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ABSTRACT

The effects of Zr doping on the stability of the CeO,(111) surface as a function of the dopant
concentration and distribution, as well as on the relative stability of surface and subsurface
oxygen vacancies, were studied by means of density functional theory (DFT+U) calculations. For
a given Zr content, the more stable structures do not correspond to those configurations with
Zr located in the topmost O-Ce-O trilayer (TL1), but in inner layers, and the stability decreases
with increasing Zr concentration. For the undoped Ce0O>(111) surface, the preference of
subsurface vacancies with next-nearest neighbor (NNN) Ce3* configuration has earlier been
predicted. For the Zr-doped surface, the formation of vacancies was studied using a surface unit
cell with 2x2 periodicity, and it was found that the most stable configuration corresponds to the
Zr atom located in the surface layer (TL1) neighboring a subsurface oxygen vacancy with NNN
Ce¥, being the formation energy equal to 1.16 eV. The corresponding surface oxygen vacancy
is 0.16 eV less stable. These values are by 0.73 and 0.92 eV, respectively, smaller than the
corresponding ones for the pure Ce0O,(111) surface. Moreover, when Zr is located in TL2 the
subsurface vacancy becomes by 0.10 eV less stable, compared to Zr in the TL1. The Ce®*
preference for the next-nearest neighbor cationic sites to both surface and subsurface vacancies
at Ce02(111), becomes more pronounced upon Zr doping. The results are explained in terms of

Zr- and vacancy-induced lattice relaxation effects.
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1. INTRODUCTION

Ceria (Ce0,)-based materials are of great importance in numerous technological applications
such as three-way catalysts (TWCs) [1,2], hydrocarbon reforming [2,3] and solid oxide fuel cells
(SOFC) [2,3]. These materials possess a property that is key to most of such applications, namely,
their capability for easy conversion between the Ce** and Ce** oxidation states, which is achieved
by releasing oxygen atoms from the crystal lattice and forming oxygen vacancies. Thus, the
energy needed to create such oxygen vacancies is of high relevance to the description of the
catalytic behavior of ceria-based materials during chemical reactions on their surfaces.
Moreover, the solid solution of CeO, with other oxides has been extensively explored in order
to develop more efficient catalysts [4-6]. In particular, the replacement of Ce by Zr to form CeO,-
Zr0O; solid solutions was found to facilitate the reducibility of the oxide [7-9] as well as to increase
the oxygen storage capacity and the system thermal stability, compared to pure CeQ,, leading
to the use of Ce1.«Zr«O2 materials as TWCs. More recently, Ce1xZriO; samples were explored as
catalysts for CO and HCI oxidation [10], the direct oxidation of methane [11-13], and for solar
thermochemical water splitting [14]. For the CO and HCI oxidation, the maximum activity was
found for Ce1«ZrxO; with x=0.2 [10]. The highest values of methane conversion were reported
for x = 0.1 [13], whereas for thermochemical water splitting [14], the optimal composition was
found to be in the Zr range of 0.15 < x < 0.2, which also avoids the crystal structure
transformation from the cubic fluorite to the tetragonal phase [15]. In all cases, the higher
reducibility of Ce;«ZrO, compared to CeO, was indicated as responsible for the enhanced
performance of the doped ceria system.

Theoretical works have correlated the improved reducibility of Zr-doped ceria systems with
the decrease in the oxygen vacancy formation energy (E;) near Zr cations [16-26]. For instance,
Yang et al. [16,17], using DFT+U [27] (U is an effective onsite Coulomb correction), reported a
decrease of 0.65 and 0.52 eV in the formation energy of vacancies created next to Zr cations in
Ce0.97Zr0.0302 and at the Zr-doped Ce0,(111) surface, respectively. A similar result was reported
by Hu and Metiu [18] who also investigated the Zr-doped Ce0;(111) surface and obtained a
corresponding reduction of 0.8 eV (DFT+U) when a surface oxygen vacancy is created near the
dopant. Moreover, they also concluded that the influence of Zr has a very local character, i.e.,
Zr does not affect the energy of vacancy formation in the surface layer if it is located in inner
layers far from the vacancy. Furthermore, calculations as a function of the Zr content in Ce1.<Zx0>
solid solutions have revealed the fundamental role of structural relaxations, which follow the
doping by Zr and the subsequent creation of a vacancy, in determining its formation energy

[19,21,22], and reported the minimum value of Ef for x = 0.5 [19]. Lattice relaxations have also
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been invoked to explain the lower chemical expansion of CeqsZros0, compared to CeO, [28],
and in addressing the formation of oxygen vacancies at the Zr-doped Ce0,(111) surface [17,18].
Finally, Weck et al. [29], using DFT+U, have considered selected Ce1.xZr«O, surfaces and the Ce;.
«Zr«02/Ce0; interface and found that both the surface and interface fracture energies increase
with the Zr content as well as highlighted the importance of surface relaxation upon interface
cracking.

Another matter of interest is related to the localization of the excess electrons left in ceria-
based materials upon oxygen removal, driving the Ce**—Ce3* reduction. It was initially proposed
that in pure Ce0O,, the excess electrons localize at nearest neighbor Ce ions to the vacancies
[30,31]. However, later studies have indicated that for undoped CeO; bulk [21,32-35] and its
(111) surface [36-39], the preference of the excess charge is to localize at next-nearest neighbor
cationic sites to the vacancies. In addition, for the (111) surface, the higher stability of subsurface
oxygen vacancies, as compared to surface ones, has been established [38,40-42]. As yet, studies
on reduced Zr-doped ceria systems that mention the location of the Ce3* ions are relatively
scarce [16,17,21,22] and all of them —with the exception of one considering reduced k-Ce;Zr,0s
[21] —reported structures in which the Ce3* are nearest-neighbor to the vacancies, and there has
been no systematic study considering different configurations for the excess charge.
Furthermore, to the best of our knowledge, there is no study addressing the relative stability of
surface and subsurface oxygen vacancies at the Zr-doped Ce0,(111) surface. Which is the most
stable configuration of the excess-charge for the reduced Zr-doped Ce0,(111) surface? Also, are
subsurface oxygen vacancies still more stable than surface ones upon doping? Considering the
surface chemistry of Zr-doped ceria, the answers to these questions cannot be ignored.

Herein, we investigate the effects of Zr doping on the stoichiometric and reduced Ce0,(111)
surface using DFT+U calculations to determine the preferred location of Zr dopants at various
concentrations and to pinpoint how Zr doping affects the stability of near-surface oxygen
vacancies —including the position of the Ce3* ions. The results are analyzed considering the
lattice relaxations induced by the presence of dopants as well as by the creation of vacancies,

and are compared to those for the undoped Ce0,(111) surface.

2. METHODS AND MODELS

Spin-polarized DFT calculations were carried out using the slab-supercell approach [43], with
the Vienna Ab-initio Simulation Program (VASP, http://www.vasp.at; version vasp.5.3.5) [44,45].
We explicitly treated the Ce (4f, 5s, 5p, 5d, 6s), O (2s, 2p) and Zr (4d, 5s) electrons as valence

states within the projector augmented wave (PAW) method with a plane-wave cutoff energy of
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415 eV, whereas the remaining electrons were considered as part of the atomic core. Strong
correlation effects due to charge localization were modeled by adding a Hubbard U-like term
[27] (Ues= U-J, i.e., the difference between the Coulomb U and exchange J parameters, from now
on referred to simply as U) to the Perdew, Burke and Ernzerhof (PBE) generalized gradient

approximation (GGA) functional [46]. We used a value of U = 4.5 eV for the Ce 4f states [47,48].
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Figure 1. Supercells of the (111)-oriented slabs used in the calculations. The colors
differentiate the atomic layers: red, green, orange, brown, pink and olive are oxygen
atoms, whereas white, yellow, and cyan are Ce atoms. a) Side view of a slab indicating
the different trilayers. Top view of the b) 1x1 cell, c) 2x2 surface unit cell with labeled
atoms used as reference for the locations of oxygen vacancies, Zr dopant and Ce** ions.
d) Top view of the 3x3 cell. This atom color code is used hereinafter.

The Ce0,(111) surface was modeled employing unit cells with 1x1, 2x2 and 3x3 periodicities
(see Fig. 1) and (6x6x1), (3x3x1) and (2x2x1) k-point meshes, respectively, selected using the
Monkhorst-Pack method [49].The 1x1, 2x2 and 3x3 supercells contained 6, 5, and 4 O-Ce-O
trilayers (TL), respectively, with calculated cubic CeO, bulk lattice constant (a=5.485 A) and a
vacuum layer of at least 10 A. The surface unit cell and the bottom trilayer were kept fixed during
geometry optimization, whereas the rest of the atoms were allowed to fully relax.

