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Abstract

H, dissociation on ceria (CeO,) has attracted much attention in the last years because of its
potential application in catalysis for hydrogenation reactions, as well as for the stabilization of hydride
bulk and surface species. The ability of ceria to split hydrogen is strongly dependent on the surface

morphology. However, to the best of our knowledge, the reactivity of the cerium sesquioxide Ce,O3 A-
type (hexagonal structure with space group P3m1) has not been previously addressed. In the present

study, we investigate (i) the formation of oxygen vacancies in A-Ce,O3 bulk and (i) the effect of the

surface topology in the H, dissociation and in the oxygen vacancy formation for the four most stable
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surfaces of A-Ce,O3: (0001), (01-11), (11-20) and (11-21). Our results indicate a significant decrease of
the energetic barrier for the hydrogen dissociation compared to stoichiometric CeO,, with an activation
energy of ~0.1 eV. Interestingly, Ce,O3 surfaces lead to a heterolytic product with hydride species more
stable than the homolytic product, which is the opposite behavior found in CeO,. These results suggest
a better performance of Ce,O3 than CeO; for H, dissociation and provide insight in the nature of hydride-
Ce,03 interfaces that could be important intermediates in the formation of CeHy phases from cerium

oxide.
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1. Introduction

Cerium oxides (CeOx with 1.5 < x < 2.0) are promising materials widely used in the fields of
catalysis™? and energy® as well as other technological applications* due to its special electronic
properties.” The reducibility of ceria, i.e. its ability to release and store oxygen, is closely related to the
facile and reversible change of oxidation states of Ce atoms (Ce*" — Ce®) and determines in great
manner its properties.®® In this sense, partial reduction (CeO.., 0 < x < 0.5) may lead to different
behavior than complete reduction (Ce,Og3). The former is related to the presence of oxygen vacancies
without change of the crystalline structure (typically a fluorite) whereas the latter corresponds to the limit
case where all the Ce atoms are reduced into Ce*" with a sesquioxide A-type (hexagonal) structure.’ In
the last years, much effort was put in the comprehension of the partial reduction impact on the ceria
surface property™™™® and reactivity' ', with much less insight in Ce,Os; compositions. In standard
conditions of pressure and temperature, Ce,Os is not a stable material but recent development of new
experimental techniques and protocols make possible the synthesis of Ce,Oj3 particles.?>?> Furthermore,
the reduction of (111)-CeO, can also lead to the formation of (0001)-A-Ce;03.°?" However, to the best
of our knowledge, the reactivity of Ce,O3 surfaces has not been addressed in the literature. In this work,
the four most stable terminations of Ce,O3 were investigated, and a detailed description of the geometry,
energetics and electronic structure is provided together with an analysis of its reactivity towards H,
dissociation.

Recently, ceria has been successfully used in hydrogenation processes® > with high activity and
selectivity, thus opening new avenues in hydrogenation catalysis application in the absence of noble
metals.*** The mechanism of the H, dissociation on the (111)-CeO, surface was proposed by Garcia-
Melchor et al.*®* and Fernandez-Torre et al.** : the H, molecule dissociates according to a heterolytic

pathway forming a hydride/proton pair (Ce—H/OH) which is 0.7-0.8 eV endothermic, although the



homolytic final product Ce**—OH/Ce*-OH is energetically very favorable, 2-3 eV exothermic with
respect to the reactants initial energy. Very recently, H, dissociation was also investigated on other CeO,

36,38

surfaces™ and it was found that the surface termination plays a key-role on both the activation energy

and the stabilization of the heterolytic product. However, the homolytic product reminds systematically

the most stable one, disfavoring the presence of hydride species at the surface 333303

39
l.

Previous work of Vecchietti et al.™ report the formation of Ce—H hydride species as a key step in

28 29
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the semi-hydrogenation of alkyne. Moreover, Vilé et al.® and Carrasco et al.”” have shown that the
presence of oxygen vacancy was detrimental to the alkyne hydrogenation. Because Ce,Oj3 surfaces are
expected to have a non-reducible character®®, on the one hand, the heterolytic product will be favored
over the homolytic one** leading to the stabilization of surface hydrides. On the other hand the
formation of oxygen vacancy is expected to be significantly less favorable than on CeO; surfaces. In this
context, Ce,O3 appears like a very promising catalyst for semi-hydrogenation of alkyne, and more
generally for all kind of hydrogenation reaction.

