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Doping CeQ with for example, Ca gives an enhanced reactivity toward reduction efd3@O, and total
combustion of methane. Theoretical modeling using static minimizations and molecular dynamics (MD)
simulations of the doped (110) face in combination with ab initio quantum chemical cluster models shows
large effects on the Ce(IV)/Ce(lll) balance due to the doping. Computed oxygen-to-cerium charge-transfer
energies are strongly reduced as a result of the introduction of defects and oxygen vacancies, but not sufficiently
to explain the observed reactivities. The structures resulting from the MD simulations for both the doped and
undoped material are in good agreement with recent experimental pulsed neutron scattering results.

I. Introduction vacancy depends on the association energy between the vacancy
. . and its surrounding. Furthermore, the local structures of the
ne of the m mportant gr f materials for heteroge- '

One of the most important groups of materials for heteroge surface, as well as that of the bulk, of the doped samples are

neous catalysis is that of the metal oxides. Understanding thebelieved t0 depend on several proberties of the dopant. such as
mechanisms of catalyzed reactions over metal oxide surfaces. P Prop pant,

and the influence of different material characteristics on the Its oxidation' state, electrorjegativity, and size. The introduction
performance of the catalyst is therefore of central importance of dopants in the Ceflattice can thus be expected to affe_ct_
for future rational catalyst development. Cerium oxide (©eO both the oxygen-transfer and the electron-transfer characteristics

is commercially an important part of both oil-refining catalysts of CeQ i _

and automotive exhaust gas converters. It is also used as an FOr @ more detailed understanding of the effects of dopants
oxidation catalyst for combustion of carbonaceous deposits in @1d the origin of the enhanced (or reduced) reactivity of these
diesel exhaust gas particulate traps and as an oxygen andnodified materials we believe that experiment need to be
electron-transfer agent in catalysts for the ammoxidation of complemented by theoretical/computational studies. An atomic
propylene in the production of acrylonitritéThe ability of CeQ level descrlptlon of the activity of a material as complex as
to store oxygen is utilized in the three-way car catalysts (TWC) doped Ce@requires consideration of the dopant effects on both
for increasing the width of the lambda window, i.e., to increase the geometrical and electronic structures, especially for the
the working range of redox conditions in which the catalyst is Surface layers. The particular approach taken in the present work
able to simultaneously convert NOCO and unburned hydro- IS thergfore to perform both static (energy m|n|m|;at|on) and
carbons to harmless produétits function in this application dynamical (including temperature effects) simulations of the

is, however, possibly more complicated than that of a simple crystal structure and then build quantum chemical embedded
oxygen storage componeht. cluster models of different sites resulting from the simulations;

In principle, it should be possible to engineer, at the atomic the structures obtained from the molecular dynamics simulations
level, active sites on a metal oxide surface to give a catalyst &€ fed directly into the quantum chemical modeling program.
desired selectivity and activity for certain reactions; such an Thus, the structural effects induced by the doping, such as the
experimentally based molecular approach for enhancing the local geometry around vacancies and defects, are obtained from
reactivity of cerium oxide by introduction of dopants has also Molecular dynamics (MD) simulations of a slab model exposing
recently been suggest&dn this approach, cation dopants with the desired crystal fac_e, Whl|§‘ the effects_ or_1_the electronic
oxidation states lower tha#lV are incorporated in the lattice ~ Structure of the material, mainly the availability of Ce(lll)
of CeQ, leading to the formation of oxygen vacancies. The relative to Ce(lV), are investigated using fully quantum chemlcal
chemical and physical properties of these depend on the typemethods. The_structural results from the MD simulations on
of dopants introduced, where for example, the size of the the bulk materials are supported by results from pulsed neutron
vacancies can be expected to depend much on the size of th&Cattering studies. o
dopant; the concentration of oxygen vacancies depends on the Due to its technological importance, Ce@as been the

oxidation state of the dopant, and the mobility of the oxygen subject of a rather large number of earlier investigations where
static simulation techniques have been apptié¢dSince Ce@

* Corresponding author. is a well-known oxygen storage material much of the interest
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has focused on determinations of oxygen transport and diffusionHe. The composition of outlet gas was analyzed with a Balzers

rates, but the charge-transfer properties and concomitant reducmass spectrometer model QMG421C, and the CO andyases

tion of Ce(lV) to Ce(lll) have also been of great interest. In were mixed just before the reactor inlet using two Brooks 5850E

two recent papers Balducci et “dl.discuss the properties of mass-flow controllers. The catalyst samples were pretreated in

solid solutions of Ce@—ZrO, and find that the introduction  situ in a flow of air (600°C, 30 min), after which they were

of zirconia into the ceria lattice strongly lowers the reduction cooled to room temperature before exposure to the reactant gas

energy of Ce(IV); the resulting values are still positive, however. at a space velocity of 10 000 mL gasgghcatalyst, and a
The importance and usefulness of the experimental approachtemperature increase rate of 10/min.

to use dopants for oxygen vacancy engineering has been verified B. Atomistic Simulations. In this section we will describe

experimentally for Ce@for three types of reactions. First, the the different aspects of the atomistic simulations of the bulk

oxygen storage capacity (OSC) was found to increase by 20 and surface models of CeOboth doped and undoped. Both