The Zr-doped CeO0(111) surface energy was studied for a wide range of dopant
concentrations, measured as the ratio between the actual number of Zr atoms in the supercell
and the number of Zr atoms needed to fully dope one cationic layer within that cell, completing
the monolayer (1 ML). Thus, in the cases of the 1x1 cell with one Zr atom in different trilayers,
the Zr concentration is always 1 ML, whereas for the 2x2 with up to four Zr, and 3x3 cells with
one, two, and nine Zr, the concentrations are 0.25, 0.5, 0.75 and 1 ML, and 0.11, 0.22and 1 ML,
respectively.

To determine the relative stability of Zr-doped Ce0(111) surfaces, we calculated the change

in the surface energy upon doping as:
4
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Ar=1|E

_ . bulk bulk
A[ ZrmCen0z(n+m) Ecen+m02(n+m) mEzroz + mEceoz] (1),

where A is the area of the surface unit cell, Ez;. ce. is the energy of the Zr-doped

02(n+m)
Ce0,(111) slab, ECen+m02(n+m) is the energy of the corresponding undoped system, and m,n

indicate the number of Ce and Zr atoms in the slabs, respectively. Eé’;‘é’; and Eé’%’; are the

energies per formula unit of the cubic (fluorite) CeO, and ZrO, bulk (a=5.17A) cells (M4Os
composition), respectively.

The 2x2 unit cell, but with 4 TL, was used to model the presence of surface and subsurface
oxygen vacancies within the outermost O-Ce-O trilayer (TL1) of the stoichiometric and Zr-doped
Ce0,(111) surfaces. In order to inspect different configurations of the reduced Ce?* sites, a two-
step relaxation procedure was applied. In the first step, we replaced two selected Ce* by La®*
ions (with a larger ionic radii) per O vacancy and performed non-spin-polarized calculations. The
so-obtained relaxed structure was further optimized using the regular Ce* PAW potentials. We
limit the discussion to high-spin states because the difference between these states and any
other spin state is less than 0.01 eV.

The oxygen vacancy formation energy (Ef) was calculated as:

— l _ — punrelax _ gprelax
Ef - Ezrmcenoz(n+m)—1 + 2 Eoz EZTmcenoz(n+m) - =f Ef (2)'

where Ez;. ce. is the total energy of the reduced slab with an oxygen vacancy, Eo,is

O2(n+m)-1

the energy of the gas phase O, molecule, and Ez,, c., is the energy of the unreduced

02(n+m)

slab. E can also be written as the difference of two terms E; = E}‘"Telax — E]felax

, in which

E}mrelax is the energy required to remove an oxygen atom with fix structure, and E}fela" >0

is the energy gained from structural relaxation in the presence of the oxygen vacancy.

3. RESULTS AND DISCUSSION
3.1 Effect of Zr on the Surface Stability

The stability of the (Ce,Zr)02(111) surfaces was studied using equation (1) and employing the
1x1, 2x2 and 3x3 supercells displayed in Figure 1. In the calculations with the 1x1 surface unit
cell, the Ce cation was replaced by a Zr atom in TL1 and subsequent trilayers till TL4, obtaining
in each case a complete monolayer (ML) of Zr. Figure 2 shows the variation of the calculated
changes in the surface energy for the cases in which the atoms were kept fixed according to
their coordinates in the undoped Ce0,(111) surface (unrelaxed data), as well as after geometry
optimization (relaxed data). The highest surface energy change for the unrelaxed slabs, AL inreiax=

1.552 J/m?, was obtained for the Zr atom located in the outermost trilayer (TL1). As the Zr
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location moves towards the bulk, Al yqeex decreases to ~1.0 J/m2. When the surface is allowed
to relax, the same trend is observed (Figure 2); Al is reduced by 0.549 J/m? for Zr in TL1,
whereas for Zr in TL2-TL4 the reduction is somewhat larger, i.e. about 0.65-0.70 J/m2. The higher
surface energy change obtained for Zr located at the surface (TL1), as compared to the cases in
which Zr is located in deeper trilayers (TL2-TL4), correlates to the fact that the Zr** dopant in the
cubic (fluorite) structure, prefers to bind to 8 oxygen ions instead of 7, as it is the case in the
TL1. The lowest value, A7 o = 0.330 J/m?, was obtained for the Zr located in TL2, although the
difference with the values for Zr located in deeper trilayers is small. Thus, upon Zr doping, the
concentration of Zr in the surface layer is expected to be lower than in deeper layers, with a

certain preference for the near-surface region.
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Figure 2: Change in the surface energy upon Zr doping (eq 1) using a 1x1 supercell. The location
of the Zr atom varies from the surface (TL1) towards deeper layers. Open and closed symbols
correspond to the unrelaxed and relaxed surfaces, respectively. The top views of the doped
slabs showing the Zr position (in blue) are also included (cf. Figs. 1a and b).

The influence of the location of Zr dopants, either in the surface layer or in deeper layers, on
the change in the surface energy was also analyzed for the lower Zr concentrations of 0.11, 0.22,
0.25,0.5,and 0.75 ML (Figure 3 and Table S1), using units cells with a 3x3 and a 2x2 periodicities.
Moreover, selected configurations with not all of the Zr dopants in the same trilayer were also

evaluated. Furthermore, using the 2x2 unit cell, selected configurations with four Zr dopants (1
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ML) distributed in the outermost three trilayers were also considered. In nearly all cases, the
lowest A7 value for the relaxed (unrelaxed) structures corresponds to configurations where the
Zr atoms are located in TL2 (Figure 3 and Table S1), with A/7..,x = 0.053,0.105, 0.118, 0.218 and
0.289 J/m? (A reiar = 0.119, 0.237, 0.247, 0.473 and 0.696 J/m?) for 0.11, 0.22, 0.25, 0.5 and
0.75 ML, respectively. The surface energy is smallest for the lowest Zr concentration and largest
for the highest concentration, i.e., the correlation between A/ and Zr concentration is positive
for both the relaxed and unrelaxed structures (Figure 3). Moreover, the amount by which the
surface energy decreases due to lattice relaxations following Zr-doping, increases with
increasing Zr concentration. For instance, for the structures with all dopants in TL2 and 2x2
periodicity, the surface energy is lowered by 0.129, 0.255, and 0.407 J/m?for a Zr concentration
of 0.25, 0.5, and 0.75 ML, respectively (Figure 3 and Table S1).

Furthermore we note that the calculated 4/ values for 1 ML and different distributions of
the dopants with 2x2 periodicity (Table S1), appears to suggest that a more homogeneous
distribution of the dopants between the TL2 and TL3 might be to a small degree energetically
preferred than having a full Zr layer near the surface in TL2, which would be strained. The reason
for the preference is likely due to the better ability of the system to release lattice strain in the
preferred configurations. (We recall that the surface unit cell is fixed during geometry
optimization.) In addition, for the Zr concentration of 0.22 ML with 3x3 periodicity (Table S1),
two arrangements of Zr atoms in TL1 as well as in TL2 were analyzed. The first arrangement
corresponds to two nearest neighbor Zr atoms at a distance of ~384 pm in the cationic plane,
such as Zr! and Zr? (Figure 1d), and the second one to two next-nearest neighbor Zr atoms at a
distance of ~ 672 pm, such as Zr! and Zr® (Figure 1d). For the closest and next-nearest neighbor
Zr pairsin TL1, the calculated A7 values are Al eux = 0.166 and 0.155 J/m?, respectively, whereas
for the corresponding pairs in TL2 the values are Al ea= 0.105 and 0.102 J/m?. These values

suggest no preference for Zr clustering at the Ce0O,(111) surface.
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Figure 3: Calculated change in the surface energy, A7, as a function of Zr concentration. The cell
used for each data point (1x1, 2x2 or 3x3) is indicated. Filled (open) symbols correspond to the
unrelaxed (relaxed) surfaces with Zr dopants in the same trilayer (cf. Table S1 for the precise

