’-type) DFT calculatio
functional tight-binding approach (SCC-DFTBJ) (Elstner With a proper parameterization, the accuracy with respect to the
et al., 1998; Aradi et al., 2007; Kullgren et al., 30ard nally, training set will be close to that of the underlying DFT method
for stoichiometric NPs, also the reactive force- eld (RelexF This agreement will be reported in the section Consistency
method (/an Duin et al., 2001; Brogvist et al., 2)1Fhe SCC- Between the Methods That We Have Used. The considerable
DFTB method is an approximate DFT method, which combinespeedup compared to DFT makes SCC-DFTB a valuable tool for
an electronic structure description at the minimal basisiseel the investigaton of a large number of interface structuvasich
with a Coulombic expression for long-range interactions.eTh is exactly the way we have used it here.
charges are of Mulliken type and are calculated self-comgigte The SCC-DFTB calculations were performed using the
(SCCQC) in the simulation depending on the elements and thFTBC code Elstner et al., 1998; Aradi et al., 200The
geometric structure. The ReaxFF method, nally, is an adednc parameters describing the Slater-Koster tables and repulsive
bond-order-dependent force- eld method, which allows févet  potentials for ceria have been generated and thoroughledest
description of dissociation and formation of chemical borids previously Kullgren et al., 2017 DFT calculations in the
various kind of compounds. implementation with plane waves and pseudopotentials were
Moving from DFT to SCC-DFTB to ReaxFF implies aperformed using the Viennab-initio simulation package (VASP)
scheme taking us from ne-grained toward more coarse-gedin (Kresse and Hafner, 1993, 1994; Kresse and Furthmiller,
materials models, namely from electrons to atoms in thel996a,h The exchange correlation energy was described within
prevailing MODA language's model entitieg\r(ne de Baas, the generalized gradient approximation (GGA) following the
2019, as promoted within the European Materials Modelingwork of Perdew-Burke-Ernzerhof (PBEP¢rdew et al., 1996

Frontiers in Chemistry | www.frontiersin.org 2 May 2019 | Volume 7 | Article 203


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Kim et al. Multiscale Modeling of Agglomerated Ceria Nanoparticles

between particles in neighboring supercells. The same supercell
sizes were used in both the DFT and the SCC-DFTB calculations
A The nal optimized structures were analyzed in terms of dlighi
structural parameters and electronic properties, as de ned in
the Results and Discussion section. The calculations for the
O, molecule in its ground triplet electronic state were also
performed, using a large periodic cell, 33 3 nms.

In summary, the following stoichiometric systems are
examined by electronic structure methods in this study: an
isolated truncated CgOgp labeled NP igure 1), and a number
of (Cey00gp)2 systems labeled (NR)Reduced systems, where
one neutral O atom was removed from (various locations o) th
ceria particle to form half an oxygen molecule, were also sulidi
for both the NP and the (NB)systems.

d~1.5nm

RESULTS AND DISCUSSION

Y Consistency Between the Methods That
We Have Used

FIGURE 1 ) - . The DFTB parameters (the entries in the Slater-Koster table
| Atomic structure of a stoichiometric truncated octahedral R i
Cey9Ogp NP optimized at the DFTCU (U D 5eV) level in this work. Red and and the. Vep parameters) used here were trained against DFT
yellow spheres indicate @ and Ce*C, respectively. calculations Kullgren et al., 201)7 In Kullgren et al. (2017)the
DFTB model was subjected to an extended validation process,
and passed the test of reproducing the reference DFT restifts wi
espect to NP structures as well as oxygen vacancy formation
nergies in ceria bulk and at the low-index surfaces. In tlesent

Pseudopotentials of the Projector Augmented Wave (PAW

griisvgefnéjs\?gutt)Oer?esigsla%'eﬂ':geK((:)%rr?-SerLea.%rOEifC(lr::e%egcgtfc;n paper, the DFTB model was further validated for some of the
- ' ge interface structures, and we nd that calculated energiesh as
wave functions were expanded by plane waves with a cut-g

energy of 408eV. To accurately treat the strongly correllatethe interface formation energffinterface aNnd the oxygen vacancy

Ce 4 states, the rotationally invariant Hubbard correction formation energy,Bya, from SCC-DFTB are in reasonably

. i good agreement with those from DFT (see the correlation in
scheme fromDudarev et al. (1998pith a U-value of 5eV Figure 2andTable S-). Moreover, the optimized DFT and SCC-

on the Ce4f states was applied. Previous studies have ShOV\SIFTB structures are found to di er by 1% in terms of bond