40% by introducing dopants such as Ca, Nd, Pb? &econd, static and dynamic simulations were performed on the basis of
the light-off temperature for the reduction of 80y CO to the same set of potential parameters that were taken from the
form elementary sulfur and GOwas lowered by 7CC by literature. The pure Cefbulk lattice has the well-known fluorite

doping CeQ with 10% C&" as elaborately discussed in ref structure, in which each e cation is surrounded by eight
10. Third, the activity for total oxidation of methane was also equivalent G~ ions forming the corners of a cube, and with
found to increase by doping with Ca, Mn, and Nd, whereas each G~ coordinated to four C¥&. The experimental lattice
Pb-doping was found to decrease the activity of the material parameter is 5.41 A leading to a €6 distance in the bulk of
for this reactiort! Several other metal oxides are also expected 2.343 A3 The (110) terminated CeGsurface-layer consists
to be useful candidates as host matrixes for oxygen vacancyof 6-coordinated C& ions and 3-coordinated?ions, and all
engineering, e.g., oxides of Bi, Mo, Nb, Pr, Ti, V, W, and Zr planes parallel to the surface are charge neutral.

to name a few. The programs used for the static simulations were GYLP
The present paper aims at illuminating the effects on the for the bulk structures while the MARVIN code was used for
structural and electronic properties of cerium oxide upon determining the relaxed surface structures. The MARVIN code
introduction of C&" ions, and on the implications of these was used to determine the relative stabilities of different faces
effects on the catalytic activity for redox reactions, in a of the CeQ crystal; the most interesting of these was then
combined theoretical and experimental study. The theoretical studied in the subsequent molecular dynamics simulations
treatment is based on a molecular dynamics simulation of the presented here. The MD simulations were performed using an
ion positions in a slab model of the surface, followed by a in-house MD codé®
calculation of the electronic properties for a small cluster model 1 |nteratomic PotentialsThe interatomic potential param-

embedded in the remaining periodic MD slab. The main result gters ysed in both the static energy minimizations and the MD
is that, as a result of the modified structure and coordination gimy|ations were those used by Sayle etialan earlier static

around the Ce ions as obtained from the molecular dynamics modeling investigation of CeOThe G~ —02~ and C&*—02
simulations, we find a substantially reduced charge-transfer parameters in ref 5 were previously described by Lewis and
excitation energy in the doped Cgfattice. In other words, we Catlowl’ and the C& —0?2~ interaction in ref 5 is a modifica-
find a much lowered cost for reducing Ce(IV) to Ce(lll) after  jon of the potential by Butler et a8 In the current paper the
doping with ca. This is in agreement with what has been non.coulombic cationcation interactions were, as in the
reported earlief,® but the resulting values for the energy cost previous investigations, set to zero. The shell mbdeas used
(endothermicity), computed using high-level ab initio quantum 4 gescribe the polarization energy. In this model the polarizable
chemical tec_hnlques,_ are still rather high. _Thus, _addltlonal ion is assigned two charges: one charge on the core (nucleus)
energy-lowering contributions must be considered in order t0 ang one charge on a displaceable shell which is linked to the
completely understand the observed reactivities. core through a harmonic spring. In addition we have also, in
The layout of the paper is as follows. In the Methods part the molecular dynamics simulations, assigned a fraction of the
we describe in order the experiments, the static and dynamicijon-mass to the shells of the ions, as first introduced by Mitchell
atomistic simulations, and finally the quantum-chemical calcula- gnd Finchant®
tions. The same sequence is followed in the Results section. the coylombic interaction was in all cases evaluated using
The results are tied together in the Discussion and Summaryi,e Ewaldl-23 summation technique for 2-dimensional (slab
sections. models of surfaces) or 3-dimensional (bulk models) periodic

systems, excluding the interaction between a core and its own
Il. Methods shell.

A. Experimental. Nanophase cerium oxide solid solutions ~ The quality of the interaction potentials for the Ca-doped and
were prepared by coprecipitation of Ce and dopants in the form undoped Ce@system was investigated by a comparison with
of oxalates followed by washing, drying, and calcination at 600 experimental diffraction results. Thus, the crystallographic lattice
°C for 4.5 h in air. Details on the synthesis and characterization parameter for the pure bulk crystal at 300 K obtained from the
are given elsewher@l® Chemical composition of the products MD simulation was 5.42 A, in very good agreement with the
was determined with an ARL 3520B inductively coupled plasma experimental value of 5.41 &.Analysis of the pair distribution
atomic emission spectrophotometer (ICP-AES). Experimental function, g(r), for the Ce-O distances from the 300 K MD
total neutron correlation functiorf&r) were obtained through ~ Simulation leads to an average(Ce—0) of 2.33 A to be
pulsed neutron scattering studies at the LAD instrument at the compared to the 2.34 A from the experimental structéitépon
ISIS facility in the United Kingdom and details of these 12.5% doping with C& ions the simulated cell expands by
experiments and their interpretation are given elsewkere. 2% in accordance with what has been found experimentally.
Catalytic activities were evaluated with a Micromeritics TPD/ A comparison between the pulsed neutron scattering data,
TPR 2900 Chemisorption Analyzer using a nearly stoichiometric T(r), and the MD results3(r), (Figure 1), demonstrates a very
reactant gas mixture containing 3.20% CO and 1.65% 80  good agreement, which will make a detailed analysis of the
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(a) scheme>26 ensuring a translationally invariant Hamiltonian.
The NoseHoover formalism’22 was used for the constant

] temperature control. The Ewald summation technique for
4L 2-dimensional periodic systefs?32% has been implemented
for the slab simulations. Details about the MD program have
been given elsewhefé.