location of the Zr atoms in the structures according to Figure 1, and the A7 values for all
structures considered).
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Figure 4: Top and side views of the relaxed 2x2 surfaces: a) pure Ce0(111), b) (Ce,Zr8)0,(111).
The top views only show the atoms in TL1. c) Top view of the relaxed TL2 trilayer and side view
of (Ce,Zr'3)0,(111). The top view only shows the atoms in TL2. Relevant Zr-O and Ce-O bond
lengths (in pm) are indicated. The atom color code is the same as in Figure 1, and Zr atoms are
blue.
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As mentioned above, the preference of Zr for the subsurface rather than the surface layer
relates to the preferred 8-fold coordination of Zr atoms in the cubic structure. Moreover,
expectedly, the average Zr—0 bond distances for Zr atoms at the surface and in deeper layers of
the (Ce,Zr)0,(111) system, are smaller than the corresponding Ce—0O ones in pure CeOs. As
previously reported in the literature [16-18], a Zr dopant pulls the oxygen atoms in its
neighborhood closer to itself and increases the O—Ce distances. Here, changes in the average
Zr—0 and Zr—Ce distances up to the third coordination spheres of the Zr dopants were
investigated using the example of the 2x2 structures with one Zr atom (0.25 ML), in either TL1
(Zr®), TL2 (Zr*®) or TL3 (Zr'®). Figure 4a-c shows selected bond lengths in the relaxed (111) surface
of pure CeO; as well as of CeO, doped with a Zr in TL1 (Zr®) and TL2 (Zr!®), with 2x2 periodicity.
The first coordination sphere for Zr® in TL1 (Figure 4b) consists of seven oxygen anions with Zr8-
O bond distances of 1 x 212 + 3 x 213 + 3 x 247 pm, which yields an average bond length of 227
pm. For the Zr'3in TL2 (Figure 4c), the eight Zr'3-0 bond distances in the first coordination shell
are 3 x 226 +3 x232+1x230+1x 222 pm, i.e., an average Zr'3-0 bond length of 228 pm,
whereas for Zr'® in TL3, the corresponding average Zr'°-O bond length is 229 pm. Compared to
the corresponding numbers for Ce atoms in TL1 (237 pm), TL2 (237 pm), and TL3 (237 pm) in the
pure CeO; (111) surface (Figure 4a), the average Zr-0, Zr'3-0 and Zr'**~0 bond lengths are by
10, 9, and 8 pm smaller, respectively. These results are expected since the experimentally
determined average Zr—0 bond lengths in the low-temperature monoclinic (216 pm, [50]) and
high-temperature tetragonal (226 pm, [51]), and cubic (227 pm, [52]) ZrO; bulk structures, in
which Zr is 7-, 8-, and 8-fold coordinated, respectively, are smaller by 7 to 18 pm than the Ce—-O
bond length in bulk CeO; (234 pm, [53,54]). Thus, the closest environment of a Zr atom in the
CeO; matrix is modified in such a way that the Zr-O bond distances become closer to that in
ZrO;. Furthermore, for the Ce (O) atoms in the second (third) coordination shell of Zr, the
average Zr—Ce (Zr—0) distance is shortened by 2.3, 1.9, and 1.4 (2.9, 1.5, and 0.8) pm for Zr in
TL1 (2r8), TL2 (Zr*3), and TL3 (Zr'®), respectively, as compared to their corresponding values in
the undoped surface (see Table S2). In summary, the atomic displacements are largest for Zr in
the surface layer. This result can be correlated with the larger energy gained from structural
relaxation in the presence of Zr in TL1 (Zr®), as compared to TL2 (Zr®) or TL3, which results in the
lowering of the surface energy by 0.253, 0.129, and 0.148 J/m?, respectively (Table S1, 2x2

structures).
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3.2 Effect of Zr on the Energy of Oxygen Vacancy Formation

To study the formation of near-surface oxygen vacancies at the (Ce,Zr)0,(111) surface, a 2x2
cell was used with one vacancy in the outermost oxygen layer or in the layer beneath.
Hereinafter, VA:m (V8.m) is used to generally refer to a surface VA (subsurface V&) vacancy located
in TL1, where the pair of sub-indices n and m (m = n) is used to indicate the neighboring cationic
coordination shells, respect to the oxygen vacancy, in which the two excess electrons (Ce®*) are
located (underlinednand mare in TL2). Figure 5 shows the calculated oxygen vacancy
formation energy, Ef(eq 2), for all considered structures in which the Zr atom is placed in either
TL1 (Zr®) or TL2 (Zr®3), and the oxygen vacancy is located at the surface (V*) or in the subsurface
(VB) within TL1, using the VA, (VB.m) labeling, respectively. Detailed information on all
considered structures is listed in the Supporting Information (Table S3), where a more detailed
notation is also used to uniquely characterized the structures in which the specific location of
the vacancy and the two Ce*' is indicated, since for example, the configurations Zr8—V''s 1,
Zr8-V1% 13, and Zr8-V'% ;6 are all of the Zr8-V®, , type (cf. Figure 1c where atoms are labeled by
number).

For Zr® in TL1, oxygen atoms have been removed so that both surface V* and subsurface V&
vacancies are within the first anionic coordination sphere of the dopant (cf. 0%, 02 or 0% and 0%°,
O™ or 0 in Figure 1c, respectively). For Zr'3 in TL2, surface V* vacancies are within its second
or third anionic coordination sphere (cf. 0% and 02, respectively), whereas subsurface V&
vacancies are either within its first or second coordination sphere (cf. 0'? and O° in Figure 1c,
respectively). As for the two excess electrons, they are located at different Ce sites at varying

distances to the oxygen vacancies.
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Figure 5: Near-surface oxygen vacancy formation energy at the (Ce,Zr)0,(111) surface, £ (eq
2),for several configurations with respect to the locations of the Zr dopant, the vacancy, and the
associated Ce?*. The structures are labeled Zr¥3- V*®__ where Zr¥** denote the dopant location
(cf. Figure 1), V*® the vacancy location, and the sub-indices n and m denote the neighboring
cationic coordination shells in which the two Ce3* are located (see text). The red (blue) circles
correspond to structures with a Zr® and a V8 (V*) oxygen vacancy. The black squares correspond
to structures with a Zr'® and a V8 oxygen vacancy, as close as possible to the Zr atom, and light
blue symbols to configurations with a Zr'3and a VA oxygen vacancy.

The Efvalues obtained for the formation of a single oxygen vacancy with Zr in either TL1 or TL2,
vary from 1.16 eV to 2.59 eV as shown in Figure 5 (cf. Table S3). Differences in the oxygen
vacancy formation energy arise from the combined effect of having the Zr dopant, the oxygen
vacancy, and the Ce® ions at different sites, but also surface lattice relaxations following vacancy
formation play an important role, as will be discussed later in this work. The lowest Efvalue of
1.16 eV corresponds to a Zr® and a VBsubsurface oxygen vacancy (0%, cf. Figure 1c) with the two
excess electrons localized at two next-nearest neighbor Ce ions, i.e, a V&, (Vs 14) configuration,
with one Ce3* in TL1 (Ce®, cf. Figure 1c) and the other one in TL2 (Ce*), and Ce3*-zr® distances
equal to 3.83 and 5.30 A, respectively (cf. Table $3); this structure will be discussed in more
detail in the next section. The next lowest value, 1.19 eV, also corresponds to a Zr8-V®,, structure
(V%6 16) with the Ce3*-Zr® distances equal to 3.86 (Ce®, cf. Figure 1) and 3.75 (Ce*®) A. Noteworthy,
the lowest oxygen vacancy formation energy values correspond to configurations with the Zr
atom in TL1 (Zr®) and the oxygen vacancy in the subsurface (Figure 5). This calls the attention

because, as discussed in section 3.1 above, in the non-reduced (Ce,Zr)O,(111) surface, the
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smallest changes in the surface energy are obtained for Zr in TL2 or in deeper trilayers, but is in
line with the suggestion of Mayernick and Janik [25] that in an oxidizing atmosphere, Zr atoms
may prefer to remain in bulk-like layers of Zr-substituted CeO; surfaces, whereas in a reducing
environment, Zr may prefer to segregate to the surface.

Other defect structures with low values of vacancy formation energy within the 1.26 < £, < 1.35
eV range (cf. Figure 5 and Table S3), correspond to a Zr® with a surface oxygen vacancy V*;;
(V's14, 1.32 eV and Vs 13, 1.35 eV) or with a subsurface V&1, (V%5 16, 1.33 eV) one, and to a Zr*3
with a subsurface V8, (V'%,15, 1.26 eV) oxygen vacancy. We note that an initial structure with a
Zr® and a VA1; (V%7,13) oxygen vacancy, was found to be unstable; the oxygen vacancy initially
located at the surface oxygen site O? (cf. Figure 1c), migrates towards the subsurface occupying
the O™ oxygen site, resulting in a V& (V1%,13) final configuration with a formation energy of 1.29
eV (Table S3). This value is by 0.1 eV slightly larger than that obtained for the equivalent V&,
(V*%,16) configuration described above (Ef=1.19 eV), which suggests that the final state after the
migration of the oxygen vacancy, corresponds to a local minimum. Moreover, we note that for
an additional number of initial structures with a Zr® or Zr'3 and a surface vacancy, a migration of
the vacancy to the subsurface has been observed (Table S3), which is already indicative of the

higher stability of the subsurface vacancies in the doped surfaces.

Table 1. Lowest oxygen vacancy formation energy values, E; (eV), for a surface (V*) and
subsurface (VB) oxygen vacancy in CeO,, (Ce,Zr®)O, and (Ce,Zr'3)0,(111) surfaces [2x2
periodicity], with the excess electrons localized at nearest or next-nearest Ce ions to the oxygen
vacancy.

