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Abstract

The Water-Gas Shift (WGS: CO+8—CO,+H,) reaction is a key step in hydrogen fuel
processing for mobile fuel cell applications. Sitice reaction is equilibrium-limited and
exothermic, high conversions are favored by lowgeratures. However, conventional
low-temperature shift catalysts are not active ghoureducible oxide supported small
noble metal clusters have shown excellent actastyow temperature WGS catalysts and
it is generally believed that these catalysts afuenbtional. In other words, the reaction
occurs at the three-phase boundary (TPB) of théenbtal, the reducible oxide, and the
gas phase. The small noble metal cluster adsothsfs the CO molecules and the
reducible oxide, in this study ceria, activates water molecules to provide necessary
hydroxyl groups in the vicinity of the metal cluster further reaction. While many
experimental observations suggest that the TPBeisittive site of ceria supported noble
metal clusters, no systematic theoretical investgeof the WGS reaction mechanism at
the TPB of these catalysts has been reported thaid cunambiguously prove this

hypothesis.

In this computational study, density functionalahe(DFT+U) has been used to
study the ceria (111) surface and the effect oflisptainum clusters on the reducibility
of the surface. Then, constraimb initio thermodynamic calculations have been
performed to determine a meaningful catalyst méoled systematic kinetic study of the

platinum-ceria interface. Next, different reactiomechanisms have been investigated



from first principles and microkinetic reactor mégleased on parameters obtained from
DFT+U and transition state theory are developedttioly the effect of temperature and
partial pressure of the gas phase environment @ndcompare various reaction
mechanisms to experimental data. To conclude, tgoitance of the TPB of ceria
supported Pt clusters for the WGS reaction is #temally verified and a redox pathway
involving the creation of oxygen vacancies at thked?ia interface is identified as the

most dominant reaction pathways at relevant expariai conditions.
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1. Introduction

The Water-Gas Shift (WGS) reaction is a key stejpyitrogen fuel processing, methanol
and ammonia syntheses, Fischer-Tropsch reactian,’€! Current commercialized
WGS technology involves multiple stages/catalybet tare based on high temperature
shift over FeO3/Cr,O3 catalysts in a temperature range of 350-450 °C land
temperature shift over Cu/ZnO/&); catalysts in a temperature range of 190-250 °C.
However, this multi-stage technology is not sukabdr mobile fuel cell applications
because of its technical complexity, such as seitgito start-up/shut-down cycled' 2
Besides, the catalytic reactor for these applicatishould have reduced volume and
weight in order to be economical and the catallgstil be non-pyrophoric and oxidation

tolerant upon exposure to air.

Since the WGS reaction is an equilibrium-limitedo#sermic reaction, high
conversions are favored by low temperatures. Howes@nventional low-temperature
shift catalysts are not active enough. Besides,tdube necessity of carefin-situ pre-
reduction of these catalysts, they are very semsito start-up/shut-down cycles.
Furthermore, they are pyrophoric and sensitiveirt@mad the condensed water that may
form during shut-downs. As a result, for mobilelfaell applications, there is a need for
new single-stage WGS catalysts that are activevatémperatures, specifically between

250-400 °C.



Reducible oxide supported noble metal clusters Isérasvn excellent activity as
low temperature WGS catalyst§'”. These catalysts, especially ceria supported enobl
metal clusters, also proved to be very successftiiiee-way automotive convertefs
However, the operating condition in the WGS reactie quite different from the
conditions in auto converters. While the former tddobe carried out at reducing
conditions with high partial pressure of hydrogerd at low temperatures, the latter
operating condition is oxidative at high temperasur Consequently, numerous
investigations are related to improve these cataligs the WGS reaction to make them

more active, stable, and economic.

Generally, it is believed that noble metal catay®ipported by reducible oxides
are bifunctional®® **% In other words, the reaction occurs at the thease boundary
(TPB) of the noble metal, the reducible oxide, #mel gas phase; while the small noble
metal cluster adsorb/activate the CO moleculesretacible oxide, specifically ceria in
this study, activates the water molecules to pmwiecessary hydroxyl groups in the
vicinity of the metal cluster for further reactiokven though there is experimental
evidence about the importance of the three-phasmdaoy of ceria supported noble
metal clusters, no systematic theoretical studgteel to the WGS mechanism over these
catalysts has been reported and the role of eattredhvolved phases on the activity of

the active site is still unclear.

In this work, we used the DFT+U method with PBE hextge correlation
functional to study the ceria (111) surface andetffiect of small platinum clusters on the
reducibility of the surface. We also utilized thenstraintab initio thermodynamics

method in order to determine a meaningful catatystlel for kinetic studies. Next, we



developed different reaction mechanisms with realslynaccurate reaction energies and
barriers. After that it became possible to devedomicrokinetic reactor model and to
study the effect of temperature and partial pressfrthe gas phase species on the

reaction mechanism and key reaction intermediates.

The following chapters are organized as followsag@hbr (2) contains a literature
review that is divided into four subsections. Thstfsubsection is an overview of the
WGS reaction. It briefly describes the reactiontdrig and its industrial applications.
Some thermodynamic considerations about the readtitl be described and more
details about five different types of catalystsgthitemperature shift, low temperature
shift, moderate temperature shift, sour gas shiifti noble metal based catalysts) will be
given. The second subsection is on ceria catalyisis) its current commercial use in
three-way automobile converters to buffer the oxypartial pressure to the more recent
applications as catalytically active catalysts sappThe third subsection is aimed at
showing the importance of the bifunctional naturfe ceria supported noble metal
catalysts by describing many experimental obsewmatithat highlight the potential
importance of the three-phase boundary as an astigefor these catalysts. The final
subsection of Chapter (2) reviews computationakaesh on ceria surfaces. Next,
Chapter (3) provides details on the computationathmds used in this research. Chapter
(4) describes the results of our computationsdentifying a suitable catalyst model for

mechanistic studies. And Chapter (5) describesdabiglts of the mechanistic studies.



2. Literature Review

2.1. Overview of the Water-Gas Shift Reaction
The Water-Gas Shift (WGS) reaction is a well-kngwacess to increase hydrogen yield

from hydrocarbon reforming and to decrease the @@entration.

CO+H, 0 CO, +H,
AH g =—41.1 kImol™

It was first reported in 1888* and years later, in 1913, the reaction was agplie
industrially in the ammonia synthesis proc&ssSince iron based catalysts for ammonia
synthesis are sensitive to carbon oxides, the W&@rhe important to convert carbon

monoxide into carbon dioxide that can be separatedbsequent separation processes.

The name of the WGS reaction comes from the “wgés™ or “synthesis gas”
that is a mixture of carbon monoxide and hydroderas wide industrial usage. For

7

instance, in the ammoni&®, methanol” & %* 27 and hydrogen synthesés? 23

hydrogenation steps in petroleum refining and pétemical industry® 3 Fischer-

Tropsch process'® 3*? and also reduction of oxide ores to produce méta

Carbonaceous materials like coal, coke, natural gaghtha, etc. can react with
steam, oxygen, or carbon dioxide to produce wadsrwgith different ratios of hydrogen

to carbon monoxide. For instance, in steam refognoincoal and dry reforming methane



the ratio is oné’. However, in partial oxidation of methane theaaticreases to two and
in steam reforming of methane it is as high asethre

steamreformingof coal:
C+H,0- CO+H, AH =131.2 kJmol™

dry reformingof methane
CH, +CO, <> 2CO+2H, AH =247.4 kImol™

partialoxidationof methane
CH, +0.50, <> CO+2H, AH =-35.6 kJmol™

steamreformingof methane
CH, +H,0 <> CO+3H, AH =206.3 kJmol™

In order to increase the hydrogen yield, the WGEtien can be utilized to have higher
hydrogen to carbon monoxide ratios. As a conse@ydhds reaction step is becoming
very important in many aspects of catalyst and togadesign to adjust the ratio of

hydrogen to carbon monoxide depending on its usage.

In the first generation of WGS reactors, the reactivas conducted in a single
stage at temperatures around 450-600 °C with am axide catalyst stabilized by
chromium oxide®® *. In order to improve the performance, the reacticas then
conducted in two stages with the same catalystth@dsecond stage at temperatures of
around 320-360 °C. The two stage reactor reducedadnbon monoxide level to 3000-
4000 ppm, while the single stage reactor couldedtce the CO level below 10000 ppm

45 Already in the 1960s could the CO level be reduceless than 5000 ppffiby using



Cu based catalysts in the low temperature stageptichizing the high temperature Fe-

based catalysts.

Following the increasing demand for hydrogen praidacsince the beginning of
the 20 century, the WGS has again become very importdsing natural gas instead of
coal for water-gas production and employing betegalysts that improve the yield and
selectivity this increasing demand can likely bet.niieis worth mentioning here that
nowadays environmental concerns are very crucial.ikstance, hydrogen production
from synthesis gas for fuel cell applications hasnd huge attention. And there is a
growing need for new non-pyrophoric catalysts wtgeln provide H safer and at more

efficient reaction condition such as low operatiegperatures.

Next, it is noted that the WGS reaction is an elguidm-limited and exothermic
reaction. As a result, hydrogen production is fadomlat low reaction temperatures.
However, at low temperatures the reaction is cdietidoy the kinetics and it is vital to
make highly active and stable catalysts for thes®litions. The pressure does not affect
the equilibrium of the reaction since there is @oiation in the number of moles during
the reaction. However, until reaching equilibriuanhigh total pressure positively affects

the CO conversion since it increases the reactitm r

Traditionally the reaction is conducted in two bree catalytic stages with the
first stage operating at relatively high temperasuand subsequent stages working at
lower temperature§®. While the first stage is favoring fast CO conv@nsand low
residence time, the following stages increase theversion which is limited by the

reaction equilibrium.



Catalysts for the WGS reaction can be classifi¢d fnmain groups’. The first
group consists of high temperature shift catalystéch are based on iron oxide and
perform best at relatively high temperatures betw880 °C and 450 °C. The second
group consists of low temperature shift catalystsctv are primarily copper-zinc oxides
that work best at low temperatures between 1900°250 °C. Medium temperature shift
catalysts are usually copper-zinc oxides modifigdrdin oxides and operate between 275
°C to 350 °C. The fourth group consists of sour glaift catalysts. These catalysts are
sulfur tolerant and can be used for feed streamtsatre sour. The active ingredients in
these catalysts are usually cobalt and molybdenkmally, precious metal based

catalysts such as platinum and gold group catabgside categorized in a fifth group.

This group of WGS catalysts is currently undernistee investigation for use in
fuel cell applications especially for mobile applions like automobiles. For instance,
the catalyst bed for these applications should feaveduced volume and weight to be
economical and should also be robust enough tostaitidl rapid start-up and shut-down
conditions. Since a multi-stage technology for thaction is sensitive to start-up and
shut-down cycles it is desirable to conduct thectiea in a single stage and since the
reaction is exothermic and equilibrium limited ihosild occur at relatively low
temperatures. The catalyst should be non-pyropharid oxidation tolerant upon
exposure to air. Considering these needs, precinatal based catalysts are very
promising. In the following, more details about leagroup of the introduced catalysts

will be given.

As high temperature shift catalysts,,6¢Cr,O; based catalysts have been in

commercial use for more than 60 yeatsConventional catalysts contain about 80-90



wt% of FeOjs;, 8-10 wt% of CsO3; and some promoters and stabilizers like coppetdeyxi

Al,Os, alkali, MgO, ZnO, etc? % While pure FgO; deactivates fast during the reaction
due to sintering of iron oxide crystallites, ;O prevents the sintering of iron oxide
crystallites by being a textural promoter.,G¢ also functions as a structural promoter
that increases the intrinsic catalytic activityFebOs. These catalysts have a life time of
3-5 years depending mainly on the operating tentpexand are not very sensitive to the
presence of sulfur, even up to about 1000 ppm.rTdesactivation is mainly caused by

loss of iron oxide surface area due to thermaksimg.

Due to the exothermic nature of the WGS reactiors inecessary to provide
adequate heat removal stages to the reacting systeoontrol the temperatur€.
Therefore, these catalysts are used in two or thesks with inter-bed coolers. Under
normal operating conditions, the outlet temperattae vary between 400 and 500 °C
with CO content between 3-5 wt% while the reaanbetitemperature is about 300 to 360

°C. The operating pressure is usually between BDtoars.

Three major drawbacks can be mentioned for thisguad catalysts especially for
mobile fuel cell applications. First of all, €rions are water soluble toxic ions which
pose major hazards during the catalyst manufaguaimd handling. The second major
drawback of these catalysts is their low activityoav temperatures which necessitating
large catalytic beds that is not desired for molalgplications. Finally, they are

pyrophoric.

Relatively poor efficiency of the conventional,Bg-Cr,O3 at low temperatures

motivated further investigation for low temperatwshkift catalysts. Even though the



activity of metallic copper in the WGS reaction haeken known for a long time, easy
copper sintering necessitated the use of suppbrigarious supports like ADs, SiO,,
MgO and C3O3; were examined but all of them had a relativelyrshte time and low
activity **. Important progress was made in early 1960s byirttieduction of ZnO as
catalyst support’, and later by ZnO-ADs. These Cu-ZnO-ADj; catalysts provide high
and more stable copper surface area and are usmxtag¢xclusively in industrial low

temperature shift reactiod

Even though high surface area of copper is necgd$sarcatalytic activity, it is
also probable that the presence of Zn ions aftbetstructure of copper nano-crystallites
and provides an increased activity of the catdfysif formulated properly and operated
under standard low temperature shift conditionsZ80-Al,O3; catalysts can have a life
time of a few years. The major causes of catalgstsctivation are sulfur and chloride
poisoning and thermal sintering of copper crysesfi**® These catalysts sinter and lose
copper surface area and catalytic activity whertdteabove 300 °C and one major role
of Al,O3 is to prevent the growth of copper crystallitesd gnnctions as a textural
promoter™. Since loss of copper surface area and catalgticity begins above 250 °C
where copper clusters start agglomerating on th@ Zmpport>’, it is probable that the

active site for the WGS reaction is related to $m@pbper clusters®.

Using well-formulated, rugged Cu-ZnO-£); catalysts in low temperature shift
reactors with an exit temperature of 200 °C, the I&I| can be reduced to a value of
about 0.3 wt%4. The lower limit of the operating temperature lie reactor is the dew
point of water at the operating pressure (190-200af 30 bar) since condensed steam

adversely affects the catalytic activity of thi®gp of shift catalysts.



As mentioned, one major drawback of these catalgstiseir extreme sensitivity
to sulfur poisoning™ °® ®* For example, the sulfur levels in natural gagtt petroleum
naphtha are in the range of 5-50 ppm and conveadtiodesulfurization steps have to be
applied upstream to reduce the sulfur content efféfed to the water-gas shift reactor to
about 10 ppb since Cu-ZnO-A); catalysts are adversely affected by higher sulfur
contents™’. As a result, the volume of the actual low tempewa shift reactor is three
times larger than the volume needed by the WGStiksa@lone and in cases that the
synthesis gas has a high level of sulfur contei#t utitimately necessary to use a sulfur-

tolerant WGS catalyst.

When the synthesis gas is generated by the gdsificar partial oxidation of
heavy fuel oil, tar sands, oil shale, coal, coke bdomass, the CO and sulfur
concentrations are high (up to 50 and 3 wt% respsg) ' °* 2 Under these
conditions, the Cu-based low temperature shiftlgstia cannot be used and the high
temperature shift catalysts will have a low acyiuviiue to sulfidation. As a result, it is
necessary to remove sulfur compounds from the psostteam before it enters the shift
reactor. This reaction can be carried out usinfidad Co-Mo-alumina catalyst®®
Since these cobalt and molybdenum based catalystalso remove CO by the water-gas
shift reaction, they can be classified as sulflersnt, sour gas shift catalysts. These
catalysts are mainly active in their sulfided foamd the non-sulfided form of them has
very little activity toward the WGS. So it is prefed that the minimum sulfur content of

the feed stream be about 300 pfm

Commercialized catalysts operate in a temperatamgea of 250 to 350 °C and

pressure range of 1 to 40 batsAddition of alkali to the sulfided form of thesatalysts
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promotes their water-gas shift activity®® Different factors may cause deactivation of
these catalysts; for instance, sulfur and coke si@pn, active site sintering, and
poisoning °®’% High concentrations (above 0.5%) of Nind HCN will affect the

sulfided Co-Mo catalysts adverséflyy Phenol is poisonous but the rate of deactivagon
low at low concentrations and deactivation is relde and the catalyst can be
regenerated by steam-air regeneration. Benzensagpaisonous at high concentrations
(about 10%). Chloride is the main poison for thi®up of catalysts even at low

concentrations of about 1-2 ppb that deactivates#talyst irreversibly.

As mentioned before future mobile fuel cell apdimas have imposed an urgent
need for active, robust, non-pyrophoric, and oxatatolerant catalysts that can be used
in a single, compact, low temperature reactor. Censralized Cu-ZnO catalysts are not
suitable since they require a lengtimysitu pre-reduction during which the temperature
must be increased very gradually to prevent thdoawgration of metal®. As a result
they are very sensitive to start-up/shut-down c/cBesides they are sensitive to air and
water. Considering that for automobile fuel proaegshe chamber is exposed to air
leaking and water condensation during shutdowresetltatalysts are not a good choice

for these applications.

Precious metal based small nanoclusters supponteeducible oxides are subject
to intense investigation as the activity of platmgroup metals for the water-gas shift
reaction is known for many decades even though thigh price precluded them from
becoming commercialized for industrial applicatidhsBesides, these catalysts could be
used as automobile exhaust cataly§ts>’’ However, it should be noted that auto

exhaust catalysts operate under an oxidative atneos@nd the temperature is above 400
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°C, while the WGS reaction in fuel processing osaunder reducing condition with high

partial pressure of hydrogen and a temperaturedst@80 to 450 °C.

Precious metals such as Au, Pd, and Pt on reduaxitkes such as ceria, titania,
zirconia, and mixed oxides like ceria-zirconia hdeen mostly investigatetf™*’ #2
Other transition metals like cobalt and nickel hals® been investigated; however, they
mostly catalyzed methanation of CO especially be36@ °C*. Next, it has been shown
that precious metal based catalysts supporteddtitde oxides are bifunctiondl’ 1*%*
7281939 1 other words, both metal and support have aidenable influence on the

activity of the catalyst and it is commonly agreggon that the metal adsorbs and

activates CO while the oxide support activate®H

Even though a large number of different formulasidrave been examined and
reported, a meaningful comparison and ranking obbua catalysts is difficult since the
preparation method, feed composition, and reactiondition considerably affect the
catalyst activity'®. In an attempt to compare catalytic activity ofr@oxide supported
metals for the WGS reaction, Thinon et®lexamined catalysts based on Pt, Au, Cu, Rh,
Pd, and Ru on ceria, alumina, zirconia, iron oxale] titania with the same preparation
methods in a temperature range between 250 toG%hd 1 bar. The feed stream had a
composition of typical reformate consisting of 1@®@, 10% CQ, 20% HO, 30% H
and 30% Ar. Rh and Ru based catalysts showed d#isagn amount of methanation
while Pt/TIQ, and Pt/Ce@Al,O3; are the most active WGS catalysts at 300 °C. It is
interesting to note that the Pt based catalystsimadhighest apparent activation energies

while the Au based catalysts had the lowest. Tieisdt was consistent with other studies

101-103
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The low apparent activation energy for gold catalys very interesting since Au
catalysts can then potentially be used for low terature shift reactions between 180 to
250 °C where Pt group metals are not sufficiendgva ** *°* 1% The activity of gold
catalysts supported on reducible oxides is as®utiaith a high dispersion of small gold
nano-particles and it is known that pure gold stefes not catalytically very active®
106121 Thjs phenomenon can usually be generalized terdtansition metals. In other
words, low coordinated transition metal atoms aseally more active in catalytic
reactions than high coordinated atoms, since tlae mnigher lying d states which make
it easier for adsorbates to interact with the8m'?? Even though quantum size effects are
important for very small particlé$®, they seem not to have a considerable effect iine

particles are larger than 1.5 rifn

Considering Pt/TiQ catalysts, even though they are very active atetibee for
the WGS reaction, they deactivate with time onastré*®. Catalyst deactivation during
the reaction was also observed for palladium cstglgupported on cerid> *** Many
mechanisms have been suggested for catalysts \wiamii For instance, over reduction
of ceria, metal agglomeration, metal encapsulatignthe support, and active sites

poisoning by CO or other intermediate speéfe¥* %7

Analyzing experimental observations to study thactigation mechanism is not
easy. For example, just because there is highcdaverage of one species does not
mean that that species is causing deactivafiol it is so, the coverage should increase
with time. However, loss of metal support interacti for example by metal particle
growth, can also cause the coverage of intermediatencrease in case that the metal

particle is assisting those intermediates decontipasat its interface with the support.
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To summarize, catalyst deactivation of this gro@igadalysts is a major obstacle
for their commercialization for the WGS reactionnudes in industry showed that the
addition of elements from rare earth metals likeHanum or praseodymium to the ceria-
zirconia support can reduce the agglomeration néagystallites to some exteft**°
As a consequence, deactivation of Pt-ceria-zircoaraalso decrease. Besides, Pt group
metals have high activity for Fischer-Tropsch reaxst especially at temperatures
between 200-350 °&". Once hydrocarbons form they may undergo furtbactions like
carbonization to block active sites for the WGStem. Since ionic Pt is active in redox
reactions but not known to be active for Fischeypbch, it has been suggested that by
incorporating metal in lattice sites of ceria amdserving the ionic state of it under the
WGS reaction conditions, one may be able to redlneedeactivation of these catalysts

and also increase the stability of the catalyst®*

Gold catalysts are even more prone to deactivatonpared to Pt group catalysts
during the reaction’?® *> One approach to improve their performance isotmline Au
with another metal like Pt to have bimetallic cgs# **> % Otherwise, promoters can
be incorporated in the ceria support. For instaa@nina can be utilized as a textural
promoter to stabilize the Au and ceria crystallisgginst agglomeration during the
reaction *. Alumina addition also results in smaller ceriaystallites and hence
increased oxygen storage capacity of ceria. Itheen suggested that there is a direct
relationship between oxygen storage capacity ofcttalysts and their activity towards
the WGS reactiort®® **7 Structural promoters can also be utilized in ptRe group
catalysts'® For example, using nanocomposites of ceria alichsior the platinum

support can improve the activity and thermal sighbilf these catalysts.