< 87 All systems were equilibrated for 1.0 ps with temperature
§ -CeogCamOg_d scaling invoked every tenth step, followed by production runs
g2 /\ /\ of 2 ps for the doped and undoped bulk and slab at 10 K, 8.5
§ Z VA ps for the undoped bulk and slab systems at 300 K and 24.5 ps
=1t \/ for the doped bulk and slab systems at 300 K. All simulations
used a time-step of 0.1875 fs. Such a short time-step was

0 Ceﬁ)z\ necessary to ensure the constancy of the Hamiltonian in these

4 systems, where the ionic charges and interatomic forces are
i large; in particular the large charges in the shell model generate
forces of a magnitude that make it necessary to use a small
time step. The equilibration times of 1.0 ps appear to be
sufficient for all our runs. For the 10 K runs, which essentially
are energy minimizations, no changes were observed in
thermodynamic, structural or dynamical parameters after the
equilibration runs. The equilibrations at 300 K were started from
previous simulations. Moreover, the cell volume and potential
energy were monitored throughout the equilibrations and
subsequent production runs, and were found to have stabilized
well before the start of the production runs. Moreover, the
positional order was monitored via a modification of Verlet's
translational order parameter, which had stabilized already after
half the equilibration time (0.5 ps). During the remaining
equilibration time and during the subsequent production runs,
all these quantities displayed appropriate fluctuations and no
drifts. The resulting structures were then fed directly into the
ab initio embedding program for the electronic structure
calculations.

3. System GeometriegVithin the MARVIN code the static
simulation cell is repeated infinitely in two dimensionsand
Y L AN . y, with the free surface perpendicular to thelirection. The
1 2 3 4 5 6 atoms in the “surface region” are allowed to relax while those

v/ A in the “bulk region” are kept fixed. Here we studied the relative

Figure 1. Total neutron correlation functions for Ca-doped and stabilities of the undoped (1.11)’ (110), (211), a.md (310) surfaces,
undoped Ce@ (a) ExperimentalT(r) curves from pulsed neutron and for reasons discussed in the ReSL_JIts section, we have chosen
scattering. (b) Molecular dynamics simulated total and partial pair t0 concentrate on the (110) surface in the present study.
distribution functionsG(r). The MARVIN code was also used to investigate the interac-
tion between dopant and vacancy for the (110) plane. The

structural peaks .meanmgful. n parncular, the broadgnlng of the experimental investigation was done at 10% doping which was
peaks upon doping, the dopant-induced structures in the region_.

3—-3.5 A, and the shape of the peaks in the region from 3.5 to simulated by jntroducing one ‘?'Op‘?‘“’aca“?y pair per two
45 A aré all well-reproduced by the simulation. Furthermore crystallographic unit cells, resulting in a doping level of 12.5%.

the simulations allow a breakdown and detailed analysis of the T;VSZi?)\ze\,rvi?finc?hﬂbégag%gzglgﬁ-pfﬁrs]isV?i?ﬁ t\échrggtee Sd %rf tk;ann
individual ion contributions to the radial distribution functions P P ’ ’ Y9

which is invaluable for the analysis of the experimental data; vacancy next to the dopant and seqond,_wnh the vacancy as far
the full, detailed analysis of the structure will be reported as possible from the dopant. The first situation can be seen as

elsewherd2 We here conclude that the potential parameters and & Meutral bound pair, while the second as an unbound pair.
simulation procedures employed in this paper appear to give a MD simulations of the undoped Ce((110) slab were
realistic description of the bulk lattice structures for both the Pperformed at different temperatures. Since the (111) face shows
Ca-doped and undoped systems. the highest stability and furthermore has been shown to be

2. MD Simulations Four oxide systems were investigated by inefficient for oxygen exchang® we here selected to study
MD simulations: two bulk systems (doped and undoped) and only the (110) surface; the (211) and (310) faces could in
two slab systems (doped and undoped). The geometries of thes@rinciple also be of interest, but were excluded in the present
systems will be discussed below. The MD simulations were work in order to perform a more complete simulation study of
performed with a constant-stress, constant-temperature moleculathe (110) face. The pure CeQ110) surface system in the MD
dynamics program for systems periodic in three and two simulations was described as a slab, 12 atomic layers thick and
dimensions, with dynamically variable lattice vectors (lengths periodic in two dimensionsx(andy), with faces perpendicular
and angle). The equations of motion for the box are handled to zand—z Thex, y, andz directions are equivalent to the (0
by the Cleveland modificatidh of the Raman-Parrinello 0 1), (1—1 0) and (1 1 0) directions in the Ce®ulk crystal.

g(r)

pure CeQO: total
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Figure 2. Definition of different embedded cluster surface models of doped.@e@e full surface environment; atoms contained in the model
cluster are highlighted. Cluster models 5A (right), 5B (center), and 5C (left) have five-coordinated central cerium ions, while clusters 6B (right)
6A (center), and 6C (left) represent fully coordinated surface cerium ions.

The MD box volume was 16< 15 x 23 A3 and contained trostatic interactions with the surrounding crystal. Thus, the

altogether 432 ions. All ions were allowed to move in the MD short-range Coulomb (incomplete screening), exchange, and

simulations. orthogonality interactions, together with the major relativistic
The doped slab system in the MD simulations was doped effects (Darwin and Mass-velocity potentials) are included in

with 1/8 C&" ions, as in the static simulations, and was then the description.

