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ABSTRACT

DEVELOPMENT OF THREE WAY CATALYTIC CONVERTERS FOR
ELIMINATION OF HYDROCARBONS, CARBON MONOXIDE AND NITRIC
OXIDE IN AUTOMOTIVE EXHAUST

Civan, Aylin

M.Sc., Department of Chemical Engineering

Supervisor: ProD r . l s1 k Onal

August 2014158 pages

In this study, catalytic performances of Three Way Catalysts (TWC) are investigated via
Density Functional Theor{DFT) methods ad catalytic activity tests in a dynamic test
system simulating the exhaust conditiow$ automobiles. DFT techniquesare
implemented by Vienna Ab Initio Simulation Package (VASP) eiifelct of nanganese
doping in TWCcompositionsare evaluated witbomputations omanganese, palladium

and rhodium substituted ceizarconia mixed oxide (CZO}urface modelsCarbon
monoxide oxidation mechanisms and energetics are investigatdte model surfaces.
Oxygen Storage Capacity (OSC) of CZOre&narkablyenhanced by the synergistic
effect of Pd and Mn dopingAccordingly, relative energy profile o€O oxidation
mechanismon PdMn substituted surface i®und to beenergetically most favored

Suchan efficientcollabordion is not observed with Rh and Mn doped CZ60.the



experimental studie§;WC catalysts with varying compositions of Pd, Mn and Rh a
synthesized via impregnation and solution combustion methods. Powder catalysts are
then mixed with gamma alumina and washcoated on laboratory scale cordierite
monoliths. Catalytic activity tests of the monolithic catalysts are carried out in a
dynamic ativity test system Online data aresimultaneouslycollected by a Mass
Spectrometer (MS) and CO analyzer coupled to the test syst@erformance of the
catalysts are evaluaté&y means ofight-off temperaturesActivity results of 28 tests are
examinedn terms of thermal aging and $@xposureln compliance with the findings

of the computational studiesatalytic performance is improved when Pd is coupled with

Mn in catalyst compositions both synthesis techniques.

Keywords: Three Way Catalystensity Functional Theory;atalytic Activity, Ceria
Zirconia Mixed Oxide, Manganese
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OTOMOBKL EGSOZUNDAKK HKDROKARBON, KARBON
AZOT OKSKT BKLEKKKLERKNKN GKDERKLMESK K
KATALKTKK KONVERTERLER GELKKTKRKLME ¢

Civan, Aylin

Yiksie&gkahs, Kimya Muohendi sl i gi Bol
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Bu cah)shigd Yol | uk &taalailtiizkbr perfioar mansl ar |
Teorisi (DF T) Met odl ar i vkeo satl d ma b inl sgsndiz e ed
sisteminde gerceklestirilen katalitik akt:@
Vienna Ab Initio Simulation Package (VASP)
katalizdr kompozisyonl ari nda mangaene met al
mangan, paladyum ve rodyum metallerinin atomik olarak sezidkonyum oksit
(CZO)yapisina yerlestiril mesi Blue moadee!| yyizzg
Uzerinde kar bon nmomelkasnitz mak aairidracse/bbe nemmi esrtji
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enerji profii , mekaenemaetnk baki mdan en .Buwantajl i (

denl i etkin bir isbirligi Rh ve Mn yerlestiri
deneysel ki sminda, farkl komposi zyonl ara sa
emdirmev e ¢d z elanma emleentiezk yléolnani | arak sentezl enm
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sekilada)] i ki k performansi n, Pd ve Mn metaller
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CHAPTER 1

INTRODUCTION

1.1.Exhaust Emissions

One of the majorsourcesof atmospheric pollutiorare the emissions generated by
transportation vehicleIhese emissions are the consequence of incomplete combustion
of fossil fuel and radical reactiomd N and O at high temperaturéslartinezArias, et

al., 2012) Themainpollutants of the exhausmissionsareunburned or partially burned
hydrocarbons (HCs), carbon monoxide (CO) and nitrogen oxidestly nitric oxide
(NO) andcatalytic technologies primarily focus on the elimination of these pollutants.
Other compounds such as oxygen, hy@mgiitrogenwater vapoycarbon dioxideand
sulfur oxides &rising from the sulfur ifiuel) arealsopresent in the exhaust gas mixture.
Even though sulfur oxides are polluting as wigley can only be eliminated by reducing
to elemental sulfur which willead to an accumulation in the system. Therefore,
minimizing the amount of sulfucontentin the fuelis a more effective solution for
diminishing the sulfur containing emissioftsaspar, et al., 2003¥zeneral compsition

of exhaust emissions for different types of enginessaanemarizedn Table 1.



