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Cerium dioxide (CeO,, ceria) nanoparticles possess size-dependent chemical properties, which may be

DOI: 10.1039/X0XX00000X very different from those of the bulk material. Agglomeration of such particles in nanoarchitectures
may further significantly affect their properties. We computationally model the self-assembly of Ce,O,,
www.rsc.org/ particles (n = 38, 40, 80) — zero-dimensional (oD) structures — in one- and two-dimensional (1D and 2D)
nanoarchitectures employing density-functional methods. The electronic properties of 1D CegoO160 and
2D Ce,,Og, resemble those of larger oD crystallites, Ce,,0,s0, rather than those of their building blocks.
These oD, 1D and 2D nanostructures are employed to study the size dependence of the formation ener-
gy of oxygen vacancy, Ef(Ovac), a central property in ceria chemistry. We rationalize within a common
electronic structure framework the variations of the E¢(O,,c) values, which are computed for the Ce,0,,
nanostructures with different size and dimensionality. We identify: i) the bandwidth of the unoccupied
density of states projected onto the Ce 4f levels as an important factor, which controls E¢Oyac); and ii)

the corner Ce atoms as the structural motif essential for a noticeable reduction of E¢(O,ac). These results

help to understand the size dependent behaviour of E{(Oyac) in nanostructured ceria.

Introduction

Cerium dioxide (ceria) is an indispensable component of a
broad variety of materials for industrial applications, ranging
from oxygen sensors and permeation membranes to bio- and
medical materials.' Usage of ceria in catalysis alone represents
a very rapidly growing area with a huge market.”> Remarkably,
some properties of ceria change considerably when the size of
its crystallites is decreased to nanoscale.'” For example, ceria
nanoparticles (NPs) of ~3-4 nm were shown to improve the
catalytic performance of supported gold species by orders of
magnitude compared to the situation when the support is less
dispersed.*® These experimental observations were rationalized
by means of calculations based on density-functional theory
(DFT), which showed that the formation of oxygen vacancy
(Ovao) is greatly facilitated in ceria NPs®” with respect to the
bulk material.®

A combined DFT and synchrotron-radiation photoelectron
spectroscopy study showed oxygen spillover to Pt species
deposited on ceria to require the presence of nanostructured
ceria.” This indicates that oxygen transfer through the ceria—Pt
boundary is a nanoscale effect, and that nanostructured ceria is
crucial to form key catalytic sites such as Pt-O.'° Very recently
it was shown that nanostructured ceria leads to a remarkable
stabilization of platinum deposited in atomically dispersed
form. This finding enables to maximize usage of this precious
metal in catalytic materials."'

Strong size- and shape-dependence of the properties of the
ceria nanostructures boosted intense experimental efforts,
which resulted in the preparation of various ceria nanopoly-
hedra (truncated octahedra, cubes, etc.).'>!® Zero-dimensional
(0D) ceria nanopolyhedra can form structures extended in one
(1D, e.g. nanowires, rods and tubes) and two dimensions (2D,
e.g. nanogrids), either by self-assembly'*!* or in the course of
direct synthesis.'>'*> These 1D and 2D nanoarchitectures expose
not only the most stable (111) planes of ceria but also more
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reactive (100) and (110) planes. Thus, the reactivity of
nanoscale ceria can be tuned in a controllable fashion.1

Recent atomistic simulations using interatomic potentials
explored the strain and architecture-tuned reactivity of ceria
nanostructures to oxidize CO to CO,.'® These studies revealed
that the tension is an activating factor, whereas the compression
hinders the reaction. To the best of our knowledge, no results of
DFT-based studies of 1D or 2D nanostructures formed via the
self-assembly of ceria NPs have been published yet.

Herein, we computationally model the directional'”™'® self-
assembly of Ce,0,, particles (n = 38, 40, 80) in 1D and 2D
nanoarchitectures employing density-functional methods. We
use the Perdew-Wang91'"?' functional augmented with a
Hubbard-type term U = 4 ¢V for the Ce 4f electrons (PW91+4
approximation).”*** We address the formation of the most
stable single oxygen vacancy in the Ce,O,, particles and their
self-assemblies, focusing on the dependence of the formation
energy of oxygen vacancy, E{O,,), on the size and
dimensionality. To this end, the E{O,,.) values of the 1D and
2D structures are compared to those of their respective building
blocks. Moreover, the electronic properties and the E{Oy,)
values of the Ce,0,, particles (n < 80) and their
nanoarchitectures are compared to those of a ~2.4 nm large
Cel400230 nanocrystallite.25

Finally, we address the reliability of the trends derived for
E{O,,) in ceria nanostructures from contemporary electronic
structure calculations. For this purpose, we evaluate E(O,,.) for
ceria nanostructures with 40 CeO, units, including the
previously reported Ce,Ogo” model,®” with the HSE06 variant
of the Heyd-Scuseria—Ernzerhof hybrid functional.?** These
values are used in conjunction with the HSE06 E{O,,.) values
computed for suitably small regular’®’' and vicinal stepped®'
CeO,(111) surface models and the Ce, 0%’ model to derive
general oxygen mobility trends in ceria.
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Fig. 1 Sketches of stoichiometric ceria NPs Ce,0,,, n = 38, 40, 80, and their self-assemblies generated via the binding of the four O atoms of the {100} facet to four
corner Ce atoms (n = 38) or one corner Ce atom (n = 40, 80), as detailed in the insets. ce™ cations — light beige spheres, 0% anions — red spheres, edges of one {111}
facet — grey spheres. The AEsa [kJ/mol] values are the PW91+4 self-assembly energies; the r(NP-NP) [pm] values are the optimized heights of the corner Ce atoms

over the Oq4 planes.