charge-balanced with oxygen vacancies. The ini_tial_con_figuration In the different embedded cluster calculations, ions out to a

was taken from the ordered dopant-vacancy distribution found certain distance from any cluster ion are represented by total-

to give t?e lowest surf.afe energy in the static C%Iculatlons ion model potentials; this distance was always larger than 13
(namely “the bound pair”; note, however, that the “unbound A | h bufferi ion b he ol

air” gave a slightly lower bulk energy). The dopants and the . to ensure a large enoug utiering region etween the cluster
P ) ions and the unscreened point-charges. To represent the bulk

corresponding oxygen vacancies were introduced in such a way .
as to preserve the zero net dipole moment across the surface,';InOI (110) surface of undoped ceria, we have chosen embedded

region; otherwise the total energy increases with increasing (CeQ*)i_ and (Ce@°" clusters, re_spchver,_ here, €.9.
thickness of the slab and the surface energy is not defined. (Ce@)™*" denotes a cluster modell with one cerium and eight
MD simulations for the 3-dimensional Ce®ulk crystal (pure ~ ©Xygens. For the Ca-doped ceria crystal, we have chosen
and doped) were performed to provide a reference for com- (CeQ)* and (_C_e@)e_ clusters for the (110) surface (see Figure
parison with the undoped and doped slab systems. The MD- 2 fgr the definition of the different embedded cluster models),
box for the undoped bulk system consisted of 324 ions and its While (CeQ)**~ and (CeG)**~ were constructed for the bulk

volume was approximately 16 16 x 16 A3. The doped bulk situation. It should be noted that each model is charge neutral
system was doped with 1/9 &aions, and was then charge- When both the central cluster and the embedding are considered

balanced with oxygen vacancies. together. The details about the basis sets used in the calculation
C. Ab Initio Cluster Calculations. In the present work, we  of the electronic structure of the clusters and of the potentials
have calculated the energies and several electronic propertiesised to represent the lattices are given in the appendix.

of cerium ions in pure and calcium-doped cerium oxide crystals  The ECPAIMP prografd® has been used to evaluate the
based on the structures obtained either from the pair-potential AlMP (core and embedding) potential integrals and to generate
minimizations or from the MD simulations. It has been sh&wn  the one-electron integrals over the Madelung potential. The
that relatively small and alsq nonstoichiometric clusters, if implementation is such that the unit cell from, for example, the
properly embedded, can provide a good model of the crystal. \ip simulations can be read directly into the program and the
In the description of strongly ionic systems, an embedding of stential from the fully 2-D periodic structure used for the

the cluster into a lattice of point-charges will lead to an artificial ;. Iations. The one-electron integrals can then be replaced in

R : . Eypg
pola}r|zat|on of the anions |n.the clustér: Th's may be a number of different programs, and two of these programs,
avoided by a proper embedding scheme using effective COrey o ones used here. are the direct-SCE code DES@AY the
potentials (ECP) based on the frozen ionic charge distribitigh §tockho|m program,packa de

to describe the neighbors nearest to the cluster. In the presen ' . ) )
work we have used the AIMP embedd#@® together with a The reIaFlye sta_lbmty of Ce(Ill) and Ce(lV) in the different
representation of the crystal potential of the different lattices lattice positions in the undoped and doped structures was
based on structures obtained either from the static or MD investigated by explicitly performing the required oxygen
simulations. The crystal potential was included through evalu- cerium charge-transfer excitation within the embedded cluster
ation of all integrals over the explicit Ewalt23 sums over models. For this purpose we have performed SCF and Modified
the infinite crystal based on the simulation cell, always using Coupled Pair Functional (MCP#)calculations on the different
the nominal ionic charge for the ions. The embedding scheme clusters mentioned above. Some additional calculations to
is based on total-ion model potentials which include an investigate the electron affinity of cerium ions in different
approximate description of all quantum mechanical and elec- positions were furthermore performed.
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TABLE 1: Experimental Characterization of Different TABLE 2: Surface Energies, E (in J/m?), of Pure CeQ
Cerium Oxide Samples Studied: Oxygen Deficiencyd) : :
Measured at Room Temperature, Unit Cell Parameter & in surface E before relaxation E after relaxation
A), BET Area (S in m2/g), and Light-Off Temperatures (1112) 1.72 1.22
Corresponding to 50% Conversion of CO {soco) and SO, (110) 3.60 1.65
(Ts0,s0), Respectively (in°C) (211) 6.85 1.84
sample composition 0 a S  Thoco Tsoso (310) 11.59 2.54
undoped  Ce@, 0.00 5412 295 490 505 can only be understood when reasonable models for both the
Ca-doped CenCa1d-» 009 5416 293 430 435 doped and undoped surface structures exist. From pure static
14 energy minimizations we found, in agreement with other
groups?—® that the most stable surface is (111), followed by
12k / (110), (211), and (310), see Table 2. Most stable often means
A BV least reactive, and it has been shéWhat the (111) surface

o o o T P —————|

1.0 +

does not release oxygen easily. Thus, in the following we focus
our interest on the (110) surface, which has a sufficiently low
surface energy that it can be expected to be exposed on the
small CeQ patrticles.
The resulting surface energy for the relaxed (110) surface
computed with the MARVIN program is 1.65 ¥nThis is about
half of the surface energy of the unrelaxed surface, which
indicates the importance of including these effects in the
modeling; it can be expected that, in a theoretical study, the
co, \ i unrelaxed surface should exhibit an artificially increased reactiv-
0,0 . : : . ity over that of the fully relaxed surfacg.
300 350 400 450 500 550 600 Since the Cafll) dopant has a lower valency than the
Temperature (°C) Ce(*1V) of the original material, each dopant has to be charge
Figure 3. Experimentally measured $OCO, and C@ flow rates in compensated through the creation of an oxygen vacancy. For a
reactor outlet as a function of catalyst temperature over undoped andgiven level of doping this introduces questions about how the
Ca-doped Ce@ Circles () and crosses (x) indicate the results for the dopants and vacancies should be distributed initially in the
undoped and doped samples, respectively. simulation cell; for gases and liquids, final distributions can be
expected to be reasonably independent of the initial guess, but
this may not be the case for a high-melting-point oxidic material
A. Experimental. Chemical compositions of the experimen- such as the present. Using the MARVIN code the interaction
tally studied samples are given in Table 1. XRD patterns between dopant and vacancy was first investigated: the
collected on a conventional X-ray diffractometer of the samples calculated surface energy of the Ca-doped (111) {s@©.56
revealed that the Ca-doped sample retains the fluorite structurel/n¥ for the bound pair system and 0.67 3ffor the unbound,
with a slightly increased unit cell parameter as compared to but this is due to a somewhat greater bulk stability of the
the undoped Ce The use of the very intense pulsed neutron unbound pair system. The energy difference, 0.02 eV/unit cell,
beam showed, however, the presence of a small fraction of between the two situations is very small, indicating only a very
CaCQ in that sample in agreement with X-ray photoelectron slight interaction energy between dopant and vacancy. However,
spectroscopy (XPS) result?The oxygen deficiency values, to draw conclusions on the mobility of oxygens one would also
0, in Cea_xCa0.-5, agree well with the expected values need an estimate of the barrier to migration.

