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ABSTRACT: Periodic spin-polarized hybrid density functional 0
. : . 2ads
theory calculations have been performed to investigate the
reactivity of pristine, O-defective, and Ag-decorated CeO,(111)
and TiO,(110) surfaces with a small Ag), cluster toward O,. The
adsorption of O, and its subsequent dissociation have been studied
in order to provide a better understanding of the role of the oxide,

|
the metallic nanoparticle, and their interaction in the reactivity of VO
composite metal/metal oxide materials toward O,, as potential

catalysts to this reaction. Structural, energetic, electronic, and

P 4 S . . leeO2
vibrational properties of all species involved in the different )
reaction paths considered have been fully characterized. On the Me=Ce/Ti

stoichiometric surfaces, Ag,, is oxidized and reduces surface Ce*/
Ti* ions, while on the O-defective surfaces, the adhesion of silver is promoted only on CeO, but unfavored on TiO,. On the other
hand, on the silver-free supports, O, strongly adsorbs at vacancies and preferentially reduces to peroxide. When no O vacancies are
considered on the Ag,,-decorated supports, the net positive charge on Ag;, actually prevents the adsorption and reduction of O,.
Instead, when O vacancies are included, two reaction pathways are observed; oxygen molecules can weakly absorb on the silver
cluster as a superoxide moiety or strongly adsorb at the vacancy as peroxide. The dissociation of the O—O bond of the peroxide is
favored both from the thermodynamic and kinetic points of view in silver-decorated surfaces, in contrast with the silver-free cases. In
addition, Ag,,/CeO, shows higher activity toward the O, adsorption and dissociation than Ag,,/TiO,, which can be related both to
the higher ionicity and superior electron storage/release ability of ceria with respect to titania, thus leading to the weakening of the
O—-0 bond and providing lower activation barriers for oxygen reduction. These results deepen the current understanding of the
reactivity of metal/metal oxide composites toward O,, especially elucidating how the surface stoichiometry affects the charge state of
the metal clusters, and hence the reactivity of these interfaces toward O,, with potential important consequences when such
composites are considered for catalytic applications.

1. INTRODUCTION composites have shown promising oxidant activity only
Transition-metal nanoparticles (NPs) dispersed over metal- recently.”

oxide supports constitute one of the main types of Two mechanisms have been proposed to explain the
heterogeneous catalysts, with countless applications in many oxidation activity of these systems: one involves the release
industrial and technological processes for the abatement of of O from the oxide lattice (Mars-van Kravelen, MvK) and the
environmental pollutants produced by industrial activity and other involves the production of oxygenated species as
motor vehicles.' ™ In particular, catalysts based on silver NPs peroxide (0,27), superoxide (*O,7), or atomic oxygen (O

supported at the oxide surfaces are appealing for their high
activity in low-temperature oxidation processes’ ' and their
remarkable lower costs with respect to those based on gold and
platinum, making them more suitable for large-scale
applications.”'” Tt is known that the catalytic activity toward
the oxidation of silver NPs supported on reducible oxides is

or *O7), when O, molecules interact with reactive sites
(oxygen vacancy, oxide/metal junction, or metal particle
surface) on the catalyst surfaces. These highly reactive
oxygenated species react with the co-adsorbed substrate

enhanced'? by the metal-support interaction effects which Received: October 6, 2020
boost the reactivity of both the support and metal>'*"® Revised: ~ October 29, 2020
Among the reducible oxides, ceria (CeO,) and titania (TiO,) Published: November 15, 2020

have been the most investigated ones in catalysis.'® Although
Ag/CeO, composites are known to be highly active for a huge
number of catalytic reactions,”>”*'%'V171% the Ag/TiO,
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(Langmuir—Hinshelwood mechanism, LH) or the gas-phase
substrate (Eley—Rideal mechanism, ER)."**

The MvK mechanism involves the formation of an oxygen
vacancy (V) at the oxide surface MO, (CeO,/TiO,), with the
reduction of a couple of M**(Ce**/Ti*") cations to M**(Ce®*/
Ti**) for each neutral V,, formed.”"”*” Because this reaction
modifies the stoichiometry of the catalyst, another mechanism
is required to annihilate the vacancy; O, readily reacts at the
vacancy site, oxidizing the surface and generating oxygen
species able to react with the substrate following either the LH
or the ER mechanisms. While the MvK mechanism is well
characterized for CeO,,”* which is able to oxidize many species
even without dopants or supported metallic phases, stoichio-
metric TiO, surfaces are quite unreactive toward the oxidation
of CO,"® but their reactivity can readily be boosted by the
addition of dopants or metallic phases.”**

The understanding of the reaction mechanism of these
catalytic processes is of critical importance but is complicated
by several critical parameters affecting the observed reactivity.
In particular, one of the crucial steps is the activation of O, to
form the reactive oxygen species which are then subsequently
involved in the oxidative process. Several theoretical works,
based on density functional theory (DFT) methods, have
already investigated the interaction between O, and the main
surfaces of these oxides, also considering additional supported
silver clusters.”*"*>*°*%1%% A direct comparison of the results
obtained is however difficult due in particular to the different
methodologies considered, as well as to the different structural
models chosen in these works (supercell, slab size and slab
thickness for instance). One of the main difficulties is the
strongly correlated 3d and 4f states associated with the Ti**
and Ce®" ions, a characteristic of the reduced surfaces. Indeed,
they are often described as largely delocalized by the most
popular density functional approximations. A simple solution
to this issue is the so-called DFT + U method, which uses a
one-site potential, an additional term dependent on the
Hubbard parameter U, to enforce the localization of the
problematic 3d or 4f states.””*® Even though this method is
computationally inexpensive, all the evaluated properties then
depend on this parameter, including energies and structural
parameters, making a comparison of results obtained with
different U values difficult, even for systems based on the same
oxide. On the other hand, although more computationally
demanding, hybrid-DFT methods which include a certain
amount of exact exchange, can be used to describe such
systems in a more general way because they are applied on the
whole system and not only to the problematic 3d or 4f
states.””** The same hybrid functional can then be applied to
different materials with expected similar deviations for the
computed properties, allowing a more consistent comparison
of the results.”” Furthermore, hybrid functionals are generally
more accurate than DFT + U for both the insulating support
and for the molecular species, even if their performances may
decrease for conducting phases.*”’

In this work, we present a comprehensive investigation and
comparison of Ag/CeQO, and Ag/TiO, composites toward O,,
with the aim to highlight the differences and unravel the
mechanisms of the catalytic activity of these two systems, using
a periodic hybrid DFT approach. The most thermodynamically
stable surfaces of the two oxides, CeO,(111) and rutile
Ti0,(110), were selected as supports for an Agy, cluster. The
silver/MO, junction is described in terms of adsorption
energy, electronic structure, atomic charges, and spin polar-

ization. Additionally, the effect of a surface vacancy, V, has
been considered in the formation of the interface. Finally, the
interaction with O, has been investigated for both silver-free
and silver-decorated surfaces, highlighting the role of V5 and
considering two pathways corresponding to the formation of
the peroxo and superoxo species.