Table 1 Compositionof exhaust emssions for diesel and gasoline engiriprrtinez
Arias, et al., 2012)

Gasoline Gasoline direct
stoichiometric injection learburn
Exhaust Componer  Diesel Engine engine engine
Hydrocarbons 10- 330 ppm 400- 5000 ppm 350- 2300 ppm
Nitrogen oxides 200- 1000 ppm 100- 4000 ppm 800- 2300 ppm
CO 150- 1200 ppm 0.1-6 % 0.5-0.9%
02 5-15% 0.2-2% 0.6-7 %
H20 1-7% 10-12 % 10-12 %
0] 3-13% 10-18 % 10-15%
Sulfur oxides 10—-100 ppm 15-60 ppm 10-50 ppm

Particulates 50-400 mg n? - -

1.2.Standardsfor Exhaust Gas Emissions

I n |l ate 1960 s, d largelciees suchras Lmg$ Angeliesin WSA andi t y 1 n
Tokyo in Japarhad becomesuch a seriousoncernthatfirst environmental legislatian
regulating exhausemissions weretroduced In 1970, emission standards were defined
by California Clean Air Act in terms of six main pollutants; carbon monoxide, nitrogen
oxides, hydrocarbons, photochemical oxidants, sulfur oxides and particulate Aster.
consequencegatalytic converters for removal of pollutant exhaust emissions began
developng. Air quality problems were more severe in California, therestaeting from
1977,California Air Resources Board (CARB) legislated lower emis$mits than the

rest of the USATwigg, 2011)US A’ s me a dolloweddy other caantries such

as Japan, Switzerlandnd Australia. Later on, European Union announced strict
emission limits for passenger cans 1985 which was folbwed by the legislations of
South Korea in 1987 and Brazil in 19@8rtl, et al., 1999)A historical overview upon

emission standards of California is given in Table 2.



Table 2 Emission Standards of Glalrnia (CARB) since 1998Twigg, 2011)

Emissions (g/mile)

Year Category HC CO NOx
1993 0.25 3.40 0.40
1994 Tier 1 0.25 3.40 0.40
2003 Tier 1 0.25 3.40 0.40
2004 TLEV 0.125 3.40 0.40
LEV 0.075 3.40 0.05

2005 LEV 0.0 3.40 0.40
ULEV 0.040 1.70 0.05

2006 ULEV 0.040 1.70 0.20
SULEV 0.010 1.0 0.02

LEV: Low Emission Vehicles, SULEV: Super Low Emissiorhicles

Today, emission limits have becommich more stringeras the number of cars have
been rapidly increasingll over the world.Automobile manufacturers are seeking
solutions to improve the performance of their catalysts in order to meet the limits

demanding as low as 99% conversion of the exhaust gdatsumoto, 2004)

1.3.Three Way Catalytic Converters

Three way catalytic converterf6fTWC) are dictated by the need of simultaneous
conversion ofthe polluting compounds; HCs, CO and N{to relatively less harmful
compounds; C& N> and BHO (Lassi, 2003) Exhaustgas mixtureis a very complex
media with a variety of compounds and numerous reactions taking Rlarereactions
involved in a TWCare oxidation and reduction reactions as well as wat@s shift and

steam reforming reactisnThese simultaneougactions are listed in Table 3.



Table 3 Reactions occurring iaThree Way Catalytic Convert@Kaspar, et al., 2003)

Oxidation 2CO+0Q-> 2¢0

HC+(O - C@ H0?

Reduction 2C0O + 2NQ@+N: 2CO
HC + NO;+HOGB®L?