:)hrz;);?tlses c\)/falrl:a?jug(:\ézsczriioc(()a\dstlifsrfngttloarl]. O;gg? eﬂiggﬁg:flengths. This c_onsistency is a great z_idvantage in our approach

et al, 2008: Kullgren et al., 2013: Du et’al. 3618 all to genergtlng mterface_ models, as it reduce_s the number of

calcullations ’the Brillouin zor,le Was’ sampled allt hepoint computatlonqlly expensive DFT energy e_valuatlons. We.nd th‘?‘t
’ " the computational approach used here, i.e., pre-screening using

All structures were pre-optimized using SCC-DFTB. Some wer; R .
selected and subsequently geometry optimized at the DFT Iev§CC-DFTB followed by full structural optimisations using DFT

of theory. Geometry optimizations for all modeled structuresf%r selected systemsis an e cientand useful protocol.
were carried out until the maximal force acting on any onemato .
was< 0.02 eV/A. Identifying Stable Coherent and
We have primarily studied NP pairs, (NP)formed by two Incoherent Interfaces
stoichiometric truncated octahedral ceria NPs with theroleal ~ For the single NP, we use a prototypical model structure
formula CegpOgp. The two NPs were connected via low-index (Figure 1), namely a stoichiometric GgOgg particle, which is a
facets, forming {111}/{111} or {100}/{100} interfaceseTtee truncated octahedron exposing eight large {111} facets and si
solid-vacuum {111} surfaces of stoichiometric ceria arevikm  small {100} facets, two of which are decorated with an apex Ce
to be the most stable ones and they make up the largest surfaiom. Ceria NPs exhibiting truncated octahedral shapes haemb
area on the isolated GgOgp particles (se€igure 1). Free{100} reported in many experiment$\ang and Feng, 2003; Mai et al.,
surfaces are the most reactive low-index surfaces of cada a2005; Du et al., 2007; Tan et al., 2011; Wang and Mutinda, 2011;
have been found to be present on truncated octahedral NPs inin et al., 2012; Cordeiro et al., 2013; Florea et al., 200 &tlal.,
UHV (Zhang et al., 2011, Lin et al., 2014 2015 and previous theoretical studies have shown the truncated
To generate representative NP interfaces we placed twartahedral NPs to be stable also under vacuum conditions [see
identical NPs, facet to facet at a distance of 2.7 A in a pezioell  e.g., Eronzi et al., 200).
of the dimensions, 4.5 3 3 nm®. Reference calculations were  SCC-DFTB calculations were performed to examine the
performed for the isolated GgOgo NP, placedina3 3 3nm®  stabilities of the NP pairs with respect to variation of the lenof
box. One such particle is approximately 15 A in diameter. Weotation of “the second” NP with respect to “the rst” wherkd
used rather large cell sizes to prevent image-image inierect axis of rotation is the direction joining the two centers+ofass of
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the constituent NPs. Shifting one NP with respect to the othias
also considered, leading to an interface which is a contiona
of the bulk uorite structure, i.e., aoherentinterface. In this
way, {111}/{111} and {100}/{100} interfaces were formeftkrA
the SCC-DFTB pre-screening, four nal structures emergedir

The {111}/{111} Interface

Here we note that shifting one NP with respect to the other NP,
parallel to the interface, is essential in order to avoid tlbeldmb
repulsion between ions of the same type; see the cross-sdctiona
view to the right inFigure 3. The most stable structure of the

our search for stable (NRagglomerates: one with the two NPs {111}/{111} interface is obtained by shifting one NP to nhatee
joined by {111} faces, and three which were joined by {100§tacking sequence of the other NP. As can be sedfigare 3,
faces; they were subjected to subsequent DFT optimizatidhs. the interface structure formed by attaching {111} to {11ddefts
gures and tables in the following are based on DFT resultsis coherent. Hereafter, we use the label “(MR)1-shift” to refer
except the very last gure which will show results from ReaxFFo agglomerated NPs with the {111}/{111} interface struesu

MD simulations.

DFT (eV)

SCC-DFTB (eV)

FIGURE 2 | Correlation plot between SCC-DFTB and DFT calculated
energies, such as theEjerface and Eyac of NP and (NP} systems.

obtained by shifting.
The interface formation energ¥interface 1S calculated by the
following equation:

EinterfaceD Etot[-NP/Z] 2 Etot[NP] (1)

where Et[(NP)2] is the total energy of agglomerated NPs
with an interface andEi[NP] is that of the isolated NP.
To aid in the comparison of interface stabilities, especially
for interfaces with oxygen vacancies, we will primarily use
Einterface Values but also discuss the role of the interface area
with normalized interface energies. Our calculatBglierface

of the (NP)-111-shift interface is 8.12eV, as listed in
Table 1 Note that a hexagonal close packed type {111}/{111}
interface, which can be considered as a stacking fault, was also
tested and found to be far less stable (by 2.72eV) than the
(NP)2-111-shift interface.