2. COMPUTATIONAL DETAILS

Spin-polarized DFT calculations have been performed with the
ab initio CRYSTALI17 package,”’ adopting the global hybrid
PBEO°” functional with atom-cantered basis set constituted by
Gaussian type functions. The choice of this functional is
related to its good performances to reproduce many features of
the bulk and surfaces of stoichiometric and defective cerium
oxides [CeO,, Ce,0; and CeO,_ ,(111)]°° and titanium
oxides.”*™>*

A 2D supercell periodic approach has been used throughout
this work. Models of the chosen p(4 X 4) slabs of CeO,(111)
and Ag;o/Ce0,(111) have been taken from a previous work.>

For TiO,(110), a p(5 X 2) supercell, obtained from the
PBEO optimized bulk structure of rutile (a = 4.582 A, b = 2.956
A), has been considered. This supercell size has been chosen to
be comparable with the supercell of CeO,, in order to have
similar distances between O vacancies and add-atom species in
the periodic images of the cell, as already done in a similar
comparative work.*® Slabs with 2 O—Ce—0 and 3 O—Ti,0,—
O layers have been considered for CeO, and TiO,,
respectively. During geometry optimization, the bottom layer
has been kept frozen at the bulk geometry, while the other
layers and the add-atoms were free to relax. Default thresholds
for convergence criteria have been considered.”” To improve
the description of the adsorption of the silver cluster and
dioxygen, additional corrections for dispersive interactions
have been taken into account with a semi-empirical D3
approach.***?

The irreducible Brillouin zone was sampled with a regular
Monkhorst-Pack grid 2 X 2 X 1 (4 k points) in both ceria and
rutile systems. A threshold of 1077 au has been used for the
convergence of the total energy in the SCF procedure for all
the single point energy and geometry optimization calcu-
lations, while a tighter value of 107'% au was used for the
transition state (TS) search and for the frequency calculations.
The infinite lattice sums of the Coulomb and the exchange
terms have been truncated with threshold values of 107%, 1078,
1078, 1078, and 107%° for the CeO, containing systems, while
the default threshold values 1077, 1077, 1077, 1077, and 10~
have been found accurate enough for the TiO, containing
systems.

As previously shown on cerium oxides,” well-converged
structural properties can be obtained with a relatively small
GTO basis set, tailored to describe the condensed phase, while
energetics associated with the redox processes of interest may
require a more extended and flexible basis set to reach
convergence. Similar precautions have also been adopted for
the couple Ti*/Ti** in hybrid DFT studies of doped TiO,.*’
For the CeO,-based systems, basis sets 1 (BS1) and 2 (BS2)
from a previous work of some of us®> have been used, here
labeled BS1¢.o, and BS2¢.o,. In both cases, the inner core of

Ce has been described by a semi-relativistic effective core
potential (srECP),®" while the 4s4p®ss?4d'%5p®6s25d 4f'
electrons have been explicitly described with a (10sp8d8f)/
[4sp3d3f] contraction scheme for BSlc.o, and a larger
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Figure 1. Gas-phase optimized (a) and hemispherical Ag, cluster (b); side (c) and top (d) views of the CeO,(111) supercell; and side (e) and top
(f) views of the TiO,(110) supercell. Grey, red, light yellow, and light blue balls represent the Ag, O, Ce, and Ti atoms, respectively.

(12s12p9d8f)/[8s7p4d4f] one for BS2¢.o. For O, a 8-

411G(d) basis set with outer exponents re-optimized for
bulk CeO, has been adopted for BSICeOZ62 and the

(13s7p2df)/[7s4p7p2df] contraction scheme has been selected
for BSZCeoz.63

Similarly, for the TiO,-based systems, two distinct basis sets
have been employed; (i) BS1y,o, in which Ti and O have been

described with all-electron basis sets, with (20s12p4d)/
[Ss4p2d] and (14s6pld)/[4s3pld] contraction schemes,
respectively, and exponents of the outer s, p, and d primitives
optimized on the rutile and anatase structures®* and (ii)
BS27i0, where Ti is described by a larger basis set with a

(20s12p6d3)/[Ss4p4d] contraction scheme, obtained by
removing the f primitive function from the original version®
and including an additional diffuse d primitive with an
exponent value of 0.12, along with the basis set previously
described for BS2¢,q, for O.

On the other hand, for O,, two distinct basis sets have been
defined for the interaction with CeO, and TiO,; the O basis
used to describe the oxide anion has been modified by
replacing the original exponent of the d primitive with 1.1. This
choice provided the best agreement with the O—O bond
length and binding energy computed with the O basis taken
from BS2.

It is worth highlighting that the use of the customized basis
set of the small size for the O in the two oxides allows the
achievement of higher accuracy on the computed structural
properties for both, while keeping the computational cost low.
Then, the use of a common higher tier basis set for both CeO,
and TiO, ensures a more consistent evaluation of the
energetics of interest.

In all cases, Ag inner core electrons have been described by
an ECP® and the valence electrons 4s’4p®ss'4d'® by a
contraction scheme (6s5p5d)/[4s3p2d].”

