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1 electronvolt (eV) = 96.485 kilojoules per mol (kJ mol™)

Ead

Eaa79

AO
ARXPS
BO
CeO,
DF
DFT
DRIFT
DOS
AEgop
Econ
AH
EXAFS
FTIR

LCAO

U

adsorption energy

Bader charge (of an atom)

binding energy of a metal atom M on the edge of a cuboctahedral Mg
particle

atomic orbital

angle resolved X-ray photoelectron spectroscopy

Bloch orbital

cerium dioxide

density functional

density functional theory

diffuse reflectance infrared Fourier transform spectroscopy
density of states

energy of doping

experimental cohesive energy

experimental standard heat of formation

extended X-ray absorption fine structure

Fourier transform infrared spectroscopy

linear combination of atomic orbitals

magnetization (of an atom, difference of its spin-up and spin-down

electron density)

M

metal (or metal atom)
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MO

NP

Evac

OSC

Ovac

SAC

TPR

TWC

VASP

WGS

XANES

XPS

molecular orbital

nanoparticle

oxygen vacancy formation energy
oxygen storage capacity

oxygen vacancy

single-atom catalyst
temperature-programmed reduction
three-way catalyst

Vienna Ab Initio Simulation Package
water gas shift reaction

X-ray absorption near edge structure

X-ray photoelectron spectroscopy
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The research work presented in this thesis deals with the study of the electronic,
structural, and chemical properties of catalytic materials formed by transition metal
species and cerium dioxide (CeO,) by means of computational modeling and
simulation. The initial motivation of the present work was devoted at developing
knowledge-driven cost-efficient materials for their application in fuel cells as catalysts.
Nevertheless, the findings obtained regarding the electronic and geometric structure of
the studied systems allow for their useful employment for many other catalytic
applications. In this chapter, an introduction to the importance of ceria-based catalysts is

presented, highlighting their most relevant applications.

1.1. On catalysis

The best way for improving or fine-tuning the rate of a chemical process is by using
catalysts. Catalysts are substances that interact with reactants (and products) modifying
the reaction mechanism. The catalyst is both a reactant and a product, and its internal
structure and concentration are ideally exactly the same at the start and at the end of the
reaction. Catalysts actively participate in the chemical reactions, anchoring the
reactants, transferring required chemical species to the reactants and generating reaction
intermediates, and eventually forming and stabilizing products, with the concomitant
final liberation of products. From a thermodynamic point of view, catalysts do not
change the equilibrium of the chemical process, which depends only on the relative
pressures of reactants when they are in gas phase, or their concentration in liquid media,
and the overall system temperature. The interaction of the catalyst with reactants allows
the reaction to proceed through alternative mechanisms, therefore modifying the
energetic profile of the reaction process (Figure 1.1). This results in different reaction

step energy barriers and overall reaction rates.
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A
3 E, (no catalyst)
O g e edseeeE s e e e e
c A
0

E, (with catalyst)

v

Reaction Progress

Figure 1.1. Energy profile of a chemical reaction, evolving from two reactants (X, Y) to
a product (Z). The inclusion of a catalyst results in the modification of the reaction
mechanism, leading to a lower activation barrier, E,, with no change of the reaction

exergonicity.

Catalysis can be considered homogeneous or heterogeneous depending on the physical
state of the reactants and the catalyst. A catalyst is homogeneous when it has the same
physical state as the reactants. In turn, a catalyst is heterogeneous if it is in a different
physical state than the reactants. In such catalysts, the interaction between reactants and
catalyst takes place at the interface between the different phases. In general, the
heterogeneous catalysts used in industry are solids that react with liquid or gaseous
mixtures of reactants. In such cases, reactants are adsorbed on the surface of the
catalyst, modifying their geometric and electronic structure with respect the free

molecules.
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1.2. Catalysis by ceria

Cerium dioxide CeO, (also referred to as ceria) has been one of the most studied
and employed materials for the development of heterogeneous catalysts during the last
few decades. Ceria has been used as a key component in three-way catalysts (TWC) for
the treatment of exhaust gases from automobiles.'™ Other catalytic applications such as
removal of SO, from fluid catalytic cracking flue gases™® or as a component of several
oxidation catalysts have also been reported.”'* Despite the obvious importance of CeO»-
based materials in industry, the detailed mechanistic understanding at the atomic level

for many of these applications is still a mater of debate.

Ceria features some well-known key properties that make this material interesting
for catalysis; for instance, as opposed to other non-reducible supports such as MgO or
AlLOs, ceria can directly participate in chemical reactions due to the ability to either
release O atoms under reducing conditions or uptake them under oxidative media. This
feature is often referred to as oxygen storage capacity (OSC). Such release of O atoms
results in the concomitant formation of vacancies, which can be refilled under oxidative
conditions. In addition, cerium atoms can easily interchange their oxidation state from
+4 to +3, depending on the reaction conditions. Thus, the redox couple Ce*'/Ce’" allows
electrons left by released O atoms to be accommodated in cerium atoms. Ceria is also
known to affect dispersion of supported metals;'> promote the water gas shift (WGS)'®
and steam reforming reactions;'’ increase the thermal stability of the support;> promote
noble metal reduction and oxidation;'” store and release oxygen, hydrogen, and sulfur;'®
form surface and bulk vacancies;'” and form intermetallic M—Ce compounds.*
Nevertheless, ceria-based catalysts generally require transition metals to be active for

industrial applications.'

The use of ceria is not only limited to catalysis. Doped-ceria materials have been
tested for their use in solid oxide fuel cells (SOFC). Such devices transform chemical
energy into electricity by reaction of fuels.”* In such fuel cells, ceria is used as a solid
electrolyte. Its modification and doping with metals allows the enhancement of the ionic
conductivity of SOFC components, being able to be operative at low temperatures.” >

Ceria-based materials are also used as ethanol and NO, sensors,”® and in membranes for

separation of oxygen.”’ Finally, ceria has also been used for biomedical applications.**
32
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1.3. Interaction of transition metals with ceria

Supported transition metals are extensively used as heterogeneous catalysts.
Traditionally, the support played the role of providing the proper architecture for
dispersing and stabilizing active metal particles. However, several other interactions can
occur at the metal-oxide interface. Such interactions result in substantial modifications
of the physical and chemical properties of both the oxide support and the metals and, in
consequence, of the catalytic properties of the material. Anderson and Boudart
suggested a definition of metal-support interactions as:> “a direct influence of the
support on the chemisorption and catalytic properties of the metal phase either by
stabilizing unusual metal particle structure, by changing the electronical properties due

to electron transfer processes between the metal particles and the support, or chemical

bonding —compound formation— between metal and support”.

Some of the properties of ceria previously listed are strongly related to metal-

1,34-39

support interactions. For example, the stabilization of dispersed metals and

40,41

formation of Ce-M alloys under reductive atmosphere are obviously phenomena

strongly biased by metal-oxide interactions. Several studies have addressed the

interaction of metals and ceria under oxidizing conditions,?*-03%3%42-46

In principle,
these focused on those transition metals used in automotive exhaust gases treatment
catalysts, such as Pd, Pd, and Rh. Nevertheless, the elevated price of such noble metals
hinders some of the large-scale applications of these ceria-based materials, for example,

in fuel cell technologies.*”*

In general, different studies have shown that under
oxidative media, M-O surface complexes are formed with an improved degree of metal
dispersion.” This relevant finding opens a novel route for the design of cost-efficient
catalysts with the maximum specific catalytic performance of the noble metal content.
Synthesis of such materials can be accomplished by finely dispersing atomic metal
species on the surface of the support, resulting in systems denoted as single-atom
catalysts (SACs).”***! Studies of SACs have been carried out not only using ceria as
the support oxide, but also in other non-reducible oxides such as MgO. Nevertheless,
the adsorption of such atomic transition metals appears to be too weak to prevent the
sintering processes, such as their agglomeration in metal particles.’* Thus, sufficiently

stable SACs require specially strong binding sites on the support to counteract metal-

metal bond formation.
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Materials constituting SACs have been reported to be catalytically active for
different reactions. Cationic Pt and Au species on nanostructured ceria® and in other

. . . o 54.55
non-reducible oxides, such as zeolites and silica,”™

catalyze the WGS reaction at
relatively low temperatures. Pd cations adsorbed on alumina®® and Pt on FeO,’’ have
also been reported to be active towards CO oxidation. Finally, hydrogenation activity
has been attributed to materials composed by Pd atoms anchored to cavities of

mesoporous graphitic carbon nitride®® and FeO,-supported Pt.”

1.4. Motivation and outline of the thesis

As pointed out in the current section, CeO,-based materials with different transition
metals are particularly important for diverse catalytic applications. However, many
aspects regarding understanding of the materials at the atomic level remain unclear and
are still a debate focus. In addition, many of the previously mentioned transition metals,
such as Pd, Pt, and Rh, are expensive, and this hinders their large-scale applications.
Thus, in order to be able to design cost-efficient materials for catalytic applications, a
better understanding of the interactions between transition metals and ceria is required,
with the ultimate goal of maximizing the catalytic power per active transition metal

quantity.

In this thesis, a computational study of the interactions arising upon deposition of
transition metals on ceria has been performed, aiming for a comprehensive
understanding of the nature of such interactions. In addition, a better understanding at
the atomistic level of the structure of metal-ceria materials can lead to a knowledge-

driven design of new improved and cost-efficient catalysts.

This thesis is structured as follows: Chapter 2 describes the methodology and
models used for carrying out the research work, together with the necessary theoretical
background. Such background includes description of periodic systems, structural
concepts, electronic structure, Bloch theorem, and density functional theory (DFT)

including the Hubbard +U correction.

Chapter 3 involves the research carried out to study a novel type of heterogeneous

catalyst: Single atom catalysts. The idea behind these interesting materials is to
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maximize the efficiency of the metal content included in ceria. Formation of SACs is a
promising way of developing cost-efficient materials, since all the metal content is
located at the surface, available for reactants. Thus, we studied the interaction of 12
different transition metal atoms with nanostructured ceria. In addition, we analyzed how
stable such composites are with respect to undesired processes typical from harsh

conditions in fuel cells: sintering and agglomeration.

Chapter 4 describes and analyzes an alternative way of treating SACs. This
alternative is based on the substitutional insertion of a transition metal atom by one
metal of the lattice of the support. This process is often referred to as doping. Thus, we
studied the effect of doping ceria with 4 different transition metals (Pt, Pd, Ni, and Cu)
together with the possible implications of two typical reduction processes (formation of
O vacancies and homolytic dissociative adsorption of H;) present in catalytic

environments.

Chapter 5 deals with one of the most important features of ceria for catalytic
applications: modification of its OSC. In particular, we performed detailed analysis on
how the OSC of ceria can be modified at an atomistic level and their implications in
catalysis. In addition, we tackle the possible effect of nanostructuring and metal loading

on the OSC of ceria.

Chapter 6 summarizes a study regarding the stability of Pt*" species when located
at the surface of ceria. For instance, many catalytic applications, such as dissociation of
hydrogen, require metal particles to be present. We tackle three possible ways of
reductive stabilizing such systems: i) by formation of O vacancies, ii) metal loading,

and iii) adsorption of Sn atoms.

Chapter 7 deals with characterization of Pt/CeQO; thin films through analysis of the
frequency modes of CO molecules. A detailed comparison between the experimental
and calculated frequencies is presented, explaining the obtained trends. We also tackle
the effect ceria support induces in the frequency modes of CO, together with the

possible dependency on the particle size.

The conclusions of this thesis are given in Chapter 8.
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In this chapter, an overview of the theoretical background behind band theory,
Density Functional Theory (DFT) and the application of the latter to condensed matter,
with particular focus on the aspects related to the present work is presented. The
computer code used to perform all calculations of the research work is the Vienna Ab

initio Simulation Package (VASP).”

This program treats systems in a periodic
environment. Some details regarding application of VASP to the studies of ceria-based

materials are also briefly discussed.

2.1. Periodic solids

First, prior to starting with the theoretical deductions based on the Schrodinger
equation that allows calculation of the electronic structure of a given system, the model
known as periodic solid will be introduced. This will help us to bridge theoretical
methods for description of isolated molecules to those employed in the case of periodic

solids, in a similar way as VASP considers all systems.

A crystal is a macroscopic system formed by a huge number of atoms set in a
regular fashion in the three-dimensional space. Due to the impossibility of solving the
electronic Schrodinger equation for the complete system, which might be formed by a
number of around 10** electrons, the study of the electronic structure of solids is based
on a simplified model called periodic system. A periodic system can be defined as a
system containing infinite number of atoms, but with a relatively simple structure
obtained by repetition of a structural unit formed by a small number of atoms by
translations. In principle, if the number of atoms contained in the structural unit
repeated by translations is small with respect the total number of atoms forming the
crystal, the periodic solid model reproduces well the structural properties of the crystal
overall, except that in a real crystal of finite size there are surfaces separating the
interior and the exterior parts of the crystal. Thus, the periodic model provides a
reasonable approximation to the properties derived from the electronic structure of the
interior of the crystal. For instance, if we want to know the electric or magnetic
properties of a crystalline solid, the periodic solid model should be enough for obtaining

a proper description.
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The structural unit used for building the periodic solid can be formed by just a single
atom or can feature a more complex structure, containing a number N of atoms.
Depending on the directions used for propagating the unit cell in the space, periodic
solids of one, two or three dimension can be built if one, two or three translational

vectors linearly independent are used in the construction of the crystal.

2.2. Electronic structure and orbitals

Below, the concept of orbital will be introduced and illustrated how it arises by

developing of the Schrodinger equation.

The electronic structure of whatever system composed by either atoms, molecules
or, even, crystals can be described by the Schrodinger equation for electrons and nuclei
that form the system. The time-independent Schrodinger equation will be used for the

present development:

HY=FY , (2.1)

where W is the wave function for the particles of the system, and A is the
Hamiltonian operator applied to W for calculating the energy eigenvalue 2. A can

be obtained adding the kinetic energy 7° and potential energy /  operators of the

particles of the system under study:

H=7T+V(r). (2.2)

The Hamiltonian operator Z for a system formed by M nuclei and N electrons can be

written, without relativistic corrections, in the following way:
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n N 2 M XZ 1 N M = 62 N N €2 M M - e
7=-Y2v_ V2 - 4C £ _ 4”5 (2.3)
~2m Z 2M A dre, ;Z 7, ;; 7 ;ZI 7 0

The two first terms of Z represent the kinetic energies of A electrons with mass

m and M nuclei with mass M. In this equation V> is the Laplace operator that, in

Cartesian coordinates, is expressed as:

2 2 2
V2=V-V=az+az+82- (2.4)
ax® ay° o0z

The third term of equation (2.3) represents the attractive interaction between

electrons (with charge - ¢ ) and nuclei (with charge + = ¢ ) at the distance 7,, separating

the i-th electron from the A4-th nuclei. The forth and fifth terms are related with the
electrostatic repulsion between electrons and nuclei, respectively. The double count of

such interactions is excluded implicitly at the summation considering j > i and B > 4.

The resulting Schrodinger equation cannot be solved analytically (except for the
simples cases with just one electron), which implies the application of a series of
approximations to reach a useful solution. The first of such simplifications was to
neglect the temporal effect on the wave functionW, using the time-independent
Schrodinger equation (2.1). The second approximation consists in assuming that all
electrons feature much higher velocities than the nuclei due to the much higher mass of
the latter with respect to electrons. This implies that the positions of the nuclei can be
fixed, when positions of electrons are studied. This is the so-called Born-Oppenheimer
approximation. When removing the change in the nuclear coordinates from Equation
(2.3) the wave function W becomes function only of the electronic coordinates and the
fifth term in the Hamiltonian irrelevant for the calculation of W can be neglected when

solving the time-independent Schrodinger equation and then added as a constant.

Using atomic units and the above mentioned approximations, the Hamiltonian

operator describing the electronic movement of a system with fixed nuclei reads:
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where the first term corresponds to the kinetic energy of electrons, the second term — to
the attractive potential of nuclei towards electrons and the third term — to the

electrostatic repulsion between electrons.

Ab initio theoretical methods of calculation are those which, up to this point, do not
use further simplifications in the Hamiltonian (Equation (2.5)). Nevertheless, the
repulsion term between electrons hinders the solution of the Schrodinger equation for
each electron separately, making necessary further approximations for solving the

resulting coupled equation system.

In molecular quantum chemistry, an approximate many-electron W can be
obtained from a series of one-electron functions v, called molecular orbitals (MO).
Despite that it is desirable that the electrons described by this set of functions v, were
independent from each other, resulting in a total wave function W as a product of all
MOwy,, it is not true and, thus, the Schrodinger equation for the N electron system has
to be solved in an iterative manner. Nevertheless, using a set of y, for approximating

W of the N electrons is a good starting point. In such approximation, the movement of
each electron can be considered independent of the other electrons in an average field

created by all other electrons of the molecule.

If we express the MO as a linear combination of basis set functions similar to the
ones that describe electrons in isolated atoms (atomic orbitals (AOs)) we obtain the

linear combination of atomic orbitals (LCAO),

(=33 () 20
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where the base functions ¢, (r) are AOs localized on the different atoms A forming the

molecule. Note, that the AOs can be, for instance, solutions of the Schrodinger equation

for hydrogen-like orbitals (atoms with only one electron and nuclear charge z ).

For finding the best N-electron W, the variational theorem is used, which states
that this will be the wave function corresponding to the lowest energy. W can be found

calculating the expectation value £,

_Jvaver _(Waly) 2.7)
- [wwar <1p|1p> S

W is a complex function, including an imaginary part, with W~ being its complex

conjugate.

If Equation (2.5) is used for describing a MO as combination of AO one obtains:

S33Scne.0,)/

E_AB,uV

- 3333cuc.l¢

A

) 3353cic
) 333cicss

: (2.8)

defining, at the right side of the equation, the Hamiltonian /7 and overlap §

integrals. Applying the variational theorem, one obtains a linear equation set, which can
be solved matching the secular determinant to zero. Thus, N values E; for the energy or
eigenvalues of the Hamiltonian can be obtained. Introducing each of such values in the

equation system, one can calculate N sets of coefficients c,;, a set for each different

value of Ej, also called eigenvector of /7 .
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2.3. Bloch theorem

Herein, we introduce the treatment required for theoretically studying systems such
as crystalline solids. For systems with many atoms a problem arises, when solving the
secular determinant obtained by LCAO procedure due to the huge dimensions of the
matrices and, therefore, of the resulting secular equation. To overcome this obstacle,
one can describe the electronic structure of a unit cell of the crystal and utilize the
translational symmetry of the system for obtaining the electronic structure of the whole

system.

Crystals are translationally invariant in the three dimensions of the space.
Therefore, one can use the translational symmetry for generating the W of the crystal,
which is composed by crystal orbitals called electron bands.*

For an ideal crystalline solid, the potential / (r), to which electrons are subjected,

has to be identical in all cells due to the periodicity of the lattice, expressed by the

vector 77,

V(re7)=r(r) - (2.9)

Bloch theorem enounces that such periodicity in the potential implies that the wave

functions describing the electrons of a solid, or crystal orbitals, ‘I’(r,/f) have to be also

periodic and, therefore, can be expressed as a lineal combination of Bloch orbitals (BO)
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W(rk)= S, ()0, (r4) - @10

u

where the summation is extended to the number of AO associated with atom w . In this
expression 9, (r,é) corresponds to a BO and ¢, (/f) — to the coefficients indicating the

participation of each BO in the crystal orbitals. Note that these crystal orbitals are
equivalents to the MOs in the case of a molecule. Equation (2.10) is analogous to
Equation (2.6) for an extended system. In the case of a solid, instead of expressing the
orbitals of the system using a basis of AOs they are expressed using a base of BOs,

which are nothing else but linear combinations of atomic orbitals adapted to the

translational symmetry of the system. BOs are constructed from the AOs y, by

b,(rk)= 2 x,(r-%,) . 2.11)

n

where the equivalent (infinite) AOs in each cell are multiplied by a phase factor "
R indicates in which unit cell the orbital Xu(r—/?”) is found. The summation is
extended up to the number of unit cells (infinite) forming the solid, n. Thus, from the
linear combination of the same type of AOs x, of each of the unit cells of a solid a set

of orbitals is constructed, BOs, which are extended in the whole solid and that can be

combined using Equation (2.10) for obtaining the crystal orbitals ‘I’(r,/f) A

Important conclusions can be drawn from the previous equations. First, W of a
solid can be calculated as a linear combination of extended orbitals, which is much

easier than to combine each of the AOs separately. Furthermore, the periodicity on the

potential / (r+]’ ) allows one to produce an infinite number of BOs due to the

parameter 4 used in their construction, which is a continuous parameter. As we will
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have as many crystal orbitals as BOs we combine, the number of crystal orbitals will be
also infinite. Considering all crystal orbitals, their energies do not correspond to finite
values, but to allowed energy bands separated by regions of forbidden energies or gaps.

Finally, a quantum number 4 has been introduced for constructing the different BOs

‘I’(r,/f) A

2.4. kK number, Brillouin zone and electronic bands

As mentioned in the previous section, BOs for a periodic system depend on a
quantum number called #, which is used for constructing them. This number has
inverse length units and, in mathematical language, it is defined at the reciprocal space
associated with the crystalline lattice, defined in the physical space, called real space.’
Reciprocal space is a mathematical tool used for simplifying the treatment of infinite

periodic systems, such as crystals.

Whatever position in three-dimensional Euclidean space can be defined by a vector,

which is linear combination of three linear independent base vectors 7, Z, and ,:

O=pa +qga, +ra, . (2.12)

Position of each point of the periodic lattice in the real space is defined by a vector

R=na +na +nda, , (2.13)



Chapter 2.4. k number, Brillouin zone and electronic bands 37

where, differently from the previous case, we can only consider integer values for the

coefficients 7, 7, and 7,.

For the lattice { #! we can construct a new lattice, called reciprocal lattice, whose
p

points K canbe expressed as a function of a set of reciprocal vectors g, g, and g,

K=mg +mg,+mg, . (2.14)

The reciprocal lattice can be obtained from the real one taking into account that, by

definition, real and reciprocal space vectors are related by the equation

P (2.15)

This relation is similar to the orthogonality relation between basis vectors.
Independently of the dimensionality of the system, reciprocal space vectors have inverse

length units.

Band electronic structure is the representation of the energy of a wave function
extended as a function of quantum number £ . It is, thus, the equivalent of the energy
diagrams of MOs for a crystal. Crystal orbitals are 4 -dependent wave functions.
Therefore, they will be as many as 4 numbers are considered. In principle, as the
number of atoms in the lattice is infinite, infinite number of AOs will be obtained and,
thus, infinite BOs (each with a different value of 4) that will be combined for

producing an infinite number of crystal orbitals.*

Although there is infinite number of possible 4 points, the values that can feature
this number are reduced due to the periodicity of the lattice. In order to deduce such
values the example of a macroscopic one-dimensional crystal with length Z can be
used. We will also consider that the crystal is compound of a huge number of unit cells

N with lattice parameterz . If we glue the unit cells of the ends forming a ring, the
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wave function of the system will be continuous. Applying the Bloch theorem for

whatever value of £ one obtains

w(k,o) = w(k,[) = e’“zp(/c,o) . (2.16)

Equation (2.16) is applicable for all range of 4, if the exponential (A’,L) is

multiple of 257 . Thus, £ values are limited to the range of —2 </f= 2 (2.17).
a a

The latter three-dimensional relation can be written shortly as 0 =< V" < 2 , and the
a

set of points in the reciprocal space fulfilling this condition are called Brillouin zone.”
The Brillouin zone is the unit cell of the reciprocal space and, thus, one can generate the
whole reciprocal space by repetition of the Brillouin zone. For instance, it is a special
case of unit cell, the so-called Wigner-Seitz cell, which is the unit cell containing all the
non-translational symmetry of a lattice. In order to construct it, one has to choose a
point of the reciprocal lattice, connect it with all the nearby points and bisect all the
resultant vectors with planes (Figure 2.1). The volume defined by such planes around

the original point is the first Brillouin zone.*
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Figure 2.1. Brillouin zones of a simple square lattice. Circles represents the points of
the reciprocal lattice and the numbers inside them identify the classification of the
neighbors from the origin.” The first Brillouin zone is the white square around the point

denoted with a number 0.

Despite reducing considerably the complexity of the system, in order to calculate
the band structure of a solid one should take all (infinite) # points of the Brillouin
zone,” which is impractical. In practice, what one can do is to study the structure of the
band through special directions in the reciprocal space (high symmetry directions).
These are the directions that will provide the structural characteristics of the system,
while calculating the energy of the band for a finite set of points through each line.
Usually, the calculation of properties such as the total energy of the system, which
requires the calculation of all occupied crystal orbitals, is done by considering a finite
lattice of 4 points in the Brillouin zone and to approach the integrals in the reciprocal
space using sums on this finite lattice of £ points. Calculations can be notably simpli-
fied by restricting them only to the irreducible part of the Brillouin zone, i.e., reciprocal
space points from which the whole Brillouin zone can be obtained by application of

non-translational symmetry operations (rotations and reflections) of the lattice.

Special high symmetry points in the Brillouin zone received specific names. The

center of the zone is called I', and whatever other point is expressed as a fraction of the

reciprocal vectors, this is, multiples of 27%.
a
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2.5. Density of states

As has been mentioned before in this chapter, many atoms compose the-strueture-of
crystalline solids, which implies consideration of a large number of AOs per unit cell.
Thus, analysis of their band structure is a difficult task. This is due to the fact that one

has to choose one path of the infinite combinations existent in the Brillouin zone.

Furthermore, BOs 1/}(//,[7) can adopt complex values, which require assembling of

linear combinations of such complex functions for producing real crystal orbitals for
interpretation of their composition. Such combinations derive from the necessity of
using the reciprocal space. Thus, it would be useful to have a tool that, despite the
complexity of the system under study, allows the usage of the real space, when

representing the obtained energies and analyze them in a simple manner.

A way of representing the whole electronic structure of the system is the density of

states diagram (DOS). DOS, 2 (E ) is proportional to the inverse of the slope of the

band
P(£)~ (%) . 2.17)

The more pronounced the slope of the band, the less number of states will exist in a
given range of 4 points and the lower the DOS will be or, equivalently, the flatter the
band, the higher the DOS is.”

2.6. Density functional theory

In order to perform ab initio calculations for extended systems such as solids, there

exist various ways of proceeding.

On one side, there exist methods consisting in solving the Schrédinger equation for
determining the wave function of the system. One of the basic methods of this class is

the Hartree-Fock method. It considers each electron independently of the others, being
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only influenced by an effective potential created by all these electrons. Application of
Hartree-Fock method results in an energy value always higher than the exact energy

value of the system. Such energy difference is called correlation energy.