The {100}/{100} Interface

The protocol for nding stable {100}/{100} interfaces indkd

a scan of the angle of rotation of one NP with respect to the
other from 0 to 45 with an increment of 1. Following this
pre-screening, three distinctly dierent stable structuresre
found, c.f.Figure 4 and Table 1 They are either rotated by 15
or 45 with respect to each other, or by shifting one NP in a
direction perpendicular to the interface normal by half of the
lattice parameter so as to match the bulk uorite structure.
We will refer to them as “(NR)100-rot15,” “(NP»-100-rot45,

(NP),-111-shift

FIGURE 3 | Atomic con guration of the most stable structure that we fourd for the {111}/{111} interface. It was obtained by shifting one NRwith respect to the other.
In order to distinguish two NPs clearly, solid and pale colorare used for each NP. The left panel is a side-view, the rightamel a cross-sectional view of the interface
region, which has been framed in the left gure. The numbers ithe right panel indicate the change of coordination number boxygen ions from the isolated NP to the
(NP) structure. The oxygen ions which are not marked are symmetryelated to one of the marked ones.
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TABLE 1 | Results for the stoichiometric systems, namely for the foustable DFT-optimized NP pairs found in this work, based on # truncated octahedral CeggOgg NP.

Surface/interface label Interfaces involved Einterface (€V) Number @ of 1 (bonds) P Figure
OcN=2 OcnN=3 OcN=4

NP(111) - - 2 4 0 - Figure 1
NP(100) - - 4 0 0 - Figure 1
(NP)-111-shift NP(111)/NP(-1-1-1) 8.12 0 6 6 Cc10 Figure 3
(NP)-100-rot15 NP(100)/NP(-100) 7.19 4 4 0 c4 Figure 4A
(NP)-100-shift NP(100)/NP(-100) 6.82 2 4 2 c8 Figure 4B
(NP)-100-rot45 NP(100)/NP(-100) 5.13 0 8 0 c8 Figure 4C

Data for the single NP itself is given as references. The table listise notation, the interfacial energy, Fterface, Calculated according to Equation (1), the number of surface/interface
oxygen ions with certain coordination numbers (CNs), the number of ne@e—-O bonds created on interface formation, and the gures where the DFT-optiired structures are shown.
The interface notation NP(111)/NP(-1-1-1) refers to all symmetigquivalent combinations, which is of course also true for the (111) surfacnotation.

aNumber of surface or interface O ions with CI®2, CND3, CND4 (Thus Qcnp2, for example, means that all these O atoms in the interface region have astly two nearest-neighbor
Ce ions each).

bSum of the coordination numbers of all O ions in the interface region (¢ are depicted inFigures 3, 4) minus the sum of the coordination numbers of the same atoms in the isolated
NPs. Neighbors within a distance limit of 2.6 A were counted.

A5 98]

OO GO LD

(NP),-100-rot15 (NP),-100-shift (NP),-100-rot45

FIGURE 4 | Atomic con gurations of the most stable structures of agglonerated Ce;gOgg NPs with an {100}/{100} interface.(A) 15 relative rotation of the NPs,
(B) a relative shift of the NPs, andC) 45 relative rotation of the NPs. In each case, the upper row showa side-view of the particle, and the bottom row gives a
cross-sectional view through the interface region, which &s been marked in the top row. The color scheme and the numbersheme in the bottom row are the same
as inFigure 3.

and “(NP)-100-shift” in the following. Thus, our results show this is a restriction following the use of periodic boundary
that the {100}/{100} interface structures can be eitherezeht conditions, where one NP formed an interface between a oeriu
or incoherent: the {100}/{100} interface obtained by shitis terminated surface and an oxygen-terminated surface cfémee
coherent while the {100}/{100} interfaces obtained bytinogaby =~ NP. When we give full freedom to the relaxation and formation
15 or 45 are incoherent. In the literature, it has been suggestedf the {100}/{100} interface, such constraints do not exist.