2H+ 2 NO 0+ N H

Water Gas Shift CO+HO - @66

Steam reforming HC+HO - @82

aUnbalanced reaction

Extent of these reactions depend on a critical parameter defined -&sFAiel ratio
(A/F). Only at the stachiometric A/F pointl4.7,appropriate amounts of oxidizing and
reducing agents present in the exhaust mix&ume complete conversion of pollutants
can take placéKaspar, et al., 2003Whenthe engine operates with excdasl (rich
condition), A/F is below the stoichiometric ratemd he exhaust gas composition
contairs more reducing compounds such BCs and CO thamxidizing compounds
such asO, and NQ. Conversely, fi the engine operatesver the stoichiometric point
with excess air (lean conditigrP@mount of oxidizing reactants will be higher than the
amount of reducing reactants in the axgtamixture(Ertl, et al., 1999)Effect of A/F

ratio on the efficiency of HC, CO and NOx conversiasmshown in Figure 1.
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Figure 1 Effect of A/F ratioon conversion of pollutants ithree way catalytic converter
(Farrauto & Heck, 1999)

Simultaneous maximum conversions of HCs, CO ang &® achiged in a very narrow
operating window whliOgahowund the smiphpmetric A/mpointe | vy
(Farrauto & Heck, 1999)n order to maintairthe A/F ratio as close as possible to the
stoichiometric point,0> or lambdasensorsare employed. The sensameasures the

oxygen level athe inlet of the catalytic converter and provides feedback tdutble

injection control mechaain (Kaspar, et al., 2003Piagram ofa moderrengine exhaust

contrd system is shown in Figure 2.

Electronic controller | Air mass flow meter

A 5
k Injector
3-way catalyst

Figure 2 Control loop of TWCGENgineOxygen sensofKaspatr, et al., 2003)




1.4.Structure and Components of Three Way Catalytic Converters

A typical structure of athree way catalytic converter consists of a honeycelkb
monolith placed inside a stainless steel contained as shown in the Figia&alyst is
loaded on the monolith with washcoating proceBse monolith is eithemade of
metallic (stainless steebr ceranic (mostly cordierite) materiglLassi, 2003)The major
advantage of metallic monoliths is that they possesshgyhface to volume ratiwith
lower wall thicknesss (Pratt & Cairns, 1977However loading of catalyst on metallic
monoliths can be popdue tolow adhesion capability of me&lOn the other hand,
washcoating process witteramic monoliths arenuch more efficienby virtue of their
porous structureAlso, ceramic monoliths are moreanomically feasibleTherefore,
cordierite (2MgO.2Ad03.5SiG%) monoliths are extensively employed in TW@&sspar,
et al., 2003)

M

Stainless steel container

washcoat

ceramic monolith //

insulating — antivibration pad

Figure 3 (a) Catalytic convertecomponentsb) Honeycomb strcture in a metallic

monolith (Kaspar, et al., 2003)

Washcoating process is carried out by dipping the monolith into a glwaghcoat)
containing catalyst precursors. Excess slurry is blownobthhe monolithby air and a

calcindion process is applied order to fix the catalygKaspar, et al., 2003)

The washcoatonsists of several components for different purpdseble metals such
as platinum, rhodium and palladium are the key componentshwéa way catalyst as

they are the active phases for catalytic reactions. Pt aratéPdhosen fotheir good



performance iNrHC and CO oxidatior{Armor, 1992)whereas Rh igfficient in NQ
reduction (Taylor, 1993) In particular, Pd has been extensively used in TWC
compositions due to itelatively good intmsic activity forCO conversin (Bunluesin,

et al., 1996)ability to promote HC conversior(@rovarelli, 1996) higher resistance to
thermal sinteringSummers, et al., 1988nd lower market price than that of Rh and Pt
(Kaspar, et al., 2003)

Another vital component of a TWC iCeQ-ZrO; mixed oxide. Among other
contributions, oxygen storage capacity (OSC) of ceria is definitely the most important
one. At cycling lean and rich conditions, ceria has the ability to store and release
oxygen, respectivelyOSC property of ceria proges promotion on CO and HC
oxidatiors by virtue of the use of lattice oxygedirconia is added to ceria since it
substantiallyenhanceshe OSCandalso thermal stabilityKaspar, 2003; Lassi, 2003)

Surface area of the honeycomb monoliths are insuffid@na highdispersion of the
catalyst.Therefore, alumina is employed due to its high surface area and also its good
themal stability (Kaspar, et al., 2003Mo s t lalpmina s preferred for its higher

surface area aomg dher transitional aluminagAnderson, 1975) However, at
temperatures above 1000°C, stabilization ¢
area | oss b y-aluminaaFors thig pupose stabdizingx agents such as

lanthanum or barium oxides amdded to the washcoat, as w&hspar, et al., 2003)

1.5.Light -Off Temperature

Performance of a three way catalystevaluated by a parametealled * L i -gffh t

T e mp e r ahich isedéfined ashe temperature at which 50 % conversion of a
specific reactant is attained. TWG&Bows typical lighoff type behavior on conversion
vs. temperaturewrves as a steady increase from 0 % to 100 % conversion. Lower light
off temperaturesindicate better calgtic performance Most of the emissions are
released during the coktart period of an engine and therefore, TWCs with lower-light
off temperatures are needed for thataement of cold start emissiofirtl, 1999; Kaspar
2003).