Oxygen CeO; CeO, | (Ce,zr*)0; | (Cezr®)0, | (Ce,Zr)O; | (Ce,zr®)0,
vacancy n=1,m=1% | n=2, m n=1,m=1|n=2,m=2 | n=1,m=1|n=2,m=2°
VA 2.52 2.24 1.87 1.32 2.18 -
Ve 2.38 1.89 1.75 1.16 1.76 1.26

2The sub-indices n and m denote the neighboring cationic coordination shells in which the two excess
electrons are located (see text).

bConfigurations with a Zr'3, a V* oxygen vacancy, and two Ce3* at next-nearest neighbor sites of the oxygen
vacancy were found to be unstable.

Table 1 compares the lowest formation energies values for near-surface oxygen vacancies at
the (Ce,Zr)0,(111) surface with Zr either in TL1 or TL2 and the excess electrons localized either
in the first or second coordination sphere of the vacant oxygen site with the corresponding ones
for the undoped surface. Inspection of Table 1 reveals that the more facile reduction for both
the undoped and the doped surfaces, corresponds to the formation of subsurface oxygen

vacancies (VB) with the excess charge localized at next-nearest neighbor Ce sites (n=m=2), and
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that the effect of Zr doping is substantial, resulting in systematically lower Ef values. As
mentioned in the Introduction, the latter effect has been previously reported for the
(Ce,Zr)0,(111) surface with Zr in TL1 and a V43 surface vacancy, [17,18,24,25] with lowerings of

Es inthe 0.5to 1.1 eV energy range.

Table 2. Oxygen vacancy formation energy, Ef (eV), for vacancies in bulk (Ce,Zr)O; or at the
(Ce,Zr)0,(111) surface obtained by different methods, Zr content, cationic coordination shell of
Zr in which the vacancy is located (Zr—V), and cationic coordination shell of the vacancy in which
the Ce3* are located (n,m ), as reported in the literature.

Method Cell System Zr E; Zr—V Ce* Ref
Y content? f n,m )
DFT+U (PBE, U=6 eV) | Ce3,06s bulk® 0.03 2.38 1 1,1 16
_ Ce16032 b 2.35 1 1,1
DFT+U (PBE, U=5 eV) (2x2) (111) 1 78 > 1 17
DFT+U (LDA, U=5.5 | Ce270sa 2.20 1
’ 111)° 0.11 1,1 18
evV) (3x3) (111) 2.99 >>2 ’
0.125 2.03
0.25 1.23
DFTSU 0.375 1.21
CesO1s bulk® 0.5 0.98 1 1,1 19
PW91, U=6.3 eV ’
(PWL, ev) 0625 | 1.20
0.75 1.77
0.875 4.27
DFT+U (:\?)E' U=4:5 1 es06 bulke 0.03 2.57 1 1,1 20
DFT+U (PW91,U =5 0.25 3.34°
eV) e CesOs bulk® 0.5 3.10¢ 1 1,1 23
0.75 4.45¢
DFT+U (PW91,U=5 | CeOas .
V) 33 (111) 0.083 2.30 1 1,1 24
Ce32064 bulk® 0.03 2.96 1 1,1
DFT+U (:\\;\;91’ U= ["Cew0n 111y 05 | 163 1 11 25,26
(2x2) ' 2.61 2 1,1

20ptimized cubic cell.

b(2x2) surface unit cells with 4TL fixed at the calculated lattice parameters for cubic Ceo.75Zr0.2502 bulk
and contains 1 Zr in each cationic plane.

‘Lattice parameters for the undoped bulk are used to construct the doped bulk and surface models. In
Ref. [24], the lattice parameters of the Zr-doped surface model were optimized.

dFor the doped Ce0,(111) surfaces, the Zr concentration (ML) is defined as the ratio between the actual
number of Zr atoms in the supercell and the number of Zr atoms needed to fully dope one cationic layer
within that cell.

®Values read from Figure 2 in Ref. [23].

Before rationalizing these findings in sec 3.3, especially considering the effect of Zr- and
vacancy-induced lattice relaxation effects, in Table 2 we provide a brief overview of theoretical
studies that have considered the formation of oxygen vacancies in Zr-doped bulk ceria or its

(111) surface using a similar methodology —but not identical- than the one used in this work
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[16-20,23-26]. Most reported studies have either found or presumed a localization of the excess
charge at nearest neighbor Ce sites to the vacancy. Moreover, generally, vacancies were created
within the first neighboring cationic shell of the dopant. However, in the cases in which a larger
separation between dopant and vacancy has been considered [18,26], the calculated values
indicate that vacancy creation within the first neighboring cationic shell of the dopant, is
energetically preferred. As for the case of a surface vacancy (V*) neighboring the Zr-dopant in
TL1, and with the reduced Ce3* cations within the first coordination shell of the vacant site
(n=m=1), the predicted values lie within the 1.63-2.35 eV (Tables 1 and 2). Particularly due to
the different unit cells, Zr content, and density functionals used, results cannot be directly
compared. Specifically, Mayernick and Janik [25] reported a vacancy formation energy of 1.63
eV using a 2x2 cell (0.25 ML) and employing the DFT+U (PW91, U=5 eV) methodology, and thus
the result may be compared to the one obtained in this work for the (Ce,Zr®)0,(111) surface,
with VA and n=m=1 (Table 1), namely, 1.87 eV (PBE, U=4.5 eV). The origin of this discrepancy is
probably in the subtle computational details. To fully understand the fairly large discrepancies
would require a very laborious testing of the separate effects of a considerable number of

technical parameters on the calculated energies.

3.3 Lattice Relaxation Following Vacancy Formation

A. Unrelaxed Structures

In the following, we address the role of lattice relaxations upon oxygen removal on the energy
of vacancy formation by considering first the creation of defects without allowing the lattice to
relax. In such unrelaxed structures, the excess electrons are distributed practically
homogeneously among the nearest neighbor Ce atoms to the oxygen vacancies. In Table 3 we
compare the E}mrelax (eq 2) values for the unrelaxed structures obtained after creating a
surface (VA) or a subsurface (V&) oxygen vacancy with a Zr® (TL1) or a Zr®® (TL2), where the VA
vacancies are first neighbors of Zr® and second neighbors of Zr3, and the VB ones are first

neighbors of both dopants (2x2 unit cell). Systematically, the values for the V&

unrelax
Ey
subsurface oxygen vacancies are higher than those for the V* surface ones. Moreover, as a
consequence of the presence of a Zr dopant in either TL1 (Zr®) or TL2 (Zr3), the E}mrela" values

for both vacancy types are lowered (cf. Table 3).

We first address the issue of why the E}‘"Tel“x values for the VB subsurface oxygen vacancies are
higher than those for the V* surface ones for both the undoped and doped surfaces. The creation
of VA and VB vacancies implies the cutting of three and four bonds, respectively. The bond
lengths of a given oxygen atom to its nearest neighbor cations in the (111) surface of pure CeO,,
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as well as of CeO, doped with Zr® or Zr'3, are shown in Figure 4. Not unexpected, the energy
required to create unrelaxed surface and subsurface oxygen defects at the undoped Ce0,(111)
surface by cutting three and four O—Ce bonds, respectively, with an average bond length of 237
pm, is largest for the subsurface vacancy by 0.15 eV (cf. 3.81 and 3.96 eV, Table 3) [36]. The
same argument applies to the higher stability of the unrelaxed surface vacancy structures as
compared to the subsurface ones in the presence of a Zr dopant (Table 3). For example, for a Zr
dopant in TL1 (Zr®), three and four O-(Ce/Zr) bonds of comparable average bond lengths must
be cut to create a surface (236 pm, Figure 4b) and subsurface (235 pm) vacancy, respectively,
and the vacancy formation energy is largest for the latter by 0.29 eV (cf. 3.17 and 3.46 eV, Table
3).

Table 3: Unrelax vacancy formation energy, E}‘"Tel“x (eV), for a surface vacancy (V*) and a

subsurface vacancy (VB) with Zr in the TL1 (Zr8), TL2 (Zr'3), and TL3 (Zr?) trilayers.