A way for (partial) overcoming the correlation energy problem is to calculate the

energy of the system using the electron density p(F ) Usage of p(F ) to calculate the

energy of the system is the dominion of the density functional theory (DFT).

The p(?) is defined as the integral over the spin coordinates of all electrons and

over all but one of the spatial variables
p(7)= o [ |95y, | 050,07, (2.18)

p(?) determines the probability of finding any of the A electrons within the

volume 97 .

In 1927, Thomas and Fermi used a model based on the uniform electron gas for

proposing a functional for the kinetic energy:
7, [p(?)]=%(3n2)2/ [ o7 (7)o7 (2.19)

Using the classical expression for the nuclear-nuclear potential and electron-

electron potential, one can obtain the energy of an atom in terms of the electron density:

£ [p(?)]=%(3%2)2/3fp5/3(ﬁ)a?—2f@a?+%ffM78F. (2.20)

7
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To determine the density that has to be included in Equation (2.20) one can employ

a variational principle, minimizing the energy under the constraint f p(af)af =N.

Hohenberg and Kohn provided demonstration that p(? ) uniquely determines the

Hamiltonian operator and, thus, all the properties of the system. The first Hohenberg-
Kohn theorem states that “the external potential V, w(?) is (to within a constant) a
unique functional of p(?),‘ since, in turn V, w(?) fixes H we see that the full many
particle ground state is a unique functional of p(?) . Thus, p(?) determines A and
V (F) and hence all the properties of the ground state, such as the kinetic energy

ext

7 [ p] , the potential energy [ p] and the total energy £ [p] :

Elpl=[p(7)7p (F)o7+ £ |p] s £ulp)=7|p]+ £,  @2D),222)

If the functional /Z Hk[p] was known, the Schrodinger equation could be solved
exactly. Nevertheless, the form of kinetic energy 7 [p] and electron-electron

interaction £ terms are still unknown.

The second Hohenberg-Kohn theorem states that “/# Hk[p], the functional that

delivers the ground state energy of the system, delivers the lowest energy if and only if
the input density is the true ground state density”. As one can notice, this is an

application of the variational principle:

E,<E|p|=-7|p|+£,[p]+£.]P] (2.23)
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This means that for any trial density £ [,6] satisfying the necessary boundary

conditions and associated with an external potential I;; .,» the energy obtained in

Equation (2.21) represents an upper bound to the true ground state energy £ .

Even if the Thomas-Fermi model provides an example of DFT, its performance is
really poor due to the approximation of the kinetic energy. Kohn and Sham addressed
this problem in 1965 suggesting the calculation of the exact kinetic energy of a non-

interacting reference system with the same density as the real interacting one

V2

7,- -éf@ v,). (2.24)

where 1y, are the orbitals of the non-interacting system. Note that 7 is not the real

kinetic energy of the system. Kohn and Sham accounted for that with the introduction of

the separation functional /# [ p]

F[p]=]}[p]+/[p]+EXC[p] , (2.25)

where £ . [ p] is the so-called exchange-correlation energy defined as
£ [Tl T ) (£ L)) ee

£ [ p] is the functional that contains all unknown terms. The total energy of the

system can be calculated as
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E[p]=7;[p]+,/[p]+EXC[p]+EN€[p] . (2.27)

The only term with no explicit form is £, [ p]. Applying the variational principle,

one obtains the Kohn-Sham equations:
1, -
-5V V() |w, =ew, (2.28)

where the effective potential // (Fl ) of a particle is

)= %)WZW (7)-7(7) . (2.29)

which is formed by a Hartree-like potential, an exchange-correlation potential and the

nuclei interaction potential.

Solving Kohn-Sham equations one obtains crystal orbitals (in the case of periodic

systems) and their bands.”

DFT calculations are considered to be sufficiently correct as long as the exchange-

correlation functional £ . [p] is approximated satisfactorily. The search for an

appropriate £ for each system has derived two main approximations, the local-
x| P y pp

density approximation (LDA) and the generalized gradient approximation (GGA).

The £ . [ p] functional obtained by applying the LDA is



Chapter 2.6. Density functional theory 45

£2'[p]= [ o(Fl|p(7)]o7 . (2.30)

where ¢, . is the exchange-correlation energy for a particle of an homogeneous electron
gas of density p(? ) . The exchange part can be expressed in an analytic manner, but the

correlation part has to be derived from perturbational theory or interpolating a quantum

Monte Carlo-like calculation for the electron gas.

This approximation is applicable for systems, electronic densities of which change
smoothly from one to another point. It usually provides small exchange energies and

high correlation energies.

The GGA exchange-correlation functional has the form

£ [p]sfp(f)ﬁ{p(;),Vp(;)}af . (2.31)

Unlike the LDA approach, GGA takes into account the gradient of the electron

density in the development of the so-called gradient-corrected functionals. p(?) and

the gradient Vp(?) are included for a better description of the exchange energy in

regions of low electron density. Resulting calculated energies are much better than the
ones obtained using LDA), especially when treating systems with bond dissociation or

formation, so as often better geometries (with many known exceptions).

Despite LDA and GGA approaches are useful for approximating exchange-
correlation energies, they are not sufficiently accurate, when the correlation energy is
high. For instance, their application for describing metal-oxide isolators, such as ceria,
results in metallic-like electronic structures. There exist various ways for solving
problems like that, even if these computational techniques are much more demanding
and cannot be applied to solids with complicated crystalline structures. A simple
approximate method for dealing with such problems is the inclusion of an extra

repulsion term, the so-called Hubbard parameter U, which gives rise to the LDA+U and
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GGA+U methods. Such parameter is commonly used for treating in ad hoc fashion the
Coulombic repulsion between d or f electrons, but it can be applied to whatever type of
orbitals. The energy functional will be dependent on the electron density and on the
occupation matrix, since the U parameter is a basic variable needed to be considered
inside the matrix. The choice of the U value allowing to sufficiently accurately describe

all kinds of calculated observables for a given system often is not possible.”*

2.7. Plane waves and pseudopotentials

As mentioned in previous sections of the present chapter, orbitals or bands are
usually represented as linear combinations of functions in order to allow improved
performance of calculations. For a proper description of periodic systems, it is common
to use plane wave functions as basis sets. Such functions are not centered at nuclei, as
Gaussian-type orbitals are, but are extended throughout the entire cell. Plane waves take
implicitly into account the periodic boundary conditions of the system, making them
particularly appropriate for calculations of extended systems. Despite the large number
of plane wave functions is required to achieve desired accuracy, by using

pseudopotentials one can reduce the number of these functions significantly.

Pseudopotentials are an effective way of treating core electrons of heavy atoms in
systems dealing with many electrons. Core electrons are considered unmodified during

the calculation with only valence electrons determining chemical properties of solids.

An efficient way of combining the pseudopotential approximation with plane
waves is the Projector Augmented Wave method (PAW) proposed by Blochl.® The core
electrons are treated as frozen functions. Then, a smooth part of a wave function and a
linear transformation relating valence functions of core electrons can be defined to these

smooth functions.
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3.1. Introduction

In the present chapter we tackle a rather new strategy in catalysis science with the
aim of reducing the noble metal content in catalytic materials. This saving measure is
nowadays an urgent need due to the ever-increasing demand for such metals from the
automobile industry along with their limited supply. These circumstances have a critical
effect on the price of noble metals and, therefore, on the large-scale implementation of

applications that require noble-metal-based catalysts.'™

In order to deal with this problem, two different strategies can be followed. The
first one involves the partial or total replacement of the precious metal by other less-
expensive materials. In this line, a wide number of alternatives have been already
proposed, which can indeed substantially decrease the cost of the catalyst.*®
Nevertheless, the catalytic performance of these alternatives is rather inferior to the one
obtained using the analogous noble-metal systems. The other strategy aims for a more
efficient utilization of the noble metal content present in the catalyst. This can be
obtained by maximizing the specific catalytic performance of the noble-metal phase, i.e.
its per-atom activity. The latter has been usually achieved by finely dispersing the noble

metal on the support material.”®

The extreme situation of metal dispersion corresponds to catalysts where the active
metal is distributed on the surface of the support in the form of atomic species, denoted
as SACs.”'"!" However, non-reducible metal-oxide supports exposing regular surfaces,
such as MgO(100),"? anchor atomic transition metal species too weakly to prevent their
clustering. Even regular (111) surface of widely applicable archetypical reducible oxide
CeO, binds on it transition metal atoms only rather weakly."> These are indications that
the preparation of sufficiently stable transition metal SACs requires special conditions,
such as exposing of strongly binding sites on the supports to counteract aggregation of
metal atoms in particles thermodynamically strongly triggered by metal-metal bond

formation.

Various composites exposing surface metal atoms were shown to be catalytically

active for a wide range of chemical reactions. For instance, atomic Pt and Au species

15,16

. 14 . .
supported on nanostructured ceria = and other more inert oxides were found to
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catalyze the industrially important water-gas shift reaction at low temperatures.
Moreover, materials with Pd cations anchored on alumina'’ and surface Pt cations on
FeO,'® were demonstrated to be active towards CO oxidation. SACs containing Pd
atoms anchored to cavities of mesoporous graphitic carbon nitride'® and FeO,-supported
Pt** have been found to be also highly active in mediating hydrogenation reactions.
These and analogous systems represent a very promising and interesting new generation

of cost-effective catalytic materials.

According to the existing literature, supported noble-metal atoms in oxidized states
are the active species in these catalysts. It is worth mentioning, however, that SACs can
partly lose the specific activity of the metal due to sintering or bulk diffusion under the
harsh catalytic conditions. These processes may strongly reduce the number of active
metal sites exposed to reactants at the surface of the support. Therefore, it is essential
that the support provides enough surface sites able to anchor the single metal atoms
with sufficient strength to prevent undesired processes of their agglomeration and bulk

diffusion.

To this end, small {100} facets of NPs have been shown to be remarkably efficient
in anchoring single Pt atoms in the form of cationic Pt*".*** Furthermore, combination
of DF calculations with X-ray photoelectron spectroscopy (XPS) experiments
successfully determined the presence of Pt* cations adsorbed on these special surface
sites exposing four nearby O anions arranged as a square. There, cationic Pt is
efficiently protected form reduction, aggregation, and bulk diffusion, even up to high
temperatures (around 700 K).*' Thus, both theoretical and experimental evidences imply
that this specific nanofacet fulfills the requirements for preparation of a sufficiently
stable SAC. Notably, this O4 surface site is not inherent solely to ceria NPs, but it can

also be found on extended CeO,(100) surfaces™ and on the step edges of low-energy

CeO,(111) islands.*

The findings regarding the extraordinary stability of Pt atoms on ceria {100} nanofacets
suggest that these sites may not only strongly bind Pt, but also other transition metal
atoms. To asses this peculiar binding propensity, key factor for synthesizing stable
SACs, we computationally investigated the interaction of {100} facet sites of ceria NPs
with other transition metal atoms M = Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Cu, Ag, and Au of

groups VIII-XI of the periodic table. In the following, we provide extensive comparison
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and analysis of the adsorption energies of the atomic M; species on this ceria site with

the binding energies of the corresponding atoms in metal NPs.
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3.2. Models

As a representative model of nanostructured CeO,, a cuboctahedral Ce49Ogo NP has
been chosen (Figure 3.1). This model is shown to be capable of reproducing various

. . 21,25,26
experimental observations.” "

The structure of this NP resulted from global
optimization using interionic potentials and DF calculations.””*® The Ce49Oso NP retains
the cubic fluorite-type crystallinity of bulk CeO, and exposes small O-terminated {111}
and {100} facets. The latter corresponds to the polar (100) surface, which is known to
be less stable than the (111) surface.”” Nevertheless, nanostructured ceria with
numerous {100} terminations have also been prepared, ranging from nanocrystals with
extended (100) terraces™ to nanocubes exposing only {100} facets.”® To avoid in our
calculations significant spurious interactions of the ceria NPs with each other, the size

of the periodically repeated unit cell was chosen to keep distances between NPs in

neighboring cells >700 pm.

Figure 3.1. Cuboctahedral Ce4Osp nanoparticle model of nanostructured ceria. Yellow

and red spheres represent Ce*" and O ions, respectively.

Adsorption energies, E,4, of a metal atom M on the ceria NP have been calculated
as Eag = E(M-Ceq00sg0) — E(M) — E(Ces00s0), where E(M,) is the total ground-state
energy of an isolated metal atom and E(M;-CesoOs0) and E(CesOg) are the total
energies of the ceria NP with and without the adsorbed metal atom, respectively.
Negative E,q values correspond to stabilizing interactions with respect the separated M

and Ce40Oso fragments. In order to compare the strength of this interaction with that of
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M, agglomeration into metal particles M,, we have calculated the binding energy, E,q479,
of an edge M atom in the M79 model as Ead79 = E(M79) — E(Ml) — E(M78) This M79
particle is a bulk cut of the fcc crystal (Figure 3.2).

Figure 3.2. Model M7y NP used for estimating the binding energy of atoms in metal
particles. The darker green M atom in the edge position was removed for calculating its

binding energy to the remaining Mg species.
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3.3. Results and discussion

In the following section, we perform a comparative study of the adsorption of 3d
(Fe, Co, Ni, Cu), 4d (Ru, Rh, Pd, Ag), and 5d (Os, Ir, pt,”! Au) metal atoms on the Oy
sites of {100} nanofacets of the Ce4Oso NP. It is worth mentioning that this is not the
only site on the chosen NP, where metal atoms can or may be anchored, but the
adsorption of Pt on other NP sites was calculated to be much weaker than on the Oy

122 similar in strength to the rather weak adsorption on CeOx(111) surfaces.’’

site,
Therefore, we focused on interactions with the Oy site, since we expect all metal atoms

under scrutiny to prefer this site for adsorption.

Optimized structures of M;-Ce4Ogo systems are shown in Figure 3.3. Using spin
moment analysis, we are able to quantify the amount of charge transfer upon deposition
of metal atoms on the {100} nanofacet. Such charge transfer induces the oxidation of
the M, adsorbate concomitant with the reduction of a certain number of Ce*" cations to
Ce’". This number depends on the specific M atom and equals its oxidation state.
Corner Ce*" cations in the Ce4Oso NP are the most prone to be reduced. This is due to
their lower coordination number and more open location on the surface of the NP,
which results in an accordingly less destabilizing electrostatic environment.””** Corner
Ce*" cations accept electrons from M atoms, which are oxidized to cations in the +1 or
+2 oxidation states. In situations where the M center suffers further oxidation, a search
for the most stable locations of the additionally formed Ce’" cations has not been
performed in view of the enormous number of possible configurations needed to be
tested. Location of Ce’* cations in other positions of the ceria NP is estimated to modify
adsorption energy of the M atom to the Oy site by up to 40 kJ mol™ per Ce®" cation.”’
But even this moderately strong energy difference should not critically affect the
upcoming discussion of Euq values of M atoms. Note that the formation of Ce®" cations
(which are larger than Ce*" cations) noticeably elongates the corresponding Ce-O

distances, to 228 pm from 213 pm in the pristine CeO, NP.

Next, we discuss the calculated oxidation states for each adsorbed metal atom and
M-O coordination modes. Comments on how our results compare to pertinent

experimental data are also provided.
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Figure 3.3. Overview of the M;-CesoOgo structures calculated for the adsorption of
different transition metal atoms (M) on the {100} facet of the CesoOgo nanoparticle.

Yellow, brown, and red spheres represent Ce*", Ce’”, and O ions, respectively.
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Figure 3.4. Representative M-O, O-O, and Ce-Ce distances (pm) at the {100} facet of
the NP with adsorbed M atoms of the 8", 9", and 10" group of the periodic table.
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Figure 3.5. M-O, O-O, and Ce-Ce distances (pm) at the {100} facet of the ceria NP
with M = Cu, Ag, and Au atoms adsorbed considering their two possible oxidation

states. Top images represent the most stable states obtained.

Group VIII metals

Transition metal atoms of group VIII are calculated to feature different oxidation
states, +3 for Fe and Ru, and +6 for Os. Two Ce’" cations are located in corner
positions, with additional f electrons on other surface Ce’" cations close to the {100}
site occupied by M. The M atoms are bound to four atoms of the Oy site arranged in a
square-planar fashion. The nearest M-O distances are 184-187 pm for Fe, 196-199 pm
for Ru, and 184-185 pm for Os. These distances are much shorter than the distance of
ca. 225 pm between the O atoms and the center of the O4 square in the pristine CesOso
NP.?! Méssbauer spectroscopy detected Fe’* cations coordinated by four O anions in a
similar mode when inserted into the lattice of ceria-zirconia catalysts.”> Additionally,
self-dispersed Ru metal powder on ceria in the form of small particles and single atoms
in a highly oxidized state was also demonstrated to be very stable at high temperatures

by X-ray absorption near edge structure (XANES) and Raman spectroscopies.*
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Group IX metals

Atoms of this group manifested quite diverse oxidation states. Co is the only group
IX metal atom adsorbed on the ceria NP that features a +3 state. We calculated Ru to be
adsorbed in the +2 state. Similar to atoms of group VIII, only the 5d element, in this
case Ir, undergoes further oxidation to the +4 state. As for the NP with adsorbed group
VIII atoms, Ce’" cations are formed in both corner positions and close to the Oy site
occupied by the metal. Co and Ir are bound in a square-planar coordination mode with
M-O distances 185-186 pm for Co and 192-197 pm for Ir. Rh*" appears to prefer a
linear coordination with two short (198 pm) and two long distances (208 pm). Group IX
cationic species have been characterized experimentally on ceria-based materials. Co®"
cations were detected using temperature-programmed reduction (TPR) and XPS
experiments in ceria-zirconia catalysts.”> Rh*" cations were evidenced on ceria-zirconia
mixed oxides by Fourier transform infrared (FTIR) spectroscopy.’® Finally, surface Ir*"
species were identified in ceria by TPR and diffuse reflectance infrared Fourier

transform spectroscopy (DRIFTS).*’

Group X metals

Group X atoms Ni and Pd are calculated to be adsorbed similarly to Pt as +2
cations, coordinated in a square-planar mode, which is very characteristic of d* metals.
The interatomic M-O distances are 189 pm for Ni and 205 pm for both Pd and Pt. The
same oxidation state was recently reported for Ni*" on defect sites of CeOx(111)
surface.’® It was shown that the interaction of Pd with ceria can lead to the formation of
Pd-O-Ce surface structures featuring Pd*" cations, which are highly active in the
catalytic combustion of methane.” There is experimental evidence that Pd*" cations in
the square-planar coordination by oxygen are highly stable in PdO4-CeO, solid
solutions.*” The presence of atomic platinum as Pt*" cations on ceria surfaces has
already been documented by several theoretical and experimental studies. Formation of

these species was often related to exposure of (100)-terminated facets.>'*>*!"*



Chapter 3.3. Results and discussion 61

Group XI metals

Adsorbed atoms of group XI, like those of group IX, exhibit various oxidation
states. Moreover, each adsorbed group XI atom can feature different oxidation states.
The presence of Cu as Cu®’ ions in the ceria lattice was reported recently.” We
calculated Cu” to be coordinated in a distorted linear fashion with two short (189 pm)
and two long Cu-O distances (231 and 262 pm). Cu®" adsorbs in a square-planar
coordination mode with four equal Cu-O distances (199 pm). The Cu*" state is found to
be 54 kJ mol” more stable than the Cu” state (Table 3.1). Atomic Ag can be adsorbed as
either Ag" or Ag’", the latter being somewhat more stable. The not very common Ag®”
binds to four O atoms, with Ag-O distances of 205-206 pm, in line with the square-
planar coordination detected in oxoargentates.*> Ag” prefers a notably distorted square-
planar coordination, where the metal atom is around 90 pm above the O4 plane. This
distortion elongates Ag-O distances to 239-241 pm. Atomic Au can also be adsorbed in
two different oxidation states, +1 and +3, the latter being 70 kJ mol™ more stable (Table
3.1). Au, similar to the other studied 5d metals, forms the highest oxidation state (+3)
within the group. A linear coordination of Au" cations is preferred, with two short (206
pm) and two long distances (274 and 276 pm), while Au’" prefers a square-planar
coordination (Au-O distances are 204-205 pm). Ag adsorbed as single atoms on
microporous hollandite manganese oxide was found by XANES to feature the +1
oxidation state.*® Meanwhile, gold can be stabilized both as Au’" and Au’ surface

cations in ceria-supported gold catalysts.*’

M Eug, kI mol!  Eaa79, kJ mol™ Ead79-Eaq, kJ mol™! q, a.u.
Group VIII

Fe* -785 -630 155 1.50
Ru’* -812 =729 83 1.46
0s®* -978 -844 134 2.49
Group IX

Co*" =709 -548 161 1.29
Rh** -678 -612 66 1.07
I -830 -821 9 1.54
Group X

Ni** -678 -519 159 1.06

pd* -504 377 127 0.91
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Pt*" -678 -548 130 0.93
Group XI

Cu’ -412 0.73
Cu* -466 -371 95 1.03
Ag’ 277 -263 14 0.63
Ag’ -251 1.06
Au’ 264 0.41
Au’” -334 -310 24 1.08

Table 3.1. Calculated adsorption energies E,q and Bader charges q for atoms M
adsorbed as M"" cations on a CegoOgo NP along with binding energies E,q79 of the M

atoms on edges of M7 NPs (see Fig. 3.2).

The adsorption energy values shown in Table 3.1 indicate that the ceria {100}
nanofacet can strongly anchor not only atomic Pt, but other transition metal atoms as
well. Atoms of all considered transition metals are oxidized upon adsorption on the Oy
site. Bader charge analysis of adsorbed species reflects the formal oxidation states only
qualitatively, being notably smaller than the latter and, interestingly, manifesting
significant covalence contribution in the M-O interactions. Despite the simplicity of the
considered Oy sites exposed by the CesOz9 NP, we expect them to be representative for
a wide variety of experimental environments of different coordinated transition metal
cations. Specially, our model ceria NP allows us to quantify the strength of the M-O(-
Ce) bonds formed by the oxidized metal atoms. To assess whether these atomic metal
species are resistant or not to undesired agglomeration and sintering processes, which is
crucial issue in the design of SACs, we compared binding energies of the metal atoms

on the ceria NP surface and in the corresponding M79 NPs (Table 3.1).

For all M atoms under scrutiny, the adsorption energy E,q on the ceria NP is larger
in magnitude (i.e., more negative) than the binding energy E.q479 of an edge atom located
in the M9 NP. This implies that the metal dispersion as single atoms on the Oy sites of
ceria nanostructures is energetically favored with respect to the formation of metallic
aggregates. Thus, the resistance to sintering processes can be expected for very stable

adsorption complexes on the nanoparticulate oxide support, especially for metals
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featuring substantial energy differences AE = E,479 — E,q (Table 3.1). The AE value is a
direct measure of the propensity of anchored metal atoms to form particles: the larger
AE value, the less prone the metal center is to undergo sintering and aggregation. At the
light of these results, we predict Fe’, Os®", Co’" and all group X metals to be
particularly resistant to agglomeration, especially in oxidative media. For group X
metals, the extraordinary stability of the square-planar coordination characteristic of d®
metal centers explains the particularly strong interaction with the support NP. Small AE
values calculated for cationic Ag, Au, and Ir species suggest that these complexes are
less resistant to sintering and, therefore, might form metallic particles more easily than
the other ones. Perhaps, to better stabilize these metals as single atoms one should
explore other, more strongly binding supporting materials. The O4 sites of CeO;
nanostructures (not limited only to Ce4Oso NPs) bind metal atoms notably stronger than
on the extended CeO,(111) surface. For instance, the adsorption of Cu, Ag, and Au
atoms on the latter surface resulted in PW91+3 E,q values of -179, -96, and -69 kJ mol ™,
respectively.*® This greatly suggests that the adsorption complexes of transition metal
atoms on {100} facets of CeO, NPs are substantially more resistant to agglomeration
processes than on the CeOy(111) surface. We believe that since Pt was found to adsorb
on both {100} facets and other non-{100} sites of the ceria NP with comparably much

lower E,q,”' other metals will behave similarly.

A closer look at the results in Table 3.1 reveals clear trends in calculated adsorption
energies along the rows and groups of the periodic table (Fig. 3.6). The two adsorption
energy values E,q and E,479 generally decrease in magnitude when moving from the left
to the right of the period. This is an indication that metals with less occupied d bands
form stronger metal-metal bonds, which are therefore more strongly bound as atoms to
the oxide support. Monotonous decreases in E,q and E,479 values are observed for 4d and
5d metals, with more pronounced differences for Au. The trend along the period for 3d
metals is less linear and both E,q and E.479 values are crossed with those of the 4d and
5d metals. These data also indicate that, except for Au, 5d metals form the strongest
bonds with the Oy site of the ceria NP, whereas 4d metals form the weakest bonds, with

the exception of Ru.
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E.q(M)
kJ/mol /,.ﬂ Ag*

-400+
-600+

-800

Group VIII IX X Xl
Figure 3.6. Adsorption energies of transition metal atoms (M) on the {100} facet of the
Ceq0Og0 NP (empty points, connected as a guide for the eye) and binding energies of
these atoms in edge positions of the M9 NP depicted in Fig. 3.2 (filled points). Results

for 3d, 4d, and 5d metals are shown by diamonds, squares, and circles, respectively.

It is important to mention that the transformation of the transition metal content into
the corresponding oxide phase in an oxidative environment could lead to the destruction
of the single-atom sites. Similar to the sintering into metal particles, the formation of the
oxide phase would lead to a decreased number of exposed metal atoms, which may
change the surface properties of the catalytic material and the local environment of the
metal center. The propensity of the single-atom sites to do such restructuring can be
assessed by analyzing the experimental standard heats of formation (AfH) for the most
stable oxide phases of the metals under study (Table 3.2). In general, 3d metals are more
prone to form oxide phases than (more noble) 4d and 5d metals, with oxides of metals
from the beginning of the period being more stable than those from the end of the
period.* Comparing E.q and A values for each transition metal one can expect
generally higher resistance against decomposition via the formation of a metal oxide

phase except for Fe, which is quite susceptible to oxide formation.
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Group VIII Group IX Group X Group XI
-825.5 Fe)O3 | -237.5 CoO |-2443 NiO |-1753 CuO
-314.8 RuO, | -405.5 Rh)O3 | -118.6 PdO | -29.0 AgO
-291.8 0OsO, | -249.5 IO, | -80.0 PtO | -13.0 Auw0;

Table 3.2. Experimental standard heats of formation AH (kJ mol™) of the most stable

50,51

oxides of metals M™"" studied in Chapter 3.