1.6.Deactivation of Three WayCatalysts

There are several reass that are accountable for catalytic activity loss of a TWC
Thermal aging is the major pathway for deactivatiBRposure to high temperatures
results in sintering of the oxygen storage component and loss of its recloertgr
(Fornasiero, et al., 2000Thermal aging also leads twher deactivation mechanisms
such as metal losses, sintering and alloying of noble metals and metal support
interactions(Granados, etla 2005) Additionally, active sites of the catalyst can be
poisoned or inhibited by some foreign elements such as,RPh),&nd P present in the

fuel (Lambrou, et al., 2005)

1.7.Promotion Noble Metal by Base Metals

Although the technologiedor TWCs are weltestablished, further improvemeraf
catalyticperformance is always in demand with stringent emission reguldtigret al.,
2011) In recent years, introduction of transition metals into @Wompositions has
started to draw attention, especially intfased TWCs. A second cheaper metal would
not only offer promotion in catalytic performance but is alesired inan economical
point of view. Resulting bimetallic catalyst display some spegmbperties not
anticipated by a simple interpolation of the reactivity of the two components. For
instance, introduction of a second component might create a new interface with Pd to the
reactants and generate new surface active sites for reaction.ehlMdr is altered due

to redox capability of the second metal, as in ¢hse of Cr, Ni, Mo, Fe, and Mn
(MartinezArias, et al., 2012)A detailed discussion fontroduction of base metals into
TWC compositions is given Liteture Survey section.

1.8 Computational Chemistry

Computational chemistry is @phisticated conjunction of mathematical techniques and
fundamental physical laws for investigation ohemistryrelated problems with
utilization of computergJensen, 2007Chemistry defines the question, physics defines
the laws behind that chemical system and a numerical representationqoiest®n is

formulated by mathematics. Eventually, computers are utilized to solve the



mathematical modednd yield numbers that contain physicagsificance (McDouall,

2013) Commonly investigated questions are;

- Molecular geometrguch as shapes of molecules, bond lengths and angles

- Energyof moleculesand transition states

- Stability of chemical structures

- Chemical reactivityof moleculesandrevelation ofreaction pathways

- Surface intermediates in reactions that cannot be observed by experimental
methods

- Physical and chemical properties of substances before synthesis [Heess
2009; Lewars, 2003; McDouall, 2013)

Depending on the objective of the study, many methods are applicable. The main tools
belonging to five broad classese Molecular mechanigsAb initio calculations Semi
empirical methods, Molecular dynamigsdDensty functional methodd ewars, 2003)

In this study, only Density Functional Theory (DFT) is viewed in detail.

1.8.1. Density Functional Theory

Densty Functional Theory is @racticaland accuratéechniquethat has become very

popukfr in recent yeard.he basic principle behind DFT ikat the energy of a molecule

is determined with the electron density rather than wave funaticdhe solution of

Schr 6di ng éYoung g00H The thaeory proposes ah electrons are uniformly
distributedin the sixdimensional phase space for the motion of an electron at the rate of

two for each B of volumeand using nuclear charge and electron distribution, effecti
potential field can be foun(Parr & Yang, 1994)DFT method is developed according

to two important theorems constructed by Hohenberg and Kohn. The first theorem states
that the groundtate energy of th&c hr 6 di nger equation is a
electron densitySe®mnd theorem proposes that the true electron density corresponding to
the full solution of t he Sc mergydf thegawarall e qu at
functional(Sholl & Steckel, 2009)



Formulation of Density Functional Theoy st arts with Schrdodinger eq
density functional . St gSeminanogl99%) t h Schr 6di nger e

O ©O (1.1)

WhereOrepresents the Hamiltonian operator for a molecular system witbdéi and
W represents wave functiofamiltonian operator is extended with external potential

z kinetic energy operatéivand electron repulsion operator

0O Y 2 ) 1.2)
Where

Y -B n (1.3)
z =B 1 1P B B — (1.4
© B B — (1.9

Wavefunction inSc hr 6 di n g eas a fergtiom ofiposition veaw® (i p) can be

expressed as:
ipigieB ip (1.6

Rather than using fdlectron wave functions as other methd8lss hr 6 di nger equati or

solved with electron written as:

(B)=00¥|| (e~ |OW (1.7)
With equation (1.7), a singular expectation value is written as

(i)=0 [ Cles....Qen| W B0, s, .. 0P (1.8)

Using this information, total energy is expressea d@snctional of external energy and

electron densyt
O=0¥ "OWCE Tan(®)(@W+d Y «© WO (1.9)
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Ground state energy for a given external e
o['] (1.10)

=" =[ (9" (BTpI Y @ WE[ (9" (0+H"] (1.11)

WhereF["] is the universal functional which is identical for all systems and independent of

external energykohnrSham procedure is applied to Schr

universal functional. Assumption of Hamiltonian ogeras:

0 Y 2z ?) (1.12)

Value ofA is between 0 and 1, where in an ideal system withint@nacting electroni
is equal to 0 and in a real system under the effe@ ofA is equal to 1. From the

Schr 6 dquatigher e

Ow =0uy (1.13)
Energy becomes:

O usoxwy &= 0 b” 18P sy _owO (1.14)
Rearranging the equation:

["] ®fob” 1P0p+"Y+ O |oxx YN (1.15)

Where”Y is an imaginary quantity representing kinetic energy of theiminacting
electron systemin order to simplify the equation an exchange correlation energy term
was defined as the difference betwethe second integral in (1.15) and classical

interaction energy.

p pP

w " =-  ddp

(1.19

Sb

p pb

0" . ayw woQ-  qQsde (1.17

Sb
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Rearranging Equatie.15 and 1.17
TR - ET T
0" 0 P"iBEP Y ® S O (1.18

Total energy of the electronic system is expressed by equation (1.18). With this
equation, all terms are known exceptchangecorrelation energy partKohn-Sham

equations are obtained via miniimg the total energy with respect to electron density:

"~ pP
[ Qe — - (1.19)

Exchange energy can be calculated by utilizationoaies approximations such as local
density approximation (LDA) or generalized gradient approximations (GGA). Exchange

energy according to LDA is written as:
o "= - (""p (1.20)

For GGA method, a gradierfactor is employed in electron density calculations.

Exchange energy according to GGA is written as:
0o " = - "M b0 (1.22)
(Seminario, 1995)

GGA method gives more accurate resusitsce exchange correlation of the system is
related with both density and derivatives of the denglgnsen, 2007)

1.9.Objective of the Study

The main objective of this study is to combine computational chemistry with
experimendl studies tevaluateandinterrelate catalytic effiencies ofTWCsin a novel
approachAdditionally, promotional effect of manganesdoping in TWC compositions
areinvestigatedn particular Starting with the computational studia DFT methods,

CO oxidation mechanisms are investigated on Mn and noble metal (Pd and Rh)

12



substtuted ceriazirconia sufaces and compared with each otherthe experimental
part, catalysts having similar compositions with DFT models were prepared via two
different syntlesis methods and their catalytic activity tests are performed in a dynamic
activity tests system. Catalytic performance are evaluated in terms of maximum
conversions and lightff temperatures.Outcomes of computational studiesare

correlated with experinmgal results for interpretatiors catalytic activity

13
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CHAPTER 2

LITERATURE SURVEY

2.1.Three Way Catalyst Preparation

Since Ce@ and Ce@-ZrO2 mixed oxides serve as widely used support materials and
promoters in various catalgstintensive effort has been spent upon the investigation of
their role and properties on various catalytic systé&ndlonte et al. (1998), established
that the redox properties (OSC) and allse catalytic activity of Ce@ was enhanced
with ZrO, doping.High oxygen mobility in the bulk solid solution @eQ-ZrO, mixed
oxide systemeadsto an independence of surface area for the redox prodessesur

In this way, the catalystswere thermally stable and even after strong sintering,

significantdeactiationwasnot encountered.