(Sk et al., 20D)4that the formation of {100}/{100} interfaces  The calculatednerrace values for the agglomerated NPs with
requires that one side of a truncated ceria surface be ceriunthe 15 and 45 rotation is 7.19 and 5.13eV, respectively,
terminated (having oxygen vacancies at a {100} surfacd¢wie and for “(NP)y-100-shift”, it is 6.82eV. Thus, if the NPs
opposite side needs to be oxygen-terminated in order to matchre stoichiometric, the {111}/{111} interface&.12 eV) is more
the crystal ordering when two particles agglomerate. Howevestable than the {100}/{100} interface structures, likelg tuthe
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denser and larger contact areas of the former. It is important

note that for the reported interface energies, the contaeaaiare =0 e @ (NP),-100-r0t45
very di erent. The approximate area of the (111) faceton thefre| _ 55 | A (NP),-100-shift
Ce00go NP is 43.8 & and that of the (100) facetis only 13.3A | g ool h B (NP),-100-10t15
This implies that the normalized interface energy per integfa | g =

area will be much larger in case of the {100}/{100} interf&ce “E 6.5 |

the most stable {111}/{111} and {100}/{100} interfaces fwa t | LT Y

(NP), agglomerate, we get2.97 J/id ( 0.19 eV/R)and 8.66 oy B
JIm? ( 0.54 eVIR), respectively. It is interesting to compare|  -75 : :

these values with the calculated surface energies of 0. 2dbn 250 255 260 265 270 275 280 285 2
1.54 J/m for the extended (111) and (100) surfaces, respectively d(0-0) @interface (A)

(Ku”greh etal., ZO:DYThe calculated su_rface energy of the (100 FIGURE 5 | Ejpterface @s a function of the O-O nearest-neighbor distances
surface inKullgren et al. (201 7vas obtained for a reconstructed averaged over the 8 O ions in the interface region of each of énthree *100”
(100) surface where half of the terminal O ions on the (100) interfaces displayed inFigure 4 . The curve is a guide to the reader's eye.
surface were moved to the opposite face to compensate the

polarity of the surface. The normalized interface energyhe t

limit of an in nite interface will be twice the negative sade . he interf lude that the | if
energy, and thus becomesl.42 and 3.08 J/s, respectively. NN pairs at the interface. We conclude that the larger stabd

We note that the calculated normalized nano-interface gresr (NP)2-100-r9t15 is attribqted t(_) .the stretching ofthe short 0—0
reveal stronger adhesion by at least a factor of 2 compared Rjalrshat the mterfacfe,owhléh mlltlgat'eﬁ r(:]puls(qun. h
the limiting values. This re ects the fact that the surfaces The presence of D—0 pairs with s or_t |stance§ a_ects t €
the small CggOgo NP mainly consist of rim atoms. Thus, even electronic properties of agglomerated ceria NPs. This is seen i

though the {111}/{111} interface on a total energy scaledsem the electron.ic projected density of states (PDOS) fo.r the three
stable than the {100}/{100} interfaces, the latter has enger {100}/{100} interface systems when compared to the isokifed

adhesion per unit area, and it may very well form in experimentés“Te':'gure 6. Here, most nort]ably, we fnd a:]ck_aarl peak at the
through an initial rst approach via the OA mechanism, and valence band maximum in the PDOS for the isolated NP and

then become kinetically trapped{ et al., 2006; Tan et al. 2011.(NP)2-100-r0t45 interface. Interestingly, the magnitude of the
Florea et al., 2013 ’ ' ' 'peak is found to be smaller in case of the (ARPO-shift and

The interatomic distance within each nearest neighbor (NN)'Ir0t15 interfaces (see the black arrowshigure §). From the

pair, Ce—O, Ce—Ce, and O—O at the rim of the interface of DOS, itis clearly seen that this peak primarily originatesrfro
the three {100} systems, (NP}00-rot15, -rot45, and -shift, are Fermjnal O ions at the (100) facets (see the dashed red lines
further analyzed here. First, let us discuss the NN distarafe in Figure 6. W_e nd that they are preserved_for (NELOO-

all constituent pairs at the {100} facets that avet involved rot45 whgreas in the (NB)100-shift an_d -Tot15 |_nterff;1 ces, they

in the interface formation. They are found to be identicattwi are e anvely quenched (compare S.O“d green linekigure 6).
those of the isolated single @®go NP; this indicates that Thus, in a sense, thg (NRL00-rot45 interface structure may be
the e ect of interface formation on the structural distortiois regarded aglectronicallyanalogous to the free {10.0} facets of
localized at the interface. Intuitively, one could imagthat the isolated CagOgo NPs. For (NP3-100-rot15 and -shift, on the

interface stability will correlate with the number of borfdemed pther hand, the. surface states are signi cantly reducedftey t
upon agglomeration. We have therefore calculated coorinat interface formation.