14



2.2. Overview of Ceria Catalysts

Cerium oxide, also known as ceric oxide, ceriunxitie or ceria, is a vital component in
automotive catalysis®. The primary importance of ceria in catalysis isedto its
remarkable oxygen storage capacity. Ceria can godeapid redox cycles without
decomposition of the material depending on theiglagressure of oxygen in its
environment. Due to these redox properties, cenabe a co-catalyst for many important
reactions where it can be used as a support orqiesnfior another catalytic material.
Even though the original application of ceria wasautomotive for emission control,
recently it is finding new applications for exampla hydrocarbon reforming,
hydrocarbon oxidation, Fischer-Tropsch catalysisid aalso the WGS reaction.
Application of the redox properties of ceria in &GS reaction was described in the

previous section. In the following more detailottier applications will be given.

Commercial use of automotive catalysts for detoaifon of exhaust gas dates
back to 1975 where the catalysts were noble mregsof cerid®. These catalysts aimed
mainly at fully oxidizing the residual uncombustegddrocarbons and carbon monoxide
as the major byproduct of the partial combustionapplying excess oxygen to the hot
exhaust stream. However, by early 1980s, emissandards for NQin the US had been
tightened to the point where N®@emoval was needed in addition to hydrocarbon and
carbon monoxide removal. By that time use of nabletals, as the only sufficiently
active catalyst, was adapted to be economical midimolithic catalysts. The monoliths
were multi-channeled ceramic catalytic bodies wfta exhaust stream flowing through
channels*® **! The walls of the channels were coated by a potaysr with high

surface area having finely dispersed noble metalyt& particles.
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Using precious metals such as platinum group medalshe active component in
automotive converters was based on three mainrfadiost of all, the catalyst should be
active enough to remove pollutants from the exhgaststream with a large volumetric
flow in a compact space and only precious metal®vaetive enough to meet this very
short residence time criterion. Second, the catalysuld be resistant to residual amounts
of sulfur oxides in the exhaust gas stream andiqgueanetals could meet this criterion
too. Finally, dispersed precious metal particlggpsuted on insulator oxides of alumina,
zirconia, etc. were less prone but not totally ineato deactivation, given the high
temperature of the exhaust stream. While initiplgtinum and palladium where used as
the precious metal particles, rhodium was laterothiced due to its higher activity for

the catalytic reduction of the oxides of nitrogen.

As mentioned before, by the 1980s instead of justrhajor pollutants there were
three to be removed from the exhaust stream: hgtbon, carbon monoxide, and NO
While hydrocarbon and carbon monoxide needed axiglizonditions with excess air for
their conversion, noxious materials needed to bkeiged to nitrogen with excess fuel.
However, if the air-fuel ratio could be controlledfficiently close to the stoichiometric

value, all three pollutants could be converted withh efficiency in a single step.

Using closed-loop engine control, the idea was ¢mitor the exhaust gas oxygen
142 If at any time the oxygen partial pressure desab provide net oxidizing or net
reducing environment, then the sensor should sesignal back to the electronic engine
control module. This module, in turn, signals thelfinjectors to increase or decrease the

fueling rate as to drive the exhaust gas mixturekbe the stoichiometric point.

Considering that by utilization of any control st there are still unavoidable
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deviations from set point composition, ceria wadeatito the catalytic formulation of
automotive catalysts to buffer the exhaust commwsithrough its oxygen storage

capacity.

As the first generation of this type of catalysieple metals were impregnated
onto an alumina porous layer of a monolithic me@ieria with small weight fraction was
co-impregnated onto alumina along with the nobléatse Even a small fraction of ceria
could dramatically improve the catalyst performande the late 1980s and early 1990s,
more ceria usage was adapted since it was lesmgxpecompared to precious metals.
The primary concern was then to provide high cdntacface area of ceria and the
precious metals considering that the effectiverné$be oxygen storage capacity of ceria
is to store and supply oxygen to the metals on lwki© oxidation occurs. However, the
oxygen came mainly from the surface or near sunfagen of ceria at the interface with
the metal particles so that sintering of eitheriacer the metal particles was a major
problem for these catalysts. Thermal sintering wasy eminent due to the high

temperature of the exhaust gas stream which was than 800 °C.

In the 1990s, the requirement for durability of #ngto catalysts increased from
50000 miles to 100000 miles. In order to solve pheblem of thermal deactivation of
high ceria loaded catalysts, new technology forgexystorage became inevitable. As a
result, ceria was stabilized by another metal oximleform a solid solution able to
withstand severe thermal aging>'*’ It is worth mentioning that, even though
stabilization of ceria particles by addition of gedary oxides is important, the
importance of reducible oxide solutions is not niettd to stabilization. For instance,

solid solutions of ceria and zirconia increase thggen storage capacity of these
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materials '** *? Even bulk oxygen can diffuse to the surface andsequently it

becomes possible to relax the constraint of a bigface area of the monolith catalysts.

Currently exhaust emission control for gasolineieeg) has been well developed
and the aim is to develop catalysts stable enonig¥ithstand any exhaust stream without
deactivation over the life of the vehicle. The oth#ort is to reduce the contributions of
the transport system to the accumulation of, @Othe atmosphere. One solution is to
completely replace fossil fuels with hydrogen, itdealerived from solar energy.
However, more time is needed to develop an affdedédchnology. The other, more
promising, solution is to use fuel cells as the eowsource of automobiles by
electrochemical conversion of hydrogen into elettiriwhich is known to have a very
high theoretical efficiency. The problem is them low volumetric energy density of
hydrogen which is a practical problem for on-vehistorage and also hydrogen fuel
distribution. As a solution, it is proposed to mafoliquids such as alcohols or gasoline

on-board to hydrogen to be used in the fuel celefectricity generation.

Alcohol fuels such as methanol have a five to sduars higher energy density
compared to compressed hydrogen and they can lil§ stmed and distributed™.
Besides, renewable sources such as biomass caselleas the primary source for them
to have net zero contribution to the £&ccumulation in the atmosphere. Furthermore,
conversion of methanol is much simpler comparedther liquid fuels. Next, gasoline,
another source for hydrogen production, has thigmidhge that it is already widely
available. In other words, there is no need toktlaibnout new fuels and a new distribution

system.
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Reforming an oxygenated or non-oxygenated hydracafbel requires breaking
the chemical bonds in the fuel to have CO andridlecules. It is usually done by steam
or a mixture of steam and oxygen. Use of oxygervides an extra path for partial
oxidation of the fuel which is exothermic and theahis used in steam reforming that
occurs simultaneously. Then it is needed to shfit forther into CQ for additional
hydrogen production via the WGS reaction. After ogal of CQ, more purification of

hydrogen from CO is needed to make it ready toeldetd the fuel cell electrode.

Among many candidates for catalysts of these magtinoble metals surpass
others due to special needs which arise for automottalysis, mainly activity and also
safety and reliability. However the situation isitqudifferent for these applications
compared to emission control applicatifdnFirst and foremost, the system should work
flawlessly which means any possible disturbancematfunction would likely have
undesirable effects on the vehicle performance. dther difference is the amount of
noble metals usage between the two applicationsa Asigh estimation, about 100-150
gr of precious metals are necessary for un-boagtir&iorming and the fuel cell itself to
produce 50 kW power. This value is much higher ttweiremission control (about 2-5 gr

for a similar engine power of 50 kW).

The high price of noble metals motivates the se&ocfind less expensive, still
highly active catalysts. For example, nickel-basathlysts supported on ceria have been
studied for hydrogen production via steam reformifigethanol*>**>* Although these
catalysts are prone to coke deposition, by usiagpport with good redox properties and
an appropriate promoter it was possible to redw®an formation>. For example,

mixed oxides of ceria and zirconia showed lessarafbrmation for these catalysts.
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Similarly, Ce gNio20,.y has been suggested to be a highly efficient, stabid
inexpensive catalyst™ Under the reaction conditions, the catalyst hathls metal
particles dispersed on partially reduced nickeletbperia. It was found that metal-oxide
interactions alter the electronic properties ofaNd make it less active for methanation.
The nickel embedded in ceria induced the formatiboxygen vacancies and facilitated
the dissociation of ethanol and water. So both haatd metal-doped-oxide phases were

found to be important for ethanol steam reforming.

For on-board reforming of diesel fuels through #wtomal reforming, a catalyst
with Rhg (Cejgla;¢/6-Al,0O3 formulation has been proposed in the form of a alitin
catalyst'®. The activity results showed high fuel conversiam hydrogen production
with 3 wt% of rhodium. The characterization resuhowed the presence of highly
dispersed Rh particles in the support. Rhodium exiathere found both on the surface
and in the bulk. Considering cerium and lanthansnd@pant, cerium oxides were found
both in the bulk and on the surface and lanthanwas eispersed on the surface. These

promoters were believed to improve the catalysvigégtand durability.

Next, ceria catalysts are used for the preferenkalation of CO (PROX). Proton
exchange membrane fuel cells (PEMFC), as one phognitype of fuel cells for
automotive application, are known to be sensitivethe CO concentration in their
hydrogen feed. CO concentration should be belowp® for platinum anodes and
below 100 ppm for CO-tolerant alloy anodes. Onetsmh to provide hydrogen with high
purity is to shift the reaction after reforming order to convert the trace residual
amounts of CO and produce highly purified hydrog&nother simple and economical

method is preferential CO oxidation in hydrogerhrgtreams. The task is here to find
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catalysts that can operate at fuel cell operatamgperature, between 80 to 100 °C and

also to minimize hydrogen oxidation.

Gold nano-particles supported on ceria have bebjestuof many studies as a
promising catalyst for PROX reaction since ceria peovide oxygen for CO oxidation
and it can also stabilize small gold particles. dsahno-particles are very active even at
low temperatures and at those conditions they anee raelective toward CO oxidation
than hydrogen oxidation compared to platindifi*>®> For example, Au supported on
ceria doped with FeOand MnQ showed good redox and catalytic properti¥s Gold
on FeQ and MnQ was also active towards preferential oxidatiorwdis suggested that
the support structure, depending on the dopantreand on the preparation method,

determines the redox and catalytic properties nace

All examples illustrated above had their primaryplagation in the automotive
industry, either down-stream for emission controlup-stream for power generation.
However, application of redox properties of celsaniot restricted to the automotive
industry. For instance, replacing alumina as aiticaghl support for cobalt based
catalysts of the Fischer-Tropsch reaction with acencreased the selectivity of these

catalysts toward oxygenates especially linear altsofi’

2.3. Importance of the Three Phase Boundary for Céa Catalysis
Ceria plays two major roles in catalysis: it reeEsmsnd stores oxygen and it promotes
dispersion and activity of another catalytic materBoth of these roles depend on the

type, size, and distribution of defects on theacstirface. Oxygen vacancies are the most
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studied type of defects in ceria; however, othdeds like metal substitution are also

possible and important.

Ceria crystallizes in a cubic fluorite structuredahe most thermodynamically
stable low-index surface is (111§ This surface has threefold coordinated oxygen
atoms atop and sevenfold coordinated cerium atamshé next layer. Non-polar
stoichiometric O-Ce-O tri-layer repetition alongetfil11l) direction represents a perfect
CeQ (111) crystal. In its unreduced form, Ge® an insulator with experimental band
gap of 6.0 eV between O 2p and Ce 5d states and wpduction the electron

conductivity increases.

Surface oxygen vacancies can participate in chdmezctions. For example,
oxidation of an adsorbent can occur by ceria sarfagygen, resulting in a surface
oxygen vacancy. Adsorbates then bind to vacancies retrongly which may help in
their dissociatiort®’. Specifically in the WGS reaction which is the jgab of this study,
water is an oxidant and it can adsorb and dissecatvacancy sites near metal particles

and provide its OH group for further reactidfig™ 2 23 91, 163,164

Under ultrahigh vacuum conditions, on the slightgduced surface, single
vacancies are dominant and both surface and salssudxygen vacancies are present
with similar coverages®. High temperature results in vacancy clusteringhvihe

formation of mainly linear surface vacancy clust&rs'®®

The next most abundant shape
of vacancy clusters is in the form of a trianglehwihree surface oxygen vacancies
centered above subsurface oxyg&n Upon prolonged annealing, about 68% of all

oxygen vacancies are in the form of linear vacacdlcygters, 23% are single oxygen
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vacancies, and about 2% are in form of trianglese Gubsurface oxygen vacancy is
required to nucleate each linear vacancy clustgr'®® The most abundant oxygen

vacancy clusters only expose®Cmns to the gas phase as a very reactive Site

Presence of subsurface oxygen vacancy as a sealfihiz linear surface vacancy
cluster can be a new explanation for the effectagfants on ceri& '°’ For instance, it
was mentioned before that one way to enhance oxstpeage capacity of ceria and also
its thermal stability is to use Zrions as dopant*>*4> 168 89| fact by using zirconia
with less oxygen storage capacity, both oxygenagmrcapacity and thermal stability of
the solid solution increases. One possible explamat that these ions help linear
vacancies to grow without the need for subsurfaggen vacancies whose formation is
more endothermic compared to surface oxygen vaesndBesides, formation of
subsurface oxygen vacancies results in considerabteangement in the lattice structure

which may affect the stability of the catalyst.

Upon formation of oxygen vacancies, their mobiliigcomes another important
phenomenon. Under ultrahigh vacuum condition, thereo diffusion of oxygen on a
time scale of minutes even up to 400 *&€ " However, presence of even small
amounts of adsorbates may make diffusion easienpaang the maximal rate of isotope
exchange 'O, with *°0) for different oxides by means of the temperapmegrammed
isotope exchange method, Gg@10 °C) surpasses other oxides like Z(&B80 °C) and
y-Al,03 (620 °C)'"™. Presence of metals like rhodium considerablycsdféhe oxygen
exchange with the support. In fact, the maximune &n be observed at about 200 to
300 °C lower temperatures for Rh supported oxidespared to bare oxides. Surface

oxygen diffusion is much higher for ceria compateather oxides. For instance, at 400
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°C the relative mobility of surface oxygen on Ge® about 280 times higher than
Al,03 and 100 times higher than Zr@ulk oxygen diffusion can be observed above 400
°C for CeQ, ZrO,, andy-Al,0s. The coefficient of bulk diffusion of oxygen in @5 is
about two orders of magnitude higher thany-Al O3 and ceria has a very high internal
mobility. As a matter of comparison between purgacbulk oxygen diffusion and its
solid solution with zirconia, temperature progra@duction of the solid solution of 70
wt% ceria with 30 wt% zirconia showed a new peakveen 100 and 200 °C which were
not present for pure cerfa> **° The new peak was related to the bulk oxygen siifify

to the surface. In the experiment, both solid sotutnd pure ceria were support of Pd

nanoparticles.

Oxygen vacancies can alter the dispersion andigctifmetal nanoparticles. For
example, even though there are controversies wh#tbenucleation site for gold atoms
is Ce vacancy or O vacant{ '™ the conventional view assumes the oxygen vacancy
model **. So very small gold nanoparticles can nucleate highly dispersed surface
oxygen vacancies of ceria and provide more higidpatsed exposed gold atoms which
are active'®. The role of a structural promoter like aluminattien to provide highly
dispersed ceria with more surface oxygen vacarevedable for gold nucleation and
also for redox cycle¥”’. In fact, the addition of alumina by mechanocheactivation
rather than co-precipitation resulted in less sgrfeoncentration of Géand while the
first method produced highly active and stable gmthlysts the second was not found

active toward the WSG reaction. It seems that nietaing could be responsible for less

activity of the catalyst that was prepared by thgecipitation method.
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Along with oxygen vacancies, other defects like ahsubstitution in ceria are
also important to provide highly active catalydtsr instance, recent findings revealed
that active platinum and gold species for the lemperature WGS reaction are possibly
highly dispersed positively charged iofs This ionic state and the observed increase in
the amount of surface oxygen lead the authorsiclade that the active metals could be
the result of lattice substitution. In fact, thisbstitution must occur during the heating
step of their preparation process since they faimedr sample to be much less active
before heating. They further showed that by anngathe catalyst sample at high

temperatures it becomes less active due to theofaasface defects in ceria.

It is necessary to say that there is a mutual actean between the ceria support
and the metal catalyst. In other words, nature randohology of the support will affect
its interaction with the metal nanoparticles an@ ftresence of metals alters the
properties of the support. For instance, surfacgger atoms in association with
supported platinum atoms are more available fouectdn compared to the pure ceria
surface oxygen atoms. It is believed that thesentbary sites are the active sites for the
WGS reaction. In other words, while noble metalsoal/activate CO, ceria’s role is to

activate water and the reaction occurs in the iicof the boundary sites.

It has recently been reported that in fact Ce iaresimportant to stabilize the
active positively charged highly dispersed Pt sdaed it is necessary that these active
ions be surrounded by hydroxyl groups for the W@8ction at low temperatures to
proceed'”®. The authors tried both alumina and silica instefderia and they added
small amounts of alkali ions (sodium or potassitonactivate the adsorbed platinum for

the low temperature WGS reaction. They found thgpastially oxidized Pt-alkali-
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O«(OH)y species are possibly the active sites for thetimacin fact, they hypothesized
that the presence of Pt makes oxygen in directacorwith the metal and alkali ions
become “reducible” even at low temperatures. livigth mentioning here that, it is
possible to produce highly dispersed positivelyrghd Pt ions on surfaces. For example,
for y-Al,O5 supported Pt, this can be done by utilizing urcerdinate AP sites ofy-
Al,O; as binding site for Pt atom&® However, controlling the dispersion and
morphology of metal particles is still a challendee to the lack of technology to

systematically control the number density of‘Adites.

To further reinforce the importance of the boundsitgs of ceria supported noble
metals for the low temperature WGS reaction it ased that the reaction rate scales
linearly with the total length of the boundaty °"* °® Besides nearly metal free ceria
catalysts and inversely supported Ge@noparticles grown on Au (111) surface showed

significant activity for the WGS reactidf} 2% 9 102

The origin of this activity, however, is still angoious due to inter-related
interactions between metal particles, support, #rel gas phase environmeht 17’
Interestingly, it has been found that the alkatirpoted platinum catalysts on alumina or
silica have quite the same apparent activationggnefO+5 kJ/mol, as other Pt based
catalysts for the WGS reaction; such as, Pt-£CeBt-TiO, Pt-AlLO; Pt-ZrG,
irrespective of the support (although these catslixave different activity at different
temperatures}’. Considering the importance of the oxygen contariOH) groups in
the vicinity of Pt atoms, the role of the suppo#ynibe restricted to stabilizing the active

Pt sites, partially oxidized Pt-Ms{@H)y, in the reaction environment.

26



Another interesting finding is related to the cetell Pt-ceria catalysts®. The
authors reported that a bimetallic core of Pt amdvkh 1:1 ratio at about 5 wt% of ceria
shell, shows a high WGS activity, higher than Pihvé wt% of ceria. They found their
catalysts to be unselective toward methane formadtoeven higher temperatures and
noticed that doping of rare earth metal ions todéea coat did not result in any higher
activity. This suggests that the overall catalydictivity of these types of catalysts
depends on the electronic aspects of the metal-geterface and the importance of
oxygen mobility and storage capacity of the prormoteria shell does not play a
significant role. They further mentioned that pgad in the shell is probably inactive
toward the WGS reaction. Considering that bothdagold and platinum on ceria are
active toward the WGS reaction, they mentioned thatreaction mechanism for these

two metals is probably different.

In fact, understanding the real mechanism of reastover different catalysts and
finding the origin of activity and selectivity ofifterent catalysts for different possible
reactions can probably only be done with the hédltheoretical investigation§’®. An
appropriate theory helps to analyze data from afieexperiments. For example, simple
experiments show that for transition metals thereaitrend in their reactivity; bond
strengths of an adsorbed atom generally increase fine right to the left of the periodic
table. More advanced surface science experimems $hat surface defects like steps

and kinks of transition metals are more reactive.

Using theoretical tools like density functional d¢ing (DFT), it is possible to
rationalize these experimental findings. In otherds, by means of DFT calculations it

is possible to calculate the electronic structuréhe surface. By further analyzing the
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electronic structure it can be seen that when aritjty” like the d band center is closer
to another quantity like the “Fermi level” then thdsorption energy of that transition
metal is higher. Furthermore, for steps and kinkisamsition metals the d band center is
closer to the Fermi level and also moving from tiigét to the left of the periodic table,

the d band center gets closer to the Fermi lewneledd, by analyzing more experimental
data, it is possible to find a more physical intetation for these “quantities”.

