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ABSTRACT

Reactivity and Stability of Platinum and Platinurtiof Catalysts Toward the Oxygen
Reduction Reaction. (December 2007)
Sergio Rafael Calvo, B.S., Universidad Nacionalrdgenieria

Chair of Advisory Committee: Dr. Perla B. Balbuena

Density functional theory (DFT) is used to stude tleactivity of Pt and Pt-M
(M: Pd, Co, Ni, V, and Rh) alloy catalysts towatts oxygen reduction reaction (ORR)
as a function of the alloy overall composition asufface atomic distribution and
compared to that on pure Pt surfaces. Reactivitgvialuated on the basis of the
adsorption strength of oxygenated compounds whrehirdermediate species of the
four-electron oxygen reduction reaction, separatimegeffect of the first electron-proton
transfer from that of the three last electron-pnadtansfer steps.

It is found that most homogeneous distribution \MPt catalysts
thermodynamically favor the dissociation of adsdrii@OH in comparison with pure
Platinum and adsorb strongly O and OH due to thengt oxyphilicity of the M
elements. On the other hand, in all cases skinnBlat surfaces catalysts do not favor
the dissociation of adsorbed OOH and do favor #duiction of M-O and M-OH with
respect to Platinum. Considering the overall pathwhthe reactions to catalyze the
ORR most of the skin Platinum monolayer catalystwiple more negative free energy
changes and should behave at least in a similartiay Platinum in following order:
PtV (skin Pt) > P4Co (skin Pt) > BNi (skin Pt) > Pt > PtPd (skin) > fRh (skin Pt) >
PtPd (skin ). In all cases, the reactivity is showrb®not only sensitive to the overall
composition of the catalyst, but most importantiyhie surface atomic distribution.

Proposed electrochemical dissolution reactionshef ¢atalyst atoms are also
analyzed for the ORR catalysts, by computing tlee fnergy changes of Platinum and
bimetallic Pt-X (X: Co, Pd, Ni, and Rh) catalysts. is found that Platinum is
thermodynamically more stable than Pt-alloys yCBt PtPd, PtNi and PiRh.
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CHAPTER |
INTRODUCTION

In the last decades a necessity to reduce and catadihigh levels of
contamination in the environment has raised theeldgwnent of the so-called clean
technologies. Among these alternative technolodiesl cells have emerged as
promising alternative sources of energy that caantally replace the use of internal
combustion engines. Fuel cells operate on the haEsedectrochemical reactions that
convert chemical energy coming from fuels such ydrdgen, methanol, gasoline, etc.
into electricity. Fuel cells today are certainly chumore than simple curiosities of
laboratories, and although they still need someravgments in the selection of the
materials and design for practical operation, thewpstitute a real alternative for the
replacement of internal combustion engines. Thathé reason why the automobile
industry and the energetic sector have shown isttenetheir development in the last
decades.

In 1839 Sir William Grove who is known as “fathdrtbe Fuel Cell” undertook a
series of experiments discovering the possibilityth@ production of electric current
from electrochemical reactions of hydrogen and exygHowever, he also raised
guestions about the production of heat and "nowsegus and liquid products”,
guestions that he could not answer with the equipna@d theory available to him.
These questions became puzzles for later researthesolve. Grove verified that the
oxidation of hydrogen in the negative electrodeoti) combined with the reduction of
oxygen in the positive electrode (cathode) geneshgetric current. The experiments of
Grove showed the inter-convertibility between thermical energy from a fuel and the
electric energy, without going through an internageliprocess of combustion, which
involve a low efficient mechanism that convertsrthal energy into mechanical energy.

In fuel cells the chemical energy of the fuel iseerted directly to electric current and

This dissertation follows the style of Surface &cee
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Figure 1.1. Schematic representation of a hydragefuel cell operation

the efficiency can reach values in the order of®600%.

Figure 1.1 shows a schematic representation ofleolygn-air fuel cell operation.
This device is conceptually simple; an individualelf cell is constituted by two
electrodes that are separated by an electrolytis. dictrolyte allows the flow of ions
but not electrons. In the negative electrode (aptdueoxidation of the fuel takes place;
the fuel can be hydrogen, methanol or gasolineiarttie positive electrode (cathode)
the reduction of the oxygen from the air takes @ldhe overall reaction is given by; O
+ 4€ + 4H < 2H,0. The Hions migrate through the electrolyte while the elats
(e) flow from the anode to the cathode through arerl circuit. Each of these cells
generates a voltage close to one volt; for apptinatthat require more voltage a series
of fuel cells is stacked.



There are different types of fuel cells; they aswally characterized by their

electrolyte, operating temperature, transportedaioth fuel. Table 1.1 lists a summary of

the most important characteristics of differentaypf fuel cells.

Table 1.1

Summary of electrolyte materials, operating temjoeea fuel (transported ion),

advantages and disadvantages of common fuel palsty

D

Fuel Cell Type| Electrolyte Operating| Fuel | Advantages| Disadvantage
temperature | (lon)
Polymer Cation 60 — 100 °C K Low Require
electrolyte conducting (H") | temperature| expensive
membrane fuel| polymer solid catalyst and pur¢
cell membrane electrolyte | Hy
(PEMFC) and low
corrosion
Direct Cation 60 —-100°C | CBDH | Liquid fuel | Poor fuel
methanol fuel | conducting (HY) utilization
cell polymer
(DMFC) membrane
Phosphoric Molten 175 -200°C bl High Low electric
acid fuel cell phosphoric (H") | efficiency | current and high
(PAFC) acid (85%), size and weight
(H3POy) impure b
can be used
Alkaline fuel Aqueous 90 -100°C ) Fast cathode CO, emissions
cell alkaline (OH) | reaction and fuel
(AFC) solution
(e.g. KOH)
Molten Molten 600 — 1000 °C H | Advantages| corrosion
carbonate fuel | alkaline (CO5%) | related to
cell carbonate the high
(MCFC) (e.q. temperature
NaHCG;)
Solid oxide o~ 800 — 1000 °C H | Solid Hard to operate
fuel cell conducting (0*) | electrolyte | due to high
(SOFQC) ceramic reduce temperature
oxide (e.g. corrosion
Y203-
stabilized

ZrOy)




Among all types of fuel cells, the PEMFC is the tmadvanced for applications,
but there are still issues to be solved beforePEM fuel cells can successfully compete
with conventional technologies. Probably the magbartant outstanding technological
challenge is the slow kinetics in the cathode ieast and catalysts durability and
lifetime, which have not yet been solved complet&lyrthermore, the current price of
both catalysts and the electrolyte materials a® hagh for competitiveness with
conventional technologies.

Due to its importance, a large amount of experiméht” and theoretical**®!
work has been reported in recent years, howeveusecof its complexity the complete
understanding of the reaction mechanism remainseanc Alloy catalysts have been
proposed and tested with various degrees of sucdesms example, it has been
demonstrated that the use of alloys such as PR#¥#Ee, Pt-Ni, Pt-Co, and Pt-Cr leads to
an enhancement in the activity of the oxygen radocon the fuel cell cathode
compared with pure platinunf® *°?2 Stamenkovic et al*® evaluated the ORR on
polycrystalline PiNi and P$Co alloys in acid electrolytes using the rotatinigkd
electrode (RRDE) method. They found that in theperature range of 293 < T < 333 K
the activity increases in the order of3Wit> PCo > Pt. Catalytic enhancement ofNHt
and Pt{Co vs. Pt is attributed to the inhibition of Pt-QHormation on Pt sites
surrounded by oxide covered Ni and Co atoms begoi¥.

Additional information were collected in studies@RR activity using electrode
catalysts that do not contain Pt., Min-Hua Shaocalet®” found that Pd-Fe alloy
nanoparticles have a very high ORR activity. Simiésults were reported for Pd-&J
and Pd-Co-Au®® catalysts. A relationship has been found betwienetectrocatalytic
activity and the Pd-Pd bond distances, which isteel to the electronic structure through
changes in the orbital overlap that alter the ddbaaenter, thus determining surface
reactivity. They observed an interesting corretatietween the current density at 0.85 V
and the Pd-Pd distances. A higher activity was dofam a 2.73A Pd-Pd bond distance,
which corresponds to #Rd. It is also pointed out that the value of theF@iddistance for

any of the used composition highly depends on thethod used in the catalyst



preparation. Myoung-ki Min et al?’ also investigated the origin of the enhanced
activity of the ORR using Pt-based binary alloysP&fCo, PtCr, and PiNi. According

to cyclic voltammetry and X-ray adsorption near-@dtyucture (XANES) analyses, the
electrocatalytic activity was related to the adsorp strength of the oxygen
intermediates on the Pt surface, which is apparefatfored by reduced Pt-Pt bond
distances. It was also found that Pt-based allaglysts showed significantly higher
specific activities than Pt catalyst with the sasudace area.

In general, most of the studié®>? indicate that the enhancement of the
electrocatalytic activity for the ORR on Pt-Co dPidNi alloys may be attributed to the
modification of the electronic structure, which reflected on the increase of the 5d
orbital vacancies, changes in the physical strecwir Pt (Pt-Pt bond distance and
coordination number), and on the adsorption sttenfbxygen-containing species from
the electrolyte onto Pt or the alloying elemenbda et al®® on the other hand, show
some disagreement with the previous cited statesnedted to the ORR enhancement
in some bimetallic alloys. They found an enhancdanoéhe electrocatalytic activity of
Pt by alloying with Fe. It was observed a maximuctivaty at ca. 50% Fe content (25
times higher activity than pure Pt). They also obse the formation of a skin Pt surface
in the bulk catalyst (< 1nm in thickness). Thesaults showed some discrepancy with
other works. For example, Jalan and Tayldrclaimed that the enhancement of the Pt
catalytic activity is due to the reaction resultsnii the shortening of Pt-Pt distances. In
the same way Appled§” shows a volcano type behavior in the relation$leiveen the
electrocatalytic activity and the adsorbed bondyilen The lattice contraction due to
alloying was shown to result in more favorable Ptdistances for the dissociative
adsorption of molecular oxygen, while maintainihg favorable electronic properties of
Pt. Mukerjee and Srinivasdf' supported the view of favorable Pt-Pt distances, b
found no electronic structure changes on binargyallin PEFCS. Toda suggests the
enhancement in terms of the 5d-vacancy of the serfaut not by the interatomic
distance or roughening of the surfaces. The ineaadvacancy of the Pt in the

electrode surface, brought about by alloying, nrstg about a strong metal-oxygen



interaction. Such strong interaction will cause ianrease of the adsorbed”Oa
weakening of the O-O bond and an increase in iitgtke resulting in fast bond scission
and/ or a new bond formation between the O atomHrid the electrolyte.

In order to achieve a better understanding of tRiRQOresults from experiments
must be also interpreted with thermodynamic prilesipanalyses. Fernandez et 'l
proposed guidelines for the design of bimetallitalyasts for the oxygen reduction
reaction (ORR) in acid media. Assuming that the GfRts with an initial dissociative
chemisorption®® (equation 1.1); involving the splitting of the O-fond to form
adsorbed oxygen atoms, followed by the four electeduction of the metal oxide to

water (equation 1.2),

O, + 2M — 2MO (1.1)
2MO + 4H + 46 — 2H0 + 2M (1.2)

They reported the standard potential for reactib2)( versus the Gibbs free
energy for reaction (1.2). From this analysissiinferred that metals that favor the bond
cleavage of molecular oxygen, stabilize the mexadle@ And from tabulated data [37;
38] of the free Gibbs energy of the formation oftaheoxide versus the standard
potential for the reduction of metal oxide to wateretals that form less stable M-O
bonds are easier to reduce to water. It is propdsedouple a good oxygen bond
cleaving metal (M) with a second metal (M’) thasarbs atomic oxygen weakly so this
can be easily to reduce to water. It is also pdimtgt that since most of the metal oxide
with lower Gibbs free energy for reaction (1.1) atandard potential for reaction (1.2)
dissolve rapidly in acidic solutions, especiallytie presence of molecular oxygen, they
should be alloyed into a stable phase to avoidtlifisn under real conditions. Another
point to have in mind is the metal miscibility basa some of them are not miscible
under normal conditions.

Besides important insights about the ORR from drpamtal works, the
complete understanding is not yet available duéh&ocomplexity of this process. In
recent years the use of computational chemistry raesed as an alternative tool to



explain and analyze the complex thermodynamic & slrface reaction catalysts,
especially on Pt and Pt-based bimetallic catalystshe same time, these theoretical
publications have been successfully supported pgrments!t? 13 15: 21 22: 39]

Xu et al.*® correlated the atomic and molecular binding emsrgin P{Co,
PtNi, Skin Pt on PiCo, and Skin Pt on gfe and the activation energy differences of
the dissociation of molecular oxygen and the foramabf hydroxyl finding that weaker
atomic adsorption on the catalyst surface facdgahe O-H bond formation but makes
the O-O bond breaking more difficult. They alsoretated the binding energies of
atomic oxygen with the d-band center. They propdkatian alleviation of poisoning by
O and enhanced rates of reactions involving O neagdme of the reasons why Pt skins
are more active for the ORR in low temperature fiedls. Minhua Shao et af” also
showed a volcano type dependence between the reda@RR activity of Pt or Pd
monolayers supported on many different noble metajle crystals and their calculated
d-band center and the atomic oxygen binding enesgyg DFT calculations.

The continuous search for more active and lessrestpe ORR catalyst than Pt
also includes the search for more stable Pt alaiglgsts. Although metals such as Pt,
Pd, Rh, Co, and Ni have been extensible used adrades for the ORR, few
investigations has been directed to analyze theollison of these metals in acid
medium. Recent investigatioffs! ¥ 33 4% ©lhaye found that Pt and another important
metal alloys are not completely inert in non-complg acids. This process is not also
affected by the concentration of the active spethesagitation of the electrolyte and the
electrolyte temperature but also the applying padenvhich lead to passivation and
repassivation of the electrodes. The dissoluticth® metal electrode is also expected to
be accompanied by changes in the surface morphalodyomposition.

It was found that in wet cells after the catalysise been briefly immersed in an
acid electrolyte, a skin consisting of a monolagepure Pt forms on the surface of the
Pt alloys. These results indicate the dissolutibthe metal from the cathode catalyst
during the cell operation. Recent studies on thealgiéc activity and stability of

supported Pt—-Co alloys with well-defined structurey Watanabe et all*!



demonstrated that both Co and Pt dissolve out mefi@lly from small-size alloy
particles and Pt re-deposits on the surfaces gélarze ones in hotdRO,. As a result,
an alloy with a disordered crystallite structurdnieh is more corrosion-resistant than an
ordered one, maintains higher electrocatalyticvégtior a longer time due to the active
alloy surfaces with a relatively large surface ateavas also found that a fine Pt alloy
catalyst is covered with a pure Pt skin under tha&ctral operation conditions in
PEMFCs!. Thus, it is important to examine the electroniseture changes of alloy
surfaces during the catalytic life as a possibtédiafor the enhancement in combination
with the surface composition.

Therefore, although the mechanism of the ORR ha ibe main topic to
researches debating how the oxygen adsorption @&sbdaiation takes place in the
catalyst, and how the use of Pt alloys can changeeahance the activity of the ORR,
there is also a new question that is raised reggrthie stability of the catalyst in the
presence of the electrolyte. Over time, fuel celfprmance decreases, and it is believed
that this is because the platinum dissolves awagulting in a decrease of the
electrochemically active surface area of the cat&l§! which reduces the performance
of the fuel cell. It was observed that the surfacea initially increases until it reaches a
maximum value due to the initial wetting of thentiNlafion layer covering the catalyst
particles in polymer electrolyte polymer fuel cBHEMFC), but after saturation of the
active material with the electrolyte, the surfaoeaastarts to decrease.

It is also known that after the catalyst is immarsthe acid electrolyte, a skin Pt
monolayer is formed* 3% 4% 43lunder practical operation conditions even in dilatid
solutions. This theory proved that Pt alloys on sieface most likely dissolve in the
presence of the acid electrolyte. And even aftareshours of operation, the Pt surface is
also dissolved in the presence of the electrolyts.believed that platinum oxidizes and
dissolves at high potentials often encounteredhatcathode; such a process would be
exacerbated with repeated cycling between highl@anctathode potentials, which leads
to platinum oxidation and reduction, respectivelne dissolved platinum then either

deposits on existing platinum particles to formgar particles or diffuses into an



electrochemically inaccessible portion of the mesnbrelectrode assembly or its
support structure. As we can see the stability theddissolution of Pt and Pt alloys of
the catalyst play an important role for the appi@ato practical fuel cells.