Computational methods

Periodic DFT calculations were carried out using the VASP***

package and employing the Perdew-Wang'®?' (PW91)
implementation of the generalized gradient approximation
(GGA) for the exchange-correlation functional. An effective
on-site Coulomb correction Uy = 4 eV? was applied to the Ce
4f levels within the GGA+U scheme®**(referred to as
PW91+4). The computationally very demanding hybrid
exchange correlation functional by Heyd—Scuseria—Ernzerhof
(HSE),**?" previously tested for partially reduced CeO,(111)
surfaces®** and (in a slightly modified form) for Ce,O; bulk™
was also used to obtain alternative supposedly more accurate8
comparative EfO,,.) estimates. The HSE functional was used
with the screening parameter of 2 nm™' corresponding to the
HSEO06 scheme. Following the procedure adopted in refs. 6 and
7, HSEO06 single-point energy calculations were carried out at
the PW91+4 optimized pristine and oxygen atom defective
geometries. Importantly, the position of the Ce*" pair of atoms
of the oxygen defective geometries is the same in the
corresponding PW91+4 and HSEOQ06 calculations. This
procedure is expected to reproduce O activity trends derived
from computationally exceedingly expensive HSEO06
optimizations although some numerical differences may exist.

This journal is © The Royal Society of Chemistry 2013

A plane-wave basis with a 415 eV cut-off for the kinetic
energy and projector—augmented wave®® description of core-
valence electron interactions were employed. The calculations
were done at the I'—point. Single-point total energy
convergence tolerance at the self-consistency was set to 107
eV. The structures were optimized until a maximum force less
than 2 eV/pm was obtained.

In the spin-polarized calculations of the oxygen atom
defective nanostructures, the ferromagnetic alignment of the
two localized Ce 4f electrons resulting in a total magnetic
moment g = 2ug was assumed. For the regular and vicinal
CeO,(111) surface models an antiferromagnetic alignment of
the two localized Ce 4f electrons resulting in a total magnetic
moment x= 0 was sometimes obtained. The charge of the O
and Ce atoms forming the Ce-O4 and Cey4-O,4 contacts between
NPs was characterized by topological Bader analysis.”’” The
E(Oy,) energies are calculated from the total energies of the
stoichiometric and O defective systems with respect to % of the
O, molecule triplet state energy, E(O,) =-9.82 (-17.03) eV with
PW91+4 (HSEO06).

A unit cell of 2.5 nm X 2.5 nm x 2.5 nm was used for the
0D Ce40080 bu11d1ng block. 0D Ce40080 (Flg 1) has two
equatorial Ce corner atoms, which can interact with the O4 unit
located at the axial position in the x- and y-direction, upon
decreasing the @ and b cell parameters, respectively. The 1D
CeyOgo structure was constructed by gradually decreasing the
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cell parameter @, and optimizing the atomic positions. The
lowest energy was obtained in this procedure for a unit cell of
1.612 nm x 2.5 nm % 2.5 nm, which identifies the optimized
geometry for the 1D CeyOgy nanowire. Starting from the 1.612
nm x 2.5 nm X 2.5 nm unit cell of 1D Cey¢Ogy, a similar
procedure was repeated to construct the 2D Cey¢Ogy nanogrid,
by repeatedly shrinking the cell parameter b, and optimizing the
atomic positions. The lowest energy was obtained for a unit cell
of 1.612 nm x 1.607 nm X 2.5 nm, which corresponds to the 2D
Ce,0050 optimized geometry.

Similarly, the 0D CegyO,4¢ building block has one Ce corner
atom (Fig. 1), which can interact with the O, unit located at the
axial position in the self-assembling x-direction. The unit cell
for the 0D CegyO;¢ building block is 3 nm x 2.5 nm % 2.5 nm,
and for the optimized 1D CegyO;¢¢ nanostructure is 2.145 nm x
2.5 nm x 2.5 nm. The unit cell for the 0D Ce;3074 nanostructure
is 2.2 nm x 2.5 nm x 2.5 nm, and for the optimized 1D Ce3307¢
nanowire is 1.303 nm x 2.5 nm x 2.5 nm. The unit cell for the
Ce 400280 NP is 2.487 nm x 2.487 nm x 2.902 nm. The cells
employed ensure an inter-particle distance > 1 nm in each
direction for the building blocks and in each not connected
direction for the 1D and 2D nanoarchitectures, and an inter-
particle distance > 0.6 nm in each direction for Ce;49O5g-

The average energy of the 4f levels, €,¢, corresponds to the
first moment of the density of states projected (PDOS) onto the

+00

. Jepormi € Par (E)dE
Ce 4f levels, pur(e), ie., &4 = fﬁ;’"‘ PR . The average
Paf

EFermi

energy of the 4f levels of the Ce atom i (i = corner 1, corner 2,
edge, facet), €} £» corresponds to the first moment of the corres-
ponding PDOS. The &,f, and eif values are shifted with respect
to the vacuum level, €,qcpum» t0 enable comparison between
different structures. The bandwidth of the 4f levels, Wy, is
estimated as the full width at half maximum of a Gaussian
distribution with standard deviation equals to the square root of
the Ce 4f PDOS variance, g4f, i.€., Wys~2V2In2 o, where

Jre .(5—54f)2'P4f(€)d€

EFermi

O4fr = e PIREPE

€Fermi

the d band center and d band width commonly used as
descriptors for bulk and surface systems.