Interestingly, if by any means we would be ablenove the d band center of the metal

closer to the Fermi level then we made it moretrea¢possibly also for a poison).

For real catalysts, however, there are many eleangmirocesses in addition to
simple adsorption: dissociation of reactants frdra gas phase, diffusion of surface
species, surface reactions to form intermediatéspanducts, and desorption of products
to the gas phase. Even though with the developnoénmore surface sensitive
spectroscopic techniques it is possible to obseatalytic surface reactions in more
detail, there is a limitation in spatial, tempoihd energy resolution of any experimental
technique®’®. Theoretical calculations let us postulate a ieactmechanism; and by
means of microkinetic modeling it is possible tegict more details about the reaction,
like the surface species’ coverages and apparé¢ngaon energy. Then the validity of

the mechanism can be checked by the available iexpeatal data.

In fact, reaction mechanisms help us to understdndh elementary steps are the
most important one in order to make the catalystenactive and selective. If we would
know the exact origin of activity of different sgept could be possible to alter the
properties of catalysts in such a way to make thare active and selective. However,

the main problem is that “quantities” that may gmse the activity of the catalyst toward
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one particular step usually increases the actiitthe other steps as well. Considering a
complex reaction mechanism that involves, for exenigr the WGS reaction, there may
be many steps that control the activity and selaggtof the catalyst. Then the concept of
the three phase boundary (TPB) potentially can ideows with more “independent

quantities”, in order to find a better catalyst fioe reaction at different conditioh€" *%°

2.4. Overview of Theoretical Studies of Ceria Catgbts

In a wide variety of applications that have beemtio@ed for ceria till now, it can
basically play two roles to provide a highly actigatalyst: it can release and store
oxygen and it can promote dispersion and activitgrmther catalytic material. However,
under what conditions which of these roles are damt is the subject of discussion in
this section. Indeed, experiments can provide algosight. For instance, it has been
observed experimentally that for transition mettkps and kinks are more reactive. In
other words, for simple CO orjHhdsorption, molecules interaction with steps aimisk

is higher compared to flat tracé®. Since metal nanoparticles can provide more low
coordinated sites like kinks and corners comparedatger particles, they are more

reactive.

However, using porous supports as media for metabparticles to provide high
dispersion for them, not all supports are inert.iRstance, again for the simple CO or H
adsorption, it was observed that even though nailgtals were completely dispersed on
titania, they showed less chemisorption for CO Hadfter reduction of the material at
500 °C compared to reduction at 200 It was concluded that “strong metal-support
interaction had somehow deprived these metals @& @i their most characteristic

properties®2” Spectroscopic data also showed a direct intenadietween metal atoms
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and reduced titanium ions. These observations asal @ther observations like the
tendency of many metal-oxide systems to increas& fihterfacial area even at the
expense of breaking other strong bonds in ordend¢oge phases, led to the conclusion
that there is an interfacial bonding interactiobws®n metal particles and reduced titania
which can be generalized to other metal oxides sischeria or even alumina provided
that the surface is reducible. Indeed, upon bomthdtion the electronic structure,
geometry, and other properties of the system wobhlthge compared to either the metal

or metal oxide alone.

Utilizing theoretical or in other words first pripbe computational studies, the
aim is to estimate the electronic structure of $lggtem accurate enough to provide a
good estimation of other properties of the systédte bond dissociation energies or
activation barriers. After that, it will be possto understand the real mechanism behind
the reaction and find the exact role that eacthefinvolved phases play in making a site
active. Along with accuracy, affordability of contptional methods is also very

important.

One of the most widely used theories for studying electronic structure of
materials is density functional theory (DFT). Basedthis theory, it is not necessary to
describe the interacting electrons with a multi-eimsional wave-function. Instead, the
formulation is based on a simple three-dimensietedtron density to fully describe the
electronic structure. However, in order to know howclei will affect the electron
density it is necessary to utilize exchange cotieafunctionals. In fact, the most
important part in the application of DFT is to fiat appropriate functional from many

that are available; for example, Local Density Apgmation (LDA), Generalized
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Gradient Approximation (GGA) such as PBE or PWO9td also another class of
functionals which are called Hybrid Functionals jHFor example HSE, PBEO, or

B3LYP.

It is known that typical DFT functionals, LDA and33, underestimate the band
gap of materials and also barriers of chemical tieas '®. They also cannot give
accurate interaction energies in strongly correlaeides and band dissociation energies
of transition metal dimers which have degeneratene@ar degenerate states. Strongly
correlated materials like F@; or CeQ. typically have partially filled d or f electron
shells and show unusual electronic and magnetipgpties, such as metal-insulator
transitions or half-metallicity. For instance, upmmmation of one oxygen vacancy on a
fully oxidized ceria surface, it is generally bekel that the two left over electrons will
localize on two near vacancy Ce ions to reduce tfremn C€* into Cé2 | i.e., the
electrons will partially occupy 4f states. Howevieoth LDA and GGA fail to localize
electrons and they delocalize them over the whalgéase. Consequently, these two
methods underestimate the band gap of the redwa@land predict a metallic behavior

which is wrong.

To accurately describe the electronic structurstimingly correlated materials and
consequently their properties, mainly two approchese been considered: Hybrid
Functionals and DFT+U. Hybrid functionals add ataer percentage of Hartree-Fock
exchange to the traditional exchange, GGA, in otderorrect the delocalization error.
For instance, they can partly localize electrond emove the delocalization error of

reduced ceria. However, these functionals aredesarate compared to pure functionals
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for metal surfaces. The other approach to correetédlectronic structure of strongly

correlated systems is via the U parameter.

U parameter or Hubbard parameter is in fact aractton term to correct the
strong on-site Coulomb repulsion among localizeat d electrons in traditional DFT
exchange functionals, LDA and GGA. By choosing aprapriate value for the U
parameter it is possible to localize electrons. Elsv, the choice of the value is
empirical and it depends on the property of interée functional, and also the system
184190 Eor instance, the value for correcting the baag of fully reduced ceria is
different for GGA and LDA functionals and these ued cannot be used for other
reduced transition metal oxides. Besides, thermiguarantee that these best values will
also be the best for other properties such asatied parameter. However, using a U
parameter proved to be a more practical way toawvgthe electronic structure of cerium
oxides since hybrid functionals are very computslly expensive in case that the solid

surface is being modeled by the conventional peribdundary slab model approach.

Even though the slab model approach for modelingpled surface is a very
traditional and efficient way due to periodic boandconditions, the unit cell should be
large enough for defective surfaces or surfacet wietal clusters and adsorbents to
minimize their artificial interactions with theimiages caused by periodicity. The other
modeling approach for solid surfaces is based oste&t embedding which let us model

an infinite dilution of defects or any other actsiges on the surfacé**%*

For instance, the periodic electrostatic embeddipgroach considers electronic

embedding of a finite quantum mechanical clustea iperiodic infinite array of point
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charges. In other words, an ionic cluster in a tumensional slab would be treated
guantum mechanically while all the other atomshia infinite slab will interact with that

ionic cluster just via their electrostatic potehtldsing this method, it would be possible
to provide a correct Madelung potential for theteys In fact, approximating a single
ion in an ionic solid by a point charge, the Madejiconstant is useful to determine the
electrostatic potential of that ion. By choosing appropriate quantum cluster model it

would be possible to model different surfaces eithiéh defects or metal clusters.

It is worth mentioning that in order to bridge th&p in temperature and pressure
of real reactions with DFT based theoretical stsidige used transition state theory to
calculate elementary reactions’ rate constantspartbrmed a microkinetic analysis to
study the interplay of various elementary reactidiswever, there are other methods
based on both quantum mechanics and molecular dgsam order to model the
dynamic behavior of all atoms at finite temperasuré®'®® These methods are
computationally very expensive compared to micrekinmodeling. Assuming that the
morphology of the active site will not change dadfte reaction conditions, microkinetic
modeling can provide us with very useful informatlike surface species’ coverages and

the apparent activation energy that can be compaitedhe experimental data.

There are many reports published related to thieateitudies of ceria systems
either with vacancies or with adsorbed metal chgster other adsorbents. In the

following some of the most interesting ones fos tstiudy will be discussed briefly.

Considering fully oxidized and fully reduced ceriwsrides, Ce®@ and CgOs,

many efforts have been devoted to evaluate diftel2RT based functionals for
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describing the electronic structure and other progee of these oxides. For instance,
Kullgren et al. tried different functionals, namé®3LYP, PBEO, LDA, GGA, LDA+U
and GGA+U*®. They found the B3LYP functional to be slightlyttee than the PBEO
functional for describing electronic properties B&s the band gap and a little worse for
structural properties such as cell parameters. Mewd DA+U with U = 6 eV and
GGA(PBE)+U with U = 5 eV were better compared téhblaybrid functionals PBEO and

B3LYP.

Da Silva et al. also found GGA(PBE)+U to be bettem hybrid functionals such
as HSEO and PBE®?. However, they showed that the best U paramet@rdperty
dependent. For instance, U = 3.25 eV in LDA+U re=iilin correct reduction energy,
while it did not give a good result for the bang gend lattice parameter of &&. They
suggested that for GGA(PBE), &4 2.0 eV would give the overall best description for
energetics, lattice parameter, and magnetic orgéniiCeOs. For LDA they suggested U
to be between 3 and 4 eV. It is worth saying thanefor the same property of the same
material different reports suggested different tbealues for the U parameter. It seems

that other computational settings are also impaortan

Another topic of interest in many studies is thggen vacancy formation on the
CeQ (111) surface as it is known to be thermodynamycalbre stable compared to
other low index surfaces. Ganduglia-Pirovano etredd HSEO06, LDA+U with U = 5.3
eV, and GGA(PBE)+U with U = 4.5 eV functionals dodind that with 0.25 monolayer
of defects, subsurface oxygen vacancies are matdestompared to surface oxygen
vacancies even though the value of stability wasntjtatively different between

different functionals™®. They also found electrons to become localizedthen next
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nearest neighbor Ce ions instead of the genereveelor localization of electrons on the
nearest neighbor Ce ions. Burow et al. used thigierelectrostatic embedded cluster
approach with PBEO functional and found that thectebns were localized on near
vacancy Ce ion$®. It seems that, as suggested by Ganduglia-Piroeash, structural
relaxation is very crucial in finding the most d&abonfiguration and also to get correct
electron localization. In fact, localization of elens on nearest neighbor Ce ions may

correspond to delocalization of electrons on athaim.

Even though the (111) surface is thermodynamicaitye stable compared to
(110) and (100) surfaces, the (110) surface has beggested to be more reactive for
example toward CO oxidatidfi®. Indeed, oxygen vacancy formation and CO adsarptio
on (110) and (100) surfaces have also been stundigdwith slab model and embedded
cluster approachdgh 194 200202 instance, it has been suggested that the Eltface
oxygen vacancy is more stable compared to the vmglancy and (111) surface vacancy.
Also, upon CO adsorption, on the (110) surface arzabe complexes may forfi* 2%2
while theoretical calculations suggest that thdyfolxidized (111) surface interaction

with CO is just physisorptioff2

Considering the wide application of ceria supponteetals in catalysis, many
studies are trying to find the interaction betwesgtals, either a single atom or a cluster,
with ceria supports, either fully oxidized or palty reduced. Yang et al. used
GGA(PBE)+U with U = 5.0 eV to study single platiniadsorption on fully oxidized and
partially reduced ceria (111) surfac®d On a fully oxidized surface, the bridging site
between two surface oxygens was the most staleléasitt adsorption while on reduced

surfaces vacancy sites were the most stable adsorpites. Adsorption on reduced
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surfaces was stronger than adsorption on the @ddsurface. They observed a strong
metal support interaction between Pt adatoms amgulfaces and the formation of Pt-O-
Ce bonds was found possible. The lower lying mieidliced gap states, mainly from Pt
4d states, made the ceria surface more reducibl@ndther words, it was easier to form
an oxygen vacancy on the Pt adsorbed oxidized @idampared to the pure oxidized
surface since the metal induced gap state couln dmtommodating left over electrons
after reduction. For clean surfaces these electloraize on 4f states on reduced Ce
ions. Removing different surface oxygens in thamvig of Pt required between 1.06 to

0.36 eV less energy compared to a clean surfade thet vacancy formation energy of

2.89 eV. In fact, the vacancy formation energy offace oxygens far away from Pt

adatoms was quite similar to the pure surfacetithting that there was a metal-oxide

interaction which improved the reducibility of thgide.

Next, Lu and Yang showed that Ce ions become retlupen adsorption of Pt
atoms on fully oxidized surfacé%’. They studied the adsorption of single Pd, Pt,Rhd
atoms and their tetrahedral clusters on the &®1) surface with the GGA(PBE)+U
with U = 5 eV methodology. Single Pt atoms had atiglapositive charge upon
adsorption and for tetrahedral clusters the thigseatoms had a positive charge while
the top atom had a slightly negative charge. Updsogtion of a single atom, the
electrons became localized on the next neareshimeigCe ions to reduce it from Ce
into C&™. The authors further explained that their previassk was corresponding to a
metastable state with a little different geomefoyr; example, longer metal-O distances
and shorter metal-Ce distances. Comparing diffemeettls, Rh adsorption was stronger,

followed by Pt and then Pd. While Pt and Pd adatpreferred the bridge site between
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two oxygens for adsorption, Rh preferred the holkite between three surface oxygen

atoms.

To clarify the oxidation state of adsorbed Pt orO£@ 11) surface, Bruix et al.
used LDA+U with U =5 eV, GGA(PW91)+U with U = 3 e¥nd also the HSE06 hybrid
functional °® They tested the singlet state with no unpairedtedns and triplet state
with two unpaired electrons and found that the Isingtate is a little more stable. While
the Pt charge for the singlet state was almostraledibe triplet state resulted in oxidized
Pt and reduced Ce atoms. They emphasized that smaiyy difference may provide a
spontaneous charge transfer even at room tempergtudying Pt diffusion over the
surface, they found the energy barrier to be snhallbther words, adsorbed Pt atoms

could easily nucleate to form larger clusters.

Indeed, nucleation or in another words agglomenadiometal nanopatrticles is an
important phenomenon during both the reaction ae@gration. Li et al. studied Rh and
Pd agglomeration over the CgQ11) surface by means of GGA(PBE)+U with U =5 eV
and also molecular dynamics simulaticfi8 They found that single particles tend to
form three dimensional clusters on the surface tduthe strong cohesion energy. Pd
showed greater tendency for agglomeration comprdth. Using molecular dynamics
simulations, they found that the oxidation stat&kbfatoms play an important role in the
morphology of particles on the support surface. [&/hnder oxidizing condition strong
O-Rh-O inhibited Rh agglomeration, removal of sagfaD atoms from oxidized Rh

caused subsequent metal particle agglomeration.
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Mayernick and Janik, however, used #ieinitio thermodynamics approach to
study the effect of a gas phase environment onntbgohology, oxidation state, and
agglomeration of catalyst8’. They studied single Pd atoms on G¢0L1), (110), and
(100) surfaces and noticed that Pd atoms couldtituleslattice Ce atoms on the CegO
(111) surface with +4 oxidation state. Then upoggax vacancy formation near Pd, it
was possible to reduce its oxidation state to +2evo. They used GGA(PW91)+U with
U =5 eV to find the electronic energies. Tée initio thermodynamics approach was
then used to find the Gibbs free energies of diffiereactions in order to find the most
stable surfaces at different temperatures andgbatessures of oxygen. For instance,
they found that at room temperature and oxygerigbgrtessure higher than 19atm,

adsorbed Pd atoms incorporate into the ceria (ddface to form a mixed oxide.

In order to show the effect of support on CO adsonp Jung et al. considered,Pt
and Pd clusters over c-Zr©(111) and Ce@(111) surface<®® They found that the
support changes the site preference for the COrpiilso. For instance, while CO
molecules preferred to adsorb on atop sites oftsdl P clusters, adsorption on the
bridge site of supported clusters had the highestgy compared to other sites. They
found clusters to be positively charged yet thely abuld donate electrons in order to

activate adsorbed CO molecules.

Studying CO adsorption and the WGS reaction ovaaipported gold, Liu et
al. used the GGA(PBE) functional without U paramedad showed that due to the
presence of empty localized non-bonding f statesesfa, gold can become oxidized
facilitating CO adsorptiorf®. They attributed the localized f states to an tebec

reservoir like delocalized Fermi-level states inallee materials, able to accept or donate
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electrons. While individual gold atoms adsorbedvacancy sites were not active toward
CO adsorption due to its large negative chargey foend that 4 to 6 gold atoms
clustering on an oxygen vacancy can provide pért@tidized gold atoms to be active
toward CO adsorption. In order to relate the astivof oxidized gold toward CO
adsorption to the activity toward the WGS reactitwey proposed a reaction mechanism
via formate intermediate and found a maximum bameéated to CQ desorption from

formate by 1.08 eV. Nevertheless the exact oriithe activity is still controversid®®

209

It is worth mentioning that Liu et al. did not ugk parameter since in their
calculations (using CASTEP) individual f orbitalever had more than one electron
leading to insulating behavior for both Ce@nd CeO; surfaces. While they found
individual gold adatoms on the fully oxidized sweato be positively charged, recent
work by Branda at al. shows that the oxidationestdtsingle Au on Cef(111) surface
cannot be definitely determined by theoretical rod&f*°. They used the HSE06 hybrid
functional and the LDA+U and GGA+U methods withfelient U values, namely 0, 3,
and 5 eV, and showed that the oxidation state laf igovery sensitive to the method and
the surface model. In some cases they found twg ®leise energy systems but with
different electronic structures, one with neutrai &nd the other with oxidized Au. The

energy difference usually was small and withindabeuracy of the DFT methods.

To conclude, even though theoretical methods camige more understanding
about the catalytic surfaces and their origin divitg, along with affordability there are

also some limitations in their accuracy. Indeed,uBing experimental data at different
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levels and appropriate theoretical calculations andti-scale modeling, one can gain

more insight about the exact role of each of thelved phases during the reaction.
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3. Computational Method

3.1. Periodic DFT Calculations

The slab model approach has been utilized to mib#ePt/Ce®@ (111) catalyst surface
using the Vienna Ab-initio Simulation Package (VASPo describe the effect of the
core electrons on the valance electrons the pegeatigmented wave method has been
used. The Ce 5s, 5p, 5d, 4f, and 6s electronsCthgs, 2p electrons; the C 2s, 2p
electrons; the H 1s electron; and the Pt 5d, 6streles were treated explicitly with a

plane wave energy cutoff of 500 eV.

Electron exchange correlation was described with Rerdew-Burke-Ernzerhof
(PBE) functional. A Hubbard, U-J, parameter hasnbemployed to be able to describe
the strongly correlated 4f electrons of reducedacathile in the rotationally invariant
GGA+U approach, two parameters, U and J entertialensity functional formulation
that should be specified explicit§*!, the formulation in the simplified spherically

f2 U-J. Here we used

averaged version is based on one effective inferagtaramete
U-J equal to 5 eV as suggested by Nolan éfalas U= 5 eV was high enough to give a

localized electronic structure in agreement withieastudies’,

An optimized bulk Ce@with 5.48 A lattice parameter was used to constitue
(111) surface. A p(4 x 4) unit cell with nine ateméayers and 15 A vacuum gap was
used for all surface calculations. While the bottiimee atomic layers were fixed in their

bulk position, all the other atoms were relaxedluhe forces were smaller than 0.05

41



eV/A. For this model, we find that the surface osiygyacancy formation energies and Pt
adsorption energies described in the next sectiercanverged to within 0.05 eV with
respect to increasing the number of layers fromm 9% and 18. The Hellmann-Feynman
theorem is used for calculating the forces at thd ef each self-consistent field
calculation and the Harris-Foulkes correction ideatito the force$** #*> Brillouin zone
sampling was performed with 2 x 2 x 1 Monkhorstilapoint mesh. Calculations were
spin polarized with dipole and quadrupole corraito the energy solely in the surface
normal direction. Fractional occupancies of bandgewallowed using the Gaussian
smearing method with sigma value equal to 0.1 e¥.das phase species and isolated
metal clusters, gamma point calculations were peréd within a 15 A cubic box and

Gaussian smearing of 0.1 eV.

