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Mixed CeO,-ZrO, nanoclusters have the potential to play a crucial role in nanocatalysis, however,
the atomistic understanding of those nanoclusters is far from satisfactory. In this work, we report a
density functional theory investigation combined with Spearman rank correlation analysis of the
energetic, structural and electronic properties of mixed Ce,Zris_,O30 nanoclusters as a function of
the composition (n = 0, 1,...,14, 15). For instance, we found a negative excess energy for all putative
global minimum Ce,Zr;5_,030 configurations with a minimum at about n = 6 (i.e., nearly 40% Ce),
in which both the oxygen anion surroundings and cation radii play a crucial role in the stability and
distribution of the chemical species. We found a strong energetic preference of Zr** cations to occupy
larger coordination number sites, i.e., the nanocluster core region, while the Ce** cations are located
near vacuum exposed O-rich regions. As expected, we obtained an almost linear decrease of the
average bond lengths by replacing Ce** by Zr** cations in the (ZrO,);s nanoclusters towards the

Received 27th August 2019, formation of mixed Ce,Zri;s_,O30 nanoclusters, which resulted in a shift towards higher vibrational

Accepted 15th November 2019 frequencies. Besides, we also observed that the relative stability of the mixed oxides is directly
correlated with the increase (decrease) of the Zr d-state (Ce f-state) contribution to the highest

occupied molecular orbital with the increase of the Zr content, hence driving the gap energy towards
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Introduction

Cerium oxides (CeO,, 1.5 < x < 2.0) play a crucial role as
promoters in three-way catalytic converters due to the efficient
oxidation-reduction cycle between Ce*" and Ce®*"." Related to
that, they have an outstanding ability to store excess oxygen under
fuel-lean conditions and to release oxygen through vacancy for-
mation under fuelrich conditions, which implies an excellent
oxygen storage capacity (OSC).%> The thermal deactivation of
those materials has been shown to be a critical and limiting
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problem related to the loss of the OSC at high-temperature levels,
nevertheless a solution has been proposed since the 1980s
by doping CeO, with smaller ionic radii cations such as Y*",
zr*t, si*', etc.®

The formation of CeO, mixed oxide solid solutions with
different dopants can modulate not only the thermal stability
but also both the redox and catalytic properties. For instance,
the decrease of the sintering rate in those materials is often
associated with the assistance of the reduction of Ce*" to Ce®*,
generating so-called associated defects.” Thus, Cho® attributed
two origins to those defects, which creates as well two distinct
types of oxygen vacancies, intrinsic and extrinsic effects. In the
former one, the neighboring oxygen anions in CeO, act as
reducing agents, while in the last one the dopant cation
promotes the change from Ce** to Ce*".® However, both defects
can be enhanced with the use of different undersized and non-
reducible cations.

Among all possible cations, a mixture of CeO, with zirconium
oxide, ZrO,, which has higher thermal stability, smaller cations,
and exceptional mechanical strength, appears to be a natural
choice.>” Furthermore, as expected, the formation of mixed
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CeO,-ZrO, solid solutions can not only enhance the thermal
stability but also tailor the system redox properties, once the
inter-conversion of Ce*" and Ce*" is promoted, which is
associated with the creation of oxygen vacancies in reactive
environments.*>7”"?

Most of the studies on ceria-zirconia solid solutions have
focused on particular compositions of the bulk and surfaces,"* ">
but not of nanoclusters. For instance, the addition of zirconia in the
CeO,-bulk increases the channel diameter and hence favors oxygen
migration in the lattice, raising progressive structural defects due to
oxygen sub-lattice distortion and destabilization.”"* Along with
those structural mismatches, a reduction of the coordination
number from eight to sixfold for Zr*" cations, as well as Zr-O
bond distances increases, occurs due to the formation of
oxygen anions neighboring the Zr** cations, and in conjunction
those features promote more extensive oxygen mobility and
improve the reducibility.