The convergence with respect to the k-point density was

examined for 2D CeyyOg with a Monkhorst-Pack 3 x 3 x 1 k-

point mesh. This calculation gives £,r and e£?"™™°" ! values

. &4y and Wy are analogous38 to

identical within the given accuracy to the I'—point calculation
values, and a total energy within 0.02 eV with respect to the
I'—point calculation energy. The convergence with respect to
the vacuum thickness was checked for the CeyzOgo" particle
(Fig. S1). The &4 =-3.67 eV and ££2""¢" ' = -3.80 eV values in
Table 1 are obtained from a calculation, which employed a 2.2
nm X 1.9 nm x 1.9 nm cell (inter-particle separation > 0.6
nm).*’ Similar results (e45 = -3.69 eV and 52" 1 =.382)
are obtained from a calculation, which employs a 2.5 nm X 2.5
nm X 2.5 nm cell (inter-particle separation > 1 nm).

The regular CeO,(111) surface and the vicinal surfaces with
type I, II, and III steps were modelled by three O-Ce-O tri-layer
thick slabs.>' To model CeO,(111), we used a hexagonal p(3x3)
unit cell of 1.150 nm x 1.150 nm x 1.935 nm. For type I, I, and
III steps, we employed the 0.763 nm X 1.479 nm x 3 nm (a =
102.17°, $=90.00°, y= 82.58°), 0.763 nm x 1.266 nm *x 3 nm
(0=75.74°, $=90.00°, y=81.33°), and 0.661 nm x 1.376 nm x 3
nm (a=76.95° B=90.00°, y=94.59°) unit cells, respectively.
These unit cells were constructed using the experimental lattice

This journal is © The Royal Society of Chemistry 2012
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constant for CeO, bulk, 541 pm,”’40 and ensuring a vacuum
layer thickness > 1 nm. During the geometry optimization all
three O-Ce-O tri-layers were relaxed for the stepped surfaces,
while only the top two O-Ce-O tri-layers were relaxed for the
regular surface. Type I and II unit cells have composition
3 x CegOy4, and type III unit cell has composition 3 X Ce;0 4.

Results and discussion

Self-assembly of ceria nanoparticles in 1D and 2D structures.

Experiments show that NPs with diameter & ~ 3+10 nm
commonly have truncated octahedral morphologies enclosed by
extended {111} facets and small (up to four atom column
width)*' {100} facets.*” The morphology emerging from the
simulations based on interatomic potentials is in full accord with
the experiment.zs‘43 The truncated octahedral Ce,O,, (n= 38, 40,
80 and 140) models in the ~ 1.5+2.4 nm size range generated by
global optimization®® all have apical {100} facets made of four
oxygen atoms, O, site. Compared with the bulk octahedral cuts,**’
the Ce,0,, (n= 40, 80 and 140) models have an increasing
number of missing Ce atoms (four, five and six, respectively) at
the vertices of the octahedra.

Here the CeypOgo (& ~ 1.5 nm) and CeggOi69 (G ~ 1.9 nm)
NPs are used as building blocks for the self-assembly of higher-
order 1D and 2D nanoarchitectures through a corner-to-facet
interaction (Fig. 1). The CegyO,4¢ building block has one corner
Ce atom and an O, site directly across from each other. A
regular 1D CegyO;4p wire is formed through the binding of the
corner Ce atom of a NP with the O, site of another NP with
similar orientation, i.e., Ce-O,4 binding.

The Cey,Ogo and CesoOgo  NPs are structural isomers with
truncated octahedral shape (Fig. S1). CegOgo is 55 kJ/mol

higher in energy (Table 1) than CeyyOso . In CeygOgo  the two
corner Ce atoms are directly across from each other. In this
arrangement they cannot be used to connect NPs with similar
orientation. In the CesgOgy NP the two corner Ce atoms are
directly across from O, sites. In this case, the NP can interact
with another similarly oriented NP in one or two directions via
Ce-O, binding. The binding in one direction leads to the
formation of the 1D CeyzOgy wire and the concurrent Ce-Oy
binding in the two orthogonal directions leads to the creation of
the 2D Ce40080 grld

Among the truncated octahedral structures, the somewhat
smaller (& ~ 1.1 nm) Ces3074 particle is also interesting as it
can be used as building block to form a 1D wire through a
facet-to-facet binding mechanism (Fig. 1). The Cess0,5 NP
corresponds to a sub-system of the CeyOg NP.* When
Cey¢0g is reduced in size by removing a CeO, unit from one
corner and an additional Ce corner atom to maintain the
stoichiometry, a {100} facet with four four-coordinated Ce
atoms is formed. These open Ce sites can interact with the four
O atoms of a {100} facet of another similarly oriented CesgO7¢
NP to form a 1D wire, i.e., Ces-O,4 binding.

The energy gained in the self-assembly, AEg,, of the Ce,0,,
(n = 38, 40, 80) building blocks is reported in Fig. 1. The “rea-
ction” coordinate is given by the inter-particle separation, r(NP-
NP), measured as the height of the corner Ce atom over the O,
plane of the Ce-O,4 or Cey-O4 contact formed between conti-
guous NPs. The self-assembled structure corresponds to the
energy minimum in the interacting particle energy profile along
the r(NP-NP) reaction coordinate at 160, and 143-146 pm (Fig.
1) for the facet-to-facet and corner-to-facet self-assembly, res-
pectively. The self-assembly energy profile has no barrier and
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Table 1. Calculated PW91+4 data for the 0D, 1D and 2D Ce,0,, nanostructures: excess energy per CeO, unit with respect to the energy of ceria bulk (AE),