All results presented in this chapter correspond only to stoichiometric ceria NPs, which
are most relevant to UHV conditions or to conditions with low oxygen pressure.*
Nevertheless, under ambient atmosphere and oxidative catalytic conditions ceria NPs

can be stabilized by an excess of oxygen.>>*

In those environments, a variety of
oxygen-containing surface species can create additional adsorption sites eventually
capable of stabilizing oxidized transition metal atoms as potential SACs. We expect the
binding properties of such sites to be quite similar to those of the sites on the {100} O-
terminated faces of the stoichiometric NPs. This assumption is supported by the finding

5327 \which is

that oxygen atoms on the {100} Oy sites are loosely bound to ceria NPs,
reminiscent to the binding of the species adsorbed on the NP faces under excess O;.
Therefore, the present theoretical prediction that surface oxygen sites of nanostructured
ceria are able to make diverse single-atom metal catalysts resistant to sintering probably

can also be generalized to other experimental conditions.

The above results regarding the extreme stability of supported single metal atoms
are expected to provide a guideline establishing suitable candidates for the design of
SACs. These results may open a novel way to analyze the catalytic function of the
proposed catalytic materials individually for each reaction of interest. Following this
line, co-sputtering of transition metals under oxygen atmosphere, which allows

21,56

preparing nanocomposites of atomically dispersed Pt on ceria, can also be used to

disperse other metals, atoms of which are strongly bound to the Oy sites.

This has been experimentally demonstrated for model catalysts prepared according
to the guidelines provided by the present calculations and comparing the stability and

reactivity of Pt*", Pd*", and Ni*" species on nanostructured ceria.”’ All three metals
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exhibit adsorption energies on the ceria NP exceeding in magnitude the bulk cohesive
energies (see Table 3.3). This fact supports the previously mentioned hypothesis: once
anchored to the {100} facets of stoichiometric ceria, all 12 studied metal atoms are
stable with respect to formation of metallic NPs. Nevertheless, for reduced ceria NPs,
the adsorption at the nanofacet sites is expected to weaken and eventually enable

218 Eollowing this line, it is noteworthy that

formation of supported metallic aggregates.
for Pd even with a lower calculated E,q difference of 174 kJ mol! with respect to Eqq
value of Pt (see Table 3.1), similar stability to that of the latter is expected due to a
higher Econ difference of 190 kJ mol™ (see Table 3.3), which compensates the lower
adsorption propensity. Ni seems to show a somewhat different behavior. Whereas the
adsorption energy of atomic Ni at the square oxygen pocket sites is identical to that of
Pt (-678 kJ mol™), the Econ value of metallic Ni (-428 kJ mol™) is much lower than that
of Pt (-564 kJ mol™). Thus, a strong disfavor in the formation of metallic Ni particles
from the adsorbed Ni*" species is expected. Nevertheless, the larger AdH for NiO in
comparison to that for PtO, and PdO (see Table 3.2) may favor the formation of nickel

oxide phases even on strongly reduced catalysts films.

Group VIII Group IX Group X Group XI
-413 Fe -424 Co -428 Ni -336 Cu
-650 Ru -554 Rh -376 Pd -284 Ag
-788 Os -670 Ir -564 Pt -368 Au

Table 3.3. Experimental cohesive energies Econ (kJ mol™) for metals M.

*+%0 also appear to efficiently anchor Pt*"

Certain types of steps on CeO(111) surface
by forming PtOs moieties, indicating that the preparation of ceria surfaces with very
abundant steps also facilitates metal dispersion in the form of atoms.®’ In addition, the
detailed structural data calculated in this work (e.g. metal coordination and metal-
oxygen distances, see Fig. 3.4 and 3.5) provide a benchmark for the characterization of
atomically dispersed metal sites in SACs supported on nanostructured ceria. For
example, Pt coordination number and Pt-O bond length measured by means of extended

X-ray absorption fine structure (EXAFS)* experiments fully agree with the calculated
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structure of Pt on the {100} sites of ceria NPs.*"*> Another implication of the present
findings for nanocatalysts is related to the ability of some M;-ceria SACs to undergo
agglomeration and re-dispersion cycles under certain reaction conditions, forming metal
clusters during the reaction and re-dispersing to the M,-ceria state upon termination of
the reaction.”® The estimated notable stability AE = E,q79 — Eoq of the M-ceria materials
with respect to the agglomeration into metal clusters (Table 3.1) controls that clusters
remain small enough (possibly, sub-nano) and can readily transform back into single-

atom species.
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3.4. Overview

The interaction of 12 different transition metal atoms M = Fe, Ru, Os, Co, Rh, Ir,
Ni, Pt, Pd, Cu, Ag, and Au with a Ce4oOgo NP has been computationally studied in this
chapter. Specific adsorption sites of ceria, the {100} nanofacets, can very effectively
anchor all considered metal atoms in the form of M™" cations. The oxidation of the M
centers takes place with the concomitant reduction of n Ce*" cations to Ce’* ones. Our
calculated data indicate that higher oxidation states are favored by transition metals in
later periods and in groups more to the left side of the periodic table. The deposition of
the M atoms leads to a significant structural reconstruction of the oxygen atoms
constituting the adsorption site, which coordinate differently to the M"" cation

depending on its oxidation state.

Importantly, the adsorption in each M,-ceria system under study is stronger than the
binding of the corresponding M atom in a metal NP Myy. These energy differences are
particularly large for the group X metals (Ni, Pd, and Pt) and for Fe, Co, and Os. This
suggests that, especially for these metals, CeO,-based materials exposing Oy sites such
as those on {100} nanofacets could provide suitable architectures for preparing single

metal atom catalysts with very high resistance to sintering.

In general, the present calculated results are expected to be helpful in guiding the
preparation and for the atomic-level characterization of efficient single-atom catalysts,

the limiting case in nanocatalysis featuring the smallest active species.
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4.1. Introduction

As shown in the previous chapter, {100} nanofacets present at the surface of ceria
are able to anchor a wide variety of transition metal atoms. Nevertheless, this is not the
only way metal atoms can interact with ceria support. Alternatively, such metal atoms
can substitute atoms of cerium in the crystalline lattice. This approach often referred to
as doping has attracted considerable attention for preparing a new type of catalytic

materials called noble metal ionic catalysts.'”

Unlike more inert irreducible metal-oxide supports, such as MgO or Al,O3, CeO,
can directly participate in chemical reactions due to its ability to release and uptake O
atoms under reducing and oxidizing conditions, respectively. This feature, crucial for
applications in catalysis and known as oxygen storage capacity (OSC), arises from the

relatively facile reduction of Ce cations from the +4 to +3 oxidation state.

Dopants can be classified according to their oxidation states relative to that of the
metal in the host material. Low-valence dopants exhibit a valence (oxidation state) in
their own stable oxide that is lower than that of the cation they substitute in the host
oxide.*” Such dopants induce electron deficit on O anions, i.e. empty states (holes) at
low energies near the valence band of the material. Energetically very favorable filling
of these holes with electrons left by removed O atoms can facilitate the formation of
oxygen vacancies (Oyac). Because the differences in oxidation states of the host and
dopant metals spontaneously induce O vacancies, the latter are often referred to as
charge compensating ones. In turn, high-valence dopants have a valence in their stable
oxide larger than that of the cation they substitute.” In this case, the effect of the dopants
largely depends on whether the host oxide is reducible or not. If the host oxide is non-
reducible, the presence of the dopant makes it more difficult to remove O atoms from
the host and may even induce the formation of charge compensating metal vacancies. If
the host oxide is reducible, the difference in oxidation states can be compensated by the
transfer of electrons from the dopant to the host cations, partially reducing them. When
the dopant and the substituted cation exhibit the same valence, no clear trends can be
established.” The synthesis and characterization of the different kinds of doped oxides is
an active field of research and we refer to some of the extensive existing literature for

further details.**”
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For many catalytic materials based on combinations of metals with metal-oxides,
the former are found in the form of cations, which seems to play a crucial role in the

catalytic performance.'>*'*!!

Despite experimental evidences of the presence and
activating nature of such cationic transition metal species, atomic-level data on the
dopant species are rather scarce. The application of theoretical modeling methods based
on the DFT can provide detailed information which allows identifying the structure and

stability of these ionic species together with their role in the chemical reactivity.

The effect of M dopants on the reducibility of bulk and extended surfaces of ceria

4,12-18
’ Hermansson

has been previously investigated by means of theoretical modeling.
and co-workers performed DFT-based calculations to study the doping of bulk ceria
with Pd, Pt, and Rh.">'® The authors associated the enhanced reducibility of doped ceria
with the notable structural relaxation of the dopants inside the host lattice. Subsequent
removal of O atoms yielded endothermic oxygen vacancy formation. Later, Scanlon et
al. attributed the stability and easier reducibility of Ce;..(Pd/Pt),O, solid solutions to
crystal field effects, whereby Pd and Pt dopants adopt a more stable square-planar
coordination different from the characteristic cubic coordination of Ce atoms in the host
oxide."” Such square-planar environment exhibits easily removable under-coordinated
oxygen atoms, leading to notably exothermic Oy, formation for Pd-doped and Pt-doped
ceria. According to these results, the formation of a charge compensating Oy, in the
vicinity of the dopant and the concomitant reduction of the metal cations from +4 to +2
state are spontaneous processes. Doping ceria surfaces with Pd and Pt was also
experimentally found to activate O atoms near the dopants, which facilitate the

129 Due to their small size, Ni dopants can be introduced in the

activation of methane.
lattice of ceria forming two different point defects, interstitial and substitutional. The
oxidation state of the doping Ni atom was calculated to depend on the type of the point
defect, yielding either Ni' in the interstitial defect or Ni*" in the substitutional one.'®

The doping in the substitutional defect was reported to be notably more favorable.

Despite strong efforts devoted to understanding metal-doped ceria, to the best of
our knowledge computational studies published so far have only considered doping in
the bulk or on extended surfaces of ceria. Nanoparticulate CeO, exposing various low-
coordinated positions is ubiquitous in ceria-based catalytic materials. Thus, it is
important to understand the peculiarities of metal-doping in NP models.

Experimentally, nanostructured ceria can also be synthesized in the form of thin films
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213 These nanostructures can anchor and stabilize atomically

with rough surfaces.
dispersed transition metal atoms in surface positions, being more accessible to reactants.
Following this idea, the effect of doping nanostructured ceria with Pt atoms has been
computationally investigated by our group.”* Combination of experimental and
computational techniques enabled to determine the preference of Pt to substitute Ce*”

cations located at the surface of ceria NPs and to analyze their redox reactivity.

In the present Chapter we discuss calculations based on DFT performed to study
the stability of four technologically relevant metal dopants (M = Pt, Pd, Ni, and Cu)
substituting cerium atoms in different positions of an exemplary ceria NP. Ni and Cu
represent two promising alternatives to catalysts based on platinum group metals.
Hence, understanding their interaction with ceria can contribute to the development of
new and more cost-effective materials. Our work also provides insights about how two
redox processes relevant to operational conditions in fuel cells take place in such doped

NP systems: the formation of oxygen vacancies and the dissociative adsorption of Hy.
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4.2. Models

Details on the models used for representing ceria NPs can be found in Chapter 3.
Four different positions for the substitution of cerium atoms have been considered: one
in a bulk-like site of the ceria NP (D1), two at an edge (D2, D3) and one at a corner site
(D4).

Figure 4.1. Cuboctahedral Ce4Osp NP chosen to model nanostructured ceria. Yellow
and red spheres represent Ce*" cations and O anions, respectively. Different locations
D1 — D4 for the substitution of cerium atoms upon doping are indicated with dashed

circles.

Formation energies of oxygen vacancies Ey,c have been calculated with respect to
the energy of O, molecule, E(O,), as follows: Eyoc = {E(M-Ce30079) + 1/2[E(O2)] —
E(M-Ces390g0)}, where M-Ces9Og is the ceria NP with a metal atom substituting a
cerium atom and M-Ce39079 is the ceria NP with a metal atom substituting a cerium

atom in the presence of an Oy, in one of the {100} nanofacets.

Adsorption energy of hydrogen E,q(H,) has been calculated per H atom, Ey =
%[E(HQMCey)Ogo) - E(MCG39080) - E(Hz)], with E(HzMCG390go) and E(MCG39080)
being the total calculated energies of the NP substrate hydrogenated with 2 adsorbed H

atoms and the non-hydrogenated substrate, respectively.

To compare the doping energetics AEq,, for different metals we used the following
process characterizing the energy required for substituting a Ce atom in the ceria NP by

a doping M atom:

Ces0030 + M + Oy — MCe;39030 + CeO, , 4.1)
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where Ces0Osg9 and MCe390s are the pristine and M-doped ceria NPs, respectively, M is
the atomic dopant reference with the energy E(M) = E(M79)/79, defined as the per-atom
total energy value of a truncated-octahedral model metal particle of 79 atoms,” the
reference energy of O, molecule is taken from Ref. 26 and the energy of a CeO,

reference is E(CeO,) = E(Ces00s0)/40.

Analysis of AEq., energies for reduced systems with either an Oy, or adsorbed H,
has been performed considering the processes analogous to that of Eq. (4.1) for the

unreduced systems CesoOso and MCe39Ogo:

Ces0079 + M + O — MCe390O79 + CeOs (4.2)
and

H,Ce400s0 + M + O, — HoMCes39Os9 + CeOs , (4.3)

where Ceq0O79 and MCe39079 are NPs with an Oy, in the same {100} nanofacet
position of the pristine and M-doped ceria models, respectively, HyCesoOgo and
H,MCe300s are, respectively, pristine and M-doped NPs with adsorbed H,, and M,
Ce03, and O; are defined in Eq. (4.1).
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4.3. Results and discussion

In this section, we present the results obtained for the substitution of the four
different transition M atoms in different positions of the ceria NP. We provide analysis
of the data obtained on the energetic stability of the doping process together with the

structural parameters of the resulting systems.

Unreduced MCe39Os systems

We first discuss the unreduced (stoichiometric) MCes39QOs) systems obtained by
substitution of a Ce atom in the Ce4Ogp NP by an atom of each studied M dopants (see

Table 4.1 for the calculated energetic, electronic, and structural parameters).

Substitution in the inner site DI can cause different scenarios involving the
coordination of the dopant atoms. The D1 position is analogous to that of Ce*" cations
in bulk CeO,. Therefore, it is more restricted towards restructuring than surface cationic
sites due to the larger number of O atoms surrounding the inner cations and
correspondingly less space available. Both Pt and Pd dopants adopt in the D1 site a 6+2
coordination, where M is bound to six O atoms forming its first coordination sphere,
while leaving other two O atoms more distant. The 6+2 coordination for Pt in the D1
site is calculated to be the most stable, by 134 kJ mol™' more stable than the (slightly
distorted) cubic coordination by 8 nearby O atoms, which is analogous to the preferred
coordination of Ce. Note that our earlier calculations, which did not address the 6+2
coordination, revealed the 8 coordination of Pt in cationic sites inside the same ceria NP
as the most stable.”* Based on our present results, inner Pt dopants in ceria NPs appear
to be significantly (by 66 kJ mol™") more stable than the considered in Ref. 24, however,
surface Pt dopants remain more stable even with respect to the 6+2 coordination of Pt.
In turn, a structure with a Pd dopant surrounded by 8 nearby O” never resulted from our
calculations performed similarly to Pt cases, hence we can consider the 8 coordinated

Pd in ceria not to constitute a local minimum.
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Figure 4.2. Structures of unreduced MCe39Ogp ceria NPs with Pt, Pd, Ni and Cu
dopants substituting Ce atoms in the interior (D1), edge (D2, D3) or corner positions

(D4) indicated in Figure 4.1. Depicted atoms are O — red, Ce — yellow (+4) or light

brown (+3).
Particle D# AE AEsp M) uM) nM) M-O m
kImol' kImol' au  uB pm
PtCe300g0 D1 0 -19 1.66  0.00 4 204-209 6
D2 53 34 1.20 0.51 3 195-202 4
D3 -47 -66 1.39  0.78 3 188-203 4
D4  -221 -240 .32 0.78 3 191-202 4
PdCes050 D1 0 59 1.51  0.00 4 204-211 6
D2 19 78 1.0o1  0.13 3 200-205 4
D3 -66 -7 1.12  0.35 3 193-206 4
D4  -228 -169 1.03  0.00 2 198-204 4
NiCe3yOs0 DI 0 19 1.28 0.61 3 179-187 4
D2 -58 -39 1.18  0.59 3 181-190 4
D3  -147 -129 1.27  0.72 3  180-187 4
D4 -307 -288 1.24  0.73 3 182-186 4
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CuCe390g9 DI 0 147 1.14  0.00 3 193-200 4
D2 -129 17 1.18  0.00 3 186-188 4
D3  -208 -62 1.15  0.00 3 185-188 4
D4  -371 -225 1.26  0.00 3 187 4

Table 4.1. Calculated properties of MCes9Ogyp NPs with one Ce atom in the position D#
substituted by a doping atom M = Pt, Pd, Ni, Cu (see Fig. 4.1). AE — energy with respect
to the reference with M in D1 position; AE4,, — doping energy evaluated according to
Eq. 1; g(M), u(M), and n(M) — Bader charge, magnetization, and estimated oxidation
state, respectively, of the atom M in ceria particle; M-O — range of interatomic distances

between M and the nearest m O neighbours of it.

Unlike Pt and Pd, Ni and Cu in the D1 site show preference to bind to only four
nearby O atoms, in a square planar fashion. The lattice distortion in the new square
coordination leaves the other four O atoms more distant from M and thus less strongly

bound.

As it can be noted for all studied dopants, substitution in surface positions of the
ceria NP induces a change in the local coordination of the doping atoms. That is, Ce
atoms located in edge (D2, D3) and corner (D4) positions of ceria are surrounded by 6
and 4 oxygen atoms, respectively. Nevertheless, it seems that all M dopants under
scrutiny prefer to be bound to oxygen atoms arranged in a square-planar mode, lowering
the number of M-O bonds rather than keeping the initial local coordination of Ce.
Therefore, the high flexibility of surface atoms allows the substitute M to move out of

the replaced Ce position and modify its local coordination.

The analysis of the Bader charge and magnetization values is helpful for estimating
the oxidation state of each dopant metal M in different environments. Note that for the
unreduced MCe3903y models under scrutiny the formal oxidation state of all M dopant
is expected to be +4, the same as the oxidation state of the substituted Ce atom.
Nevertheless, it seems that such highly oxidized state can only be maintained by Pt and
Pd atoms substituting inner Ce*" cations. In these two cases, zero magnetization values
of the M centres indicate the absence of unpaired electrons on them. In line with the
high Bader charge values of 1.66 a.u. (Pt) and 1.51 a.u. (Pd), we can assign the +4 state

to the inner substituting Pt and Pd dopants. This high oxidation state appears to become
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unstable for doping metal atoms occupying surface cationic positions. For all four M
atoms in positions D2-D4, the lower Bader charge values (1.0 — 1.3 a.u., Table 4.1) and
non-zero magnetization (zero magnetization of Cu) indicate that some electron density
has been transferred from nearby O atoms to the M centres. Electron holes caused by
such electron transfer are manifested in the density of states (DOS) plots in Figs. 4.3-
4.6. Presence of electron holes is also evidenced by the non-zero magnetic moment of O
atoms (not shown). To this end, zero magnetization of Pd in the most open corner D4
position in combination with DOS plots in Fig. 4.4 revealing somewhat electron
deficient O anions implies a +2 oxidation state of this dopant. Note that atomic Cu
contains an odd number of electrons, at variance with an even number of electrons in Pt,
Pd, and Ni atoms. Thus, zero magnetization of Cu in D1-D4 structures along with its
relatively high Bader charge of 1.14-1.26 a.u. point to the oxidation state of Cu +3. To
summarize, we also assign the oxidation state +3 to the dopants Pt, Pd and Ni in all
other studied unreduced models of MCes39Og except for Pt and Pd being +4 in the inner

D1 positions and Pd acquiring +2 in the corner D4 position.

Surface doping positions are energetically favoured for all metal atoms with respect
to the inner bulk-like D1 ones, with the corner D4 position being most stabilized, by

221,228,307 and 371 kJ mol™ for Pt, Pd, Ni and Cu, respectively (Table 4.1).

The calculated AEq,, energies for dopants M in different positions of the unreduced
MCe390sp are shown in Table 4.1. Positive values point to the energetic preference of
atom M to stay in metallic particles rather than doping ceria, whereas negative energies
indicate favourable location of the dopant in the particular lattice position of ceria.
Analysis of AEqq for the unreduced doped ceria models MCe390Ogo does not reveal clear
trends. Substitution of inner Ce atom (in D1 position) is estimated to be energetically
slightly favoured solely for Pt, AE4,, = -19 kJ mol ™. Surface doping by all 4 metals
appears to be energetically quite favourable, although the M dopants feature there
uncommon +3 state with electron holes created in O2p states fully occupied in the
pristine system Ces0Ogo. These electronic structure peculiarities can be the origin of
small AEy,, values for sites D2 and D3, with the largest in magnitude AEq,, = -129 kJ
mol™ for Ni in position D3. Corner Ce atoms (sites D4) are most prone to be substituted
by all considered M atoms, resulting in AE4, equal to -240, -169, -288 and -225 kJ mol’
! for Pt, Pd, Ni and Cu dopants, respectively.
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Figure 4.3. DOS plots of stoichiometric PtCes;9Ogo with Pt located in the following
positions: a) D1, b) D2, ¢) D3, and d) D4.
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Figure 4.4. DOS plots of stoichiometric PdCes9Ogp with Pd located in the following
positions: a) D1, b) D2, ¢) D3, and d) D4.
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Figure 4.5. DOS plots of stoichiometric NiCes9Ogo with Ni located in the following
positions: a) D1, b) D2, ¢) D3, and d) D4.
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Figure 4.6. DOS plots of stoichiometric CuCes9Ogp with Cu located in the following
positions: a) D1, b) D2, ¢) D3, and d) D4.
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The data discussed so far imply the diffusion of the dopants from inner cationic
positions to the surface upon the preparation of the doped ceria-based nanomaterials.
These diffusion processes should trigger the doping metal atoms to be preferentially
exposed on the surface of the catalytic nanostructures and readily accessible to reactants
participating in chemical processes mediated by them. However, the uncommon +3
oxidation state of M atoms and the withdrawal of electron density from O anions
suggest that the systems corresponding to the MCes;90g5p models should be easily
reducible under experimental conditions. To this end we discuss exemplary two-
electron reduction processes such as the formation of an oxygen vacancy Oy, and
dissociative homolytic adsorption of a H, molecule when exposed to hydrogen
atmosphere, in view of their effects on the energies and structures of the MCe390g

species.

Partially reduced MCC39079 and HZ/MCe39080 systems

First we analyze the effect of removing an O atom from a {100} nanofacet of the
M-ceria NPs, which was calculated to be the most easily removable O atom from the

.. . 27,28
pristine undoped ceria NPs.>”

The most stable structures of the resulting species with
an Oy, are shown in Fig. 4.7. Oy, formation leaves in M-ceria systems two electrons

capable of restoring the -2 state of O anions and to partially reduce M"* or Ce*" cations.
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Figure 4.7. Most stable structures of MCe3903 systems, where an O vacancy has been

created by removing an O atom from the {100} nanofacet (denoted by a dashed circle).

Particle D#  Ea AE ABsp qM) uM) nM) M-O m
kimol'  kImol' kimol' au. uB pm
PtCe;9079 D1 100 0 4 1.67  0.00 4 204-209 6
D2 -134 -181 -177 0.97  0.00 2 202-205 4
D3 -16 -162 -159 0.93  0.00 2 202-204 4
D4 -21 -342 -338 0.89  0.00 2 204-205 4
PdCessO79 D1 77 0 59 1.52  0.00 4 205-210 6
D2 -170 =227 -169 0.90 0.00 2 202-206 4
D3 -70 -213 -154 0.94  0.00 2 202-204 4
D4 -81 -386 -327 0.88  0.00 2 205-206 4
NiCe30079 DI -40 0 -98 .11 0.00 2 186-187 4
D2 -127 -145 -243 1.06  0.00 2 187-190 4
D3 -30 -137 -236 1.06  0.00 2 188-189 4
D4 -31 -298 -396 1.05 0.00 2 189-190 4
CuCe300O79 D1 -39 0 31 1.17  0.55 2 203-220 4
D2 -93 -183 -152 1.03 048 2 194-199 4
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D3 -13 -182 -152 1.07  0.49 2 195-198 4
D4 5 -328 -297 1.01 047 2 197-200 4

“ B = 77 kJ mol ™! for this O position in the pristine Ce4Oso par‘[icle29

Table 4.2. Calculated properties of ceria NPs with an oxygen vacancy Oy, in a {100}
nanofacet and one Ce atom in the position D# substituted by a doping atom M = Pt, Pd,
Ni, Cu (Fig. 4.7). Eyac — 0xygen vacancy formation energy calculated with respect to the

energies of MCes9Og0 and ¥%40,; other notations as in Table 4.1.

When a surface Ce atom (in positions D2-D4) is substituted by an M atom,
according to Bader charge and magnetization analyses (Table 4.2, Figs. 4.8-4.11)
electrons left by the released O atom reduce the dopant and restore the complete
occupation of O2p shells without forming Ce®" cations. All studied surface M dopants
retain their local coordination upon this reduction process and feature +2 states, typical
of species with a d® electron configuration. We assign Cu also the +2 state due to
notable magnetization values inherent in the presence of an unpaired d electron. For
MCe39079 systems with the Oyqc, similar to the unreduced MCe390g ones, M dopants in
the surface D2-D4 positions are found to be energetically favored over those in the

bulk-like positions D1 inside the NPs.

In the latter systems, only Pt and Pd dopants are calculated to keep their oxidation
states after the formation of the O, (Table 4.2). In each case, two electrons of the
removed O atom reduced two corner Ce*" cations to Ce*", while Pt and Pd maintained
their 6+2 coordination environment. Exothermic Oy,. formation in the D1 Pt and Pd
systems by 100 and 77 kJ mol”, respectively, indicates stability of the +4 oxidation
states of these dopants substituting inner Ce cations. We note that this Ey,. value for the
system with inner Pt differs from the value of 34 kJ mol” (Ref. 24) due to the fact
already mentioned in Section 3.1, that is, in the cited work the less stable 8-coordinated
was used as a reference system. In turn, Ni dopant is unable to acquire the exceedingly
high +4 oxidation state. Thus, in the course of the Oy, formation it accepts two

electrons and becomes a +2 state, without forming Ce*" cations.

Inclusion of the dopants in surface sites of ceria NPs results in strongly lowered
E,ac values compared to the undoped NP with the lowest E,o. = 77 kJ mol™.*’ For

instance (Table 4.2), inclusion of Pd in D2 position lowers the energy required to create
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an Oy, in the {100} facet by 247 kJ mol™ to -170 kJ mol'. Negative values indicate that
the release of the O atom is spontaneous, so that the resulting Oy, is charge
compensating. Ceria nano-architectures promote (lower coordinated) O atoms to
become more easily removable and thus more reactive. The calculated oxidation states
of M dopants in ceria (Table 4.2) agree with the XPS data, e.g. +4 and +2 for Pt,’*! +2

11,31,32 - 31,33 10
for Pd, """ Ni,” ~~ and Cu.