Furthermore, the aforementioned distortion and destabiliza-
tion of the oxygen sub-lattice are minimized due to the formation
of ZrO, and CeO,rich domains, creating meta-stable states,
mainly at Zr-rich compositions.">'* For instance, Yang et al''
showed that the formation of oxygen vacancies at the CeO,(111)
surface exactly occurs as observed for the ceria-zirconia bulk, in
which the oxygen vacancies are formed close to Zr*" cations,
which led to the reduction of Ce*" to Ce®* as it also promotes
larger structural defects. The most relevant result of this study
showed that the oxygen vacancies have lower reduction energy
and hence are more stable as compared with the CeO, surface.
However, Zr-doped ceria surfaces are more stable in comparison
with the CeO,-ZrO, bulk.'

Ceria-zirconia nanoclusters should present some features of
their precursors, although they are modulated in both compo-
sition and particle size. Zhang et al'® using high resolution
transmission electron microscopy (TEM), X-ray diffraction
(XRD) and Raman spectroscopy techniques at different tem-
perature levels showed that the increase of zirconia content in
(1 — x)CeO,~xZrO, at the same temperature expands the
particle size until reaching the amount of zirconia related to
the phase transition between the cubic fluorite and tetragonal
structures. For example, at 800 °C the particle size decreased
from 15.7 nm to 5.4 nm, and from 50% of ZrO, an increase is
observed due to the tetragonal phase formation. Conversely, an
increase in the particle size from 16 nm to 81 nm is observed
with an increment in the annealing temperature from 800 °C to
250 °C, forming compositions of the tetragonal phase, and
hence those nanoclusters exhibit different phases from those
expected from the bulk in CeO,-ZrO,.

Thus, there are several open questions regarding mixed ceria—
zirconia nanoclusters, especially in the small nanoscale regime
(<2 nm). Does zirconia play a crucial role in modulating the
system properties? Is the most stable structure rich in zirconia or
ceria? Are oxygen anions only plain spectators in the system
stability? To address these and other questions, we aim in the
present study to elucidate the structural, energetic and electronic
properties of Ce,Zr;5s_,03, for n = 0, 1,...,14, 15 mixed oxide
clusters using ab initio density functional theory (DFT) calculations.
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Theoretical approach and
computational details
Total energy calculations

Our ab initio calculations were based on spin-polarized
DFT within the exchange-correlation functional proposed by
Perdew-Burke-Ernzenhof (PBE),"” which is expected to provide
a good description of Ce-based systems in which there are only
Ce atoms in the +IV oxidation state, ie., the Ce 4f-states are
delocalized." Furthermore, as obtained by DFT+U calculations
for Zr,/CeO,(111), all Zr atoms are also in the +IV oxidation
state,’? and hence the Ce and Zr cations are both in the +IV
oxidation state in the mixed CeO,-ZrO, oxides. For the putative
global minimum configurations (pGMCs) of the Ce,Zr;5 ,030
nanoclusters, we employed also the hybrid functional proposed
by Heyd-Scuseria-Ernzerhof (HSE06)'>*° with the aim to obtain
an improved description of the Ce,Zr;5_,030 properties, namely
the excess energy, the energy separation between the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), Eg,p, etc. (see the ESIT).

The Kohn-Sham molecular orbitals were expanded into
numerical atom-centered orbitals (NAOs)*"** to solve the KS
equations, as implemented in the all-electron full-potential
Fritz-Haber Institute ab initio molecular simulations (FHI-aims)
package.?"** For the NAOs, we employed the second improve-
ment level basis set known as light-tier2 (adopting the FHI-aims
terminology) for Ce, Zr and O species. The atomic zeroth-order
relativistic approximation (atomic ZORA) was employed to take
into account relativistic effects.”*

For all calculations, electronic self-consistency was achieved
once the total energy and forces were smaller than 1.0 x 107° eV
and 2.5 x 10 % eV A", respectively. A Gaussian broadening
parameter of 0 meV was used to minimize fractional occupations
of the HOMO and LUMO electronic states. The modified
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm®**® was
used to optimize the atomic forces on each atom, and the
equilibrium geometry was obtained once the atomic forces on
each atom were smaller than 2.5 x 1072 eV A~ Vibrational
calculations were performed only for the pGMCs, which were
verified as local minima by the absence of imaginary eigenvalues
in the Hessian matrix.