Herein, we provide in a first part a structural description of the most stable A-Ce,O3 surfaces and
propose a structure-stability relationship. Then, the non-reducible character of A-Ce,O3; bulk and
surfaces will be investigated my means of the oxygen vacancy formation energy descriptor. And finally,

we report for the first time the study of H, dissociation on A-Ce,O3; surfaces with unexpected and

extremely low activation energies.

2. Methodology

2.1. Computational details

All the calculations are computed within the Density Functional Theory (DFT) as implemented in

the Vienna Ab initio Simulation Package (VASP) program, version 5.4.4.*. Projector-Augmented



4748 (PAW) pseudopotentials were used to describe the core electrons. Kullgren et al.*® have

Wave
shown that both standard and soft pseudopotentials of oxygen yielded to a correct description of Ce;Os.
Moreover, Skorodumova et al.*® showed that the localized 4f electrons in Ce,O3 can be modeled by a
core state model (CSM), i.e. by treating the 4f electrons as a part of the core electrons. Thus, the
following PAW pseudopotentials were used: trivalent pseudopotential for cerium (i.e. with 4f electron kept
frozen in the core), soft one for oxygen and standard pseudopotential for hydrogen. Regarding the
valence electrons (i.e. Ce: 55°5p®5d'6s% O: 2s?2p* and H: 1s%), they were expanded in a plane waves
basis set with kinetic energy cutoff of 300 eV. The Perdew-Becke-Emzerhof (PBE) functional®™>? was
used. Total energies were converged to 10° eV in the self-consistent field and structures were relaxed
using a conjugate-gradient algorithm until the Hellmann-Feynman forces acting on each atom were
lower than 10Z eV/A. Spin-polarized calculation were carried out for the homolytic product (OH,OH). This
computational scheme leads to excellent agreement for optimized bulk parameters, intermediate
species stability and oxygen vacancy formation energy, see below and Table S1.

To find transition states, a two-step protocol was followed. First, the Climbing Image Nudged

Elastic Band>>*

(CI-NEB) algorithm including at least five images along the reaction coordinates was
used in order to get a good guess of the transition state, typically after 150 iterations. Then, the Improved
Dimer Method>>° (IDM) was employed to climb up to the stationary point. The nature of all the transition
states (TS) was confirmed by performing a frequency analysis using the numerical Hessian matrix
obtained in the framework of finite difference method with atomic displacement of 0.015 A. The
eigenvector of the imaginary frequency was checked to lead to initial and final states.

The Infrared (IR) spectra were computed in the Density Functional Perturbation Theory (DFPT)

framework®’. The intensity of the vibrational modes was calculated in the dipole approximation and was

extended in a terms of Born Effective Charge (BEC) and displacement vectors®;



where I(o) is the intensity of the vibrational mode o, @ and f represent the cartesian polarizations, i

denotes the atoms, Z,; (i) is the BEC tensor of the i™ atoms and ep (i) its normalized eigenvector of the

" mode.

2.2. Surface models
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2.452

Fig. 1 Crystalline structure of A-Ce,Osz bulk. Cerium and oxygen 4-fold (O4c) and 6-fold (O6c)

° Oxygen 4c

Zap (D) ep(i)

coordinated atoms are depicted by yellow, red and orange balls, respectively.

The cerium sesquioxide Ce,Os A-type structure (hexagonal space group: P3m1) is the most
stable phase under standard conditions’®?*#9**%®_|n this crystalline structure depicted in Fig. 1, the two
cerium atoms are seven-fold coordinated while two of the oxygen atoms are four-fold coordinated and
the third one is six-fold coordinated, labeled as O4c and O6c, respectively. The optimized lattice
parameters of A-Ce,O3 using a Monkhorst—Pack®™ 15x15x8 k-point grid are in good agreement with

experimental values

62,63

and previous theoretical studies™®****%~" (Table 1).
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PW91?® | 397 | 6.15 0

HSE® | 3.87 | 6.07 | 0.246 | 0.646 ®

PBE+U° | 3.92 | 6.18 | 0.247 | 0.645 10
Exp. 389 | 6.06 | 0.245 | 0.647 | 3x2.34;1x2.43;3x2.69 6263

Table 1. Bulk properties of the A-Ce,Os structure: a and ¢ are the cell parameters (A), uce and up are the

internal parameters and dee.o is the distance cerium — oxygen (A).
& PAW calculation with the Ce 4f states in the core shell.
P PAW calculation with the Ce 4f states in the valence shell.