For substituting the internal D1 Ce atom, the only exothermic process is calculated
for Ni, AEge, = -98 kJ mol' (Table 4.2). For surface substitutions, removal of the O
atom allows dopants to feature the proper oxidation state, which is reflected in
favourable doping. Among studied dopants Ni features the highest in magnitude AEqq,
energies of -243, -235, and -396 kJ mol” for D2, D3, and D4 positions, respectively.
Corner Ce position D4 is the most favourably substituted by each considered M atom,

with energies of -338, -327, -396, and -297 kJ mol™ for Pt, Pd, Ni, and Cu, respectively.
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Figure 4.8. DOS plots of PtCe39079 corresponding to with Pt located in the following
positions: a) D1, b) D2, ¢) D3, and d) D4.
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Figure 4.9.
b) D2, ¢) D3, and d) D4.
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Figure 4.10. DOS plots of NiCe30O79 with Ni located in the following positions: a) D1,

b) D2, ¢) D3, and d) D4.
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Figure 4.11. DOS plots of NiCe39O79 with Cu located in the following positions: a) D1,

b) D2, ¢) D3, and d) D4.

Now we consider the reduction of the MCes,0Ogp NPs due to homolytic dissociative

adsorption of H,, modeled by putting two adsorbed H atoms on top of the two O*

anions nearest to each other on the {100} nanofacet. This process, characterized by the

adsorption energy Ep, is analogous to the just discussed Oy, formation. It also inserts

two electrons in the system, but in a less structurally perturbative way, since no atoms

are removed from the NP.
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Figure 4.12. Overview of the most stable structures H,MCe39Ogo of systems formed
upon homolytic dissociative adsorption of two hydrogen atoms in two nearby oxygen

atoms of one of the {100} nanofacets.

Particle D# En AE AE4p M) wM) n(M) M-O m
kImol'  kImol' kJmol' au  uB pm
H,PtCe39050 D1 -144 0 35 1.65 0.00 4 206-209 6
D2 -249 -155 -121 0.94 0.00 2 202-205 4
D3  -216 -189 -155 0.99 0.00 2 202-203 4
D4 214 -360 -325 0.89 0.00 2 205 4
H,PdCe;9059 Dl -169 0 63 1.52  0.00 4  207-210 6
D2 -266 -175 -112 0.91 0.00 2 203-205 4
D3  -242 212 -149 0.94 0.00 2 202-204 4
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D4 -243 -376 -313 0.83 0.00 2 205
H,NiCe390g9 Dl -175 0 11 1.24  0.00 2 199-210
D2 -245 -197 -186 1.05 0.00 2 188-189
D3  -223 -237 -227 1.10 0.00 2 187-189
D4  -216 -384 -374 1.12 0.39 2 185-190
H,CuCe30039 D1 -257 0 -25 1.11  0.51 2 195-198
D2 -227 -69 -95 1.03  0.47 2 196-199
D3 212 -117 -143 1.18 0.03 3 186-189
D4 212 -280 -305 1.13  0.00 3 187-188

R N L T S N N - - N SN

“En=-171 kJ mol™ for these O positions in the pristine Ce4Oso particle.?*

Table 4.3. Calculated properties of ceria NPs with H, dissociatively adsorbed on O
atoms of a {100} nanofacet and one Ce atom in the position D# substituted by a doping
atom M = Pt, Pd, Ni, Cu. Ey — adsorption energy per H atom, Eg = Y5[E(H.MCe39Oso) -
E(MCe;39050) - E(H2)];” other notations as in Table 4.1.

The adsorption of two H atoms on the MCe30Ogp models similarly affects the
oxidation states of the Pt, Pd, and Ni atoms (Table 3) as formation of an O,,. does: in
the surface positions D2-D4 all these M atoms adopt the +2 state, with only inner site
D1 dopants Pt and Pd featuring the +4 state in the common 6+2 coordination. Cu dopant
is affected by the H adsorbates somewhat differently. For Cu in D3 and D4 positions the
essentially zero magnetization is indicative of an odd oxidation state. Together with the
slightly higher Bader charges than those in D1 and D2 positions, we assign +3 states to
Cu dopant in D3 and D4 positions. Similarly to Oy, formation, presence of M dopants
stabilizes the dissociative H, adsorption (Table 4.3) with respect to the adsorption on
the pure ceria NP. For instance, Pt dopant in D2 position strengthens the H, adsorption
by 78 to -249 kJ mol™. We associate such enhancement of the adsorption exothermicity
with the factors that also stabilized the Oy, formation: somewhat depleted O2p states in
MCe;390g are easily filled and M dopants in uncommon oxidation states are favorably
reduced by the dissociative adsorption of H,. There, the considered reduction by H, can

also be understood as a charge compensating reduction process.

In general, calculated Ey values for surface substitutions are higher in magnitude
than Ey values of inner substitutions. This trend is not maintained only by Cu, for which

Ey = -257 kJ mol™ is higher than Ey values for surface substitutions by all other M.
g
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Regarding doping energies, only Cu atom seems to be slightly energetically favoured to
substitute an inner Ce atom, AEgo, = -25 kJ mol™. At variance, all surface substitutions
by dopants M are found to be definitely exothermic. Surface doping by Ni is the most
energetically favoured with AEg., of -186, -227, and -374 kJ mol™ for D2, D3, and D4
positions, respectively. For each considered M atom corner position D4 is the most
prone to be substituted, with energies of -325, -313, -374, and -305 kJ mol™ for Pt, Pd,
Ni, and Cu, respectively.
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4.4. Overview

Substitution of a Ce atom by a doping transition metal atom M = Pt, Pd, Ni, and Cu,
in four different positions of the representative Ces9Ogzp NP has been investigated by

means of DF calculations.

Our calculations showed that surface positions of the NP are more prone to
accommodate the M dopants than bulk positions for all metals considered. In particular,
the most stable substitutions take place at corner positions of the ceria NP, highlighting
the relevance of under-coordinated sites for the stabilization of atomically dispersed
transition metal atoms on ceria. Upon the substitution of a Ce*" cation the +4 oxidation
states of M dopants are energetically favorable only for Pd and Pt in bulk-like (inner)

positions of the unreduced ceria NP.

We explored two redox processes to analyze the stability of the dopants in lower
oxidation states and to study the effect of doping on the reducibility of the resulting
system. In particular, we have considered the formation of oxygen vacancies and the
dissociative adsorption of molecular hydrogen. An O vacancy has been created by
removing one oxygen atom from the {100} nanofacet that contains the least
coordinated, and thus, most weakly bound oxygen atoms in the ceria NP under scrutiny.
Upon O vacancy formation, surface Pt, Pd and Ni dopants are calculated to feature +2
oxidation states and each is bound to four O®" anions in a square-planar fashion. Pt and
Pd dopants inside ceria particles can be stabilized in the +4 state as was previously
detected by XPS measurements. In turn, we calculated Cu to feature +2 states in both
surface and inner positions. Similarly to creating an O vacancy, the homolytic
dissociative adsorption of H, also results in the donation of two electrons to the ceria
particle. Not unexpectedly, similar oxidation states of the doping metals are found when
H, species is dissociatively adsorbed. The only noticeable difference is that Cu could

acquire either +2 or +3 oxidation state, depending on its location.

The present findings provide new insights into how atomically dispersed transition
metals can be stabilized in Ce lattice positions at the surface of nanoparticulate ceria.
These results indicate that combining doping with nanostructuring of ceria supports

leads to catalytic materials where atomically dispersed metal dopants are stabilized with
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local structures different from those in extended systems, suggesting new strategies for

the preparation of cost-effective catalytic materials.



Chapter 4.5. References 99

4.5. References

(1

)

3)

4

)

(6)

(7

®)

©)

(10)

(1)

(12)

(13)

(14)

(15)

(16)

Flytzani-Stephanopoulos, M.; Gates, B. C. Atomically Dispersed Supported
Metal Catalysts. Annu. Rev. Chem. Biomol. Eng. 2012, 3, 545-574.

Yang, X.-F.; Wang, A.; Qiao, B.; Li, J.; Liu, J.; Zhang, T. Single-Atom Catalysts:
A New Frontier in Heterogeneous Catalysis. Acc. Chem. Res. 2013, 46, 1740—
1748.

Flytzani-Stephanopoulos, M. Gold Atoms Stabilized on Various Supports
Catalyze the Water—Gas Shift Reaction. Acc. Chem. Res. 2014, 47, 783-792.

Hu, Z.; Li, B.; Sun, X.; Metiu, H. Chemistry of Doped Oxides: The Activation of
Surface Oxygen and the Chemical Compensation Effect. J. Phys. Chem. C 2011,
115,3065-3074.

McFarland, E. W.; Metiu, H. Catalysis by Doped Oxides. Chem. Rev. 2013, 113,
4391-4427.

Delmon, B. Preparation of Heterogeneous Catalysts: Synthesis of Highly
Dispersed Solids and Their Reactivity. J. Therm. Anal. Cal. 2007, 90, 49—-65.

Delmon, B. J.; Jacobs, P. A.; Poncelet, G. Preparation of Catalysts; Elsevier:
Amsterdam, 1976.

Pernicone, N.; Traina, F. Applied Idustrial Catalysis; Leach, B. E., E., Ed.;
Academic press: New York, 1984.

Richardson, G. T. Principles of Catalyst Development; Plenum: New York, 1989.

Elias, J. S.; Risch, M.; Giordano, L.; Mansour, A. N.; Shao-Horn, Y. Structure,
Bonding, and Catalytic Activity of Monodisperse, Transition-Metal-Substituted
CeO; Nanoparticles. J. Am. Chem. Soc. 2014, 136, 17193-17200.

Gulyaev, R. V.; Kardash, T. Y.; Malykhin, S. E.; Stonkus, O. A.; Ivanova, A. S.;
Boronin, A. I. The Local Structure of PdyCe;xOs.x.ao Solid Solutions. Phys.
Chem. Chem. Phys. 2014, 16, 13523-13539.

Capdevila-Cortada, M.; Lodziana, Z.; Lopez, N. On the Performance of DFT+U
Approaches in the Study of Catalytic Materials. ACS Catal. 2016,
acscatal.6b01907.

Farra, R.; Garcia-Melchor, M.; Eichelbaum, M.; Hashagen, M.; Frandsen, W.;
Allan, J.; Girgsdies, F.; Szentmiklési, L.; Lopez, N.; Teschner, D. Promoted
Ceria: A Structural, Catalytic, and Computational Study. ACS Catal. 2013, 3,
2256-2268.

Capdevila-Cortada, M.; Garcia-Melchor, M.; Lopez, N. Unraveling the Structure
Sensitivity in Methanol Conversion on CeO,: A DFT+U Study. J. Catal. 2015,
327, 58-64.

Yang, Z.; Luo, G.; Lu, Z.; Hermansson, K. Oxygen Vacancy Formation Energy
in Pd-Doped Ceria: A DFT+U Study. J. Chem. Phys. 2007, 127, 74704.

Yang, Z.; Luo, G.; Lu, Z.; Woo, T. K.; Hermansson, K. Structural and Electronic
Properties of NM-Doped Ceria (NM = Pt, Rh): A First-Principles Study. J. Phys.
Condens. Matter 2008, 20, 35210.



100 Chapter 4. Structure and redox stability of ceria nanoparticles doped by late transition
metals

(17) Scanlon, D. O.; Morgan, B. J.; Watson, G. W. The Origin of the Enhanced
Oxygen Storage Capacity of Ce(ix(Pd/Pt)xOs. Phys. Chem. Chem. Phys. 2011,
13,4279-4284.

(18) Wang, X.; Shen, M.; Wang, J.; Fabris, S. Enhanced Oxygen Buffering by
Substitutional and Interstitial Ni Point Defects in Ceria: A First-Principles
DFT+U Study. J. Phys. Chem. C 2010, 114, 10221-10228.

(19) Mayernick, A. D.; Janik, M. J. Methane Oxidation on Pd—Ceria: A DFT Study of
the Mechanism over Pd,Ce;—xO», Pd, and PdO. J. Catal. 2011, 278, 16-25.

(20) Tang, W.; Hu, Z.; Wang, M.; Stucky, G. D.; Metiu, H.; McFarland, E. W.
Methane Complete and Partial Oxidation Catalyzed by Pt-Doped CeO,. J. Catal.
2010, 273, 125-137.

(21) Schauermann, S.; Nilius, N.; Shaikhutdinov, S.; Freund, H. J. Nanoparticles for
Heterogeneous Catalysis: New Mechanistic Insights. Acc. Chem. Res. 2013, 46,
1673-1681.

(22) Kuhlenbeck, H.; Shaikhutdinov, S.; Freund, H.-J. Well-Ordered Transition Metal
Oxide Layers in Model Catalysis — A Series of Case Studies. Chem. Rev. 2013,
113,3986—4034.

(23) Matolin, V.; Matolinova, 1.; Vaclavii, M.; Khalakhan, I.; Vorokhta, M.; Fiala, R.;
Pis, L.; Sofer, Z.; Poltierova-Vejpravova, J.; Mori, T.; Potin, V.; Yoshikawa, H.;
Ueda, S.; Kobayashi, K. Platinum-Doped CeO; Thin Film Catalysts Prepared by
Magnetron Sputtering. Langmuir 2010, 26, 12824—12831.

(24) Fiala, R.; Figueroba, A.; Bruix, A.; Vaclavu, M.; Rednyk, A.; Khalakhan, L;
Vorokhta, M.; Lavkova, J.; Illas, F.; Potin, V.; Matolinova, I.; Neyman, K. M.;
Matolin, V. High Efficiency of Pt*"- CeO, Novel Thin Film Catalyst as Anode
for Proton Exchange Membrane Fuel Cells. Appl. Catal. B Environ. 2016, 197,
262-270.

(25) Figueroba, A.; Kovacs, G.; Bruix, A.; Neyman, K. M. Towards Stable Single-
Atom Catalysts: Strong Binding of Atomically Dispersed Transition Metals on
the Surface of Nanostructured Ceria. Catal. Sci. Technol. 2016, 6, 6806 — 6813.

(26) Sk, M. A.; Kozlov, S. M.; Lim, K. H.; Migani, A.; Neyman, K. M. Oxygen
Vacancies in Self-Assemblies of Ceria Nanoparticles. J. Mater. Chem. A 2014, 2,
18329-18338.

(27) Migani, A.; Vayssilov, G. N.; Bromley, S. T.; Illas, F.; Neyman, K. M. Greatly
Facilitated Oxygen Vacancy Formation in Ceria Nanocrystallites. Chem.
Commun. 2010, 46, 5936.

(28) Migani, A.; Vayssilov, G. N.; Bromley, S. T.; Illas, F.; Neyman, K. M. Dramatic
Reduction of the Oxygen Vacancy Formation Energy in Ceria Particles: A
Possible Key to Their Remarkable Reactivity at the Nanoscale. J. Mater. Chem.
2010, 20, 10535-10546.

(29) Vayssilov, G. N.; Migani, A.; Neyman, K. Density Functional Modeling of the
Interactions of Platinum Clusters with CeO, Nanoparticles of Different Size. J.
Phys. Chem. C 2011, 115, 16081-16086.

(30) Bruix, A.; Lykhach, Y.; Matolinova, I.; Neitzel, A.; Skala, T.; Tsud, N.;
Vorokhta, M.; Stetsovych, V.; Sevc¢ikova, K.; Myslivecek, J.; Fiala, R.; Vaclavi,
M.; Prince, K. C.; Bruye¢re, S.; Potin, V.; Illas, F.; Matolin, V.; Libuda, J.;



Chapter 4.5. References 101

(1)

(32)

(33)

Neyman, K. M. Maximum Noble-Metal Efficiency in Catalytic Materials:
Atomically Dispersed Surface Platinum. Angew. Chemie Int. Ed. 2014, 53,
10525-10530.

Neitzel, A.; Figueroba, A.; Lykhach, Y.; Skala, T.; Vorokhta, M.; Tsud, N.;
Mehl, S.; Sevé¢ikova, K.; Prince, K. C.; Neyman, K. M.; Matolin, V.; Libuda, J.
Atomically Dispersed Pd, Ni, and Pt Species in Ceria-Based Catalysts: Principal
Differences in Stability and Reactivity. J. Phys. Chem. C 2016, 120, 9852—-9862.

Colussi, S.; Gayen, A.; Camellone, M. F.; Boaro, M.; Llorca, J.; Fabris, S.;
Trovarelli, A. Nanofaceted Pd-O Sites in Pd-Ce Surface Superstructures:
Enhanced Activity in Catalytic Combustion of Methane. Angew. Chem. Int. Ed.
2009, 48, 8481-8484.

Carrasco, J.; Lopez-Duran, D.; Liu, Z.; Duchon, T.; Evans, J.; Senanayake, S. D.;
Crumlin, E. J.; Matolin, V.; Rodriguez, J. A.; Ganduglia-Pirovano, M. V. In Situ
and Theoretical Studies for the Dissociation of Water on an Active Ni/CeO,
Catalyst: Importance of Strong Metal-Support Interactions for the Cleavage of O-
H Bonds. Angew. Chem. Int. Ed. 2015, 54,3917-3921.



102 Chapter 4. Structure and redox stability of ceria nanoparticles doped by late transition
metals




CHAPTER FIVE

Interplay of Pt*" and Pt*" doping species in
CeO;: Role of nanostructuring

103



104 Interplay of Pt*" and Pt*" doping species in CeO,:Role of nanostructuring




Chapter 5.1. Introduction 105

5.1. Introduction

Development of cost-efficient materials for low-temperature oxidation reactions is
among the main objectives in catalysis science. Oxygen storage capacity (OSC) of the
oxidation catalytic materials appears to be one of their most relevant properties.
Materials with enhanced OSC are useful for achieving good conversion rates at
relatively low temperatures.' One of the ways for tuning the OSC of an oxide catalyst
support is to dope it with transition metal atoms. Transition metal dopants can be
introduced in the lattice of the oxide support by substituting metal cations in it. This
process facilitates release of O atoms located near the dopants due to the different local
coordination environment the dopants induce. These more easily released O atoms are
more reactive and mobile than other lattice O atoms, which can enhance performance of

the corresponding oxidative catalysts.

One of the supports known for their high OSC is ceria. CeO,-based materials are
widely used in the production of TWCs,> low-temperature oxidation of CO,* water gas
shift reaction and selective methanation,™® CHy oxidation’ and other reactions.
Enhancement of the OSC of ceria provides higher conversion efficiency and resistance
to thermal ageing of catalysts, being able to remove exhaust gases such as
hydrocarbons, CO and NO,.>” The ability of ceria to cycle between Ce*" and Ce®" states
makes it a key component for applications in exhaust catalysts. Extensive research has
been performed in this area. One of the pertinent questions is how the OSC of ceria
functions at the atomic level. A deeper understanding of such processes may allow not
only to boost the development of improved and more efficient TWCs but also to pave

the ways for new catalysts for low-temperature oxidation reactions.

Many factors can modify the OSC of CeO,-based materials. For instance, it was
demonstrated that there exists a strong dependency of the OSC on the specific shape of
ceria crystallites. This strongly suggests that CeO-based materials should be designed
with preferential exposure of specific surface crystallographic facets, i.e., with higher

fraction of reactive {100} and {110} facets, which feature low coordinated O atoms.”

Pure ceria is not stable at very high temperatures and partially loses its OSC

roperties. >’ One of the approaches to stabilize ceria at moderately high temperatures
prop pp y hig p



106 Interplay of Pt*" and P*" doping species in CeO,:Role of nanostructuring

in order to maintain the important OSC properties is to dope it with rare earth elements.
Addition of small amount of La,O3 can improve heat resistance of ceria. This is related
to the increase in the lattice constant of ceria host with increasing content of lanthanum,
due to the larger ionic radius of La’" with respect to that of the Ce* cation.
Furthermore, Oy, are formed in order to compensate the +3 charge of La ions. These
released O atoms can diffuse to the surface and be involved in catalytic oxidative
processes.'’ Improvements in the OSC of ceria were also noticed after addition of
Zr0,.""™"* Upon incorporation of increasing amounts of Zr ions, facilitated reduction of
ceria was observed by TPR and XRD techniques. The formation of highly mobile O
atoms is facilitated due to smaller ionic radius of Zr, which favors the presence of Ce’"

in the lattice of ceria by decreasing the strain associated with their formation.

As mentioned in Chapter 4, bulk and slab models have been used to

computationally study effects metal dopants introduced in the lattice of ceria.'®*

To the best of our knowledge, published theoretical studies of the effects of metal
doping on the OSC of ceria have been performed using either bulk or slab models.
Hence, we consider worthwhile to study how the formation of oxygen vacancies is
affected by the presence of Ce-substituting Pt atoms in nanoparticulate models. Such
nano-architectures provide a number of both inner and surface sites, which can be
relevant for tuning the OSC of ceria. For comparing the effects introduced by

nanostructuring, we also have performed density-functional calculations of bulk models.
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5.2. Models

Bulk ceria has been modeled using the optimal PW-91 lattice parameter of 548
pm®' with a (2x2x2) sampling including 96 atoms in the supercell (Figure 5.1). The
inclusion of one Pt atom in the lattice of the oxide support has been performed by

substitution of one Ce atom.

Figure 5.1. Overview of the (2x2x2) bulk cut used for modelling CeO,. Yellow and red
spheres correspond Ce and O atoms, respectively. Numbers, capital letters and small
letters label crystal positions in order to define location of O vacancies and Ce’" cations.

As an example, O atoms located at the top-left side of the picture are denoted as Ala,

Alb, Alc and Ald, respectively.

Details on the models used for representing ceria NPs can be found in Chapter 3.
Similarly to the case of bulk systems, inclusion of one Pt atom in the lattice of ceria has

been performed by substitution of one Ce atom.
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Figure 5.2. Overview of the Ce4Ogp model. Yellow and red spheres correspond to Ce
and O atoms, respectively. The transparent plane divides the nanoparticle in two
symmetric halves. Numbers and capital letters label positions of O vacancies and Ce’"

cations, respectively.
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5.3. Results and discussion

Here, we present the results for insertion of the noble metal Pt into the lattice of
both bulk and NP ceria as Ce-substitutional defect. Different Pt-doped CeO, NP
systems with increasing noble metal content are discussed. Comparative calculations of
Pt-doped bulk ceria have been performed in order to emphasize effects arising upon the

nanostructuring. To this end, we analyzed how the latter affects the OSC of ceria.

Bulk systems

Let us start analyzing the results calculated for the inclusion of a Pt atom in the
lattice of bulk ceria. In the ceria FCC lattice, Ce*" cations are surrounded by 8 O*
anions (Figure 5.3a) with the optimized interatomic Ce-O distances of 237 pm.

Substitution of a Ce atom by Pt one results in the Pt-O distances of 229 pm.

Figure 5.3. Overview of stoichiometric models a) CeO, and b) Pt/CeO,. Yellow, red
and blue spheres correspond to Ce, O and Pt atoms respectively. Dark red spheres

indicate O ions closest to substituted Ce and Pt.



110 Interplay of Pt*" and Pt*" doping species in CeO,:Role of nanostructuring

System AE, Evac, q, M-O, Oyac; Ce™*
kJmol' kimol' au. pm

2x2x2

CeO, - - 2.37 (Ce*h - -

Ce0; Oye - 321 229 (Ce')  7x224-236 C3c; C3b,C4a

Pt/CeO, 0 - 1.60 (Pt*")  6x210, 2x294 - -

Pt/CeO, 164 - 1.33 (Pt*)  8x229 - -

Pt/CeO; Oyee 0 200 1.58 (Pt*)  6x209, 1x292 C2c; C2b,A2a

Pt/CeO; Oyee 2 202 1.59 (Pt*)  6x208-210, 1x296 (C2c; C4a,D2a

Pt/CeO; Oy 1 201 1.58 (Pt*)  6x209, 1x292 C2c; A2a,Cda

Pt/CeO; Oyee 0 200 1.58 (Pt*)  6x209, 1x292 C2c; C2b,C4a

Pt/Ce0; 20y, - 223 1.57 (Pt*)  6x207-210 B3b,C2c;
B2a,B3b, C4a, D2a

Pt/Ce0; 30y, - 198 0.87 (P*")  4x207-208, 1x287 B2a,B3a,C4a,D2a

Pt/CeO; Oyoe - 103 1.03 (P*")  4x200 C2c; -

Pt/Ce0; 20y, - 265 1.00 (Pt*")  4x199-200 C2b,C2¢;Cla,Dla

Pt/Ce0; 30y, - 257 0.97 (P")  4x199-200 C2b,C2c,C3b;
Cla,Dla,D2a,D3a

3x3x3

Pt/CeO, - - 1.60 (Pt*)  6x210-211,2x290 -

Pt/Ce0; Oyee - 189 1.61 (Pt*")  6x208-211, 1x296 C3c; C1b,C3a

Pt/CeO; Oyee - 83 1.03 (P*")  4x200 C2c; -

Table 5.1. Energies AE with respect to the most stable structure for each system and O
vacancy formation energies E,,. of bare and Pt-doped ceria bulk structures. Bader
charge g and oxidation state of Ce and Pt are also given. Ce-O and Pt-O are distances to
O atoms located in the first coordination sphere. Positions of O vacancies and Ce’"

cations are indicated using labels introduced in Figure 5.1.
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Pt atom substituting a Ce atom in stoichiometric (without Oy,.) ceria by electro-
neutrality has to feature the oxidation state of Ce, i.e. +4. Nevertheless, Bader charge of
Pt atom in a cubic coordination environment is 1.33 a.u. (see Table 5.1). This charge
value is lower than ca. 1.6 a.u. that Pt*" cations exhibit in more typical environments. In
addition, small magnetization values (of 0.08 uB) have been computed on each of the
closest to Pt 8 O anions forming the first coordination sphere with Pt-O distances of 229
pm. Pt is known to feature such high oxidation state +4 in octahedral complexes. Thus,
we distorted the initial coordination around Pt consisting of 8 O* by shortening 6 and
elongating two Pt-O distances to give an octahedral [6+2] coordination. Local geometry
optimization of this initial arrangement with Pt in the [6+2] coordination (Figure 5.4)
resulted in a structure, which is by 164 kJ mol™ more stable than the structure with Pt in
a cubic-like coordination. In the octahedral coordination 6 Pt-O distances of 210 pm and
2 Pt-O distances of 294 pm (Table 5.1) are obtained. Pt accommodated in this [6+2]
coordination environment features a Bader charge value of 1.60 a.u. (Table 5.1),
without any magnetization of the nearby O atoms. We can thus associate the small
magnetization values on the 8 O atoms with the instability of Pt in the +4 state, when it
is located in the original cubic-like position of Ce. Substitutional Pt"" cation in ceria,
which stabilizes the octahedral environment, displaces two O atoms out of the first
coordination sphere. These less coordinated O atoms become more weakly bound and

are more easily released from the material.