Respect to the ORR mechanism, it is generally dedefhat depending on the
experimental conditions, the oxygen reduction lieactakes place through two overall
pathways: the series two-electron reduction toadey followed by its decomposition,
and the direct four-electron reduction to wafék It has been postulated that the two
electron reduction is caused by the availabilityoafy one atom site, and on the other
hand in the four electron reduction the oxygen at@me bonded to the surface forming
di-o structurd*®,

Wang and Balbuen3? studied the reaction thermodynamics of the ORRgusi
theoretical methods. Based on ab-initio moleculgnaghics *®!, they suggested an
alternative reaction pathway for the ORR on Pt(1They proposed a parallel pathway,
where the direct and the series occurring simutiagky, with the direct as a dominant
step. In agreement with Damjanot? and Anderson*® “° the proton transfer
participates in the first step simultaneously with electron transfer. The product of this
step is OOH, which dissociates with a small bac@mnpared to the dissociation of O-O
as it has been previously suggestéd®. Tsuda and Kasai also supported this idea; they
found that the activation barrier for the protoansfer in the C{S0;-Pt-O, + H system
(0.105 eV and 0.051 eV for the singlet and thddtipespectively) are lower than those
in the CRSO;-Pt-O + H system (0.239 eV and 0.187 eV for the singted the triplet
respectively). The trifluoro-methane sulfonate i@~SO;) represents the physical
properties of the active site of the Nafion chBfft®>. These results indicated that the
protonation tends to be followed by the molecutaygen dissociation, resulting in.8
production via a hydroperoxo (-OOH) species. Caarang) the high activation barrier
for the Q dissociation, which it is been found to be higtbath experimentdf® (0.38
eV) and theoretical studié® > °8 (this value changes depending on the size of the
cluster and on the adsorption sites: 0.74, ~0.6,ah7 eV) and the lower activation

barrier for the OOH dissociation, we can considet the protonation tends to occur



10

before the molecular oxygen dissociation, whictprismoted by the formation of M-
OOH.

Using this analysis and based on the work of Wamd) Balbuend®”, which
indicated that it is possible to separate the eiécthe first reduction step from that of
the last three reduction steps (last three elegiroton transfers) and might be
considered coupled; they proposed that a good O&BRyst could be designed as a
combination of a metal M that adsorbs OOH strortgan Pt plus a second metal M’
able to bind OH and O less stronger than Pt, thnsbe easily reduced to water. Figure
1.2 shows the ability of various metals to thermmaiyically favor the formation of M-
OOH (AAG; < 0) and the reduction of OH and the AAG4< 0).

In this work we study the changes in reaction epde O K) for the parallel
pathway, evaluatingdE; (equation 1.3)AE, (equation 1.4), andE; (equation 1.5) for

the first electron reduction step on a given meital M as:

0, + M+ H + é - M-OOH (1.3)
M-OOH + M — M-OH + M-O (1.4)

The reaction for the first electron and proton auin becomes
O, +2M + H + é - MOH + MO (1.5)
And the last three electron reduction steps evialgatE, (equation 1.6):

M-OH+M-O + 3H + 36 > 2M + 2HO (1.6)

which combines the last three electron and protansfers representing successive
reductions of the adsorbed hydroxyl and the atowxygen resulting from the
dissociation of the OOH intermediate to water moles.

Although the characterization of surface atomic tritigtion in alloy

nanoparticles is still far from being solved, reicreoretical and experimental studies
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have yielded some interesting informatifi. In these work we explore the surface

catalyst distribution in terms of segregation aradb#ity.
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Figure 1.2. Plot of relative Gibbs free energieg)(AAG4/3 vSAAG;:. The metals (M)

in region A have vacant valence d orbitals and able to more efficiently enhance
thermodynamically the formation of M-OOH, where&g tvalence d orbitals for the
metals (M’) in region B are fully occupied and timetals M’ favor the reductions of M-

O and M-OH ™%
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It is emphasized that the nature of the environmeetl in this study corresponds
to a solid-gas interaction, which differs from takectrochemical environment (solid-
liquid) under which the cathode catalyst operatea fuel cell. However, as it has been
shown by a large number of computational studiesgineral trend provided by these
approximations offers important insights useful @aoalyze ORR real operational
conditiong?# 46: 48 59: 611

In the first part of this dissertation, we analyhe reactivity of Pt and Pt-Pd
catalysts. We use a variety of compositions andnetaistributions to evaluate the
reactivity of the ORR in terms of reaction thermodmics. In the second part, we
explore the reactivity of B€o, PgNi, PV, and PiRh catalysts using two different
distributions (homogeneous and Pt skin monolay&lysts). In addition, a comparison
of surfaces (111) and (211) in terms of reactittyward the ORR is performed for Pt
and PiNi. In the last part we analyze the electrochemstability of the P4Co, PgNi,
PV, and PiRh alloy catalysts against the dissolution in acihvironment measuring

the free energy changes of allowed dissolutionti@as.
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CHAPTER Il
COMPUTATIONAL TECHNIQUES

Introduction

Since the mid 1980’s, computational chemistry hagsnbone of the fastest
growing areas of chemistry and engineering. Onbd@feasons for the fast development
is the vast increase in the number of computindfgrims and the development of
efficient high performance computational algorithriishas already been accepted that
high-quality of theoretical data is not just an iidd to experimental findings, but it is a
reliable, independent source of information abootetular structures, properties, and
reactivity. In this section, an overview of the ioafeories, models, and approximations
involved is given. The theoretical frameworks ofrtdee-Fock (HF) theory and density
functional theory (DFT) are presented as approx@maethods to solve the many-
electron problem, a variety of ways to incorporatectron correlation are discussed.
Emphasis is also given to the application of thteshniques to calculate thermodynamic
and spectroscopic properties in chemical systeris tbol will be used to explain the
catalyst reactivity and stability toward the oxygeduction reaction.

Let us start with the most important restrictionthis study, since we will be
dealing with isolated clusters and extended susfawéich do not interact with the
environment in any way, these systems must hawvedahergy conserved; therefore their
energies and electron distributions are independémime. This important restriction
enables us to remove all time dependence form thed8inger equation leaving the
wave function with only a trivial time dependenchieh is usually ignored. So, we start

with the time independent Schrodinger equationithgiven by:

HIW=E[W (2.1)
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Where H is the Hamiltonian operatdlt,is the wave function ané is the energy of the
system. In the next sections we introduce somé&efassumptions and approximations

needed to deal with the solution of the time inaeleat Schrodinger equation.

Born-Oppenheimer Approximation

A good approximation of the electronic structure dee obtained with all the
nuclei fixed in space. This is an essence the Bppenheimer approximatiifl, which
allows the degrees of freedom of the electronsettréated separately from those of the
ions. Its justification resides on the fact thae thuclei are much heavier than the
electrons (the mass of the proton or a neutrobasital835 times as large as the electron
mass). So it is intuitively clear that the nuclebva much more slowly than the
electrons. The later will then be able to adapitbeves to the current configuration of
the nuclei. This approach results also from formgalculations, and leads to a
Hamiltonian for the electrons in the field genedatey a static configuration of the
nuclei, and a separate Schrodinger equation fondleéei in which the electronic energy
enters as a potential. The Born-Oppenheimer apmrabon for electrons is given by:

N 2 1 N 2 1 K N Z
HBOZZ&"' % Z ° I_ ZZ n?q | (2.2)

i T -

where the first term corresponds to the kinetiergn of the system, the second term
represents the electron interactions, and the teimd represents the interaction between
the nuclei and the electrons. The total energyiviergby the sum of the energy of the
electrons and the energy resulting from the Schgeti equation satisfied by the nuclei.
With this approximation, the motion of the nucleineglected and only the electrostatic
energy of the nuclei should be added to the enefglge electrons to arrive at the total
energy. The positions of the nuclei can be varredrder to find the minimum of this
energy, that is, the ground state of the wholeesystin this procedure the nuclei is



15

treated on a classical footing since their groutadiesis determined as the minimum of
their potential energy, neglecting quantum fludtrag %,

Even with the position of the nuclei fixed, the Iplem of solving the
Schrddinger equation of the electronic wave fumctising the Hamiltonian remains
intractable, even in a computer, since too manyetegof freedom are involved. The
second term, which contains the interactions betvibe electrons, makes the problem

so difficult.

Pauli Principle

Perhaps the most important constrain that we mlasepon the solution of the
time-independent Schrodinger equation is that duihé consequences of the fact that
the electrons are all the same; the wave functfanmany-electron system must reflect
the fact that electrons are indistinguishable.dn be also stated in other words that an
acceptable wave function for many electrons musariiessymmetric with respect to the
exchange of coordinates of any two electrons, whglperhaps the most general
statement of the Pauli Principier electrons. The relevance of the Pauli principl¢he
computation of molecular electronic structuresrisrenous. The complications brought
about by the antisymmetric requirement itself Idokial at first sight, however the real
complications arise when we consider what is mdantthe “coordinate” of the
electrons. We have not included anything about dbscription of the electrons to
account for electron “spin” in previous correlasprand since there is no mention of
electron spin in the Hamiltonian the spin shouldehas little relevance to the energy of
the system as any other coordinate which does ecmitran the Hamiltonian. However,
the Pauli principle applies to exchange of all therdinates of an electron; space and
spin. So, in order to compile with the Pauli prpieiin full we have to bring formally

the electron spin into the thedf§}.



16

The Orbital Model

There are just few one-particle systems for whioh $chrédinger equation is
completely soluble. The ones of greatest chemit@rést are the hydrogen-like atom
and the harmonic oscillator. Assuming that we haseess to the set of all solutions of

the one electron Schrddinger equation we have:

O
hg =@ (2.3)

Mathematically, these solutions are the eigenvakjeand the eigenfunctiong, of the

0
Hermitian operatoh and, as such, they have several important pregsei@ne of these
properties is that they are complete; any functmh ordinary three-space with

sufficiently similar boundary conditions can be amrged as a linear combination of

these functions. That is any functignr) can be written exactly as

(1= ca(r) @4

This is a very powerful result since it means, inngple, that any one-electron
Schrddinger equation may be solve by evaluatingt afsnumerical coefficients; that is
a partial differential equation may be replacedihyordinary, algebraic equati6t.

Variational Method for the Schrodinger Equation

The time independent Schrodinger equation camlwed analytically in a very
restricted number of cases; examples include the particle, the harmonic oscillator
and the hydrogen atom. In most cases we must resaomputers to determine the
solution to this equation. The variational metheodides us to solve the Schrddinger
equation much more in efficiently in many caseshia variational method, the possible
solutions are restricted to a subspace of the Hillygace, and in this subspace the best
solution is found. This method allows us to appmmaie the ground state energy of a
system without solving the Schrddinger equatioldb can be extended to estimate the
energy of the excited states. To see how this woklesfirst show that the stationary
Schrédinger equation can be derived by a statiocangition of the functional:
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YIH |y

E[w] = <—> (2.5)
Wwly)

which is recognized as the expectation value ofthergy for a stationary stagt. The

stationary state of this energy functional is dedirby postulating that if such a state is

changed by an arbitrary but small amod# , the corresponding changeBrwvanishes

to first order.
A special kind of variation function widely usedtime study of molecules is the
linear variation function. A linear variation fumm is a linear combination aof linearly

independent functiorts, f,,...,f.
= Z ¢ f (2.6)

where ¢ is the trial variation function and the coeffidiew; are the parameters to be
determined by minimizing the variational integréhe basis function§ must satisfy the
boundary conditions of the problem. We shall reswurselves to reag so that the's

andfi's are all real.
Applying the variational theorem for the linear iaion function, we have

Icﬂ*qﬂir = ZC,- C, LB, , where the overlap integrgk is defined as (2.7)
jk=1
S, =[f/f,@r and, (2.8)
O n
Iqo Hiplr = > c,c, (H,  where, (2.9)
j k=1

Hy =[f H, (2.10)
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The stationary states follow from the conditiontttiee derivative of this functional with

respect to thex vanishes, which leads to

N

Z(ij - Eakj)cj =0 for k= 1,...n. (2.11)

=1

An extended derivation of this method can be foumidevine’s book®*

The Hartree-Fock Method

The Hartree-Fock (HF) method can be viewed asriati@al method in which
the wave functions of the many-electron system riaeeform of an anti-symmetrized
product of one electron wave function. This resivit leads to an effective Schrodinger
equation for the individual one-electron wave fimes (orbitals) with a potential
determined by the orbitals occupied by the othectebns. This coupling between the
orbitals via the potentials causing the resultiogisgions to become nonlinear in the
orbitals, and the solution must be found iteragiiala self-consistency procedure.

We shall see that in this variational approachretations between electrons are
neglected to some extent. In particular, the cobleepulsion between the electrons is
represented in an averaged way. However, the aféetiteraction caused by the fact
that the electrons are fermions, obeying Pauliisqgiple, and hence want to keep apart if
they have the same spin, is accurately includetthiéenHF approach (there exist several
methods which improve on the approximation madeth@ HF method). The HF
equation is given by:

FW, =¢ ¥, with (2.13)
1 Z - 1
FW =|-=0°-) — @ (X)+ > [dX|W (X)) ——W, (X) -
: { 5 gu—RnJ 9+ 2 [ O =S W)
§ 1

> fdxw(x)

=1 [r—r

W, (X)W, (X) (2.14)
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The operatoF is called the Fock operator. The first term repngs the kinetic energy of
the electrons, the second term represents the @buddtraction potential of the nucleus,
and the third term is the Coulomb energy of thetigar resulting from a charge
distribution caused by all the electrons. The foterm is the same as the third, with two
spin-orbital labelk andl interchanged and a minus sign in front as a rieguftom the

antisymmetry of the wave function — it is calleé #xchange term. Note that this term is

nonlocal: it is an operator acting By, but its value at is determined by the value
assumed by¥, at all possible positiori .

A subtlety is that the eigenvalue®, of Fock operator are not the energies of single

electron orbitals, although they are related totthal energy by
1
E—EZ[£k+<lPk Ihw,)] (2.15)
k

It is clear that equation 2.14 is a nonlinear eigmatwhich must be solved by a self-
consistency iterative procedure. The self-consigpeaocedure is carried out as follow.
Solving equation 2.14 yields an infinite spectrdr.find the ground state, we must take

the lowest N eigenstates of this spectrum as theapitals of the electrons. These are

W eigenfunctions which are then used to build thev rfeock operator which is

diagonalized again and the procedure is repeated avd over until convergence is
achieved. Extended derivations of HF method aremjiin detail in Cook'd®® and
Thijssen’s book&®'.

Density Functional Theory (DFT)

Most electronic calculations for solids are baseddensity functional theory
(DFT), which results from the work of Hohenberg, o and Shanf®® %7 This
approach has also become popular for atoms andcoiete In the density functional
theory, the electronic orbitals are solutions t®chrodinger equation which depends on

the electronic density rather than on the individiectron orbitals.

o(r) = nJ‘dr1 [dr, [dr,..dr | W(r, 1,0l ) (2.16)
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The electronic density is a much simpler quantity tha because it depends
on one spatial coordinate only. For a while it was$ obvious how to relate the ground
state energy of the electrons to the electronisitienThis issue has been elucidated by
theorem due to Hohenberg and Kdfth The theorem states that the ground state energy
of a system of interacting electrons subject t@sernal local potentid¥(r) is a unique
functional of the electron density.

In density functional theory, an effective indepentd particle Hamiltonian is
arrived at, leading to the following Schrodingeuatjon for one-electron spin Orbital:

{—%Dz —Z%ﬂd%'n(r')

m -

o PVl [0 =6,0)
(2.17)

The first three terms in the left hand side of #agiation are exactly the same as
those of Hartree-Fock equation (2.14), namely threetic energy, the electrostatic
interaction between the electrons and the nucled, the electrostatic energy of the
electron in the field generated by the total etactlensityo(r). The fourth term contains
the many-body effects, lumped together in an exgbaorrelation potential. The main
result of the density functional theory is that rtheexists a form of this potential,
depending only on the electronic dengi{y), which yields the exact ground state energy
and density.