BS1c.o, and BS1ro, have been used to perform all geometry

optimizations and subsequent frequency calculations at the I'
point to verify the minima and saddle-points localized. The
BS2¢,0, and BS27;o, have been used to perform single point

calculations on selected structures, pre-optimized with BS1, to

compute reaction energies, Mulliken’s charges, spin-popula-
tions, and DOSS. Basis set superposition error has been also
considered by using the standard counterpoise approach,”®
when necessary. In addition, in the following, all energies
reported include D3 corrections.”®>’

To find TS, the distinguished reaction coordinate
approach®’® has been used, by first performing a relaxed
scan along a selected reaction coordinate and then by following
uphill the lowest eigenvector of the Hessian matrix. All TSs
reported in the following have a single imaginary frequency. To
decrease the high computational cost related to the calculation
of numerical frequencies, the Hessian matrix has been built
considering only a fragment of the full system, corresponding
to the first and second neighbors with respect to the adsorbed
species, as already done in our previous work.”

The reduction of the oxide surfaces, either by V formation
or by Ag,, adsorption, leads to the formation of radical species
M?*" (and Ag,*"). Additionally, O, is treated in its ground state
as a triplet. During the calculations, different magnetic
solutions [ferromagnetic (FM) and antiferromagnetic] can
be obtained, characterized by the number of unpaired
electrons, the sites where they are localized, and their spin
alignment. The energetic difference between these different
solutions have been found to be negligible when compared to
the reaction energies involved; therefore, only the FM
solutions have been characterized throughout.

3. RESULTS AND DISCUSSION

In the following sections, the formation of the silver—metal
oxide interface is first discussed. Then, the oxygen vacancy
formation is described for both the silver-free and the silver-
decorated surfaces. Lastly, the interaction of the different
surfaces with O, is considered.

3.1. Ag;, on Stoichiometric Surfaces. The choice of a
model cluster is a rather complex matter. With the present
computational setting, the level of theory adopted, and the size
of the supercells required to represent the oxide support, an
Ag;0(7-3) model cluster has been chosen, as already used in
previous studies®>”' on CeO,. The size is small enough to
belong to the category of the nonscalable regime of properties,
being the quantum effects associated with the variation of the

https://dx.doi.org/10.1021/acs.jpcc.0c09080
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Figure 2. FM solution of Ag;,/CeO,(111): (a) top and side views of the spin-density map (isocontour value: 0.01 atomic unit). Green and blue
correspond to positive and negative contributions, respectively; (b) total (black line) and atom-projection contributions to DOSs, with O, Ce
(total), Ce**, and Ag contributions in red, green, blue, and grey, respectively. Positive and negative contributions correspond to a and /3 electrons,

respectively.

number of atoms still relevant. Therefore, the results obtained
should held more a qualitative value than quantitative.””

The cluster has been cut from bulk Ag along the 111
direction, and it is composed by two layers of 7 and 3 atoms
(see Figure 1b). This hemispherical cluster, other than being a
representative of the shape of larger silver NPs observed on
both CeO,(111)"'%”* and Ti0,(110),”*” is rigid enough to
keep the same atomic connectivity along the investigated
reactions on both supports, allowing for a more consistent
comparison of the key-step processes.

The adsorption of a metal cluster on an oxide surface can
lead to a simple charge polarization because of the interaction
between the metal and the surface oxygen, or to a net electron
transfer (ET) from the metal valence to the low lying 3d/4f
unoccupied states of the Ti**/Ce* ions,”® which form the
conduction band of the oxide. The adsorption energy has been
computed as

E,4(Ag,) = E(Ag, /MO, ) — E(MO,) — E(Ag,)) (1)

where E(Ag;o/MO,) is the energy of the relaxed silver/oxide
system, E(MO,) is the energy of the relaxed oxide slab, and
E(Agy) is the energy of the optimized cluster in gas phase (see
Figure la). A negative value thus corresponds to a stable
adsorption.

3.1.1. Ag;p on CeO,. Experiments have shown that silver
deposition on CeO,(111) induces the reduction of the oxide,
but it was debated if this is due to a charge transfer from silver
particles or from reverse spill-over of O from ceria to
silver.”””7%5% Previous theoretical results have confirmed
the first hypothesis,”>”"”*~*" and the reverse O spill-over was
found thermodynamically unfavored.”!

In a previous work,”> we have shown that Ag;, deposition on
Ce0,(111) occurs with the reduction of the oxide; about 0.4
eV favors the reduction of three Ce over the reduction of only
two Ce, while several Ce®" configurations were found to be
almost degenerate. The most stable FM configuration obtained
is reported in Figure 2, as well as the corresponding density of
states (DOS). The unit cell contains 4 unpaired electrons, 3
localized on 3 Ce" in the cationic layer below the cluster and 1
on it, formally oxidized to Ag;*, which is consistent with
previous investigations.n’78 Ce* and Ce* ions are distin-

guished by the net magnetization of the former close to unity
(0.98—1.00 ), as derived by the Mulliken’s spin-population
analysis. The DOS shows the occupied Ce 4f states at the top
of the valence band, well above the top of the O 2p valence
band from the O*~ ions and the bonding states Ag—O.

Ag, has a good match with respect to the surface O layer of
ceria, the cluster bottom layer stays flat with all the Ag in
contact with one O ion, with an average Ag—O bond length of
2.18 A, resulting in a binding energy of —5.60 eV.

3.1.2. Ag;p on TiO, Contrary to CeO,, there is no
conclusive experimental evidence about the reduction of the
surface upon the deposition of silver particles for TiO,. Some
studies reported the reduction of the support, while others did
not reveal changes in the oxidation states.”’ ™** These
controversial results are probably a consequence of the
difficulty to obtain defect-free titania surfaces, which are less
easily reduced by the metal deposition.

From a theoretical point of view, DFT models of atoms and
small Ag clusters have been used to study the Ag/TiO,
interface, mainly for rutile (110) and anatase (101). Not all
these studies discussed whether the interface is formed with
charge transfer or not. Some works did not consider the
correction for the delocalization of 3d states,”™*” preventing
the localization of the transferred charge to Ti*". Others made
use of the spin-restricted approach, which does not allow
describing magnetic centers like Ti**** (and not only). Even
when unrestricted calculations and localization potentials have
been used, controversial results have been reported because ET
from Ag to TiO, surfaces was not always observed.***’

Here, the rutile (110) surface has been considered because it
is the most thermodynamically stable and experimentally
characterized one. The cluster was adsorbed maximizing the
interaction between the basal atoms and the topmost twofold
coordinated oxygen sites (O,.) of the surface.