Atomic structure configurations

For the designing of the trial configurations for the mixed
Ce0,-Zr0O, oxides, we selected four structures from our pre-
vious DFT-PBE study®® for the (CeO,);5 and (ZrO,);s systems,
Fig. 1a, which include the pGMC and two high energy isomers
(symmetric structures) derived from bulk fragments. The
PGMCs were obtained using the tree-growth (TG) scheme
combined with the Euclidean similarity distance (ESD) algorithm,
and additional information about TG-ESD is discussed in the
original reference.?® For each selected composition, Ce,Zt;5_,Oso,
n = 1,...,14, the trial configurations were designed using cation
substitutions, as indicated in Fig. 1b. For example, several con-
figurations were obtained for Ce;Zr,403, by the substitution of
one of the Zr cations in the (ZrO,);s structures in different
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b) Mixed oxide trial configurations

Fig. 1 (a) Selected structures for the (CeO,)15s and (ZrO,)15 nanoclusters obtained from our previous DFT-PBE study,2® which includes the putative global
minimum configurations (zero energy) and two high energy isomers derived from bulk fragments. (b) Mixed oxide trial configurations designed by cation
substitutions in the four selected (CeO,);5 and (ZrO,)ys5 structures. Red, dark green, and light green spheres represent oxygen, zirconium, and cerium

species, respectively.

locations within the nanocluster. The same procedure was
repeated for all compositions and all selected structures, and
in the end we obtained about 100 trial structures for each
composition.

Spearman rank correlation

Along with this study, we calculated several physical and
chemical properties to obtain atomistic insights into the
mechanisms that drive the stability of mixed Ce,Zr;5_,030
nanoclusters, and hence a large amount of data was generated.
With the aim to identify the most important trends among the
structural, electronic, and energetic features for both pure and
mixed oxides, we performed a statistical analysis based on
the Spearman rank correlation coefficient,”””® which yields mono-
tonic relationships among paired data. As a non-parametric tech-
nique for evaluating the degree of linear association or correlation
within the data, r; is not affected by the population distribution
as it operates exclusively on the data ranks, which is suitable
for our purpose.

The following formula was employed to calculate the Spearman
rank correlation coefficient, rs,

C
Fe = OV(rgX) rgY)’ (1)
sdpg, sdrg,

This journal is © the Owner Societies 2019

where cov and sd are the covariance and the standard deviation
function, while rgy and rgy are rank values for the X and Y features’
data. From its formulation, the r, results are constrained within
—1 < ry < +1 values, where a positive (negative) value of 7 is
obtained if y tends to increase (decrease) when x increases
(increases). The monotonic correlation is stronger once the r;
values are closer to £1. Therefore, we investigated the correla-
tions of several geometrical and electronic properties with the
relative energy as features to indicate the stability of the mixed
Ce,Zri5_,030 oxides. Then, a positive/negative correlation may
imply a preference of stable clusters to present a small/large
property trend, whereas properties with small/significant correla-
tion magnitude will affect marginally/mostly the mixed oxides’
stability.

Results and discussion

Thus, following the procedures outlined above, we performed
about 1651 geometric optimizations for the Ce,Zrys ,030
(n = 0,...,15) oxides. The pGMCs obtained for each composition
are shown in Fig. 2, while the atomic positions are reported within
the ESI.f Below, we will discuss the energetics, structural, and
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Fig. 2 Excess energy of mixed Ce,Zris_,O30 nanoclusters, n = 0,...,15, with Ce ;5030 and Zr150z0 as a reference (Ecxc = 0 eV). Black triangles are the set
of all PBE calculated structures, while blue triangles and red diamonds are the pGMCs obtained through PBE and HSEQ6, respectively. Blue and red solid

lines are, respectively, the trends of Eey. for PBE and HSEO6. The structures surrounding the graphic are the pGMCs for n = 0,...,15.

electronic properties as a function of the composition, as well as
the Spearman rank correlation analysis.

Excess energy

The replacement of Zr cations within the Zr;503, nanocluster
by Ce can lower or increase the total energy, which plays
a crucial role in the energetic stability of mixed nanoclusters.
To address this question for all the studied compositions, we
calculated the excess energy (mixing energy) at absolute zero,
Ecxc, which measures the relative energetic stability of a particular
composition with respect to the parent nanoclusters (CeO,, ZrO,)
in the respective pGMCs. Thus, E was calculated using the
following equation,

Ce,Zr5_,03 ZrO CeO
Eexe = Epo™ 5770 = (15 = m)Eig ™ — nEg 2, (2)
where EC"“15-19% indicates the total energy of the mixed oxide.