The optimized bulk structure was used to build the slab models. In a first step, the surfaces were
fully optimized, i. e. all the atoms were allowed to relax. Thus, the symmetry of the slabs is preserved,
and the surface energy is calculated to evaluate the relative stability of the surfaces. Then, the bottom
half slab was frozen for the study of vacancy formation and H, dissociation. We have investigated low
Miller indices surfaces and retain the four most stables: (0001), (01-11), (11-20) and (11-21) (Fig. 2). All
the surface models considered are non-polar, terminated so as to minimize the number of dangling
bonds left with respect to the bulk within the orientation chosen, and contain enough atomic layers to
converge the surface energy within 102 J/m? (see Supporting Information). A vacuum layer of at least 15
A thickness was introduced to avoid interactions between slabs. The properties (size, composition, atom
coordination) as well as the computational settings (Monkhorst—Pack k-point grid and frozen atomic

layers) of the four surface models are given in Table 2.

3. Results and discussion

3.1. Bare slabs



From a structural point of view, surfaces of high symmetry can be distinguished from surfaces
showing a low symmetry level. (0001) and (11-20) terminations belong to the high symmetry class with
only one surface Ce type and one and two surface O sites, respectively. (01-11) and (11-21) are low
symmetry surfaces with two inequivalent surface Ce sites and two and three surface O sites,
respectively. Moreover, the four surfaces differ also from the coordination number of their surface sites
(Table 2). Indeed, depending of the termination considered, Ce and O surface sites can be 5 and/or 6-

fold coordinated and 3 and/or 4-fold coordinated, respectively.

(11-20) (11-21)
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Fig. 2 Surface energy (in J/m?) of the low Miller indices surfaces of Ce,Os and side view of the structure
for the four most stable surfaces.
The stability of the bare surfaces was investigated by means of the surface energy calculated as:

Vi = Estab kil = NEpuik
hkl =
2Ankil

where Egap hii IS the energy of the (hkil) supercell, N the number of Ce>Oz bulk unit in the supercell,

Epuik the reference energy of one bulk unit and Ay,y;; the surface area of the supercell.
The stability trend of the studied surfaces is: (11-20) < (11-21) < (0001) < (01-11). A relationship between

the surface stability and the coordination number of surface sites was found. Indeed, it appears that the



and thus the lower surface stability.

lower the coordination number of both Ce and O surface sites, the higher the surface energy (Table 2),

(0001) (01-11) (11-20) (11-21)
supercell 3x3 4x2 2x2 2x2
lattice constants a=15.770 | a=12.389 | a=13.657

a=b=11.828
A) b=14.686 | b=13.657 | b=14.686
composition
_ 27 40 28 36
(Cez03 units)
atomic layers 15 25 7 45
(frozen/relaxed) 8/7) (13/12) 4/3) (22/23)
area (hm?) 1.21 2.23 1.69 1.78
k-point grid 2x2x1 1x1x1 2x1x1 2x2x1
coordination number Ce(6) Ce(6) Ce(5) Ce(5; 6)
of surface sites O(3) 0(3; 4) 0(3; 4) 0(3; 4)
Vi (I/M?) 0.73 0.69 1.09 1.02

Table 2. Size, lattice constants (in A), composition (in Ce,Os units), number of atomic layers, area (in

nm?), k-point grid and surface energies (in J/m?) of the slab models as well as coordination number of

surface sites.