For the mechanistic study we used this set up lfaragéculations except that we
used gamma point calculations instead of a 2 x12Monkhorst-Pack k-point mesh to
reduce the expense of the transition state seailchlations. The transition states of the

elementary steps were found via the CI-NEB and Dimethods.'® **’

3.2. Effect of Platinum Cluster Size on Reducibilit of the Ceria (111)
Surface

Since ceria is well-known for its oxygen storagpazaty and its ability to undergo rapid
redox cycles by releasing and storing oxygen atand, also since it is known that the
reducibility of the ceria surface increases in flnesence of Pt atoms, we studied the
effect of small platinum clusters on the reducibilof the ceria (111) surface. For each
size, we identified the most stable configuratioos the clusters on both the

stoichiometric and partially reduced ceria surfaceish 0.063 monolayer oxygen
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vacancy. We added one, two, and three Pt atontseeadame time to the most stable or
otherwise representative (already optimized) smallester structure to ensure that many
different initial configurations for each Pt clusgze have been studied in the search for
the lowest energy structures. Next, we used theggnef those final structures to
calculate the oxygen vacancy formation energiethénpresence of a Ptluster on the

surface:

E\Iftn = Eprﬂ...CeQ,X + 0-5Eo2 - EPtn...Ceq (3-1)

where E denotes the DFT energies of the relatediegp@nd subscript n refers to the
number of platinum atoms in the clusters. In ordenavoid the errors associated with
DFT methods for describing a triplet state of tles-ghase oxygen molecule, the O
energy is obtained using the® splitting reaction with the experimental reacterergy

and calculated DFT-GGA energies of &hd HO in the gas phasé
Egre=2(Ess + e ) BN+ Exf)- B |- B (3-2)

where o is the experimental heat of formation of a gassphigO molecule. B® and
E®®° denote the experimental zero point energy andcéleulated DFT energy of the
related molecules. The”E values of HO, H,, and Q are 0.558, 0.273, and 0.098 eV;
and Eor is equal to -2.505 eV. We note that such a caoeéhcreases the energy of the
oxygen molecule by about 0.4 eV and will thus havagnificant effect on all reaction
energies involving the Omolecule. Next, it is worth noticing that, for tiergest Pt
cluster that we studied (@), the distance between cluster images is more 18aA so

that cluster—cluster interactions are negligiblelscA by using the most stable
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stoichiometric and reduced structures, we assumetiie surface is able to equilibrate

fast.

Next, we calculated the clustering energie§“{Bof the metal atoms on the
surfaces by using the energies of the most stabidigurations of Pt clusters on

stoichiometric and partially reduced ceria:

Clu 1

Epltn,c:eq = HX ( EPtn/CeQ - ECeQ - Nk, ) (3-3)
Clu 1

EPItn.Ceq_x = HX( Ep/ceo, ~Eceq, ~NEx ) (3-4)

3.3. Catalyst Model Identification via the Constraned Ab Initio
Thermodynamics Calculations

Under finite temperature and pressure conditidnes stable surface structure is a result of
the statistical average of all the involved eleragntreactions. One rigorous yet time
demanding approach to find the dynamic behaviothef surface is via kinetic Monte
Carlo simulations which are able to give detailswtlrorrelations and distributions of the
intermediates on the surface under steady stateitmrs %> 2 In this approach it is
necessary to have a reaction mechanism and altoattants at hand. However, without
knowing the kinetics of the elementary reactionss istill possible to find the relative
stability of different surface species under specijas phase conditions via the
constrained ab initio thermodynamic approdch %’ In this study, we performed
constrainedhb initio thermodynamic calculations to understand the effiéa gas phase

environment on the stability of various catalytites.
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The constrainedb initio thermodynamic approach considers a solid surface i
equilibrium with a gas phase environment and assuhere is enough gas and bulk solid
where both can be treated like a reservoir at aispe temperature and pressure, and
they are able to exchange atoms with each off¥%éf2 Considering the experimental
conditions, the appropriate thermodynamic potemtiagtudy the system is the Gibbs free
energy. Then in order to compare the stabilityvad surface structures under specified

conditions a reaction such as equation (3-5) canriigen:
Asolid + Bgas - Csolid + Dgas (3_5)

For instance, in a gas environment of CO and,,Gfe relative stability of a fully
oxidized surface with respect to a partially reduseirface can be evaluated by the

following reaction:

Ceo2,so|id + Cogas - CeOZ—x,solid +CO (3-6)

2,9as
which is assumed to be in equilibrium.

In order to find the relative stability of speciésand C under the gas phase
condition exerted by B and D, the Gibbs free enenfythe reaction (3-5) under a
specified temperature and pressure can be calduldtenegative Gibbs free energy
means that the reaction is thermodynamically ptssibhd the products are more stable
than the reactants. In other words, the surfaceuCtare is more stable than the surface
A structure. On the other hand, a positive Giblee fenergy means that the reverse
reaction is thermodynamically preferred and thecta#@s are more stable than the

products; then, the surface A structure is morelstidan the surface C structure.
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The Gibbs free energy of a solid surface like A ba written as:
Q, = EA,elec + AGAVib - z Ni,Aﬁi (3-7)

“* s the

where E is the self consistent field energy of the solidface, A G,

A elec
vibrational contribution to the Gibbs free energycluding zero point energy)N, , is
the number of atoms i in the slab afdrefers to the chemical potential of atom i in the

slab??%. The rotational and translational contributiortlie Gibbs free energy of the solid

surface is assumed to be zero.

For gas phase species such as B, the Gibbs fregyeran be written as:

- B,elec

g = E +AGBVib +AGBrot +AGBtrans_zNi,B ﬁ'i +kBT |n[%) (3_8)

where AG,™and A G,""refer to the rotational and translational contribuitto the
Gibbs free energykg is the Boltzmann constant’ 5 the reference pressure; B the

partial pressure of B, and definitions of the ottenms are the same as for the solid

surface.

Having expressions for the Gibbs free energy ofsiecies in the reaction (3-5),
it is possible to calculate the Gibbs free enerfjyeaction to find the relative stabilities

of surface structures A and C,

AG, = ZG_ ZG:QC_QA"‘“D_“B (3-9)

products reactants
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Replacing the expressions for the Gibbs free easrgf surfaces and gas phase species

will give
A(3r = Ar(EeIec) + Ar(A(SVib) + Ar(AGTOI) + Ar(AGUanS) -
- P,
D AN +keT In(P_BJ (3-10)
where

A (X) =X =X, +Xp = Xg

Due to the atomic balance in the reactian(N,) is zero for each atom type and the

formulation will reduce to

AG, =A,(E

ele

J+A(AG™)+A (AG™)+A, (AG™) + kBTIn(%j (3-11)

B

Considering that most of the times the vibratiamltribution to the Gibbs free energy of
the solid surface is negligible compared to othemms %*°, the three A (A G"),

A, (AG™), andA, (AG"™) terms are dominated by the gas phase speciesraraftan

0

. and evaluated at the reference pressure and aeacti

recombined asAp,°-Ap

temperature. All the temperature and pressure digpey then lies in

P
(App —Apg)= (AuDo —AuB°)+ kBTIn(FDJ which can be evaluated by standard statistical

B
mechanics calculations or by using thermodynamitesaand relationd?> 223 In this

study we used the former method via the TURBOMOL&gpmm package.
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3.4. Calculation of the Langmuir Adsorption Isothems

Competitive adsorption of several species fromghs phase on a surface site can be
calculated using the Langmuir adsorption isotherfie Langmuir adsorption equation
relates the coverage or amount of adsorption ofecubés on a surface to the gas
pressure. Here, the adsorbed species have nodinberavith each other and no reaction
occurs between them. Also, the adsorption and géear processes are fast and
consequently at equilibrium. For example, for cotitiye adsorption of two species, A

and B, on a surface site, *, we have:

A+* 5>A*  B+* > B* (3-12)
—AG,
K, = O Ky = O K, =eke’ (3-13)
0. P, 0. P,
= 0,=K,P0. .0, =K,P.0. (3-14)
0, +65+60, =1 (3-15)
~ 0 L (3-16)

KAF)A 0 KBI:)B

_ 0. = 3-17
K, P, +KgP, +1 ®KLP, +K P +1 (3-17)

= 0,

Here,AG; is the Gibbs free energy of the adsorption of Epeon the surface site that
can be calculated as a function of temperature rafeaence pressur@; is the surface
coverage of specie i artd is the free site coverage. iB the partial pressure for i in the

gas phase; whilegkis the Boltzmann constant and T is the absolutgezature.
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3.5. Mechanistic Study via Microkinetic Modeling

For DFT calculations for the mechanistic study wedithe same computational set up as
has been described in section 3.1. However, duthéoexpense of the calculations,
specifically for transition state search algorithmage used gamma point calculations
instead of sampling the Brillouin zone with 2 x 2 Monkhorst-Pack k-point mesh. The

transition state of each elementary step was fauadhe CI-NEB and Dimer methods

216, 217

After finding the energies of intermediates andngion states for each
designated pathway, we used transition state thofind the forward and reverse rate
constants. For a surface reactionAB*, the forward and reverse rate constants can be

calculated as:

_Efaor _E?ev

kgT kgT
kfor :Afore ° ’krev:Areve ° (3'18)
where E;, and E, corresponds to the zero-point corrected forward aeverse

activation barriers, respectively; whilk, is the Boltzmann constant an@l is the

absolute temperature. The frequency factors (A) aaleulated from the vibrational

partition functions (gp) using the following expressions:

~ KgT Grs v A KgT Qs vib

for — rev
h qA*, vib h qB*, vib

(3-19)

Here, h is the Planck’s constant. The vibrational pantitimnction can be calculated

from the frequenciesy( ) as follows:
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1
Qo =] [—= (3-20)
L 1_ekT

For an adsorption reaction, A+¥A*, we used collision theory to calculate

forward rate constant:

K - 10 o (3-21)

for \/m unit

has the unit o6™*bar*. S

unit

Here, k is the surface area per active site which is 8.19

for

10" m? for our model andn, is the molecular weight of specie A ky. The reverse

rate constant can be calculated from the calculatgdlibrium constant (K) and thie,,

as follows:
o k
K=da_ghet Ko (3-22)
qA q* rev K

where AE is the zero-point corrected adsorption energy.

For all hydrogen transfer processes, we considéhed hydrogen tunneling
correction. The corrected forward and reverse rev@stants are the results of
multiplication of the transmission coefficient famneling, «, with the uncorrected rate

constantsk can be approximated by the following equation:

2

1(h k,T

K(T) :1+§(kv%j (1+ EBTSJ (3-23)
B
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where v, and E™ are the curvature of the barrier and the energythef barrier,

respectively. After finding the forward and revers¢ée constants, for each pathway we
assumed a linear reaction set and applied a ps&teddy-state approximation for surface
species and solved a set of linear equations tbthie coverage of each species and the
empty site. For clarity, some of the elementargtieas in this work are represented with
multiple species. The surface coverages are usédddhe rate (turn over frequency) of
each pathway. The apparent activation energy @ulzkd over the temperature range of

373-573 K using the following equation:

(3-24)

— RT{ammJ
Pi

oT

Here, R is the rate of the WGS cycle amg] is the partial pressure of the gas phase

specie i in the reaction mixture. The reaction csdee calculated as follows:

n = olnR (3-25)
alnpi T.pii

For further analysis, we calculated Campbell’s degof rate control and degree
of thermodynamics rate control to gain insight altbe most important elementary step

and reaction intermediate of each pathWdy The equations that we used are:

k. (0R
Xpei = —(—j (3-26)
ROk Sy
k [ 0R
X rpen = —H — 3-27
el 50, s27)
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X .. IS the degree of rate control for reaction step thie cycle.x is the degree of

RC,i TRC,n
thermodynamics rate control for intermediate n.ehndl is for all the reaction steps that

the intermediate n is either the reactant or tloelpct.
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4. Catalyst Model Development
Reproduced in part with permission from [ The Journal of Physical Chemistry C, 2012,

116, 9029-9042.] Copyright [2013] American Chemical Society

The optimized bulk Cefstructure with lattice parameter of 5.48 A wasduseconstruct
the CeQ(111) surface. Nine atomic layers with the thretdoo layers fixed at their bulk
positions were utilized in order to simulate theface. For this model we found that the
surface oxygen vacancy formation energies and mulati adsorption energies were

converged within 0.05 eV by increasing the numbdéayers from 9 to 15, and 18.

The structure of the stoichiometric C£011) surface is depicted in Figure (4-1).
The first atomic layer only contains oxygen atornattare three fold coordinated and
have bonds with three Ce atoms in the second attagyer. The second atomic layer
atoms only have seven fold coordinated Ce atomsiwhave bonds with three surface

oxygen atoms at their top and three subsurfaceaxggoms in the third atomic layer.

FIGURE 4-1.Structure of Ceg{111) surface: (a) top view and (b) side view. @Grgand
red balls represent Ce, and O atoms, respectively.
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This third atomic layer only contains four fold edmated oxygen atoms. The seventh
bond of a Ce atom in the second layer is with orymgethe fourth atomic layer. This
fourth atomic layer is like the first atomic layexcept that it is connected with the top Ce
layer and as a result the oxygens are four foldrdinated. The tri-layer O-Ce-O

repetition along the (111) direction representgidget CeQ(111) crystal.

To identify a suitable catalyst model for Pt meathister on Ceg{111) surface,
we performed different calculations and the resahes the subject of this section and
organized as follows: For model development wetetiawith the structure of small Pt
clusters on the stoichiometric and partially redlceria (111) surface. Next, we applied
the constrainedab initio thermodynamics method to see how is the naturé¢hef
Pt/CeQ(111) catalytic surface under realistic WGS reactionditions. For instance, we
answered the following questions: (1) Are oxygenareies stable under WGS reaction
conditions? And how does the presence of Pt clsigtelp create oxygen vacancies? (2)
Are oxygen vacancy clusters stable under WGS m@aatbnditions? (3) Under what
reaction conditions are platinum oxide specieslefaft) What is the effect of +bn the

Pt/ceria surface? (5) What is the effect of CO cage on the Pt/ceria surface?

4.1. Structure of Small Platinum Clusters on Cerig111) Surface

Many experimental studies for the WGS reaction hased ceria nanoparticles as a
support for metal nanoparticles where differenefamf ceria are available for the metal
particles to bind and for reaction to occtir®® #2°22" However, there are many surface
science studies where ceria thin films have beesd uss a support. Bridging this
materials gap is not an easy and straightforwasH, tand while the interaction of metal

nanoparticles with ceria nanopatrticles is likelytgisophisticated, ideal surface science
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studies are often able to capture key featureh@fréal systeni”>. Here, we used the
most stable low index ceria surface, ceria (121)for our computational study to get a
better understanding of the growth pattern of plan metal particles on both the
stoichiometric and reduced ceria surfaces. On #dged surface, a single surface
oxygen vacancy is considered as the nucleationfait¢the metal adatoms. It is worth
noticing that, by experimentally studying the grbvaf Pt nanoparticles on ceria (111)

thin films, Zhou et al.??®

generally did not observe any preferential nuae&aiand
growth of the metal particles at the step-edgeb®surface as observed for palladium or

gold particles® 3!

Table (4-1) illustrates the computed clusteringrgres for various Pt clusters (Pt
to Ptg) on both the stoichiometric and reduced ceriasg@s. Top and side views of the
most stable structures are shown in Figure (4-2@ib}he stoichiometric and reduced
surfaces, respectively. Overall, more than one hathdlifferent initial structures with
unbiased pre-assumed packing structure of the dPtsahave been optimized to make
sure that, for each case, we have structures thatlase to the lowest energy structures.
The procedure we followed has previously been desdrby Zhang et af*? with the
difference that we sometimes added two or thregtdths to the most stable or the most
representative smaller Pt cluster structures ieotol obtain an initial guess for the larger

clusters.

In agreement with previous studies, we find thsingle Pt adatom adsorbs on the
stoichiometric ceria (111) surface on the oxygeidde site?®?%> 233 We calculate an
adsorption energy of -3.14 eV, which is in reasémagreement to computations from

Lu and Yang®™® that predict an adsorption energy of -2.91 eV. HErger unit cell that
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has been employed in our work seems to be, at peadlyy, responsible for the energy
difference. A much smaller adsorption energy (-2680 has recently been reported by
Loffreda and Delbecd® who used a smaller p(2 x 2) unit cell and emploge@GA
functional without Hubbard correction. For;Rin the reduced ceria (111) surface, it is
known that the oxygen vacancy is the most prefesigzl for adsorption of the metal
adatom. Yang et a®® found for the adsorption of Pon the reduced surface an
adsorption energy of -5.27 eV, which is signifidgntarger than our calculated

adsorption energy of -3.49 eV.

TABLE 4-1.Clustering energies ) of Pt clusters on the stoichiometric and pasiall
reduced Ce@(111) surfaces, and effect of Pt clusters on ttygen vacancy formation
energy (&) of the CeQ surface.

E (eV)
Cluster size on CeQ@ on CeO,., = (eV)
clean -- - 2.37
Pt; -3.14 -3.49 2.03
Pt, -3.42 -3.59 2.03
Pts -3.83 -3.92 2.10
Pty -4.17 -4.10 2.64
Pts -4.17 -4.26 1.91
Pt -4.19 -4.31 1.63
Pt; -4.31 -4.38 1.87
Ptg -4.31 -4.40 1.68
Ptio -4.35 -4.42 1.59

We note that Yang et al.’s results are based a2 & [2) unit cell with a symmetric slab,
and the adsorption of Pt was considered on vacasgimmetrically created on both sides
of the slab. In order to test the effect of oxygescancy concentration on the Pt
adsorption energy, we used our current computdticea up and calculated the

adsorption of Pt on the oxygen vacancy of a smal({@rx 2) unit cell. The calculated
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adsorption energy of -3.66 eV is still significankbwer than the value reported by Yang

et al.?®® and we can currently not explain this discrepancy

The structures of Pt clusters on the ceria (11ifpsa have been reported for, Pt

204 pg 228 and, more recently, Ptn = 2-5, 7.

| KTATR KTATE)

FIGURE 4-2.Top and side views of the lowest energy structofd?, (n=1-10) adsorbed
on the (a) stoichiometric and (b) partially redu€ssly (111) surfaces. Cream, red, and
navy balls represent Ce, O, and Pt atoms, resgdgithis notation is used for all the
other reported structures in the next figures whihéte and gray balls represent H and C

atoms).

For Pt, on the stoichiometric surface, we found in agregméth Lu and Yang's

K 204

wor the pyramidal structure to be the most stable igardtion for Pt atoms. We

calculate a clustering energy of -4.17 eV that .i510eV stronger than their reported
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value. The most stable structure identified for Bt#gCeO,(111) model is very similar to
the structure reported by Vayssilov et?4f. Unfortunately, Vayssilov et al. did not report
the clustering or adsorption energy for theig Bructure on the ceria surface. The
structures reported by Loffreda and Delbédqjare quite similar to our most stable
structures. However, their reported clustering giesr are slightly different from our
values since their calculations are based on GGA-Fhout Hubbard correction and a

smaller p(2 x 2) unit cell.

Generally, on both the stoichiometric and reduaediases, we observe that the
metal packing was cubic-closed packed, and staftorg metal clusters as small agdPt
the (111) facet of the metal cluster is clearlyogrizable on both the stoichiometric and
reduced ceria surfaces. This observation is exgexasidering that the most stable facet
of Pt is also (111) and Pt particles only experehmited strain upon adsorption due to

the difference in lattice parameters of Pt andaceri

Finally, Figures (4-2a) and (4-2b) illustrate tlemdency of even very small Pt
clusters to form two layered structures on both sh@chiometric and reduced ceria
surfaces. Experimental observations from Zhou ef?dlsuggest a mean height of Pt
particles on partially reduced ceria thin films 6f3 nm, while Pt particles on
stoichiometric ceria films displayed an averagaeyhteof about 0.4 nm. Since layers of Pt
in Pt (111) surfaces are expected to~®23 nm apart, the height of Pt particles on
stoichiometric ceria surfaces suggests that pastialith two Pt layers are dominant. We
attribute the average height of Pt particles orrdlaleiced surface (almost 1.5 layers of Pt)
to the presence of oxygen vacancies under theclet(similar to our Btand P§

structures in Figure (4-2b)).
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4.2. Reducibility of Ceria (111) Surface

Different experiments have suggested the redox amesim and associative mechanism
with hydroxyl group regeneration to be the most amignt reaction pathways for the
WGS reaction mechanism on ceria supported Pt cafSt@* 163 164 234230 5| of these
reaction pathways, the creation of an oxygen vacancceria plays an essential role for
water dissociation. In the following, we first shdvow Pt clusters can facilitate the
formation of a single oxygen vacancy on the cenpsrt. Next, we show the possibility
of oxygen vacancy cluster formation under redud@S conditions for our P§#CeQ,
(111) catalyst model. Finally, we examine the diigbof these oxygen vacancy clusters
in the presence of hydrogen adatoms on the cepposticreated by hydrogen spillover

from Pt to the oxide surface.

4.2.1. Single Oxygen Vacancy Formation on PiCeO,(111)

The ceria surface is well-known for its high redbldly. We compute the oxygen
vacancy formation energy of CeQL11) as 2.37 eV, which is in close agreemenhéo t
2.25 eV computed by Vayssilov et 42 Next, it has been noticed experimentally that
the addition of Pt, Au, etc. clusters increasesréuicibility of the ceria surfacg®. To
better understand this phenomenon, we computedxiygen vacancy formation energy
in the presence of Pt(n = 1-10). Table (4-1) summarizes the resultstiedse
calculations. The oxygen vacancy formation energthe presence of a single Pt atom
(2.03 eV) is in reasonable agreement with Yand. &t 3> reported value of 1.83 eV. Our
calculated oxygen vacancy formation energy in tres@nce of Rtis 1.68 eV, which is
about 0.8 eV less than the reported value by Viyssi al.??® (2.46 eV). We note here

that the vacancy formation energy in our currentkwse calculated using the most stable
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structure of Rt cluster on the reduced surface (Figure (4-2b))icvis quite different
from the structure used by Vayssilov et?f. For a similar structure, our current model
computes a vacancy formation energy of 2.01 eV. difference of 0.35 eV (2.01 eV
versus 2.46 eV) is likely due to a different congtiainal set up, i.e., Vayssilov et al. used
the PW91 functional with U = 4 eV, and a p(3 x #jticell. Overall, we find that the
reducibility of the Ce®@(111) surface increases with increasing Pt clusitas and that
the vacancy formation energy converges ferptlusters about 0.8 eV below the bare
ceria surface. Only for the Ptluster do we observe a higher oxygen vacancydoom
energy compared to the bare surface. This unuselavior can be attributed to the
highly symmetric Bt structure on the stoichiometric C£€0O11) surface, as shown in
Figure (4-2), where Pt atoms form a tetrahedrasteluwith the three base Pt atoms
binding to the three adjacent surface oxygen atavhde the most stable configuration

of the Pj cluster on the reduced surface is an open planatgre.