EEO? and ES©? are the total energies of zirconia and ceria
PGMCs, respectively. By definition, E.,. = 0 for n = 0 and n = 15,
while a negative (positive) value indicates an energetically favor-
able (unfavorable) composition. The results calculated for all
configurations are shown in Fig. 2.

The excess energy is negative for all the pGMC mixed
Ce,Zr;5_,03, nanoclusters, and hence their formation is
energetically favorable compared with the separate systems,
ie., CeO, and ZrO,. However, since we set as a reference
(Ce0,);5 and (ZrO,);5 pPGMCs (Eexc = 0 €V) in the excess energy

26640 | Phys. Chem. Chem. Phys., 2019, 21, 26637-26646

formula, the configurations that were not derived from the
pGMCs have high energies. For example, some of those con-
figurations are derived from a fluorite bulk-like fragment
which has higher energy than the pGMCs and for that reason
originated high energy isomers with positive excess energy.
Further details about the nature of the mixed oxide (pGMC)
precursors are provided in Table S1 (ESIf). For instance, we
found an increase in the stability (E.x. decreases) by succes-
sively replacing Zr within the selected Zr;50;, nanoclusters by
Ce cations until the excess energy reaches a minimum at about
n = 6 (ie, nearly 40% Ce) for both the PBE and HSE06
functionals, which is consistent with the experimental results.

For example, Lee et al.™® suggested that the formation of
Ce,Zr15_,030 solid solutions is energetically favored due to the
presence of CeO,-rich and ZrO,-rich domains. Thus ZrO,-rich
compositions are expected to be more stable as a result of the
Zr cations’ energetic preference to segregate or form a distinct
Zr-rich phase as a stabilizing factor, especially at high-
temperature.” There are differences in the magnitude of Eey.
between the PBE and HSEO06 results, i.e., the HSE06 E.,. results
are slightly lower in energy, but present the same trends.
However, similar differences are expected as both functionals
predict that all Ce atoms are in the oxidation state 4+. In
this context, because the mixed Ce,Zr;5_,03, nanoclusters
do not present any localized Ce 4f-states, we performed
all posterior analyses with the PBE functional, which was
shown to be suitable for the purpose of this present work.

This journal is © the Owner Societies 2019
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Additional information about the performance between the
PBE and HSEO6 functionals for the investigated structural
properties is provided in Fig. S2 (ESIt).

Insights into the relative energy
stability from Spearman rank
correlation

To obtain the stability-property relationship as a function
of the Ce,Zry5_,0;, composition, we carried out the data
treatment of all 1651 structures by using proper linear methods
and the Spearman correlations for each data set. As show in
Fig. 3, we represent the Spearman correlation analysis as a
scatter plot matrix of the relative energy separated by chemical
composition (columns) versus the most relevant structural and
electronic features (rows), i.e., the number of atoms (N), the
average bond lengths (d.,), the energy gap (Egp) and the
absolute values of the HOMO and LUMO. To take into account
the distinct atomic environments we separate the nanocluster
regions into atoms located in the core (c) and vacuum exposed (v),
which yielded new features, e.g., do" indicates the average bond
length of the oxygen atoms exposed to a vacuum. Thus, for all plots

View Article Online
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we considered only structures with relative energy smaller than
5 eV. However, analysis within smaller and larger relative energy
windows drove us to the same conclusions as well as using
Pearson and Kendall correlations as shown in Fig. S2 and S3
(ESIY), respectively.