{0}

average energy of the 4f levels of the connecting corner Ce atom 1, (e577"¢" 1), average energy of the 4f levels of the connecting corner Ce atom 2, (€4 v

corner 2 )
>

average energy of the total 4f levels, (g,), bandwidth of the PDOS on the 4f levels, (W,), energy of the highest energy peak of the PDOS on the 2p levels of
the O, site, from which the O, atom is removed upon vacancy formation, (SS;C ), O 2p HOMO and Ce 4f LUMO energy difference, (Ag), lowest O,. vacancy

formation energy, (E{Ovac)). The £577™7 1 | £577¢" 2 ¢, ¢ and s§;° values are with respect to the vacuum level, €,4cuum-
Building block ~ System  AE,kJ/mol ™" eV Y2, eV gy eV WypeV gS;C_ eV Ag eV Ep(0y,), kJ/mol

Ces3076” 0D 121.9 -4.21 - -3.89 0.82 -5.67 0.74 5
1D 114.9 -4.10 - -4.03 0.38 -6.05 1.52 149

Ce400s0” 0D 107.8 -3.80 -3.80 -3.67 0.35 -5.55 1.49 77

Ce40Og0 0D* 109.2 -3.97 -3.97 -3.85 0.54 -5.55 0.97 39
1D 100.0 -3.68 -4.05 -3.84 0.49 -5.68 1.15 57
2D 91.0 -3.85 -3.85 -3.86 0.24 -5.83 1.76 157

CezoOi60 0D 81.1 -4.24 - -3.87 0.54 -5.60 0.98 45°
1D 76.3 -3.89 - -3.87 0.26 -5.71 1.63 103

Ce1400250 0D 64.5 - - -3.83 0.26 -5.68 1.63 145

“See Ref. 25 for the global minimum structure. *Refs. 6, 7. “See text for description on how the building block has been designed by rearrangement of the

Ce400s0” model (Fig. S1).

decreases slowly in a first stage (r(NP-NP) ~ 0.6 nm) as the
building blocks approach each-other, and rapidly afterwards un-
til the energy minimum. A similar energy profile was found
based on DFT calculations for 1D Pd, nanowires constructed
from isolated cuboctahedral Pd, (n=38, 79, 140, 225) species.'®

AEg, depends only weakly on the size of the building blocks but
depends noticeably on the type of connector. Despite the size
difference, the self-assembly energies computed for the 1D CeyOgg
and CegyO;4o nanowires (-368 and -384 kJ/mol per Ce-O, corner-to-
facet contact, respectively) are close to each other. This indicates
that for the Ce-O, corner-to-facet interaction AEg, is converged with
respect to the size of the Ce,0,, building block within < 20 kJ/mol
for n >40. This size agrees with the size required to obtain
adsorption energies for weakly interacting probe molecules (i.e.,
CO) on Ce,0,, NPs converged with respect to the NP size.

The geometry difference in the CeyoOgy template, which has an
additional corner Ce atom compared to the CegyO,49 NP, seems not
to significantly change AEg, for 1D CeyOgy vs. 1D CegyOg0.
Likewise, the energy gained in the creation of the second Ce-O,
corner-to-facet contact in 2D CeyyOgq (-360 kJ/mol) is almost the
same as the energy gained in the creation of the first Ce-O,4 contact.
These all are indications of a rather local character of the inter-
particle interaction, which is hardly affected by more distant atoms
of the NP.

On the other hand, AEg, for Ces;307 is notably smaller (-267
kJ/mol) despite the small difference in size with Ce,;,Ogq. This lower
energy gain is attributable to the longer Ce-O bonds between the Ce
and O atoms in the Ce,-O4 contact as compared to the Ce-O,4 contact.
In 1D Cesg044 the contact is provided by an O4 unit, which is bound
to two equivalent Ce, units on opposite sides. In this configuration,
the O atoms are four-coordinated and have four equivalent Ce-O
bond lengths (251 pm), while the Ce atoms are six-coordinated. The
Ce atom of the Ce-O4 contact is equivalently bound to two Oy units,
and therefore is eight-coordinated with eight equivalent Ce-O 243
pm long bonds.

This journal is © The Royal Society of Chemistry 2013

A Bader charge analysis® shows that the driving force for the
self-assembly principally originates from electrostatic factors. The
positive charge of the corner Ce atom changes upon formation of the
Ce-O, contact from the value of a four-coordinated corner Ce atom
(2.14 le |) to a typical charge value of a bulk eight-coordinated Ce
atom (2.37|e|) in the Ce-O, contact. This is compensated by an
increment of negative charge (from -1.09 le| to -1.15]e |) of each
of the four O atoms involved in the corner-to-facet interaction. In the
facet-to-facet binding, there is an increment of the negative change
by 0.12] e per O atom (from -1.10]e| to -1.22|e|) for the O
atoms of the Ce4-O4 contact. This is counterbalanced by an
increment of the positive charge (from 2.16 le| to2.23]e |) per Ce
atom for the two Ce, units on opposite sides of the O4 unit. The
smaller increment of the positive charge per Ce atom in the Ceys-Oy
contact as compared to the Ce-O, contact reflects the smaller
coordination number of the Ce atoms in Ce4-O4 contact (six) as
compared to the Ce-O, contact (eight). Similarly, the larger
increment of negative charge per O atom in the Ce;-O,4 contact as
compared to the Ce-O4 contact is due to the larger coordination
number of the O atoms in the Ce,-O,4 contact (four) as compared to
the Ce-O, contact (three).