Figure 5.4. Pt/CeO, structure with Pt'" featuring octahedral coordination of six nearby
plus two more distant O atoms [6+2]. Yellow, red and blue spheres represent Ce, O and
Pt atoms, respectively. Dark red and pink spheres correspond to the O ions closest to

and somewhat more distant from Pt, respectively.
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Let us consider now how the OSC of bulk ceria is affected by the Pt dopant. To do
so, we have compared the energy required for removing one of the O atoms from the
first coordination sphere of either Ce or Pt (Figure 5.5). O vacancy formation energies
E,ac are shown in Table 5.1. For releasing an O atom from bare ceria 321 kJ mol ! is
required. The removal of an O atom leaves two electrons in the system reducing two
Ce™" cations to Ce’”. Ce-O bond lengths do not change significantly upon release of the
O atom, all 7 being in the range of 226-234 pm (Table 5.1). When atomic Pt is
introduced in the ceria lattice, the electrons left by the O atom can be accepted by two
different entities resulting in the following reduction processes: 1) reduction of two Ce*"
cations to Ce’", with Pt maintaining the +4 state or 2) reduction of the noble metal to the
+2 state, without formation of Ce”" cations. In the first case, the energy required to form
the Oyqc is 200 kJ mol™. The presence of Pt causes a significant decrease (by 121 kJ
mol ™) of the energy required to form an O, in bulk ceria. Bader charge of Pt, 1.58 a.u.,
is barely changed compared to the stoichiometric situation, 1.60 a.u. Pt-O distances

remain very similar upon O removal: 6 short 209 pm and one long 292 pm.

At variance, reduction of Pt*" to Pt*" induces a significant lattice distortion moving
the metal atom away from the initial position of Ce. In this new environment, Pt*" is
located in the center of a square of four O* ions adopting a square-planar coordination
and leaving three less coordinated O ions. The reduction of Pt to the +2 state during
this process is reflected in no Ce’" cations formed and in lower Bader charge value for
Pt, 1.03 a.u. Four Pt-O distances of 200 pm are obtained. Here, the energy required for
removing an O atom drops dramatically, from 321 kJ mol™ in the undoped system to
103 kJ mol™". The latter E,,. value is significantly lower than 200 kJ mol™ calculated in
the previously addressed situation with Pt*". We associate such facilitated reduction
process with the energy cost required to form Ce’" species, when Pt maintains the +4
state. Formation of Ce’" ions causes steric constraints in the material due to their larger
volume with respect to Ce*", which destabilize the entire system. Nevertheless, presence
of Pt*" in the lattice of bulk ceria is possible, due to the endothermicity of the both just
discussed reduction processes. Even though, formation of Pt*" species upon release of O

atoms in bulk ceria is favored thermodynamically in our models.
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Figure 5.5. Structures calculated after formation of an O vacancy in bulk CeO; nearby
a) Ce*" cations; b) Pt*" cation; c) Pt*" cation. Yellow, red and blue spheres represent Ce,
O and Pt atoms respectively. Dark red and pink spheres correspond to the O® ions
closest to and somewhat distant from Pt, respectively. Position of the Oy, is indicated

by an empty circle.

Curiously, the presence of substitutional Pt*" species in bulk ceria is commonly
considered by computational modelling to be unfavorable. Instability of Pt'" was
derived from the calculated result that the reduction of Pt*" to Pt*" takes place
spontaneously upon exothermic formation of a charge compensating oxygen vacancy,
Eyvae = -72 kJ mol™." Such behavior has been understood in terms of large lattice
distortion at the Pt center required to form the square-planar [PtO4] moiety. Forming the
Oyac nearby a Pt*" cation and two Ce’" cations was computed to require 115 kJ mol™.

Attempting to reproduce these computational findings, we noticed that results of work
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[19] were obtained using for computing of the E,,. an initial state reference, where Pt is
in the cubic environment of 8 O atoms. We calculated this cubic coordination to be 164
kJ mol™ less stable than the [6+2] coordination. Therefore, the previously calculated to
be exothermic Oy, formation resulting in Pt*", Eye = -72 kJ mol™, turns out to be
endothermic, E,,c = 103 kJ mol™', when a more stable initial state reference system with

the [6+2] coordination environment of Pt dopant is used.

To consider formation of the second Oy, (Figure 5.6), we removed another low-
coordinated O atom surrounding Pt. With Pt in the octahedral coordination 223 kJ mol™
is required for removing the second O atom. It is 21 kJ mol"' more than required to form
the first Oyae. Such increase in Ey, is a consequence of the reduction of two extra Ce*™
cations to Ce’* by electrons left in the system by the removed O. Bader charge of Pt,
1.57 a.u., and Pt-O distances, 207-210 pm, do not change noticeably upon formation of
such second Oy,. Formation of the second vacancy nearby Pt in the square-planar
coordination results in Ey,e = 265 kJ mol”', which is 23 kJ mol™ higher than for the first
Oyac. Again, the E,, increase can be associated with the presence of two extra Ce’”
cations in the lattice of ceria. Bader charge value of 1.00 a.u. and four short Pt-O

distances of 199-200 pm are calculated.
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Figure 5.6. Structures calculated after formation of the second O vacancy in the doped
CeO, nearby a) Pt*" cation; b) Pt*" cation. Yellow, red and blue spheres represent Ce, O
and Pt atoms, respectively. Dark red and pink spheres correspond to the O ions closest
to and somewhat distant from Pt, respectively. Positions of Oy, are indicated by empty

circles.

Formation of the third O vacancy near Pt'" destroys the octahedral coordination of
this M center (Figure 5.7a). Upon removal of the O atom, four of the remaining O atoms
rearrange their bonds around Pt to form a square-planar [PtO4] moiety. Pt can no longer
be stabilized in the high oxidation state +4 and becomes reduced to the +2 state. This
process is reflected in the Bader charge value of Pt decreasing in this specific
coordination to 0.87 a.u. Therefore, octahedral coordination of Pt with 6 O atoms can
only be maintained up to formation of two Oy,.. Consequently, the electrons left in the
system by the removal of the O atom are transferred to the dopant. 198 kJ mol” is
calculated to require for formation of the third vacancy. Four short Pt-O distances of
207-208 pm plus one long distance of 287 pm are calculated. Meanwhile, formation of
the third Oy near Pt*" requires 257 kJ mol™". This high value is a consequence of the

reduction of extra Ce*" cations. Pt center is essentially unaltered upon this reduction.
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Figure 5.7. Structures calculated after formation of a third O vacancy in the doped
CeO, nearby the previous a) Pt*" cation; b) Pt*" cation. Yellow, red and blue spheres
represent Ce, O and Pt atoms respectively. Dark red and pink spheres correspond to the
O” ions closest to and somewhat distant from Pt, respectively. Positions of Oy, are

indicated by empty circles.

Nanoparticle systems

Next, our study of Pt-ceria doped systems has been extended using more realistic
nanoparticulate models. Such models feature surface defects, which may notably affect
the stability of doping centers and, concomitantly, the OSC. In order to account for the
effects resulting from the nanostructuring, we employed Ces(Osgo nanoparticle (Figure
5.2). Doping process has been modelled, like for bulk systems, by inserting a Pt atom as
Ce-substitutional defect into the lattice of the ceria NP. Effects of Pt loading have also
been considered by including one or four Pt atoms adsorbed at different {100}
nanofacets of the ceria NP. Pt atoms adsorbed at such facets feature the +2 state. Two

Ce*" cations are reduced to Ce’” per each Pt atom adsorbed.
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One Pt atom at the surface of doped nanoparticulate ceria

We start by discussing results obtained for ceria NP systems with one Pt atom
adsorbed at the surface. Ce*" in the lattice of ceria NP binds to 8 O* anions with Ce-O
distances of 228-235 pm. Adsorption of Pt on one of the {100} nanofacets results in
formation of two Ce’" centers. At variance from the stoichiometric bulk system, the
[6+2] environment of Pt (Figure 5.8) is spontaneously obtained upon geometry
optimization of the NP without introducing any distortion around the dopant. This result
is related to low-coordinated atoms present on the surface. Structure of bulk ceria is
much more rigid than that of NPs, thus being more resistant to distortions. The lattice
distortions induced by displacements of the two under-coordinated O atoms can be
much easier accommodated and distributed through the whole particle compared to the
bulk. Pt is found again in the +4 state and features a Bader charge of 1.67 a.u.
Octahedral coordination of Pt is obtained, with 6 short Pt-O distances of 205-208 pm

and two long distances of 279 pm.

Similarly to bulk systems, formation of the Oy, can lead to two situations: 1)
maintaining the +4 state of Pt with the concomitant reduction of two Ce*" cations or 2)
reduction of Pt*' to Pt*" with the associated large lattice distortion forming the [PtOy]
moiety (Figure 5.8). In bare ceria NP, formation of an Oy, requires 202 kJ mol™.
Interestingly, release of one of the more distant O atoms around Pt*" requires only 62 kJ
mol ™. This value is 138 kJ mol" smaller than the E,,. obtained for bulk. Enhancement
in the OSC of ceria using Pt-doped NP models can be associated with the presence of
surface Ce atoms. Lattice is much easier relaxed, if the electrons left by the O atom are
accepted by surface Ce ions. Such ions are less coordinated than inner Ce ones, being
able to properly distort their surrounding atoms. Pt features a Bader charge of 1.65 a.u.
with 6 short Pt-O distances of 203-209 pm and a long one of 287 pm. Formation of the
vacancy nearby Pt*" results in Eyq. = 101 kJ mol™, 39 kJ mol™ higher than that in the

presence of Pt*".
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Figure 5.8. Structures of nanoparticles a) stoichiometric Pt/PtCes;oOg¢ and b), c)
Pt/PtCes9079 in the presence of an O vacancy near b) Pt*" cation; ¢) Pt*" cation. Yellow,
red and blue spheres represent Ce, O and Pt atoms respectively. Dark red and pink
spheres correspond to the O* ions closest to and somewhat distant from Pt, respectively.

Position of the Oy, is indicated by an empty circle.

The second Oy, has been created, like in the bulk systems, by removing one of the
O atoms more distant from Pt (Figure 5.9). 191 kJ mol” is required for forming the
second Oy, at Pt*". This value is 129 kJ mol higher than calculated for the first Oy,.
The +4 state of Pt is maintained via formation of two extra Ce’" cations. Bader charge
value of 1.67 a.u. for Pt and 6 Pt-O distances of 199-208 pm are computed. 134 kJ mol
is needed to create Oy, near the square-planar coordinated Pt*", which is substantially
lower than the E.a near Pt*". Therefore, even if the two different Pt-O entities can be
formed, we expect the system to thermodynamically evolve preferentially to the [PtO4]

moiety (with Pt*") upon formation of the second O vacancy.
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System AE, Evac, q, M-O, Oyac; Ce™*
kJ mol”'  kJ mol™ au. pm
Pt/CeOs0 - - 2.34 (Ce*") 8x228-235 - LN
Pt/Ce079 - 202 2.31(Ce*) 7x223-231 15": D,LN,P
Pt/PtCe39Oxo - - 1.67 (Pt*") 6x205-208, 2x279 -:IN
Pt/PtCe39Oxo 11 - 1.66 (Pt*) 6x205-209, 2x281-291 -; D.H
Pt/PtCe39079 0 62 1.65 (Pt*) 6x203-209, 1x287 15"; D,H,IN
Pt/PtCe3907 25 87 1.64 (Pt*) 6x203-209, 1x286 15": D,H,L,P
Pt/PtCes9079 17 80 1.65 (Pt*) 6x202-209, 1x288 15": 1,-JM, N
Pt/PtCe39079 37 100 1.65 (Pt*) 6x202-209, 1x281 15”"; LEM,N
Pt/PtCe;30075 0 191 1.67 (Pt*") 6x199-208 8",15";
D,H,IN,O,S
Pt/PtCes9075 6 197 1.65 (Pt*) 6x197-210 8".15";
-B.D,-E.1,-],O
Pt/PtCes9075 13 204 1.65 (Pt*) 6x201-208 815", L £J+MN
Pt/PtCes90; - 148 0.94 (Pt*") 4x199-208, 1x271 89" 15";
-B,.D,H,I,-J.N
Pt/PtCe39079 0 101 1.05 (Pt*") 4x197-200 15"; I,N
Pt/PtCes9075 0 134 1.04 (P*") 4x196-198 15",15""; D,H,I,N
Pt/PtCes9O75 105 240 1.05 (P*") 4x196-199 15",15""; C,-L.N,T
Pt/PtCes907; 0 257 0.98 (Pt*") 4x197-201 147,15",15"";
D,£JN,-P,T

Table 5.2. Relative energies AE and O vacancy formation energies E,,. of Pt/PtCe;90s

nanoparticle structures. Bader charge ¢ and oxidation state of Pt are also given. Pt-O

distances are for O atoms in the first coordination sphere. Positions of Oy, and Ce

cations is indicated.

3+
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Figure 5.9. Structures of Pt/PtCe;9O7s nanoparticles resulting from the formation of the
second O vacancy near a) Pt'" cation; b) Pt*" cation. Yellow, red and blue spheres
represent Ce, O and Pt atoms, respectively. Dark red and pink spheres correspond to the
O” ions closest to and somewhat distant from Pt, respectively. Positions of Oy, are

indicated by empty circles.

Formation of the third Oy, near Pt*" destroys the octahedral coordination of the
dopant (Figure 5.10a). Upon removal of the O atom, four of the remaining O atoms
rearrange their bonds around Pt to form a square-planar [PtO4] moiety similar to that
discussed above. Pt no longer can keep the high oxidation state +4 and becomes reduced
to Pt*". This process is manifested in the Bader charge value of Pt becoming in this
specific coordination 0.94 a.u. Pt is no longer able to maintain the stable local
coordination for featuring the +4 state and the electrons left upon removal of the O atom
are transferred to the dopant. The reduction to the +2 state requires 148 kJ mol™. Four
short Pt-O distances of 199-208 pm are obtained. Formation of the third Oy, near pt*
(Figure 5.10b) requires 257 kJ mol™'. This high value is a consequence of the reduction

of extra Ce*". The Pt*" center is basically unaltered upon the latter reduction process.
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Some conclusions can be drawn from the above-mentioned results. Pt*" species can
be formed upon inclusion of small amounts of Pt into the lattice of nanoparticulate
ceria. We identified the local coordination of such species in the lattice of ceria, binding
6 O atoms in an octahedral fashion and leaving two more distant O atoms less
coordinated. Unlike Pt-ceria bulk systems, maintaining the +4 state of Pt in NPs is
plausible, up to formation of two Oya. This enhanced stability Pt'" is related to the
presence of surface Ce cations. These cations are less coordinated than the Ce*" cations
in inner bulk-like positions. Thus, accommodation of electrons left upon removal of O
atoms is easier on such surface Ce*" cations. Thermodynamically driven evolution of
Pt*" to Pt*" upon formation of two O vacancies indicates that Pt*" and Pt*" species can
coexist in the material. Formation of the third Oy,c completely destroys the octahedral
coordination of 6 O atoms around Pt, making it unable to stay the +4 state. To
summarize, nanostructuring of ceria triggers stabilization of Pt in the high oxidation

state of +4 that can be maintained upon formation of up to two O vacancies.

Figure 5.10. Structures of Pt/PtCe;oO77 nanoparticles resulting from the formation of
the third O vacancy near a) Pt'" cation; b) Pt*" cation. Yellow, red and blue spheres
represent Ce, O and Pt atoms, respectively. Dark red and pink spheres correspond to the
O” ions closest to and somewhat distant from Pt, respectively. Positions of Oy, are

indicated by empty circles.
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Four Pt atoms at the surface of doped nanoparticulate ceria

In the following we address how Pt coverage affects OSC of Pt-doped ceria NPs.
To do so, we considered adsorption of four Pt atoms on different {100} nanofacets of
the Pt-doped ceria NP. Ce*" located inside ceria NP binds to 8 O* with Ce-O distances
of 229-236 pm. These Ce-O distances are close to the distances when only one Pt atom
is adsorbed on the ceria NP, as discussed above. Adsorption on the nanofacets of four Pt
atoms becoming Pt*" generates 8 Ce’* centers. Again, the [6+2] arrangement of O atoms
near the inner Pt dopant is obtained upon geometry optimization without any need of
structure distortion at the dopant (Figure 5.11). Pt features the +4 state and Bader charge
of 1.63 a.u. The coordination of Pt*" is characterized by 6 short Pt-O distances of 207-
210 pm (octahedral shell) and two long distances of 282 pm and 296 pm.

Figure 5.11. Stoichiometric models a) Pts/Ces9Ogo and b) Pts/PtCes90s. Yellow, red
and blue spheres represent Ce, O and Pt atoms respectively. Dark red and pink spheres

correspond to O” ions closest to and somewhat distant from Pt.
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System AE, Evac, q, M-O, Oyac; Ce™*
kImol'  kJmol” a.u. pm
Pt,/Ce400s0 - - 2.36 (Ce*) 8x229-236 -;-B,H,1,-J,K, N, -P,
T
Pty/Ce40010 - 249 231(Ce*) 7x221-233 15;-B,H, L -], K,
(K-L), M, N, P, T
Pt4/PtCe3050 0 - 1.63 (Pt*") 6 x207- -;D,H, +J,+M, O, S
210, 2 x
282-296
Pty/PtCe3050 1 - 1.65 (Pt*) 6 x 206- -;D, H, -J,+M, O, Q,
210, 2 x S
284-298
Pt4/PtCe3050 27 - 1.65 (Pt*") 6 x 205- -;B,D, L -K, -L, M,
210, 2 x N, T
280-281
Pty/PtCe3507o 0 121 1.64 (Pt*") 6 x 205- 15;-B,H, 1, -1, K, -
208, 1 x M, N, =P, T
289
Pty/PtCe3507o 74 195 1.62 (Pt*) 6 x 206- 15°; D, H, L, +J, +M,
209, 1 x N, 0, S
297
Pty/PtCe3507o 39 160 1.64 (Pt*) 6 x 203- 8:-B,D,-E,H,1,-J,
208, 1 x K,-M,N, T
285
Pty/PtCe3507s 0 144 1.64 (Pt*) 6 x204-208 8°,57;A,D,H, L -J,
+K,+M, P, S, T
Pty/PtCe3507s 22 166 1.63 (Pt*) 6 x204-209 8, 15”;-B, D, -E, H,
L-J,K,M,N,P,-R, T
Pty/PtCes,077 0 209 0.91 (P*") 4 x204- 8°,9°,15°; B, D, -
207, 1 x E,H,1,-J,K, M, N, P,
271 R, T
Pty/PtCes5070 0 116 1.03 (P*") 4x198-201 15°°; D, H, +J, +M, O,

S
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Pty/PtCe30075 52 168 1.04 (Pt*") 4 x198-200 15;C,D,F,-L, N, Q,
T,V
Pt,/PtCes0075 0 226 1.02 (P¥") 4 x197-201 15>,15";C,D,F, 7, -

L, N, -P9 Q,, Ta V

Pty/PtCes07r 0 219 0.97 (P2 4x198-201 147, 15,15, C, D,
Fa :l:Jn -La Na Oa -P7 Q,a
T,V

Table 5.3. Relative energies AE of and O vacancy formation energies Ey,c in
Pt4/Ce400s30 and Pt./PtCes9Os) nanoparticles. Bader charge ¢ and oxidation state of Pt are
also given. Ce-O and Pt-O distances for O atoms located in the first coordination sphere

. .. 3+ .
are also given. Positions of Oy,. and Ce™ cations are denoted.

Formation of the first vacancy near a Ce*" cation (Figure 5.12a) requires 249 kJ
mol ™. In turn, release of a more distant O atom around Pt*" only costs 121 kJ mol
(Figure 5.12b). This is 59 kJ mol™” more than the calculated for the discussed above NP
model with one adsorbed Pt atom. The E,,. increase can be associated with the higher
number of surface Ce’" cations. The most prone to reduction Ce*" cations are already
reduced by the electrons of the surficial Pt atoms. Therefore, the noticed E,,. increase is
caused by destabilizing effects of reducing less easily reducible surface Ce*" cations and
of the steric hindrance induced by the resulting Ce’" species. Formation of the first
vacancy near the Pt*" dopant in this CesPt;05 model resulting in Pt*" is characterized by

Eyac = 116 kJ mol™ (Figure 5.12¢).
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Figure 5.12. Structures of Pts/Ces0O79 and Pts/PtCes;90079 nanoparticles obtained after
formation of one O vacancy near a) Ce*" cation; b) Pt*" cation; c¢) Pt*" cation. Yellow,
red and blue spheres represent Ce, O and Pt atoms respectively. Dark red and pink
spheres correspond to the O* ions closest to and somewhat distant from Pt, respectively.

Position of Oy, is indicated by an empty circle.
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Formation of the second Oy, near Pt*" (Figure 5.13) gives Evac = 144 kJ mol™. This
is 23 kJ mol' more than the energy required to form the first O,.. The +4 state of Pt is
maintained with concomitant formation of two extra Ce’" cations. Bader charge of 1.64
a.u. for Pt and 6 Pt-O distances of 204-208 pm have been calculated. 226 kJ mol™ is
needed for removing the second O atom near the square-planar coordinated Pt** dopant,
which noticeably changes neither its Bader charge of 1.02 a.u., nor the four Pt-O
distances of 197-201 pm. Unlike the case with just one adsorbed Pt atom, the present
model with four adsorbed Pt atoms shows notable thermodynamic preference to

maintain inner Pt-dopant in the +4 state upon formation of the second O vacancy.

Figure 5.13. Structures of Pts/PtCe;0O75 nanoparticles obtained after formation of the
second O vacancy near a) Pt*" cation; c¢) Pt*" cation. Yellow, red and blue spheres
represent Ce, O and Pt atoms respectively. Dark red and pink spheres correspond to the
O” ions closest to and somewhat distant from Pt, respectively. Positions of Oy, are

indicated by empty circles.

Again, formation of the third O vacancy near Pt'" (with E,,. = 209 kJ mol) is
required for reducing it to Pt*" (Figure 5.14a). Removal of the O atom induces the

square-planar coordination of Pt*" to four surrounding it O atoms. For Pt*" in this
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coordination Bader charge of 0.91 a.u. and four Pt-O distances of 204-207 pm are
calculated. Notably, formation of the third Oy, near pt* dopant (Ey,e = 219 kJ mol'l) 18

even a little more energy demanding than near the Pt*" dopant.

As a general trend, increasing Pt coverage on the surface of ceria NP slightly
decreases the OSC. This is reflected in somewhat higher E,,. values obtained for the
present models compared with those, when only one Pt atom is adsorbed at the {100}
nanofacet. At higher surface coverage by Pt, fewer Ce*" cations remain available for
reduction. Therefore, electrostatic and steric impediments make formation of O

vacancies more energetically costly.

Figure 5.14. Structures of Pts/PtCe;0O77 nanoparticles obtained after formation of the
third O vacancy near a) Pt'" cation; b) Pt*" cation. Yellow, red and blue spheres
represent Ce, O and Pt atoms respectively. Dark red and pink spheres correspond to the
O” ions closest to and somewhat distant from Pt, respectively. Positions of Oy, are

indicated by empty circles.
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No Pt atoms at the surface of doped nanoparticulate ceria:

Finally, we consider results for Pt-doped ceria NP with no Pt atoms adsorbed on the
surface (Table 5.4). Ce*" located inside the pristine CeqOso NP binds 8 O* at Ce-O
distances of 229-236 pm. The [6+2] arrangement of O anions around Pt'" in this
cationic position results from geometry optimization without any need of introducing
extra distortion of the surrounding of the noble metal dopant (Figure 5.15), like for the
other Pt-doped NP systems considered above. Pt*" is found to feature Bader charge of
1.66 a.u. and octahedral coordination with six Pt-O distances of 204-209 pm and two

more remote O atoms with the distances of 281 pm and 266 pm.

Figure 5.15. Overview of pristine a) Ces0Ogo and b) PtCes9Ogo. Yellow, red and blue
spheres represent Ce, O and Pt atoms respectively. Dark red and pink spheres
correspond to O ions closest to and somewhat distant from Pt.. Oxidation states of Ce

and Pt are also denoted.

Formation of the first O vacancy near an inner Ce*" cation (Figure 5.16a) requires
171 kJ mol™. In turn, release of one of the farther O atoms near Pt*" (Figure 5.16b)
needs only 32 kJ mol”. This dramatic decrease in the Ey, value compared to those
obtained with Pt atoms adsorbed on the surface of the NP is related with the particularly

easy reduction of two corner Ce*" cations, which in the presence of the Pt adsorbates
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have been already reduced to Ce’". These two Ce atoms are least coordinated among all
other Ce atoms in the NP. Therefore, their reduction is strongly driven energetically.
Bader charge of 1.66 a.u. and 6 short Pt-O distances of 203-209 pm and a longer
distance of 281 pm are calculated for the Pt*" dopant. Formation of the first O vacancy
near the dopant becoming Pt*" (Figure 5.14c) is characterized by Eya. = 107 kJ mol’’,
Pt*" Bader charge of 1.07 a.u. and four nearest Pt-O distances of 197-199 pm.

System AE, Evacs g, a.u. M-O, pm Ouac; Ce**
kJ mol™ kJ mol!
Ce40Os0 - - 234 (Ce*) 8x229-236  -;-
CexOro - 171 2.31(Ce*) 7x222-233 157 LN
PtCe30050 0 ; 1.66 (Pt*) 6 x 204-209, -; -
2 x281-286
PtCe3050 112 - 1.53 (Pt*) 4 x207-212, -;-
4 x 232-250
tCe30079 . t X - 5 s L
PtCe300 0 32 1.66 (Pt*) 6 x203-209, 15, N
1 x 281
PtCes007g 0 141 1.66 (P 6x202-209 8, 15°;D,1,-I,N
PtCe30017 0 174 0.94 (P  4x201-207, 8,9, 15D, 1, -I,N
1 X269
tCe39079 . t X - ;-
PtCe300 0 107 1.07 (P¥)  4x197-199 157
PtCe300s 0 132 1.05 (Pt*) 4x196-198 15”,15; N, -P
PtCes0077 0 225 1.01 (Pt2+) 4 x 196-200 14°°, 157, 15°’; -], -M,

o, -P

Table 5.4. Relative energies AE and O vacancy formation energies Ey,. of CesoPtOg
nanoparticle structures. Bader charge g and oxidation state of Pt are also given. Ce-O
and Pt-O distances considering O atoms located in the first coordination sphere are also

. . 3+ .
given. Locations of Oy, and Ce”" cations are denoted.
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Figure 5.16. Structures after formation of an O vacancy in the Ces9O79 nanoparticle
nearby a) Ce*" cation; b) Pt'" cation; c) Pt*" cation. Yellow, red and blue spheres
represent Ce, O and Pt atoms respectively. Dark red and pink spheres correspond to the
O ions closest to and somewhat distant from Pt, respectively. Location of Oy, i

indicated by an empty circle.