To understand how a gas phase environment affeetseducibility of the ceria
surface, we used the constrainghl initio thermodynamic approach as described in
Section (3-3). Figure (4-3a) illustrates the freergy of formation of an oxygen vacancy
on the Ce@111), P#Ce((111), and RHCeO(111) surfaces as a function of the
oxygen chemical potential. Under oxidizing condigp the presence of a significant
number of oxygen vacancies is unlikely except at\regh temperatures. Even in the
presence of Pt clusters, temperatures of about K3@Q@ an oxygen partial pressure of 1
bar) are required for vacancies to be thermodynaligicstable. This observation is
gualitatively in agreement with experimental obs¢ions where the thermally activated

reduction of stoichiometric ceria films requiregeanperature treatment above 1006’k
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240 Also, TPR datd® show that Pt clusters on the ceria surface prorpatéal ceria

reduction at lower temperatures.
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FIGURE 4-3.Gibbs free energyAG) for the formation of an oxygen vacancy on th©ge
(111) surface versus: (a) oxygen chemical pote(tiab), (b) difference in chemical

potentials of CQand CO QApcoz - Auco), and (c) difference in chemical potentials of
H20 and H (Apzo - App).

Figure (4-3b,c) illustrates that, under reducingdibons (assuming a CO/GO
and H/H,O atmosphere), similar to WGS reaction or pre-rédocconditions, formation
of oxygen vacancies is thermodynamically favordidéh on the bare ceria surface and in
the presence of Pt clusters. It should be mentidhatlFigure (4-3a—c) are theoretically
equivalent. Yet, considering that the, @artial pressure is very low under reducing

conditions and therefore difficult to estimate, feeind it more convenient to use the
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difference in the chemical potentials of the redgcagents with their oxidized forms

(H2/H20 or CO/CQ) to study realistic WGS reaction conditions.

4.2.2. Oxygen Vacancy Cluster Formation on R§CeO,(111)

Considering the reducing conditions during the Wi@&&ction and the high stability of
isolated oxygen vacancies in the presence of Pdters, we studied the stability of
oxygen vacancy clusters on the catalyst surface.ciMse the R§ cluster model and
calculated the energy of removing a second and thiggen atom from the surface. The
optimized structures and their relative vacancynftion energies are summarized in
Figure (4-4a). Gibbs free energies of oxygen vagahester formations are illustrated in
Figure (4-4b,c) for reducing environments of HbO and CO/CQ, respectively. On our
model surface, the first oxygen vacancy formati®rii59 eV endothermic. The energy
for creating the second vacancy is 1.18 eV moretrdmic, and the energy for creating
the third vacancy is 0.51 eV more endothermic. fhlivel vacancy here is created in such
a way that the three vacancy clusters are linedigyned under three linear Pt atoms, and
thus, the structure is more symmetric comparedhad of the two vacancy clusters. We
also calculated the structure with a nonlinearehracancy cluster and found that it is
less stable than the linear one by less than 0.1F&yure (4-4c) illustrates that, in a
CO/CQ, atmosphere, an oxygen vacancy cluster of 3 vaearb@neath the Pt cluster is
stable over the whole temperature range considdfiedvever, in the presence of a
H,/H,O atmosphere (Figure (4-4b)), only a double oxygaocancy cluster is stable at
relevant temperatures below 800 K. Overall, thésdirigs suggest that vacancies and

vacancy clusters might be important to considerlevktudying the WGS reaction on
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ceria supported Pt clusters, e.g., with the thadancy potentially being an active site for

our catalyst model for water dissociation.
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FIGURE 4-4.(a) Optimized structures for a single, double, anddrgxygen vacancy
clusters on a Ryceria surface and their relative vacancy formaépargies (E), (b) and

(c) Gibbs free energieaG) for the formation of oxygen vacancy clustersiom CeQ
(111) surface in bD/H, and CQ/CO atmospheres, respectively.

4.2.3. Effect of B on the Stability of Oxygen Vacancy Clusters on
Pt;o/Ce0,(111)

During hydrogen activation of Pt/ceria catalystss ipossible for H atoms to spillover to
the ceria surfac&’ or for H, to dissociate on cerfd? It has been noticed previously that
irreversible over-reduction of ceria can renderRitieeria catalyst inactive by making the
ceria surface unable to exchange its oxygen attms*® To study the effect of H
adatoms on the RtCe(Q catalyst model and its ability to exchange oxygea,add 6
hydrogen atoms to the unit cell in the form of ngalar clusters®? around the R§

cluster corresponding to hydrogen coverage of 0ldE5(based on the surface oxygen
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atoms of the bare ceria surface). TheaHsorption energy per;Hs -2.36 eV confirming
the possibility of a high H-coverage. To study the/gen vacancy and vacancy cluster
formation on this surface, we followed the samecpdure as described for the non-
hydroxylated ceria surface. Figure (4-5) summaritles optimized structures, the
energies of the first, second, and third oxygeramag formations, and the free energies

of single, double, and triple oxygen vacanciesaftwdroxylated ceria surface.
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FIGURE 4-5.(a) Optimized structures for a single, double, &ipdle oxygen vacancy
clusters on a R¥hydroxylated-ceria surface and their relative vagaformation
energies (&), (b) and (c) Gibbs free energiesd) for the formation of oxygen vacancy

clusters on the hydroxylated Cge(11) surface in D/H, and CQ/CO atmospheres,
respectively.

While the energy of the first and third oxygen vamaformations do not change
considerably compared to the non-hydroxylated setféhe second vacancy formation
becomes more endothermic in the case of the hythted/ surface. As a result,

calculations predict that the second and third exygacancies might not form if we
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assume conditions equivalent to an equimolafHkO gas phase (Figure (4-5b)). In
contrast, in an equimolar CO/G@as phase, stable vacancy clusters are still gigstlin
the WGS reaction temperature range of 400-600 KufEi (4-5¢)). The relatively large
energy difference between the first and second exygcancy formation of 1.72 eV is
preventive in thinking about any catalytic redoxleybetween these two structures. We
will further discuss the possibility of having actigse hydroxylated catalyst with oxygen

vacancies as active sites in Section (4-4-2).

4.3. Adsorption of Oxygen Atoms on By/CeO,(111)

Calcination of catalytic samples or room tempeatir exposure of Pt/ceria surfaces can
stabilize PtQ species. XPS peaks of?’Pand Pt for as-prepared samples have been
related to these Pt oxide species, while diffepdk intensities have been detected for
differently prepared sample€°. Here, we limit our study of oxygen adsorption to
adsorption of a single oxygen adatom and its stabih oxidizing and reducing

environments.

Figure (4-6a) summarizes the adsorption energiesilesed with reference to the
experimentally corrected energy of ap@olecule and optimized structures of an oxygen
adatom at various positions of the;J&&eOy(111) surface. On the basis of our
computations, oxygen atoms adsorbing at non-intexff@t atop sites have the strongest

adsorption energy (-1.76 eV) with a Pt—O bond lbrajt1.77 A.
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FIGURE 4-6.(a) Adsorption energies {&) and optimized structures for the adsorption of
one oxygen atom on a;gCeG; (111) surface, (b) Gibbs free energyy) for the
adsorption of an oxygen atom on theyf@e(, (111) surface versus oxygen chemical
potential Apno), (c) and (d) Gibbs free energies3) for the reduction of the O-BICe(,
(111) surface by Hand CO, respectively.

Figure (4-6b) illustrates the calculated free epeofi oxygen adsorption as a
function of the oxygen partial pressure and tentpeedor the structures shown in Figure
(4-6a). Under oxidizing condition, e.g., below 100@nd an oxygen partial pressure of 1
bar, all top and interface Pt atoms of thg, Btuster model can exist as Pt-0O. In other
words, thermal activation of Pt clusters on theéacsurface requires high temperatures

and a low oxygen partial pressure. While we did cmtsider adsorption of multiple
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oxygen atoms on the Pt cluster, we expect latataraction effects of adsorbed oxygen
atoms to be small enough that our conclusion staysdtered even at higher oxygen
coverages (although lower temperatures are expdotdoe required to reduce non-

interfacial Pt sites).

Experimentally, it has both been suggested thai Bp@cies are stable and not
stable under WGS reaction conditiord 2* Figure (4-6¢,d) illustrates the free energies
for the reduction of Pt—0O species at differentssiéthe Pty cluster under WGS reducing
conditions (by either CO or # Clearly, under reducing conditions, it is not
thermodynamically favorable to have adsorbed oxyagms on the Pt cluster even at
very low temperatures. In fact, it can be estimateat the oxygen atom adsorption
energy had to be stronger than -3.7 eV for obsgrstable Pt—O species under reducing
conditions (which is significantly larger than owomputed energies for the
Pto/Ce(x(111) system even when we consider possible maglelirors). This suggests
that with time-on-stream Pt oxide species, which @rmed during preparation of
Pt/ceria catalysts, will react with CO (or)Ho form CQ (or HO), and under steady-
state WGS reaction conditions, the catalyst willflg® of any oxygen adatoms. In fact,
H,-TPR results indicate that oxygen reduction of €tifc catalytic samples generally
starts at about 480 ¥° ?** and by heating the samples ip &t 500 °C (773 K), Pt atoms
will reduce to their metallic forms. A low tempeued peak has also been observed at 400

K %°. The TPR results will be further discussed in Bact4-5).
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4.4. Adsorption of CO Molecules on By/CeO,(111) Catalyst Model
Strongly coverage dependent CO adsorption eneayigbe Pt(111) surface have been

reported®*

and it has also been observed that the interacticCO is even stronger on
isolated ®® and oxide supported Pt cluste?® %% Considering furthermore that a
negative reaction order has been observed for t@SWeaction on the Pt(111) surface
with respect to CO moleculég®, a good WGS catalyst model {f€e0x(111)) should
probably contain thermodynamically stable CO mdiesuhat facilitate the inclusion of
lateral interactions on various reaction pathwdgsthe following, we first study CO
adsorption on the Pt cluster to better understheddteral interaction of CO molecules
on the Pi/Ce(y(111) system under WGS reaction conditions. Next,study the effect
of CO coverage on the redox properties of the ceudace for both the clean and
hydroxylated surfaces. While CO has been obsewedi$orb on the ceria (110) surface,

its adsorption on the (111) surface is very wes.§s< 0.2 eV**") and has therefore not

been considered here.

4.4.1. CO Adsorption on P1y/CeO,(111)

Figures (4-7a) and (4-7b) summarize optimized #tres of a single CO molecule
adsorbed at different sites of the GEQ1) supported B4 cluster, their relevant

adsorption energies, and the calculated CO adsarfitee energy versus CO chemical
potential. On the basis of our calculations, a IsingO molecule prefers to linearly
adsorb on non-interfacial Pt sites with an adsorpénergy of -2.58 eV. This behavior is
slightly different to the Rton CeQ(111) system where the JPbridge site has been
identified to be the most preferable site for C@agtion (on the k4 cluster, adsorption

on the bridge site was -2.02 e¥}. Linear CO adsorption on the Pt atoms at the ™PB i
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also strong with an adsorption energy of -2.00 &4dr the linearly adsorbed CO

molecule, we compute a C—O bond length of 1.16®tlie non-interfacial Pt site and

1.164 A for the TPB Pt site.
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FIGURE 4-7.(a) Optimized structures for an adsorbed CO moéonla Piy/Ce(Q (111)
surface and their relevant adsorption energid%)(Eb) Gibbs free energy\G) for the

adsorption of a CO molecule on thed®e( (111) surface versus CO chemical
potential Apco).

Furthermore, Figure (4-7b) illustrates that at I6® partial pressures of far,
linearly adsorbed CO molecules at TPB Pt atomsatestable above 600 K and linearly

adsorbed CO molecules at non-interfacial and underdinated Pt sites are not stable
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above 700 K. Overall, our computations are in agerg with Kalamaras et al.s*
observations obtained fromm situ DRIFT and TPD. Two high frequency peaks have
been observed for their low Pt content catalystmesthat were related to linear CO
molecules. While the first peak disappeared abdd@ ¥ (573 K), the second peak
showed a higher thermal stability and disappeabede@400 °C (673 K). We are inclined
to relate the first peak to adsorbed CO at TPBitBs and the second peak to adsorbed

CO on the under-coordinated Pt edge sites.

Next, we considered higher coverages of CO by apiree CO molecules to the
non-interfacial Pt sites and studying adsorptiom ddurth CO at the TPB. The relevant
adsorption energies, their optimized structureg] #re calculated free energies are
illustrated in Figure (4-8). For our small;ptluster, the average heat of CO adsorption
for having one to three CO molecules at non-intéafaPt sites does not change
significantly (-2.58 eV for a single CO moleculedar2.48 eV per CO for 3 CO
molecules). However, the differential CO adsorptamergy of a fourth CO molecule at
TPB Pt atoms in the presence of 3 CO moleculesmtimerfacial Pt sites is reduced by
0.34 and 0.18 eV, for linear CO and Pt-0 bridged @Spectively. The calculated free
energies of these structures illustrate that neerizcial Pt sites of the metal cluster are
prone to be poisoned by even small amounts of CB&nWGS reaction feed (far)
specifically at low temperatures (T < 700 K). Irhet words, under-coordinated edge
sites of Pt particles are the most vulnerable $ae€O poisoning under WGS reaction
conditions, and only TPB Pt atoms are likely au##éafor the low temperature WGS

reaction on small ceria supported Pt clusters.
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FIGURE 4-8.(a) Optimized structures for the adsorption of ¢h@© and four CO
molecules on a R¥CeQ, (111) surface and their relevant average andrdifiteal CO
adsorption energies {&). (b) Gibbs free energy@) for the adsorption of d4CO
molecule at the TPB of thegCe(, (111) surface versus CO chemical potentigl().

4.4.2. Oxygen Vacancy Cluster Formation on RP¥CeO,(111) Catalyst
Model with CO Covered Atop Sites

Next, we investigated the effect of CO coveragetlom stability of oxygen vacancy

clusters for both the clean and hydroxylated cesudaces. Table (4-2) summarizes the
first, second, and third oxygen vacancy formatinargies on the clean and hydroxylated
ceria surfaces, while non-interfacial Pt siteshaf Pi, cluster are covered by CO. With
respect to the clean surface, adsorbed CO molecnddse the first oxygen vacancy

formation more endothermic by 0.52 eV. Similarlgsarbed CO hinders the creation of
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the second vacancy by 0.18 eV and the third vacdnycy.02 eV. As a result, the

presence of adsorbed CO molecules slightly decsetiwe energy difference (0.51 eV
versus 0.35 eV) between the structures with doahtk triple oxygen vacancy clusters,
which might be relevant for the redox mechanisnhef WGS reaction (cycle between
double and triple vacancy cluster). On the hydrated ceria surface, adsorbed CO
molecules make the first and third oxygen vacawocgnations more endothermic by 0.30
and 0.18 eV, respectively. The second vacancy fiitomdecomes less endothermic by
0.09 eV due to the presence of adsorbed CO mokddlearly, also in the presence of H
adatoms on the ceria surface and CO molecules ornterfacial Pt atoms, it is still

possible to envision a catalytic redox cycle far WGS reaction between structures with

double and triple oxygen vacancy clusters.

TABLE 4-2.Energies for removal of thé'12" and & oxygen atoms from Rfceria
surface in the presence of adsorbed CO moleculesmnterfacial Pt sites for both the
clean and hydroxylated ceria surface.

clean ceria hydroxylated ceria
EY (eV) E" (eV)
1% vacancy 2.11 1.79
2" vacancy 2.95 3.12
3" vacancy 3.30 3.51

Figure (4-9a,b) illustrates the free energies effilst, second, and third oxygen
vacancy formations on the clean ceria surface #H# and CO/CQ atmospheres,
respectively. Figure (4-9c,d) illustrates the sdmee energies for the hydroxylated ceria
surface. In all of these cases, non-interfaciasitets are covered by CO. For both ceria
surfaces, the triple oxygen vacancy cluster islstabthe presence of CO/GQOn the

case of the hydroxylated surface without CO atdpssidouble and triple oxygen
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vacancies are not stable in &HLO environment in the temperature range of 400 t 70

K.
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FIGURE 4-9.(a) and (b) Gibbs free energies3) for the formation of oxygen vacancy
clusters on a clean ceria surface yOHH, and CQ/CO atmospheres, respectively; (c)
and (d) the same as (a) and (b) but for the hydabteg ceria surface. In all cases the non-
interfacial Pt sites are covered by CO.

For the hydroxylated surface with adsorbed CO antha lower limit of the

aforementioned temperature interval, double arpletroxygen vacancies are not stable.

However, at temperatures above 600 K, the doubtany is stable, and we might be

able to assume that a reaction cycle between thblel@nd triple oxygen vacancies is

facile since the energy difference between thegestwictures is small (the third vacancy

is in this case the active vacant site). The saomelasions can be made for the non-
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hydroxylated surface in the presence of adsorbednGl@cules. In other words, adsorbed
CO molecules might have a compensation effect lier dver-reduction of the ceria

surface and help activate the hydrogen adsorbéa seface.

4.5. Adsorption of Hydrogen on P1y/Ce0O,(111) Catalyst Model

Surface reduction of ceria by hydrogen both inghesence and in the absence of metal
particles has been report&d 2*2 In the previous sections, we discussed the pitissitif
over-reduction of the Pt/ceria catalyst during WE&S reaction and the importance of
vacancies and CO molecules for having an activalysit for redox reactions. To
illustrate how ceria reduction by,Hnight occur, we studied hydrogen adsorption and
stability at various sites of the ;fCeQy(111) model. Furthermore, similar to CO, a
negative reaction order has also been observedHfoduring the WGS reaction on

alumina?*®

. titania®*®, and cerig*® supported Pt clusters. In the following, we exafypl
through our Ry/Ce(Gy(111) catalyst model the possible role that the c©@@erage plays
on competitive CO and H adsorption at TPB Pt attimas might explain the observed

negative H reaction order.

Figure (4-10a) summarizes the hydrogen adsorptimergées calculated with
reference to the energy of & Hholecule and optimized structures of a single diraat
different sites of R/Ce(y(111). Our calculations predict that hydrogen apison on
ceria is the strongest (-1.32 eV), followed by apggon on non-interfacial Pt sites (-0.85
eV) and bridge sites on TPB Pt atoms (-0.63 eV)nditering, furthermore, that,H
easily adsorbs dissociatively on Pt, we might He &dbassume that hydrogen spillover is
feasible and facile. Figure (4-10b) illustrates tlaéculated free energies for H adsorption

at different sites of the RtCe(G(111) model. At a high Hpartial pressure of 1 bar and
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low temperatures (T < 800 K), an H adatom is stabldoth non-interfacial and TPB Pt

atoms. Far from the Pt cluster, H adatoms areestabkhe ceria surface even at relatively

high temperatures (900 K) and low {1bar) H partial pressures. However, H adatoms

on the adjacent oxygen atoms to the Pt clusteomsestable at temperatures below 500

K (at Ry2 = 1 bar).

on ceria (case 1)
Eads=-1.32 eV

Pt top (case 2)
Eads=-0.85 eV

Pt-O

XL R —.

e

Pt bridge (case 3)
Eads= -0.63 eV

Pt top (case 6)

bridge (case 4Int. Pttop (case 5
Eads= -0.39 eV Eads=-0.46 eV Eads=-0.27 eV
(b) T(K)
700 500 300

Py, = 10 bar 200

PHj =1 bar

100

15001300 1100 900 700 500 300100

ia ]
s — H on ceria (case 1)
—- H on Pt top (case 2)
06 .~ -~ H on Pt bridge (case 3)
o ~~._ .77 HonPt-O bridge (case 4
) sz, T ~— “M.__“
2 0.0 e e S
-‘-"-..,_‘_‘h-‘."' - N b
-0.6 “‘\H\':
-1.2 : ;
-1.16 -092 -0.68 -0.44 -0.20
Apg(eV)

—

FIGURE 4-10.(a) Adsorption energies {# and optimized structures for the adsorption
of a single H atom on a BCe(, (111) surface, (b) Gibbs free energys) for the H
adsorption on the RICeQ; (111) surface versus H chemical potentigly).