The structural changes induced by the formation of the contacts
between the NPs are local and involve a minority of atoms.
Nevertheless they have a noticeable impact on the global electronic
structure of the nanoarrays. In order to understand this effect, in Fig.
2 we report the occupied total DOS, and the unoccupied PDOS on
the total 4f levels, which essentially coincides with the unoccupied
total DOS in this energy range, for the Ce,0,, (n=38, 40, 80) NPs,
their 1D and 2D self—assernblies, Ce40080' and Cel400280.48
Moreover, we consider the unoccupied PDOS on the 4f levels of one
corner Ce atom, and the occupied PDOS on the 2p levels of the
binding Oy site for all structures except CesgOgo” and Ce490,50. Note
that it is sufficient to analyse only one of the Ce corner atoms
because of symmetry. We use different colors to differentiate the
PDOS of the free (blue) and connected (green) corner Ce atom and
Oy, site. The vertical blue (green) line indicates the average energy of
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Fig. 2 Occupied total DOS (black) and PDOS on the 2p levels of the O, site from
which the O, atom is removed upon vacancy formation (red), and unoccupied
PDOS on the total 4f levels of the Ce atoms (violet). Occupied PDOS on the 2p
levels of the binding O, site and unoccupied PDOS on the 4f levels of one corner
Ce atom for the free (blue) and connected (green) atoms. DOS and PDOS units
are number of states eV cell’. The vertical lines indicate the average energy of
the unoccupied 4f levels of all Ce atoms (violet), and free (blue) and connected
(green) corner Ce atoms (see Table 1). Energies are with respect to the vacuum
level, €yacuum- Filling denotes occupied levels. The dotted line indicates the
separation between the two different scales in the vertical axis used to plot the
black DOS and violet PDOS.

the 4f levels of the free (connected) corner Ce atom, e57""¢" !

and
€472 We consider the shift of 2" ' and ££?"™™°"? with

respect to the average energy of the total Ce 4f levels, e, (vertical
violet line), and the bandwidth of the PDOS on the Ce 4f levels, as
measured by W, (Table 1).

Based on Fig. 2 and Table 1, we can assess the convergence of
the electronic properties of the Ce,0,, (n=38, 40, 80) NPs, and their
1D, and 2D assemblies as function of the size and dimensionality.
First of all, W, decreases across the series Cezg076 > CegoOg, 1D
Ce490s0, CeggO160 > CegpOso’, 1D Cezs076 > 1D CegyOi60, Ce1400250,
2D CeyyOgo. This trend correlates with the number and type of corner
Ce atoms. W,y is the largest for the Ce33076 NP with four corner Ce
atoms, which are placed at the intersection between a Ce-terminated
{100} facet and {111} facets. W, is the smallest for the structures
with no corner Ce atoms (Ce49Og9) or for the structures whose
corner Ce atoms have completed their oxygen coordination sphere
via the formation of the Ce-O4 contacts (1D CegyO140, 2D Cey9Ogo)-
Finally W, is intermediate for the structures, which have two
(CeyOgp) or one (1D CeyyOgg, CegyO1g0) free corner Ce atoms of
intersecting {111} facets.

This journal is © The Royal Society of Chemistry 2013
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At the same time g,5 is essentially constant across the series,
with the exception of 1D Ces3074 (slightly stabilized by ca. 0.1 eV)
and CeyOsg  (slightly destabilized by ca. 0.1 eV). &2 " and
Eij)rrner 2 for Ce40030 and Ce40080', Eij)rrner 1 for Ce33076 and
CegoO140, and 57" 2 for 1D CeyOyg (vertical blue lines in Fig. 2)
are noticeably downshifted with respect to g45. On the other hand
e e 1 for 1D CegyO0, and e e land egpmer 2 for 2D CeyyOg0
(vertical green lines in Fig. 2) comcide with g4 s“’mer 1 for 1D
Ce;307 is slightly downshifted (ca. 0.1 eV) with respect to &4f.

Moreover, the shape of the PDOS on the 4f levels of the free and
connected corner Ce atoms is different: it corresponds to a symme-
tric Gaussian distribution for the connected corner Ce atoms while it
is rather distorted with respect to a Gaussian distribution for the free
corner Ce atoms. This indicates that it is the free Ce corner atoms,
which cause the deformation of the PDOS on the total 4f levels with
respect to a symmetric Gaussian distribution as shown in Fig. 2.

The properties of the 4f levels for 1D Ce;307 are different from
those computed for 1D CegyOjg0, 2D CeygOg9 and Ce;490g0. This
difference is related to the structure of the Ce,s-O,4 contact previously
discussed, whose Ce-O bonds (251 pm) are elongated with respect to
the average Ce-O bond length between six-coordinated Ce atoms
and four-coordinated O atoms (230 pm) found in Cej49O50. As a
result W, is larger and &4 is slightly red-shifted as compared to 1D
Cegool()(), 2D Ce40030 and Cel400230. This shows that even local £g€0-
metric effects appreciably influence the global electronic structure.

The formation of the Ce-O, and Ce,-O,4 contacts has an opposite
effect on the 2p levels of the O atoms of the contacts, which are
shifted to lower energies after the contact is formed (Fig. 2).

The 1D, and 2D nanoarrays depicted in Fig. 1 have additional Oy
sites at {100} facets, which are not involved in the Ce-O, or Ce,;-O,
contacts, with two-coordinated oxygen atoms, O,.. In Fig. 2 we
report the occupied PDOS on the 2p levels of one of the equivalent
0, sites, which do not form contacts, for the nanoarrays and their
building blocks, and the occupied PDOS on the 2p levels of one of
the equivalent Oy sites for Ce nOgy’and Ce490og0. In particular we

focus on the energy of the highest energy peak of the PDOS, SS;“ R

which is an important descriptor for the behavior of E{(O,,.) for
o
stabilized by 0.11-0.13 eV upon formation of one Ce-O, contact (1D
Ce,0,, (n=40, 80) versus their respective building blocks) and by
twice as much (0.28 eV) upon formation of two Ce-O,4 contacts (2D
Ce,90g¢ with respect to CeyoOgp). In the case of the Cey-O, contact

the eoz“ stabilization is even larger (0.38 eV), as eight new Ce-O

creation of an O,, vacancy at these O, sites. We find that &,°is

bonds (two per O atom) are formed (Table 1).
Fig. 2 indicates that the electronic structure of 1D CegyO,4o and
2D CeyOgo resembles more that of a Ce 4Oyg rather than that of

their respective 0D building blocks. A shift of s?ﬁ“ towards lower

energies and a decrease of W, ¢, with increasing the dimensionality is
found for 0D, 1D and 2D Ce,,Oyg. Overall, this shows that the self-
assembly of the Ce,0,, building blocks in 1D and 2D structures
effectively corresponds to increasing the size of the building block.