(ce'zr)oz EfUnreIax
Surface Vacancy (V#)  Subsurface Vacancy (V&)
Clean 3.81 3.96
Zr8 3.17 3.46
Zrt3 3.42 3.76
Zrt® 3.88 3.95

E}"”relax values for both

In the following paragraphs, we address the issue of why the
vacancy types are lower for the surfaces with Zr in the near-surface region, as compared to the
undoped one. As discussed above (Section 3.1), a Zr dopant perturbs the lattice, especially in its
vicinity. The asymmetry observed for the O-(Ce/Zr) bonds distances for O at the surface and in
the subsurface, particularly the significant lengthening of O—Ce bonds, is behind the lowering of
the energy cost to create both unrelaxed vacancy structures as compared to Ce0O,(111). Here,
we explicitly consider the example of the perturbations induced by a Zr® dopant in TL1 from the
point of view of the three-fold and four-fold coordinated oxygen atoms at the surface or in the
subsurface, respectively, which would be removed to create neutral oxygen vacancies
neighboring the Zr dopant. In the presence of a Zr® dopant in TL1, for a three-fold coordinated
nearest oxygen atom at the surface, the one O-Zr bond (213 pm) is comparatively shorter by 24
pm than the corresponding O—Ce bond (237 pm) in the undoped surface (cf. Figures 4a and 4b),
but the two O-Ce bonds (248 pm) are noticeably longer by 11 pm. Hence, the surface oxygen is
more labile in the doped system, resulting in the lowering of the energy cost to create the
(unrelaxed) surface oxygen vacancy by 0.64 eV, as compared to the undoped surface (cf. 3.81

and 3.17 eV, Table 3). Similarly, a four-fold coordinated nearest neighbor subsurface oxygen
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atom to the Zr® dopant has two bonds to Ce in TL1 (232 pm) and one to Ce in TL2 (228 pm), which
are somewhat shorter by 6 pm than the corresponding ones in the pure surface (cf. Figure 4a
and 4b), but one noticeably long O-Zr® bond of 247 pm, resulting also in the lowering of the
energy cost to create the (unrelaxed) subsurface vacancy by 0.50 eV, as compared to the
undoped surface (cf. 3.96 and 3.46 eV, Table 3). A similar analysis can be performed for a Zr'®in
TL2, whose presence also decreases the energy needed to form surface or subsurface oxygen
vacancies, but to a lesser extent when compared to the effect that a Zr® in TL1 has (cf. Table 3).
This correlates with the less noticeable effect on the lengths of the O-(Ce/Zr) bonds that must
be cut to create the near-surface vacancies. For example, the closest subsurface O atom to Zr!?
has three slightly elongated O-Ce bonds (239 pm) and one shorter O-Zr bond (222pm), as
compared to the corresponding ones in pure CeO; (3x 238 pm, 1x 234 pm, cf. Figures 3a and
3c). Furthermore, the same calculations carried out with a Zr in the third trilayer (Zr'°) yield an
energy formation for an unrelaxed surface vacancy of 3.88 eV, a value close to that obtained for
pure CeO; (cf. Table 3) indicating a short range effect of the Zr dopant on the energy of a surface
oxygen vacancy formation, as discussed by Hu and Metiu [18]. A similar behavior is observed in
the case of the subsurface oxygen vacancy (cf. Table 3), as the Zr dopant moves from TL1 to TL3,
the unrelaxed oxygen vacancy formation energy varies according the sequence 3.46 - 3.76 >

3.95 eV, being the last value comparable to the value obtained for pure CeO,.

In summary, if lattice relaxations upon oxygen vacancy formation in the near-surface of
(Ce,Zr)02(111) are not allowed, a surface vacancy is more stable than a subsurface one, and Zr
doping facilitates the formation of both types of vacancies, with its effect becoming less and less
noticeable with the increase of the distance between the dopant and the near-surface (Table 3).
However, inspection of Table 1 reveals that lattice relaxations, which are accompanied by the
localization of the excess charge, change the relative stability of surface and subsurface
vacancies, and it is also observed that the excess electrons preferably localize at Ce cations which
are next-nearest neighbors to the vacancies. These effects will be discussed in more detail in the

following section.

B. Relaxed Structures, Excess Charge Localization, and Subsurface Preference

B.1 Surface and subsurface vacancy formation energy with Zr in TL1

The creation of an unrelaxed surface oxygen vacancy (V) in pure CeO, (111) costs E}‘”Tel“x =
3.81 eV (cf. Table 3). However, after allowing for lattice relaxation and, if the excess electrons

are localized in nearest neighbor Ce sites to the vacancy (VA11), it costs Ef = 2.52 eV (Table 1),
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i.e., a decrease of Efrela" = 1.29 eV (cf. eq 2), in agreement with previous works [36,38].
Moreover, the localization of the excess charge at next-nearest neighbor Ce atoms (V*,), further
stabilizes the vacancy by 0.28 eV, i.e., the lowest energy cost to create a surface vacancy in pure
Ce0,(111) is Er = 2.24 eV, in line with work in the literature [36,38,39]. The mere incorporation
of a Zr® atom in the Ce0,(111) surface (TL1) results in the lowering of the unrelaxed surface
vacancy formation energy by 0.64 eV (from 3.81 to 3.17 eV, Table 3), as discussed above. When
the surface is allowed to relax, in the case in which the excess charge is localized in nearest
neighbor Ce sites to the vacancy (V11), the vacancy is stabilized by E}fel“x =1.30eV (cf. 1.87 eV,
Table 1). However, if the excess electrons are localized at two next-nearest neighbor Ce atoms
(VA22), the vacancy is further stabilized by an extra energy gain of 0.55 eV (cf. 1.32 eV, Table 1).
In summary, the comparison with pure CeO, shows that the presence of Zr® reduces the cost to
create an unrelaxed surface vacancy by 0.64 eV, from 3.81 to 3.17 eV (Table 3), and a relaxed
VA, 0ne by 0.92 eV, from 2.24 to 1.32 eV (Table 1).

As for the creation of an unrelaxed subsurface oxygen vacancy (V&), it is by 0.5 eV more facile
in the doped (Ce,Zr8)0, (111) surface than in the undoped one (cf. 3.46 and 3.96 eV, respectively,
Table 3), as described above. When lattice relaxation in the presence of the subsurface oxygen
vacancy is allowed, if the excess electrons are localized at two nearest neighbor Ce sites to the
vacancy (VB11), the vacancy formation energy in (Ce,Zr®)0,(111) is Ef =1.75 eV (Table 1), that
means an extra stabilization of Efel“x =1.71eV [cf. 3.46 and 1.75, Tables 3 and 1, respectively].
However, if the two excess electrons are localized at two next nearest Ce atoms (V5,), the
subsurface oxygen vacancy formation energy further decreases up to 1.16 eV (Table 1) i.e., an
additional energy gain of 0.59 eV is obtained (cf. 1.75 and 1.16 eV for V811 and V&,,, respectively,
Table 1). Compared to the results for the formation of a subsurface oxygen vacancy in the
undoped Ce0,(111) surface (Table 1), the presence of Zr® reduces the cost to create a relaxed
V8,, subsurface vacancy by 0.73 eV, from 1.89 to 1.16 eV.

As anticipated above, it is only when the energy gained from lattice relaxations (Efrelax, eq
2) is considered that the preference for subsurface oxygen vacancy formation in the
(Ce,Zr®)0,(111) system can be explained. The creation of unrelaxed vacancies in the near-surface
favors the surface vacancy by [E}*"Telax (VB)—E}‘nrel“x(VA)] = 0.29 eV (Table 3). Adding the
amount by which both the energy of a VA, surface and a V&, subsurface vacancy formation are
lowered due to lattice relaxations, i.e., E]felax(VAz;) =1.85and E]felax(VBzg)= 2.30eV, respectively

(cf. Tables 1 and 3), results in the preference for subsurface oxygen vacancy formation by 0.16
eV {[Ef™7eeX (VB)—Ef 1% (VBy)]— [EF™¢14% (VA)-EF 1% (VA5)]}. In the following sections 3.3.B.2

and 3.3.B.3, the vacancy induced lattice relaxation effects will be discussed in detail.
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B.2. Surface oxygen vacancy lattice relaxation with Zr in TL1

An important contributing factor to the lattice relaxation upon oxygen removal is the
electrostatic interaction between the positive charged oxygen vacancy and its neighboring ions,
resulting in the closest cations moving away from the oxygen vacant site and the anions toward
it. Figure 6 shows the directions of the displacement vectors of the neighboring ions to a V4,
surface vacancy at the undoped and doped surfaces with Zr in TL1 (Zr8). For pure CeO, (CeO,-
V33,16), the first neighbor Ce** cations in TL1 of the vacancy, and the closest O atoms in the
subsurface (0'°, 0! and 0'?), are displaced an average distance of 16 and 48 pm, respectively
(Figures 6a-b). Moreover, the six surface oxygen atoms (2x0?, 2x0? and 2x0*) close to the VA5,
oxygen vacancy, forming a hexagon, relax perpendicular to the surface an average of 10 pm,
similar to the values reported in the literature [30,36].

When a VA, surface oxygen vacancy is created at the (Ce,Zr®)0,(111) surface (Zr8-V's14)
(Figures 6¢-d), the average displacement of the closest subsurface oxygen ions towards the
vacancy increases to about 58 pm (0°, 0° and 0! by 42, 66 and 67 pm, respectively), i.e., it is
approximately 10 pm larger than in pure CeO,. Moreover, the average perpendicular
displacement of the six neighboring surface oxygen atoms (2x0?, 2x03 and 2x0%) is also
increased by 5 pm, as compared to pure CeO..