Kaspar et al. (2003), investigated the textural and structural properties aZGg0-
solutions synthesized via citrate complexation methactording to their findings,
compositions with higher Ce contentere found to be mee suitable for catalytic
applications operating at lemedium temperatures (< 10@). Di Monte & Kaspar
(2005), asserted that the most texturally stable composition & Ge0.. Gennari et al.
(2008) used c@recipitation and microemulsion methodsr fthe synthesis of
Cen.gZro.202 mixed oxides.Homogenous GaZro202 nanoparticles were successfully
produced with both techniques, however the product gireocipitation technique had

higher surface area

15



Effect of synthesis method for Ce@rO., mixed oxide was also studied by Zhao et al.
(2010). Ceprecipitation, hydrothermal, homogeneous precipitation and microemulsion
methods were used to prepareo 6780302 support. Characterizations of the fresh
mixed oxides indicated that throducts of hydrdtermal andmicroemulsion methods

had higher OSC, however after agipg o c e s s at -existinGeof t€iragoral c o
and cubic phases with a strong sintering leaded to deterioration on those two products.
On the other hand, the products of emd homogengs precipitationhad tetragonal
phase only, and hendeept satisfactory OSC and low temperature reducibdityer

aging process.

In another study, Kaspa& Fornasiero(2003 b), studied the effect of Ce@rO;
dispersion on AlOs. They stated that the miostriking effect of A}Oz deposition on
CeQ-ZrO, mixed oxide is that the enhancement of thermal stability compared to bare
mixed oxide.Al.Os3 retards the sintering rate of Ce@rO, and thus, even after a harsh
calcination, particle size was not incredigbat much and was still below the critical
size.However, in the case of impregnation ob@4 with cerium and zirconium nitrates
together,an unstable anchonhomogeneous phase walstained. Especiallyat high
temperaturesformation of CeAlQ hinders te OSC component severelfor this
reason, Ce®ZrO, mixed oxide is synthesized previously and thenQAland other
components are suspended previously synthesized with the mixedtoxadeain the
washcoator TWCs

Gupta et al. (2010) studied the oxwygstorage/release characteristics in noble metal
transition metal and rare earth ion doped ceria synthesized with solution combustion
method. Detailed HTPR analyses showed that substitution of noble metal and
transition metals greatly enhanced the gety storage and release capacity (OSC) of
CerxMxO25 (M= Pd, Pt, Ru, Mn, Fe, Ni, Co, Cu) whilst rare earth ion (La and Y)
doping had almost no improvement in OSC. In the presence of Pd dopant ion,
reducibility of Fe, Mn- and Ce doped ceria was highlynprovedwith a synergistic

interaction, yet no suchebavior was observed for Nand Cu doped ceria. Particularly,

16



an intense synergistic interaction between Mn, Pd and Ce ions resulted a tremendous
increase in OSC.

An extensive study upon ionic noble metal catalysts and their catalytic performance was
caried out by Hedge et al. (2008). Nanocrystalline.8&0-.5 and (M= Pd, Pt, and Rh,

x= 0.0%0.02) were synthesized by solution combustion method. Substitution of Pd ions
were confirmed via XRD analyses. Decrease in the lattice parameter and the absence of
diffraction patterns belonging to Pd metal or PdO cargnl the atomic substitution of

Pd ion. Comparing with Pt and Rh, Pd ion substituted catalysts showed much better
activity for the conversions of CO, hydrocarbons and NO. Conversion rates of the ionic

catalysts were much higher compared to impregnated/ststavith same metal amount.

Ceramic nonolithsare the most commonly used catalyst carfi@ershree way catalysts.

Off all ceramic monoliths, cordierite2i1gO.2AL03.5Si%,) is the most widespread
supportdue to its low thermal expansion coefficient anghhmechanical strength.
(Trimm, 1995; Gandhi & Narula, 1997A monolithic three way catalyst is prepared by
dipping the dry monolith into thevashcoating slurry containing the catalyst and other
additives.The monolith is then taken out and the excessysla gently blown out with
pressurized airA drying ard calcination process followt fix the catalyst coatingn

the monolith In order toprovide a necessary contact surface between the monolithic
support and washcoat, binders are employed. Pdsogtonite can be used as a binder
in the coating of alumind he amount of binder in the washcoat should be around 10 wt
% whereas the total solid content should bes@0nt % (Nijhuis, et al., 2001)Nitric

acid is used for thecdvation of pseuddoehmite as a bindgiLachman, et al., 1994)

2.2 Catalytic Activity

GonzalesMarcos et al. (2012 investigated thecatalytic activity behavior of
Pd/CessZro.202 using cycled redox complex gas mixtures. Tight-off curves of CO,

CsHe, Oz, and NO species were correlated to different palladium species present on the
surface Pd(l) like species with metallic character were observed in the low temperature

rangewhere CO, @ and GHs conversions occur. In thedh temperature range, Pd(0)
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species were present on the surface and NO was converted with a maximum conversion
of 70 %.