Formation of oxygen vacancies in ceria nanoarchitectures.

The Oy sites, which do not take part in the Ce-O,4 or Ce,-O4 contacts,
have been probed for their ability to release O, atoms (Fig. 3). The
removal of such O, atoms was reported to require the least E{O,,.)
in the Ce,;04;, CeygOg9" and CegyO169 NPs in comparison with the
facet, sub-facet and interior O atoms.*’ Depending on the configu-
ration of the Ce®" ions, formed upon O atom removal, E(O,,.) for a
given NP size varies within a few tenths of an electronvolt.*” The
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energetically most stable Ce®" configuration is obtained upon
localization of the two 4f excess electrons at corner or edge Ce
atoms.*’ The computed most stable Ce*" configurations are shown in
Fig. 3 (see Fig. S2 for other low-energy Ce*" configurations).
Previously®’ we showed that E(O,,) is controlled by the energy
separation between the occupied 2p levels of the O,, atom, which is
removed, and the unoccupied 4f levels of the Ce atoms, which
receive the two excess electrons of the removed O,, atom in the
pristine systems. Accordingly, the E{O,,.) trends are discussed in

terms of the s%“ energies of the removed O,, atoms and the avera-

ge energies of the 4f levels of the Ce*" cations, which become

reduced upon O,, atom removal, sj}te, in the pristine stoichiometric

site

structure. Larger W, values, i.e., &35 ° < g45, imply smaller E{Oy,)

. 0
values. Concomitantly, lower 52;“

In the Cey0O79 structure the two 4f excess electrons were
localized separately at the two free corner Ce sites (57" ! =
e e 2 =.3.97 eV in pristine Ce4Os0). The 1D CeyoOs structure
has one connected corner Ce atom (sij’f"e” =-3.68 €V) and one
free corner Ce atom (sjj‘ﬂme” =-4.05 V). Therefore, in 1D
Ce4pO79 one 4f electron was localized at the free corner Ce atom, and
the other 4f electron was localized at a nearby edge Ce site (g:}ig €=
-4.05 eV, in 1D Cey0g). The computed lowest-energy
configuration for 2D Ce,;yO79 has both the Ce* cations at equivalent
edge sites, (S:?ge =-3.88 eV in 2D CeyOgg). The E{O,,) trend
computed as a function of the dimensionality for these Ce*"
configurations, CezOg9 < 1D CeygOgp << 2D CeyoOgy, is directly

OZc
related to the £

CeyOgo with the lowest S?;C , the smallest W, ¢, and a well-shaped

Gaussian 4f PDOS, has the highest E{O,,.) value (157 kJ/mol)
among the 0D, 1D and 2D Ce,(Og, structures.

values imply larger E{Oy,.).

and W, values in these structures (Table 1). 2D

stable (by 45 kJ/mol, Fig. S2) than the computed most stable
configuration (E{Oy,.) = 57 kJ/mol), indicating that the connected
corner Ce atom may not be easily reduced. This increment is

consistent with |£:?g ¢ — ef}‘ime”| = 0.37 eV in the pristine 1D

Cey9Ogo structure. For 2D CeyqO-o, the Ce* configuration with the 4f
electrons localized separately at the connected corner Ce atoms
(59Tt = g2 = 385 eV in the pristine 2D CeyOgo
structure) was found to be somewhat less stable (by 23 kJ/mol, Fig.
S2) than the computed most stable configuration. This increment is
smaller than that obtained for 1D Ce4yO79. It is consistent with

edge edge .
|s4fg —egormer | + |s4fg — €597 2| = 0.06 eV in 2D CeyOs

being smaller than |£:?g - si?merll =0.37 eV in 1D CeyOyg.
These results show that the electronic structure properties of the
PDOS on the total 4f levels of the pristine structure influence
directly the energy difference between different Ce*" configurations.
Wy for 2D CeyOgp is smaller than that for 1D CeyOsgy.
Correspondingly, the energy difference between different Ce®"
configurations spans a smaller energy range for 2D CeyOg, as
compared to 1D Ce,Oygy.

2D

157

Ef(ovac)
kJ/mol

Fig. 3 Oxygen defective Ce,0,,1 NPs for the OD, 1D and 2D structures displayed
in Fig. 1, which contain one per NP most easily formed O, vacancy at the top O,
sites with the corresponding oxygen vacancy formation energies Ef(Oya) [kJ/mol]
calculated vs. % O, triplet state energy. ce™ cations — light beige spheres, ce®
cations — dark beige spheres, 0” anions — red spheres, position of Oy, — black
circles. As a result of the adopted orientation, only one ce®" cation is visible for
0D, 1D Ce33075 and 1D CeggO1so.

Ef(ovac)
kJ/mol

Fig. 4 Sketches of a stoichiometric ceria Cej400280 NP and oxygen defective
Ce1400279 NPs with an O,. vacancy at the top O, site with the corresponding
oxygen vacancy formation energies E¢(Oya) [kJ/mol] calculated vs. % O, triplet
state energy for various ce® configurations. ce* cations — light beige spheres,
ce® cations — dark beige spheres, 0% anions — red spheres, position of Oy, —
black circles, edges of one {111} facet — silver spheres.