Regarding the closest cations to the V*;; vacancy in TL1, they move an average distance of
about 18 pm, which is close to the average distance of 16 pm that Ce cations move in pure CeOs,
however, the actual displacements of the Zr® and the two Ce cations neighboring the vacancy
are by 14 pm larger and between 4 and 5 pm smaller, respectively, than the corresponding ones
in the undoped system (cf. Figures 6b-d). Moreover, compared to the Zr8—0 distance of 213 pm
(Figure 4b) in the unreduced (Ce,Zr®)0,(111) system, upon oxygen removal, the Zr8— VA,
distance is elongated by approximately 30 pm (cf. Figure 6d and Table S3). This effect of the Zr®
pulling away from the oxygen vacancy was also observed by Hu and Metiu [18]. Furthermore,
Zr® takes advantage of the presence of the surface vacancy to change its initial 7-fold
coordination (3x213; 3x247; 1x212) with an average bond length of 228 pm (cf. Figure 4b) to
a 6-fold one (1x214; 1x215; 1x212 ;1x218; 1x219; 1x209) with an average bong length of
215pm, which is closer to the average bond distance of Zr in the low-temperature monoclinic
crystal structure (216 pm [51]), although in this case Zr is coordinated by 7 oxygen atoms and

the dispersion of the Zr-O bond lengths is larger.
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Figure 6. Top view of the first trilayer (TL1) of a-b) the Ce0,(111) and c-d) the (Ce,Zr®)0,(111)
surface before and after the formation of a surface oxygen vacancy (V*;;, namely, V3s 16 and Vs 14
for CeO, and (Ce,Zr®)0,, respectively, cf. Figure 1 for sites labeling). The arrows indicate the
direction of the displacements upon vacancy formation of the atoms surrounding the vacancy
which is marked with a black point. The displacements are indicated in pm. The atom color code
is the same as in Figure 1, and Zr** and Ce3* ions are depicted blue and dark grey, respectively;
the latter are located in next-nearest neighbor Ce sites to the vacancy.

B.3. Subsurface oxygen vacancy lattice relaxation with Zr in TL1

For the case of the VB, subsurface oxygen vacancies in the pure CeO; and (Ce,Zr®)0,(111)
surfaces, the relaxed structures are displayed in Figures 7a-b and 7c-d, respectively. As expected,
also for subsurface vacancies, the closest cations and anions to the vacancy move away from
and toward the vacant site, respectively. In the (Ce,Zr8)0,(111) system with a subsurface vacancy
(2r®-V5 14), the neighboring O atoms in TL1, i.e., 03, 0? and 0% moved by 23, 30 and 55 pm
(Figure 7d), respectively, whereas those in TL2 moved by 24, 27 and 36 pm, giving an average
of 32.5 pm. In this case, 0* becomes the closest surface oxygen atom to the vacancy, whereas
03, the only surface oxygen that is not linked to the Zr8, is farthest. The surface oxygen atoms
0!, forming a triangle around the vacancy, move a total distance of 30 pm, mainly a
displacement perpendicular to the surface of 28 pm. In comparison, for the Ce0,(111) surface
with a VB, vacancy (V% 1s, Figure 7b), the neighboring O atoms in TL1 (0%, 0% and O*) moved 29
pm and those in TL2, 15 pm, and the farthest surface oxygen atoms (0?) exhibit a perpendicular

outward relaxation of 31 pm, in line with work in the literature [30, 36].
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Moreover, in the (Ce,Zr®)0,(111) surface, the Zr and Ce cations surrounding the subsurface
V8,, vacancy move away from it by an average of about 17 pm (Zr8, Ce’, and Ce®in TL1 by 15, 26
and 13 pm, respectively, and Ce!® in TL2 by 16 pm), whereas in the undoped surface, all

neighboring Ce cations move away by 16 pm.

a) CeO, b)Ce0,-V5,, e) (Cezr'3)0, f) (CeZr'3)0,-Ve,,
S B R 16 pm I 22 pm
29 pmf/
SAREY SARE D Sl
—_—y - —_— 16 pmp
16| pm 29 pml I 1? pm 37 pm, T/
/ - -t/ 1;3.p|/'n

d) (CeZr®)0,-V®, , g) (Cezr'?)0, h) (Cezr®3)-VE, ,

Figure 7. Top view of the first trilayer (TL1) of a-b) the CeO,(111) surface, c-d) the
(Ce,Zr®)0,(111), and e-f) the (Ce,Zr'3)0,(111) surface before and after the formation of a
subsurface oxygen vacancy (V8 namely, V1% s, V514 and V%5 for CeO,, (Ce,Zr®)0; and
(Ce,Zr'3)0,, respectively, cf. Figure 1 for sites labeling). g-h) Top view of the second trilayer (TL2)
of the (Ce,Zr'*)0,(111) surface without and with the V8, vacancy. The arrows indicate the
direction and values of the displacements upon vacancy formation of the atoms surrounding the
vacancy which is marked with a black point. The atom color code is the same as in Figure 1, and
Zr** and Ce* ions are depicted blue and dark grey, respectively; the latter are located in next-
nearest neighbor Ce sites to the vacancy.

Furthermore, the above-mentioned preference of the excess charge to localize at next-
nearest neighbor cationic sites to the near-surface oxygen vacancies at the (Ce,Zr®)0,(111)
surface is explained by the better ability of the system in such configurations to relax the lattice
strain induced upon reduction while better accommodating the more spacious Ce** ions than
their Ce* counterpart. For example, for the V*;, configuration, the average Ce**-O bond lengths
are 257 and 252 pm for the Ce3* in TL1 and TL2, respectively, which are clearly larger than those
in the V11 structure with a length of 242 pm (Table S4). Similar changes are observed when
comparing the average Ce3*-O bond lengths in the V&, and the V&5 structures (Table S5). The
larger Ce3*-0 bond lengths are comparable to the average experimental bond length of the 7-
fold coordinated Ce** ions in Ce,03, i.e., 251 pm [55]. Thus, the excess electrons prefer to localize
at Ce sites where the Ce® ions are less compressed and therefore the energy gain from the
lattice relaxations is largest in the VA3, and VB,, configurations. Such behavior is also found for
near-surface oxygen vacancies when the dopant is in deeper layers such as TL2 (Zr'3) and TL3

(Zr®), cf. Tables S4 and S5.
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B.4 Surface and subsurface vacancy formation energy with Zr in TL2

In the following, we briefly comment on the effect of having a nearby Zr dopant in TL2
[(Ce,Zr'®)0,(111)] on the formation energy of surface (VA) and subsurface (V8) oxygen vacancies,
and compare to that of having the dopant in TL1 [(Ce,Zr8)0,(111)], discussed above. Inspection
of Table 1 reveals that the presence of Zr in TL2 makes creating near-surface oxygen vacancies
in (Ce,Zr)0,(111) more difficult than when it is in TL1. To further discuss the details, the vacancy
formation  energy  difference  AE; = [Ef(Zr'3- VA/B) — Ep(Zr8- VV/B)] = AE}mrelax -
AEfelax is considered (cf. eq 2). The creation of unrelaxed surface and subsurface vacancies in
(Ce,zr'?)0,(111) costs 0.25 and 0.30 eV (AE}‘WI“ ) more, respectively, than in (Ce,Zr8)0,(111)
[cf. 3.42 with 3.17 and 3.76 with 3.46 eV, respectively, Table 3]. As discussed above (sec 3.3.A),
aZr dopantin (Ce,Zr)0,(111) induces changes in the O-(Ce/Zr) bonds distances that facilitate the
creation of unrelaxed vacancy structures, as compared to pure Ce0,(111). These facilitating
lattice perturbations upon doping are less noticeable in the (Ce,Zr'®)0,(111) system, as
compared to (Ce,Zr)0,(111), which correlates with the calculated AE}‘"relax > 0 values. If one
takes into account the difference of the energies gained from lattice relaxations in the presence
of the vacancies (Efel“x >0, AEjfel“x Z 0), the creation of near-surface oxygen vacancies still
remains more facile in (Ce,Zr®)0,(111) than in (Ce,Zr'®*)0,(111). For instance, the difference in
the lattice relaxation energy gain when V8, subsurface oxygen vacancies are created within the
first coordination sphere of Zr'® and Zr® is AE;el“x = [E]felax(ZrB-VBzz) - E]felax(ng-VBzz)] =
2.50 — 2.30 = 0.20 eV [cf. 3.76 with 1.26 and 3.46 with 1.16, Tables 3 and 1, and discussion in
sec 3.3.B.5 below]. If one subtracts this difference from the corresponding one for the unrelaxed
structures (AE}‘”M‘”‘ = 0.30 eV), one obtains AEf = 0.10 eV, which is the amount by which
a VB, vacancy is more stable if the dopant is in TL1, as compared to when it is in TL2 (cf. 1.16
and 1.26 eV, Table 1).

The analysis of the near-surface vacancy structures with nearest neighbor Ce* sites, i.e., VA1
and V&4, respectively, in both (Ce,Zr'®)0; and (Ce,Zr®)0,(111) systems points out that similar
considerations apply as regards the higher stability of such vacancies when Zr is in TL1 (Tables 1
and 3). We note that in the case of a neighboring surface vacancy to Zr*® in TL2, a structure in
which the two excess electrons were initially located at two next nearest Ce atoms, V*;,, was
found to be unstable, namely, the vacancy migrated to the subsurface in seeking to reach a more
stable configuration. In the following section 3.3.B.5, the subsurface vacancy induced lattice

relaxation effects in both (Ce,Zr'®)0, and (Ce,Zr®)0,(111) systems will be discussed in detail.