numbers and coordination number di erence§,(bonds), for
the all studied interfaces, c¥able 1 We note that while this
hypothesis can be used to explain why (NRPO-rotl5 is the
most stable interface among the three {100} systems, & @il

Oxygen Chemistry

Oxygen vacancies play a central role in the redox chemistry of
ceria and we have investigated whether and how the oxygen
vacancy formation energ¥,ac is a ected by the creation of an

discriminate between the di erent {100}/{100} interfac@he . X .
calculatedl (bonds) for (NP}-100-rot15, -rot45, and -shift is :neter;e;ce between the NFSyacis here calculated inthe usual way,

C4,C8, andC8, respectively. Here, the NN distances of Ce—Ce

and O—O0, which will cause repulsive forces and thereby result 1

in a less negativEerace (l€Ss stable interface), give a better EvacD Ewot [NPC nVo]  Eot[NP] Cn QE O29) (2
correlation, c.f.Figure 5 which shows the calculateerface

vs. average O—O NN distance. The average O—O NN distanegnere Eot[NP C nVp] and Eqt[NP] are the total energies of
at the {100} facet in the isolated £8go NP is 2.56 A, and at the system with and without the number of oxygen vacancies,
the interfaces the resulting distances are 2.86, 2.54, &R nVo, respectivelyE[O»(g)] is the energy of an @molecule in

for (NP),-100-rot15, -rot45, and -shift, respectively. For (MP) its ground triplet electronic state.

100-rot45 which is the least stable interface structure mgno  First we give a general remark, namely that we nd that in
our model interfaces, all the distances of O—O NN pairs aall cases, for the interfaces as well as for the single NP, the
the interface are shorter than 2.56 A. On the other hand, th@xidation states of the apex Ce ions (determined from the 4
interface formation by rotating 15eliminates these short O—O electron occupancy) change fronC4to 3C after the oxygen
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FIGURE 6 | Electronic PDOS for the three “100"-connected (NB) systems as well as for the single NP (as a reference). The PDQiagrams were aligned with respect
to the core levels of the O atoms at the center of each NP systeniThe black arrows in the left panel indicate the surface stat induced by the terminal & ions at
the free {100} facets of the single NP and (NB)systems, and especially so at the (NR)-100-rot45 interface (see text); these states are magni edn the rightmost
panel. The computed band gaps [VB(O p)! CB(Ce 4f)] for (NP)-100-rot15, -shift, -rot45 and the isolated NP are 1.25, 1.8, 1.36, and 1.53 eV, respectively.

vacancy formation. The apex Ce ions are markeBigure 1for  NP. For Cﬁterface Evac is C1.31eV. When an oxygen vacancy

the isolated NP and are present in all the (NBystems as well was formed at Qertace the vacancy was found to be healed by

but are not so easy to discern in the gures. The locationshef t OO0 which was originally located behind the adjacent Ce, which
excess electrons created at the interface is consistdntenteral

previous single-NP studies in the literature, which reportiesit
the two Cé&C ions are preferentially located at the apex SiteFABLE 2 | Vacancy formation energiesEvac, for the formation of one and two
where the coordination numbers of the Ce ions are the lowaest ( vacancies at the surface/interface according to Equation (2

Loschen et al., 2007, 2008; Kullgren et al., 2013; Sk ed&4), 2

i . ] System Label of Coordination Evac, 1st  Evac, 2nd
Let us now consider oxygen vacancy formation at di erent 1st removed O number @) (e

surfaces and sub-surface positions onisolated NPas shown
in Figure 1 The vacancy will be labeled according to the facetP(111) (111) (B 3 C1.50  Notdone
involved and the label of the surface of sub-surface O remhove (111) (B} 3 C175  Notdone
as listed in the second column ifable 2 The resultingEac (111) (C} 3 C1.91  Notdone
values are also given in the table. The smaliggivalue, i.e., the (1008 2 C0.55  Not done
energetically most stable site for an oxygen vacancy torbeeid Sub-(1117 4 C1.83  Notdone
in an isolated NP is the 2-coordinatec?Osite at the {100} facet (NPp-111-shift Interface (A} 3 C059  C0.72
(“O(100y" in Figure 7A) with Eyac D C0.55 €V, which is in good Interface (BY 4 C1.31  Notdone
agreement with the previous DFT work published by the groupnpy-100-rot15  Interface (A§ 2 C0.28 C0.26
of Neyman et al., showing that a low-coordinated oxygen nega Interface (B§ 3 C0.69  Notdone
formation costs the least energyligani et al., 2010 OXygen  (Nnpy-100-shift  Interface (AY 4 C0.24 CO056
vacancies at the {111} facet (§égure 7A) fall in the range from Interface (BY 2 C031  Not done
C1.50t0C1.91 eV depending on their vicinity to the {100} facets; Interface (C§ 3 C0.37  Not done
the further from the {100} facet, the higher tEg,cvalue. (NP)-100-r0t45  Interface® 3 153  CO11