Interestingly, reduction of Pt/ceria catalytic sa@sgby H generally starts at about 480 K

225, 243
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the higher temperature pe&R These two peaks are attributed to two differgpes of
surface oxygen&>. Figure (4-10b) illustrates that at 400 K ang B 1 bar, H adatoms
are stable at all sites of the,Ce((111) model. However, removal of oxygen-bonded
H adjacent to a Pt cluster might be possible at KGdnd might be related to the low
temperature BFTPR peak (unfortunately, DFT calculations are llikeot accurate
enough for final peak assignment). At temperataresind 500 K, these H adatoms are
no longer stable. However, H adatoms on the Ptedusan be stable up to 800 K for
boundary Pt atoms and up to 1100 K for non-intégfaPt atoms. Thus, they might
further react with oxygen adatoms on the Pt clugigoroduce the second peak in the
H,—-TPR experiment (highp). Furthermore, experimentally, it has been obsethat,
after H, reduction of the ceria surface, it is possiblegicover the initial oxidation state
by pumping off the samples at 773%¢. Through our calculations, we emphasize the
importance of the partial pressure of iH the environment for stabilizing or destabiligin
H adatoms on ceria. AtR= 10° bar, it is still possible to have stable hydrogésms on
the ceria surface even at 900 K, and computatioedigt that we need to reduce the
pressure to around 5.4 x4 @ar to destabilize the adsorbed H atoms on tha sarface

at 773 K.

Comparing the adsorption energies for H atoms a@dn@lecules at different
sites of the R cluster, it might initially seem that CO adsorbsaim stronger compared
to hydrogen on all sites. However, to more cargfinestigate competitive adsorption of
H and CO, we computed multi-component Langmuir guigmn isotherms for the

Pto/Ce(y(111) and the CO-covered;fCey(111) structures as described in Section (3-
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5). We note that we do not expect oxygen vacaramesH-adsorbed ceria to qualitatively

change our conclusions.

Figure (4-11a) illustrates Langmuir adsorption h&wms for competitive

hydrogen and CO adsorption on non-interfacial sdrelevant structures in the inset).
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FIGURE 4-11.Equilibrium surface coverage (Langmuir adsorptgotherms) at 500 K

and 600 K for H and CO on (a) non-interfacial Rinas, (b) TPB Pt atoms, and (c) TPB

Pt atoms with non-interfacial Pt sites covered &y 1@olecules. The Hoartial pressure
is 1 bar.

It is apparent that even at low CO partial pressReo > 10* bar), the under-
coordinated non-interfacial Pt sites are coveredCy and not hydrogen. Figure (4-
11b,c) illustrate the Langmuir adsorption isotherimis competitive hydrogen and CO
adsorption on TPB Pt atoms for clean and CO covered-interfacial Pt sites,
respectively. For all isotherms, we used gphitial pressure of 1 bar. It is apparent that

the presence of co-adsorbed CO molecules has adeasisle effect on CO and H
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adsorption at TPB Pt sites. Even at low temperatare relatively high partial pressures
of CO, we observe a high coverage of H atoms at PPBites possibly explaining a

negative reaction order with respect tpfer the WGS.

4.6. Conclusion

To investigate the nature of small Pt clusters e@{111) surfaces under WGS-relevant
reaction conditions, constrainedb initio thermodynamic simulations have been
performed. The results are of importance to findealistic catalyst model for future
kinetic studies. We found that the clustering ofrfetal atoms on both stoichiometric and
partially reduced ceria follows a closed-packedmgement, and for clusters as small as
Pto, the (111) facet of the metal cluster is cleafgagnizable. In agreement with
experimental observations, we found that Pt clagdeomote the reducibility of the ceria
surface. This effect seems to be converged fortarisisas small as £{, Oxygen
vacancies are unlikely to play any role under @idj conditions except at very high
temperatures or very low oxygen partial pressuresvever, under reducing conditions
of either CO or H formation of oxygen vacancies and vacancy clastare
thermodynamically favorable. Furthermore, oxygeataohs are not stable under realistic
WGS conditions on ceria supported metal clusterstehd, non-interfacial Pt sites are
prone to be covered by CO molecules. The presdnibese coadsorbed CO species does
not change the redox behavior of the ceria surtageificantly. However, they change
the interaction of CO and H species at TPB Pt atantsfavor a high H coverage at the
TPB even at low temperatures and relatively high @abtial pressures. Finally, we
showed that, during catalyst activation with, H is possible for H atoms to spillover to

the ceria surface. These H adatoms change the mdperties of the ceria surface and
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make even double vacancy clusters unstable in/lH,B environment and at relatively
low temperatures (400-700 K). However, under WG&tren conditions, the presence
of CO molecules improves the redox cyclability béthydroxylated ceria surface by

stabilizing double vacancy clusters of thes e, catalyst model.
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5. Mechanistic Study

As discussed in the second chapter, it has begroped that ceria supported Au and Pt
catalysts are bifunctional and the interfacial metams and reducible oxide support
atoms at the three-phase boundary (TPB), whicbriedd by the metal cluster, the oxide

support, and the gas phase, are very importanthirreactiort® 1923 72 81, 93-99. 250

Activity of nearly metal-free ceria catalysts '

or inversely supported ceria
nanoparticles on Au (111) substfate® offer some experimental evidence for this
hypothesis. Furthermore, it has been noted thahitow temperature WGS reaction the
rate scales linearly with the total length of thBBP" % 2*!The importance of the

interfacial sites of the oxide supported Pt catalysr the low temperature shift reaction
has been further manifested by activating the urcdide oxide supported Pt catalysts

with small amounts of alkali promotelS. The activity has been attributed to the partially

oxidized Pt-alkali-GYOH)y, species.

Characterization of these multi-phase heterogenematslytic surfaces under
operating conditions is difficult and interpretatiof the results requires meticulosity. For
this reason, we aimed to apply appropriate modedipgroaches to shed some light on
the properties of the TPB under low temperature W@&&ction conditions. In the
previous chapter, we studied the nature of thevadite of small Pt clusters on the ceria
(111) surfacé?® We illustrated the importance of the TPB sitestfar reaction and the

key role of the lateral interaction of CO moleculessthe chosen R#CeQ, (111) catalyst
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model. We also showed the eminence of vacancyethist the interface of the Pt cluster
and ceria surface due to the presence of both @MHam the environment and the effect
of having a hydroxylated ceria surface. In thispthg we aim to study the mechanism of

the WGS reaction at the TPB for thed®e(; (111) catalyst model.

The dominant reaction pathway for the WGS reaadsastill controversial and the
general consensus is that the state of the suafadehe dominant pathway are strongly
dependent on the reaction conditfn!® 23 2°0: 53-3hitferent pathways have been
proposed for the reaction on Pt-ceria catalyticfamas; for instance, the redox
mechanism and the associative mechanism with fe;mzdrbonate, and carboxylate
formation as active intermediates. The associatieehanism with redox regeneration
(or equivalently, OH group regeneration) has aleerbproposed. The main difference
between the associative mechanism and the asseciatiechanism with redox
regeneration is that the latter one involves tleation of an oxygen vacancy during the
cycle. Instead, in the associative mechanism COldvbe directly oxidized with the
oxygen of water and there is no removal and reptace of the lattice oxygen of the

oxide support in this pathway.

Schematic representations of the redox pathway thadassociative carboxyl
pathway are shown in Figure (5-1). In the redohpBktgure (5-1a), the first step is CO
oxidation by the interfacial oxygen of the redueildxide support, creating an oxygen
vacancy. In the second step, water dissociateh@ivdacancy to produce hydrogen and
re-oxidize the surface to close this cycle. Theeaissive carboxyl path, Figure (5-1b), in
contrast to the redox pathway does not involvetmeaf a vacancy during the cycle.

While several studies have emphasized that watsorption is more facile on the
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vacancy of the reduced ceria surface, it is posditdht water dissociatively adsorbs on
the cerium metal of the ceria surface to create moao-coordinated and one bridging
hydroxyl groups on the surface (structure V). Afdeater dissociation, an adsorbed CO
can form a carboxyl group with the mono-coordinat€dH group. The next step is

carboxyl dissociation to produce carbon dioxide hpdrogen. The associative carboxyl
pathway with redox regeneration would be a commnadf these two pathways: creation
of vacancy during the cycle and its refilling, asation of adsorbed CO and OH group of

the support through a carboxyl intermediate.
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FIGURE 5-1.Schematic representation of the (a) Redox pathwey(la) Associative
Carboxyl pathwayat the interfacial site of a metal cluster witreducible metal oxide

For studying the WGS reaction mechanism a differaniety of experiments
have been done on noble-metal/ceria catalysts.ifstance, temperature programmed

desorption (TPD) studié® have shown that oxygen from ceria can react with €O
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adsorbed on metals and pulse-reactor stttfinave demonstrated that reduced ceria can
be oxidized by C@ Presumably the reduced ceria can also be oxidiydd,O. Hilaire

et al®®

carried out a mechanistic study for the WGS reactin Pd/ceria catalysts using
kinetic rate measurements, pulse studies, andRRIETS measurements. They found
that the reaction mechanism involves a redox cguokkthe ceria was largely reduced and
covered by carbonate species, which might haveitdil the reaction rates. In fact, the
carbonate mechanism can be considered as a spas&lof the redox mechanism with
different lifetime of the carbonate species andfeer@nt extent to which the two steps
which involve reduction and re-oxidation of the gap are separated in time. Kalamaras

et al’®

recently reported a switch of the WGS reaction mesm on Pt/CeOfrom
redox to a combination of redox and associativenéde with —OH group regeneration
occurring after increasing the reaction temperafun® 473 to 573 K. They used steady-

state isotopic transient kinetic analysis (SSTIK@&jyperiments coupled with mass

spectrometry (MS) and DRIFTS techniques duringrtbiidies.

There might be non-traditional pathways dominantraduthe WGS reaction that
would involve transfer of oxygen from the suppastthe metal particle to facilitate
formation and stabilization of the intermediatestr&mely high WGS activity of
Pt/CeQ/TiO; has been attributed to this kind of reaction maigm?*® Since there are
limitations on special and temporal resolution loé ttharacterization techniques, it is
possible that the most active reaction intermedmatebeing detected due to its limited
lifetime and a narrow zone of formation and decositpmn just at the interface of the
metal and metal oxide support. For instance, accgtbntermediate has been suggested

for the WGS yet it has not been observed experiatignt
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In our work we target to study the traditional pedlys. We applied a pure DFT
based microkinetic modeling method to investigie tedox, the associative carboxyl
route with redox regeneration, and also the asteeiaarboxyl pathway that has been
found to be the dominant path for the Pt (111) Andceria (111) surfaceS? 2% Our
initial model has a R§ cluster covered by CO molecules on the atop sibessupported
on a partially hydroxylated ceria (111) surfacetle presence of two vacancies just
beneath the Pt cluster. We assumed a 0.375 ML driolggn coverage based on the bare
ceria surface that corresponds to six hydrogen sttmmour unit cell size. Figure (5-2)

depicts this initial catalyst model structure.

FIGURE 5-2.Initial Pt;¢/CeG, (111) catalyst model used to study the WGS reactio
mechanism. Cream, red, and navy balls represer®Cand Pt atoms, respectively;
while white and gray balls represent H and C atdmeur notation, the interfacial
oxygens (@) are those top layer oxygens that are the neaegghbor to the Pt cluster
while surface oxygens (Pare the other top layer oxygens. In our notati®H; means
that hydrogen has made hydroxyl group with theas#rfoxygen. The highlighted area
corresponds to our initial active sitefOjn).

This chapter has been organized as follows: Tisé $ection is on different redox
pathway models that are derived from our initialabgst model structure. The second
section is on the associative carboxyl pathwayithalso derived from our initial catalyst
model. In the final section, we changed the initiadalyst model structure and designed

new redox and associative pathways with and withedbox regeneration. By modifying
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the catalyst model, we could obtain a good matdwéen the experiments and the

associative carboxyl pathway with redox regenenatio

5.1. Redox Pathways

5.1.1. Classical Redox Pathway
This pathway is designed on our initial catalystdelathat was depicted in Figure (5-2).

The reaction steps that are considered for thiswmt are:
(R1) *prOint + CQg) — COprOint

(R2) CGrOint — COxptint

(R3) CQpring— *prVint + COyg)

(R4)  *prVint + HOg) — HoOpyVint

(R5)  HOpyVint — HperOHint

(R6)  HerOHint + *pt — 2Hpr Oint

(R7)  2H¢rOint — *prOint + Hag)+ *pt

Figure (5-3) illustrates the energy profile forstipath. The intermediate structures
are shown in the inset and the transition statettres are provided in the appendix. In
this path, CO adsorbs on the empty interfacialitétwgith a binding energy of -1.86 eV
(R1) and then spills over to the interfacial oxyg#nceria to create an adsorbed LLO
structure (R2). The spillover is 0.65 eV endotherand has an activation barrier of 0.84
eV. In the next step COdesorbs, creating an oxygen vacancy at the imerfahe

desorption process is 1.16 eV endothermic and imastavation barrier of 1.41 eV (R3).
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FIGURE 5-3.The energy profile for the classical redox pathwhihe WGS reaction at
the interface of our initial catalyst modep; &nd \f,; denote the empty site on the
interfacial Pt atoms and an oxygen vacancy atritexface of Pt cluster and the ceria
support, respectively. (a) first part of the regath that is CO oxidation to GQb)
second part of the redox path that gHeduction to Kl

Following the CQ desorption step, water adsorbs and dissociatibe anterface.
Our converged adsorbed water structure is not édcakactly on the vacancy. Instead,

water adsorbs on the interfacial platinum site thateighboring the oxygen vacancy in a
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0.85 eV exothermic process. Next, the adsorbgd Hissociates by transferring one H
atom to the Pt cluster and forming an interfacidd @roup. This process is 0.97 eV
exothermic and has an activation barrier of 0.38RY). The second H transfer from —
OH to the Pt cluster takes place in the followitepswith an activation barrier of 0.84 eV
and the process is endothermic by 0.24 eV (R6).ld$testep is KHdesorption from the

Pt cluster (R7AE = 0.92 eV) that completes the catalytic cycle.

By looking at the energy profile we did not consi@atropy effects of the gas
phase species which requires calculation of thé&sflee energy. So we assumed the gas
phase species to be at 1 bar and 500 K and Figwedepicts the calculated free energy

profile.
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FIGURE 5-4.The Gibbs free energy profile for classical redaihgvay of the WGS
reaction at the P#Ce(,(111) TPB (our initial catalyst model) (T = 500 Rfgas) = 1
atm). All energies are with reference to the surthefenergies of the initial state-£*
Oint) and the reactant gas phase molecules (GO).HFor solid surfaces the zero point

energy corrected energies have been considered.

In this way we have considered the rotational aadsiational energies of the gas
phase species that are not negligible comparedhdiv €lectronic energies. For solid
surfaces the zero point corrected energies have dmesidered. The zero energy state in

the profile is the sum of the energies of the ahistate (5-Oint) and the gas phase
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reactants. The profile shows g@esorption has the highest barrier in the path5(&V)

and the adsorbed CO and dissociated water hav@ghest stability at the assumed gas
phase condition. It is worth mentioning that by sidering the gas phase species’ free
energies, the adsorption of CO is only 0.62 eV goweic and adsorption of water is 0.71

eV endergonic.

The zero point corrected energies of the reactigpssand their activation barriers
along with forward and reverse rate constants dtklhave been provided in Table (5-

1).

TABLE 5-1.The zero point energy corrected reaction energidsaativation barriers
along with kinetic parameters at 473 K for the edatary steps considered in classical
redox pathway of the WGS reaction mechanism.

AEZpC Eact,zpc

V) (ev) kr
R1 -1.70 1.87x1d 9.91x10°
R2 0.68 0.83 8.46x10 2.64x18*
R3 114 138 1.93x10 3.71x16
R4 -0.76 2.34x1H 2.29x10
R5 -1.09 0.22 1.48x19 1.92x10'
R6 0.09 066 1.76x10 1.39x1(
R7 0.80 1.42x10 7.02x14

Using the kinetic parameters for this pathway, weatoped a microkinetic model
as has been described in the computational me#its. To compare our results with
experiments, we chose two experimental studieshatak et af®® and Thinon et &°
Phatak and coworkers used a 1 wt% Pt/Cefdalyst and the apparent activation energy
and the turn over frequency were measured at 208nUC7% CO, 8.5% C0H22% HO,
and 37% H (their assumed standard condition) with 1 atml totassure. We note that
the temperature range of 180-210 °C has been ugetheb authors to measure the

apparent activation energy. For measuring the iacirders of CO, C& H,, and HO
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the standard gas phase composition was varied bet&x25% CO, 5-30% C025-60%
H,, and 10-46% KD, respectively. The reported reaction orders, agpaactivation
energy (B and the turn-over frequency (TOF) and the resafitsur redox model are
presented in Table (5-2) under the experimentatlitimm #1. Thinon and coworkers used
a 1.2 wt% Pt/Ce@catalyst and conducted the kinetic study in tmepterature range of
150-400 °C and 1 atm total pressure. In their sttitlyy gas composition was varied over
the range 1-20% CO, 1-20% ¢®&-25% HO, and 5-40% Kl The apparent activation
barrier and the turn over frequency have been medsat 300 °C and 10% CO, 10%
CO,, 20% HO, and 40% K The results of these studies along with our recmdel
results are presented in Table (5-2) under thergrpatal condition #2.

TABLE 5-2.Reaction orders ()) apparent activation energie<{f, and turn over

frequencies (TOF) from microkinetic model for tHassical redox pathway at different
experimental conditions.

Experimental condition #1  Experimental condition #2

(Pco=0.07, |%02:0085, (Pcozo.l, %02:01,

PH20=O.22, F|-)|2:037 atm; PH20=O.2, R|2:0.4 atm;
T =473K) T =573K)
Model Experiment ® Model Experiment”

Nco 0.00 -0.03 0.00 0.14
Nh20 0.00 0.44 0.00 0.66
Nco2 0.00 -0.09 0.00 -0.08
Nh2 0.00 -0.38 0.00 -0.54

TOF (sY) 6.18x10F  4.14x 10 0.36 0.2
E*" (eV) 2.04 0.78 2.02 0.94

¢ see reference (263)

® see reference (264)

¢ Apparent activation energies are calculated intehgperature ranges of
373-573 K and 423-673 K for the experimental caaditt1 and the
experimental condition #2, respectively.

It is clear that this model for the Redox path doesprovide a good match with
the experimental results. After analyzing the paith Campbell’'s degree of rate control

and the degree of thermodynamic rate control, @€sorption was the rate limiting step
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and adsorbed CO had the highest coverage of alomst Motivated by the high
coverage of adsorbed CO we studied “CO-promotedhvpays starting from the
adsorbed CO structure and considering the seconad3s0rption on the same site. Our
aim is basically to see if the G@esorption transition state would be stabilizechatrto

improve the rate.

5.1.2. Redox Pathways with CO-Promotion and pD-Dissociation On Pt

In this section we discuss three possible pathwhys.first one is a CO promoted redox
pathway and the other two are the associative gghland formate routes with redox
regeneration that have been suggested for the VE&Sion at the three-phase boundary
of metal-reducible oxide catalysts: #*°Here, the interfacial OH group can be activated
by an adsorbed CO to create carboxyl and formaéeiep. The first part of these
pathways is the same that is CO-assisted @€sorption and water adsorption and
dissociation at the interface. Our aim for consmgerCO-assistance is, as mentioned
before, to stabilize the GQlesorption transition state of the simple redothyway that
had a very high energy in the path (see Figure)3edsee if we would get a better rate
or not. The energy and free energy profiles fos first part have been shown in Figure

(5-5) and the reaction steps are as follows. Aftet CO spill over (R2),
(R8) CQptiny + *pt+ CQqg) — COprCOxpriny

(R9) CQrCOxptiny— COprViny + *pr + COyg)

(R10) CGVint + H0(g) — COprH2Omy

(R11) CQrH2Onty + *pt— COprHprOHint
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A second CO adsorbs in a 2.22 eV exothermic pro@e8sthat is stronger than
the first CO adsorption (1.86 eV). The next stepCiS, desorption that is 0.52 eV
endothermic and has an activation barrier of 1\33R9). Comparing the free energies
of the redox path (Figure 5-4) and the CO-assi§t€d desorption path (Figure 5-5a),
CO, desorption is exergonic by 0.88 eV in the lattee avhile it is 0.21 eV exergonic in
the former path. The transition state for £@esorption has been stabilized in the
presence of the additional CO at the interface @etpto the starting structure of each
pathway as we initially aimed to. However, at thene time the second CO adsorption is
very strong that we would expect to lower the réter the creation of the vacancy at
the interface in the presence of the promotional ®aier adsorbs there and dissociates.
The adsorption of water is 0.54 eV exothermic (RA®) when we consider the Gibbs
free energies the adsorption is 1.00 eV endergaoigipared to the redox pathway the
adsorption is by 0.29 eV more endergonic. Afterevadsorption, it dissociates to the
interfacial platinum in a 0.62 eV exergonic procasd a free energy barrier of 0.19 eV.
Presence of the promotional CO has almost no effetihe barrier for water dissociation.
However, due to CO promotion, the free energy g#irthe reaction step has been

reduced by 0.47 eV.

In the CO promoted redox pathway the interfaciaH-@oup directly dissociates
to the Pt cluster and the next step is dihydrogesorption. In the associative carboxyl
and formate routes with redox regeneration thefatéal —OH group activates with the
promotional CO to create carboxyl or formate speckegure (5-5b) depicts the Gibbs
free energy of the CO promoted redox pathway framtewdissociation to Fesorption

(red line). The energy profiles for the activatiohthe interfacial OH group with the
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adsorbed CO for carboxyl and formate formation hals® been provided (blue and

green lines, respectively).