In contrast to the adsorption on CeO,, a single self-
consistent solution was found for Ag,, on TiO,, characterized
by the oxidation of the cluster to Ag;,** and the reduction of 3
Ti* in the second cationic layer of the support, in agreement
with previous DFT + U calculations and some experi-
ments,*” as exemplified by the spin-density plot, as shown
in Figure 3a. This is localized at the Ti** centers on the 3d

https://dx.doi.org/10.1021/acs.jpcc.0c09080
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Figure 3. FM solution of Ag;,/TiO,(110): (a) top and side views of the spin-density map (isocontour value: 0.01 atomic unit) and (b) total (black
line) and atom-projection contributions to DOSs, with O, Ti, Ti**, and Ag contributions in red, green, blue, and grey, respectively. Positive and

negative contributions correspond to a and f electrons, respectively.

states, which appear in the main gap in the DOS of the oxide
but close to the Ag—O bonding states*’ (Figure 3b). We note
that several initial Ti** spatial configurations have been tested
but the same final configuration has always been obtained.
From the data reported in Table 1, the cluster, formally +3,
has a net charge of 1.68 le™| and a magnetization of 0.88 y3 In

Table 1. Computed Adsorption Energies (E,q, in €V) of
Ag,, Average Bond Distance between the Basal Ag Atoms
and the Surface O (Ry,_o, in A), Cluster Total Charge
(Qag,y in le7l) and Magnetization (Mg, in lugl), for the
Adsorption of Ag;, on the Ce0,(111) and Ti0,(110)
Surfaces

system nMe>* E. 4 Rpg0 Qagyo Mg,
Agy/Ce0, 3 —5.60 2177 1.379 0.849
Ag,/TiO, 3 —-5.04 2.226 1.680 0.879

the case of Ti*" centers, the magnetization of the ions varies
between 0.78 and 0.82 y5. The others formally Ti*" possess a
small magnetization between 0.01 and 0.03 5 for the ones in
the first layer and between 0.07 and 0.10 g in the second,
while in the third, it is negligible. The difference with respect to
the Ce*" in CeO, is ascribed to the larger spatial extension of
the occupied 3d orbitals of the Ti compared to the more
localized 4f of Ce; therefore, the 3d orbitals on adjacent Ti
sites participate in the formation of bands. The computed
binding energy for the cluster is —5.04 eV, which is slightly less
stable than in the CeO, case (—5.60 eV). This can be directly
related to the reduced number of Ag—O bonds formed [6 for
Ag,/Ti0,(110) and 7 for Ag;,/Ce0,(111)], which are also
longer (2.23 vs 2.18 A). Indeed, the adhesion energy per bond
is 0.45 and 0.43 eV for CeO, and TiO,, and the dispersion
contributions are very similar in both cases.

3.2. O Vacancy Formation. Oxygen vacancies (V) are
the most common defects in reducible oxides as ceria and
titania and they are well known to strongly affect the reactivity
of these materials, even if for TiO, interstitial Ti can also play
an important role.”®”" These defects alter the oxide surface
reactivity, promoting or hindering the adsorption of metal

25921

particles.”’ At the same time, the adsorbed metal affect the
formation of the V, making the process more or less favored
than on the metal-free surface.”” The removal of an O atom
from the lattice leaves two electrons behind, thus reducing the
surface. According to most theoretical works, these electrons
localize on the 3d/4f orbitals of the Ti/Ce around the V.*"**

Here, V5 has been modeled on the metal-free oxide surfaces,
at the edge of the cluster oxide (interfacial O, Oy, see Figure 4),
and on the surface site close to the cluster (surface O, Og). The

Figure 4. O sites selected for the surface (Og), interface (Oy), and
underneath (Oy) O vacancies on (a) Ag;o/CeO,(111) and (b) Ag;o/
TiO,(110).
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formation energy of the vacancy, Eg, has been evaluated
adopting the following expression

E = E(MO,_,) + 1/2E(’E,”0,) — E(MO,) @)

where E(MO,) is the energy of the stoichiometric surface,
E(MO,_,) is the energy of the surface with a Vg, and
E(*Z,”0,) is the energy of the gas-phase O,. The computed
values for all systems investigated are reported in Table 2.

Table 2. Computed Formation Energies (Eg, in €V) of the
Surface V with Respect to 1/20, at Different Sites for the
Ce0,(111), Ag;,/Ce0,(111), TiO,(110), and Ag;,/
Ti0,(110) Systems, along with the Number of M**
Obtained (nM>', Me = Ce/Ti), the Average Spin Population
of the M** Tons (My, in lugl), and the Total Charge
Associated to the Metal Cluster (Qc, in le7l)

system Eg, nM>**  site/configuration M>*  Myp+ Qc
CeO, 2.72 2 0¢/2,-2, 1.003
CeO, 2.98 2 0g/1,—1, 1.001
Ag,o/CeO,  3.18 s 0g/1,—1, 1000 135
Ag),/CeO, 351 4 0/1, 1.001 0.93
TiO, 2.84 2 0¢/2,-2, 0.834
TiO, 420 2 0¢/2,—1, 0.761
Agyo/TiO, 3.89 4 04/1, 0.820 120
Ag,0/TiO, 340 4 0/1, 0.872 1.22

3.2.1. CeO, and Ag,,/Ce0,. On CeO,(111), the surface Vg
was found slightly less stable than the subsurface one.”””* The
migration of the former to the subsurface position makes the
vacancy not accessible to an adsorbate molecule such as O,.
Nevertheless, the surface sites are those involved in the
oxidation following the MvK reaction mechanism. We have
therefore limited our investigation to the surface Vg, which
forms with the reduction of two Ce**. Many quasi-degenerate
configurations exist for the couple of Ce®*, of which the most
stable is the 2,—2, one,™® which corresponds to both
reduced ions in the first layer of the surface and in the second
coordination shell of the vacancy site (see refs'”’"). The
formation energy of the Vg is 2.72 eV. The corresponding
structure and DOSS are shown in Figure 5. The other
configuration considered is the metastable 1,—1, one, where

both the ions are in the first coordination shell of the vacancy
site, with an Eg of 2.98 eV (see Figure S1, Supporting
Information).