3.2. Oxygen vacancy

Bulk

The formation of oxygen vacancy in Ce,O3 was investigated by removing one oxygen located in

the bulk or at the (sub)surface:

1
Ce** — 0 — Ce™ — 0 = Ce®* —[1L]- Ce¥* — 0+ -0y

The energy cost of the formation of this vacancy was calculated according to:



oV 1 1
Eform = N (Ebulk/slab,OV — Epulk/stab — Nov X EEOZ(g)>
ov

oV
form

where Ngoy is the number of oxygen vacancy, E is the formation energy of oxygen vacancy,

Epuik/siab,ov the energy of the bulk or slab with the vacancy, Epyik/sian the energy of the free-defect bulk
or slab, and E, (g the energy of O, molecule in gas phase (-9.28 eV, not corrected).

In the bulk, the formation of oxygen vacancy was investigated by considering one and two defects in the
2x2x2 and 3x3x3 supercells, corresponding to oxygen defect rate of 6 = {2—14 , 1—12 , é %} For one oxygen
vacancy, the defects of four and six-fold coordinated oxygens were considered and results in the study
of 2 configurations (one for O4c and one for O6c¢) for both 2x2x2 and 3x3x3 supercells. In the case of
two oxygen vacancies, the problem is more complex: removing two oxygen leads to 276 and 3240
configurations for the 2x2x2 and 3x3x3 supercells, respectively. However, by taking into account the
symmetry operations of the crystal, this reduces to 14 and 30 irreducible configurations for 2x2x2 and
3x3x3, respectively. All the possibilities were explored. For 2x2x2 and 3x3x3 supercell, the most stable
configuration is found for neighboring O6c vacancies along [010] and [110] directions, respectively (see
Figure S6).

Contrary to CeO, where the formation of an oxygen vacancy lead to the reduction of two Ce** in Ce*,
removing one oxygen in Ce,Os results in the formation of a vacancy filled by two electrons, also called F°
center (Fig. 3 and Fig. 5). The generation of an F° center after removing an oxygen from the structure is
characteristic of non-reducible oxides.*> From an electronic point of view, the formation of oxygen defect
in Ce»03 bulk is characterized by the appearance of a narrow band located around 5.5 eV, resulting in a
shift of the Fermi energy of +2.8 eV compared to the stoichiometric composition (Fig. 3). The Projected

Density Of States (PDOS) indicates a very small contribution of cerium and oxygen atoms to the highest

occupied band, which is characteristic of F° center. Moreover, the isosurface of this band, as depicted in

10



Fig. 3, confirms the formation of an F° center located on the oxygen vacancy. However, the PDOS
shows that the position and the width of the bands as well as their atomic contributions are not modified
when the oxygen defect are introduced (Fig. 3). This indicates that the electrostatic interactions between

the F° center and the neighboring Ce** cations tend to restore a bulk-like free defect configuration.

=

ov-04c

PDOS (arb. units)

| bulk

A=

1

1

1

1

1

1

1

1

o !

| AL L

-16.0 -145 -13.0 -11.5 -10.0 -15 0.0 15 3.0 4.5 6.0

E (eV) ov-O6¢c

Fig. 3 PDOS of bulk, O4c and O6¢ oxygen vacancies in 2x2x2-Ce,03 bulk as well as the isosurface of
the highest occupied band corresponding with a F° center located on the oxygen defect. The Fermi
energy is depicted by a dashed line. Cerium bound to the oxygen defect are represented by large balls
while all the other atoms are depicted with small balls for the sake of clarity.

The non-reducible character of Ce,Oj3 is also confirmed by the large energy required to form an oxygen
vacancy, i.e. > 5 eV (Table 3). The stability of F-centers has also been observed in other poorly reducible
oxides™, and is associated to a high coordination stabilized by electrostatic interaction with neighboring
cations. Two main effects account for the value of the formation energy of oxygen vacancy. First, the
relaxation, which is usually very small because the electrostatics maintains the structure around the two
electrons left, and second, the coordination of the oxygen site, which plays two opposite roles. Indeed,
on the one hand, the neighboring cations will stabilize the final product i.e. the electrons left, by means of

electrostatic interactions, and thus the formation energy tends to decrease. But on the other hand, a high

11



number of neighbors involves many bonds to be broken, thus a higher formation energy value. In the
case of Ce;0O3, the formation energy of O4c vacancy is higher than the one for O6¢ vacancy type. This

could indicate that the electrostatic effect is predominant and governs the stability of the oxygen defect.