The reaction steps that have been considered &od@sgs:

(R12) CQrHprOHiyt + *pt— COpr-2HprOint

(R13) CQr2HprOint — COprOint + Hag) + 2%t

(R 14) CQrHprOHjyy — COO |‘h=>t-int)'H Pt

(R15) CQGrHprOHint — CHOyert,ptyOint-Hpt

(R 16) CHQ\/ert,Pt)'Oint' Hpt — CI'|O(horiz,Pt)'Oint' Hpt

(R17) C:HQhoriz,Pt)'Oint'HPt—> HCOO(Pt,int)'HPt

Figure (5-5b) clearly illustrates that creationbafth carboxyl and formate have
high barriers of 1.79 and 1.65 eV, respectivelyr E@ating formate first we need to
produce a formyl intermediate by dissociating thienfacial OH group to the carbon of
the adsorbed CO. Due to higher barriers of carbarg formate formation compared to
direct dissociation of the interfacial OH grouptke Pt cluster, we did not close these
cycles since the rate of these pathways would behmower compared to the CO-

promoted redox route.
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FIGURE 5-5.(a) The (free) energy profile for the CO-promoted regathway with water
dissociation to Pt, (b) the free energy profile O dissociation and reduction tg kh the redox
path compared to formate and carboxyl formatiomf@Q--Hp-OH,; (red, green, and blue lines,

respectively) (T = 500 K, ;P 1 atm).

For the CO-promoted redox route (red line), therfiaicial —-OH group dissociates
to Pt that is 0.53 eV endergonic and has a freeggrmarrier of 0.87 eV (R12). For this
reaction step, the barrier has increased by 0.28w\to the presence of the co-adsorbed

CO at the interface and the reaction step is modergonic by 0.44 eV. The final step to
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close this cycle is Hdesorption and this process is 0.21 eV exergdi@). Comparing
this reaction step with the similar step in theosegath, H desorption from the Pt cluster
IS more exergonic in the presence of the co-addgo@ée at the interface by 0.14 eV. The
structures for the intermediates of the describatthyways have been provided in Figure

(5-6). The transition state structures are providetie appendix.

CHO{v-im)'Omt'HPt CHO{h-im)'Omt'HPt Hcoo(Pt-mt)'HPt COOH(Pt-im)'HPt
FIGURE 5-6. The new intermediates structures for the CO ptethpathways

The results of our microkinetic model for the C@moted redox route have been
provided in Table (5-3) along with the previouslgsdribed Redox route. The kinetic
parameters for this pathway have been providedalnlel (5-4). The microkinetic result
for the redox path has already been discussedtheo€O promoted redox pathway, our
calculated CO reaction order is 1, the #daction order is -1, and the;® and CQ
reaction orders are zero. Compared to the reddwvgat and the experimental results, we
could get a negative reaction order foy by considering the lateral interaction of the
promotional CO at the interface. However, the daled apparent activation barrier is
1.92 eV which is 1.14 eV larger compared to theeexpental result and the turn over

frequency is 4 orders of magnitude slower. Conseityiethis model pathway, like the
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redox pathway, is not a good model. We also caledléhe degree of thermodynamics
rate control for this pathway. The result shows i@ dissociated water is the most
important reaction intermediate. Next, Campbelbgee of rate control showed that the

second CO adsorption is the rate limiting steghia €O promoted pathway.

TABLE 5-3.Reaction orders ()) apparent activation energy?(8, turn over frequency
(TOF) for classical redox and CO-promoted redotheaexperimental condition #1.

E2PP TOF

nH20 r]CO nH2 nC02 (ev) (1/3)
Experiment 0.44 -0.03 -0.38 -0.09 0.78 4,14><1(j2
Classical Redox 0 0 0 0 2.04 6_18x105
CO Promoted Redox 0 1 1 0 1.92 2 33x16°

Pathway

TABLE 5-4.The zero point corrected reaction energies angaan barriers along with
kinetic parameters at 473 K for the elementarysstemsidered in the CO-promoted
redox pathway of the WGS reaction mechanism.

AEZPC Eact,zpc

@) (V) Ki Ky
R12 -2.09 1.87x19 3.59x10°
R13 0.46 1.26 4.15x10  4.38x10
R14 -0.46 2.34x19 1.86x10°
R15 -0.62 0.19 3.80x10  2.44x1d
R16 0.53 0.87 6.29x10  3.78x10
R17 0.65 8.69x18 7.02x10

5.1.3. Redox Pathways with CO-Promotion and pD-Dissociation on Q

In this pathway, after the creation of an oxygeocavey at the interface in the presence of
the promotional CO, water adsorbs and dissociateth® vacancy to give one hydrogen
to the nearby surface oxygen and an —OH groupeantierfacial oxygen vacant site. For
transferring the hydrogen atoms back to the métat,we dissociated the interfacial OH
group to the Pt. Next, we noticed that the diffasad hydrogen from surface oxygen to

the interfacial oxygen is a difficult process. 8@ investigated a water assisted hydrogen
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transfer. The phenomenon of water-mediated protoppimg has been studied
experimentally on iron oxide surfa¢®. The reactions that have been considered are as

follows:

(R18) CQ+rH2O(jny + Os — COprOHs-OHint

(R19) CQ+OHsOHiy + *pt— COprHpr-Oin-OHs

(R20) CQrHprOin-OHs + *ce + Hx0(g) — COprHprOin-H2O(cey OHs
(R21) CQrHprOin-H20cey OHs — COprHprOHini-OHce OHs

(R22) CGrHprOHin-OHceOHs — COprHprOHin-H2O(cerOs

(R23) CQrHprOHint-H20ceyOs — COprHprOHint + Os + *ce + H2O(g)

The energy and free energy profiles for these i@asteps are provided in Figure
(5-7). The structures of reaction intermediatesehasen provided in Figure (5-8) and the
transition state structures are provided in theeadjx. Here, water dissociation at the
surface-interface has an activation barrier of &¥®7which is almost the same as for
water directly dissociating on the Pt site. Howeweater dissociation to the surface
oxygen is more exothermic by 0.5 eV. Since duringrokinetic analysis of the previous
CO-promoted pathway, dissociated water to PtIH-Hpy) was the most important
reaction intermediate with a coverage of almost, ame might expect that with water
dissociation to the surface-interface and creawéna more stable CQOH;n-OH;
intermediate we obtain a lower rate than®1Gonsequently, this model pathway would
also not play any role during the WGS reactioneAfwater dissociation to the surface-

interface, dissociation of the interfacial OH growpthe Pt is endothermic by 0.41 eV
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and has a 0.89 eV activation barrier. Next, forewassisted hydrogen transfer, the
adsorption of water is very weak on ceria surface & binding energy of 0.11 eV.
However, when water dissociates it creates a mtakles species: one extra mono-
coordinated OH group is located on the Ce atom thedhydrogen of water that is
dissociated to the interfacial oxygen (&8 prOHi,-OHceOHs). This reaction is 0.52
eV exothermic and has a barrier of 0.27 eV. Afettwater forms from the extra mono-
coordinated —OH group on Ce and the hydrogen oftintace —OH group. This process
is almost thermo-neutrahE = -0.10 eV, and has a barrier of 0.19 eV. Nexdtewn
desorbs that is 0.82 eV endothermic which closesptbcess of hydrogen transfer from

surface oxygen to the interface oxygen.

1.5

0.5+
-0.54
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-2.54

-3.5

FIGURE 5-7.The (free) energy profile for bringing hydrogensnir surface and interface
oxygens to the interface and Pt in the CO-promptgtway with water dissociation to
Os, using water assisted hydrogen transfer. All thergies are with reference to the sum
of the energies of (C&Oi,) and (CO,HO) gas phase molecules (see Figure (5-5)).
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Analyzing the free energy profile, water adsorptienl.48 eV endergonic and
water desorption is 0.77 eV exergonic. For all otleaction steps the difference between

the energy and free energy profile is negligible.

COpHprOHin-OHcerOHs  COprHp-OHin-H,0 ¢y Os

FIGURE 5-8.The intermediate structures for water dissociatiothe surface-interface
and bringing hydrogens from surface and interfaggens to the interface oxygen and
Pt in the CO-promoted pathway with water dissocrato Q, using water assisted

hydrogen transfer

The kinetic parameters for the explained reacsteps have been provided in

Table (5-5).

TABLE 5-5.The zero point corrected reaction energies angaan barriers along with
kinetic parameters at 473 K for the new elemenssgeps considered for CO-promoted
redox pathway with water dissociation to the swefatterface.

AEZPC Eactzpe

&) (V) ki kr
R18 -1.03 0.28 1.22x10  1.22x10°
R19 0.35 0.85 4.07x10  4.05x10
R20 0.02 2.34x1H  3.23x10’
R21 -0.56 0.12 6.10x10  7.38x10
R22 -0.09 0.09 8.19x10  6.87x10°
R23  0.69 5.07x1H  2.34x14

The microkinetic model suggests, in agreement witlh prediction based on

relative stability of C@-OHin-OHs and C@rHprOHin, @ very low rate, 3.64 x T81/s,
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and high activation barrier of 2.24 eV for this lpaay while the reaction rate orders
remained unchanged to the previous mechanism. Goes#y, this model pathway is

not able to explain the experimental observations.

5.2. CO-Promoted Associative Carboxyl Pathway

Theoretical investigations suggested the occurrefdbhe associative carboxyl pathway
on Pt and Cu metal sites and also at the intedééei cluster on ceria (111) surfaces. As
discussed before, this pathway, in contrast tordagex pathways, does not involve the
creation of an oxygen vacancy during the catalgyde and CO is oxidized directly with
the oxygen of water. Since in the CO promoted maaghways we observed a strong
CO adsorption at the metal-oxide interface we swidhe associative carboxyl pathway

in the presence of a promotional (interfacial) CGlauule.

The new reaction steps that we have considerethi®pathway are depicted in

equations (R24) to (R29):

(R24) CGQrOint + HO(g) + *ce — COprH20(ceyOint
(R25) CGrH20(ceyOint + Os — COprOHceOin-OHs
(R26) CQrOHceOin-OHs — COOHprOjn-OHs + *ce
(R27) COOhbrOjni-OHs — COypry OHint-OHs

(R28) CQptyOHin-OHs — *prOHin-OHs + COy(q)

(R29) *prOHint-OHs + CQQ) - CQDrOHint'OHs
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Reactions (R19-23) and (R12-13) are also needetbse the WGS cycle. Figure (5-9)
depicts the energy and free energy profile forahesction steps. Figure (5-10) depicts

the new intermediate structures.
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FIGURE 5-9.The (free) energy profile for the new reactiorpstéhat we have been
considered for the CO-promoted associative carbpatiway

After water adsorption on Ce (R24) which is exothierby 0.44 eV 4G**=1.13
eV), water dissociates on the surface oxygey). (This process is 0.12 eV endothermic
with a 0.18 eV activation barrier. The next stegasboxyl formation that is 0.12 eV
exothermic and has an activation barrier of onlp30eV. After cis- to trans
transformation of the carboxyl species, the tramséal carboxyl species dissociates to
the interfacial oxygen. This process is 0.21 eVtleaonic and has a 0.15 eV activation
barrier. The next step is G@esorption that is 0.36 eV endothermi&{® = -1.55 eV);
followed by CO adsorption with a 2.35 eV bindingesgy (\G** = -0.70 eV). To

complete the cycle surface, the interface hydragems should be transferred to Pt and
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desorb as KH The energetics of these reaction steps havedgiie@en explained in the

previous sections (see Figures (5-7) and (5-5)).

&’
COZ(Pt)'OHint'OHs *Pt'OHint'OHs

FIGURE 5-10.The new intermediates structures for the CO-prothassociative
carboxyl pathway

The zero point corrected reaction energies of #sxidbed elementary steps and
their activation barriers along with their forwaadd reverse rate constants at 473 K have
been provided in Table (5-6). The results of a okioretic modeling study at
experimental conditions #1 have been provided inld é5-7).

TABLE 5-6.The zero point corrected reaction energies anglain barriers along with

kinetic parameters at 473 K for the new elemensggps considered for CO-promoted
associative carboxyl pathway

AEZPC Eactzpe

&) (V) ke kr
R24 -0.33 2.34x1H  3.90x10°
R25 0.17 0.16 1.92x10  4.02x10°
R26 -0.03 0.06 5.79x10  7.20x18*
R27 -0.25 0.04 257x18  4.91x10
R28 -0.20 3.05x1¢F  1.50x10
R29 -1.79 1.87x10  2.31x10
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TABLE 5-7.Reaction orders () apparent activation energie<f{f, and turn over
frequencies (TOF) from microkinetic model for th®{romoted associative carboxyl
pathway at experimental condition #1

Experimental condition #1
(Pco=0.07, Ro=0.085,
PH2020.22, R|2:O.37 atm;

T =473K)
Model Experiment
Nco 0.00 -0.03
NH20 1.00 0.44
Nco2 0.00 -0.09
NH2 -1.00 -0.38
TOF (s 2.21 x 10/ 4.14 x 1¢f
EZP (eV)° 1.49 0.78

% see reference (263)
® Apparent activation energy is calculated in thegerature ranges of 423-523
K.

Generally, no considerable improvement can be w@bdercompared to the
previous model pathways except that the reactiatersr all display correct trends:
positive reaction order for 4, negative reaction order for,Hand zero reaction orders

for CO and CQ. The apparent activation barrier is still too hayid the rate is too low.

Next, we calculated Campbell’'s degree of rate dmdntodynamic control. The
carboxyl formation degree of rate control was OM8le carboxyl dissociation and water
dissociation appeared next with 0.19 and 0.10 d@sgd rate control, respectively.
Intermediate C@-OHi,-OHs was the most important reaction intermediate with

Campbell's degree of thermodynamics rate contrelLdo.

All these results clearly indicate the presencestobngly adsorbed CO at the
interfacial Pt site under all experimental condisaconsidered here. The low rates and
high apparent activation barriers predicted by oucrokinetic model of all possible

pathways suggest that not all CO molecules adsabéuke interfacial sites are reactive,
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especially in the low temperature range, 4z-673 K, considered here. However,
presence of CO at one interfacial site could askestWGS reaction at the neighbori
interface site by reducing the CO adsorption stitenghus, we onsidered a new mod
with a CO molecule adsorbed at the bridging sitethtad interfacial Pt atoms al
investigated the C@ssisted reaction pathways at the neighboringirsitee following
section. The structure of this new moc* prCOp-Oi) is provided in Figure (-11). We
note here that the CO adsorption at this bridgiteyis about 0.4 eV stronger than at
linear position we considered earlier which aganfecms that the interfacial CO in tF

new model (Figure 3-1) will not be reactive dow temperatures.

FIGURE 5-11.Modified Pt/CeQ (111) catalyst model for studyirtige WGS reactio
mechanisra that involve creation of vacancy during the cybiehis model prCOp¢Oint
is the active site whilep; refers to the interfacial bridging site of Pt clrs

5.3. New Pathways based on Modified Model Cataly

5.3.1. Redox Pathway- Model Il
The following reaction steps havbeen considered for éhredox pathway on our ne

model:
(R30) *rCOprOint + CQg) — 2COrOint

(R31) 2CQ¢Oint — COxptiny-COpt
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(R32) CQEtintrCOpt — *prCOprVint + COyg)

(R33) *prCOprVint + H2O(g) — *prCOprH20(iny)

(R34) *»rCOprH20(iny — COprHprOHin

(R35) CQrHprOHint + *pt— COpr2Hpr Oint

(R36) CQr2HprOint — *prCOprOin + H2(g) +*pt

The energy profile for this pathway has been predith Figure (5-12) starting
from our new catalyst model. The first step forstlaycle is CO adsorption on the
neighboring bridge site with a binding energy aR@leV (R30). Then, CO spills over to
the interfacial oxygen of ceria and creates an rl@sbCQ structure (R31). The spillover
is 0.23 eV exothermic and has an activation bawfe®.54 eV. In the next step, GO
desorbs to create an oxygen vacancy at the interfdoe desorption process is 0.95 eV

endothermic and has an activation barrier of 1M 9R32).

After creation of an oxygen vacancy at the intexfa@ter adsorbs and dissociates
at the vacant site. Both reactions are exothermi®.67 eV and 0.50 eV, respectively.
The barrier for water dissociation is 0.51 eV (R3®e following step is the second H
transfer from the interfacial —OH to the Pt with activation barrier of 1.07 eV. This
process is endothermic by 0.42 eV (R35). The fata@p to close the cycle is desorption

of H, from the Pt cluster (R36) that is 0.42 eV endathier
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*pi-COp-Oint
AE =0.00 eV

AETS=-0.24 eV

Co,
desorption

& e
*prrCOp-Vint
&N AE = -0.48 eV
200,00 S SN
AE=-1.20€V COypriny-COp
AE =-1.43 eV
(b)
COPt'Vint
AE = -0.48 8Vjpts= g 54 eyAET=-0.48 €V *p-COp-Opy
AE=-0.71 eV

*prrCOp-H2O¢iny) LA | \i
AE=-1.05eV & & 3 CACE)PE?T'E%Q‘/
COpi-Hp-OHipy T
AE=-155¢eV

FIGURE 5-12.The energy profile for the redox pathway of the Wi&&ction at the
interface of our modified catalyst model (redoxtwedy (I) — model 1) (a) first part of
the path that is CO oxidation to G{@b) second part of the path that igdHeduction to
H.. The zero energy state in the profile is the sfith@energies of the initial state-¢*
COprOint) and the gas phase reactants.

Comparison of this redox pathway energy profileg(ifeé 5-12) with that of our
earlier model with one linear CO (Figure 5-3) swgigehat the CO adsorption is reduced
by about 0.6 eV (-1.20 eV Vs -1.86 eV) and the @wygacancy formation is more

exothermic by about 0.4 eV (-0.48 eV Vs -0.05 eV}he presence of an additional CO
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molecule. The water dissociation process seemsawe Isimilar energetics with both
models, but the second H-transfer from the interfa®H to Pt (R35) seems to have a
high activation barrier of more than 1 eV in thegance of an additional CO molecule.
Although, this model seems to take care of som#efdifficulties associated with our
earlier model, we will show below that some vergbé intermediate structures are not
included in this redox pathway that decrease itiwvic Since all our earlier calculations
predicted that the CO adsorption on the interfaBiahtoms is very strong under many
different environments, in the following section Wave considered the possibility of

adding another CO molecule whenever the activebsitemes empty.

5.3.2. Second Possibility in Redox Pathway — Modg|

In the redox cycle explained in the previous sec(iéigure 5-12), the Cdesorption
process creates an oxygen vacancy at the inteafaeoeell as an empty Pt site. A direct
H,0O dissociation at the oxygen vacancy followed byrahsfer to this empty site were
considered in this process. However, the presehea oxygen vacancy at the interface
could also promote a strong adsorption of CO atnighboring Pt atoms. Thus, we
considered the adsorption of another CO molecuthistempty Pt site g-COprViny) in
this section prior to BD adsorption and dissociation. The reaction ste@psidered in

this section (redox pathway (II) — model Il) arefaléows:
(R37) *prCOprVint + CQg) = 2C0erVint

(R38) 2CQ¢Vint + H20(g) — 2CQxrH2O(iny

(R39) 2CQrH20iny + *pt— 2COorHpr OHint

(R40) 2CQrHprOHint + *pt— 2C O 2HprOint
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(R41) 2CQ2HprOm — 2CChr O + Hag) + 2%t

*pt-COpt~Vint
AE =-0.48 eV

2C0pi-Oint
AETS=-1.02 ey AE=-1.92 eV
AETS=-223 eV

AE=-2.16 eV & \Q\ ; A\E 2CO|it-2Hpt'oint
2COp-H;0(my y,‘ ‘ AE =-251eV
AE =-2.80 eV
2C0p-Hp-OHipt
AE =-3.31eV

FIGURE 5-13.The energy profile for the second possibility ie tHassical redox pathway
of the WGS reaction derived from modified catalystdel (redox pathway (II) — model
II). The zero energy state in the profile is thensaf the energies of the initial state£*

COprOiny) and (CO,HO) in the gas phase.

Figure (5-13) depicts the energy profile for theteps. As expected, CO adsorbs
strongly at the empty interfacial Pt site in thegamce of an oxygen vacancy with an
adsorption energy of -1.68 eV (R37). Then, watesodas on the vacancy and dissociates
in 0.64 and 0.51 eV exothermic processes, resmgtiVhe barrier for water dissociation
is 0.57 eV (R39). Following water dissociation, tinéerfacial —-OH group dissociates
which is a 0.80 eV endothermic process that haa@elp of 1.39 eV (R40). The final step

to close the cycle is Hlesorption which is 0.59 eV endothermic (R41).

Here again, the transfer of hydrogen from the fate&r oxygen to the Pt cluster
(R40) seems to be a difficult process. The enengjfile clearly indicates that the

reaction might proceed through second CO adsorgdomwnhill) at the empty Pt site
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(R37) instead of direct # dissociation (R33-R36). On the other hand, tlesgmce of

an additional CO molecule at the interface Pt pibhithe transfer of H-atoms from the
interface oxygen to the Pt cluster. In order torowme this difficulty, we considered the
possibility of transferring the H atom through tteemation of an associative carboxyl

intermediate in the following section.