Similar to our previous investigation55 on Ag,,/CeO,, we
sampled Og and Oj sites and a site below the cluster, Oy. On
the Og site, Vi forms with the reduction of two Ce nearby,
with a E, of 3.18 eV, which is 0.46 eV higher than on the Ag-
free surface. For the O; site, the extra charge localizes on a Ce
next to the Vg (1, site) and on the cluster, which is formally
reduced to Ag;,>*, with an Ej, value of 3.51 eV. As for the last
case, a Vo on the site underneath the cluster, Oy, is
considered; as for at the Oy site, one Ce and Ag, allocate
the extra charge, while the Eg, decreases to 2.68 eV, about 0.35
eV below the reference one on the clean surface. The
structures and associated DOSs for the three O vacancies
considered on Ag,,/CeO, are reported in Figure S2.

These results therefore indicate that the silver cluster hinders
the Oy formation along its perimeter, at least from a
thermodynamic point of view. This is a short-range effect
because the Ej, on the closest surface site not connected to the
cluster, of 3.18 eV, is close to the reference values of 2.72 and
2.98 eV on the Ag-free CeO,(111). For the Vj, at the Og site,
two Ce*" are formed, as found on the clean surface, with higher
E¢, because of the Coulombic repulsion between the
neighboring Ce®" couples. At O; and Oy sites, a single Ce®"
is formed, while the other electron is withdrawn by the cluster,
reduced to Ag®*; the two defects have a similar reduction state,
but the formation energies differ by about 0.8 eV. The
difference can be rationalized with the higher stabilization of
the cluster structure at the Oy site than at the Oy site.

The computed Eg, then indicate that silver deposition could
be more stabilized on the O-defective surface when compared
to the stoichiometric one depending on the site of adsorption.
This is in agreement with experimental evidence that the
adsorption energies increase with the degree of reduction of
the surface.”””® From these data, it is therefore expected that
oxygen defects act as anchoring sites for the silver particles,
with potential high impact on O, reactivity.

3.2.2. TiO, and Ag,;y/TiO,. In the case of TiO,(110), the
most reactive O is the undercoordinated bridging 0,,.”” As for
ceria, many electronic configurations of the reduced Ti** exist,
with the most stable one found in the second cationic layer
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Figure 5. FM solution for the V, at surface site of CeO,(111), with 2,—2; configuration for the localized Ce** centers: (a) spin-density map
(isocontour value: 0.01 au) and (b) atom-projection contributions to the DOSs. In green/blue, the positive/negative spin densities (isocontour
value: 0.01 au). Positive and negative contributions correspond to @ and /3 electrons, respectively.
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Figure 6. FM solution for the Vy, at surface site O, TiO,(110), with a 2,—2, configuration of the localized Ti** centers; (a) top view of the spin
density map (isocontour value: 0.01 au) and (b) atom-projection contributions to the DOSs.

from the surface.”” """ Because of the quasi-degenerate nature
of these configurations, the ground state has not been
identified unambiguously; the computed relative energies
depend on several factors,” such as the supercell size, the
number of O—Ti,0,—O layers, the number of relaxed layers,
the DFT model adopted, and the value of Ug As a
consequence, several configurations are expected to be
populated at finite temperatures, and the low barrier for the
polaronic hopping of the 3d states on Ti’* would make the
interchange fast.” Because the spatial distribution of the Ti**
expected to affect the reactivity of the surface with O,, it is
necessary to consider the most stable positions.

We have characterized the ground-state configuration
proposed in ref 101 with both Ti** sites in the second cation
layer from the surface and from the vacancy, corresponding to
a 2,—2, configuration (see Figure 6). The computed Ey, is 2.84
eV, and the DOSS (see Figure 6, panel b) displays a sharp peak
at the Fermi level, 1.20 eV above the top of the O 2p valence
band.

An additional 2,—1, configuration was also considered,
where one Ti** has been transferred to the first cationic layer,
in the first cationic shell of the vacancy (see Figure S3,
Supporting Information). A Ey, value of 4.20 eV, which is 1.26
eV higher than the other case,”® was obtained, confirming that
the 2,—2, configuration is the ground state one.

On Ag,/TiO,(110), the V, has been modeled at the Og
and O; (see Figure 7). In both cases, the extra charge is
localized on Ti in the first cationic layer and on the cluster,
thus reducing to Ago*".

For the Vg at O, only Ti located at the 1, site is reduced,
while the cluster reduced to Ag;>" incorporates the residual
charge. Its charge and magnetization decreased, respectively,
from 1.68 to 1.12 le”| and from 0.88 to 0.04 uj. Similarly, the
Vo at an interface site (O) forms with the reduction of a single
Ti located at the 2, site and of the cluster (1.09 le™l). The
vacancy formation energies are 3.40 and 3.89 eV for the Og
and Oy sites, respectively, thus, the vacancy formation is
thermodynamically promoted along the rutile—silver interface
when compared to the surface site nearby. In comparison to
the clean TiO,(110) surface (E;, = 2.84 V), the V formation
is hampered at both sites considered, indicating that the Ag
particle binding is weaker on the reduced TiO,(110) surface.
This destabilization arises from the repulsive interaction
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Figure 7. Spin density map (isocontour value: 0.01 atomic unit) of
the FM solutions for the O vacancy at interface site O; (a) and at
surface site Og (b).

between the Ti®* ions; at the increase of their concentration,
the surface Ti site reduction became favored with respect to
the subsurface ones.””

3.3. O, Reactivity on Ag-Free Surface. 3.3.1. CeO,(111)
and TiO,(110) Surfaces. The first step in the O, activation
involves the interaction between the gas phase and the oxide
surface, which must be electron rich in order to reduce O,; on
the stoichiometric surfaces, the physisorption of O, occurs
only at cryogenic temperature.'’”'” Without dispersion
corrections, the computed adsorption energies are negligible,
—0.02 eV for both ceria and titania in close agreement with
previous calculations (PBE and PBE + U).”** By including
the dispersion corrections, the stability of the adsorbates
increases to —0.16 and —0.21 eV for ceria and titania,
respectively. The corresponding structures and DOSS are
reported in the Supporting Information in Figures S4 and SS.