Formation of the second Oy, near Pt*" maintained in this oxidation state (Figure
5.17a) requires Ey,c = 141 kJ mol'l, which is 109 kJ mol™! more than that for creating the
first Oyae. The resulting structure with two Oy, is characterized by the Pt Bader charge
of 1.66 a.u. and 6 Pt-O distances of 202-209 pm. Removal of the second O atom from
the second coordination sphere of the square-planar coordinated Pt*" is associated with
its Bader charge of 1.05 a.u., four Pt-O distances of 196-198 pm and the energy cost of
132 kJ mol™. This value is only insignificantly lower than that calculated for the O
vacancy creation near Pt*". Therefore, the energetic considerations indicate that the +4
state of the Pt dopant in the present case can survive even creation of the second O

vacancy near the dopant.
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Figure 5.17. Structures after formation of a second O vacancy in the PtCesO7g
nanoparticle nearby a) Pt*" cation; b) Pt*" cation. Yellow, red and blue spheres represent
Ce, O and Pt atoms respectively. Dark red and pink spheres correspond to the O ions
closest to and somewhat distant from Pt, respectively. Locations of Oy, are indicated by

empty circles.

Finally, creation of the third Oy, near Pt*" reduces the latter to Pt*" (Figure 5.18a).
Removal of the O atom from the configuration featuring Pt'" requires 174 kJ mol’,
furnishes the typical square-planar coordination of Pt with four nearest O atoms at
201-207 pm and the Pt*" Bader charge of 0.94 a.u. Notably, creation of the third Oyq.

near Pt*" is more energetically demanding and requires 225 kJ mol ™.

The results presented above strengthen the hypothesis that, not unexpectedly, the
degree of reduction of ceria samples (i.c., the number of Ce’" cations in the NPs under
scrutiny) is one of the key factors governing the increase or decrease of the OSC

capacity of ceria, also in the presence of such atomic dopants as Pt.
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Figure 5.18. Structures after formation of a third O vacancy in the PtCe;O7;
nanoparticle nearby the previous a) Pt*" cation; b) Pt*" cation. Yellow, red and blue
spheres represent Ce, O and Pt atoms respectively. Dark red and pink spheres
correspond to the O ions closest to and somewhat distant from Pt, respectively.

Locations of Oy, are indicated by empty circles.
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5.4. Overview

In the present chapter we considered the effects of both doping of ceria with the
noble metal Pt and its nanostructuring on the OSC. Results obtained for bulk ceria
revealed that Pt can feature +4 oxidation state only in an octahedral coordination,
binding 6 O atoms and leaving two more distant O atoms less-coordinated. In the case
of one O vacancy, Pt'" notably prefers to be reduced to Pt*" and to modify the
coordination environment through strong lattice distortion. Pt moves out of the lattice
position of Ce to adopt the +2 state and the square-planar coordination, binding four

nearest O atoms and leaving the other three O atoms in the second coordination sphere.

Nanostructuring of Pt-doped ceria causes several effects on the OSC of the
material. Pt*" species in ceria nanoparticles is able to sustain formation of up to two
nearby O vacancies. For all studied NP models calculated E,,. values are lower than
those for the bulk models. Formation of the third O vacancy destroys the inherent
octahedral coordination of Pt*" cation, reduces the latter to the +2 state and creates a
typical square-planar coordination with nearby four O anions. Thus, the
nanostructuring leads to enhancement of the OSC of Pt-doped ceria. The origin of such
improved OSC is related to the presence of surface Ce atoms. Low-coordinated surface
Ce*" cations are more easily reducible than bulk Ce*" ones and accept electrons left
upon oxygen release quite facile. Furthermore, more voluminous Ce’" cations can be

better structurally accommodated as low-coordinated surface atoms.

Regarding the calculated data for different Pt loadings, E,,c values generally
increase with increasing Pt coverage. For instance, higher Pt coverage results in a higher
number of surface Ce’' cations. Thus, there is a direct relation between the higher Ey,.

values and the number of Ce’" cations.

These results deepen the atomic-level understanding about how doping processes
affect the OSC of ceria. Nanostructuring of ceria appears to play a key role in the
enhancement of OSC. By means of the nanostructuring, one can tune the propensity of
ceria to release and store oxygen. Doping of ceria by noble metals such as Pt is an
efficient approach to further increase the OSC. At variance with the published up to

now  calculated data, we found  Pt" species  to  play an
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important role in the oxygen storage processes, modifying the local coordination of the
substituted Ce*" cations to a [6+2] octahedral configuration. These two more distant O
atoms located outside the first coordination sphere of the Pt** dopant are prone to be
easily released and are expected to be able to participate in various oxidation reactions

already at quite low temperatures.
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6.1. Introduction

In Chapter 3, we addressed the propensity of a series of transition metal atoms to be
stabilized in specific surface sites of nanostructured ceria.' As a reminder, {100}
nanofacets of ceria are found to be able to accommodate various transition metal atoms
in the form of cationic species. The ceria NP plays for the anchored metal atoms a role
analogous to that of a polydentate ligand. Adsorption on these sites results in oxidation

of the metal atoms with the concomitant reduction of Ce*' cations to Ce*".

Atomic dispersion of precious metals is a promising way for designing cost-
efficient materials. As mentioned in previous chapters of the Thesis, SACs are the
extreme way of maximizing the efficiency of metal content. Cationic metal species
dispersed at the surface of the support are readily available for reactants. One of
important applications of SACs materials is their usage in proton exchange membrane
fuel cells.”” In particular, presence of such atomically dispersed metal species was
proposed to control the observed high specific power and thermal stability of Pt-CeO,
anode catalysts. There, Pt*" species are found to be anchored at {100} nanofacets of
ceria in square-planar coordination,™ binding four surficial O* anions. In order to
uncover the specific role of the Pt*" species, reactivity studies of Pt-CeO, films towards
molecular hydrogen dissociation were performed.*° Surprisingly, it was found that Pt*"
species are unable to catalyze dissociation of hydrogen, but traces of metallic Pt are
needed to trigger the process.’ Even if cationic Pt*" species are not confirmed to serve as
the active site for that specific reaction, they are stable enough to survive several cycles
of fuel cell tests, revealing strongly suppressed formation of metallic Pt particles.* In
turn, reduction of Pt** species to ultra-small Pt clusters was observed under
electrochemical conditions.” These results point to a dynamic structural transformation

of Pt-CeQ; catalysts under alternating reducing/oxidizing conditions.

In the present chapter, we examine possible factors involved in the reduction of Pt**
species, which may generate small Pt particles catalytically active in a number of
chemical reactions. Various reduction processes, which may destabilize these highly
stable metal cations, have been taken into account. As was discussed in Chapter 4,
formation of Oy, results in reduction of either the adsorbed noble metal or Ce*" cations

of the ceria NP. Formation of several oxygen vacancies may induce significant
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destabilization of the adsorbed noble metal species. Furthermore, we take into account
the effect of metal loading on the reducibility of the ceria NPs. Finally, the third process
has also been studied, which is adsorption of Sn atoms near cationic Pt species. The
presented results provide insights in the possible causes of the reduction of cationic
metal species and open a controllable route to prepare sub-nanometer metal particles on
ceria supports, which can be used, among other technological applications, for

dissociation of hydrogen on Pt-CeO, based fuel cell anode catalysts.
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6.2. Models

General description of the models used for representing ceria NPs can be found in

Chapter 3.

Adsorption energies E,q(M) of Sn and Pt atoms on ceria NP have been calculated as
E.d(M) = E(M;-Pt,Sn,Ce40g0) — E(M;) — E(Pt,SnyCes00sg0), where E(M,) is the total
ground-state energy of an isolated metal atom M; = Sn or Pt, E(M;-Pt,Sn,Ce40Os0) and
E(Pt.Sn,Ce4(Os) are total energies of the ceria NPs containing x Pt atoms (x < 1) and y

Sn atoms (y =< 3) with and without M, respectively.
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6.3. Results and discussion

In the following, effects of various reduction processes on the stability of surficial
Pt*" species are discussed. The model NP with labeled positions of O vacancies and
Ce*" cations is shown in Figure 6.1. As we have seen in Chapter 3, adsorption of Pt
atom on the {100} nanofacet of ceria NP is strongly favored, E,q = -7.02 eV. Upon
adsorption of the metal atom reduction of two Ce*" cations in corner positions takes

place with the concomitant oxidation of the noble metal to the +2 state.

Figure 6.1. Sketch of the CesOgp model with Pt atom adsorbed on a {100} nanofacet.
Yellow, brown, blue and red spheres correspond to Ce*', ce**, Pt"" and O* species,
respectively. The transparent plane divides the nanoparticle in two symmetric halves.
Numbers label conceivable positions of O vacancies and letters specify locations of the

concomitantly formed Ce’" cations.

As a quite approximate criterion for resistance of the adsorbed Pt moiety against
aggregation in metallic particle, we can use difference of the adsorption energy and of
the bulk cohesive energy of Pt, which is equal to -5.85 eV.® According to such estimate
the aggregation of Pt*" adsorbed on a {100} facet of unreduced ceria is disfavoured by
1.17 eV. The formation of a single Oy, outside this {100} nanofacet, e.g. in positions 5
or 10 in Figure 6.1, appears to be energetically insufficient to trigger the reduction of

the Pt*" cation (Table 6.1). Yet, E,q of atomic Pt in the +2 state falls notably below the
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cohesive energy (to -4.5 — -5 eV), for Oy, created inside the square formed by four 0>
anions of the {100} nanofacet (position 2, Figure 6.1). Such weakening of the
adsorption is due to the loss of the square-planar coordination of the Pt*" cation.
However, energy required for removing one of these four O atoms (> 2.8 eV) is much
higher than that for creating a vacancy outside the {100} nanofacet (1.57 eV in position
10 and 2.24 eV in position 5). This strongly suggests that at least the initial formation of

O vacancies should preferentially take place outside the Pt-O4 moiety.

Pt state Oyac positions Ce*" positions E.4, €V Evac, €V
pt* - ILN -7.016

Pt*" 10 F,ILL,N -6.242 1.565
Pt*" 5 E,H,ILN -6.601 2.240
Pt*" 5 E,G, H,1 -6.547 2.294
Pt*" 5 G, M,N -6.315 2.526
Pt*" 5 G,1,ILN -6.473 2.369
Pt*" 5 G,H, LN -6.465 2.376
Pt*" 5 D,G,ILN -6.593 2.248
Pt*" 5 E,I,M,N -6.472 2.369
Pt*" 5 A,C, E,N -6.237 2.605
pt** 5 D,E, LN -6.476 2.365
Pt*" 5 H,1,J,N -6.507 2.334
Pt*" 5 D,I,I,N -6.304 2.537
Pt*" 2 A, C 1IN -4.993 2.825
Pt 2 D,H,N -4.630 3.187
Pt 2 D,ILN -4.623 3.194
Pt 2 D, H, -M -4.545 3.273

Table 6.1. Adsorption energies E,q of atomic Pt and energies of oxygen vacancy Oy,

formation E,, in the Pt-Ce4i0go model.

In order to account for the effect of Pt loading, we performed calculations using the
4Pt-Ce40Os0 model (Figure 6.2). There, each of four {100} nanofacets is filled with one

Pt** cation. This results in the reduction of 8 Ce*" cations to the +3 state.
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Ptstate Oy positions Ce*" positions E.g, €V Evac, €V
4 pt** -B.HI-JKN,-P,T  -6.585
1Pt 3 2 D,GH+IM,0,S  -6.100 (-4.550"/- 2.969
pt** 6.6177)
1Pt 3 2 EL+KAMN,O,S  -5.992 (-4.1157/- 3.403
pt** 6.6177)
1Pt 3 2 DH+J+M,O,R,S  -6.060 (-4.387"/- 3.131
pt** 6.6177)
4 pt** 5 D,E,G.H+J,#M,0,S  -6.299 2.175
1 Pt°, 3 Pt*" +2 A,CDH=IM,0,S -6.137 (-4.778'/- 2.326
6.5897)
1Pt 3 +2 C.D,F H+J+M.0.S -6.053 (-4.445"/- 2.492
pt** 6.589")
1Pt 3 2, -1 D,-E,GH+J+M,0,S -6.218 (-5.252°/- 2.163
pt** 6.540")
1Pt 3 2, -1 DH,L+J+MN,0,S  -5.997 (-4.368"/- 2.606
pt** 6.540")
4PT 4,21,-5,-20 +B,-E,-F,G,H,I,-],  -5.765 2.965

KaNa-PaiQa RaTaU
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4P 6,19,-3,-22 -B,C,D,GHI-JK, -6.019 2.947
N,0,£P, -R,S,T.V

3P’ 1Pt" 2,15,-16,-23  -F,GHLJ,-M,0,-P,S  -5.340 -3.019

4P 44,45 420, +B,CAEAF,GHL-JK,- -4.569 3.400
+21 LN,+P.+Q,Q" R, T,xU

4Pt 43,46,+19, A,-B,C,D,E+G,H,1,+J,K, -4.559 3.405
+22 +M,N,0,+P +R,S,T,-U,V

Table 6.2. Energies of Pt adsorption E,q and Oy, formation E,,. for 4Pt-CesyOson
model. The Oy, positions with signs “+” and “-” are in front or behind the transparent
plane in Figure 6.2, respectively. The sign “+” indicates two symmetric Oy, positions,
one in front of the plane and another behind it. *Ead for the Pt atom near the Oy,. **Ead
average for the 3 Pt atoms distant from the Oyqe. Ce*" ions labelled F’ and Q' are located

between F and -F and between Q and -Q, respectively.

Figure 6.2. Sketch of the Ces9Og9 model with four Pt atoms adsorbed on four {100}
nanofacets. Yellow, brown, blue and red spheres correspond to Ce*', ce*, Pt"" and O*
ions, respectively. The transparent plane divides the nanoparticle in two symmetric
halves. Numbers and capital letters label positions of O vacancies and Ce’" cations,

respectively.
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Average E,q = -6.59 eV per Pt atom in the absence of O vacancies is 0.42 eV lower
in magnitude than calculated for the model with a single Pt*" adsorbate. The weakening
of adsorption is caused by the presence of a substantial number of reduced Ce®" species.
This effect has been already analyzed in Chapter 5. When a single Pt atom is adsorbed
on one of the {100} nanofacets, corner Ce*" cations are able to easily uptake two
electrons from it. In turn, when Pt atoms are adsorbed on each of four available {100}
nanofacet sites, only one of the Pt atoms is able to transfer two of its valence electrons
to the corner Ce*" cations. The 6 electrons from the remaining three Pt adsorbates are
transferred to other surface Ce*" cations of the NP, with ca. 0.1 eV relative energy loss
per Pt atom. Creation of an Oy, in position 2 (i.e., removing an O atom from the {100}
nanofacet site) results in substantially weaker adsorption of the nearby Pt atom, Enq = -
4.55 eV. Notably, the other three Pt atoms are barely affected by the formation of the
vacancy in this specific position, with E,y = -6.62 eV. Similarly to the case with only
one adsorbed Pt atom, E,,. energies obtained are rather high (2.97 — 3.40 eV) compared
to that when an O atom is removed outside the Pt-O4 moiety (e.g., 2.18 eV in position
5). For this external Oy, position average E,q values for each Pt atom are -6.30 eV,
which is ca. 0.3 eV less in magnitude than obtained without Oy, related with the
presence of two extra Ce®" cations. The unlikely removal of two O atoms from the same
{100} nanofacet would result in E,q values of the nearby Pt atoms lower than the
cohesive energy of Pt (-5.25 eV for positions 2, -1 and -4.78 eV for positions +2).
Importantly, formation of two O vacancies per Pt*" cation even not nearby a Pt atom can
take the E,q value well below the cohesive energy. This is the case, for instance, upon
creation of eight O vacancies (positions +4, +5, £20, £21 or £3, £6, £22, +19). This is
an indication that the onset of Pt*" reduction occurs when approximately two oxygen

. . . 24+ .
vacancies are created in ceria NPs per Pt*" site.

In collaboration with our experimental partners (group of Prof. Libuda, Uni. Erlan-
gen-Niirnberg), we were able to estimate the ratio between the numbers of O vacancies
and Pt*" cations at the onset of Pt*" reduction.® Using the temperature-dependent change
in the Ce’" concentration one can calculate the concentration of oxygen vacancies
produced by oxygen spillover. Taking into account other effects emerging during the
growth of Pt*"-CeO, films,>” a ratio of 1.5 between the concentrations of oxygen

vacancies and Pt*" ions in the temperature region of 450 and 500 K was obtained. This
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value is in good agreement with

functional calculations.

#  Eag, kJ mol” Sn-O, pm n
a -665 2x228,2x229 2
b -483 211, 216, 225 2
C -407 2x209, 251 2
d -284 196, 199, 201, 203 4
e 286 2x221, 222,223, 2x257, 2x258 2

the above mentioned estimate from our density-

Table 6.3. Adsorption energy E.q, Sn-O nearest interatomic distances and oxidation

state n for Sn atom located in positions illustrated in panels # of Figure 6.3.

Finally, results regarding the interplay between atomic Pt, Sn and Ce species in

different oxidation states are presented. First, we studied the interaction of a single Sn

atom with the ceria NP. As can be seen in Figure 6.3, several optimized structures with

a Sn atom adsorbed at different sites of Ces0Ogz0 NP were calculated in order to

determine the most strongly anchoring adsorption site. These studies include the

adsorption of Sn at the surface (a-c), as well as its incorporation in sub-surface (d) and

in inner (e) interstitial sites of the ceria NP.
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Figure 6.3. Structure of CesoOgo NP with an atom Sn adsorbed at {100} (a), {111} (b),
and edge (c) sites on the surface, or located in interstitial sites in the sub-surface (d) and
inner (e) regions. Yellow, brown, red and grey spheres represent Ce*", Ce*”, 0% and Sn

species, respectively.

The adsorption of a Sn atom at the surface of Ces9Ogo NP yields a Sn*" ion
accompanied by the reduction of two Ce*" cations to the +3 state. Behaviour of Sn
interacting with the {100} nanofacet of ceria is quite similar to the behaviour of other
transition metals studied in Chapter 3. Three energetically favorable adsorption
configurations associated with the cationic Sn*" at the {100} (a), {111} (b), and edge (c)
sites of the ceria NP are calculated, with E,y of -665, -483, and -407 kJ mol,
respectively (Table 6.3).

In contrast, incorporation of atomic Sn in interstitial sites either sub-surface (Figure
6.3d) or deeper inside (Figure 6.3¢) is strongly disfavored with respect to the just
discussed surface configurations. In fact, insertion of a Sn atom inside the NP is
endothermic by 286 kJ mol™. Here, Sn*" cation is bound to four O neighbours with Sn-
O distances of 221-223 pm, whereas the bonds with the other four O neighbours are
longer by 35 pm. According to angle resolved X-ray photoelectron spectroscopy

(ARXPS) studies performed by our experimental partners (group of Prof. Libuda), bulk
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diffusion of Sn*" ions occurs once all available for Sn surface positions on a Pt-CeO,
film are occupied.'’ Consequently, the film contains large number of Ce’" species with
elongated Ce-O distances. We can speculate that under the just mentioned conditions,
when no surface sites are anymore available for Sn, the interstitial sites will become

more energetically favorable and possibly able to accommodate Sn atoms.

A moderately favorable configuration of Sn inserted in an interstitial site was found
in the sub-surface region of the NP (Figure 6d). This insertion induces strong structural
stress, which facilitates further oxidation of Sn to the +4 state with the concomitant
reduction of two extra Ce*" cation to +3. Nevertheless, the Sn*" species are expected to

be partially reduced in the presence of atomic Sn adsorbed on the ceria NPs.

The optimized structures of Sn interacting with the CesoOgp NP in the presence of
Pt*" species are shown in Figure 6.4. Pt*" cations are strongly adsorbed at the {100}

sites of ceria NP forming the PtO4 moiety (Figure 6.4a),'” as already discussed.

Figure 6.4. Sketches of Pt-Ce49Ogo NP with different number of adsorbed Sn atoms: (a)
no adsorbed Sn, (b-c) one adsorbed Sn atom, (d) two adsorbed Sn atoms and (e) three
adsorbed Sn atoms. Yellow, brown, red and grey spheres represent Ce*, Ce’”, 0> and

Sn ions, respectively. Numbers in (d) and (e) label different Sn atoms.

#  EaaSn, kJ mol!  Eu Pt, kJ mol™ Sn*-O, pm n Sn n Pt

-678 2 2
b -406 -597 210,217, 230 2 2
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-501 -692 211,217,221 2 2

d -339 -461 1: 213, 214, 235 2 2
2:213, 216, 228

e -380 -378 1: 214, 218, 222 2 0

2:204, 225, 227
3:207, 214, 229

Table 6.4. Adsorption energy E,q of Sn and Pt atoms, Sn-O nearest distances and
oxidation state n of Sn and Pt for Sn locations indicated in panels # of Figure 6.4. x is

the label of Sn atom in Figure 6.4 d,e.

In the presence of Pt™" species, we considered adsorption of Sn on the second most
stable site, i.e. at {111} facets (Figure 6.3b). In particular, we investigated adsorption of
Sn near Pt*" cation (Figure 6.4b) and at the opposite side of the NP (Figure 6.4c).

Adsorption of Sn in the vicinity of Pt*" weakens adsorption of Pt by 81 kJ mol™,
with Pt maintaining the +2 state (Table 6.4). As expected, adsorption of Sn at the
opposite side of the NP (Figure 6.4c) barely affects the stability of Pt*". Adsorption of
the second Sn atom in the vicinity of Pt*" notably weakens the adsorption of Pt, Eqq = -
461 kJ mol' (Figure 6.4d). If we compare this value with that of atomic Pt° at the {100}
nanofacet, -328 kJ mol™,’ we can explain why adsorption of two Sn atoms does not
trigger reduction of Pt*" cations to metallic Pt. It is noteworthy that the stability of Pt*"
is strongly correlated with the Pt-O bond length within the square-planar arrangement.
When two Sn*" cations are adsorbed in the vicinity of a Pt**, two of the four Pt-O bonds
are elongated by ca. 20 pm. Even if this effect weakens the bond, Pt can still maintain
the planar coordination. Finally, adsorption of the third Sn atom nearby Pt*" (Figure
6.4¢) enables its reduction to Pt’, yielding E.q = -378 kJ mol'. Formation of Pt° induces
rearrangement of the local coordination of O atoms, forming a linear PtO, moiety with
Pt-O distances of 200 to 217 pm. Note, that the other two O> anions are strongly
displaced from their original positions in the {100} nanofacet, resulting in Pt-O
distances of 303-327 pm. Interestingly, the adsorption of the third Sn atom seems to be
slightly favored with respect to the average E,q of the first two Sn atoms. This can be
associated with the fact that the third Sn atom binds to an O® anion, which is more

weakly bound to Pt and, thus, it can interact more strongly with Sn.
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Our density-functional calculations reveal that Pt*" species adsorbed on the {100}
nanofacet forming the square-planar PtO; moiety are able to sustain adsorption up to
three Sn atoms in their vicinity without being reduced. At this point the reduction yields
atomic Pt° coordinated by two oxygen anions. These results agree with the experimental
findings obtained under UHV conditions, which suggest that presence of 6 Ce*" ions or,
in other words, at least three Sn atoms per Pt*" species are necessary for triggering

reduction of Pt*" to Pt’.
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6.4. Overview

In the current chapter stability of cationic surficial Pt*" species towards several
destabilizing reduction effects has been studied. Such effects are 1) formation of various
O\ac, ii) increased Pt loading and iii) adsorption of Sn atoms in the vicinity of the Pt*"

species.

Surface O atoms located at {100} nanofacets appear to be the most labile ones and,
thus, the most prone to be released by the NP. This feature can be associated with the
lower coordination of such O atoms compared with the rest of O atoms. Nevertheless,
formation of [PtO4] moieties at such {100} nanofacets strongly hinders formation of O
vacancies there due to the strong interaction of Pt*" with four O> anions forming its
coordination sphere. Formation of an O, is accompanied by the reduction of two Ce*"
cations to Ce’". Results obtained using the CesoOso model show that there exists a
threshold that needs to be overcome for reduction of Pt*" species to metallic Pt’. Such
threshold is expected to be around the cohesive energy of metallic Pt, -5.85 eV. Thus,
reduction of Pt*" species should be favored, when the E,q of Pt falls below the cohesive
energy value upon formation of various number of Oy,.. Analysis of the calculated data
reveals that Pt*" species are destabilized, when ca. two Oy, are formed in Pt-CeO, NPs
per Pt atom. These results agree with the experimental data provided by our
collaborating partners. Destabilization of Pt*" species is then associated with the
formation of a number of Ce’" cations. The latter are noticeably larger than Ce*" ones
and, thus, can substantially modify the structure of the NP. Only after formation of a
significant number of Ce’" cations Pt*" species start to be prone to accept electrons left

by the removed O atom.

The effect of metal loading on Pt*" species is analogous to the effect caused by
formation of Oya.. Adsorption of Pt at {100} nanofacets results in oxidation of the
metal, with the concomitant formation of two Ce’" cations. There is a threshold, from

which Pt*" cations might accept electrons instead of Ce*".

Finally, adsorption of Sn atoms in the vicinity of Pt*" cations has been analyzed. It
appears that the onset of the Pt*" reduction is again determined by the concentration of

Ce’" cations in the NP. In this specific case, formation of around 6 Ce’* cations in the
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direct vicinity of Pt*" species seems to trigger reduction of Pt*" to Pt’. These results are
also in good agreement with the data of our experimental partners. In the presence of
Pt*", Sn is found to be adsorbed as Sn*" at {111} facets of ceria NP. Stability of Pt*"

species is strongly dependent on the presence of Sn*" in the direct vicinity.