5.3.3. Associative Carboxyl Pathway with Redox Regeration — Model
Il

In the redox pathway (1) — model Il, it is posgldbr the adsorbed water at the interface

(2COrH20(ny) to dissociate to the surface oxygen to creat®©E2OHin-OHs).
(R42) 2CQrH20(ny + Os — 2COprOHini-OHs

This process is 1.13 eV exothermic and has a Ibarfi®.19 eV. Compared to water
dissociation to Pt (R39), water dissociation tpiOmore exothermic by 0.62 eV and has
a smaller activation barrier by 0.38 eV. Thus, \&a expect that this process would have
a higher rate. As a result, we designed an assexiaarboxyl pathway with redox

regeneration starting from 2GEDH;-OHs:

(R43) 2CG+OHin-OHs — COOHpv.int-j-COprOHs

(R44) COOHpbtint-i-COprOHs — COyptointr COpr OHHs

(R45) CQEtinrCOprOHHs — COOHpr.int-iy-COprOHs

(R46) COOkHprtint-)-COprOHs + *pt— COprinty COprHprOHs

(R47) CQEtinrCOprHprOHs — *prVin-COprHprOHs + COy(g)
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(R48) *prVin-COprHprOHs + CQg) — 2CObrVin-HprOHs

(R49) 2CQ¢Vin-HprOHs + HyOg) — 2COhrH20(nt-HprOHs

(RSO) ZCQt‘HzO(int)'HprOHS + *Pt_’ ZCQDt-ZHPrOHint'OHS

(R51) 2CG+2HprOHin-OHs — 2COprOHini-OHs + 2% + Hy(g)

Figure (5-14) depicts the energy and free energyiles for this cycle and the
intermediate structures are shown in Figure (5-IBg first step in this cycle is carboxyl
formation from the interfacial -OH group and theadbed CO at the interface (R43). It
is worth noticing that by water dissociation, orighe bridging adsorbed CO molecules
has moved to the linear position on Pt (220H.-OHs). The process for carboxyl
formation is 0.50 eV endothermic and has a 0.74e&tWwation barrier. Next, COQH.int-

y dissociates to the nearby surface —OH to creatéHs@adsorbed water at the surface
oxygen vacancy) and an adsorbed,Gpecies at the interface (R44). Subsequently, the
H in —OHH; is transferred back to the free oxygen of the, @Dform a more stable
COOHetinty (R45). We note here that this step also involes +OH rotation (not
shown here) that corresponds to ttie-trans isomerization of the adsorbed COOH
intermediate. Reaction steps (R44) and (R45) bisiepresent the H-transfer between
the two oxygen atoms within the —COOH species wheells to the formation of a more
stable intermediate and permits at the same timeligsociation of COOH directly to the
metal cluster. NEB calculations suggested thatdihext transfer of the H atom between
these two oxygen atoms has a barrier of more thaW.1However, the presence of a

nearby surface —OH group facilitates this H-trangfigh barriers of less than 0.2 eV.
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FIGURE 5-14.The (free) energy profile for the associative cagh@athway with redox
regeneration — model Il starting from dissociatedewr at the interface tos@CGOpr
OHint'OHs)

The transs=COOH intermediate then dissociates to Pt in antleeneutral process
(0.03 eV exothermic) and an activation barrier af6leV. The next steps are €0
desorption and CO adsorption that are 1.12 eV dedatic and 1.70 eV exothermic,
respectively. Free energy wise, £esorption and CO adsorption are both exergonic by
0.33 and 0.53 eV, respectively. After CO adsorptiBlpO adsorbs at the interfacial
oxygen vacancy in a 0.37 eV exothermic proces&®f = 1.27 eV). Next, water
dissociates to create a 26:@QHp-OHi,-OHs site. This process is 0.50 eV exothermic and
has a 0.31 eV activation barrier. The final steptifts cycle is H desorption that is 0.71

eV endothermicAG**= -0.31 eV).
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COOH (Pt-int-1) 'CoPt'OH s COZ(Pt-int)‘COPt'OH H s

COOH(Pt—int—II) -COp-OH; cOZ(Pt-int)'CoPt'HPt‘OH

2C0p¢Vin-HpOH, 2C0pHOny-HprOHs  2C0p-2Hp-OH;f-OH,

FIGURE 5-15.The intermediates structures for the associativieosg! pathway with
redox regeneration — model Il starting from disaten water at the interface tg@ O
(ZCQDFOHint'OHs)

The zero point corrected energies of the reactigpssand their activation barriers
along with the forward and reverse rate constan#/a K for this pathway have been
provided in Table (5-8). The results of this midratic model at experimental reaction
condition #1 have been provided in Table (5-9)eRAperimental condition #2 the results
were quite similar. For this microkinetic model w@mbined the Redox pathways (I) and

(I1) and the associative carboxyl pathway with nredegeneration.
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TABLE 5-8.The zero point corrected reaction energies angaain barriers along with

kinetic parameters at 473 K for the elementarysstemsidered for the associative

carboxyl pathway with redox regeneration — modeind also R42 for creation of the

starting structure (2CGQOH;-OHy).

Eactzpe

AEZpC

€Y) (V) ke kr
R42 -1.04 0.14 5.17x160  1.88x10
R43 0.54 0.70 4.62x10  3.41x16*
R44 -0.22 0.06 1.18x18  7.04x10
R45 -0.23 -0.02 8.22x18  5.86x10°
R46 -0.12 0.94 1.80x10  7.37x10
R47  1.02 1.47 7.49x10  2.20x10d
R48 -1.61 1.87x1d  2.07x108
R49 -0.20 2.34x1d  2.29x16°
R50 -0.58 0.08 2.69x18  3.06x10
R51 0.56 4.10x1%  7.02x18

TABLE 5-9.Reaction orders () apparent activation energie${f, and turn over
frequencies (TOF) from microkinetic model for thembined pathways Redox (I) and
(I, and the Associative carboxyl with redox reggation, all derived from the modified
catalyst model, with the individual pathways’ caoaition in the rate at experimental

condition #1.

Experimental condition #1
(Pco=0.07, Ro=0.085,
Pu20=0.22, R»=0.37 atm;

T =473 K)

Model Experiment
Nco 0.00 -0.03
NH20 0.74 0.44
Nco2 0.00 -0.09
Nh2 -0.69 -0.38
TOF (s 1.06 x 10 4.14 x 10
Redox | 1.32 x 16"
Redox Il 3.14 x 10
Associative carboxyl pathway with redox  1.06 x 10
regeneration
E*P (eV) 0.98° 0.78

@ see reference (263)

® Apparent activation energy is calculated in thegerature ranges of 423-673

K.

The calculated TOF at 473 K is about 3 orders ofmtade higher than the

experimental TOF. Considering that the experimeh@Fs are normalized by the total
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number of Pt atoms while our TOFs are based omfawi@l Pt atoms, it is encouraging
that our computed TOFs are larger than the expatahenes. The dominant path is the
associative carboxyl pathway with redox regenenatidhe pathway has the highest rate
and predicts the lowest apparent activation bacoeenpared to our other redox models of
0.98 eV. The reaction orders are also displayingect trends: zero reaction orders for
CO and CQ, positive reaction order for water and negativectien order for hydrogen.
Campbell's degree of rate control analysis at 473ufgests that the COOH dissociation
process (R46Xrc = 0.77) together with the GQlesorption process (R4Xxc= 0.23) are
the most important steps that affect the overédl od the reaction. The surface coverages
of all intermediates obtained from our microkinamodeling and Campbell’'s degree of
thermodynamic rate control analysis suggest thatottygen vacancy structure (260
Vin-HprOHg) is the dominant species throughout the tempexatamge considered here
and the stability of this intermediate has a sigaiit effect on the overall rate of reaction.
It has to be noted here that we also created oxygeancies at different steps of the
redox pathways, but only this particular interméaliCQ+Vin-HprrOHg) that is created
during the associative pathway with redox regermratbecomes the dominant
intermediate. The structure of this intermediatgyFe 5-15) suggests that it is possible
to form multiple oxygen vacancies at the Pt/Gefiterface and that all the Pt sites
neighboring the vacancy will be covered by CO afidtte surface oxygen atoms
adjacent to the vacancy will be covered by hydrogeder WGS reaction conditions.
Only after including these stable structures inghthway was our model able to predict
the experimentally observed activation barriergctien orders, and rate determining

steps.
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5.3.4. Associative Carboxyl Pathways — Model Il

In the previous section, we have shown that our nmemdel with additional CO at the
interfacial Pt could predict experimental obseiwasi for the associative carboxyl
pathway with redox regeneration. In this sectior, w8ed the same model to investigate
the associative carboxyl pathway at the Pt/Catderface that does not include the
formation of oxygen vacancies. We note here datModel | with only one linear CO
adsorbed at the interface predicted a very higlaiegop activation energy and a low rate
(section 5.2). The reaction steps that have beewsidered for the first cycle after

reaction step (R30) (CO adsorption) are as follows:
(R52) 2CQ¢Ojn + *ce+ HyO(g) — 2CQrHz0cer Oint
(R53) 2CQrH20ceyOint + *pt— 2COprOH(ce-ptyOHint
(R54) 2CQ@+OHce-piyOHint — COprCOOH--OHint + *ce
(R55) CQrCOOHrOHint + *pt— COprCOpiyHprOHint
(R56) CQrCOypiyHprOHint — *prCOprHprOHiy + COy(g)

Reaction steps (R35) and (R36) are also needekbgde this cycle. Since the active site
becomes empty after G@esorption in reaction step (R56), we have alswidered the
possibility of another CO adsorption at the actpite before H-transfer. The reaction

steps considered are as follows:
(R57) *prCOprHprOHint + CQg) — 2CChrHprOHint

(R58) 2CQrHprOHint + *pt — 2CObr2HprOint
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(R59) 2CQ2HprOint — 2CCbr O + 2% + Hagg

Figure (5-16) depicts the energy and free energfiles for these cycles and the new

intermediate structures are shown in Figure (5-17).
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FIGURE 5-16.The energy and free energy profiles for the astgeiaarboxyl pathways
— model I, derived from the modified catalyst mb(ke dashed line shows the extra
steps that are needed to close the CO-promotediasge carboxyl pathway — model I1)

For the first cycle, after initial CO adsorption3®, water adsorbs on the Ce
metal of the ceria surface in a 0.59 eV exothepnicess (R52AG**= 1.08 eV). Next,

it dissociates to the interfacial oxygen. Due te thmientation of adsorbed water, the OH
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group of the dissociated water can make bonds lath Ce and Pt (2GQOHce-py
OHin). The dissociation process is 0.64 eV exothermib an activation barrier of 0.17
eV. The next step is carboxyl formation that iS20e% endothermic and has an activation
barrier of 1.00 eV. Afterciss and trans- transformation of the carboxyl species, it
dissociates to the Pt cluster in a 0.50 eV endotleprocess with a 0.70 eV activation
barrier. Next, C@ desorbs which is 0.14 eV exothermioG{®® = -1.56 eV). After CQ
desorption the interfacial —-OH dissociates to theléster and finally B desorbs. These

reactions are (R35) and (R36) and have previousdpdy been explained.

In a second cycle (CO-promoted path) after, @&sorption, CO adsorbs which is
1.74 eV exothermicAG™ = -0.49 eV). Next, the interfacial —OH group disistes
which is 1.12 eV endothermic and has a 1.34 eWaiitin barrier. The final step to close
this catalytic cycle and to get back to its inis@ducture (2C@-Oi), H, desorbs which is

0.25 eV endothermiaAG***= -0.73 eV).

COPt'COZ(Pt)'H ptOHint 2C0p-Hp-OHjy 2C0p-2Hp-Opy

FIGURE 5-17.The new intermediate structures for the associatawboxyl pathways —
model I
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The energetic and kinetic parameters for the erpthreaction steps are provided
in Table (5-10). The microkinetic modeling’s resu#tt experimental reaction condition

#1 are provided in Table (5-11).

TABLE 5-10.The zero point corrected reaction energies andain barriers along with
kinetic parameters at 473 K for the new elemengéeps considered for the associative
carboxyl pathways — model Il, derived from the nfiedi catalyst model

AEZPC Eact,zp(

) (V) ki kr
R52 -0.41 2.34x1H  1.93x16°
R53 -0.65 -0.02 4.89x16  5.99x10
R54 0.43 0.92 2.65x10  7.80x10
R55 0.44 0.63 1.22x10  2.97x18°
R56 -0.17 2.87x1  1.50x10
R57 -1.61 1.87x10  2.73x10
R58 0.98 1.15 7.44x10  2.80x10"°
R59 0.15 1.83x15  7.02x108

TABLE 5-11.Reaction orders (); apparent activation energie${#, and turn over
frequencies (TOF) from microkinetic model for thesaciative carboxyl pathways —
model Il at experimental condition #1

Experimental condition #1
(Pco=0.07, Ro=0.085,
Pu20=0.22, R»=0.37 atm;

T =473 K)
Model Experiment
Nco 0.00 -0.03
NH20 1.00 0.44
Nco2 0.00 -0.09
N2 -1.00 -0.38
TOF (s 1.66 x 107 4.14 x 107
EZP (eV) 1.18 0.78

& see reference (263)
® Apparent activation energy is calculated in thegerature ranges of 423-673
K.

Although the calculated TOF is in close agreementhé experimental value, it is
about 3 orders of magnitude smaller than the TOIutsied for the “associative

carboxyl pathway with redox regeneration” (109.sAlso, we note that the modeling
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TOFs are computed based on interface sites whperarental TOFs are normalized by
the total number of Pt surface sites. In the aative pathway the reaction proceeds as
expected through the lowest energy pathway whicolues a second CO adsorption
after CQ desorption (R57). The apparent activation bansestill high compared to
experiment observations as well as the “associati@doxyl pathway with redox
regeneration”. However, compared to the previouslehdor the associative carboxyl
pathway (CO-promoted associative carboxyl pathvidl = 1.49 eV) the barrier of the
new model has improved by 0.31 eV. Next, the reaatate orders of the new model can
predict the correct trends of the experimental olzamns: positive order for 4D,

negative order for b} and zero orders for CO and €0

By calculating the degree of rate control, carbakgkociation is found to be the
most important reaction step (R55) with a degreeaté control of 0.93 followed by
carboxyl formation (R54) with 0.07 degree of rabatcol. The degree of thermodynamic
rate control of -1.00 is found for 2GEH-OHir; which shows that this species is the

most important reaction intermediate.

5.4. Conclusion

We investigated the activity of small Pt clustenpmorted on a Cef(111) surface for
the low temperature WGS reaction. The challengesased in choosing an appropriate
catalyst model for this study are evident from thsults presented in sections 5.1-5.2.
Although our initial thermodynamic analysis suggestin appropriate model for the
mechanistic study, further microkinetic modelingngsModel | suggested the possibility
of the presence of more CO molecules at the inttf@t atoms. Meaningful results

could be obtained only after including additiondD @t the interface (Model II). It is
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generally believed that the strong adsorption of @fld poison the metal surface
(blocking of active sites) which consequently rezRithe rate of reaction. However, our
results suggest that these strongly adsorbed C@amek could assist the WGS reaction
at neighboring sites by reducing the CO adsorpstength. Combined microkinetic
modeling of the “Redox” and “Associative carboxyithvredox regeneration” pathways
suggest that the latter is the most dominant pathWhais pathway predicted the highest
rate and lowest activation barrier compared to rédox pathway. Since CO adsorbs
strongly on the interfacial Pt atom, especiallfhe presence of an oxygen vacancy, the
traditional redox pathway does not operate at tH€e®) interface. HO prefers to
dissociate at the vacancy by transferring an H ammeighboring surface oxygen rather
than transferring the H atom to Pt. Only when la# heighboring surface oxygens are
already covered by hydrogen canCHdissociation occur at the metal-oxide interface.
Because of the strong adsorption of H on the sartag/gen atoms, a direct H transfer
from interface —OH to Pt becomes energetically vorfable, especially in the presence
of CO on Pt (Redox Il). Thus, the reaction procedsugh the formation of a carboxyl
(COOH) intermediate. The dissociation of this intediate is facilitated by the presence

of neighboring surface —OH groups.

The “Associative carboxyl” pathway (section 5.3vi)ich does not involve the
formation of oxygen vacancies also predicted nogligible rates compared to the
“Associative carboxyl pathway with redox regenemati The higher rates obtained for
the latter pathway manifests the importance of tix¢gen vacancy for the low-
temperature WGS reaction. Our results also sugdjebie vacancy structure to be the

dominant intermediate in this process which featiéis HO activation and dissociation.
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The lower rates obtained for the WGS reaction om Bt (111) surface and Pt on
irreducible oxide supports can be explained bydiffeculty in dissociating HO on these

surfaces. Our calculations show that compared ¢oRh (111) surface, the improved
WGS activity of the TPB can be explained by aneased number of oxygen vacancies

at the TPB, and a significantly facilitated watetiaation and dissociation.
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Appendix

Summary of the reaction steps that are explained in the text and the transition states

structures for reactions

(R1) *prOint + CQg) — COprOint

(R2) CGrOint — COxptiny

(R3)  CQptiny— *prVint + COyg)

(R4)  *prVint + HO(g) — HoOpyVint

(R5)  HOpEyVint — HperOHint

(R6)  HprOHint + *pt— 2HprOint

(R7)  2H¢rOint — *prOint + Hag)+ *pr

(R8) COptiny * *pt + CQg) — COrCOxptny
(R9) COrCOxpriny — COprViny + *pt+ COyg)
(R10) CQtVint + HOg) — COprH2O(int
(R11) CQrH2Onty + *pt— COprHprOHint
(R12) CQHprOHint + *pt— COpr2HprOint
(R13) CQr2HprOint — COprOint + Hag) + 2*pt
(R14) CQrHprOHint — COOHptiny-Hpt
(R15) CQrHprOHjny — CHO(vert,Pt)'Oint'HPt
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(R16)

(R17)

(R18)

(R19)

(R20)

(R21)

(R22)

(R23)

(R24)

(R25)

(R26)

(R27)

(R28)

(R29)

(R30)

(R31)

(R32)

CHQ\/ert,Pt)'Oint' Hpt — CI'|o(horiz,Pt)'Oint' Hpt

CHQhoriz,Pt)'Oint'HPt - HCOO(Pt,int)'HPt

CGrH20(iny + Os = COprOHs-OHint

CQrOHs-OHint + *pt — COprHprOini-OHs

CQrHprOint-OHs + *ce + H2O(g) = COprHpr-Oint-H20ceyOHs

C@rHPrOint'Hzo(Ce)'OHs - CQDrHPt‘OHint'OHCe'OHs

CQrHprOHin-OHce OHs — COprHpr-OHini-H2Ocey Os

CQrHprOHin-H20ceyOs — COprHprOHint + Os + *ce + H2O(g)

CGrOint + HO(g) + *ce — COprH20ceyOint

CQrH20(ceyOint + Gs — COprOHceOini-OHs

CQ’FOHCe'Oint'OHs - COOI'|3t'oint'OHs + *ce

COOhbr-Oint-OHs — COx(pty OHint-OH;

CQptrOHin-OHs — *prOHint-OHs + COy(g)

*prOHine-OHs + ng) — COprOHin-OHs

*prCOprOint + ng) — ZCQDt'Oint

2CQrOnt — COZ(Pt—int)'COPt

CQptintrCOpt — *prCOprVint + COyg)
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(R33)

(R34)

(R35)

(R36)

(R37)

(R38)

(R39)

(R40)

(R41)

(R42)

(R43)

(R44)

(R45)

(R46)

(R4T)

(R48)

(R49)

*prCOprVint + HOg) — *prCOprH20iny

*prCOprH20(inty — COprHprOHint

CQrHprOHint + *pt — COpr2Hpr-Oint

CQr2HprOint — *prCOprOint + Hag) + *pt

*orCOprVint + CQg) — 2CChrVint

2CQ¢rVint + HO(g) = 2COb-H20iny

2CQ¢H20(inyy + *pt — 2COorHprOHint

2CQrHprOHint + *pt = 2CObr-2HprOint

2CQ¢2HprOint — 2C OOt + Hyg) + 2%pr

2CQrH0(ny + Os = 2COrOHini-OHs

2CQ+OHj-OHs — COOHPt-int-l)'COPrOHs

COOHbtint-))"COprOHs — COx(pt-inty COpr OHH;

CQptintrCOprOHHs — COOHp.int-i-COprOHs

COOHptint-1)-COprOHs + *pt — COx(pt-intr COprHprOHs

COpriny COpeHprOHs — *peVin-COprHprOHs + COyg

*0eVin-COprHpr OHs + CQg) — 2C0brVin-Hpr OHs

2CQ¢Vin-HprOHs + HxO(g) — 2COh-H20(iny-Hpr OHs
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(R50)

(R51)

(R52)

(R53)

(R54)

(R55)

(R56)

(R57)

(R58)

(R59)

2CQrH20(ny-Hpr OHs + *pt — 2CCOpr 2Hpr OHin-OHs

2CQr2HprOHin-OHs — 2CQOrOHini-OHs + 2*pt + Ha(g)

2CQrOint + *ce + HOg) — 2COrH20(ceyOint

2CQrH20ceyOint + *pt — 2C0OrOHce-ptyOHint

2CQ+OHce.piyOHint = COrCOOH+-OHint + *ce

CQrCOOHOHjnt + *pt — COprCOxpeyrHpr OHint

CGQrCOxpirHprOHint — *prCOprHprOHint + COyg)

*prCOprHprOHint + CQg) — 2CChrHprOHint

2CQrHprOHint + *pt = 2COb-2HprOint

2CQ¢2HprOint — 2C 0o Oint + 2%pt + Ha(g)
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