3.4. O, Reactivity on O-Defective Surfaces. As
anticipated, defective surfaces are much more reactive toward
O, than stoichiometric surfaces: the O, fills the vacancy site,
independently from the position of the reduced centers.
During adsorption, an ET occurs from the defect states 4f/3d
of Ce™/Ti’* to the partially empty 73, orbitals of the O,
molecule, with the formation of either a superoxide (O,”) or a
peroxide (O,’7), depending if the V, acts as a one or two
electron donor.

The product of the interaction O,—Vy depends on the
distance of the reduced cations and on the magnetization/spin
multiplicity of the unit cell. With 4 unpaired electrons in the
unit cell, the product can be in a quintet, a triplet, or a singlet
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state. For the quintet, the pairing of the radical centers is
forbidden, and neither ET nor physisorption occur (at the Vi
site). For the triplet, only the product of the mono ET, the
superoxide O,7, is allowed. For the singlet, two distinct
solutions can be found, an open-shell diradical as for the triplet
but with opposite spin orientations or the closed shell product
of the double ET, yielding peroxide O,”. Both the O,*"
products of the double ET and the open-shell 0,” — Ce**/Ti**
can form, but the latter can be isolated only if the distance
between the radical centers is large enough. Because of the
reduction, the O—O bond is elongated and weakened; while
one O refills the V|, the other can be transferred to a substrate
or migrate on the surface. The 4f and 3d defect states
associated with Ce®* and Ti** lie at lower energy than the
unoccupied =3}, orbitals of O,, the ET then occurs
(quantitatively) with the equilibration of the energy levels of
the donor and acceptor, through orbital interactions.

3.4.1. CeO,(111). On polycrystalline samples of ceria, both
reduced dioxygen species have been characterized by vibra-
tional and EPR spectroscopies.”””>”" Instead, well-defined
single crystals and nanoshaped particles exhibit different
reactivity toward O,, as was recently reported.””*>'** On the
other hand, on single crystal CeO,(111), neither peroxo and
superoxo species are observed at a temperature as low as 81 K,
due to the preference of the Vo for the subsurface sites, not
accessible to 0,.*> In addition, on NP-terminated (111)
surfaces, containing both surface and subsurface Vg, only
peroxide is observed, likely due to the short lifetime of the
superoxide.”* Indeed, DFT + U calculations found the
reduction of O, to O,  adsorbed on the Ce>" near the
vacancy, and a barrier of only 0.35 eV for the migration and
reduction into the vacancy to O,””, driven by the high
exothermicity of the process.'"® According to Conesa,”” the
superoxide can be isolated only for single electron donor
defects on CeO,(111), as for V, paired with trivalent dopants.

Most of the earlier DFT investigations”*™** have found the
ET occurring only if the O, adsorbs directly into the Vj; any
other adsorption sites (on top of Ce*" or Ce*" in 2, or 1, to
Vo) resulted in weak physisorption, with only a small charge
polarization of the molecule. Other works have shown the
reduction of the side-on O, adsorbed on the Ce** (in 2,) to
superoxide.”'°® Here, the study of the adsorption is limited to
the end-on approach of O, to the Vg because it has already
been shown to be the most favored one.”® Computed data are
collected in Table 3.

The 2,—2, configuration used act as a one electron donor,
providing the superoxo product (see Figure S6, Supporting
Information). Instead, here, in the metastable 1,—1,
configuration, O, is found fully reduced to peroxide with the
pairing of all radical centers and an adsorption energy 1.32 eV

Table 3. Computed Formation Energies of the Vi (Eg, in
eV), Adsorption Energies of O, as a Peroxide (E.¢, in V),
Sum of Mulliken Atomic Charges on O, (Q, in le7l), and

Interatomic O, Distance (dg_o, in A)

O
Eadﬁ Q

System Eg, do_o
CeO, 2.98 -2.28 -1.19 1.465
Ag,,/Ce0, Oy 3.51 -3.12 -1.32 1.496
TiO, 2.84 —0.79 —0.94 1418
Ag;0/TiO, Oy 3.40 —1.64 -1.03 1.443

larger than the superoxo product. This is in agreement with the
experimental observations and might indicate that the
superoxide is only a short-life intermediate.’”* The barrier
associated with the second ET should be close to that of the
polaron hopping for the Ce®* as measured in the bulk (about
0.5 eV'”’), which is overcome at room temperature.

The dissociation of the O—O is considered only for the
peroxide case, which is equivalent to the migration of an
adsorbed O on the stoichiometric surface.””**'7*1%%

From the reaction path reported in Figure 8, the O bound to
the surface moves toward one of the 2 equiv neighboring Ce

CeO

\EleV

Figure 8. Comparison of the reaction path for the O, adsorption as a
peroxide and following dissociation at a vacancy site on CeO,(111)
(red line) and TiO,(110) (blue line). In green/blue, the positive/
negative contributions to the spin-density (isocontour value: 0.01 au).

and, after crossing a TS (v; = —552 cm™"), it is transferred to
another surface O to form another peroxo moiety, equivalent
to the starting one. Thermal activation is required to overcome
the large activation barrier E, of 1.96 eV, which is about 0.5 eV
higher than the one already reported at the PBE and PBE + U
levels.”

3.4.2. TiO5(110). On O-defective rutile (110), O, interacts
strongly with the surface vacancy and may form adsorbed
superoxide, peroxide, or dissociated oxide ions (O*7).”> While
the latter process seems thermodynamically more favorable,
according to DFT calculations and in agreement with the STM
observations,'”® there is no clear experimental evidence about
the preferred reduction state of the adsorbed O, on rutile
(110).

Previous pure DFT calculations (PW91) have shown that
the peroxide product is more stable than the superoxide one®”
but lower barriers have been computed for migration and
dissociation for this latter, closer to the experimental
observations.'*>'% ' However, the stabilization of the
superoxide can also be ascribed to multiple O, molecules
adsorbed at the vacancy site, observed also at cryogenic
temperature,'® able to share the excess of charge (2¢7) of the
vacancy site on the surface, therefore being detectable as a
superoxide.'”