A substantial step forward to make the DFT approaskful for practical
calculations was made by Kohn and SHath These authors introduce the concept of
fictitious non-interacting electrons having the samensity of the true interacting
electrons. Non-interacting electrons are descrilisd orthonormal single-particle

wavefunctions and their density is given by:

p(r) = |W () (2.18)
k
The total energy of a many-electron system is glwen
n 1 1 1 1
E=D 6 5 a0 A(0) =5 A1) + Bl )= [ ML A1) (1) (2.19)
k=1
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where the parameteis, are the eigenvalues occurring in equation (2.1d) theEy. is

the exchange correlation energy. The exchangelatiore potentialy{ p] which occurs
in equation (2.17) is the functional derivativetlos energy with respect to the density:
VlAln) = <0 E, [0 .20
an(r)

The E,. describes all many-body effects differences betwtbe real system and the
effective non-interacting system. It contains anhange energy contribution as well as
a correlation distribution to the kinetic and pdiagihenergy of the electrons. In order to
specify theEy., an approximation is needed. The basic approxomas the local density
approximation (LDA). In the LDA we assume instehdlttit depends only on the density
at pointr itself (it becomes a local functional). The LDAtexi predicts structural and
vibrational properties of molecules and solids wstirprising accuracy. Typical errors
are 1-2 percent in bond lengths and 5-10 percenibrational frequencies. It tends,
however to overestimate cohesive energies of salitb the atomization energies of
molecules (even by 20 percent and more). A turipioigpt for the success of DFT has
been the development of the generalized gradiergroapnation (GGA). This
approximation allows thE,: to depend not only on the local electronic densisyin the
LDA, but also on the local electronic density geadi It is possible to construct the
GGA functional in a non-empirical way. This is a&hed in the parameterization of
Perdew, Burke and Enzerhoff (PBEY, which is today one of the widely used GGA
functionals. The GGA improved substantially ovee thDA, particularly for the
cohesive properties and atomization energies. Betkmerivations of the DFT method
are given in detail in Cook's® and Thijssen’s book&.

In summary, DFT calculations require solution oé tiohn-Sham equations. If
the single particle Kohn-Sham orbitals are expandefinite basis, these amounts can

be reduced to a self-consistent diagonalizatioblpro.
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Figure 2.1. Comparison of a wavefunction in the I potential of the nucleus
(dashed line) to the one in the pseudopotentiait{icoes line). The real and the pseudo

wavefunction and potentials match above a certatofcradiusr..

Pseudopotentials

For practical uses of the DFT approach, it is eeglithat only valence electrons
are important for chemical bonding. Freezing cdeeteons in the state corresponding to
a reference atomic configuration usually does rftgct significantly the calculated
binding properties. A powerful approach to implemehis idea is provided by
pseudopotential theory. In this formalism, origipadeveloped in the context of solid
state physics, the external potential is replacgdab external pseudopotential (see
Figure 2.1). This is an effective potential actig the valence electrons only. The
pseudo-wavefunctions have the same Kohn-Sham eagesss of their all-electron
counterparts. In the core region pseudo and attrele-wavefunctions differ, notably
the pseudo-wavefunctions are smoother than the@ledtron counterparts because they
are nodeless and do not exhibit the fast osciligtidue to orthogonality to the core
states. An interesting discussion of pseudopotientea DFT and Ab-initio molecular
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dynamic methods is offered by CH?. Pseudopotentials constructed according the
above procedure are called norm-conserving psetelogas '® and have optimal
transferability properties. It must be noticed thatudopotentials are uniquely defined
only outside the core region. The error introdutgdthe pseudopotential is usually
smaller than the error due to the GGA. Nodelessugsavavefunctions can be
conveniently expanded in plane waves. This cormedgdo the adsorption of periodic
boundary conditions. For a finite system like a ecale, it means that the molecule is
placed in a periodically repeated cell. The supdettas to be large enough that the

wavefunction of the occupied molecular state bergsaly zero at the cell boundary.

Projector Augmented Wave Pseudopotential
Projector Augmented Wave (PAW) approaches has legtal itself as one of
the most efficient and widely used tools for perforg ab-initio density functional

calculations. It was pointed out by Blocdh that a true wavefunctioé , and a well

behaving pseudo-wavefunctiof:l can be linked by a linear transformatidh =T WV,
by which physical quantities Iiké‘P | A|LP> can be easily calculated in the pseudo

Hilbert space representation, rather than dirdodiy true wavefunctions.

Similarly, the variational principle for the totahergy gives an equivalent of the
Kohn-Sham equation for the pseudo-wavefunctiond,tha search for the ground state
can be also done in the pseudo Hilbert space. [&ktsr, due to the slowly varying
character of the pseudo-wavefunctions can be efiity spanned by the plane wave
expansion. However, contrary to the norm-conseryiisgudopotential, the pseudo-
wavefunctions are directly shadowing the true aystavefunctions by means of the
transformatiori’?.

As it can be expected, mainly concerns the regions of the atomic coneghé

interstitial regions, where the true crystal wawmdtion varies slowli# , W may

practically be built to coincide wit#! . As a consequenc@, can be seen as a sum of
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non-overlapping atom-centered contributiomg, each of them acting within the

corresponding augmentation region, such that
T=1+> Tq (2.21)

In the following points we focus on the practicahstruction of the operatdi.
Inside each atomic sphere, both the true and theudeswavefunctions can be

represented as linear combinations of (true anddmepartial waves:

lL:ZCil/;i and qJ:Z:Ci‘/’i:TlIJ (2.22)

Where, sincelf/; =T ¢, the coefficientx; are the same in both the expansions. As a

consequence:

LP:qJ"'ZCi(‘/’i ~4;) (2.23)
i

And the transformatioi can be written as:

T:1+Z([/Ii _l/}|)<b| (2.24)

In the above expression we have introduced theofsetojector functiod p|, which

verify the condition:
Y=Y e = (plW)y (2.25)

Each augmentation region is associated to twodgtsrtial waves and a set of
projector functions. The set of the all-electromtiphwaves ¥, can be generated from

numerical solutions of the radial Schroédinger emumatThey can be chosen to describe
the physically relevant states (valence band and-sere states), and their number per
channel can be increased up to the desired comwgef results. Additionally, the
divergent tail of the true partial wave cancelshwilhat of the corresponding pseudo

partial wave, so that there is no constrain toliband states only. Since the pseudo
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partial waves W are supposed to be slowly oscillating, they canirbeorinciple
generated by the techniques used in the pseuddabiapproach.
Different practical schemes can be used to geneitade set of projector

functionsp . The Gram—Schmidt inspired scheme by Bld€hiseems particularly well

adapted for numerical implementation, assuring tiall electron and the pseudo wave

partial waves form complete sets of functions witthie augmentation region.

Periodic Density Functional Theory
The conservation of the crystal momentkrfollows from the periodicity of the
one-particle Hamiltoniad™, according to Bloch’s theorenk is therefore a good

guantum number for the electronic wavefunctionshhe following property:

Yo (r +L) ="y, (1) (2.26)

Where L is the lattice vector. For the normalizatad the wavefunctions, the Born-Von

Karman (BvK) cyclic boundary conditions are used:

wmk(r + N|a1) :wmk(r) (2-27)

m andk label the band and the wave-vector, respectiwehyle threea; vectors form a
basis of the real space lattice, and the threeespandingN; are large numbers, that
should tend to infinity. Wavefunctions are norizedl to one in the BvK supercell.

Because of the BvK conditions, the numbek afave-vectors in the Brillion zone (BZ)
is equal td\ = Ny N N3, and their density i€, /(277)°, where Q, is the primitive unit

cell volume.
The Bloch wavefunctions can be decomposed in auystodf a phase factor by a

functionumkhaving the crystal periodicitymr+L) = u nr):
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W (r) = (NQ) 2", (1) (2.28)

The periodic partin of a Bloch wavefunction is normalized to one ie firimitive cell.
This periodic part of the Bloch function can be axged in terms of plane waves as

follow:

U (r) =D €7"u,, (G) (2.29)
G

Where the sum runs over all vectors G of recipréetéiice. The coefficientsmG) are
the Fourier transform af,r):

U (G) = o [, (r)ar @:30)

0 Q,

The expansion of (3)(2.28) is easily truncatedyrtavide a finite basis set; one can select

wave-vectors such that

12 |k+GJ
T<Ecut (2.31)
Ec.t Is the maximum kinetic energy of the plane waved anusually called cutoff

energy. The larger cutoff energy, the more accutiagewavefunction representation.

(Gonze and Finocchi? provide detailed explanations of this derivation).
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CHAPTER IlI
METHODOLOGY AND COMPUTATIONAL DETAILS

DFT Calculations for the Reactivity of Pt and Pt-M (M: Pd, Co, Ni, V, and Rh)
Catalyst Models

All the calculations were performed within the frawork of DFT using the
Vienna Ab initio Simulation package (VASBY ", which is a DFT code based on plane
wave basis sets. Electron-ion interactions are riest using the projector-augmented
wave (PAW) method™®, which was expanded within a plane wave basiuupeto a
cutoff energy of 400 eV. Electron exchange anddtation effects were described by
Perdew-Burke-Ernzerhof (PBE}” GGA type exchange correlation functional; spin
polarization was included in all the simulations.

The Pt(111) and the Pt-M(111) catalyst systems wleseribed using a 4-layer
periodic slab model, where each slab was infimitéhe x and y directions, while finite
along the z direction, and then repeated periogicalong all the directions. The
optimum bulk lattice constant was determined fazheease and then used for a model
four-layer slab, in which the first two layers drettop are allowed to relax, while the
two at the bottom are fixed (Figure 3.1). A vacuspace equivalent to 19 layers was
used to ensure that there were no interaction legtwlee adsorbed intermediates and the
bottom surface of the next slab. The (111) surfage® modeled using a 2x2 supercell.
Brillouin zone integration was performed using 5k3onkhorst Pack grif® and a
Methfessel-Paxtof) smearing of 0.2 eV. All the adsorption sites use@valuate the
interaction between the ORR intermediates OOH, &1d, O and the surface were those
found as the most stable sites using an overakreme of ¥4 monolayer (ML). For OOH
and OH the most stable are the surface top sibelsfaa atomic oxygen both fcc and hcp

hollow sites are studied, with fcc being the mdabke.
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| .

Figure 3.1. Extended surface approach. Left: Theagll includes 16 metal atoms and

the vacuum space. Right: Top view of the surfasafew of its periodic images. (All

the schematic representations in this work weréopmed using Xcrysdeli® °%).

DFT Calculations for Hydrated Metal Cations M(H;0)s** (M: Pt, Pd, Co, Ni, and
Rh)

For the complex molecules, the calculations werdopmed with the same VASP
framework using a simple cubic supercell of 20 Agidr. This length is sufficiently big
to isolate the system from their supercell im&§e VASP handles the charged system
by applying a background charge to maintain thergdaneutrality, and by adding
dipole, and quadrupole correctioff§ 8. Balamurugan and Pras&t reported that
VASP calculated total energies and structures aitpe charged systems using a big
supercell provide good accuracy, while negativéigrged systems do not provide the
same accuracy in terms of energy values and stescttompared to results performed in
real space from Gaussi&f. In the negatively charged cluster, the upperretesttron is
highly diffuse in nature; therefore negative clusteequire even a larger supercell. For
protons the inner shell may be conceived as theetivater molecules solvating®f ©”

88| (the HO" ion itself is similar in diameter to 'Kand both have similar solvation
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energies). The hydrated metal cation’{Mis modeled as M(}0)s** because six-

coordinate complexes of transition metals are comyni@rmed.

Transition State Calculations (CI-NEB Method)

Transition state calculations have been performsitiguthe climbing image
nudged elastic band (CI-NEB) meth8H. This method constitutes a small modification
of the NEB method, in which the information of tménimum energy pathway (MEP) is
retained, and a rigorous convergence of the sgutulg is also obtained. Qualitatively
the climbing image moves up to the potential enengyace along the elastic band and
down the potential surface perpendicular to thedbahe other images in the band serve
the purpose of defining the one degree of freedomwhich a maximization of the
energy is carried out. Since the images in the lesedtually converge to the MEP, they
give a good approximation to the reaction coordireound the saddle point. The ClI-
NEB method refines an accurate pathway and findsdiffusion barrier. At the same
time this method guarantees that the image withhigbest energy converges to the
saddle poinf?®3.

All the calculations in this section are performesing the VASP packadé& .
Electron-ion interactions are described using tAgPmethod’®, which was expanded
within a plane wave basis set up to a cutoff eneigg00 eV. Electron exchange and
correlation effects were described by Perdew-Bukezerhof (PBE)"® GGA type
exchange correlation functional, and the Brillomone integration was performed using
5x5x1 Monkhorst Pack grid®. An initial relaxation of the reactants (OOH) and
products (OH and O) initiates a full relaxationsgiven images along the path, keeping
the volume of the cell fixed. The seven images iaitalized by linear interpolation
between the two relaxed end points.
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CHAPTER IV
CHEMICAL REACTIVITY OF PT AND PT-PD ALLOY CATALYSTS

Introduction

Commonly platinum catalysts are used in anodescatitodes to promote the
electrochemical reactions that generate electenargy. Alloy catalysts have emerged
as potential candidates of more active and lessresipe catalytic material& 24 949!
There have been many attempts to elucidate therfaefffecting the catalytic activity
toward the ORR, but there is still some debate alto& reasons for the enhanced
reactivity of certain alloy combinations. Previaesults suggest that the enhancement is
related to changes in the electronic structure va#ipect to that of Pt and to changes of
the physical structure of the catalyst (metal-metthlyst distances and coordination
numbers). The continued search to overcome the lslostics of the ORR even with the
use pure Pt catalyst has lead to the use of Pysallwhich has been demonstrated to
reduce the poisoning effect caused by the OH atlsargnd to produce an improvement
in the activity of the ORR. Norskov et &’ predicts a volcano-shaped relationship
between the oxygen reduction activity of Fe, Mo, @é, Ru, Ni, Rh, Cu, Ir, Pd, Ag, Pt,
and Au and the adsorption energies of OH and OguBIRT calculations. From the
results it was observed that Pt and Pd are thedagslysts for the ORR in agreement
with experiment&® °%. Considering this fact, in previous w8fK! we evaluated the free
energy changes corresponding to the first and dise three electron-proton transfer
reactions (equations 1.3-1.6) to evaluate the pmdace of various Pt-Pd combinations
in small clusters of 10 atoms. The calculationsaatgd that two different ensembles:
one ordered and one randomly mixed, with overallmgosition PiPd; are
thermodynamically more favorable than purgyRor the oxygen reduction reaction.
The reasons for this behavior are clearly explaing@rms of the atomic and electronic
distribution, which makes the Pd atoms to act astein donors to Pt atoms and to the
adsorbates, thus having intermediate reactivitwben Pt and Pd. Moreover, it is found

that in the mixed RBPd; state the electronic distribution makes the avergen more
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similar to Pt than to Pd, whereas in the ordergBdPtluster, the average atom is more
similar to Pd than to Pt.

In this Chapter extended Pt-Pd surfaces are ewaluakploring the overall
composition of the catalyst and the surface atodmtribution, comparing the results
with previous results found for small clusters. VW& nine different periodic slabs: Pt,
PtPd, PtPd, PtRgdskin Pt/Pd, skin Pd/Pt, skin P#Pd, skin Pt/PtPd, and skin Pt/PiPd
We define the skin surface as one pure componemblager over the periodic slab,
which differs from the overall composition of thebstrate.

Lattice Constant and Slab Structures of Pt-Pd Catalsts

The value of the lattice constant may play an irtgodr role on the ORR
reactivity considering experimental evidence thaives that alloying Pt with F&!, Co
(131 Ni B39 and ¥ results in enhanced catalytic activities possésigociated with a
lowering of the lattice parameters and reductiorthef Pt-Pt bond distances, with the
consequent modification of the surface electroniopprties caused by charge and
atomic redistribution on the surface. Similar sesdhave been made for Pd-Fe all6¥s
showing a comparable relation between the Pd-Pd d@tances and the ORR activity.
Others report the same trend for trimetallic systesuch as Pd-Co-Au alloy
nanoparticle&’.