08 |

06 | S0:

04 |

umole/s of CO, SO, and CO, at reactor outlet

Il Results

considering the oxidation state of the dopant. Doping of the material could cause a segregation of the dopant
Figure 3 shows the ability of the materials to catalyze the ions resulting in different concentrations at the surface and in
reduction of SQ by CO described in reaction 1 below: the bulk. This was investigated by obtaining the surface energies
for the (110) crystal with the dopants and vacancies introduced

SO, + 2CO— L+ 2CQ, Q) only in one layer and varying the distance from the surface of

this layer. The thus obtained surface energy as a function of

In this reaction, elementary sulfur and €&re formed. The the distance of the introduced defect layer from the surface of
sulfur was condensed in a cooling trap, whereas the concentra-CeQ showed it to be energetically more favorable for the dopant
tions of SQ, CO, and CQwere quantified by mass spectrom- layer to be at the surface. However, not surprisingly, the MD
eter. In Figure 3 the flow rates of the gases in the reactor outlet simulations show no tendency for €amigration for any
are presented as a function of catalyst temperature. It is clearfeasible simulation time. The surface energy is also dependent
that both the on-set and the light-off temperatures were much on the concentration of defects at the surface, with a rapidly
lower for the Ca-doped sample compared to those of the increasing surface energy (for the model with dopants and
undoped Ce@sample. The light-off temperatures corresponding vacancies in one layer only) as the concentration increases;
to 50% conversion[sg, are given in Table 1, and both samples values of 28.4, 8.2, 4.5, and 1.6 J/ifmote that in this case
showed lower values 0fsg cothan of Tsp sg, Which indicates much higher surface formation energies are obtained due to the
that the first step in the mechanism of reaction 1 is the oxidation inhomogeneity in the dopant concentrations) were found for
of CO by oxygen from the catalyst surface. Then, as the surfaceconcentrations of 50, 12.5, 5.5, and 0%, respectively. Thus, as
becomes sufficiently reduced, at a slightly higher temperature, the dopant concentration is increased, it is likely to prevent
it reduces the Sg thus completing the catalytic cycle. further segregation and no significant segregation will be

B. Atomistic Simulations. 1. Low-Temperature Surface expected.
Systemg0 and 10 K. The impact of doping on the catalyst Figure 4 shows the relaxed slab structure of thé"@oped
reactions and the reason and mechanism for the increased OSGlab after 1.9 ps of simulation at 10 K. The figure is a projection
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pair. This is to be expected, since the introduced oxygen
vacancies alter the potential energy surface for the other ions
in close vicinity. Furthermore, the introduction of DV pairs in
the second layer seems to suppress the oscillatory interplanar
relaxation of the C¥ ions and enhance this behavior for the
02~ ions, while the introduction of DV pairs in the outermost
layer does not affect these oscillations in the relaxation.

Both in the bulk and in the slab system the relaxation effects
in the close vicinity of the DV pairs involve the displacement
of ions, mainly oxygen ions, from their crystallographic
equilibrium positions by as much as 0.7 A. In the slab system
some oxygen ions also migrate to other crystallographic sites
or, for the outermost layer, to new sites off the crystallographi-
cally determined positions. The mechanism of these ionic
relaxations/migrations depends on the ion’s distance from the
surface. For oxygen ions located deeper than the outermost layer,
the migration only occurs along thxedirection (crystallographic
(001) or (00) directions) from an occupied oxygen site to an
oxygen vacancy (Type 1). For oxygen ions in the outermost
layer of the slab, the migrations also occur in thdirection,
but the ions stay between two equivalent crystallographic sites,
somewhat displaced in tlzedirection (Type II) due to the higher
degree of translational freedom that the ion possesses near the
surface. Moreover, at the surface we can also observe migrations
in the yzdirection (Type IlI) (crystallographic (010) or (01
direction), or more specifically, if the dopant is located in the
outermost layer the associated oxygen vacancy maintains its
SURFACE position in the outermost layer, but if the dopant resides in the

second layer the associated oxygen vacancy migrates out to the

Figure 4. The 12.5% C#&-doped Ce@(110) slab after relaxation for ~ topmost layer, keeping the &adopant in the second layer fully
1.9 ps at 10 K. The figure is a projection of all ions onto the plane of coordinated. This indicates that oxygen vacancies are more
the paper, which is thezplane. The slab surfaces are normal tozhe  stable at the surface than in the bulk, in agreement with an earlier
direction. investigation of isolated defect formation energies when doping

] o with Rh3*, P&*, and Pt 45 and the recent investigation of
of all ions onto the plane of the paper, which is #eplane. It doping with zirconia by Balducci et &l.In the present
\nvestigation we find that this turns out to be true even at higher
defect concentrations and in the close vicinity of & Cadopant,
both when the dopant is located in the uppermost layer and
when located in the second layer.