1xOV 2x0OV
O4c O6c¢ 2x04c 2x06¢ O4c + O6¢c
2x2x2 6.47 6.24 6.41 -6.51 6.23-6.28 6.25-6.35
3x3x3 6.47 6.21 6.44 - 6.49 6.19-6.24 6.30 -6.34

Table 3. Formation energy (in eV) of oxygen vacancy in bulk for 2x2x2 and 3x3x3 supercell.

Moreover, it was found that the formation energy is strictly independent of the oxygen defect
concentration (from 6 = % to0 = 31_1)’ confirming that the oxygen defect in Ce,O3 is mainly governed by

electrostatic interactions between F° centers and Ce*" cations. More interesting, in the case of two

oXygen vacancies, the formation energy is equal to the average of the two isolated vacancies:

EZXOV _ %(EOVl + EOVZ

form = form T Fform

This means that if the two oxygen vacancies are of the O4c (O6c¢) type, then the formation energy will be
equal to the formation energy of O4c (O6c¢) vacancy, and if one of the oxygen vacancies is of the O4c
type and the other of the O6c¢ type, then the formation energy will be the average of the O4c and O6c¢

defects (Fig. 4).

12
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Fig. 4 Formation energies (in eV) of two oxygen vacancies for 2x2x2 (left) and 3x3x3 (right) in Ce,03
bulk supercells. The degeneracy of the oxygen vacancies configurations is also represented. The most
stable configurations are given in Supporting Information and correspond to neighboring O6c¢ vacancies

along [010] and [110] directions for 2x2x2 and 3x3x3, respectively.

Surface
Regarding the formation of oxygen vacancy on Ce,O3 surfaces, a bulk-like behavior is observed with the
formation of F° center (Fig. 5). The DOS of the oxygen vacancy is similar to the bulk one and is given in
the Supplementary Information. For the (01-11), (11-20) and (11-21) terminations which have non-
equivalent (sub)surface oxygen sites, all the different oxygen vacancies configuration were investigated
and their formation energies were summarized in Table 4. Moreover, the large formation energy of such
defect (> 5.5 eV) indicates that the surfaces retain the non-reducible character of the bulk. These results
suggest a lower density of oxygen defects on Ce,O3 surfaces compared to CeO, where the formation of

oxygen vacancy is of the order of 1.5 — 2.5 eV"*"*, depending on the termination.

(0001) | (01-11) | (11-20) (11-21)
EfOV 6.51 |5.73/6.00 | 5.20/5.15 5.50/5.74/5.82
ESSOV 5.94 6.11 |5.20/5.80 | 5.49/5.48/6.17/6.30
Ya (/M%) | 0.73 0.69 1.09 1.02
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Table 4. Formation energy of surface (SOV) and subsurface (SSOV) oxygen vacancies (in eV) as well
as surface energies (in JJm?). The structures related to the oxygen vacancy formation energy are given
in Supporting Information.

Furthermore, we can note that the energy cost increases inversely with the stability of the surfaces. This
can be explained by the relationship between the surface stability and its reactivity. Indeed, a stable
termination tends to be more inert — and so less reactive — than other less stable surfaces. It can be seen
from Table 4 that the (01-11), (11-20) and (11-21) terminations display similar formation energy values
for surface and subsurface sites, indicating a similar stabilization of the O-defective system. However,
the (0001) termination shows the opposite behavior, indicating that the local environment of the vacancy
in the subsurface position is more stabilizing for the vacancy. In other words, there is a trend for the
(0001) termination to stabilize vacancies in more inner positions, probably favoring the migration of
vacancies to the bulk. It is worth noting that from a structural point of view, the (0001) surface is very
similar to the CeO, (111) termination®’ (see Figure S8). Indeed, both show an hexagonal structure and
similar experimental lattice constants: 3.89 and 3.88 A for (0001)-Ce,0s and (111)-CeO,, respectively.
Moreover, in CeO,, the (111) surface is the only one where the subsurface oxygen vacancy is also

expected to be more stable than the surface one.”™

(@) (b)

o > Ve, ©
U WV
@ {{Q ;Q & (Q v\D‘ Q O
0c V. Ve O o O @ o

Fig. 5 Relaxed structure and isosurface of the band related to the F° center located on the defect for (a)

surface vacancy (6.51 eV) and (b) subsurface oxygen vacancy (5.94 eV) for (0001) surface.
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3.3. H, dissociation