Table 4.1 lists the optimum lattice constant fanendifferent Pt-Pd alloys and
that for pure Pt. The calculated total energy dklmplatinum shows a minimum at 3.98
A lattice constant, which is 1.45% higher than éx@erimental value (3.923 A}
Table 4.1 illustrates that alloying Pt with Pd fésun lowering the lattice constant and
hence the Pt-Pt bond distances. The highest cochpatice constant corresponds to
pure Pt, while the smallest lattice constant af tioup corresponds to the case with the
highest composition of Pd in the PtgPalloy. In all cases, the optimized structures
reveal a contraction of the interlayer distancevieen the first two layers after relaxation
with respect to the bulk conformation; such contoexs are approximately proportional

to the amount of Pt in the alloy.
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Table 4.1

Calculated lattice constant (A) for Pt and Pt-Rdya), their atomic composition in the 4-
layer slab, the interlayer separation betweenitisetivo layers 41,), and the percent of
change of such interlayer separation after relaratwith respect to the bulk

conformation

Sulksytom | (108 | g p | PEPAIaier b el SepaAtons | o Change
Pt 3.98 100 4:0 4:0 4:0 4.0 2.38 -1.81
Skin Pt/PsPd 3.97 81 4:0 3:1 3:1 3:1 2.37 -1.57
Skin Pd/Pt 3.96 75 0:4 4:0 4:0 4:( 2.34 -1.87
Skin Pt/PtPd 3.96 63 4:0 2.2 222 2 2.36 -1.05
PtPd 3.96 75 3:1 3:1 3:1 3:1 2.37 -1.05
PtPd 3.95 50 2:2 2:2 2:2 2.2 2.35 -0.61
Skin Pt/PtPd 3.95 44 4:0 1:3 1:3 1:3 2.36 -0.54
Skin Pt/Pd 3.95 25 4.0 0:4 0:4 0:4 2.36 -0.57
PtPd 3.94 25 1:3 1:3 1:3 1:3 2.34 -0.39

Binding Energies of ORR Intermediates on Pt(111) Staces and Structural
Characteristics

In this section we compare our results correspantiinadsorption on pure Pt
surfaces with published data. It is found thatftteehollow is the most stable site for the
adsorption of atomic oxygen with a binding enerfy3092 eV/O, which is close to both
theoretical -3.88 eV/&® and experimental results -3.60 eV 1% while the hcp
hollow is less stable (-3.52 eV/O). Panchenko '8l report Pt-O distances of the O
atom to its first metal neighbors in the fcc hollsite of 2.04 A each and on the hcp
hollow sites 2.06 A each, which compare well withr galues of 2.04 Aand 2.05 A for
fcc and hcp hollow sites respectively. OH, oneghaf key intermediates in the ORR, at
low coverage adsorbs on top site with a bindinggnef -2.27 eV/OH. This value is in
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agreement with previous reports of -2.25 eV/&¥ and -2.23 eV/OH®Y. The binding
energy for OOH adsorbed on top site is -1.085 e¥ the Pt-O and O-O distances are
2.04 and 1.43 A, compared to reported values oflibin energy of -1.07 eV and
distances of 2.03 and 1.45 A for Pt-O and O-O rethyly %4 |

Binding Energies and Structural Characteristics of ORR Intermediates on Pt-
Pd(111) Surfaces

Most of the surfaces in this study have either PR surface sites exclusively
(skin monolayer catalyst cases), except faP8t PtPd, and PtRdin those cases we
have found an interesting binding behavior of thggenated species. Table 4.2 shows
that both OOH and OH bind stronger to Pt than tatdpdsites on the three surfaces,
which could be attributed to the oxidation of Pdaling electrons to their neighbor Pt
atoms. The difference in binding energies betwieeand Pd sites are between 0.3 and
0.4 eV, suggesting a clear preference of the adsestfor the Pt sites in these surfaces.
For O adsorption, the Pt-Pt-Pd fcc hollow site skiostronger adsorption than the
equivalent in the Pt(111) surface. To test the mmyuof our results, we evaluated the
adsorption of the three adsorbates to a pure PY€Liface. The results are -1.019 eV
for OOH (top site), -2.221 eV for OH (top site),da®.196 eV for O adsorbed in the fcc
hollow site of Pd(111), versus -1.085 eV for OObb(kite), -2.271 eV for OH (top site)
and -3.922 eV for O (fcc hollow) in the Pt (1Klrface. Similar results were reported

recently by Karlberd* based on DFT calculations.

Table 4.2
Binding energies (in eV) of OOH, OH, and O on vasaites of the B®d, PtPd, and
PtPd surfaces

Adsorbate PPd PtPd PtPd
OOH -1.073 -0.740 -1.188 -0.830 -1.206 -0.903
(Pt top) (Pd top) (Pt top) (Pd top) (Pt top) (Pd top)
OH -2.371 -1.954 -2.45 -2.077 -2.506 -2.120
(Pt top) (Pd top) (Pt top) (Pd top) (Pt top) (Pd top)
O -4.055 -4.200 -4.203
(Pt, Pt, Pd hollow site) (Pt, Pt, Pd hollow site) (Pt, Pd, Pd hollow site)
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As it is shown in equation 1.3, the OOH adsorptgodirectly related to the first electron
reduction step coupled to a proton transfer. It esn proposelt? that a good ORR
catalyst could be designed as the combinationmétal that adsorbs OOH stronger than
Pt, and a second metal able to bind OH and O lessgsthan Pt, thus favoring O and
OH reduction to water. Figure 4.1 shows the bindingrgies of OOH on Pt and Pt-Pd
alloys. It is found that alloys such as PsFetPd and skin Pd/Pt satisfy the first criterion,
adsorbing OOH strongly on Pt sites, whereaPdPyields very similar binding energies
than pure Pt. Thus, increasing the amount of Pahafaresent on the surface makes the
adsorption of OOH stronger, as in P{Peven though the adsorption is on the Pt sites.
Regarding the monolayer skin Pt surfaces, the poesef Pd atoms in the substrate

reduceghe interaction strength between OOH and the serf atoms.

-0.80
Skin PY/PtPg
@ Skin PUP{Pd &
3 100 *  Skin Pt/Pd
(O]
PtPd

5 b
o Skin Pd/Pt ¢
£ -110 .
£ PtPd i
o PtPg '

-1.20 . ¢

-1.30

Figure 4.1. Binding energies of OOH adsorbed oa1Hff and Pt-Pd(111) alloys (top Pt
sites). OOH is adsorbed with the O atom on top tcitBms (the most favorable site).
The inset shows the structures of OOH adsorbedt@iP (top site), with Pt (blue), O
(red), and H (light blue) and the adsorption of OO PgPd(111) (Pt top site). The
three surfaces at the left of Pt have increasinguemts of Pd and show the strongest
binding to OOH (even though adsorption is on Rissisee Table 4.2), whereas the four
Pt-skin surfaces show reduced binding strength.
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The O-O bond length for the OOH top site adsorptiiis most stable
conformation on Pt- is 1.43 A (Table 4.3). Surfaséth stronger OOH adsorption, such
as PtPd and PtRdshow elongated bond lengths of 1.48 A and 1.4@shectively, thus
signaling the dissociation of OOH into OH and CheTd-electron distribution averaged
on the surface and in the slab (not shown) afteogudion of OOH is qualitatively
similar to that of the naked surface (Figure 4T2)e geometric adsorption features of the

intermediates are listed in Table 4.2.

Table 4.3
Structural characteristics of adsorption of oxydedaspecies on Pt and Pt-Pd alloys. O
is adsorbed in fcc hollow sites, and the interaxgtiovith Pd atoms are indicated in bold

font. Distances are in A

M-OOH | M-OOH M-OH M-O M-O
doo dwmo dwmo d Mo fec d w0 hep

Pt 1.430 2.037 2.002 2.042 2.055
Skin Pd/Pt 1.462 2.025 1.987 2.007 2.019
Skin Pt/Pd 1.424 2.024 1.991 2.03 2.041
Skin Pt/PPd 1.425 2.019 1.993 2.038 2.042 2.042 2.053
Skin Pt/PtPd 1.427 2.031 1.999 2.0432.027 2.027 0432.043 2.058
Skin Pt/PtP¢ 1.429 2.032 1.993 2.030 2.031 2.033 2.045
PtPd 1.440 2.011 1.993 2.010 2.2R80 2.012 2.012.125
PtPd 1.475 2.010 1.993 1.998 1.99881 2.006 200&.109
PtPg 1471 2.006 2.000 1.9220352.036 1.9702.0552.058

Figure 4.3 shows the most favorable binding ensrgféOH on Pt and the alloys.
It is observed that skin Pt/PtRakin Pt/PtPd, and skin Pt/Pd favor the reductib®H,
allowing a weaker interaction of OH with the sudatompared with pure Pt, as we had
observed in Figure 4.2 for the interaction with OQOHhus, the three most favorable
surfaces for OHreduction yield binding energies of -2.179, -2.221, and 23.2V
respectively, whereas the binding energy for PRi&271 eV. Note that the best Pt-skin
surface catalysts for reducing OH are those comigix 50% Pd in the substrate.
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Figure 4.2.Average electronic d-population on the surface enthe four-layer slab.
The skin slabs are skin Pt/Pd and skin Pd/Pt réisp&c
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Binding Energy (eV
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Figure 4.3. Binding energies of OH adsorbed on Hi(land Pt-Pd(111) alloys (top

sites). OH is adsorbed on Pt top sites, exceptarPd-skin surface.
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The last three electron transfer steps (represdijtestjuation 1.6) are controlled
not only by adsorption of the hydroxyl radical lalgéo by that of atomic oxygen, and it
is found that inall casesexcept skin Pt/PtPd, atomic oxygen adsorbs stroogethe
alloy surfaces than on Pt, as shown in Figure Bhdis, based on our second criteria we
can state that only skin Pt/PtPd favbrgh the reduction of atomic oxygen having less
strong interaction with the catalyst (-3.905 eVingared with pure Pt (-3.922 eV), and
the OH reduction because of its weaker (-2.221agprption compared to that of Pt (-
2.271 eV).

-3.80
Skin Pt/PtPd
-3.90
= = Skin Pt/PtPd
E) Pt u
g s Skin Pt/Pd
3 400 ; =
5 ' Skin Pt/PiPd
oy
L L]
o
2 410 Pt,Pd
©
£
m
PtPd '
4.0 - . Skin Pd/Pt
PtPq,
-4.30

Figure 4.4.Binding energies of atomic oxygen adsorbed on R{Znd Pt-Pd(111)
alloys (fcc hollow sites).

d-Population Analysis

The d-electron population shown in Figure 4.5 foe tOH adsorption case
reveals a significant change in the surface d i after adsorption of OH on Pd of
the PtPd surface, in comparison to the values showngnr€i4.2 for the naked surface.
Changes in that average population defined as piraeith respect to the population
existent in the naked surface are listed in Table 4n all cases, changes in the surface

after adsorption are negative, indicating a chaérgasfer, with the largest changes found
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for OH and O. Note also that the electron transfay occur not only to the adsorbate

but also to the subsurface layers as shbwra positive value dislab in Table 4.4.

8.10
¢ d (surface)

800 e d (slab) ¢
S
i=l | . .
5 7.90
: .
o 7.80 r *
)

7.70 | s . .

7.60

Pt PtPd PtPd PtPd  SkinPt Skin Pd

Figure 4.5. Average electronic d-population on seface and in the four-layer slab

after adsorption of OH. The skin slabs are skiR@®and skin Pd/Pt respectively.

Thus comparing the values dfslab after adsorption of OOH among the different
surfaces, the largest change is observed on tfed Paurface, with OH adsorption
strength comparable to pure Pt (Figure 4.3); sadlel change seems to be not only due
to the presence of the adsorbate but also becdusleage redistribution in the slab,
possibly due to oxidation of Pd atoms. On the ottand, forAsurf after O adsorption
large changes are found for Pt{Rxhd for the skin Pd/Pt surfaces, both yielding the
strongest binding energies (Figure 4.4); in thaases note that the correspondixgiab

is also negative, suggesting that the decrease pdpdilation on the surface is due

mainly to charge transfer to the adsorbate.



39

Table 4.4

Changes in d-electron population after adsorptibrO®H, OH, and O, defined as
percents with respect to the population found aribked surface. In each growsurf
is the change on the surface, dwslab is the change per atom averaged for thegltzthal

Largest changes indicate significant depletiorhefd population and are shown in bold
font

OOH OH @)

Asurf Aslab Asurf Aslab Asurf Aslab

Pt -0.075 -0.043 -0.130 -0.035 -0.104 -0.019
PtPd -0.064 -0.016 -1.153 0.784 -0.196 -0.041

PtPd -0.070 -0.006 -0.245 -0.047 -0.261 -0.040

PtPd -0.060 -0.009 -0.217 -0.036 -0.362 -0.070
Skin Pt/Pd| -0.055 0.024 -0.123 0.009 -0.127 0.020

Skin Pd/Pt| -0.112 -0.028 -0.175 -0.051 -0.449 -0.110

Thermodynamic Reactivity of Pt-Pd Catalysts

According to Figure 4.6 the free energy changgésfor the first electron-proton
transfer is parallel taE; corresponding to the dissociation of OOH into Qtd &, and
since both pathways are driven by the chemisorptibmxygenated species such us
OOH (equation 1.3) and OH and O (equation 1.4),cdtalyst surface that favors the
formation of M-OOH, at the same time will favor ttessociation of this specie into M-
OH and M-O by elongation of the O-O distance. Fegd.6 also shows the different

trend ofAE4 with respect ta\E; proving that the stability of the OH and O (reanti.3)
do not favor the reduction of these species to wate
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Figure 4.6. Reaction free energy changes for egustl.3-1.6 AE;, AE,, AE3, andAEy)
of Pt and Pt-Pd alloy catalysts.

Figure 4.7 depicts the relative reaction energidg; corresponding to equation
1.3 (first electron transfer step) ald\E, corresponding to equation 1.6 (last three
electron transfer steps) for all cases taking R4 esference, it is observed that none of
the studied Pt-Pd alloys provides both negatheE; and AAE,, therefore the best
surfaces are those that have the smallest valua\Bf and AAE,, i.e., they are the
closest to pure Pt. For the skin monolayer systanis; is slightly positive due to the
presence of Pd atoms in the substrate that dectkad@nding strength of Pt to OOH.
Figure 4.7 shows thatAE; decreases dessPd atoms are loaded in the subsurface, the
best surfaces follow the order: skin Pt/PtPd > $¥itPtPd > skin Pt/Pd > skin Pt/ERd,;
and the same surfaces give the smallest valuesA&l. On the other hand\AE4
becomes more positive asorePd atoms are present (as in BtRRtPd, and skin Pd/Pt),
because the presence of Pd enhances the bindergyistrespecially of atomic oxygen
(Figure 4.4) making these surfaces less appropisateeduction of O and OH (equation
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1.6), in agreement with experimental analyses of mdnolayers on various
substrate§™

According to our thermodynamic analysis, the bdslyaof the group of bulk
ordered alloys may be 4™d, which is almost as good as Pt for dissociatirgg OO
bond, and it performs better than the other butleced alloys for reduction of adsorbed
O and OH. In a previous study, we had analyzedairaverall compositions in small
clusters (a total of 10 atontS}.. Comparing those results on the 10-atom clustetise
ones in this work, on slabs representing extendedes, we note that there are general
trends common to both sets of systems, such a®fteet of Pd for enhancing the
adsorption energy of the oxygenated compounds laadotver reactivity of the Pt-skin
surfaces; however the distinct nature (shape, gegnedectronic structure) of the small
clusters and their tendency to become polarized avéhe absence of the adsorbate (see
Table 2 in referencE®) yields some interesting differences. In the aafsthe 10-atom
clusters we found the disordered systeaiP&t(PtPad 33 and the ordered Pd-monolayer
over Pt (Pdsft) the best towards the ORR reaction accordirggtations 1.3 and 1.6.
Recent work by Crooks et & reported kinetic current densities at differenteptials
for dendrimer-encapsulated Pt-Pd nanoparticles, amganced current values with
respect to pure Pt were found in a range betwedtdRtnd RPd with a maximum of
activity approximately at a compositionsPtl. These findings are in fair agreement with
the trend observed in Figure 4.7, and differ froor cesults on very small clusters,
making clear the reactivity difference based oe.siz

Regarding the lattice constants in Table 4.1, thereno clear trend with
reactivity. Note however that the lattice constanty represents an average for the
system; individual surface metal-metal bond lengitsd vary according to the specific
surface compositions; thus additional analysiseieded to establish a clear relationship

between specific geometries and reactivity.
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Figure 4.7. Relative free energies (eV) accordmgduations 1.3 and 1.6 for Pt and Pt-

Pd alloys with respect to pure Pt.

Correlation Between the Surface d-band Center andie ORR Intermediates

Minhua Shao et al*! found using DFT calculations a volcano type depecd
between the measured ORR activity of Pt or Pd nmaymos supported on many different
noble metal single crystals and their calculateloiade center and the atomic oxygen
binding energy. The d-band center values repode®f and Pd are closest to -2.18 and
-1.80 eV respectively, while in this study we fouttband center values of -2.16 (Figure
4.8) and -1.67 eV for Pt and Pd respectively. FBgli® shows the changes of the partial
density of states of the d-electrons as a funaticthe Pd content in the Pt-Pd alloy from
a high Pd content (PtB)dto low Pd content (B®Rd). It is observed a shift of the partial
density of states and the d-band to negative valaeke Pd content decreases and the Pt

content increases reaching Pt partial density atespositions. This behavior can be
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attributed to the electronic interactions betwednaRd Pd atoms because of the
relaxation of the bond distance of the atoms dubeancrease of Pt content in the slab.