We nd that the most preferable site for an oxygen vacancy
to form at the {111}/{111} interfacis at a 3-coordinated é For the (NP). systgms, a 2nd vacancy was created by rgmoval of each of the remair?ing
. . . . . interface O ions in turn, but only one of them at a time; the lowest value fodhis
site (labeled _Qte_rfacg Ir? Flgure 7B) with a fo_rmat_lon_ ener_gy of reported as the 2nd 4. in the table.2Figure 7A . PFigure 7B . ¢Figure 8A . 9Figure 8B .

C0.59 eV which is similar to the corresponding site in the isada  eFigure sc.
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results in the same structure as when the vacancy was createterfaces, but throughout the cross-section, as the coattbn

at o

interface

oxygen vacancy formation capability at the interface.

We conclude that for a pair of truncated octahedralnumber is maintained also in the middle of the cross-section
NPs joined by an {111}/{111} interface, which is coheremé, t
interface formation has none (or a very small) e ect on thel00-rot45 interface which has a large negatiyg,

The ultimate oxygen lability is demonstrated by the (MP)
1.53eV,
meaning that, thermodynamically speaking, this oxygennega

For the {100}/{100} interfacethe structures and oxygen site would be formed spontaneously at the interface (and have a

labeling schemes are shown kigure 8 and their coordination
numbers andg ;¢ values are given ifiable 2 We nd that here

stabilizing e ect on the interface). A second oxygen can also
easily be removed, at hardly any cost (Gdble 2. The E/ac

the oxygen vacancy formation behavior is di erent from bothvalues of the second oxygen vacancy lies in the range from

that of the isolated NP and that of the {111}/{111} interfal€er

C0.11 toCO0.56 eV for all the {100}/{100} interface structures.

the most stable con guration among the {100}/{100} inteda Under alternating reducing and oxidizing conditions, i.hen

structures, (NP}-100-rot15, the lowesE,,c value C0.28eV)

the chemical potential of oxygen changésac will change

is about half of the lowest value for the isolated NP, whichyccordingly. At some poinEyacwill turn negative and vacancies
was already smallq0.55eV) (c.fFigure 8A). In fact, all the il stabilize the interface. Thus, reducing conditions may
{100}/{100} interfaces display very smijhc values despite the promote the stability of the interface signi cantly by oxyge
fact that the interfaces themselves are quite stable. Ta®ore removal from the interface.

is no doubt connected to the fact that new bonds are formed The decreased,sc value at {100}/{100} interfaces can be
between the NPs but the NN coordination numbers are mOdeS{gnderstood by examining the average NN O—O distance at
in these structures: enough to hold the particles stronglietber  the interface. We nd that the occurrence of short O—O pairs
but not enough to hang on to O ions if the opportunity for at the interface (discussed above) diminishes after theyexy
reduction arises. This is true not only at the rims of theSQ/acancy formation. For examp|e' the average NN O—O distance

B 3
(0] interface 0'

Oc(l 11) R
/ /0 sub-(111) \ O%nterface
Osub-(l m—_
N
OBm( 0% \
0(100) OBinterl’ace
NP(111) facet (NP),-111-shift interface

FIGURE 7 | Atom labeling scheme used in the text and infable 2 for
discussion of oxygen vacancy formation a{A) the {111} facet of the isolated
Cey00g0 NP and at (B) the (NP)-111-shift interface formed from it. The same
color scheme as inFigure 3 has been used, except that the sub-surface
oxygens in(A) are colored dark red. In both(A) and (B), the left-most Ce atom
in the upper row and the right-most Ce atom in the bottom row in(B) are the
“apex Ce” marked inFigure 1.

of (NP)-100-rot45 increases signi cantly, from 2.54 to 2.85 A,
when an oxygen vacancy is formed at the interface. It is them a
observed that the two G ions are generated at the apexes of the
agglomerated NPs. We have found (not shown here) that these
generated C¥ ions can be further utilized as adsorption sites for
incoming oxygen molecules from the surroundings, simitaitte
phenomenon ofsupercharged oxygen storage capdstussed
earlier in the literature for ceria NPsK(llgren et al., 2013;
Renuka et al., 2015