2. Temperature Effects on the Cge@L10) Surface The
structure of the oxide substrate at different temperatures, both
at an atomic scale and at a time-resolved level, is of great
interest. In particular, a closer analysis of the dynamics at the
surface of the slab in terms of mean-square and instantaneous

layers, respectively, while the oxygen ions relax less than 1%, d|splacement§ of .the lons could answer quespons such as
and in the opposite direction compared with the cerium ions whether reactive sites could become available, i.e. the surface

(see Figure 5). In a parallel investigation on a large number of activated, through large-amplitude motions and jumps of the
low-index cuts of Ce@ Vyas et at find a rather large  'ONs at the surface, and whether it would be possible to have a

dependence on the potential for the relaxations of the outermost'®duction of barrier heights for specific reactions as an effect
layers as obtained from static energy minimizations (corre- Of surface ion mobility.
sponding to our 10 K simulations). For the most stable, (111), Increasing the temperature up to 300 K does not alter the
plane the largest relaxation effects were found for the oxygen oscillatory interplanar distance behavior for the relaxation,
ions, while the cerium ions were found to relax to a much described above, in the pure and doped £&@b. The number
smaller extent leading to the opposite rumpling compared to of migration events, on the other hand, appears to increase with
our present investigation of the (110) plane. Results for the temperature. During 24.4 ps of simulation time at 300 K, two
relaxation of the (110) plane were not reported in ref 44 making migrations of Type | were observed in the doped bulk system,
a detailed comparison difficult. However, for the higher-index and five events of Type Il in the doped slab system. Th&Ca
planes, e.g., the (331) surface, larger distortions and oscillationsdoping of bulk Ce@ results in higher atomic mean-square
for both types of ions are reported, showing that the details of displacements (msd’s). The msd’s for “Ceincrease from
the relaxation effects at the surface depend both on the specificapproximately 0.0022 A(average ok, y andz directions) in
potential and on the specific plane chosen for study. the undoped ceria to 0.0026 Avhen doped, and the msd’s for
In the presence of DV pairs the relaxation effects are much 0?2~ increase from 0.0039%in the undoped bulk to 0.00472A
more pronounced, especially in the close vicinity of the DV for doped ceria. The dopant has an msd of 0.0043 A

distortion from the ideal Cegstructure, but, more importantly,
the distortion is larger at the surface than in the middle of the
slab.

The MD simulations at 10 K show that, without dopant
vacancy (DV) pairs in the slab the relaxation consists of a rather
small rumpling in the four outermost layers, while the rest of
the slab remains rather bulklike. The rumpling mainly involves
the oscillatory interplanar relaxation of €eions by —10%,
+9.4%,—2.6%, andH-2.6% in the first, second, third, and fourth
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Figure 5. Average distances between adjacent planes iR, theandz directions in the slab (definitions in the text). For comparison, the corresponding
interplanar distances in the bulk are given, where “Bulk 110" corresponds to the value foatitiz directions (equivalent distances) and “Bulk
001" corresponds to the value for tkedirection.

When the above msd’s are studied as a function of depth in calculations on the embedded ions. The lowest charge transfer
the undoped slab system at 300 K (Figure 6) one can observestate found was from thepdevel of one of the oxygens in the
msd’s higher than the bulk values down to ab6Wd from the cluster model (localized excitation) to Cé(4which results in
surface, while the msd'siia 4 Athick region in the middle of an increased screening of the Ce valence and outer core orbitals
the slab are essentially the same as in the bulk. A very similar making the Ce(lll) ion about 5% larger than the Ce(IV) ion.
situation appears for the doped systems. The increase is largesthe values computed are expected to provide an upper bound
in the x and z directions, and forz follows the oscillatory to the energy required to change the charge states since several
interplanar distance behavior observed in the relaxation (seeenergy-lowering effects are not included. In particular, polariza-
above). Upon doping, the effects of increased atomic msd'’s aretion effects in the lattice, which will be present for the C-T
suppressed for the cerium ions and enhanced for the oxygenstate but not for the ground state, could be expected to lower
ions. In the outermost layer, some oxygen ions have a higherthe energy by at least 1 eV.This will however be canceled
msd than the average in the same layer, which can be explaineddy the correlation energy contribution which is about 2 eV larger
by oxygen ions that have migrated, according to a Type Il for the Cé&t0O?~ pair than for the C&O~ combination.
mechanism, to a new, less strongly bound site. However, since the size of the cerium ion increases, some

C. Ab Initio Calculations. Ca-doped Ce@has experimen- geometrical effects may be expected, where the structure around
tally been found to have greatly increased oxygen ion conduc- the larger Ce(lll) ion expands to accommodate it; this can only
tivity compared to undoped Ce@f This may be connected with  reduce the CT excitation energy. In an effort to estimate the
the higher catalytic activity for reaction 1 found for the Ca- magnitude of this effect a limited geometry optimization was
doped sample. The concentration of oxygen vacancies is highemperformed of the oxygen positions in the embedded cluster.
for Ca-doped Ceg) which should contribute to a higher oxygen Since the optimization now is done at a different level of theory
ion mobility and a higher concentration of active sites for, e.g., compared to what was used to generate the embedding potential
SO, reduction. In addition to the oxygen transfer processes, it is essential to first establish the optimum geometry of the
involved in the reduction of S£by CO, there must however  quantum mechanically described embedded cluster. The geom-
be elementary steps involving charge-transfer processes. Hencegtry of the oxygens around the embedded cerium(1V) ion was
the electronic properties, e.g., electron affinities or availability thus optimized giving very small differences from the geometry
of charge-transfer (C-T) excitations, of the materials are likely determined from the simulations; this is a gratifying result
of importance for the catalytic activity of these materials. showing the stability of the chosen combination of techniques.