As it is proposed by Stamenkovic et’l” the best catalyst is predicted to bond
oxygen more weakly than pure Pt by 0.2 eV. The inmanergies of atomic oxygen
found in this study are around -1.86 eV at the abpphe volcano plot for Pt skin on
PdsFe, which is consistent with this prediction. Nekieless weaker interactions with O
are needed to achieve the enhancement, lower ataxygen binding energies than -
1.86 eV do not favor the activity of the ORR, sugigeg an optimum value for this
adsorption. This fact is in agreement with our lssand can be attributed to the trend
found for the adsorption of OOH and O and OH. Tharanstrongly O and OH are
adsorbed on the catalyst, the stronger OOH is bdsdor

Figure 4.10 shows the almost linear relationstepwieen the calculated surface
d-band center for Pt, #&d, PtPd, PtRd skin Pt/Pd, skin Pd/Pt, skin PHPd, skin
Pt/PtPd, and skin Pt/PtPdnd the atomic oxygen binding energy. M. Shad.éth and
Norskov!®” showed similar trends, but using the d-band ceratres for the periodic
slab instead of using the surface d-band centereyabhich is directly related to the
reactivity and adsorption of all the intermediates.

We found that the smaller the surface d-band cetiterstrongest atomic oxygen
adsorption to the surface. As we can expect theratttermediates OH and OOH have
similar trends (Table 4.5). Nevertheless the radocof the interaction distances
between the metals on the surfaces due to the tieduaf the lattice constant increases
the interaction of all the intermediates, and soomefavor the first electron and proton
transfer (equation 1.3), at the same time thiscefife translated into an different effect
for the last the electron and proton transfers é&quo 1.6); increasing the interaction of
the adsorption of both the hydroxyl and the atomxggen intermediates. This evidence
is in agreement with M. Shao’s wofi?, who found that the maximum enhancement in
the ORR electroactivity for the Pd monolayer catalg located at an intermediate point
along the d-band center of the catalysts. Mavri&Ri also stated that lowering the d-

band center will make the catalyst less reactiveabse the weak interactions of the
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ORR intermediates and the catalyst surface. Howeveome degree this can make the
catalyst more active toward the ORR due to the watdractions of OH and O that

facilitate their reduction to water.

N
[R5y

—d (up)
——d (down)
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21
z 1

E-E- (eV)

Figure 4.8. Partial density of states of d-electrfor Pt(111). Epand centef Pt) = -2.16 €V



45

Table 4.5
Slab and surface d-band center ordered with respéloe surface d-band center
Pt:Pd M d-band | Surf.d-band| | ~ | 5 £ OOH)| B.E. (OH) B.E.(O)
center center
100:00 Pt 2.16 11.96 3.08 11.08 2.27 -3.92
81:19 Skin -2.04 1.91 3.97 -0.99 -2.29 -3.98
: pyptRd . . . . . .
75:25 PePd -2.05 -1.87 3.96 1.07 -2.37 -4.05
4456 Skin -1.86 -1.87 3.5 -0.90 218 -3.95
: pupthd . . . . . .
o575 | SKinPUPd |, ¢ 11.83 3.05 -0.95 2,23 -4.00
50:50 PtPd -1.91 1.74 3.5 11.19 -2.45 -4.20
75:25 | SkinPdPt 549 1.68 3.96 111 231 4.1
25:75 PtPq -1.81 -1.66 3.04 1.21 2,51 -4.20
00:100 Pd 1.67 1.52 3.04 1.02 2.22 -4.20
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Transition State Calculations of the OOH Dissociatin on Pt(111) and P§Pd(111)

As it was suggested by Anders8fl and Damjanovid*”! the proton transfer
participates in the first electroreduction step.isTktep also involves the electron
transfer, yielding to the formation of the OOH @i This step could be considered the
rate determining step of the ORR because of iigatitn barrier of 0.4 eV?.

The OOH dissociation follows this step, which isa@al to understand because
of its implication in the further reduction of Ol@&O species into water. Today there is
no a complete understanding of the barrier andwmathfor this event. For that reason
we analyze the transition state of the OOH dissmriaon Pt and then §o to compare
the effect of the alloyed catalyst toward the disstoon of OOH into OH and O.

In this section the climbing image nudged elastiad (CI-NEB) method™ to
obtain the pathway of the OOH dissociation andinds the OOH dissociation barrier.
The CI-NEB method is an efficient method to fin@ tihinimum energy pathway (MEP)
between the given initial and final state of tréinsi, which have been previously
optimized. In the initial configuration OOH is adbed on top Pt site and in the final

configuration after the OOH dissociation into OHda® it was found that the most
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stable conformation corresponds to the hydroxyloguson on top Pt sites and the
atomic oxygen adsorption on fcc hollow sites. Tésuits of the CI-NEB calculation of
the OOH dissociation on Pt(111) are shown in Figufd. An activation barrier of 0.32
eV is found. In the same plot the O-O elongatiomdéength is reported during the
dissociation event. In the saddle point it is foan®-O bond length of 1.902 A, which
varies by 33 % with respect to the initial Pt-OOHusture (1.430 A). The Pt-O
distances are 1.903 A and 2.096 A, the angle P®-Rt-81.9 ° and the angle Pt-O-O is
102.3 ©. In earlier investigations Sidik and Ander¥® reported a much more smaller
activation barrier of 0.06 eV using a initial sttue of Pt-OOH, finding Pt-O distances
of 1.842 A and 2.017 A, Pt-Pt-O angle of 76.7 & &t-O-O angle of 107.6 °. A much
higher activation barrier was reported over g Bluster with an activation barrier of
0.22 eV, which is close to what we computed for @@H dissociation on a Pt(111)
periodic slab cluster.

From Figure 4.7 it is observed that the closed®dPtlloy catalyst to behave like
Pt toward the first electroreduction step isPet AAE = 0.01 eV). We use this catalyst
to evaluate the OOH dissociation and to compare th@ypresence of Pd atoms in the
surface can alter the OOH dissociation activatiarrier. Figure 4.12 shows the results
of the CI-NEB calculation of the OOH dissociation BgPd(111). In the same way as
the previous case the most stable conformationsuaesl for the initial and final
configurations. For BPd, an activation barrier of 0.35 eV was computetich is very
close to the one on Pt(111) (0.32 eV). In the splokethe O-O elongation bond length is
reported during the dissociation event. In the Eagdint it is found a O-O bond length
of 2.503 A, which varies by 73.8 % with respectthe initial P§Pd-OOH structure
(1.440 A). The Pt-O distance is 1.843 A, Pd-O distais 1.987 A, the angle Pt-Pt-O is
92.5 ° and the angle Pt-O-O is 89.0 °. As it issobesd although the activation barrier in
both cases is very close (which is in agreemenh @he smallAAE), some of the
geometric characteristics are not necessarily closéhis section it is pointed out that
the pathways between states have nothing to do witht the system really does

dynamically under real conditions. Sometimes, tlhesg which is assumed by the
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method based on the minima found in the calculataitrthe initial and final structures is
used by the program to map and suggest a pathwasgbe the minima that we found. It
is good, however, to keep in mind that that sonmetimportant on the reaction pathway
could be missing. And of course there is qualiatraluable information that is provided
by these numerical simulations.
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Figure 4.11. Transition state pathway for the OGg$akiation on Pt(111) (red line) and
elongation distance O-O (green line).
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Figure 4.12. Transition state pathway for the OGg$akciation on BPd(111) (red line)
and elongation distance O-O (green line).

Summary

Periodic DFT calculations have been performed u$thgand Pt-Pd alloys to
analyze the ORR thermodynamic trends. From all s;asene of the studied Pt-Pd
systems yieldoth negativeAAEs (relative to pure Pt) for the change of reacéoergy
representing the first electron and proton transéemolecular oxygenand for the
reaction representing the reduction of adsorbeaddxydl and atomic oxygen. Thus, it is
shown that the catalytic reactivity is related oty to the overall composition but
especially to the atomic distribution, particuladly the surface and near-surface. The d-
electron distribution differs significantly betweehe “bulk ordered” vs. the “skin”
surfaces; in the bulk ordered the increase in dufadion is directly proportional to the
amount of Pd, whereas in the skin surfaces thera liarge difference between the
surface population and that of the average slalfter /adsorption of the oxygenated

compounds, there are slight changes in the d pbpnlaf the metal atoms, usually a
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decrease is observed on the d surface populatienbdth to electron transfer to the
adsorbates and to the metal subsurface atoms.diticadthe calculated surface d-band
center is correlated with all the intermediateshaf ORR, not only atomic oxygen as it
was found in previous investigations, but also wiydroxyl and OOH. That is the
reason why the activation of the OOR can not beetated directly to the d-band center.

It was found that the adsorption of oxygenated igseis stronger on Pt-sites of
Pd-rich surfaces; thus those would be favorabléasas to dissociate oxygen, however
the skin-surfaces are better suited for O and Qidaeon while they perform similar to
pure Pt for O-O dissociation. It was observed that best surfaces for the ORR are
those that have the smallest valueAAE; andAAE,, i.e., they are the closest to pure
Pt, and therefore should behave like Pt. This lfest been demonstrated analyzing the
activation barrier for catalyst with almost the safAE;.

In summary, it could be concluded that the Pt-skirfaces are the best alloys of

this group because of their ability to emulate eed@t surface.
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CHAPTER V
CHEMICAL REACTIVITY OF PT3CO, PT3NI, PT3V, AND PT4R H ALLOY
CATALYSTS

Introduction

In the previous chapter we observed that the skiméholayer catalysts are the
most suitable for the ORR. In addition a Pt:X (Mop metal) surface ratio 3:1 can also
have some impact toward the ORR. This fact canuppated by the changes in the
electronic structure with respect to that of puteaRd to changes of the physical
structure of the catalyst (metal-metal catalystatises). Mukerjee and Srinivas&H
and Min et. al’*”! reported an ORR activity enhancement by a facfot.d to 3 on

several binary Pt-M (3:1) alloy catalysts. Toda adt.* 3!

reported the effect of Pt
alloying with Ni, Co, and Fe, prepared by sputtgrion the ORR activity and found
enhancement factors of 10, 15, and 20 with 30,a#d, 50 atomic % Ni, Co, and Fe,
respectively, which was attributed to electroniteets. The two selected distributions
for each bimetallic catalyst in this chapter; thelaved structure and the skin Pt
monolayer catalysts (Figure 5.1) were chosen cenisig the previously mentioned
facts. In addition two different criteria were usethe first one is the segregation
information for each of the components of the gatalRuban et all’®® reported a
database with surface segregation energies of esitrghsition metal impurities in
transition metal hosts; it is shown that Rh, Ni,, @ad V present a moderate to strong
anti-segregation of 0.26, 0.43, 0.46, and 0.98 eY qtom respectively. The second
criterion is the information found in some studa®ut the dissolution of the metal from
the cathode catalyst during the cell operafioit’ “®L It was found that in wet cells after
the immersion of the bimetallic catalyst in an aeldctrolyte, a skin consisting of a
monolayer of pure Pt is formed on the surface. &hresults indicate the dissolution of
the metal from the cathode catalyst during the opkration. Recent studies on the
catalytic activity and stability of supported Pt—&ltoys with well-defined structures by
Watanabe et al*! demonstrated that both Co and Pt dissolve odemmetially from
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small-size alloy particles and Pt re-deposits om shrfaces of large-size ones in hot
H3PO,. As a result, an alloy with a disordered crystallstructure, which is more

corrosion-resistant than an ordered one, maintaigiser electrocatalytic activity for a

longer time due to the active alloy surfaces witrelatively large surface area. It was
also found that that a fine Pt alloy catalyst ivered with a pure Pt skin under the
practical operation conditions in PEMFES. Thus, it is important to examine the
electronic—structure changes of alloy surfaces@assaible factor for the enhancement in

combination with the surface composition.

First layer — Pt — V
------ Second layer —— Co —— Rh
-------------------- Third layer —— Ni
O  Fourth layer
Pt,Co (skin) PiNi (skin) PtV (skin) Pt,Rh (skin)

Figure 5.1. Distribution layer by layer for top adstion sites of OOH and OH on skin
Pt monolayer of B€o, Pg§Ni, PV, and PiRh.

Lattice Constant and Slab Structures of Pt and Pt-XCatalysts (X: Co, Ni, V, and
Rh)

Experimental values of lattice constants have beported for ordered §&o,
3.85 A% and for Pt 3.92 A% the predictions in Table 5.1 slightly overestimat
these values by 0.77% and 1.53% respectively, mreesgent with other theoretical
studied® 11112l we computed lattice constants for Pt PiNi, PV, and PiRh of
3.98 A, 3.88 A, 3.88 A, 3.92 A, and 3.95 A respesi.
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Table 5.1
Lattice constants and slab layer by layer distidyutfor Pt, P{Co, PtNi, P&V, and
PuRh. The Pt:M layer by layer distribution is indiedt starting from the surface

composition

Lattice Pt:M distribution per
System Case | constant (A) layer

Pt 3.98 4:0 4:0 4:0 4.0
PtCo (Skin Pt) A 3.88 4:0 3:1 3:1 2:2
P&Co B 3.88 3:1 3:1 31 31
PtNi (Skin Pt) A 3.88 4:0 3:1 3:1 2:2
Pt;Ni B 3.88 3:1 311 3:1 3:1
PtV (Skin Pt) A 3.92 4:0 3:1 3:1 2:2
PtV B 3.92 3:1 3:1 311 31
PyRh (Skin Pt) A 3.95 4:0 3:1 3:1 31
P4Rh B 3.95 3:1 3:1 3:1 4.0

Binding Energies of ORR Intermediates on Pt(111) ah Pt-X(111) Surfaces (X: Co,
Ni, V, and Rh) and Structural Characteristics

In this section we evaluate the binding propero€OOH, OH, and O. From
equations 1.3 and 1.6, as it was suggested in ii@gois chapter, the first electron
reduction step is favored by strong OOH adsorptidmle the last three electron
reduction steps are favored by weak O and OH atlearpwhich will promote the
reduction of O and OH to water. And a good ORR lgatacould be designed as the
combination of a metal that adsorbs OOH strongen At plus a second metal able to
bind OH and O less strong than Pt, thus these ep&zin be easily reduced to water.
Tables 5.2 and 5.3 show the binding energies antk siructural characteristics of all
the ORR intermediates adsorbed on PICE1 PgNi, PV, and PiRh surfaces.

It is found that the fcc hollow is the most staltksorption site for atomic oxygen
on Pt, P4Co, PgNi, PV, and PiRh surfaces. Xu et al. reported theoretical catmnia
with values of -3.88 eV, -4.29 eV, and -3.50 eV dawygen in the hollow fcc site of Pt,
PtCo and skin Pt/BCo respectively (surface coverage 1/4 ML) in gagceement with
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our calculations. Campbell et 8{¥ and Gland et al*® estimated from experiments the
binding energy of atomic oxygen on Pt(111) to b& -©V. Karlberg'*? also reported
similar DFT calculated values for the adsorptionatdmic oxygen and hydroxyl on Pt
(111) and skin Pt monolayers and Panchenko etd. reported values for the
adsorption of OOH , OH, and O on Pt(111): -1.07, e¥.23 eV, and -4.08 eV
respectively.

Table 5.2 shows that the adsorption of the interated OOH, OH and O is
weaker on skin Pt surfaces. The presence of atlyeometal alloy elements used in this
study in the substrate of the periodic slab redticesnteraction of the surface with the
oxygenated species mainly because of the redistribof the charges found in the skin
monolayer and the substrate; this is clearly oleserin the distribution of the d-
population of the periodic slab (see Figure 5.3).t@e other hand the presence of the
alloy metal on the surface increases the intemacttb the OOH with the surface
particularly when the adsorption takes place onalley metal site, generating a strong
adsorption of OOH. This strong OOH interaction glates the distance O-O facilitating
the dissociation of OOH into OH and O. Even if txygenated species are adsorbed on
Pt, for example OOH adsorbed orz\Ptthomogeneous distribution) yields a binding
energy of -1.37 eV and a O-O distance of 1.513 dmared to 1.430 A in pure Pt. This
trend is found in all cases gRb, PtV, and PiRh surfaces) except onzRi surfaces; the
OOH adsorption in Pt sites for this case is -1.90mhile the adsorption on Ni sites is -
0.92 eV. This behavior could be attributed to thedation of Ni atoms donating
electrons to the Pt neighbor atoms in the surfased on the d-population of the Ni
surface atoms, which decreases once OOH is adsorlf&tdatoms. It is pointed out that
the value reported in Table 5.2 for the binding rggewhen OOH is adsorbed on
Vanadium corresponds to the average of the hydrarg atomic oxygen. This is the
only case we found that the adsorption of OOH ldadan instantaneous dissociation
(Figure 5.2).