The results presented in this Chapter provide new insights in the stability of
atomically dispersed Pt species on ceria. A deeper understanding of the possible
destabilizing effects causing Pt*" reduction to Pt’ has been achieved. Despite that
materials with atomically dispersed metals are useful for many applications, metal
particles are often required as active sites for chemical reactions. Results of this
Chapter, combined with experimental developments of our collaborating partners, open
a controllable route to prepare sub-nanometer metal particles on ceria supports. Such
advanced nanomaterials can be used, among other important applications, to dissociate

hydrogen on Pt-CeO, based fuel cell anode catalysts.
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7.1. Introduction

Characterization of catalytic materials is a crucial step in the development of
catalysts. In particular, catalytic performance of metal/metal-oxide composites is
controlled by the size, shape, and ordering of the supported metal species. Rates of
surface chemical reactions often strongly depend on the form in which the active metal
is present, either as nanoparticles, small clusters, or dispersed single atoms. A broad
arsenal of experimental tools and approaches is available to characterize catalysts. IR
spectroscopy of adsorbed CO as probe molecule is one of the common characterization
techniques. In this method the change (shift) of the stretching vibrational frequency of
CO molecules upon their adsorption on the surface of the catalytic material is
monitored.' The C-O frequency shift (along with the intensity variation), very sensitive
to details of the interaction between CO molecule and metal particles, enables obtaining

crucial information on the oxidation state,” structure’, and size™ of the latter.

Regarding applications in fuel cell technology, anodes based on Pt-CeO, thin films
with low Pt loading show excellent activity and good stability in proton exchange
membrane fuel cells.>” Of key importance is that these kinds of anodes are resistant to
CO poisoning.® Obviously, it is essential to properly characterize such composites at
microscopic level in order to understand atomic details of reaction mechanisms of the

underlying catalytic processes and the roles both metal and support play.

C-O frequencies are affected by many factors upon adsorption of a CO molecule on
platinum particles. The first is the nature of the adsorption site of the CO molecule. On
extended Pt surfaces, for instance, CO is commonly adsorbed linearly on just one Pt
atom called on-top site. CO can also be adsorbed between two Pt atoms (bridge site) or
over the center of a group formed by three or four Pt atoms (three-fold or four-fold
hollow sites, respectively). Another factor significantly influencing the C-O frequency
is the oxidation state of and electronic density on Pt atom(s) forming the adsorption site.
The bonding between CO molecule and Pt results from the balance of o- and -
interactions. Surface complexes of CO with cationic Pt"" exhibit almost no back -
bonding, the o-bonding being the major interaction. This is translated, in terms of C-O
bond strength, in an increase of the C-O stretching frequency. In turn, the back -

bonding is the main component in reduced Pt’ species, inducing a decrease in the C-O
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frequency. Therefore, a general trend for C-O stretching frequency is: the lower the
oxidation state of the transition metal atoms of the adsorption site, the more red-shifted
the CO stretching mode is." Finally, coordination number of the metal atoms of the
adsorption site and CO coverage also affect the frequency values modifying the local

environment around the CO molecule.

Another factor has to be taken into account when analyzing vibrational frequencies
of CO adsorbed on supported Pt particles: the support itself. The presence of the support
affects in various ways the Pt particle, not only structurally but electronically, especially
when the support plays a non-spectator role. For instance, metallic Pt particles on ceria
show strong electronic metal support interactions.” As mentioned in the previous
chapters, Ce*" cations are able to accept electrons from the metal species and be reduced
to the +3 state, producing a charge transfer between Pt particles and the ceria support.
The size of the Pt particles is shown to play a major role in determining the transferred

charge, which contributes to change the activity and stability of the Pt aggregates.’

In the following, we analyze our results obtained using density-functional modeling
for the adsorption of a probe CO molecule on a wide range of Pt species and compare
them with the pertinent experimental data of our collaboration partners. We
theoretically address six bare Pt aggregates of different sizes: Ptg, Pt3a, Ptyo, Pty16, Ptiso,
and Ptyy;. In order to elucidate the influence of the ceria support on the adsorption
properties of CO, we have also modelled Pts and Pts; particles supported on the
CeOy(111) surface. These results deepen the understanding of the structure of the

Pt/CeO; based thin film electrocatalysts used for oxidation of methanol.!°
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7.2. Models

We performed a systematic density functional study of bonding, structural and
vibrational properties of CO molecule adsorbed on Pt particles of different size. We
investigated adsorption of CO at all types of on-top sites of bare Ptg, Ptss, Pt79, Ptyig,
Pti40, and Pty particles. To address how the presence of a reducible metal-oxide
support modifies the adsorption properties of CO we also calculated CO adsorbed at all
kinds of on-top sites of supported Pts/CeOy(111) and Pt3u/CeO,(111). Optimized

structures of all considered models of Pt particles are sketched in Figure 7.1.

(i) Ptg (ii) Pty

(iii) Pty (iv) Ptyss

(v) Pty -

(vii) Ptg/Ce0,(111) (viii) Pt;,/Ce0,(111)

Figure 7.1. Structures of bare and ceria-supported model Pt particles used to model
adsorption of CO molecule in various on-top configurations. The numbers indicate the
symmetrically non-equivalent Pt atoms as different adsorption sites for on-top CO
molecule. Yellow, brown, red, and blue spheres represent Ce*" cations, Ce®" cations, O*

anions, and Pt atoms, respectively.
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The calculated CO adsorption energies are defined in such a way that negative
values correspond to exothermic adsorption interaction. Pt,/CeO,(111) systems with
two electrons transferred from each Pt, particle to the ceria support, thus featuring two
Ce’" cations, have been considered as references. Transfer of one electron more or one
electron less was estimated to change the total energy of the Pt,/CeO,(111) reference at
most by 0.1 eV.” No corrections for the zero-point energies were applied. The stretching
frequencies of CO adsorbates have been calculated numerically in a harmonic appro-
ximation via consecutive displacements of C and O atoms by 3 pm in the three
Cartesian directions. Inclusion of displacements of the Pt atom on-top of which CO
probe is adsorbed in the C-O frequency calculations shifts frequency values at most by

1em™

To study supported Pt particles, a slab model of CeO,(111) surface with p(4x4)
supercell consisting of six atomic layers, i.e., two O-Ce-O tri-layers, was employed.
There, the atoms of the tri-layer closest to the deposited Pt species were relaxed during
the geometry optimization, while atoms of the other tri-layer were kept fixed. The
lattice parameter of the slab was fixed to reproduce the experimental Ce-Ce (and O-O)

nearest distances of 382 pm.
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7.3. Results of density functional calculations

System Site () Niies (b) Nc[Pt] () Eus(eV) (d)  C-0) (em™) (d)
Pts 1 2 4 279 2028
2 2 3 243 2032
3 1 6 -2.88 2033
4 2 5 -2.56 2040
5 1 2 -1.95 2016
Pts, 1 8 6 221 2038
2 4 9 -1.97 2054
3 4 6 -2.23 2043
4 4 6 215 2041
5 4 5 2.14 2038
6 4 7 -2.09 2047
Pty 1 24 6 -2.20 2043
2 12 7 -2.10 2047
3 24 9 -1.99 2069
Pty16 1 24 6 221 2042
2 24 7 -1.97 2047
3 6 9 -1.95 2062
4 24 9 -1.75 2063
Pty 1 24 6 227 2043
2 24 7 -1.96 2052
3 24 9 -1.64 2072
4 24 9 -1.69 2067
Pty 1 24 6 -2.05 2039
2 24 7 -1.98 2046
3 6 8 -1.74 2056
4 24 7 -2.04 2044
5 48 9 -1.70 2068
6 8 9 -1.53 2076
Pty/Ce0,(111) 1 1 4 -2.30 2029
2 1 4 229 2022
3 1 3 -1.52 2025
4 1 5 212 2024
5 1 2 -1.87 2047
6 1 5 -2.07 2023
7 1 6 -0.88 2050
8 1 3 -1.17 2019
Pt;,/Ce0,(111) 1 4 6 -2.44 2039
2 4 6 -2.38 2036
3 4 9 -1.76 2057
4 8 6 -2.28 2028
5 4 5 -1.75 2025

Table 7.1. Calculated CO vibrational frequencies and adsorption energies for all
symmetrically non-equivalent on-top sites of bare and supported Pt particles: a) Label
of the site according to Figure 7.1; b) number of symmetry equivalent sites of the Pt
particle Nji.s; ¢) coordination number with respect to other Pt atoms N.(Pt); d) CO
binding energy relative to CO in the gas phase; e) calculated CO stretching frequency
values corrected with respect to the gas-phase experimental value (C-O) = w(C-O)+14
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cm’'; solely these calculated frequency values W(C-O) are discussed in the present
chapter. Calculated electronic states of both supported Pts and Pt34 on the CeO,(111)
surface reveal two electron transferred from the Pt particles to the support, with the
concomitant reduction of two Ce*" cations to Ce’". This number is not modified by CO
adsorption in most of the Pt sites. Only when CO is adsorbed in sites 4 and 6 of the
supported Ptg particles the number of Ce’" cations decrease to one, while in site 4 of the
Pts4 particle it increases to three. All the attempts to converge states with two electrons

donated to the ceria surface failed in these three special cases.

Results of our density functional calculations are summarized in Table 7.1. Clear
site-dependence of CO stretching frequencies can be seen for larger Ptyo, Ptij6, Ptiao,
and Pty particles exposing relatively well-defined facets, with Pt atoms exhibiting
higher coordination number. The adsorption strength for on-top CO molecule follows
the trend corner > edge > terrace sites. Generally, the increase of CO stretching
frequency follows the same order. Therefore, the coordination number of the Pt atom
accommodating adsorbed CO appears to be the main factor of changing the CO

frequency values.

Analyzing smaller Pt particles, one can also identify interesting results. At variance
with the largest studied Pt aggregates, these particles expose only very small and
distorted facets. There, CO adsorption energy and stretching frequency also correlate
with the Pt coordination number. However, C-O frequency on-top of Pt atom featuring
the highest coordination number 9 on the Pts4 particle (site 2) is red-shifted by 22 cm™
compared to that on the central Pt atom of the facets on the largest Pty particle (site 6).
When dealing with such small particles as Pts, one notices their high structural
flexibility resulting in easily distorted form upon CO adsorption. Nevertheless, the same
general trend holds even for such small species: CO frequency is red-shifted when the

coordination number of the Pt atom interacting with the CO molecule is decreased.

From a practical point of view, calculations of bare Pt particles in the gas phase are
not very demanding and can be performed over a large range of sizes. Nevertheless,
usage of bare models is not always sufficient for addressing all significant interactions
and effects taking place in the catalytic composites. In modeling studies like this, one

has to also explore possible effects of the ceria support on Pt particles, which are
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expected to become quite important especially for small particles. Despite modeling of
ceria-supported Pt particles is computationally very demanding, we managed to study
the smallest ones Ptg and Pts4 particles supported on a CeO(111) slab. As was already
mentioned, interaction of Pt particles and CeO,(111) surface is accompanied by
significant electron transfer from the metal to the ceria support.” In other words,
CeOy(111) support spontaneously oxidizes the Pt particles upon their formation or
deposition. This electron transfer, mainly influencing Pt atoms near or at the interface,
is able to modify both the adsorption energy and vibrational frequency of the CO probe
molecule. Comparison of calculated data for CO adsorption on bare and supported Ptg
and Pt34 particles (Table 7.1) reveals notably larger site-dependent variations in both the
adsorption energies and stretching frequencies for the supported species. Thus, the
electronic metal-support interaction appears to be the major cause of these stronger
variations of the observables. CO stretching frequencies computed on supported Pt

particles follow the same trends as described above for the bare Pt particles.

Figure 7.2 illustrates the size- and site-dependences of the calculated CO stretching
frequency. In Figure 7.2a one can see all individual (corrected) calculated CO stretching
frequencies. For larger Pt particles (from Pty9 to Ptyg;) the spread in the frequency values
mainly originates from the presence of different on-top adsorption sites: terrace, edge
and corner ones. However, small particles Pty and Pt3s do not expose sites on regular
extended facets and thus exhibit a more pronounced shift of the frequency range. The
same observation is also valid for the average stretching frequency for each Pt particle.
The average CO stretching frequency is plotted in Figure 7.2b together with its standard
deviation (note that the total number of sites on each particle has been taken into
account). Average frequency values only slightly change for particle sizes larger than
Pt;9, whereas a drastic decreased can be observed for smaller particles. The presence of
the CeO(111) support (red data points in Figure 7.2) causes only small changes in the
average CO frequency, but induces a substantial increase in the spread (standard
deviation) due to the electronic metal-support interactions and accompanying effects. In
Figure 7.2c the dependence of the CO stretching frequency on the Pt coordination
number is shown. In general, good correlation between these quantities is found, besides

larger deviation for supported particles as a result of the metal-support interactions.
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Figure 7.2. Summary of the calculated stretching frequencies on different on-top sites
of each Pt model particle (black, bare particles; red, supported particles): a) CO
stretching frequencies on all on-top sites of each particle and the corresponding
tendency visualized by dashed lines; b) average on-top stretching frequencies and their

standard deviation taking into account weights of all on-top sites in each particle; c)
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correlation between the CO stretching frequency and the Pt coordination number with

respect to neighboring Pt atoms.
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7.4. Comparison of calculated and experimental results

In the following we compare the calculated results with the experimental results
obtained in the group of Prof. Libuda (Friedrich-Alexander-Universitit Erlangen-
Niirnberg, Germany), which motivated the present computational study of CO
adsorption and vibrations. A direct comparison of the calculated and measured IR data
is somewhat complicated, because density-functional calculations describe the low CO
coverage limit, with only a single adsorbed CO molecule on each Pt particle. Thus,
static and dynamic coupling effects are neglected. Yet, some conclusions regarding the
particle size can be derived from the relative band shift. More specifically, experiments
performed for samples of Pt(15%)-CeO,/C/Au show a shift in the CO band of -26 cm™',
in good agreement with the CO band shift calculated for the smallest Pty and Pts4
particles (see Figure 7.3).'° Furthermore, the absence of regular facet CO signals is also
consistent with the computational models for small Pt sizes. IR spectra of Pt particles
seems to match properly for samples of Pt(8%)- and Pt(15%)-CeO4/C/Au, and are
consistent with particles containing up to 30 Pt atoms. For Pt particles of those two
different samples, a diameter below 1 nm has been estimated. This type of species can
be denoted as sub-nanometer sized facet-less particles. For Pt;9 and larger particles, the
pronounced calculated CO facet band is also consistent with the CO spectra for on

samples of Pt(21%)-CeO/C/Au, with higher Pt concentration (Figure 7.3).
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Figure 7.3. Electrochemical IR spectra taken during methanol oxidation on Pt-CeOy

electrocatalysts with different Pt concentration at pH 6. a) IR spectra at an electrode

potential of 0.4 Vgagciand b) peak position of the on-top CO band as function of the
electrode potential.'

In general, the stability of the supported Pt particles on the CeO, support should
diminish with decreasing their size. In turn, their propensity to sinter should increase.
One can then expect that sub-nano Pt particles in samples of Pt(15%)-CeO,/C/Au are
less stable than larger metal aggregates in samples of Pt(21%)-CeOy/C/Au.

Interestingly, the data obtained after cycling experiments on both types of samples (see
Figure 7.4) reveal enhanced stability of sub-nano Pt particles with low Pt concentration

under such conditions. The enhanced stability is a result of the strong interactions
between the Pt particles and the ceria support.
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Figure 7.4. Stability of Pt particles on Pt-CeOx film electrocatalysts with different Pt
concentration: Electrochemical IR spectra taken during methanol oxidation cycling on

samples a) Pt(21%)-CeO,/C/Au and b) Pt(15%)-CeO,/C/Au."’
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7.4. Overview

Systems related to the usage of CO as a probe molecule for investigating the
stability and surface properties of Pt-CeQO; electrocatalysts for methanol oxidation have
been modeled by means of density-functional calculations. It has been shown that on-
top CO stretching frequency closely correlates with the coordination number of Pt and,

to some extent, with the particle size.

Comparison between experimental and calculated results suggests that the
experimentally studied sub-nano Pt particles are formed of ca. 30 or less Pt atoms,
featuring sizes of up to 1 nm. Formation of Pt particles with extended (111) terraces is
predicted for aggregates containing at least ca. 80 atoms. At low Pt concentration (<15
atom %Pt) sub-nano Pt particles are very stable under conditions of potential cycling,
whereas sintering is expected for particles formed at higher Pt concentration (>20 atom
%Pt). This is an indication that the ceria support can efficiently stabilize even the

smallest Pt particles under the harsh electrochemical conditions.

The present density-functional calculations guided the experimentalists in their
better understanding and characterization of the surface structure and composition of Pt-
CeO; nanomaterials under scrutiny, including the formation and aggregation processes

the metal species undergo.
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The following conclusions have been drawn from the results presented in this thesis:

* Adsorption sites at the {100} nanofacets of ceria nanoparticles can effectively
anchor a wide range of transition metal atoms in the form of M" cations.
Oxidation of the M centers takes place with the concomitant reduction of n Ce*"
cations to Ce’". Higher oxidation states are favored by transition metals in later
periods and in groups more to the left side of the periodic table. The preferred
coordination mode of M"" cations at the {100} facets depends on the metal and
on its oxidation state. Adsorption in each studied M;-ceria system is stronger

than the binding of the corresponding M atom in a representative Mg particle.

¢ Ceria nanoparticles show the ability to accommodate atomic Pt, Pd, Ni and Cu
dopants more easily in surface positions than in bulk positions. Of the surface
positions, under-coordinated corner ones are most prone to stabilizing the
studied atomically dispersed transition metals. Upon partial reduction of the
doped ceria nanoparticles, either via oxygen vacancy formation or homolytic
dissociative adsorption of H,, surface Pt, Pd and Ni dopants feature +2 oxidation
states, binding to four O atoms in square-planar fashion. Pt and Pd dopants
inside ceria particles can be stabilized in the +4 state. In turn, Cu exhibits +2 or

+3 state depending on its location in the ceria particle.

* Pt dopants in bulk ceria feature +4 oxidation state and inherent octahedral
coordination by six O atoms, leaving two more distant O atoms less-coordinated.
Upon formation of a nearby oxygen vacancy bulk Pt*" is reduced to Pt*" and
modifies its environment through a strong lattice distortion to become square-
planar coordinated. Nanostructuring of Pt-doped ceria makes the +4 state of Pt
energetically favorable up to two oxygen vacancies formed nearby. Formation of
the third vacancy destroys the octahedral environment of Pt*" and results in Pt*"
in the specific square-planar coordination. Nanostructuring of Pt-doped ceria
also facilitates the formation of oxygen vacancies close to the dopant. Such
improved oxygen storage capacity is related to the presence of surface Ce atoms

accepting electrons of released O atoms more favorably than bulk Ce*" species.
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» Atomic Pt species adsorbed on {100} nanofacets of ceria are found to be

resistant to reduction upon the formation of oxygen vacancies, increasing
loading of the doping noble metal and deposition of Sn atoms. The onset of Pt*
reduction to Pt” is determined by the concentration of Ce’" cations in the
nanoparticle. To start the reduction, adsorption energy of the Pt*" species needs
to fall to around or below the cohesive energy of Pt metal. It is estimated to take
place after formation of two oxygen vacancies per Pt adsorbate or adsorption in

the vicinity of Pt*" species of approximately three Sn atoms oxidized to Sn*".

Our study addressing the usage of CO probe molecule for exploring Pt-CeO,
electrocatalysts for methanol oxidation revealed that the stretching frequency of
on-top CO adsorbed on supported Pt particles correlates with the coordination
number of the underlying Pt atom and reflects the particle size. Comparison with
experimental results suggests that sub-nanometer particles of ca. 30 or fewer Pt

atoms are formed at the applied electrochemical conditions.

Overall, the studies outlined in the present thesis demonstrated new advantages
of using dedicated nanoparticle models together with density-functional
calculations to describe ceria-based nanomaterials for catalysis and related
applications. This approach used in combination with experimental studies has
been shown particularly successful for systems with properties strongly affected

by their nanostructure and thus hardly accessible to conventional slab models.
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10.1. Introduccio

Els catalitzadors son substancies que, en interaccionar amb els reactius, modifiquen
el mecanisme d’una reaccid quimica. Un catalitzador és tant un reactiu com un
producte, i tant la seva estructura interna i com la seva concentracid son les mateixes al
principi i al final de la reacci6. Tot hi aixo, els catalitzadors intervenen activament a la
reaccid quimica mitjangant la modificacié del perfil energetic del procés, el que canvia
la cinetica de la reaccid fet que el fa de vital importancia no només a la industria, sind
en qualsevol tipus de procés quimic que es vulgui dur a terme de manera controlada. Un
catalitzador només actua sobre els parametres cinétics de la reaccid sense modificar

I’equilibri termodinamic del procés.

E, (no catalyst)

Energy

E, (with catalyst)

\ 4

Reaction Progress

Figura 10.1. Perfil energetic d’una reaccié quimica, on es mostra la evolucié de dos
reactius (X, Y) cap a la formacié d’un producte (Z). La inclusié del catalitzador té com

a resultat la modificacio del mecanisme de reaccio reduint la barrera d’activacio.

Els catalitzadors es consideren heterogenis quan reactius i catalitzador presenten
fases diferents. La interaccid entre reactius i catalitzador es duu a terme a la interfase
que es genera entre les dues especies. Generalment, els reactius s’adsorbeixen a la
superficie del catalitzador, provocant un canvi en la estructura electronica i geomeétrica

d’aquest.
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Un dels materials més utilitzats en el desenvolupament de catalitzadors heterogenis
¢és 1’oxid de ceri, CeO,. El CeO, és un component clau dels catalitzadors de triple via
utilitzats en el tractament dels gasos d’escapament d’automobils,'™ aixi com en la
eliminacié de gasos nocius com el SO,*® o com a component de catalitzadors per

1% Més enlla de la reconeguda importancia dels materials basats

reaccions d’oxidacio.
en el CeO,, es desconeix el funcionament dels mecanismes d’aquests processos a nivell
atomic. D’entre les propietats més estudiades del CeO, es troben, entre d’altres, la
capacitat inherent d’aquest per dispersar metalls suportats a la seva superficie; la
capacitat per incrementar la estabilitat térmica dels suports; promoure I’oxidacié i

reduccio de metalls nobles; I’emmagatzematge 1 proveiment d’oxigen; i la formaci6 de

compostos intermetal-lics.

Moltes de les aplicacions esmentades anteriorment requercixen de metalls de
transicié com a components dels catalitzadors basats en el CeO,."> D’entre els metalls
més utilitzats es troben el Pt, el Pd i el Rh. Es tracten de metalls molt cars, fet que
dificulta algunes de les aplicacions industrials dels materials basats en aquest oxid. Es
important, doncs, trobar alternatives viables i eficients per tal de reduir el preu d’aquests
materials catalitics. Una de les opcions possibles és aprofitar una de les propietats del
CeO, esmentades anteriorment: la capacitat per dispersar metalls a la seva superficie.
Aquesta propietat és fonamental per tal de poder obrir noves vies pel disseny de
catalitzadors eficients i rendibles on es pugui treure el maxim profit del contingut de
metall obtenint el maxim rendiment catalitic. La sintesi d’aquest tipus de materials es
pot aconseguir dispersant les espécies metal-liques en forma d’atoms aillats a la
superficie del suport. Aquest tipus de catalitzadors reben el nom de catalitzadors d’un
sol atom (SACs).'"® La formacio de SACs estables en condicions de reaccid requereix
que el suport disposi de llocs d’ancoratge especialment forts per tal de contrarestar la

formaci6 d’enllagos metall-metall, donant lloc a processos de sinteritzacio.

En aquesta tesi es realitza un estudi computacional de les interaccions que
sorgeixen al depositar metalls de transicié en CeQ,. Per tal de dissenyar catalitzadors
millorats, eficients i rentables és clau una millor comprensié a nivell atdmic de la

estructura dels materials metall-CeO,.
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10.2. Metodologia

19-21

Per realitzar els calculs tedrics s’ha fet servir el programa VASP, que tracta els

sistemes fent servir el model periddic i funcions de base basades en ones planes.

Com a metodologia, s’han fet servir calculs basats en el funcional de la densitat

(DFT). Aquesta teoria només té en compte la densitat electronica p(? ) pel calcul de la

energia i de les propietats del sistema. Les bases del DFT van ser establertes el 1927 per
Thomas i Fermi, proposant un model basat en un gas uniforme d’electrons per tal
d’obtenir un funcional per ’energia cinctica. Més endavant, Hohenberg i Kohn van

establir els formalismes del DFT amb dos nous teoremes. El primer teorema estableix

que existeix relacid entre la p(?) 1 el potencial extern I;; e Es a dir, que p(?)

determina completament I’energia del sistema mitjangant I;; ., 1 ’Hamiltonia electronic

A . Per altra banda, el segon teorema es tracta d’una aplicacid del principi variacional,
establint que qualsevol densitat de prova donara com a resultat una energia superior a la
energia del sistema. Es a dir, que la densitat electronica del sistema minimitza I’energia
del funcional. Tot hi que el model de Thomas-Fermi proporciona una base de DFT, la
seva aplicacio practica es realment pobre degut a la aproximaci6 abrupte que es realitza
per I’energia cinética. El 1965, Kohn i Sham van abordar aquest problema proposant el
calcul de I’energia cinética exacta d’un sistema de referéncia sense interaccié amb la
mateixa densitat que el sistema real amb interaccio. D’aquesta manera, el funcional de

la densitat pren la forma

F[p]=]}[p]+/[p]+EXC[p] , (10.1)

on ];[p] correspon a l’energia cinética del sistema, ./ [p] ¢s el terme de repulsid

Coulombica 1 £, [p] ¢s D’energia d’intercanvi 1 correlacio. Aplicant el principi
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variacional, s’arriba a les equacions de Kohn-Sham. La seva resolucid per sistemes

periodics dona com a resultat orbitals de cristall, on les energies son les bandes

electroniques. La forma exacta de £, [p] no es coneix, pel que existeixen diferents

metodes de calcul depenent de quina forma d’aproximar £ Xc[p] s’utilitzi. Dos dels

metodes més emprats es basen en la aproximacio de la densitat local (LDA) o en la que
es te en compte també el seu gradient (GGA). Malauradament, aquestes aproximacions
donen resultats incorrectes per sistemes amb energies de correlacio altes. Una manera
aproximada per solucionar aquest problema radica en la inclusié d’un terme de repulsiod
extra, I’anomenat parametre de Hubbard U, donant lloc als métodes LDA+U i1 GGA+U.
En aquest treball s’ha fet servir el metode GGA+U per tal de descriure correctament els
electrons f altament correlacionats del Ce parcialment reduit. A més, els electrons de
capes internes s’han descrit mitjancant pseudopotencials i, amb el metode del Projector
Augmented Wave*® s’ha descrit la interaccio entre els electrons de valéncia i els de capes

internes.
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10.3. Metalls de transicio atomicament dispersats en nanoparticules de CeO;

Com s’ha esmentat a la Seccidé 10.1, la utilitzacid6 de metalls de transicio com a
components de materials catalitics resulta molt cara, pel que s’han de trobar alternatives
viables a la utilitzacié d’aquests metalls. Una d’aquestes alternatives es basa en la
utilitzacié de manera optima i eficient del contingut de metall present al material, el
qual es pot aconseguir dispersant el metall a la superficie del suport en forma d’atoms
aillats. Aquest tipus de materials es coneixen com a SACs, i son cataliticament actius

. . re 23-29
per diverses reaccions quimiques.