The heterolytic dissociation of H, molecule on Ce,O3; surfaces leads to the formation of a
proton/hydride pair, bound to Ce and O sites, respectively. In the following, the heterolytic product will be
labeled (H*,H). For the surfaces showing different O and/or Ce surface sites, all the (H*,H) were
investigated but only the most stable one was reported. Moreover, the product of the homolytic
dissociation — labeled as (OH,OH) — was also considered in order to check if the heterolytic product is
susceptible to evolve toward the homolytic one, as observed in CeO,.¥3**® So, in this study, the
following reaction pathway was considered:

Ce,05 + Hyg — H3 — (H*,H™) = (OH, OH)
where Ce,O3 and H, represent the bare slabs and H, molecule in gas phase, H,* as the physisorbed
molecule, (H",H") and (OH,0OH) represent the heterolytic and homolytic products, respectively.

Energetic profile

All adsorption energies were referenced to the H, molecule in the gas phase and the bare slabs

and were calculated as:
Eids = Estabi — Estab — Eny(e)
where E. ;. is the adsorption energy of i species, Egiab,i the energy of the slab with i, E,}, the energy of

ads

the slab and Ey, () the energy of hydrogen molecule in gas phase.

15
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Fig. 6 At left: energetic profile (in eV) for the heterolytic dissociation of H, molecule on Ce,O3 surfaces.

The energetic profile for the CeO, surface (100)-O terminated is taken from ref.® At right: top and side
view of Hy*, TS and (H*,H") species on (11-20) surface.

The energetic profile of the dissociation is depicted in Fig. 6 and is summarized in Table 5. The nature of
hydride and proton species was confirmed by a Bader charge analysis.”"® For all the surfaces studied,
the weak adsorption of H, molecule indicates the physisorption nature of this first step. For the (0001)
termination, we did not find any (H*,H") species. This could be due to (i) no minimum on the potential
surface energy correspond with the (H*,H) species or (i) the potential surface energy is very smooth
around the local minimum corresponding to (H*,H") rendering the conjugate-gradient algorithm inefficient
to locate the minimum. In order to have an idea on the stability of such species on (0001) termination, we
have considered the configuration where the hydride and proton species are far and away, i.e. not on
neighboring oxygen and cerium sites, to prevent recombination as H, during optimization. The
corresponding (H*,H) pair was found to be endothermic of +0.97 eV. For all the others surfaces, the
(H",H) product is thermodynamically stable, i.e. with negative adsorption energies. This indicates that
Ce,03 stabilizes the heterolytic product compared to CeO, who tends to lead to an unstable (H",H)

product.**%® Furthermore, the activation energy of the dissociation is very low, from 0.04 eV for (11-20)

16



to 0.13 eV for (11-21). Thus, the H, dissociation is expected to be very favorable on Ce,O3 surfaces, in
contrast with CeO, where the activation energy is still significantly larger (although dependent of
structure of the termination®). Moreover, the energetic profile of H, dissociation is smooth (i.e. with
energy differences in the range of |0.28| and |0.47| eV between transition structures and final states).This
means that Ce,O3 surfaces are good candidates to split H, because the required activation energy is
very low, and they do not over stabilize the product. However, for the (01-11) and (11-21) surfaces, the
slight endothermicity (-0.25 and -0.35 eV, respectively) of the heterolytic product (H*,H) indicates that it

can easily desorb back as H, molecule.

(0001) | (01-11) | (11-20) | (11-21)
Ho* 004 | 007 | 018 | -012
TS / 0.03 -0.14 0.01

H'H) | 097® | -0.25 -0.61 -0.35

(OHOH) | 2386 1.92 0.85 1.06

Table 5. Adsorption energies (in eV) of the species involved in the H, dissociation process. @ The

hydride and proton species are far and away (dy+_g- = 5.927 A).