In summary, we nd that {100}/{100} interface formation can
lower Eyac Signi cantly. In other words, the interface formation
eliminates the areas of reactive (100) surfaces but promotes
a more facile oxygen extraction, which in turn may promote
an increased low-temperature oxygen storage capacity od ceri
via the so called supercharging mechaniskul(gren et al.,
2013. Figure 9summarizes the relative energies of the interface
structures considered in this work as a function of incregsi
number of oxygen vacancies. The reference system is tvatasbol
NPs atin nite distance, and their oxygen vacancies aretecehy

A B .
(03
B interface
o mterface

OAinterface

(NP),-100-rot15

(C) the (NP}»-100-rot45 interface structures.

C
O interface

(NP),-100-shift

FIGURE 8 | Atom labeling scheme used in the text and ifTable 2 for discussion of oxygen vacancy formation afA) the (NP}-100-rot15, (B) the (NP}-100-shift, and

A
o interface Ointerface

(NP),-100-rot45
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removing neutral O atoms from a {100} facet of each NP. Whilenterface slightly increaseB,sc As a result, in the presence
the {111}/{111} interface is more stable for the stoichitioe of two oxygen vacancies, the stabilities of {100}/{1003rfiace
cases, we nd that the {100}/{100} interface promotes a lowestructures, here (NB}100-rot15 and -rot45, become comparable
Evac compared to the {111}/{111} interface. Interestingly, il th with that of the {111}/{111} interface (s€&gure 9. This result
same comparison, oxygen vacancy formation at the {111}{11paves the way not only for understanding the engineering ef th

2.0
5
10 [ 7
5
N
0.0 f ——"
-1.0 = isolated Ce,,Ogy NPs
; e (NP),-100-r0t45
2 20 | i
o (NP),-100-shift
,?? 10 == (NP),-100-rot15
g3 —— (NP),-111-shift
=
E -4.0 |
N
=
D 5.0 [
& RN
v
6.0 | N
\ +011
7.0 | P
—:\'“.’2‘% ””Qt\m
. X
8.0 [ e
-9.0
0V, 1V, 2V,

FIGURE 9 | Relative energy diagram for oxygen reduction of agglomeratl
NPs. Numbers along the pathway denote the correspondindEyac. Two
isolated NPs constitute the reference system.

interface structure of nanoceria for improved low-temperatu
redox activity, but also for suggesting experimental ginegesl

to control a growth direction of ceria nanowires. For example,
our results suggest that under oxidizing conditions, a pefgal
growth direction of agglomerated NPs would b&ll while
the {100}/{100} interface can be formed dominantly under
reducing conditions.

Extrapolation to Larger Systems

One might raise a question whether the interface constructio
procedure used in this work will also apply to larger systems and
what role the interface area plays. To answer these questiens, w
constructed interfaces between two168764 NPs as shown in
Figure 10 The {111}/{111} interface can still be formed following
a continuation of bulk uorite (sed-igure 10A), and one might
expect that the interface formation will be similar to thattok
smaller system, GgOsgp, albeit with a larger area of overlap.
However, for {100}/{100} interfaces, the interface corsian by
rotation does not work since it requires a large rearrangeinoé
constituent ions at the interface which will induce a distort

of the structure. For example, since the interface structure o
(Cer320264)2-100-rot1l5 Figure 108 contains overlapping Ce
and O ions at the center of the interface, it is impossible to
avoid the repulsion between these unless the whole interface
structure is distorted, which obviously requires a huge amio

of energy. “Overlapping ions” here means that if the interface
region is seen in a projection perpendicular to the interface,
then the Ce ions in the two constituent NPs would (almost)
overlap with each other, and similarly for the O ions. Intedac
construction by shifting also suers from O ion overlaps as
the interface area becomes larger. For a;§g®64)2-100-shift

NP dimer, constructed as shown iRigure 10G there are 36
overlapping O ions at the interface, but only two sites are afgl

for Ce—O bonding (dashed circle iRigure 10Q. To prevent
this overlapping and produce a coherent bulk uorite structure
at the interface as was achieved for {§{&0)2-100-shift, at

(NP),-111-shift ~ (NP),-100-rot15

Ce1320964 NPs (taken from truncated DFT bulk structures).