We found that the formation of mixed Ce,Zr,5_,03, nano-
clusters is favorable when a decrease of the number of Ce and
Zr cations exposed to a vacuum is present, as show the positive
correlation for N°®¥ and N**V. Thus, for the last one was found
a higher angular coefficient as well as a better rank correlation,
which indicates that Zr tends to be in the cluster core region
rather than Ce cations. In addition, the opposite behaviour is
observed for N°; the negative correlation indicates the preference
for the oxygen anions to be vacuum exposed, in particular with a
small effective coordination number, ECN = 2 (see the ESI{ for
further details, ie., CN and ECN), as show the No"“N2¥ plots.
Conversely, the relative energy is minimized with a small number
of oxygen atoms exposed to a vacuum with ECN = 3 as shows the
negative correlation of N°EN3Y,

Furthermore, our results indicate the preference of oxygen
atoms with ECN = 2 to be vacuum exposed instead of oxygen
atoms with ECN = 3 as observed in the stablest index surfaces of
CeO, and Zr0,”>*° as well as on small nanoparticles of those
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Fig. 3 A scatter plot matrix of the cluster relative energies (horizontal) against their electronic and structural features (vertical), where the different
cluster properties and chemical compositions run over the rows and columns, respectively. Spearman’s correlations are indicated in color and data linear
fitting models with the respective angular coefficients are shown in the cells. We only considered structures with relative energy smaller than 5 eV.
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materials.* An increment of oY

is observed for cerium-
rich compositions, and hence an increase of dQECN3Y for zirconia-
rich ones. As expected, the opposite behavior of daF™** and
daFN is observed for zirconia and cerium-rich compositions,
respectively, which is in line with the number and coordination
nature of the oxygen anions within the core and vacuum exposed.
In addition, our results suggest that oxygen anions drive the
increase of N“*V for cerium-rich compositions and the decrease
of N*¥ due to the preference for Zr-O interaction over Ce-O.
Hence, Zr cations are prone to occupy specific larger CN sites, i.e.,
the cluster core region, while Ce cations prefer small CN sites, ie.,
to be vacuum exposed.

Furthermore, we found that the electronic properties,
namely the energy gap (Egp) and the absolute value of the
HOMO, are correlated with the relative stability of the mixed
nanoclusters, while there is no significant correlation with
the LUMO states, which is expected as they do not affect the
nanoclusters’ total energies, Fig. 3. The modulation of the
relative energy by the HOMO states arises from the energetic
contributions (kinetic and electrostatic) in the magnitude of
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the total energy, which explain the ascendant relation of those
features. Conversely, the correlations between the band gap
and relative energies are a direct result of the intrinsic correla-
tion of the HOMO energies with Eg,;,, and hence the observed
descendant relation is a consequence of the negative sign of the
HOMO in the gap energy definition. Finally, our analysis
showed that features that are driven by the cation radii
and oxygen anions play a key role in modulating the mixed
Ce,Zr15_,030 oxide relative stability.

Structural properties

To improve our atomistic understanding of the formation of
the mixed CeO, and ZrO, nanoclusters, we calculated the most
important geometric parameters, namely the average bond
lengths, d,,, coordination number, CN, chemical order parameter,
g, and average radius of the nanocluster. For d,, and CN, we also
calculated the bonds lengths for each species, namely, dss, d4, do,
etc. The results for Ce,Zr;5_,030 pGMCs are highlighted in Fig. 4,
while all technical details are described within the ESL.{ Further-
more, we calculated also the radial distribution function, RDF,

04
0.6
©.0.8
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_ 42
Z T
3.6

Q

>
© 94
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Fig. 4 Structural parameters for Ce,Zris_,O3g clusters: average bond length, d,,, coordination number, CN (in next nearest neighbors — NNN), chemical

order parameter, g, and cluster radius R,,.
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with respect to the geometric center for the mixed pGMCs, which
is shown in Fig. 5.