For 1D CeyO79, we also inspected the stability of the ce™
configuration with one 4f electron at the connected corner Ce atom
and the other at the free corner Ce atom. This configuration is less

6 | J. Name., 2012, 00, 1-3

In CegyO,59 one 4f electron was localized at the available corner

Ce atom (gg7" ™" 1 =_424 eV in Cegy0,¢) and the other 4f electron
was localized at a nearby edge Ce atom (S:}ig ¢ =-390 eV in
CegyO140)- In 1D CegO,59 one 4f electron was localized at a facet Ce

site in the proximity of the vacancy (s{?cet =-3.84 ¢V in 1D

This journal is © The Royal Society of Chemistry 2012
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CegO140) and the other 4f electron was localized at an edge Ce atom

(si?ge =-3.90 eV in 1D CegyO,49). Based on the SS;“ and W,
values, larger E{O,,.) values are expected for 1D CegyOyqp as
compared to CegyOs. However, a somewhat smaller E{O,,)
increment (58 kJ/mol) between 0D CegyO;49 and 1D CegyOg than
the expected one is found. This result may be related to the
relaxation energy contribution to E{O,,) for 1D CegOjs0. A
significant energy gain is expected for localization at the facet site in
the proximity of the vacancy. This is because the total Ce-O bond
expansion of the seven Ce-O bonds of the facet Ce atom associated
with the localization of the 4f electron at this site is particularly
pronounced (90 pm). The creation of the O vacancy for 0D Ce;3076
is nearly energy-neutral (5 kJ/mol), but is significantly more difficult
(149 kJ/mol) in 1D Ce38076.

Overall, Fig. 3 shows that the self-assembly has direct conseq-
uences on E(O,,.). For each building block size, larger E{Oyq)
values are computed for the 1D or 2D arrays with respect to the 0D
building blocks. These changes in E{(O,,) are controlled by the
effect of the creation of the Ce-O, and Ce,s-O, contacts on the
electronic structure (Fig. 2 and Table 1), which corresponds to a

stabilization of 82? as well as a decrease of W, . The NPs or nano-

arrays with corner Ce atoms or a Ce-terminated facet (Ce;s07,
Cey9Ogp, 1D CeygOg9 and 0D CeggO,0), which have larger W,y

. 0
values and higher £2p

to the nanoarrays with no corner Ce atoms or a Ce-terminated facet
(1D Ce33076, 1D CegyO1690 and 2D CeyyOgg), Which instead have

2¢

energies, have smaller E{(O,,.) as compared

smaller W, values and lower s? energies. A rather low E(O,,.)

D
value was reported for CeyOgy” (77 kJ/mol, Table 1),6’7 which also
exposes two corner Ce atoms. Overall we find a similar E{Oy,)
ordering as for W, ¢, implying that E{O,,.) and W, are interrelated.
To better understand the E{O,,.) changes induced by the NP
self-assembly we also computed the energy for removal of an O,
atom from the O, site of the Ce;4Oa0 NP. The two excess Ce"
cations were localized on edge Ce sites (Fig. 4). A small E{O,,.)
difference (12 kJ/mol at most) is found between the various Ce®*
configurations. This result is similar to that discussed above for 2D
Ce49Og and depends on the narrow 4f PDOS bandwidth (W, ~ 0.1
eV). A second important observation is that the lowest E{O,,.) value
for Ce490sg is similar though somewhat smaller than the lowest
E{O,..) value for 2D CeyOgo. As already mentioned, 2D CeyOg
and Ce 490,50 have similar electronic structures, with the most
significant difference being a small shift (0.15 eV) towards lower

energies for SS;“, which may explain the slightly larger E{O,,.)

value computed for 2D CeyoOg. This is a further evidence for the
stringent resemblance between 2D Ce,oOgy and Ce490550-
02::

&,," may differ from the 2p highest occupied molecular orbital

(HOMO) energy, e.g., the HOMO of Ce,0,, (n=38, 40, 80) and 1D
CeyOgp in Fig. 2 is given by the 2p levels of the O, site, which
forms the contact (cfr. highest energy peak in the blue and red filled
PDOS). Moreover, several Ce atoms usually contribute to the 4f
lowest unoccupied molecular orbital (LUMO), except for structures
with corner Ce atoms. Here the LUMO essentially corresponds to
one of the seven 4f levels of the corner Ce atom. Despite these
differences, we find that the modulations of E{O,,.) can be nicely
correlated with concomitant variations of the O 2p HOMO and Ce 4f
LUMO energy difference, Ae in Table 1. Thus, Ae can also be
considered as a practical descriptor of the facility to form O
vacancies in CeO, nanostructures.

Comparison between PW91+4 and HSE06 approaches.
To corroborate the PW91+4 results, we evaluated E{O,,.) using the

This journal is © The Royal Society of Chemistry 2012
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HSEO06 functional’®?’ for 0D, 1D, and 2D CeyOg0, CeqOso’. TO
generalize our comparison, we also consider the HSE06 E(O,,.) data
for regular’®*! and three (I - III) vicinal stepped CeO,(111) surface
models,’’ and for Ce;04.%" For the extended systems, we
considered O atoms with different coordination numbers. In
particular, we computed E{O,,.) for removal of: a subsurface four-
coordinated oxygen atom, Oy, from a regular CeO,(111) model; a
three-coordinated oxygen atom, Os,, from the step of a CeO,(111)
model with step type I; a two-coordinated oxygen atom, O, from
the step of CeO,(111) models with step types II and III (Fig. S3).
These O, positions and associated Ce®* configurations correspond
to the most stable ones for the models employed.*'

As shown in Fig. 5, the E(O,,.) values calculated with the
PW91+4 approach correlate remarkably well (R’=0.99) with
the values obtained with the HSE06 hybrid functional. The
difference between the E{O,,) values predicted by the two
approaches is somewhat dependent on the system. For Ce;;Oy4,
Ef(Oyae)™F% is 37 kJ/mol larger than E(O,,)"" '"* (Table 2).
This difference is somewhat larger (~60—70 kJ/mol) for
Ce40080, Ce40030’ and 1D Ce40080. A smaller deviation (NZO
kJ/mol) is computed for 2D CeyyOg9. The HSE06 and PW91+4
schemes predict almost the same energy for O,,. formation for
the regular and the three vicinal CeO,(111) surfaces. This
correlation validates the reliability of the PW91+4 E(O,,.)
trends for the NPs and nanoarchitectures with different size and
dimensionality discussed within the present work.