Tal com s’especifica a la literatura, les especies
actives en aquests SACs son els atoms metal-lics oxidats presents a la superficie del
suport. Es important, llavors, estabilitzar correctament quines séon aquestes espécies
metal-liques oxidades per tal de no perdre activitat especifica sota les dures condicions
de reaccid. Per aquest motiu, resulta essencial que el suport presenti suficients llocs

superficials capacos d’ancorar els atoms metal-lics amb prou for¢ca per prevenir

processos no desitjats, tals com I’aglomeracio o la difusio cap a I’interior del suport.

Una de les arquitectures proposades més prometedores per estabilitzar aquests
atoms metal-lics son les cares {100} de les nanoparticules (NPs) de CeO,. Mitjangant
calculs DFT 1 espectroscopia de raig X (XPS) es va poder determinar la preséncia de
cations Pt*" adsorbits en aquest llocs superficials mostrant coordinacié plano
quadrada.’®?' Aquestes espécies cationiques son estables fins i tot a altes temperatures
(700 K). Sembla ser, doncs, que aquestes cares compleixen els requisits per estabilitzar
atoms de metalls i utilitzar-los per a la preparacié de SACs. Per tal d’avaluar aquesta
particular propensi6 per ancorar metalls, s’ha investigat computacionalment la
interaccid de les cares {100} de NPs de CeO, amb varis metalls de transicio (M = Fe,
Ru, Os, Co, Rh, Ir, Ni, Pd, Cu, Ag i Au). Com a model representatiu de CeO,, s’ha
emprat la NP CeyOgo.°>> Per tal de comparar la forga d’aquesta interaccio en front de
I’aglomeraci6 en particules de metall M,, s’ha calculat també 1’energia d’enllag d’un

atom localitzat a una posici6 a la vora d’una NP de Mys.

A la Figura 10.2 es mostren les estructures optimitzades pels sistemes M;-CesoOso.
L’adsorci6 de tots i cadascun dels metalls estudiats a la cara {100} té com a resultat I’
oxidaci6 de I’atom metal-lic, el qual produeix una transferéncia d’electrons cap als Ce*"

de la NP amb la conseqiient formacio de Ce’". El nombre de Ce*" reduits depén de la
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especie metal-lica adsorbida. En general, els resultats calculats indiquen que els metalls
de transicio pertanyents a periodes alts i grups situats a la esquerra de la taula peridodica

estabilitzen millor estats d’oxidacio alts.
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Figura 10.2. Estructures optimitzades sistemes M;-Ce4Oso on es mostra I’adsorcio de
diferents metalls (M) a les cares {100} de la NP Ce4Oso. Les boles grogues, marrons i

. 4+ + o2 .
vermelles representen els ions Ce ™, Ce* i 0%, respectivament.

Els resultats obtinguts indiquen que les cares {100} poden acomodar no només Pt,
sin6 també tots els altres metalls estudiats. Per tots aquests metalls, I’energia d’adsorcio
E.q obtinguda a la NP de CeO; és més alta en magnitud que I’energia d’enllag Enq79 d’un
atom localitzat a una posici6 de la vora d’una NP de My. Aquest fet indica que la
dispersi6 atomica dels metalls als llocs O4 de les nanoestructures de CeO, esta afavorida
en front de la formacid d’agregats metal-lics. Per tant, podem esperar que els complexos
d’adsorcio entre metalls de transicié i CeO; nanoestructurat siguin resistents a processos

de sinteritzacio.
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10.4. Estructura i estabilitat redox de nanoparticules de CeO; dopades amb metalls

de transicio

Com s’ha vist a la Seccidé 10.3, les espécies cationiques de metalls de transicid
poden interactuar amb llocs superficials especifics presents a les nanoestructures de
CeO,. No obstant, aquesta no és la tnica forma en que els atoms metal-lics poden
interactuar amb el suport de CeO,. De manera alternativa, els metalls poden substituir
atoms de Ce a la estructura cristal-lina. Aquest enfocament es denomina dopatge, i es

pot utilitzar per la preparacio6 de catalitzadors.'*"®

Els dopants es poden classificar d’acord amb el valor del seu estat d’oxidacid
relatiu al que presenta el metall en el material hoste. Els dopants de valéncia baixa
presenten una valéncia (estat d’oxidacid) més baixa al seu 0xid més estable que la del
catid que substitueixen en 1’0xid hoste. Aquest tipus de dopants indueixen un deficit
d’electrons als anions O” o, dit d’una altra manera, estats buits (forats) a baixes energies
al voltant de la banda de valéncia del material. Per la seva banda, els dopants de
valéncia alta presenten una valéncia més alta al seu 0xid més estable que la del catié que
substitueixen al oxid hoste. En aquest cas, ’efecte dels dopants depén en la

reductibilitat del suport.’*’

Tot hi que s’han dedicat molts esforcos a entendre la
interaccio entre els metalls dopants i el CeO,, no s’han trobat estudis a la literatura on es
consideri el dopatge amb metalls de transici6 en nanoestructures de CeO,. Per aquest
motiu, s’ha estudiat la substitucié d’atoms de Ce amb quatre metalls rellevants
tecnologicament (Pt, Pd, Ni i Cu) en diferents posicions d’'una NP de CeO,. S’han tingut
en compte també dos possibles processos de reduccié presents en les condicions
d’operaci6 de les piles de combustible: 1) la formacié de vacants d’oxigen (Oyq) 1 1) la

adsorci6 dissociativa de H,.
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Figura 10.3. Estructures no reduides (A — PtCesOgo) 1 parcialment reduides (B —
PtCe39079, C — Ho/PtCe390s0) de NP de CeO, dopades amb Pt, el qual substitueix un
atom de Ce a I’interior (D1), a la cara (D2, D3) o a la cantonada (D4). Les estructures
corresponents al dopatge amb altres metalls M = Pd, Ni i Cu son similars. Les boles
representades son: O — vermell, Ce — groc (+4) o marr6 (+3), Pt — blau, H — blanc. Els
cercles discontinus indiquen la posici6 de la vacant d’oxigen. Les energies relatives de
les diferents estructures amb el mateix dopant M es troben llistades (en kJ mol™). Els
grafics als panells B 1 C il-lustren, respectivament, les tendéncies en les energies de

formacid de vacants calculades i en les energies d’adsorcié dels atoms de H.

Per sistemes no reduits, la substituci6 a la posici6 interior de la NP dona lloc a la

formacié de cations Pt i Pd*" octaédrics. Per la seva banda, Ni i Cu localitzats a
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I’interior de la NP presenten estats d’oxidaci6 +3. En posicions superficials, tots els
dopants presenten estat d’oxidacid +3, sent la posicio situada a la cantonada de la NP la
més estable per a la substitucio. Els resultats obtinguts impliquen que els dopants
localitzats a 1’interior de la NP patiran processos de difusié cap a posicions superficials.
La presencia de metalls en estats d’oxidaci6é +3, el qual és un estat poc comu per les
especies estudiades, suggereix que els sistemes corresponents al model MCes90s
puguin ser facilment reduibles sota condicions experimentals. Per tal de tractar aquests
possibles processos de reduccid, s’ha estudiat 1’efecte en els metalls dopants de la
formacié d’una vacant d’oxigen i de 1’adsorcié dissociativa homolitica d’una molécula

de Hz.

Per posicions interiors, només Pt i Pd son capagos de mantenir I’estat d’oxidacio
+4. Per a la resta de posicions, tots els metalls es troben en estat d’oxidacié +2. Aixo vol
dir que els electrons donats per 1’oxigen o pels dos atoms d’hidrogen sén transferits al
metall i als forats creats als oxigens. Només pel cas del Cu es troben diferents estats

d’oxidaci6, +2 1 +3, depenent del procés i de la posicio del dopatge.

Els resultats presentats en aquesta seccid proporcionen informacié sobre com
s’estabilitzen les espécies catidoniques presents en posicions de la xarxa del CeO,, els

quals poden ser d’utilitat en la preparacidé de materials catalitics amb SACs.
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10.5. Espécies de Pt*" i Pt*" dopants en CeO,: Efecte de la nanoestructuracié

Un dels majors objectius en catalisi €s el desenvolupament de materials rentables
per reaccions d’oxidacié a baixa temperatura. Una de les propietats clau que han de
presentar els materials potencials per aquest tipus d’aplicacid és la seva capacitat per
emmagatzemar oxigen (OSC). Per aquest motiu, s’ha estudiat com la OSC del CeO; es
veu afectada pel dopatge amb Pt. Per tal de tenir en compte quin és el possible efecte de
la nanoestructuracid, s’han estudiat tant models de CeO; 3D estesos com models de NPs

amb diferents concentracions de Pt.

Els resultats obtinguts per sistemes de CeO, dopats amb Pt mostren que el metall
noble només es pot trobar en I’estat d’oxidacid +4 si presenta coordinacié octaédrica,
enllagant 6 O i deixant els altres dos O poc coordinats. En preséncia d’una Oy,, 1’atom
de Pt pateix la reduccié a Pt*" amb la conseqiient modificacio en la coordinacio, sent
aquesta plano quadrada. Els resultats obtinguts indiquen que la sola preséncia de 1’atom
de Pt a la xarxa del CeO; provoca una disminuci6 de la energia necessaria per formar la
vacant d’oxigen Ey. en 218 kJ mol”'. La major predisposicié del Pt a acceptar els
electrons deixats per I’oxigen en formar la vacant esta relacionada amb els cations Ce’".
La reduccié dels cations Ce*" a Ce’* implica un canvi en el volum, fet que introdueix
tensions estructurals i electroniques a la xarxa de CeQO,. Per la seva banda, la reduccio
del Pt*" a Pt*" només implica un canvi de coordinacié, deixant la estructura de la xarxa
practicament sense modificar. Aquest fet queda reforcat al examinar el valor obtingut
per la formacid d’una segona vacant al costat del Pt*", el qual és 162 kJ mol” més alt
que I’obtingut per la primera vacant. En aquest cas, el Pt no €s la espécie que accepta els
electrons deixats per I’atom de O, sin6 que la formaci6 de la vacant implica la reduccid
de dos Ce*" a Ce’". Les tensions estructurals que s’introdueixen a la xarxa es veuen

reflectides en aquests 162 kJ mol ™.
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Figura 10.4. Estructures obtingudes després de la formacié d’una vacant d’oxigen en
CeO; al costat de a) cations Ce*"; b) cations Pt*"; ¢) cations Pt*". Les esferes grogues,
vermelles i blaves representen els atoms de Ce, O i Pt, respectivament. Les esferes

. . 2- . qe .
vermell fosc i1 rosa corresponen a ions O propers i distants al Pt, respectivament.

La nanoestructuraci6 dels sistemes de CeO, dopats amb Pt produeixen significants
efectes sobre la OSC del material. Les espécies de Pt'" semblen poder sobreviure a la
formacid de fins a dos Oy, properes. Per tots els models de NP estudiats (amb cuatre,
un o cap atom de Pt*" presents al les cares {100}) les energies de formacié de vacant
obtingudes son més baixes que les obtingudes fent servir models 3D estesos. La
formacio d’una tercera vacant destrueix la coordinacié octaédrica del Pt*, provocant la
reduccio del dopant a ’estat d’oxidacid +2 i donant lloc a la tipica coordinaci6 plano
quadrada, amb quatre anions O”. Es pot concloure, doncs, que la nanoestructuracid

provoca una millora en les propietats de OSC dels materials de CeO, dopats amb Pt.
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Com s’ha esmentat préviament, els cations Ce’ juguen un paper clau en aquesta
millora. Els cations Ce*" localitzats a la superficie de la NP son facilment reduibles
donada la seva baixa coordinaci6 i llavors, al contrari que els cations Ce*" presents a
I’interior de la xarxa de CeO,, poden acceptar facilment els electrons deixats per
I’oxigen al formar la vacant. A més, el major volum dels cations Ce’" pot ser més

facilment acomodat a la superficie.

Figura 10.5. Estructures obtingudes després de la formacié d’una vacant d’oxigen en la
NP Cey40Os al costat de a) cations Ce*"; b) cations Pt'"; ¢) cations Pt*". Les esferes
grogues, vermelles i blaves representen els atoms de Ce, O i Pt, respectivament. Les

. . 2- . g .
esferes vermell fosc i rosa corresponen a ions O propers i distants al Pt, respectivament

Pel que fa a I’efecte del contingut de metall, sembla ser que en general els valors de
E..c augmenten en incrementar la concentracié de metall, el qual tamb¢ fa augmentar la
quantitat de Ce’" a la NP. Existeix, doncs, una relacio directa entre els valors de Eyy

, . 3+
amb el numero de cations Ce™".
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10.6. Desestabilitzacié d’espécies cationiques superficials de Pt*" a Pt" metal-lic

Com es va mostar a la Seccido 10.3, els SAC soén una proposta prometedora pel
desenvolupament de materials catalitics més rentables que els utilitzats habitualment.
Tot hi aquest fet, existeixen diverses aplicacions que requereixen la preséncia de petits
agregats metal-lics per tal de dur a terme determinades reaccions quimiques. Un
exemple d’aquest tipus de processos ¢és la dissociacié d’hidrogen per aplicacié en
anodes de piles de combustible. Per aquest motiu s’han estudiat els efectes de possibles
factors que puguin desestabilitzar les espécies de Pt*" presents en la superficie de
nanoestructures de CeO,. Els factors que s’han tingut en compte soén: i) formacié d’un
nombre divers de vacants d’oxigen, ii) I’efecte de la concentracié de metall i iii)
I’adsorci6 d’espécies de Sn en posicions properes als cations Pt*". D’aquesta manera, a
més de poder tenir un millor coneixement sobre 1’estabilitat de les espécies de Pt*"
adsorbides a la superficie de CeO;, es poden dissenyar rutes per la preparaciéo de NPs

sub-nanometriques de metall en suports de CeOs,.

Pel que fa la formacié de Oy, els resultats obtinguts indiquen que tot hi que els
atoms de O localitzats a les cares {100} son els menys coordinats i, per tant, els més
labils, la preséncia de espécies de Pt*" provoca que siguin dificilment eliminables.
Aquest fet es deu a la formacié de I’estructura de coordinacio plano quadrada [PtO4], on
el Pt interacciona fortament amb els quatre anions O® que formen la cara. Per aquest
motiu, la formacidé de Oy, estara limitada als O superficials que no estiguin directament
enllacats al Pt. Els resultats obtinguts suggereixen la existéncia d’un llindar energetic
que ha de ser superat per tal de provocar la reduccio del Pt*" a Pt°. Aquest llindar es pot
relacionar amb la energia de cohesid el Pt metal-lic, la qual és de 5.85 eV. D’aquesta
manera, la reduccié d’espécies de Pt*" estara afavorida quan la E,q del Pt a la NP sigui
més baixa que el valor de la energia de cohesio del Pt metal-lic. Sembla ser que aquest
fet es dona quan es formen aproximadament dos Oy, per atom de Pt. La formacié de
Oyac implica la reduccié de Ce*" a Ce’, els quals sén més voluminosos i introdueixen
desestabilitzacid estérica, modificant la estructura de la NP. De forma analoga,

. . .y \ . 3+
I’increment en la concentracié de metall provoca la formaci6 de especies Ce™ .

Pel que fa 1’adsorcié d’un atom de Sn** proper al Pt*, sembla ser que quan el
metall s’adsorbeix produeix una reduccié en la E,q del Pt de 81 kJ mol™. L’adsorcid

d’un segon atom de Sn debilita significativament 1’adsorci6 del Pt a la cara {100}, fins a
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un valor de -461 kJ mol™. Aquest valor és encara massa gran com per que ’atom de Pt
es redueixi a Pt’. Cal mencionar que la estabilitat del Pt*" esta fortament correlacionada
amb la llargada dels enllagos Pt-O en la coordinacié plano quadrada. Finalment, la
reduccio a Pt’ es produeix quan en adsorbir un tercer atom de Sn”" al costat del Pt,
produint un canvi de coordinaci6 amb formacié de la estructura lineal [PtO,].
Curiosament, I’adsorci6 d’aquest tercer atom de Sn sembla estar lleugerament afavorida
en relacio als dos primers atoms de Sn adsorbits. Aquest fet és degut a que el tercer
atom de Sn interacciona amb un ani6 O” el qual esta més feblement enllacat a I’atom de

Pt, pel que pot interaccionar més fortament amb el Sn.

Figura 10.6. Estructures de Pt-CesoOgo obtingudes en adsorbir atoms de Sn. Els
sistemes corresponen a I’adsorcio de (a) cap Sn, (b-c) un Sn, (d) dos Sn i (e) tres atoms
de Sn. Les boles grogues, marrons, vermelles i grises representen els ions ce*', ce*,

O” i Sn*", respectivament. Els nameros en (d) i (¢) indiquen diferent atoms de Sn.

Els resultats obtinguts mostren que les espécies de Pt*" adsorbides a les cares {100}
de nanoestructures de CeO, sOn resistents a 1’adsorci6 de fins a tres atoms de Sn.
Aquests resultats estan en bona concordanca amb els obtingut experimentalment en
condicions de buit ultra alt (UHV), els quals suggereixen que la preséncia de 6 cations

+ J4 . \ , . . +
Ce’" o, el que és el mateix, 3 atoms de Sn s6n necessaris per reduir el Pt a Pt.
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10.7. Analisi de freqiiencies de CO per a la caracteritzacio de films de Pt-CeO,

Un dels passos més importants en el desenvolupament de catalitzadors és la
caracteritzacio correcta i precisa del material. Aixo és degut a que el rendiment catalitic
del compost pot dependre de la natura de les especies metal-liques suportades a la seva
superficie. Per aquesta rad, existeixen una gran varietat de técniques experimentals per
tal de caracteritzar correctament el material. En aquesta Seccid es tractara una
d’aquestes tecniques: 1’adsorcié de CO com a molecula infraroja sonda. Aquesta tecnica
es basa en el canvi que presenten les freqliencies vibracional C-O en adsorbir la
molécula de CO en llocs superficials del material catalitic.’® D’aquesta manera, es pot

obtenir informacio sobre 1’estat d’oxidaci('),37 estructura®® i mida dels metalls.>**

En aquesta Seccio, s’ha analitzat el canvi observat en les freqiiéncies vibracional de
la molécula de CO en adsorbir-se de forma “on top” en agregats de Pt de diferents
mides. A més, s’ha estudiat el possible efecte del suport de CeO, en els valors de
freqiiencies. Aquest tipus de materials de Pt-CeO; es poden utilitzar en anodes per piles
de combustible, els quals mostren bona activitat i estabilitat. Els clisters de Pt que s’han
estudiat van des de NP petites de 8 atoms fins a particules grans i regulars formades per
201 atoms. L’efecte del suport de CeO;, en les propietats d’adsorcié del CO s’ha
analitzat per dos agregats de Pt: Ptg i Pts4.

Els resultats obtinguts indiquen que els valors de les freqiiencies de CO presenten
una clara dependéncia del lloc d’adsorcié superficial. Basicament, les particules més
grans presenten cares grans i ben definides, on els atoms de Pt exhibeixen numeros de
coordinaci6 alts. La for¢a d’adsorcio entre la molécula de CO i I’atom de Pt sembla
seguir la tendéncia cantonada > vora > cara. Pel que fa els valors de freqiiencies de CO
segueixen, en general, el mateix ordre en increment. Es pot concloure doncs, que el
numero de coordinacio de 1’atom de Pt sembla ser un dels factors més importants en el

canvi en els valors les freqiiencies de CO.
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(i) Ptg (ii) Pty

(ili) Pt7g (iV) Pt11s

(v) Pty -

(vii) Ptg/Ce0,(111) (viii) Pt;,/Ce0,(111)

Figure 10.7. Estructures obtingudes a partir de I’optimitzaci6 DFT de particules de Pt
amb 1 sense suport per a ’adsorcid6 de CO. Els numeros indiquen els atoms de Pt
siméetricament no equivalents per a cada sistema. Les boles grogues, marrons, vermelles
i blaves representen els cations Ce*” i Ce’’, els anions O* i els atoms de Pt,

respectivament.

Per particules petites, sembla ser que el nimero de coordinaci6 de ’atom de Pt
torna a ser un dels factors més importants tant en 1’adsorcié del CO com pels valors de

freqiiéncies de vibracio.

Pel que fa els sistemes suportats, cal esmentar en primer lloc que la interacci6 entre
el CeO; 1 les particules de Pt és molt forta, el que causa la transferéncia espontania
d’electrons des de 1’agregat de Pt cap a la superficie de CeO,.*" En altres paraules, el
suport de CeO, oxida les particules de Pt un cop s’han format o adsorbit a la seva
superficie. Aquest efecte es produeix principalment als atoms de Pt propers a la

interfase 1 €s important tenir-lo en compte per les conseqiiéncies que genera tant a les



Capitol 10.7. Analisi de freqiiencies de CO per a la caracteritzaci6 de films de Pt-CeO, 197

energies d’adsorcido com a les freqliencies del CO. Mitjangant la comparacié de les
adsorcions de la moleécula de CO en els sistemes de Ptg i Pt34 amb i sense suport, es pot
observar que les variacions en les energies de adsorci6 i en les freqiiéncies de vibracio
relacionades amb la dependéncia del lloc d’adsorcid sén molt més fortes pels sistemes
suportats. Sembla ser, doncs, que les interaccions electroniques metall-suport soén la

principal causa d’aquests canvis en les propietats del CO.

La comparaci6 dels resultats teorics amb els experimentals suggereix que les especies
subnanometriques de Pt contenen al voltant de 30 atoms o menys, mesurant menys de 1

nm.
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10.8. Conclusions

A partir dels resultats obtinguts en aquesta tesi, s’han extret les segiients

conclusions:

Els llocs especifics d’adsorcid presents a les nanoparticules de CeO,, les cares
{100} poden ancorar de manera efectiva una gran varietat d’atoms metal-lics en
la forma de cations M"". L’adsorci6 dels metalls en aquests llocs provoca I’
oxidaci6 d’aquests, amb la conseqiient reduccié de cations Ce*" a Ce’". Els estats
d’oxidacio alts estan més afavorits per metalls de transicid pertanyents a
periodes alts i grups situats a la esquerra de la taula periodica. Els modes de
coordinacié dels cations M"" localitzats a la cara {100} depenen de la natura del
metall i del seu estat d’oxidacid. L’adsorcid de tots els metalls estudiats a la NP
de CeO, és més forta que ’energia d’enllag del corresponent atom M a la NP

metal-lica M79.

Les NPs de CeO, presenten la capacitat de acomodar metalls dopants més
facilment a la seva superficie que no a posicions interiors. En particular, les
posicions menys coordinades semblen ser les més propenses per estabilitzar els
metalls de transicié dispersats atomicament. Per tal d’analitzar tant la estabilitat
de les especies dopants en estats d’oxidacié baixos com I’efecte del dopatge en
la reductibilitat del sistema, s’han considerat dos processos redox: i) la formacid
d’una vacant d’oxigen i ii) la dissociacié homolitica d’una molécula de H,. Les
especies dopants Pt, Pd i Ni presenten estats d’oxidacié +2 en coordinaci6 plano
quadrada. Només Pt i Pd semblen poder oxidar-se fins I’estat +4, el que ocorre
només per substitucions a posicions interiors de la NP. Per la seva banda, el Cu
pot presentar els estats d’oxidacio +2 o +3, dependent de la seva localitzaci6 a la

NP i del procés de reduccio dut a terme.

Els resultats obtinguts per sistemes de CeO, amb Pt dopant en posicions internes
indiquen que només pot presentar 1’estat d’oxidacié +4 quan es troba coordinat

octa¢dricament a 6 atoms de O. En preséncia d’una vacant d’oxigen, els atoms
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de Pt*" tendeixen a reduir-se a Pt*", modificant el seu entorn de coordinacid
mitjangant una distorsio a través de la xarxa per adoptar una coordinaci6 plano
quadrada. La nanoestructuracio dels sistemes de CeO, dopats amb Pt resulta en
I’estabilitzacié de I’estat d’oxidaci6 +4 pel Pt fins a la formaci6 de dos vacants
d’oxigen. La formacio de la tercera vacant destrueix la coordinaci6 octaedrica
del Pt**, causant la reduccié de 1’atom de metall dopant a I’estat +2 amb
I’adopcid de la coordinacié plano quadrada. Per tant, la nanoestructuracio dels
sistemes de CeO, dopats amb Pt condueix a una millora en la capacitat
d’emmagatzematge d’oxigen. L origen d’aquesta millora esta relacionat amb la
preseéncia d’atoms de Ce superficials, els quals son més propensos a acceptar els

electrons deixats per I’oxigen.

» Sembla ser que les especies cationiques de Pt*" adsorbides als llocs {100} de
nanoestructures de CeO; son estables fins a formar dos vacants d’oxigen per
atom de Pt. La reduccié d’aquestes especies comenga a estar afavorida quan
I’energia d’adsorcio del Pt baixa per sota de la energia de cohesié del Pt
metal-lic. La formacié de un numero suficient de cations Ce’" a partir de la
eliminaci6 d’atoms d’oxigen facilita la reduccié a Pt°. Per la seva banda,
1’adsorcié d’atoms de Sn en llocs propers al Pt*" té com a resultat la oxidaci6
dels atoms de Sn a ’estat +2 amb la conseqiient formacié de dos cations Ce’*
per catid Sn**. La reduccio del Pt2+ estd, llavors, determinada per la
concentracié de Ce’” a la NP. En aquest cas, son necessaris uns 6 cations Ce’" al

voltant del Pt*" per reduir-lo a Pt’.

* Tant els valors de les energies d’adsorcié com les freqiiéncies vibracionals de la
molécula de CO en particules de Pt, tant amb com sense suport, semblen estar
fortament relacionades amb el numero de coordinacié de ’atom de Pt i, en
menor mesura, amb el tamany de particula. Per a particules suportades, la forta
interaccié metall-suport produeix ’oxidaci6 de les particules de metall, el qual
provoca una major variacid en els valors de les propietats del CO. La

comparacié dels resultats tedrics amb els experimentals suggereix que les
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especies subnanometriques de Pt contenen al voltant de 30 atoms o menys,

mesurant menys de 1 nm.

Els estudis presentats en aquesta tesis demostren els avantatges de fer servir
models de nanoparticules combinats amb calculs del funcional de la densitat per
tal de descriure nanomaterials basats en el CeO, per aplicacions catalitiques. A
més, la complementacid6 d’aquest enfoc amb els estudis experimentals ha
demostrat ser tot un exit per I’estudi de sistemes amb propietats que es veuen
fortament afectades per la seva nanoestructura i, per tant, serien directament

accessibles de descriure fent servir models convencionals de 1loses.
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