We found an almost linear increase of the d,, values by
replacing the Zr cations by Ce in the (ZrO,);5 nanocluster, which
can be explained by the larger ionic radius of the Ce*" cations
(1.01 A) compared with Zr*" (0.86 A).>” In agreement with that, the
average bond lengths of the O species to the cations, d5, increases
from 2.0 A (pure ZrO,) to 2.3 A (pure CeO,). Furthermore, from
Fig. 4, we identified also small effects on the d5¢ and d% results,
while d, captures the linear trends as the O bind to the Ce*" and
Zr** cations. The average coordination numbers, CN™, of both Ce
and Zr species increase slightly by increasing the Ce composition,
which can be clearly seen from the CN results. It can be explained
by the higher coordination of the Ce** cations in ceria than for
the Zr** cations in zirconia, e.g., CN“® = 4.00 for (CeO,);s and
CN” = 3.11 for (ZrO,);s.
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The chemical order parameter, o, was calculated for all
optimized structures, and hence we found for all configurations
o values that spread from —1 (homogeneous distribution of the
cations and anions) up to —0.6, i.e., the number of hetero-
atomic bonds is dominant, and hence there are no positive
values for ¢, which would indicate a tendency of phase separa-
tion between the anions and cations. For the particular case of
the pGMCs, the composition affects slightly the ¢ results. For
lower Ce composition (rich Zr, smaller x values), we found
¢ = —1, which is expected as we obtained the same values for
bulk ZrO,, however, there are small differences as the Ce
composition increases, i.e., changes from —1 to about —0.9,
which can be explained by the reduction of the distance between
the O-O anions within mixed nanoclusters for large Ce composi-
tions, i.e., similar to the results obtained for bulk CeO,.

From the RDF results for the pGMCs, Fig. 5, we identified
the following trends: (i) CeO, and ZrO, show clear differences,
namely for CeO, there are well defined peaks, which indicate a
more symmetric structure, which is not the case of ZrO,; (ii) for
the mixed oxide, we found an almost homogeneous distribu-
tion for the O species, as expected since the Ce and Zr cations
bind only with the O; (iii) there is a strong energetic preference
of the Zr cations for the core region of the mixed nanocluster,
which can be explained by the smaller atomic radius of the Zr
compared with the Ce cations; and (iv) the surface is dominated
by oxygen species and corroborates with the Spearman correla-
tion analysis, as expected based on the lower energy surfaces of
those oxides, e.g., CeO,(111).

In conjunction, those structural properties could play a key
role in the OSC of those types of materials, since one of the
majors features that promote the oxygen vacancy formation is
the contraction of the particle due to the increase of the
undersized Zr content, leading to structural defects and dis-
placement of not only the oxygen vacancies but also Ce and Zr
cations, which is driven in Ce,Zr,5_,03, nanoclusters by not
only the cation radii but also the coordination nature and
number of the oxygen anions, as discussed in the previous
sections. However, based on our findings, there is no uniform
distribution of the cation species within the nanoclusters,
which have also been shown to be a key factor for enhancing
the OSC of CeO,-ZrO, materials as well as the structural
stability.**3*

Electronic properties

The results of Hirshfeld charge analysis®*?® for the Ce,.
Zry5_,030 pGMCs are shown in Fig. 6, where the following
trends are observed: the zirconia doping gradually increases the
positive charge over the Zr'" cation, in general with lower
magnitude than observed for the pure ZrO, bulk (0.71 e),
resulting in a contraction of Zr-O bond lengths. Furthermore,
the same effect is observed for Ce*" cations, where the increase
of the zirconia content has a positive effect on the Ce charges,
becoming more positive in comparison with the CeO, bulk
(0.68 e); this tendency also leads to a decrease of the Ce-O bond
lengths in relation to the CeO, bulk. For instance, we observed
a strong correlation between the charge and the location of the
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Fig. 6 Hirshfeld charges for Ce,Zris_,O30 pPGMCs, n =0, 1,...,14, 15. The
blue, green and brown lines are the charge per species for Zr, Ce and O,
respectively, while the solid red line is the charge fitting.

O anions within the mixed oxide clusters as follows: the increase
of the cation positive charge M = Ce or Zr decreases the M-O bond
lengths with the increase of the cation content, which has a direct
effect in modulating dQ and as a consequence the d,, trend.