The presence of the metal alloy in the surfaceem®es strongly the interaction

of hydroxyl and especially atomic oxygen, thus magkdifficult the reduction of these
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species to water. In contrast, skin Pt monolayéltsCo, PgNi, PV, and P{Rh favor
the reduction of both atomic oxygen and hydroxybwing weaker interaction on the

most stable sites of these species compared withpiu

(b)
Figure 5.2. Initial (a) and final (b) structure$téa optimization) for the OOH adsorption

on Vanadium atom in B slab.
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Figure 5.3 Average electronic d-population on the surface iantthe four-layer slab for
Pt, PtCo, PtNi, PV, and PiRh (cases A and B).
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d-Population Analysis

Table 5.3 shows the structural relaxation of thdases as differences from the
bulk separation between the first two layers afedaxation with respect to the bulk
conformation. It was found that most of the homagrrs Pt-X (X: Co, Ni, V, and Rh)
distribution atoms on the surface relax inwardsalgmall amount (-1.81 %) while most
of the Pt-skin monolayer surfaces (except the oneP@Rh) relax outward by a
noticeable amount. On the other hand, all the h@megus distribution surfaces relax
inwards with the highest values of -2.62%, foundP&V, and PiRh. All the details of

the catalyst surface relaxation with respect toaihi& structure are listed in Table 5.4.

Table 5.2

Binding energies (BE, in eV) of OOH, OH, and O dan®Co, PtNi, PV, and P{Rh
surfaces. BEs calculated as: Bkadsorbate E siab +adsorbate E slab— E adsorbate INteractions
with either Co or Ni or V or Rh are indicated inldbéont

M Case| BE (M-OOH)| BE (M-OH) BE (M-O (fcc)b comment
Pt -1.08 -2.27 -3.92
PCo (Skin Pt) A -0.83 -2.11 -3.42 All weaker
PCo -1.05-1.10 | -2.28 -2.57 -4.22 All stronger on Co; OOH
weaker on Pt
P&Ni (Skin Pt) A -0.88 -2.16 -3.51 All weaker
All stronger on Ni except
PtNi B -1.00,-0.92 | -2.32 ,-2.30 -4.14 OOH; OOH weaker on Pt a
well
PtV (Skin Pt) A -0.64 -2.00 -3.23 All weaker
P&V B | -1.37,-4.16* | -2.16,-3.93 -6.01 All stronger on V; OH
weaker on Pt
PyRh (Skin Pt)] A -0.93 -2.22 -3.91 All weaker
PLRh B | -1.13:1.29 | -2.24,-2.50 -4.37 All stronger on Rh; OH
weaker on Pt

* OOH adsorption on Vanadium atom leads to an mtat@eous dissociation into OH
and O due to the strong interaction between thiaseiand the OOH intermediate (-4.16

eV after the dissociation), which elongates the @ig€ance dissociating this bond.
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The separation found in skin Pt monolayers is myaichused by the
rearrangement of the electronic density in the .slhbs effect is observed in the d-
population analysis shown in Figure 5.3. The averdegpopulation on the surface is
higher than that in the slab by approximately tamea amount in the Pt-skin surfaces
over PtCo and PjRh, whereas it is much higher on the surface thahe slab of skin
Pt/PgV, and is lower on the surface than in the slabkaii Pt/P§Ni. On the other hand it
is observed that the average d-population is paltyi the same for the catalyst with

homogeneous distribution in all the slab layers¢saB).

Table 5.3

Structural characteristics of the adsorption of getyated species on Ptz;®0, PgNi,
PV, and P{Rh. Atomic oxygen is adsorbed on fcc hollow sitesilev hydroxyl and
OOH adsorb on top sites. Interactions with eitherd€ Ni or V or Rh are indicated in
bold font

M Case M-OOH | M-OOH M-OH M-O M-O d-band
doo dmo dmo d mofe d monep | Center (eV)
Pt 1.430 2.037 2.002 2.042 2.054 -2.16
2.032 2.080
PtCo (Skin Pt) A 1.427 2.032 2.009 2.038 2.052 -1.99

2.042 2.039

2.044 2.058

PtCo B 1322 igé? iggg 2.055 2.070 -2.02
' ' ' 1.878 1.883
2.041 2.072
P&Ni (Skin Pt) A 1.423 2.038 2.006) 2.040 2.058 -1.95
2.033 2.040
1.434 2.014 1.994 2.030 2.041

P&Ni B 2.037 2.040 -1.98
1.443 1.848 1.821 1.879 1.892

2.023 2.079

PtV (Skin Pt) A 1.432 2.049 2.019 2.023 2.070 -1.88
2.017 2.054
3.489

1.513 | 2.1092.055| 2.025

P&V B | 2865 |1.6142.023| 1.774 | 3471 | 1606 -1.92
1.605
PLRh (SkinPt)| A | 1.427 2.031 2007 2038 | 2.055 211

2.042 (2) | 2.058 (2)

2.044 2.048
PyuRh B 122% iggi iggg 2.035 2.059 -2.12
' ' ' 1.995 1.995
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Table 5.4
Surface relaxation estimated as changes from befiaration between the first two
layersA;,
Pt:M distribution layer by % Separation change
M Cases layer starting from top Separation, (A) wrt bulk
Pt 4:0 4:0 4.0 4.0 2.38 -1.81
P&Co (Skin Pt) A 4:0 3:1 311 2:2 2.36 3.29
PCo B 31 31 31 31 2.26 -1.97
P&Ni (Skin Pt) A 4.0 3:1 3:1 2:2 2.36 2.49
PtNi B 31 31 31 31 2.29 -1.52
PtV (Skin Pt) A 4.0 3:1 3:1 2:2 2.34 0.28
PtV B 31 31 31 31 2.28 -2.62
PuRh (Skin Pt) A 4.0 3:1 311 31 2.37 -0.59
PuRh B 3:1 3:1 3:1 4.0 2.33 -2.62

Thermodynamic Reactivity of Pt, PgCo, PtNi, Pt3V, and PyRh Catalysts

In a similar way to the behavior of Pt-Pd catalgsbdel surface, Figure 5.4
shows the free energy changds, for the first electron-proton transfer is paratieAE;
corresponding to the dissociation of OOH into OHl & for , P$Co, PtNi, PV, and
PuRh catalysts, suggesting that both pathways areemirby the chemisorption of
oxygenated species such us OOH (equation 1.3) dhda@ O (equation 1.4), the
catalyst surface that favors the formation of M-QGit the same time will favor the
dissociation of this specie into M-OH and M-O bypragation of O-O distance. Figure
5.4 also shows the different trend ME; with respect toAE; proving that the strong
adsorption of OH and O (reaction 1.3) do not fatrer reduction of these species to
water. It is pointed out that;¥ (case B) shows a particular behavior compared whiée
other cases. In this case simifef for reactions 1.3 and 1.4 suggests similar favbta
for the formation of the OOH radical and its disation into OH and O. At the same

time it is the only case that shows lower values\te; compared tA\E,.
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Figure 5.4. Reaction free energy changes for egusitl.3-1.6 AE;, AE,, AE3, andAEy)

of Pt, PtCo, PgNi, PV, and Pi{Rh (case B) and their respective skin Pt monolayers

(case A).

In order to compare how each of these systemsyeatathe ORR compared with
pure Pt, the reaction energy differences are catiedlwith respect to pure RXAE; and
AAE,). Thus, the common energetic terms such as proaoas water molecules in
equations 1.3 and 1.6 cancel out. All the rela@éwergies for BCo, PgNi, PV, and
PuRh (cases A and B) with respect to Pt for reactibBsand 1.6 are listed in Table 5.5.
According to thermodynamics, botkE; and AE, for a given catalyst should be more
negative than those of pure Pt to be able to cadbetter the ORR than pure Pt. For the
skin-Pt surfaces we found that none of them has begative values AE; andAAE,
(relative free energy taking Pt as a reference)).tk® skin-Pt monolayer surfacA4E;
is always positive, this is an evidence of the wigpdd&raction of these surfaces with the
oxygenated species and consequently of the poor Cl€dkvage which makes difficult
its further dissociation into OH and O. On the othand, for the same reason these
surfaces favor the reduction of OH and O (equalid) due to their weak interactions

with atomic oxygen and hydroxyl compared to thesoire pure Pt, that facilitate the
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reduction of OH and O to water. Among all cases& $% monolayer of BY has the
highestAAE; (0.44 eV), this is reflected in the weak interaotof OOH and the surface
with a low binding energy of -0.64 eV. Consideritte ORR reactivity in terms of
AAE; .4 we found the following order: gt (skin Pt) > PiCo (skin Pt) > RBNi (skin Pt)
> Pt > Pi{Rh (skin Pt). From these cases, the closest catalyhe AAE values of Pt is
skin Pt/PiRh.

Similarly, for the homogeneous distribution laysrlayer (case B) none of the
cases has both negative valuedAE; andAAE,4. But in contrast to the skin-Pt surfaces,
these surfaces favor the first electron transfehdying a relatively strong interaction
with OOH. For the same reason, the presence ahttal alloy on the surface increases
the interaction with atomic oxygen making difficils reduction to water. Among all
cases RV presents the highe®AE, (1.97) with a very strong atomic oxygen binding
energy (-6.01 eV). Thus, none of these cases hasexall negative value &fAE; 4.

Figure 5.5 shows the relative free energy of PSC®t PtNi, PV, and PiRh
alloys taking Pt as a reference for the first reiducstep against the last three reduction
steps. It is clearly shown that none of the studiextiel catalyst surfaces has the ability
to reduce oxygen as pure Pt. All the catalysts hather positive values ofAE; and
AAE,4 or a mix of positive and negative values fahE; and AAE4. In order to be
considered a better catalyst than Pt, the catatystt be on the quadrant with negative
values of botl AAE; andAAE,. It is observed that most of them are on quadraitts
either positive values afAE; and negative values &fAE, (skin Pt monolayer catalysts
of PyRh, PgNi, Pt;Co, and P#) which favor the reduction of OH and O to water o
negative values oAAE; and positive values AAAE, (P4Rh, P§Co, and P#) which
favor the formation of M-OOH (however they do nebmote the reduction of O and

OH to water in the last three electron and protandfer steps).
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Table 5.5
Relative free energies (eV) according to equatibsand 1.6 for Pt, E€o, P§Ni, PV,
and PiRh alloys with respect to pure Pt

Case AAE, AAE,
Pt 0.00 0.00
PCo (Skin Pt) A 0.26 -0.66
PCo B -0.01 0.59
PtNi (Skin Pt) A 0.21 -0.52
PtNi B 0.08 0.27
PV (Skin Pt) A 0.44 -0.96
PV B -0.28 3.74
PuRh (Skin Pt) A 0.16 -0.06
PuRh B -0.20 0.68

According to thermodynamic guidelines for the desi§ OOR alloy catalyst<’
%9 which are based on information of pure metallgatédbehavior toward the ORR; a
good candidate to catalyze the ORR better tham@s$t have botAAE; < 0 andAAE,<
0. Thus, none of these cases satisfy the two iajteowever we can expect that some of
the studied skin Pt monolayer model catalyst sedaan behave at least comparably to
pure Pt. That is the case of skin PiRt, skin Pt/PiNi, and skin Pt/RCo. For example,
OOH binds on Pt/RRh with a binding energy of -0.93 eV, very closehe one found
in Pt (-1.08 eV). And atomic oxygen and hydroxyhding energies are -3.91 and -2.22
eV compared to -3.92 and -2.27 eV in pure Pt; the énergy profile for gRh (skin Pt)

is shown in Figure 5.6.
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Figure 5.5. Relative energies (eV) according toatigns 1.3 and 1.6 for Pt, £,
P&Ni, PV, and PiRh alloys with respect to pure Pt.

Nevertheless skin Pt/ has the lowesnAE,, it should be expected to has
serious problems to dissociate the OOH radical @tband O on the surface due to its

relative highAAE; (0.44 eV) compared to the other cases.
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Figure 5.6. Gibbs free energy profile for the ORR ByRh (skin Pt). The data in

parenthesis are for pure Pt.

Correlation Between the Surface d-band Center andie ORR Intermediates

In this section the d-band center (Figure 5.7) #mel surface d-band center
(Figure 5.8) of the slab cluster for Ptz®b, PtNi, PV, and PiRh (cases A and B) are
computed. It was found a linear relationship betwéee calculated surface d-band
center for the studied slab catalysts and the bmdinergy of OOH, hydroxyl and
atomic oxygen. It is noticed however that the debaenter values do not follow the
same trend. M. Shao et &f! and NorskoV®”! showed a correlation between the d-band
center values and the binding energy of atomic ery@nd at the same time this trend is
related to the reactivity of the catalyst.

In Figure 5.7 it is observed that the d-band cemtdues of cases A (skin Pt
monolayer) and B (homogeneous distribution) foheafcthe model catalyst surfaces are

close in magnitude, having the skin Pt monolayerldwer values. The d-band center
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values for PjRh. PtCo, PgNi, and P§V are -2.11, -1.99, -1.95, and -1.88 eV
respectively whereas the corresponding d-band cegatees for their Pt skin monolayer

catalyst are -2.12, -2.02, -1.98, and -1.92 eV. d4and center value for pure Ptis -2.16
evVv.

In Figure 5.8 is particularly interesting to obseithe trend of the surface d-band
center and the binding energies for OOH, OH, anW® found that the smaller absolute
value of the surface d-band center (meaning theatithand center is closer to the Fermi
level, i.e. more reactive the surface), the stroragksorption of the intermediates on the
catalyst surface.

Nevertheless the reduction of the interaction dista between the metals on the
surfaces due to the reduction of the lattice caonistacreases the interaction of all the
intermediates, and somehow favors the first elecamd proton transfers (equation 1.3),
at the same time this effect is translated intafferént effect for the last electron and
proton transfers (equation 1.6); increasing theratdtion of the adsorption of both the
hydroxyl and the atomic oxygen intermediates. Téuglence is in agreement with M.
Shao et al*”, who found that the maximum enhancement in thetrlactivity of the
ORR for Pd monolayer catalyst is located at anringgliate point along the d-band
center of the catalysts, demonstrating that a gadalyst should balance the effect in the
d-band center considering not only atomic oxyget laydroxyl adsorption but also the
OOH intermediate adsorption. This trend causes ttieatcorrelation of the surface d-
band center clearly separates the catalyst locdtiorcases A and B based on their
capacity to adsorb the intermediates. In this Plois located exactly in the middle and
PuRh, P§Co, PtNi, and PtV developing a gap around Pt for cases A and B.

In general it was observed that in both casesuhiace d-band center and the d-

band center are directly related with the atonue sif the metal alloy.
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Figure 5.7. Binding energies of OOH, OH, and O dsretion of the d-band center of
the slab cluster for Pt, 0, Pg§Ni, PV, and PiRh (cases A and B).
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Summary

None of the studied catalysts yield both negatiatues of AAE; and AAE,.
However skin Pt monolayer of #&o, PtNi, and P$V catalysts provide an overall
negative value oAAE; .4 and they should act at least in a similar waythare Pt. The
order of the reactivity based on the overall relatiree energy is for the ORR is;3¥t
(skin Pt) > P4Co (skin Pt) > RNi (skin Pt) > Pt > RRh (skin Pt). This behavior is
attributed to the polarization of the slab causgdhe charge density distribution, which
is also reflected in the separation of the atomghm surface (first layer) and the
substrate. All skin Pt monolayer model catalysfags facilitate the reduction of OH an
O to water (last three electron and proton transterd nevertheless they do not favor
the formation of M-OOH in the same way of Pt (ttedlynaveAAE; > 0), most of them
(skin Pt/P#Co, skin Pt/PiNi, and skinPt/RV) have AAE;+4 < 0, suggesting that they
could be used to catalyze the ORR, especially BkifgCo and skin Pt/BNi; both have
similar strength to adsorb OOH, -0.83 and -0.88f@\skin Pt/P{Co and skin Pt/Bii
respectively compared to -1.08 eV of Pt. We alamtbthat once any of the metal alloy
elements is present on the surface the catalysy, behave in a different way, the
catalyst favors the formation of M-OOH, but at g@me time it does not facilitate the
reduction of O and OH into water. On the contrérgdsorbs strongly the hydroxyl and
especially the atomic oxygen making difficult thesduction to water.