300 _
o
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6250- o 5n 2
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£ 2 S = %
2204{ & )
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2 1501 =20 Q
= S &
g O
© 100 1 q
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Ei(Oyac)PWe*4, kd/mol

Fig. 5 Correlation between the oxygen vacancy formation energy computed with
the HSEO6 and PW91+4 functionals, E¢Oysc)™™ and E¢(Ovac)”V****, for Ce1042,
Ceq00s80” and CeqoO0g0 NPs, 1D, and 2D Ce,00go nanoarchitectures, regular and
three vicinal CeO,(111) surfaces. The fitted correlation (in kJ/mol): EfOyac)™™ =
79 + 0.68 Ef(O.o)™*™*, R*= 0.99.

The correlation is very useful as it can provide estimates with an acc-
eptable uncertainty for E{(O,,.) for systems that have too many
atoms to be treated at the more expensive HSEQ06 level of theory.
The HSE06 estimates for 0D, 1D CegyO;49 and Ce 4005g9 from the
linear correlation in Fig. 5 are 110, 150 and 178 kJ/mol, respectively.
The E((Oy,0)™E% values for Ce 400,50 and 2D CeyyOso (178 kJ/mol,
Table 2) although are increased with respect to the other nanostruct-
ures, still remain smaller by 75 kJ/mol than the value for the regular
CeOy(111) surface. These values are also smaller by 35 kJ/mol than
the EfO,,0)"SE% value obtained for the vicinal CeO,(111) surface
with step type I (213 kJ/mol, Table 2). Thus, the O,,, formation is
found to be greatly facilitated in Ce,O,, nanostructures compared
with regular and vicinal CeO,(111) surfaces. This facility to form O
vacancies in nanostructured CeO, is instrumental to understand the
remarkable activity documented for these systems.*”
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Table 2. Comparison of lowest O atom vacancy formation energy,
(E{Ovac)), and the O 2p HOMO and Ce 4f LUMO energy difference,
(Ag), for various CeO, systems, calculated with the PW91+4 and
HSEO06 approaches.

Model E{(Oyac), kJ/mol Ag, eV
PW91+4  HSE06 PW91+4  HSE06
CeOy(111) regular” 2514 253bed 2.01 3.17
Step I 2019 2137 2.12 3.06
Step 11 216 228 1.77 277
Step 111 2197 2287 2.05 3.49
0D Cey Oy 161 198 1.91 3.19
0D CeygOso’ 77 135 1.49 2.83
0D CeyOso 39 105 0.97 222
1D CeyoOxo 57 117 1.15 2.46
2D CexOso 157 178 1.76 3.05

“See Fig. S2.”The PW91+4 E{Oy,.) value computed for a p(3 x 4) CeOx(111)
surface unit cell with three CeO, layers employing the experimental/opti-
mized (541/549 pm) lattice constant is 245/217 kJ/mol*. A lower E{O\qc)
value (218 kJ/mol) was reported8 for a p(4 x 4) CeO,(111) surface unit cell,
which corresponds to a defect concentration ® = 1/16 monolayer of O atoms.
“The difference with respect to the values in ref. 31 is due to the lack of
inclusion in this work of the aspheric gradient correction within the PAW
sphere. “The position of one Ce*" cation is different with respect to ref. 31.

Conclusions

To summarize, the present work provides a rationalization based
on the electronic structure analysis for the variations of E{O,,)
values reported as function of the size and dimensionality for the
Ce,0,, (n=38, 40, 80) NPs and their self-assemblies. The PW91+4
E{O,,) trends have been verified based on HSEO06 single-point
energy calculations at PW91+4 optimized geometries for selected
structures. This study shows that the presence of certain structural
features can appreciably affect the global electronic structure, in
particular with regards to the shape and bandwidth of the unoccupied
DOS projected onto the Ce 4f levels, which ultimately impact on the
E(Oy,) values. Our work identifies the corner Ce atoms as a
structural motif essential for a significant reduction of E{O,,.). The
remarkable electronic similarity between 1D CegyO149, 2D CeygOgq
and Ce490p30 may have important implications. For instance, in
theoretical studies, one may approach bigger NPs through
computationally less demanding assembly of much smaller NPs.

We emphasize the model character of the present work,
which is a first step in electronic structure investigations of cer-
ia nanoarchitectures. Based on our findings presence and disap-
pearance of corner Ce atoms in ceria nanoarchitectures is
predicted to significantly affect propensity to form O vacancies.
The presence of such sites in ceria based catalysts will
significantly affect their red-ox properties. Moreover another
pivotal structural motif, the O, unit on small {100} facets,
present in the studied nanoarrays, has been recently identified
experimentally as an abundant element in ceria based nanoma-
terials."' Thus, the outcome of this study appears to be relevant
also for nanoarchitectures that are formed from larger building
blocks or even for nanostructured ceria without clear regularity.
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