Finally, we can note that the homolytic product (OH,OH) in Ce,O3 leads to two electrons left in the
surface due to the non-reducibility of Ce®" cations, contrary to CeO. surfaces where it gives rise to the
reduction of two Ce* ¥3%*® The Bader charge analysis as well as the PDOS of (OH,0H) species
indicate that these two electrons are mainly localized on the oxygens bound to the hydrogen atoms and
on the cerium previously involved in Ce—H bond. The homolytic product is on the one hand much less
stable than the heterolytic product (H*,H) and on the other hand strongly endothermic. These results
argue in favor of the stabilization of hydride species on Ce,O3 surfaces. It is important to note that on
CeO,, the H, dissociation occurs according to an heterolytic mechanism, like Ce,O3, but leads to

homolytic product due to the strong exothermicity of (OH,OH). The differences of behavior between

17



Ce0O; and Ce,03 can be explained by the reducible and non-reducible character of these metal oxides.
Indeed, while reducible metal oxide like CeO, promotes the homolytic product, an irreducible oxide as
Ce,05 favors the heterolytic pathway and product. Poorly reducible oxides like MgO™®! or zrO,* are
also found to stabilize surface hydride species.

To summarize, Ce,O3 surfaces show two interesting advantages over CeO,: they allow to
dissociate H, with an extremely low activation energy, and favor the hydride species by avoiding the
evolution of (H",H") toward (OH,OH).

Electronic structure

From an electronic point of view, the H, dissociation mechanism on Ce,Os; surfaces is
independent of the terminations and the electronic transfers are well identified. Because all the surfaces
studied display a similar behavior, only the PDOS of the different step of H, dissociation for (01-11)
termination were depicted in Fig. 7, where only the projections of Ce—H and O—H atoms were depicted
for the sake of clarity. The PDOS of the other surfaces are given in Supplementary Information. First, the
physisorption of H, is characterized by the appearance of a narrow band around -7.2 eV which is typical
of H, molecule. Then, for TS, the electron transfer from H** to H® is initiated with the rise of the H, band
splitting. Indeed, we can observe the appearance of a wide band just below the Fermi energy associated
to hydride species while the remaining H, band around -6.8 eV is related to proton species. Finally, the
formation of heterolytic product (H",H) marks the end of the electronic transfer with two well defined
bands around -6.8 eV and -1.0 eV associated to formal proton and hydride species, respectively.
Regarding the homolytic product (OH,0OH), the two electrons coming from H, molecule are well localized
in the narrow band around +2.0 eV. The appearance of this band filled by the two electrons has for

consequence to shift the Fermi energy to +3.0 eV compared to the heterolytic product (H*,H). This can
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explain the endothermicity of (OH,OH) and why such species are expected to be unstable on Ce,O3
surfaces.

During the heterolytic dissociation, the Fermi energy is not or slightly shifted (i.e. < 0.1 eV), and this for all
the terminations studied. Similar observations where reported for low activation energy of H, molecule
on CeO, surfaces.® More precisely, we found that the bands related to the TS and (H*,H) are
overlapping with the slab bands (Fig. 7). Interestingly, previous work of Santos et al.%* reported that this
overlap is associated to a lower activation energy for the hydrogen evolution reaction in metals. Thus,
the overlapping between heterolytic product and slab bands could be an indicator for the stability of
product and the activation energy: stable product and low activation energy are expected in the

presence of such overlapping while its absence leads to unstable product and higher energetical barrier.
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Fig. 7 DOS (x0.04) of slab, H»*, TS, heterolytic product (H*,H) and homolytic product (OH,0OH) for (01-
11) surface. PDOS (x1.00) of atoms directly involved in the H, dissociation process, i.e. oxygen and
cerium bound to hydrogen atoms, are also represented. The cerium, oxygen and hydrogen PDOS are

depicted by blue, red and green lines, respectively and the Fermi energy is represented by dashed lines.
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Infrared spectra