As done for CeO,, here, a single O, molecule is considered
as interacting with the active V site; O, adsorbs at the bridge
0,. Vo (2,—2, configuration) with a side-on orientation with
respect to the surface, corresponding to the most stable
configuration previously reported.*>"'*
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The reduction to peroxide is obtained with the oxidation of
both the Ti** and the final structure results in a closed shell
singlet; a double ET occurs even if the electron donors are not
directly adjacent to the Vg but quite far (5.7 A) from the
vacancy site, which is in agreement with the low activation
energies found for the charge diffusion on rutile.”” In contrast
to ceria, where the ET can occur only from the 4f orbitals of
Ce3" ions to the 2% orbitals of the O, molecule, in titania, the
transfer could also occur from the 3d orbitals of Ti** to the
conduction band and finally to the O, molecule because the
27* orbital overlap with the conduction band (see Figures SS
and S7, Supporting Information). The single ET which
provides the adsorbed superoxide is obtained for the triplet
solution, by constraining M to 2 g to prevent the pairing of
the radicals localized on Ti*" and on O,”. The computed
adsorption energies confirm the peroxide as being more stable,
with —0.79 and —0.09 eV values for O,~ and O,
respectively.

The O—O dissociation of the peroxide product is then
considered; one O adsorbs at the O,, site while the other
moves toward the Tig, site, crossing a TS (1; = —673 cm™)
with an activation barrier E, of 1.56 eV. This barrier is about
0.3 eV higher than the one reported previously at the PW91
level.>” The dissociation process is slightly exothermic, with a
reaction energy of —0.20 eV.

3.5. 0, on Ag,,/Ce0, and Ag,,TiO,. After discussing the
possible interaction modes of O, with the Ag-free surfaces, the
Ag,,-decorated supports are now considered, first with the
stoichiometric case and then considering defective surfaces.

3.5.1. Stoichiometric Ag;/CeO, and Ag;y,TiO,. For both
systems, adsorption of O, does not take place over the
supported cluster (see Figure 9), O, slides toward the support,
where it is weakly bound, with adsorption energies of —0.16
and —0.19 eV in the CeO, and TiO, cases, respectively. The
same geometry is obtained when starting from different
adsorption sites, including the top and the side of the cluster,
as well as on the top of the surface Me** center.

Figure 9. Side and top views of O, adsorbed on stoichiometric (a)
Ag;o/Ce0, and (b) Ag;o/TiO,. In green/blue, the positive/negative
contributions to the spin-density (isocontour value: 0.01 au).

The positive charge of Ag, does not favor the adsorption of
the electrophilic O,, which instead is drawn toward the oxide
surface. No charge transfer from the support to oxygen is
found, at least for the sites considered. The electron donor
Ce* and Ti** are either too close to the cluster or too deep
inside the surface to interact efficiently with the O, molecule.
In previous studies, O, adsorption at isolated Ce** has been
shown to form 0,7,”*** with a modest increase of the binding
energies when compared to the fully oxidized surfaces.
However, there is no experimental evidence for the formation
of the superoxide on reduced CeO,(111),” at least at a
detectable level, which might indicate that previous computa-
tional results underestimated the barrier of the ET from Ce®"
to O,.

Our results on the Ag;o/CeO,(111) system are in apparent
contrast with those found on the Ag;/CeO,(111) system in a
previous work,”> where the O, adsorption (without reduction)
on the supported Ag* was found to be favored when compared
to the ceria support. This difference may arise from the fact
that Ag" is a closed-shell species and Ag;,*" a radical one
(doublet); the bounding of the diradical O, with Ag" is
allowed, while it is repulsive with Ag;,**. Size-effects may also
play a role, with the particle being so small that also reactivity
may greatly change with the numbers of atoms in the cluster.

3.5.2. O-Defective Ag,y/CeO, and Ag,,,TiO,. Here, we will
discuss the interaction of O, on Ag/MO, systems in the
presence of an O; vacancy. Although the computed Ey, values
indicate that the O removal is not necessarily thermodynami-
cally favored by the presence of silver, experimental evidence
on Au-based oxidizing catalysts indicate that peripheral sites to
the metal cluster react more readily with the substrate,
according to a metal-assisted MvK mechanism.''> The
adsorption of O, has been considered at both the cluster
side and on the V. On the cluster, the favored adsorption sites
are the more electron-rich Ag atoms, as found by previous
investigations.”* On both supports, the undercoordinated Ag
next to the V hold a slightly negative charge; here, the side-on
adsorption of O, occurs, then partially reduces to superoxide.
The corresponding structures are shown in Figure 10.

Figure 10. O, adsorbed as a superoxide on the cluster, next to the O;
vacancy on (a) Ag,,/CeO, and (b) Ag,,/TiO,. In green/blue, the
positive/negative contributions to the spin density (isocontour value:
0.01 au).

The stability of the adsorbate is similar for the two supports,
with computed E, 4 values of —0.51 and —0.42 eV on CeO,
and TiO,, respectively. The main difference between the two
systems concerns the electron donor ability; on CeO,, Ago*" is
oxidized to Ag;,*" and on TiO,, instead, the charge flows from
the Ti3* atom closest to the surface to the adsorbed O,
through the cluster, which formally is still Ag;,**. This
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highlights a higher tendency of TiO,(110) to release the excess
of charge received from Ag,, and the V. On the other hand,
Ce0,(111) shows a lower propensity to be re-oxidized. The
Ag;,**/CeO, system seems to be able to reduce O, without
involving Ce*" ions following the reaction Ag,,**+ O, —
Ago*"+ O,

In both cases, V then makes the cluster more electron rich,
enabling the partial reduction of O, to O,".

The second case considered is the O, absorption at Vg to fill
the cavity, as described for the Ag-free surfaces. O, inserts into
the vacancy with an end-on orientation, with the bottom O
occupying the vacancy and the topmost O interacting with the
cluster. In both cases, V5 acts as a double electron donor,
yielding the O, and the oxidation of one Ce*"/Ti** and of
Ag,)** (see Figure 11, panels associated to M,). The

%) —— Ag, /TiO,

— Ag, /CeO,

\EleV

M; M, TS23 M;

Figure 11. Energy profiles for the reaction paths of O, adsorption and
dissociation at O vacancy sites on Ag;,/CeO, and Ag;,/TiO,. In
green/blue, the positive/negative contributions to the spin density
(isocontour value: 0.01 au).

comparison of the processes at the vacancies on the bare
support and at the Oy sites revealed a higher aflinity of O, for
the latter sites, with higher adsorption energies and charge
transferred to the molecule, as reported in Table 2. In addition,
the O—O bond lengths are more stretched at the interface Vj,
and thus more prone to dissociate.