A correlation between the surface d-band centerthadbinding energy of the
OOH, OH, and O intermediates was observed. Theigddsfollow the same trend, the

stronger adsorption of the intermediate the lovadue for the surface d-band center.
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CHAPTER VI
CHEMICAL REACTIVITY IN STEPPED PT AND PT-NI SURFACE S

Introduction

In this chapter we extent the study of the reaistiof homogeneous, low Miller
index surfaces to heterogeneous, stepped, higheMilidex surfaces. Since most of
catalytic reactions are structure sensitive duthéopresence of step and kink sites, the
under coordinated surface atoms and the changée @lectronic density of the surface,
we explore the reactivity sensitivity of the ORR dimese surfaces in terms of
chemisorption of the ORR intermediates and the gbsrin the d-band structure. We
evaluate the electrocatalytic activity in steppadeaces (211), and then we explore the
sensitivity of the atomic oxygen adsorption on R@Band Pt(331). Pt(211) surfaces can
be classified in surfaces with (111) terraces sdpdrby monatomic (100) steps. In the
same way Pt(331) consists of (111) terrace and)(%idp, and Pt(320) has a (110)
terrace and (100) step. Pt(211), Pt(331) and Bj(3Arfaces can also be denoted as
Pt[3(111)(100)], Pt[3(111)(111)], and Pt[3(110)D)respectively.

To explore the reactivity in (211) surfaces we &oso cases, Pt and skin Pt
monolayer over BNi. We used skin Pt monolayer catalysts since & b@en shown in
previous chapters that this kind of model catatysfaces are the most suitable for the
ORR, not only in terms of reactivity, but also @rrhs of stability. This last point will be
addressed in the next chapter.

The (211) surfaces were modeled using a 3x2 sulpefdee Pt(211) and the
Pt/PgNi(211) catalyst systems were described using ayérl periodic slab model,
where each slab was infinite in the x and y dimwi while finite along the z direction,
and then repeated periodically along all the dioest For each relaxation process, the
first two layers on the top are allowed to relakjle the two at the bottom are fixed. A
vacuum space equivalent to eight layers was use@nsure that there were no
interaction between the adsorbed intermediatestfandbottom surface of the next slab.

In all the calculations, the obtained bulk lattemnstant was used.
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In order to compute the reactivity for these cases, used the most stable
conformation only for the adsorption of the ORRemmediates (OOH, OH, and O). The
overall coverage used for these cases is 1/6 mpeo(dL). Table 6.1 lists the detailed
information of the binding energy values taking aaseference positions sketched in
Figure 6.1. It was found that the intermediatesodulsd stronger mostly in bridge step
sites (in Pt/RNi(211) the hydroxyl radical adsorbs in hollow site

Thermodynamic Reactivity of Pt(211) and PiNi (211) Catalysts

After testing all possible adsorption sites in (B&1) surface based on the sketch
of Figure 6.1, we found that all the intermediatexsd to adsorbed strongly on bridge
positions on step sites (position 1) while theriatéions in terrace sites (positions 2 and
3) are less stronger. This effect can be explaineédrm of the low coordination number
at the step sites, which leads to the redistrilbutd the electron charge density. The
strength of adsorption on step sites considerabdypass the strength on (111) surfaces.
The OOH adsorption on Pt(211) has a binding enefgyl.91 eV while the binding
energy on Pt (111) is -1.08 eV. The same trendusd for the other intermediates. On
Pt model (211) catalyst surfaces OH and O adsotb 88% and 14% more strength
respectively than in the most stable sites of th&l) surface (these values can be
observed in Table 6.1).
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Figure 6.1. Extended surface (211) approach. Oéfe unit cell includes 26 metal atoms

and the vacuum space. Right: Lateral view of thiéase. 1: step site, 2 and 3: terrace

sites.

From Table 6.1 the role of the metal alloy in thbstrate is also observed, which
causes the reduction of the interaction strengttwden the intermediates and the
catalyst surface. For example the binding energ©H on Pt(211) is -1.91 eV while
the binding energy on Pt4Ni(211) is -1.59 eV.

Table 6.2 shows a comparison between the relatagednergies for reactions 1.3
and 1.6 on Pt and Pt (111) and (211) surfaces while Table 6.3 shoases the
structural characteristics after the adsorptionrO&@H, OH, and O on these surfaces.
From the results it is clear that the (211) surfdoes not enhance the ORR activity
compared to the same composition on a (111) surfidegertheless, (211) surfaces
favor the first electron and proton transport due $trong interaction between the OOH
intermediate and the surface in step sites, atsdmae time they also increase the
adsorption of the intermediates involved in theuan to water, which makes these
type of surfaces less suitable for the reductiomyfgen. In a recent study*¥ it was
found however that stepped Pt surfaces enhanceathéytic activity of the ORR. It is

stated that the ORR in acid media is a structunsigee reaction that is affected by the
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anion adsorption and the oxide formation, wheréasaxygen adsorption energies on
the different sites play a secondary role in deteimg the catalytic activity of the
electrode. The high activity of the stepped surddseaattributed to the formation of a less
stable (bi)sulfate adlayer compared to that formedt(111). This explanation may be
explored in future work for a better understandifighe ORR performance on stepped
surfaces.

The computed local density of states shows a giifthe d-band center to
positive energy values, which suggests an increasadtivity of this surface. The
computed d-band center for Pt(211) is -1.90 eV waerfor Pt(111) is -2.16 eV. This
change is also reflected in the strong interactietween Pt(211) surfaces and the ORR
intermediates compared to the ones found on Pt(111)

In general terms, the comparison between (111) (2ad) surfaces shows the
important site structure sensitivity for the cheongtion in stepped surfaces. It is also
noticed that surfaces (211) are also sensitivéhéoptresence of the alloy metal in the

substrate; in particular to the adsorption of Old én

Table 6.1
Binding energies (BE, in eV) of OOH, OH, and O draRd Pt/P4Ni.

BEs calculated as: BRy-adsorbate E siab +adsorbate- E slab— E adsorbate

Catalyst B.E. (OOH)| B.E.(OH) B.E. (O)

Pt (111) -1.08 -2.27 -3.92

Pt (211) -1.91 -3.13 -4.45
Skin Pt/PiNi (111) -0.88 -2.16 -3.51
Skin Pt/PiNi (211) -1.59 -2.38 -4.49
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Table 6.2
Relative free energies (eV) according to equatibBsand 1.6 for Pt and Pt{Ri with
respect to pure Pt

Catalyst AAE, AAE,
Pt (111) 0.00 0.00
Pt (211) -0.83 1.40
Skin Pt/PiNi (111) 0.21 -0.52
Skin Pt/P3Ni (211) -0.51 0.68
Table 6.3

Distances (in A) for adsorption of oxygenated spe@n Pt and Pt//Ni(211). Atomic
oxygen, hydroxyl and OOH adsorbed on bridge sites

Pt (111) Pt (211) Skin Pt (111) | Skin PYPNi (211)
M-OOH do.o 1.430 1.464 1.423 1.466
M-OOH dy.o 2.037 2.100 (2) 2.038 2.099(2)
M-OH  dy.o 2.002 2.126 (2) 2.006 2.066
M-O  duo 2.042 1.941(2) | 2.041,2.040,2.083 1.943 (2)

Atomic Oxygen Adsorption on Pt(111), Pt(211), Pt(3B, and Pt(320)

As it was observed in the previous section, thetraty of any specific catalyst
is directly related to the adsorption of the intediates on the surface. It was detected
that the reactivity of the ORR is favored by a nratie atomic oxygen interaction with
the surface. Therefore, we can use this criteriosuiggest the best stepped catalyst for
the ORR. In this section we evaluate the adsorptibratomic oxygen on Pt(111),
Pt(211), Pt(331), and Pt(320) to evaluate the autiswn of this specie with the model
catalyst surface.

Figure 6.2 shows the atomic oxygen binding energiasPt(111), Pt(211),
Pt(331), and Pt(320). We included the values fbrpaksible adsorption sites on the
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catalyst surfaces. In general, it was found thatrttost stable conformations correspond
to either hollow or bridge sites (Figure 6.3). $t particularly interesting to see that
among all cases and comparing only the most stab#mrption conformations that
atomic oxygen is adsorbed weaker on Pt(111) tharthenstepped surfaces. Atomic
oxygen adsorbs to the surface with binding energie8.92, -4.32, -4.40, and -4.50 eV
for Pt(111), Pt(331), Pt(320), and Pt(211) respebt. From these results we should
expect that all stepped surfaces should have prabte reduce atomic oxygen from the
surface due to strong adsorption, therefore theylshwork less efficiently than Pt(111)
in the ORR.

-2.0
top —o—Pt 111 ——Pt 211
—e— Pt 331 —— Pt 320
< 30
> hollow top
i t
Ig op hollow
40 o holl
bridge oW
bridge bridge
-5.0
_ 1 2 3 4
Binding sites

Figure 6.2. Binding energies (in eV) of atomic ogggon Pt(111), Pt(211), Pt(331), and
Pt(320) surfaces tested in different positions glthe steeped surface.
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Pt(211) P1(320) Pt(331)

Figure 6.3. Adsorption of atomic oxygen on Pt(2Eit)320), and Pt(331) surfaces.

Summary

In this chapter we analyze the reactivity of Pt &tNi steeped surfaces. We
found that in terms of adsorption energies nondhef (211) surfaces enhances the
catalytic activity of the ORR compared to Pt(11@n the other hand they may offer
good sites for anion adsorption. It is also detdthat the presence of the alloy metal in
the substrate favors the reduction of OH and O.

The changes in the local density of states ofpsepsurface surfaces implied
remarkable changes in the electronic structurs; ¢fffiect is translated into the shift of
the d-band center to positive energy values.

We also compared Pt(111), Pt(331), Pt(320), an@1Rj surfaces, and we found
that among all these surfaces Pt(111) is the matdlde catalyst for the ORR mainly
because of the its moderate adsorption of the ORRBrmediates that allows the
reduction of them.
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CHAPTER VII
CHEMICAL STABILITY OF PT3CO, PT3NI, PT3PD, AND PT4R H ALLOY
CATALYSTS

Introduction

In this section, we analyze the chemical stabiitythe P$Co, PgNi, P&V, and
PuRh alloy catalysts against the dissolution in acieinvironment measuring the free
energy changes of allowed dissolution reactionssiceming the presence of some
intermediates of the ORR. As a starting point bagedorevious work performed by
Balbuena and Gu we selected thermodynamic allovissioldition reactions!™® to
evaluate the stability on Pt and Pt alloy modelfates. The reactions that are
thermodynamically favorable are electrochemical analve interactions of the ORR
oxygenated intermediates (OOH, OH, and O) with ¢h&alyst surface and solvated
proton molecules coming from the acid electroly@albuena and Gu also tested some
chemical dissolution reactions, demonstrating thla¢se type of reactions are
thermodynamically unfavorable. The following aree tielectrochemical dissolution

reactions used in this study:

M1-OOH + 6H0 + 3H + € — M(H.0)*" + 2H,0 + Mys (7.1)
M16-OH + Myg-O + 6H0 + 3H + € — M(H20)s*" + Mg + 2H,0 + Mis (7.2)
M1g-OOH + Myg-O + 12H0 + 5H + € — 2M(H,0)¢*" + 3H,0 + 2Ms (7.3)
M16-OOH + 6H0 + MO + 5H + 36 — M(H20)6™ + Myg + 3H0 + Mis (7.4)

M1-OOH + Mig-OH + 6H,0 + 4H + 26 — M(H20)6%" + Mg + 3H,0 + Mys (7.5)
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where Mg represents the 2x2 four layer periodic slab forARCo, PtNi, PV, and
PuRh catalyst surfaces. As it is shown for the sateattions, the dissolution of one of
two M atoms from the surface leads to the formatainhydrated metal cations,
M(H»0)s**. And in order to approximate the condition of gt protons present in the
acidic environment, the protons are modeled g3dH,0)s; for protons the inner shell
may be conceived as the three water moleculestamvie;0" 87 8! (the HO" ion itself
is similar in diameter to Kand both have similar solvation energies). Onatier hand
the hydrated metal cation (%) is modeled as M(}D)s’* because six-coordinate
complexes of transition metals are commonly forrimeaicid medium*®.

The free energy chang&E for each reaction is calculated as the difference

between the free energy of the products and thetaeis as it is shown for reaction 6.1:
AE; = E[M(Hz0)6°] + 2E[H,0] + E[Mug] — E[M16-OOH] — 6E[HO] — 3E[H] — U(€)

(7.6)
In each electrochemical reaction, the electrongnix set to zero, which corresponds to

a zero cell potential (U =0 V).

We also evaluate the relative free eneM\E of these reactions respect to the

free energy changes for pure Pt catalyst usindaifl@ving correlation:
AAEn (M) = AExn (M) — AExn (Pt) (7.7)

In this way we could reduce the errors arising fittve modeling of the extended
metal systems. It is pointed out that these calicuiia have a qualitative character since
the metal dissolution of the electro-catalyst urréedt conditions would depend on many
different variables such us the kind of the metalalyst, potential, scan rate,

temperature, solution concentration, compositaia,
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Thermodynamic Trends of the Dissolution of Pt, CoNi, and Rh on Pt and Pt-X (X:
Co, Ni, Pd, and Rh) Catalysts

In this section we study how the presence of Rhaton the surface catalyst can
alter the dissolution of Co, Pd, Ni, and Rh in hgeweous surface distributions of Pt:X
(3:1) (X: Pt, Co, Ni, Pd, and Rh). In earlier intigations!** % 1! it was shown that Pt
atoms are more stable than elements from the GvdligCo, Ni, Rh, and Pd) coming
from rows four and five of the periodic table.

As it is shown in reactions 7.1-7.5, all dissolati@actions involve interactions
of the ORR intermediates OOH, OH and O with thalgat surfaces. We evaluate the
dissolution of Pt, Co, Ni, Pd, and Rh respectivétyorder to achieve realistic values for
the AEs, we considered the energy values for the mabtestonformations only.

In agreement with Balbuena and &t we found that all the electrochemical
reactions used in this study are thermodynamidalyprable. Table 7.1 lists the values
for all the free energy changes of reactions 751far. Pt, P{Co, PtNi, P&Pd, and RRh.
From Table 7.1 it is noticed that reaction 7.4 theshighest negative value AE for all
the considered dissolution reactions. This reac#iiso involves the highest number of

electron transfer (three).

Table 7.1
Free energy changed (eV) for Pt, Co, Ni, Pd, and Rh dissolution in P&Co, P§Ni,
PtPd and PRh surface catalysts for reactions 7.1-7.5

Pt Pt,Co PN Pt;Pd PtRh

AE, -46.094 -47.926 -50.002 -48.913 -48.222
AE, -44.838 -46.088 -48.329 -47.496 -46.490
AE, -68.355 -71.735 -75.785 -73.515 -72.367
AE, -90.927 -92.462 -94.619 -93.613 -92.607
AEs -68.671 -70.492 -72.526 -71.390 -70.832
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Figure 7.1 shows the relative free energy changég for the dissolution
reactions 7.1-7.5 of Co, Ni, Pd, and Rh with resgedPt in P4Co, PtNi, PPd, and
PuRh respectively. We found that Co, Ni, Pd, and Rhraore easily dissolved than Pt,
which is deduced by the negative values of Ah&. The free energy changes for Ni is
~3.5 eV more negative than Pt for reaction 7.1, 7.2, and 7.5 while reaction 7.3 is
7.43 eV more negative than Pt. It is pointed out theaction 7.3 describes the
dissolution of two hydrated cation molecules X(%** (X: Pt, Co, Ni, Pd, and Rh).
From all the model catalyst surfaces studied, N$ ¥eaind to be the less stable metal
atom on the surface. We found that the order dffilgtaof the Pt, Co, Ni, Pd, and Rh in
PtCo, PtRh, PgPd, and RNi catalyst surfaces is: Pt > Co > Rh > Pd > Npextively.
The results are in agreement with Juodkazis ehdhe investigation of the dissolution
of Pd™® and RH**¥ in 0.5 M H,SO,, finding that during the potential cycling through
the oxygen region the electrode mass decreases whith cycle as a indication of the
metal dissolution. Lukaszewski and Czerwin$ki also reported the dissolution of Pd,
Rh and Pt-Pd, finding that Pd and Rh are lessestdiain Pt, and that Rh is more stable
than Pt along the potential under experimental ttmms. The trend found in this part is
close to what is found in pure cataly8fs!, however Co is more stable than Rh and Pd,
suggesting that the stability of metal atoms in tlaalyst surface are altered by the
changes in the electronic distribution on the sigfafter a pure element is alloyed.