1. ClV) to CHlll) Excitations(C-T). As a consequence of  Changing the electronic structure of the cerium to Ce(lll) by
the obtained structural model for the doping, the cerium ions considering the triplet state of the cluster and redoing the
are not all fully coordinated; this might be expected to lead to optimization again resulted in only minor modifications with
more easily reduced species. We have computed the energynly a small resulting effect on the CT energy, less than 0.1
required to transfer an electron fron?Oto Cé** for each of ev.
the three different five- and six-coordinated cerium ions in the  The results from this study are reported in Table 3. The
doped (110) surface and have compared those with the corre-doping and the modified coordination around the ceria is seen
sponding values for the bulk and the undoped surface. to lead to a substantial reduction (by over 2 eV) of the CT

The calculations have been performed at the HartFarek excitation energy. The electron affinity computed for the Ce
level with an estimate of effects of correlation from MCPF ions in the different clusters (last column of the same table)
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(a) oxygen vacancies efficiently exposes highly unsaturated cat-
CeO, (110) slab, 300 K ions#849 Characteristic of cerium oxide is that the cerium ion
may have two oxidation states, whereby these ions can
participate in reactions that involve changes in the oxidation
0.006 T state of the cation. By substituting part of the*Cin the CeQ
Ce,..- structure by other cations, the properties of the material are

0004 4 BulkCe, .. AI[ ce affected, e.g., the concentration and mobility of oxygen vacan-

0.003 + J { e Ee‘ ‘Li cies are increased, and several electronic properties are greatly
L -t altered. It is hence not certain which of these contribute the

most to an increase in the catalytic activity of the material.

The static and the MD simulations of the calcium-doped ceria
show that the created oxygen vacancies prefer to be located
away from the top layer for the (111) surface, while for the
(110) surface the vacancies were more stable at the surface.
These exposed oxygen vacancies could of course be of
importance and a reason for the increased OSC. In addition,
they may well have a central role in the catalytic efficiency of
the material. For example, a first step in reaction 1 can be
assumed to be the adsorption of a CO molecule on the surface,
followed by the reaction with an oxygen atom by this CO
forming CQ,; this would leave behind an oxygen vacancy and
two electrons, i.e., a reduced surface. The electrons can be
assumed to be localized to two adjacent Ce ions reducing them
to the Cé&" state or be associated with the vacancy as gn F
ey center and one Ce(lIP? In a following step, an S©molecule

5 3 1 adsorbs on the oxygen vacant site and the two electrons are
depthinsiab /A utilized for the first step of the reduction of $Qwhich then
Figure 6. Mean-square displacements (msd’s) as a function of depth dissociates into & and SO. The SO can then in a similar
in the x, y, andz directions for C&" and G in the undoped CeD fashion be further reduced by two more electrons from an
(110) slab at 300 K. The bulk msd's in the corresponding directions additional oxygen vacancy forming elementary sulfur and an
are given for comparison. Each point on the slab curves is the averagegxidized surface. The efficiency of a catalyst following this
of 9 values, each computed as the average msd during a 0.94 ps long,.name would be favored by the availability of low-lying CT

time interval (the total simulation time was 8.46 ps). Each error bar is xcitations for the transfer of charge from the oxvaens to th
the standard deviation of these 9 values; no drift was observed. The SXCItAUONS TOr the transter of charge 1ro € oxygens 1o the

msd / A2

msd / A?

-
-
o
~N

outermost point corresponds to a depti 0.5 A, i.e., it contains all cerium in order to facilitate the oxidation of the CO. In the
atoms betweez = 0 andz= 0.5 A. second step, however, the €dons, or C&" plus k' center,
TABLE 3. C ted Ch - or E ) d should have a low affinity for this electron in order to facilitate
- Lompute arge- lransier Energies an the reduction of the SOmolecule. There should hence be an
Egi/ce}rroor} éfgl_rllalt(l)%seée(\i)ig;)rclggaerent Ce Sites in the Top optimum electron affinity of the Ce ions for which redox

reactions such as the one in reaction 1 occur at the highest rate,

Cluster type nfold Ce cT EA assuming all other conditions being constant.

gg‘f%llf())) g g-gg _0(-)4710 Speculating in a possible explanation and a mechanism for
5C—(110) 5 207 —0.05 thg ingreased OosC coul_d thus be that the reduction and the
6A-(110) 6 2.40 —210 oxidation balance of cerium, Ce(ll)/Ce(+IV), has become
6B—(110) 6 2.63 —0.58 more accessible, and knowing that this balance is essential for
6C—(110) 6 2.55 —-1.37 the OSC, this could be the key. The proposed mechanism is
7-bulk 7 —2.54 thus: two Cef-V) are reduced to two Ceflll) or the two

aThe 6-fold coordinated Ce in pure (110) has a computedrC  electrons are distributed over one cerium and thie denter,
energy of 4.18 eV and E A= —1.14 eV. The different clusters are  through the reaction of a surface oxygen with e.g. the CO
denominated according to Figure 2. molecule in the S@desulfurization reaction, creating an oxygen
vacancy and a reduced surface. Then, as the surface has been
shows a rather similar picture. In the undoped (110) £e0 reduced, it has the ability to pick up oxygen (from various
surface, the 6-coordinated cerium has a calculated E|ectr0noxygen_containing m0|ecu|es). The way this can be achieved
affinity of —1.14 eV, i.e., it prefers to remain as Ce(IV), while s py the donation of electrons from the Teto the oxygen-

doping results in a less negative electron affinity for all the containing molecule, which is looking to be reduced and releases
5-coordinated and for one of the 6-coordinated ceriums. This gn & to the surface.

would imply that, at least the 5-coordinated ceriums should be
more easily reduced frontlV to +l1ll and this could be one
contributing factor in explaining the higher catalytic activity of
the doped compared to the undoped sample.