The electronic properties of ceria and zirconia pGMCs includ-
ing their composition derivatives were described through the
projected density of states (pDOS), in which s-, p-, d- and
f-states were plotted considering the dominant states for each
atomic species as depicted in Fig. 7. The top panel displays the
pDOS for the zirconia cluster, showing that the Zr d- and O
p-states lie deeply in the valence band, in which the O p-states
represented by the red lines are the dominant ones. On the
contrary, the conduction band (unoccupied states) is mainly
constituted by Zr d-states. We can observe that the gradual
substitution of zirconium by cerium cations (middle panels)
promotes changes in the valence states slightly until the CeyZrO3,
composition, decreasing the contribution from the O 2p-states.
However, from this composition the conduction states (unoccu-
pied states) change significantly with the decrease of the Zr d-state
contribution while the Ce d- and especially the Ce f-states have a
more substantial contribution to the conduction band (right side).
The gradual increase of Ce f-states with the n composition drives a
gradual displacement of the HOMO-LUMO gap towards small
HOMO-LUMO energy separations, Eg,,, which forms more reac-
tive species than the zirconia parent cluster (5.50 eV), as shown in
the last panels. Conversely, the mixed nanoclusters’ band gaps are
always larger than the cerium parent cluster (3.74 eV), showing
that an increase of the zirconium content stabilizes the mixed
oxide structures.

Vibrational properties

The calculated vibrational infrared (IR) spectra for the
Ce,Zry5_,03 pGMCs, and (CeO,);5 and (ZrO,);s bulk-like
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fragments are shown in Fig. 8, and the following trends were
identified: (i) compared with Ce;503,, the infrared spectra of
Zr15030 are displaced to higher frequencies. For example, the
geometric center of the IR spectra is 625 cm ™" for Zr;50;,, while it
is 487 cm™* for Ce; 5050, i.e., a shift of 138 cm™*, which can be
explained by the larger magnitude of the Zr-O binding compared
with Ce-0.%° Those results are consistent with the experimental
observations, which found a band at 460 cm ™ * with a shoulder
' related to ceria nanoparticles similar to a
fluorite structure.®” (ii) Thus, as expected, the geometric center
of the IR spectra shifts to lower energies by the replacement of Zr
by Ce cations in the (ZrO,);5 structures, which is confirmed by our
calculations. (iii) The differences in the vibrational infrared
spectra using the pGMC and higher energy isomer structure
derived from bulk fragments are small as most important struc-
tural features are present in both structures.

around 430 cm™

This journal is © the Owner Societies 2019
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Conclusions

In this work, we reported a DFT-PBE/HSEO06 investigation of the
energetic, structural and electronic properties of mixed Ce,.
Zry5_,030 nanoclusters as a function of composition, e.g., n = 0,
1,...,14, 15, which can plays a crucial role in nanocatalysts.
Beyond of the DFT calculations, we also explored the Spearman
rank correlation analysis to obtain atomistic insights into the
mechanisms that drive the relative stability of mixed Ce,.
Zry5_,030 nanoclusters as a function of n = 0,...,15.

We found a negative excess energy for all putative global
minimum Ce,Zr;5_,03, configurations with a minimum at
about n = 6, which indicates an enhancement in the energetic
stability due to the combination of CeO,-ZrO, oxides, however,
as expected, positive excess energy was also obtained for higher
energy Ce,Zr;s_,030 isomers. Furthermore, the stabilization
provided by enhancing the Zr content is due to the gradual
displacement of the HOMO-LUMO gap towards larger energy
separation as a direct result of the decrease of the Ce f-state
and increase of the Zr d-state contribution, hence tuning
the HOMO states to lower (negative) energies, in particular
for Zr-rich compositions, i.e., n = 1 to n = 6. In conjunction, our
results showed that the cation radii and the oxygen environ-
ment play a crucial role in the energetic stability of the mixed
nanoclusters.
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For example, the Ce*" cations have a larger atomic radius
(1.01 A) than the Zr** (0.86 A) cations,** and hence there is a
strong energetic preference of the Zr cations for the core region
of the nanocluster, ie., they occupy specific larger CN sites,
while the bigger Ce cations are located near O-rich regions and
hence tend to be vacuum exposed, i.e., occupy small CN sites.
Moreover, following those findings, we obtained an almost
linear decreasing of the bond lengths by replacing the Ce by
Zr cations in the (ZrO,);5 nanoclusters due to the enhancement
of the positive (negative) cation (anion) charges. In conjunc-
tion, those features resulted in a clear shift in the vibrational
frequencies from lower to higher frequencies by the replace-
ment of Ce by Zr cations, which can be explained by the
stronger binding energy and the preference for Zr-O bonds,
driven by the oxygen anions.
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