B.5 Subsurface oxygen vacancy lattice relaxation with Zr in TL2
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The lattice distortion in the case of a V&, subsurface oxygen vacancy with Zr in TL2
[(Ce,Zr'®)0,(111)] is shown in Figures 7e-f. Also in this case, neighboring cations move away
from the subsurface oxygen vacant site, and anions toward it. Specifically, Zr'3, Ce%, Ce’, and Ce®
moved by 16, 16, 17 and 22 pm, respectively, i.e., cations moved away from the vacancy by an
average of about 18 pm, which is slightly more than when Zr is in TL1 [(Ce,Zr8)0»(111)] (17 pm),
as discussed above (sec 3.3.B.3). Moreover, the Zr'* movement is accompanied by the
shortening of the Zr'3*-0 bonds with O in the third anionic plane in TL2, from 232 pm (cf. Figure
4c¢) to 2 x 216 and 1 x 217 pm. In this way, Zr'®changes its coordination from 8-fold, with an
average bond length of 228 pm, to 7-fold, with average bond length of 221 pm, thereby
resembling the 7-fold Zr coordination in the monoclinic phase, in which Zr binds to three oxygen
atoms at 219,216 and 215 pm, forming a triangle, as well as to other four ones with bond lengths
of 2 x 205, 220 and 228 pm, forming a prism [50].

Furthermore, the neighboring surface oxygen atoms to the V&, vacancy in (Ce,Zr'?)0,(111),
i.e., 0%, 0% and 0% moved toward the vacancy by 21, 37 and 23 pm, respectively, whereas the
three oxygen atoms in TL2 moved 41, 43 and 43 pm, resulting in an average displacement of 35
pm (Figure 7d). In addition, the surface oxygen atoms forming a triangle around the vacancy, 02,
relaxed perpendicular to the surface by 28 pm. These oxygen movements are generally larger
than those observed for the case of a V&, vacancy in the (Ce,Zr®)0,(111) surface (sec 3.3.B.3),
which is in line with the above-mentioned larger relaxation energy gain of the Zr3-v&y,

configuration (2.50 eV) compared to the Zr8-V®8,, configuration (2.30 eV).

4. CONCLUSIONS
This work shows the important effect of Zr doping on the stability of both the oxidized
(Ce,Zr)02(111) surface, and reduce one with near-surface oxygen vacancies, as compared to the
corresponding undoped surface. By calculating the change in the surface energy upon Zr doping,
we have found that the surface stability increases as Zr occupies cationic sites of inner 0—Ce—0
trilayers, which has been related to the preference of Zr* for the 8-fold coordination in the
cubic (fluorite) structure. Moreover, a slight preference for the second cationic plane, as well no
tendency to form zirconia aggregates, have been observed. For the example of a Zr
concentration of 0.25 ML, the structure with Zr in the second cationic plane is by 0.17 eV more
stable than that with Zr in the surface layer (cf. Figure 8).

Considering that ceria-doped sample preparation is usually performed in an oxidizing
atmosphere like air, and the results of the surface energy calculations, it is expected that a large

fraction of Zr dopants will exist in the inner surface of real samples. However, it is also possible
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that depending on the sample preparation method, a non-homogeneous distribution of Zr is
obtained. For example, if samples are prepared using a combustion method [13], dopants are
likely not to have enough mobility to find the lowest energy site, and thus, the presence of Zr
atoms at the surface is also expected.

We have further analyzed the effects of Zr doping on the energy cost to create near-surface
oxygen vacancies, and the key results are summarized in Figure 8. We found that the most labile
oxygen atoms are those in the subsurface, closest to a Zr dopant at the surface and with two
next-nearest neighbor Ce* ions [(Ce,Zr®)0,-V82;,], whereas the corresponding oxygen vacancies
atthe surface are by 0.16 eV less stable [(Ce,Zr®)0,-V*2;]. Moreover, if Zr is in the second cationic
plane [(Ce,Zr'®)0,-V8,,], the subsurface vacancy is by 0.10 eV less stable than the lowest-energy
vacancy structure, whereas the surface vacancy is not stable. Hence, if Zr dopants are present
near the surface under reducing conditions, our predicted trend in the thermodynamic stability
of near-surface oxygen vacancies is (Ce,Zr®)0-V8, > (Ce,Zr'®)0,-V8;, > (Ce,Zr®)0:-VAs,.
Furthermore, we confirmed the predicted local nature of the effect of Zr dopants on the energy

cost to create near-surface oxygen vacancies [18].

Ce02-VA2) Ce02 Ce02-VB2>
-1/2 02 ‘ -1/2 02
2.24 eV) (1.89ev)
‘(. ' w - W Oyac
(Ce,zr13)03
+Zr03 +2r02

S | g  (0.56 eV) (0.39 eV) 1 ‘ Zr
. . \ha .7)
L\ (™ -
-1/2 02
-1/2 02 (1.16 ev) -1/202| (1.26 eV)
(1.32ev)
ovac

v Wy

(Ce,zr®)02-VALo (Ce,zr8)02-vB3> (Ce,zr13)03-vBy»o

Figure 8. Side views of the oxidized CeO,, (Ce,Zr®)0, and (Ce,Zr'®)0,(111) surfaces, as well as of
the reduced structures with a surface (V*;;) or a subsurface oxygen vacancy (V8;;). Reaction
energies are given in eV. The doping reaction energy is equal to A"+ A (eq 1), and the vacancy
formation energy is given by Ef (eq 2). For these calculations a four TL-thick (2x2) slab has been
used (cf. Table S1).
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The preference of the oxygen vacancies for the subsurface sites of the doped reduced ceria
surfaces has been explained as the result of the larger energy gain due to the lattice relaxations
that accompany the removal of a neutral oxygen atom in the subsurface, as compared to an
oxygen atom at the surface. This explanation is also valid for the preference of vacancies for
subsurface sites in the pure ceria surface [36]. Similarly, for both the doped and undoped reduce
surfaces, the Ce®* preference for the next-nearest neighbor cationic sites to both surface and
subsurface vacancies has been explained by the better ability of the systems to accommodate
the lattice strain induced by the presence of the vacancies, as well as by the localization of the
excess charge; a Ce** ion is more spacious than its Ce* counterpart and at nearest neighbor sites
Ce*-0 bonds would be compressed. This preference is more pronounced for the doped
surfaces.

Finally, we found that Zr doping has an important effect on the actual energy cost to create
near-surface oxygen vacancies at the CeO(111) surface. Zr doping results in an overall lowering
of the vacancy formation energy with values that are lower by up to 0.9 eV than those obtained
for the creation of the corresponding vacancies in the undoped surface (cf. Figure 8). Our
calculations show that Zr in (Ce,Zr)0,(111) induces changes in the O-(Ce/Zr) bonds distances that
results into more labile oxygen atoms bonded to Zr, as compared to the corresponding atom in
the undoped Ce0(111) surface, which are then easier to remove. Moreover, lattice relaxation
effects following oxygen removal are larger for the doped systems, which further stabilizes the
vacancies in the presence of Zr dopants.

In catalytic applications, Zr doping is used to enhance the thermal stability and to increase
oxygen release from ceria. Our results provide a microscopic understanding of the interplay
between doping, vacancy formation, lattice relaxations, and the localization of the excess charge

that will be key to understanding surface chemistry and catalysis on (Ce,Zr)0,(111) surfaces.
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Supporting Information

Table S1. Calculated change in the surface energy, A7"(J/m?), as function of Zr concentration, 9

(ML), for different dopant configurations (cf. Figure 1). Al inrelaxed—AT reiax is the amount by which

the surface energy is lowered due to lattice relaxations in the presence of the Zr dopants. In the

“scheme” column, the solid circle indicates the Zr atoms in each trilayer.