From the computed CT energies and electron affinities it is
clear that the Ce(IV)/Ce(lll) balance has been affected. How-
ever, we still find the C& 0O~ species to be higher in energy
for all structures considered in the present work, even though
the energy difference has become substantially reduced. Fur-
thermore, we have not been able to find any site with a hydrogen

The reactivity of metal oxides in general is largely dependent affinity large enough to even approach the requirements for
on the amount and character of coordinatively unsaturated hydrogen abstraction from methane, which is another reaction
exposed ions at the surface and especially the presence oproceeding more easily over the doped Gel®is clear that

IV. Discussion
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the internal charge distribution in the crystal is determined by evaluation of pulsed neutron data, respectively. This work has
the Madelung potential; if this becomes weaker through an been financially supported by the Materials Consortium of
expansion of the lattice or a distortion of the lattice structure Clusters and Ultrafine Particles, the Swedish Research Council
the CT energy should go down. Thus, the present work suggestsor Engineering Sciences (TFR), and the Swedish Natural
that additional distortions could be important in order to explain Science Research Council (NFR). A.E.C.P. thanks the European
the observed reactivities. One such possibility could be through Union for an Access Grant under the TMR program for his
larger-amplitude thermal motions at the surface where, e.g., antravel to ISIS.

anion moves out of the stabilizing crystal potential and thus

becomes more reactive. The combination of the MD simulations Appendix: Cluster Basis Set

with quantum chemistry allows for a direct calculation of the In all the cluster calculations, the basis set for the oxygen

electronic structure of representative, or particularly interesting, . o >
instantaneous geometrical structures and, indeed, preliminaryatoms Is a (9s 5p) primitive basis taken from ref 51, augmented

studies of particular such structures do indicate an even IowerWIth one s and one p function (thgse extra funptlons have been
CT energy in some such cases and, as a result, a significanltaken from ref 32 and two d polarization fgnctlons (exp.one.nts
reactivity toward, e.g., hydrogen abstraction and abstraction of a1 = 0.5657,a, = 0.2828), so that the final contraction s
lattice oxygen using CO as in the desulfurization reactfolh. [584p2(_1]. For the study of charge-transfer excitations only one
is clear that the combination of experimental and different d fgnCtLﬁn @ . 0.565'[7) was usgd_. i del potential
theoretical approaches involving both temperature and electronic AII\(/ljer 52e cenum tatpm, dan ? 'g' ;o iﬁre mode t po eknr:a
structure determinations is a prerequisite for the development( )% representation developed for the present work has

of a reliable and realistic picture of the complicated surface been_ ulse_d: '_I'ér;esse a;le baslgd 18” Ggef[Kr]-(iore AIbMP. (CG-
processes going on in the complex oxide materials studied in quasirelativist ? and a (13s P ) valence basis set
the present paper. optimized for the®H state of the cerium neutral atom, corre-

sponding to the electronic configuration ([Xef45d® 65°), the

SCF ground state. This valence basis set, that is used to describe

the 4d 4f 5s 5p 6s valence of the cerium atoms, has been finally
The present work combines molecular dynamics simulations contracted to [Ss4p4d2f].

of both doped and undoped Cg®@ith quantum chemical studies A. Embedding Potentials and Computational Techniques.

of the electronic structure of embedded cluster models built from The AIMP embedding approa&®®is based on a division of

the MD structures. The two theoretical techniques are applied the wave function for the crystal into a local part describing

in an effort to understand the enhanced reactivity for e.gx SO the cluster and the external wave function. External ionic wave

decomposition and total combustion of methane that is found functions, suitable to generate the embedding model potentials,

experimentally upon doping of Ce(Beveral interesting aspects were obtained from self-consistent embedded ion (SCEI)

are studied which may bear upon the origin of this reactivity: calculations’>36 Briefly, SCF wave functions appropriate for

in particular, the finding of coordinatively unsaturated cerium the embedded Gé and G~ ions are found and then used to

ions at all depths in the doped crystal leads to interesting generate the corresponding total-ion model potentials. These give

possibilities for CT reactions where the Ce(IV) may accept an an approximate description of the short-range Coulomb (in-

electron from a neighboring oxygen anion or some other electron complete screening), exchange, and orthogonality interactions,

donor to become Ce(lll). together with the major relativistic effects (Darwin and mass
The techniques involved are shown to give consistent results, velocity potentials), obtained within the Cowariffin ap-

where in particular the agreement between the experimental proximation?’

radial distribution functions from pulsed neutron scattering and  The SCEI calculations have been performed using the perfect

those obtained from the molecular dynamics simulations is very crystal structures taken from ref 13. The basis set used for the

striking. Furthermore, the experimentally observed bulk expan- Ce embedded ion calculations has been developed for this

sion upon doping is also reproduced by the simulations. Thus, work: a (11s10p6d) valence basis set together with a [Kr]-core

the present theoretical description seems to give a very reliableCG-AIMP, optimized for the'S state of C#&, totally uncon-

picture of the structural effects on the Ga@xtice upon doping.  tracted; the basis set for the?Oion is the O(53/5) basis set
The structures generated through the molecular dynamicsfrom the compilation of Huzinaga and co-workéfgugmented

simulations are directly fed into the quantum chemical modeling With a p function describing the anigtand totally uncontracted.

calculations. Here the effects on the electronic structure from

the doping are studied using embedded cluster models basedReferences and Notes
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