The dissolution of alloy metals from Group VIII wadso investigated by
Greeley and Norsko¥#?%, they found trends between metal dissolution pateEnand
surface segregation energies. The more strongletalrsegregates to the surface of a
particular host, the more stable the metal willilb@ given surface. The increase in the
stability of the surface, translates into the iase resistance to the dissolution. This
concept can not be applied when the heat of theodiation of the metal solute in the
bulk host is large. However it can be applied fas, i, Pd, and Rh with anti-
segregation energie$®! in Pt host, which is translated into a tendency fioe
dissolution on Pt catalysts.
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Figure 7.1. Relative free energies of reactions-7751 with respect to Pt for the
dissolution of Pt, Co, Ni, Pd, Rh atoms from thedelocatalyst surfaces of pure Pt,
PtCo, PtNi, PtPd, and RRh.

Thermodynamic Trends of Pt Dissolution on Pt and RX (X: Co, Ni, Pd, and Rh)
Catalysts

In this section we study the tendency of Pt digsomh from catalysts with
homogeneous surface distributions of Pt:X (3:1) PX:Co, Ni, Pd, and Rh). We explore
the effect of the alloy metal on the stability dfadfoms.
As in the previous case and also in agreement Batbuena and Gl we found that
all the electrochemical reactions for the dissolutof Pt atoms from the homogeneous
catalyst surface are thermodynamically favorablabl@ 7.2 lists theAE values for
reactions 7.1-7.5 for Pt, §&o, PtNi, Pt&Pd, and RRh. From Table 7.2 it is noticed that

among all the favorable dissolution reactions, tieac’7.4 has the highest negative value,
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which indicates that the more electrons involveel igher equilibrium constant of the

associated reaction. This fact is in agreement svgimilar trend found in previous work
[115]

Table 7.2
Free energy changes (eV) for Pt dissolution in B$Co, PtNi, PPd and RRh
catalysts for reactions 7.1-7.5

Pt Pt;Co P&Ni Pt;Pd PtRh
AE, -46.094 -46.023 -46.155 -46.214 -45.846
AE, -44.838 -44.422 -44.549 -44.714 -44.220
AE; -68.355 -67.879 -68.179 -68.450 -67.456
AE, -90.927 -90.559 -90.772 -90.914 -90.232
AEs -68.671 -68.302 -68.679 -68.691 -68.192

Figure 7.2 shows the relative free energy changag for Pt dissolution
reactions 7.1-7.5 of Pt in Pt,sRb, PtNi, PtPd, and RRh catalysts. We observe that all
the AAE values for RCo and PJRh are positive, which means that Co and Rh improve
the Pt stability on the surface. On the other hpositive and negativAAE values for
PtNi were found for reactions 7.2-7.4 and 7.1 andrédpectively. In a similar way for
PtPd, reactions 7.2 and 7.4 have positveE values and reactions 7.1, 7.3, and 7.5
have negative\AE values. The smalAAE values for BRNi and PtPd, especially BPd
that has values close to zero, suggest that PdNaatbms on the surface could barely

affect the stability of Pt surface atoms.
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On the other hand, the positisdE values for BCo, PtNi, and P{Rh catalysts
suggest that Co, Ni, and Rh (especially Rh) helptabilize Pt atoms on the surface. In
general, from all the catalyst surfaces studiedhis section, Pt atoms are not likely
dissolved by the presence of the electrolyte. Anterms of stability we can state that
the stability of Pt is favored by the presenceh# &lloy metals in the following order:
Rh > Co > Ni > Pd. This order follows the trendtbé cohesive energies of the alloy
metals as it has been reported both from experah€fit and theoretical workd?? 123
suggesting a correlation between the stabilitytadtBms on the surface and the cohesive
energy of the alloy metal surrounded by Pt atomthersurface. This relationship can be
understood intuitively. The stronger cohesive eneof the alloy metal, the more
stability the catalyst surface acquires againsafigion. It is pointed out that although
the presence of metal alloys on the surface stahihie Pt atoms in the surface, the effect
on them is not significant, and for some casesuld be negligible based on the small
AAE values which in most of the cases are aroun@\0.5

In summary from the previous two sections, we canclude that in all Pt-X
homogeneous catalyst surfaces, the alloy metal hkety be dissolved from the surface
forming a skin Pt monolayer as it was reported joesly in experimental studid¥
4243 ynder practical operational conditions even irutdilacid solutions. In the next

section we will explore the stability of skin Pt nadayer catalysts.
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Figure 7.2. Relative free energies with respectPtofor reactions 7.1-7.5 for the
dissolution of Pt atoms from the catalyst surfamiggure Pt and Pt monolayers 0@,
P&Ni, PPd, and RRh.

Thermodynamic Trends of Pt Dissolution on Pt and Sk Pt Monolayers of P§Co,
Pt3Ni, PtsPd, and PyRh Catalysts

In this section we evaluate the dissolution ofaRims from skin Pt monolayer
catalysts of RCo, PtNi, PtPd, and RRh. As it was demonstrated in the two previous
sections Pt atoms are very stable against theldigso in acid medium compared with
typical alloy metals such as Co, Ni, Pd, and Rhd A&ven if one of these metals is
present on the catalyst surface, it is most likdigsolved by the acid media forming a
skin monolayer of Pt. For that reason it resultyy weteresting and necessary to explore
how the skin Pt monolayer behaves against the ldtsso having alloy metals in the

substrate.
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In the same way as the two previous cases all ldtrechemical reactions for
the dissolution of Pt atoms from the skin Pt mopetacatalysts are thermodynamically
favorable. Table 7.3 listed th&E values for reactions 7.1-7.5 for Pt, skin(t, skin
PNi, skin PgPd, and skin RRh. From Table 7.3 it is noticed that among all the
favorable dissolution reactions, reaction 7.4 hees Highest negativaE value, which
indicates that the more electrons involved the digkquilibrium constant of the

associated reaction.

Table 7.3
Free energy changes (eV) for Pt dissolution in dRin P§Co, skin Pt/PNi, skin
Pt/PgPd, and skin Pt/gRh catalysts for reactions 7.1-7.5

Pt Skin Pt;Co Skin PiNi Skin Pt;Pd Skin PyRh
AE; -46.094 -46.193 -46.197 -46.069 -46.180
AE, -44.838 -45.340 -45.253 -44.644 -44.823
AE; -68.355 -68.798 -68.761 -68.154 -68.379
AE, -90.927 -91.530 -91.439 -90.847 -91.024
AEg -68.671 -68.928 -68.886 -68.627 -68.805

Figure 7.3 shows the relative free energy changag for Pt dissolution
reactions 7.1-7.5 from skin 4&to, skin PiNi, skin PgPd, and skin RRh model catalyst
surfaces. We observed that Co, Ni, Pd, and Rhtaffiecstability of the surface Pt atoms
in a small degree for most of the dissolution rneast It is found that thaAE for PgCo,
PtNi, and P{Rh are negative, which means that Co, Ni, and Bhae the stability of Pt
atoms on the surface. On the other hand it is ebdethat Pd atoms in the substrate of
skin PgPd improve the stability of Pt atoms in the surfagea small amount that might
be considered negligible since for most of the tieas theAAE are in the order of 0.2
ev.
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PuRh has positive\AE values for all the dissolution reactions but tiesrc7.2,
and for all cases th®AE values are close to zero. This is an indicati@t Rh atoms in
the substrate of the skinsRh barely affect the stability of Pt surface atoinsterms of
stability we found that skin Pt monolayer catalysts favored by elements of the fifth
row of the periodic table (Pd and Rh) in a difféardagree. The presence of Pd atoms in
the substrate barely changes the stability of @&mnatin the surface. On the other hand
the elements of the fourth row (Co and Ni) reduce stability of Pt atoms on the
surface. These results provide insights about Hwevpresence of alloy metal in the
substrate may alter the electronic structure otttalyst surface.

It is pointed out that although the stability of &bms in the surface is affected
by the presence of Co, Ni, Pd, and Rh atoms insthstrate, based on the order of
magnitude oAAE (-0.60 eV <AAE < 0.20 eV), their effect may be relatively small
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Figure 7.3. Relative free energies changes fortieac 7.1-7.5 for the dissolution of Pt
atoms from the catalyst surface with respect tcnRiure Pt and Pt skin monolayer of
PtCo, PtNi, PsPd, and RRh model catalyst surfaces.
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Composition and Atomic Distribution Effects on Catdyst Surface Stability

In order to analyze the stability of the metal aoeg atom as a function of
composition we added an additional case of PtPdases. An overall catalyst
composition of Pt:Pd ratio 1:1 is used for thisecas each of the four layers of the
periodic slab. After computing the relatis& for reactions 7.1-7.5, it is found that there
is no significance difference between thA& values for RPd and PtPd catalysts,
suggesting that the Pd atoms on the surface migbolde at the same rate, but twice the
amount of Pd atoms would be dissolved in the Ptealyst surface. Similar results were
reported for PtNi, BNi, PtCo, and RCo catalyst$*. In those cases both Co and Ni are
dissolved at the same dissolution rate but cleRiiNi and PtCo dissolve more Ni and Co
atoms from the catalyst surfaces.

Another interesting point to explore is the effdwt the internal distribution in
the substrate catalyst has over the stability efdatalyst surface. We have studied the
skin Pt monolayer of FRh model catalyst surfaces using two different tayg layer
distributions. First, we used the original caseskih P4Rh, which has a layer by layer
distribution (from top to bottom) Pt:Rh 4:0 3:1 3311. Then we used an additional
Pt:Rh layer by layer distribution of 4:0 2:2 4:(1 3From the results it was noticed (not
shown) that thé\E values for the dissolution reactions 7.1-7.5aneost the same. The
difference between these cases is in the orderloéV. It is suggested that the internal
distribution in the catalyst substrate does naralignificantly the electronic structure of
the surface. Therefore, we should not expect aifgignt change in the dissolution

characteristics of such catalyst surface.

Summary

In this chapter, periodic DFT methods have beeriegpo study the stability of
Pt, Co, Ni, Pd, and Rh on Pt,3€b, PtNi, PPd, and RRh and their respective Pt
monolayer catalysts. We evaluate the free energngds using five different favorable
electrochemical dissolution reactions. We found thea order of stability of Pt, Co, Ni,
Pd, and Rh atoms in &0, PtRh, PtPd, and RNi catalyst is: Pt > Co > Rh > Pd > Ni
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respectively. The trend found in this section @sel to what is found in pure catalysts
(1135 however Co is more stable than Rh and Pd, stiggettat the stability of metal
atoms in the catalyst surface are altered by tlagds in the electronic distribution on
the surface after alloying. And in terms of stapiBurface Pt atoms are favored by the
presence of surface alloy metals in the followinden: Rh > Co > Ni > Pd. The positive
AAE values for RCo, PtNi, and PiRh catalysts suggest that Co, Ni, and Rh (espgciall
Rh) promote the stabilization Pt atoms in the sigfa

Based on the first two sections in this chaptexyas concluded that the most
suitable catalysts in terms of stability againgt tlissolution for the ORR are the skin Pt
monolayer catalysts. And the order of stabilitys&fn Pt monolayer catalysts is: skin
Pt:Pd > Pt > skin RRh > skin P4Ni > skin PtCo.

In addition we analyzed the effect of the overalmposition of the catalyst
toward the dissolution for fRd and PtPd catalysts. We concluded that basedheon t
negligible difference between tiads values for BPd and PtPd catalysts, Pd atoms on
the surface should dissolve at a similar rate tbige the amount of Pd atoms should be
dissolved in the PtPd catalyst surfaces. Finallystuely the substrate distribution effect
on the stability of the atoms in the catalyst stefalhe smalAEs difference found for
the dissolution reactions suggests little influeméethe substrate composition on the

dissolution of atoms form the first layer.
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CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

The use of computational methods as a tool to aratind compute important
properties of chemical systems have experienceastadevelopment in recent years,
among other reasons due to the development of dadt more efficient computer
hardware, which can be extended from personal cterguthrough workstations and
mainframe machines to supercomputers and massrailgbalevices. Areas involved in
experimental research started to consider thisas@in efficient way to handle problems
considering the advantages and limitations infikld. It allows the explanation of some
concepts hardly explained experimentally. Currertttg development of computer
hardware and that of quantum mechanical softwdval a detailed description of
molecular systems. There are on the other handoobvlimitations related to the
accuracy for describing weak interactions (van Uéaals) especially in complex
biological material systems. Other limitations egkated to the size of the molecule and
the number of molecules involved in the system {opl000 atoms) compared to
molecular dynamic (MD) and Ab initio MD simulations

In this dissertation we have addressed two of fineet main technical barriers
needed to be overcome for the commercializationooftemperature fuel cells; the
electrocatalytic reactivity and the durability bktcatalysts, but only indirectly we have
examined the third barrier that is related to tlghltost of some of the cell components.
DFT calculations are used to analyze surface theymamic properties in order to get
insights about the reactivity and stability of PidaPt alloys. The effect of the overall
composition and atomic distribution over the elecatalytic activity of the oxygen
reduction reaction is studied. It must be noted thase calculations explore the not
completely understood mechanism of he ORR usimgid s gas interphase instead of a
real solid — electrolyte environment; however iexpected that important insights must
follow qualitative agreement with a real environmender real operating conditions.
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In terms of reactivity and stability we found ttskin Pt monolayer surfaces are
the most suitable catalysts for the ORR among tloeig of Pt-alloys in this study.
Nevertheless these catalysts are not able to hamdfe same efficient way than Pt the
first electron and proton transfer due to less rgfranteraction between the OOH
intermediate and the catalyst Pt, some of them adsorb OOH with a reasonable
strength close to that on Pt, that are the casskinfPt/PgPd and skin Pt/BRh. On the
other hand skin Pt monolayer catalysts have demaisst good qualities to adsorb
hydroxyl and atomic oxygen with a moderate strengtbuch a way that they can easily
be reduced to water. Considering the overall reactsteps on the ORR, the
electrocatalytic activity of all the studied skih fRonolayer catalysts can be ordered as
follow: PtV (skin Pt) > P§Co (skin Pt) > BNi (skin Pt) > Pt > PtPd (skin) > fRh
(skin Pt) > PtPg¢l(skin ). The d-population analysis indicates thatseparation of the Pt
skin monolayer with respect the catalyst substicdaases a rearrangement of the
electronic density in the surface; the averagetmeic d-population on the surface is
higher than that in the slab while the d-band datien shows a clear correlation
between the surface d-band center and the skinoRblayer catalysts; for these cases
the d-band is shifted to negative energy valuesaasdication of their moderate
interaction with all the ORR intermediates (hydnap® radical, hydroxyl, and atomic
oxygen).

The dissolution of the catalyst in fuel cell operatplays an important role in the
destabilization and the deactivation of the ORRthiis dissertation we have analyzed
the stability of Pt, Co, Ni, Pd, and Rh on Pt PgNi, Pt:Pd, and RRh and their
respective Pt monolayer catalysts. We found thatotider of stability of Pt, Co, Ni, Pd,
and Rh atoms in g€o, PiRh, PtPd, and RNi catalyst is: Pt > Co > Rh > Pd > Ni
respectively. Similar trend is reported in litergtdor pure elements. It was also found
that the stability of Pt atoms in skin Pt monolagatalysts is favored by the presence of
surface alloy metals in the following order: Rh ® € Ni > Pd. Co, Ni, and especially

Rh improves the stability of Pt atoms in the sugfac
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We also analyzed steeped surfaces to measure Hutivity in terms of
adsorption energies. It was found that the stro@dH@dsorption on the catalyst surface
favor the first electron and proton transfer, hoarethe strong interaction between the
OH and O intermediates and the catalyst surfaceemd¥ficult the further reduction of
these species to water. The strength of the ORRnm@diates interactions was attributed
to the reduced coordination on the catalyst surface

As it was stated previously, the nature of therptiase of the systems in this
study is solid-gas, and this should be improvedda@ble to approximate the behavior of
them to a realistic solid-electrolyte interphasé. will obviously require future
investigations. We would like to point out the nesigy to incorporate in our simulations
an additional component related to the presencehef electrolyte in the system.
Although the formation of the OOH intermediate aftee first electron a proton transfer
indirectly involved the effect of the protonateddamedium and in the same way the
hydrated protons are modeled agOH{H,0); associating the effect of water molecules
in the system for the characterization of the diggan reactions, it would be important
to address the effect of the degree of hydratioprotons on the various steps of the
reaction of oxygen molecules and their intermediale the same way the presence of
the polymeric membranes such as Nafion, which isallls modeled as GSO;H,
CH3CgH4SOsH or CROCRCF,SO;H can affect the proton transfer due to the sutfoni
acid functional group%?* %! Another interesting point to be considered iseteetrode
potential dependence of the reduction steps thatbeamanifested as changes in the
activation barrier of the ORR reactions. This ffiscnot only associated to the ORR
reactivity but also to the catalyst dissolution engbotential cycling regimes. These
contributions would help for a better understandofga real system under normal

operating conditions.
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