Cell Zr atom location 9 Scheme | Alnreiaxed AT retax Al unretaxed—AT velax
o
O
Zrru @) 1.5522 1.0032 0.549
O
O
O
o
Zrr @) 1.017? 0.330° 0.687
O
1x1 | 0
O
O
Zrus ° 1.022 0.367 0.655
O
O
O
O
Zrria O 1.036 0.343 0.693
[ ]
O
o
Zre O 0.425 0.172 0.253
O
1/4 O
Zri3 ° 0.247 0.118 0.129
O
O
Zre O 0.283 0.135 0.148
2x2
o
[ ]
Zr3-zr7 1/2 ° 0.637 0.252 0.385
O
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@)

Zri3-zrie o0 0.473 0.218 0.255
O
O
743-7rY7 ° 0.507 0.260 0.247
°
°
Zri3-zri6-zr8 (Y 0.875 0.335 0.540
O
O
Zri3-zr15-7r16 (YY) 0.696 0.289 0.407
O
3/4 0o
Zr3-7rt6.zrV7 X 0.731 0.337 0.394
°
°
Zr8-zr3-zrY7 ) 0.719 0.356 0.363
°
O
2x2 Zri3-zrt5-zrie-zrt? (YY) 0.954 0.368 0.586
°
O
Zri3-zr17-718.7,20 ° 1.033 0.368 0.665
YY)
O
Zri3-7r16-7¢17-7¢20 [ X ) 0.991 0.308 0.683
Y
Y
Zr7-Zr8-Zr3-7r% 'Yy 1.279 0.500 0.779
O
oo
Zr’-72r8-7r%7-7r18 O 1.349 0.639 0.710
1 [ X J
°
Zr5-Zr13-zr16-zrV7 'Y 1.134 0.423 0.711
°
YY)
Zro-7r%-72r7-7r® O 1.6442 1.001° 0.643
O
Zri3-zr14-zr1>-7r16 © 0.917° 0.3132 0.604
YY) : . .
O
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3x3

( ]
zrt o) 0.173 0.080 0.093
1/9 8
210 . 0.119 0.053 0.066
O
[ X J
zr'-z02 o) 0.346 0.166 0.180
O
[ X J
7rt-7e° o) 0.346 0.155 0.191
O
2/9
e
Zr10-7¢1t oo 0.237 0.105 0.132
O
O
Zr10.7¢15 oo 0.237 0.102 0.135
O
....... L]
270, 765 7¢° o) 1.563° 1.011° 0.552
g
7 10_ 7 11.“ 7 17_
i K o | 1.060° 0.3082 0.752
O

aThe energy difference between the A/ values obtained from calculations with 1, 4, or 9 Zr dopants in
either TL1 or TL2 with (1x1), (2x2), and (3x3), respectively, should be negligible because they all
correspond to 1 ML. Small differences are likely to originate to differences in the number of Ce—O-Ce
trilayers and the thickness of the vacuum layer in the slabs, namely, 6 TLand 17 A, 5 TL and 10 A, and 4

TLand 14.5 A, respectively.
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Table S2. Average bond lengths within the first, second and third coordination shell (CS) of the
Ce (Zr) atoms in TL1, TL2 and TL3 in Ce0;[(Ce,Zr)0O;] (111). The difference (A) between the
average Ce—0 and Zr—0 bond lengths with O either in the first or third coordination shell of the
cations, as well as that between the average Ce—Ce and Zr—Ce bond lengths, are also included.

Bond length (pm) in
Ce,Zr)02 A (pm)
Ce-0O | Ce—Ce | Ce-O Zr-0 | Zr—Ce | Zr-O
Cs 1 2 3 Cs 1 2 3 1 2 3
TL1 236.9 387 452.7 | TL1(Zr®) | 227.4 | 384.7 | 449.8 | 9.5 2.3 2.9
TL2 236.9 | 386.7 | 453.6 |TL2(Zr'3)| 228 | 384.8 | 452.1 | 8.9 1.9 1.5
TL3 236.8 | 387.3 | 454.5 |TL3(zr')| 228.5 | 385.9 | 453.7 | 8.3 1.4 0.8

Bond length (pm) in CeO;
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Table S3. Near-surface oxygen vacancy formation energy at the (Ce,Zr)0O, (111) surface, Er (eV),

for several configurations with respect to the locations of the Zr dopant, the vacancy, and the

associated Ce®" ions. The structures are labeled zZr¥'3- V78 where Zr¥'? denote the dopant

location (Zr

TL1/TL2

, cf. Figure 1), V*® the vacancy location (V™*¥™2?), and the sub-indices n and m

denote the neighboring cationic coordination shells in which the two Ce3* are located. Selected

distances are given in A. The shortest distance is included in those cases with multiple options.

Configuration
Es(eV) Zr-VA/e VAB_Ce3t Ced*—zr Ce¥*—Ce

Zr-VAB Zrit -ty

Zri-Vh,, Zré-V4; 15 1.62 2.40 4.38 5.80 3.91 3.67 5.66
Zr8 VA, Zr8 -\ 6 1.87 2.44 2.55 2.55 3.57 3.57 3.70
Zré-vh,, Zré-Vs 14 1.32 2.43 4.40 4.45 3.90 5.24 4.03
Zri-vA, Zr8 Vs 15 1.35 2.48 4.42 4.25 3.90 3.69 4.05
Zri-\B,, Zré Vil 2 1.16 2.57 4.49 4.46 3.83 5.30 3.85
Zré-VB, Zré-Vii; b 1.33 2.59 2.40 4.48 3.93 3.88 5.51
Zr-VEy, Zr8 V10, 15 1.29 2.58 4.49 4.41 3.85 3.73 3.86
Zré-VB, Zré-v12; 5 1.43 2.64 2.48 2.34 3.70 3.93 4.12
Zr8 Ve, Zré V1%, 1.75 2.62 2.50 2.50 3.69 3.69 3.77
Zr-\VEy, Zr8 V1% 1 1.19 2.64 4.45 4.40 3.86 3.75 3.85
Zri3-vA, Zr3Vg 2.43 5.83 2.39 4.43 3.83 3.88 5.47
Zri3ovAy, Zri3-v3, , 2.18 4.45 2.46 2.48 5.45 3.84 3.68
Zri3o\Vey, Zri3—viZg g 1.63 2.37 2.52 4.45 4.14 3.88 3.94
Zri-VPy, Zr3-\P14g 2.27 4.54 2.42 4.54 3.88 3.84 5.52
Zrisovey, Zri3-Vo 14 2.59 4.50 2.51 2.41 3.95 3.83 4.08
Zri3 Ve, Zri3 V22,0 1.88 2.38 2.50 4.41 4.17 3.87 4.00
Zri3-\Ve,y, Zri3Vizg e 1.26 2.37 4.51 4.41 5.57 3.87 3.86
Zri3 Ve, Zri3 Vi, 1.76 2.38 2.53 2.53 4.12 4.12 3.77
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Zr3-Vy, Zrev2, f | 1.92 2.47 2.73 2.43 427 | 371 4.18
ZriV™y |z e 25 2.47 2.48 2.48 3.07 | 4.11 3.98
Zrio-vAy, Zro-vi, ¢ 2.60 7.08 2.46 2.46 6.78 | 6.78 3.7
Zro-vAy, Zr'o-v1, s 2.28 7.07 2.47 4.50 6.79 | 7.86 3.88
Zrio-vA, Zro-Vis 4 1.88 7.09 4.51 4.49 7.88 | 3.87 4.01
Zro-vey, Zrio-vi 2.45 7.16 2.56 2.56 699 | 6.99 3.74
Zro-vey, Zro-vis 4, 237 7.16 4.55 4.50 7.86 | 3.98 3.88
Ce0,—VA, Ce0,—V's g 2.52 2.48 2.54 3.65
Ce0,-VA, Ce0, V3316 2.24 4.51 4.48 4.01
Ce0,-VE;; Ce0, -V ; 2.39 2.52 2.52 3.75
Ce0,-V, Ce0, V%35 | 1.89 4.55 4.53 3.85

3|nitialconfiguration (IC): Zr®—V*s 14

b1C: Zr8—V4ie5
IC: Zr-V?7,13
d1C: zr13 V3316
eIC: Zr3 V36,15

f8The oxygen vacancy is located in TL2 in the third!? and fourth'® oxygen layer, respectively.
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Table S4. Formation energy of surface oxygen vacancies at the CeO, and (Ce,Zr)0O, (111)
surfaces, Ef(eV/atom) (cf. Table S3), Ce3*—0 corresponds to the average Ce**—0 bond lengths (in
A) in the relaxed structures.

Unrelax Relaxed
System £ E Ce*—0 E; Ce**-0
f VAL VA VA, VA,
Clean 3.81 2.52 2.39 2.28 2.24 2.50 2.51
Zr8 3.17 1.87 2.42 242 1.32 2.57 2.52
ZrB 3.42 2.18 2.42 241 - - -
zr' | 388 | 260 | 244 244 | 1.88 | 254 251

Table S5. Formation energy of subsurface oxygen vacancies at the CeO, and (Ce,Zr)0O, (111)
surfaces, Er(eV/atom) (cf. Table S3), Ce3>*—0 corresponds to the average Ce*—0 bond lengths (in
A) in the relaxed structures.

Unrelax Relaxed
System £ E Ce’*—0 E; Ce**-0
' Ve VB, Vey Ve
Clean 3.96 2.39 244 2.44 1.89 2.52 2.49
Zré 3.46 1.75 244 2.43 1.16 2.54 2.51
Zrt3 3.76 1.76 244 2.44 1.26 2.52 2.51
Zr 3.95 2.45 247 2.44 2.37 2.52 2.50
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