FIGURE 10 | Cross-sectional views of the interface structures ofA) (NP)-111-shift, (B) (NP)-100-rot15, (C) -shift, and (D) -rot45 of two unrelaxed agglomerated

(NP),-100-shift  (NP),-100-rot45
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long enough to include the coalescence and initial restmicy

of the interfaces. In the case of a low particle density (as we ha
here) we expect that the e ective barrier to transform a meta-
stable {100}/{100} interface into the energetically ma@ble
{111}/{111} interface must be bound by the interface enefglye
former. The magnitude of the interface energy is larger thaVv
which is large enough to permit long-lived interfaces, evéngy
happen to be meta-stable ones. The real barrier could obviously
be quite di erent since particles forming the interface maigsl

or rotate while still maintaining contact. One aim with trees
MD simulations is therefore to look for indications of dynarai
changes in the interface structures formed.

Figures 11A,B compare representative snapshots from the
two simulations. We rst note that the GgOgo NPs form an
isolated agglomerate while the 380264 NPs form an extended
two-dimensional web. In both cases, we observe that various
kinds of interfaces are formed, not only the energeticaiaple
{111}/111} interfaces as we described in the earlieragdbut
also {111}/{100}, apex/{100}, and partially matched {111}}
interfaces. This observation is in line with the theoretticdings
of Fichthorn and co-workers Alimohammadi and Fichthorn,
2009; Raju et al., 20L4vho showed that titania NPs prefer
to aggregate in the direction of approach in vacuum, which
suggests that the interface formation may not always fotlosv
thermodynamically most stable pathway. For example, in the
system of the smaller particles (4g6©s0), we do not observe
any formation of the energetically stable {100}/{100} ifgtees,
but instead nd the coherent {111}/{111} interfaces, ineoént
{111}/{100} interfaces, and apex/{100}. We attribute this to
the strong variation in interface energy with respect to paeti
rotation, which implies that particles have to meet at “just the
FIGURE 11 | Snapshots from ReaxFF MD simulations of agglomerated NPs of  right” angle to form the {100}/{100} interface. We obserwet
(:) Ce‘k‘g?,?% If:r‘id O?ecde;rsé?)lzsgl'( ZZEAZE'Z\;ZE‘::;Z;Z Z’”j&?} Ienflfrffgafc«‘ggm interfaces where the apex ion of one particle binds to the cente
;neds{ill}/{lll}?r:terfaces, respectively. The inset indicateZwe atomic O_f a {1_00} face_t of another partlcle_ (apex/{100}). We nf’te the
con guration of an apex/{100} interface. similarity of this structure to the interface presented ineth
theoretical work bySk et al. (2014)although, in our case the
two particles are rotated with respect to each other. In this
least 16 O ions need to be removed at the interface. Needlessucture Figure 11A), a positively charged Ce ion at one apex
to say, the stoichiometric interface structure of (€©264)2- is bonded to a square of negatively charged O ions on the
100-rot45 as shown ifrigure 10D would be very unstable due {100} facet. The interface is seen to readily rotate durimg t
to the overlapped ions at the interface. However, they coulD simulation. For comparison, we calculat@&erface Of the
be stabilized at reducing conditions by oxygen removal fromapex/{100} interface energy using Equation (1) at the DFTlleve
the interface. to be 1.87eV. This value is signi cantly smaller in magnitude

For the large NPs as well as for the smaller ones, we hatiean that of the {100}/{100} interfaces which range frorns.1
also performed ReaxFF molecular dynamics (MD) simulationto 7.2 eV. Nevertheless, the energy is not small enough to
addressing the dynamics of the agglomeration process. Thale out that apex/{100} interfaces, once formed, could have a
parameter set of ReaxFF used here was derived by us from DBEUbstantial life time, clearly longer than the short simidat
data @Broquvist et al., 2005 Further technical details about the time used here. The snapshot from the MD simulation of the
validation of the parameters of ReaxFF are presented in th@e 320264 System shown ifrigure 11Bdominantly displays the
Supplemental Material Two simulations extending over 5 ns at formation of {111}/{111} interfaces. This is in good agresin
400K using the NVT ensemble, one with 104g@g0 NPs and  with an experimental nding (c.f. Figure 7B iRlorea etal., 20)3
one with 10 larger Cg20264NPs, were performed in the current As discussed for overlapping ions of larger NPs above, the fact
study. The former system consists of particles exposing foafls that {100}/{100} interfaces are not found in our agglomeraite
{100} facets each (c.Figure 1), while the latter represents a Ce320264NPs is likely due to the repulsion between overlapping
system of particles exposing only one, albeit larger, {1083tfa Ce and O ions, respectively. However, under reducing conustio
per particle. One might say the MD simulations are too shortsuch interfaces might be more likely to form, which is an
to capture the entire agglomeration process. However, they amnteresting topic for further study.
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