To further investigate this point, the dissociation of the
peroxide at the interface has been considered. A relaxed scan of
the O—O bond length has been performed to approximate the
minimum energy reaction path and to locate a preferential site
of adsorption of O on the cluster. Figure 11 shows the reaction
energy profile considered along with the structures of the
minima and TS obtained.

The TS corresponding to the dissociation, TS58,“* and

TSZAﬁgTiOZ, are characterized by imaginary frequencies of —421
and —352 cm™!, respectively. The corresponding E,,_;
activation energies of 1.21 and 1.37 eV for CeO, and TiO,,
respectively, confirm the lowering of the O—O dissociation
barriers when compared to the bare surfaces case. For both
dissociation products (M;), the upper O binds on a threefold
site of Agyo, while the bottom O binds to the cluster basal Ag
as on the stoichiometric structures. The cluster is oxidized to
Ag;,*" and the upper O is reduced to the radical anion O7,
another reactive but elusive oxidant species.''™'"> The
dissociation energies AE, ; of —0.83 and —1.66 eV on CeO,
and TiO,, respectively, are much more exothermic than on the
corresponding bare surfaces, in line with the higher affinity of

O for Ag than for the stoichiometric surfaces. This is further
confirmed by comparing the atomic O binding energies at
different sites of the stoichiometric systems MO, and Ag,,/
MO,. This binding energy has been computed using the
following formula

ads __ gas
EO - Esurface + EO - Esurface—O (3)
where E.._o is the energy of the structures indicated as M,

and M; (see Figures S and 8), Egce is the energy of the
defect-free surfaces, and Eg is the energy of the isolated O
atom (°P, ground state).

Moving from the clean surface to the cluster/oxide O
interface and finally to the cluster, the binding energies varies
from —2.19 eV (EST ™) to —2.28 eV (ES¥/“*%™:) and

finally to —3.16 eV (EJ%/ <%

titania, instead, the E,q, varies from —1.47 eV (ES ™) to
—1.73 eV (BA¥TO ™My o _322 eV (ES¥TO™) The
comparison shows that the affinity for O is clearly greater for
the CeO, surface. For both cases, the adsorption at the Ag/
MO, interface is only slightly enhanced with respect to the
bare surface, and the adsorption on the cluster provides similar
results. The driving force for the O—O dissociation is thus the
stabilization of O on Ag. While this step is more
thermodynamically favorable on the TiO, support, the O—O
bond is more stretched at the interface Ag;,/CeO, because of
the higher reduction degree of the molecule.

This might be related to the intrinsic properties of the
surface morphology and electronic structure. First, the Vg in
ceria is a stronger reducing site, the O, reductive adsorption is

My . .
3) in the case of ceria. On

favored on the ceria support, where the Ea?lzs almost
compensates the Eg, in clear contrast with the TiO, case.
The magnetic moment of O, is completely quenched,
therefore behaving like a peroxide, but the charge acquired
on the ceria support is larger than on titania, making the O—O
bond weaker, as suggested by the larger interatomic distance
(see Table 2). In presence of silver, V, is more electron rich,
and additional charge is then transferred to O,, with similar
contributions from the support in both cases, further
weakening the O—O bond. The dissociation barrier is smaller
on Ag;o/CeO,, with much larger decrease from the clean
surface because a different and shorter pathway occurs.

4. CONCLUSIONS

Periodic spin-polarized hybrid DFT calculations have been
carried out to characterize the adsorption of an Ag,, cluster on
Ti0,(110) and CeO,(111) surfaces, the formation of surface
oxygen vacancies along with the adsorption and dissociation of
O, on the different surfaces considered.

The supported Ag,, injects electrons to both supports, with
the reduction of three Ce*'/Ti*" to Ce®*"/Ti**. The resulting
adhesion favored on CeO,(111), due to a more efficient Ag—O
interaction between the basal Ag, plane and the O terminated
surface. The silver deposition decreases the reducibility of the
supports, making the formation of the V on the surface and
interface sites more endothermic than on the silver-free
surfaces, with a more pronounced eftect on TiO,.

Only a weak adsorption of O, on vacancy-free surfaces could
be obtained because the reduced centers are not accessible to
O,, being located below the cluster (CeO,) or in subsurface
positions (TiO,). The adsorption does not even occur on the
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silver cluster, formally oxidized to Ag;,**, which does not bind
the molecule.

It should be noted that these results hold for ideal
conditions as at 0 K and extremely low P of O,; at higher T,
the excess of charge is dynamic, as well as the cluster structure,
allowing for more favorable interactions with O, for the ET. If
photoexcitation is considered, then the extra charge trapped in
the Ti 3d and Ce 4f states can be excited to the conduction
band and transferred to O, without the requirement of a tight
contact with the reactive centers.

We observed that oxygen vacancies are extremely reactive
toward O,, promoting the reductive adsorption. The complete
reduction to peroxide O,>” is thermodynamically favored with
respect to the partial reduction to O,™. This process is favored
at Vg on the ceria support because of a larger charge transfer
from the defect to O, in comparison with the Vi, on the titania.
The O—O bond dissociation of the peroxide product has then
been considered and we found that on the bare surfaces the
process is isoenergetic (CeO,) or slightly exothermic (TiO,)
and highly kinetically hindered, with barriers between 1.50 eV
(TiO,) and 2.00 eV (CeO,). At the edge sites of the cluster,
instead, the dissociation is largely exothermic, with barriers of
1.15 and 1.37 eV for CeO, and TiO,, respectively. The driving
force of the process of dissociation of the peroxide is the
healing of the vacancy and the transfer of the additional O to
the cluster, forming the elusive radical ion O~.

In conclusion, the presence of an O vacancy is mandatory to
get the full reduction of the O, molecule, although no clear
evidence could be obtained indicating that the deposited silver
cluster could kinetically promote these defects.
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