The Infrared spectra were computed for all the (H",H") species using the same methodology
presented in our previous work®. Vibrational region of hydrogen species on reduced cerium oxide
Ce,03 are similar to the ones found for oxidized ceria CeO, with the distribution of the wavenumbers in
three regions (Fig. 8): the bending modes of Ce—H and O—H are characterized by low frequencies (550
— 900 cm™); Ce—H and O-H stretching modes show higher frequencies in the region of 900 — 1200 cm™
and 2600 — 3600 cm™, respectively. For the (01-11) surface, the red shift observed in the O—H stretching
is not due to hydrogen bond but to the non-zero interaction between the two hydrogens atoms (dy+ =
1.412 A). Moreover, the Ce—H stretching mode on Ce;0s is shifted to lower wavenumbers compared to
CeO,. This expected redshift for the Ce—H stretching vibration can be explained by the observation of

larger bond length distances between Ce and H in Ce;03 (dcen ~ 2.5 A compared to ~ 2.2 A in CeO,).

O-H

& Ce-H™
Ce-H™ stretching O-H
bending stretching

900 1000 1100 1200

(11-21)

(11-20)

Intensity (arb. unit)

(01-11)

—A (0001) A

T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

o (cm™?)
Fig. 8 Computed Infrared Spectra of the dissociation product (H*,H") for the four surfaces studied. For the
(0001) termination, the spectra is given for the structure where the hydride and proton are far and away.
Intensities are given in arbitrary units. A gaussian broadening of 15 cm™ width is applied on the

intensities.
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Interestingly, the intensities of vibrations involving hydrides are expected to be important (Table 6) and
contrary to CeO,, hydrides on Ce,O5 are both thermodynamically stabilized and more stable than the
homolytic product. These results suggest that the observation of hydrides is much more probable on

Ce,03 and enable the characterization of this species with IR spectroscopy.

(0001)® | (01-11) | (11-20) | (11-21)
11440 | 11476 | 9432 | 9539
(1.00) | (0.28) | (1.00) | (0.95)
38145 | 2762.3 | 35280 | 3421.3
(0.06) | (1.00) | (0.64) | (1.00)

Table 6. Wavenumbers (in cm™) and their Infrared intensities (in arbitrary unit) in brackets for Ce—H and

stretch
VCe-H

V%tretch

O—H vibrational stretching modes for (H*,H) species on (0001), (01-11), (11-20) and (11-21) surfaces.

@ Hydride and proton are far away

4. Conclusion

In summary, this work provides a detailed description of the four most stable surfaces of A-Ce,O3
and investigated the reactivity of these surfaces by considering H, dissociation and oxygen vacancy
formation. The former shows important features in catalytic field, in particular in semi-hydrogenation of
alkyne, the latter one provides precious information about the non-reducible character of Ce,O3.

Compared to CeO,, the complete reduction of ceria (Ce,Os) is characterized by three major
changes in the H, dissociation:

()] decreasing significantly the activation energy leading to a quasi-spontaneous reaction with an
energetic barrier as low as ~0.1 eV;
(i) thermodynamically stabilizing surface hydride species while on stoichiometric ceria (CeOy,),

this was only observed for (100) surfaces;
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(iir) favoring heterolytic product compared to homolytic one, thus promoting the stabilization of
hydride more than the hydroxyl species while on CeO,, the inverse is observed even on
partially reduced surfaces.

Moreover, our results confirm the vibrational region of surface hydride on cerium oxide in the
range of 900 and 1200 cm™.

Regarding the reducibility of Ce,Os, our results show that the formation of oxygen vacancy leads
to the formation of F° center and highlight the non-reducibility of Ce,Os. Moreover, our results indicate
that the formation of oxygen defect in Ce,Oj3 is mainly govern by electrostatic interactions between F°
center and Ce®*" cations which maintains the structure. We also found that surface oxygen vacancy is
preferred to subsurface positions, except for (0001) termination where the subsurface vacancy is

favored, as observed in the (111)-CeO, termination too.

Supporting Information

Results of the choice of the cutoff for the bulk and thickness convergence tests for all the slab
model. The structures (POSCAR format) of bare slabs, TS and (H",H) minima were also given. The
DOS and PDOS of oxygen vacancies as well as the different steps involved in H; dissociation were

provided for all the surfaces.
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