Wang et al. (2012) studied the effsctof steam on catalytic activity with
Pd/Ce e7Zr0.3802-Al 203 catalyst Activity tests were carrgeout in a micro reactor with a
stoichiometric gaseed of CO, GHs, NO, &, CGQ; and balance Nand at GSHV of
50000 ht'. In order to simulatghe real TWC environment, 5 wt % of steam was
injected to the reactoDue to water gas shift (WGS) reactionssizng from the steam
feed, conversion of CO was highly improved in terms of lower T50 and T90
temperatures. Also, #lg oxidation was enhanced witeam reforming (SR) reactions

promoted by addition of steam.

Li et al. (2012) investigated the effect oarisition metal doping in CetZrO; for the
application area of Rdnly three way catalyst€r, Mn, Fe, Co and Ni were doped into
ceriazirconia mixed oxidewith 5 wt % transition metal content and the resulting
supports were then impregnated with 0.5 wt Pd. Catalytic activity tests were
performed in a fixed bed continuous flow reactor using a gas mixture of Ng&) (i,
CO, @ and balance Ar with a GHSV of 43,000hrAccording to ativity results
catalysts containing Fe, Mn ai@b metalspromotel caalytic activity in terms of light

off temperaturesind a remarkable enhancement of CO conversias detected with

Mn containingcatalyst.

Hickey et al. (2004), reportedl reactivation of the deactivated Pdj&&ro3:0, catalyst
after treatingwith high temperature oxation The catalyst was aged at cycled redox
conditions which led to an increase in the ligttemperatures. After the oxidative
treatment was applie®d was redispersed over the CZO suppoesulting a significant
improvement in thectivity. Same procedure was applied to PglDAlcatalyst andusta
small difference wa®bservedin the activity, revealing that CZO support plays an

important role in theestoration of the catalytic activity
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2.3Density Functional Studies

Nolan et al. (R05b), implemented periodic DFT computations for bulk ceria and its low
index surfaces using VASP package and PAW method. The lattice parameter for the
bulk ceria was obtained as 5.4&0and found to be consistent withet experimental

val ue o fComputatidnd shdwed that the relative stability of the surfaces are in
the increasing order of (111) > (110) > (1QNplan, et al., 2005 a)n a complementary
study, the same group investigated the geometry and electronitisgrat (111), (110)

and (100) surfaces including oxygen defects, this time using the DFT + U method for the
comprehension of electronic correlations. Calculations revealed that the formation of
oxygen deficiencies are not in the same order with the sugkability and ceria (110)

surface was found to have the lowest oxygen vacancy famanergy

As the experimental studies indicate that the thermal stability and the redox behavior of
ceria are substantially enhanced by the inclusion of zirconia, guitember of DFT
studies were carried out in order to explain this behavior. Wang et al. (2009), performed
DFT + U calculations to investigate the effect ofdaping on the oxygen storage
property in a series of €gZrkO2 with x values of 0.75, 0.50 ar@?25. Bond energies
were found to be increasing almost linearly with increasing Zr content, suggesting that
Zr doping does not lower the bond strength of oxygen. Energy of relaxation profile has a
parabolic curve with a minimum energy value at x=0.5, aimdesthe energy of
relaxation is a more dominant term than bond energy, equimolar concentrations of Ce

and Zr exhibit the highest oxygen storage property.

Another DFT study regarding toping was carried out by Yang et al. (2008). €eO
(110) and Cg7sZr0.2502 (110) surfaces were studied in order to designate the effects of
Zr-dopant on the redox property. They postulate that Zr dopant has the capability of
changing the electron localization and lowers the reduction energy. Oxygen vacancy
formation leadso the reduction of the Ctions to Cé&® and smaller Zr atoms facilitate

the reduction process by sparing some space for the @ejemeighboring ions

Other than Zr doping, incorporation of noble metals such as Pd, Pt and Rh in ceria also

studied. Yag et al. (2007), performed DFT calculations on Pd adsorbed ceria (111) with
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VASP program using PAW method and GGA approximation. Pd adatom was adsorbed
on different sites of the surface and was seen to be favorif@ ki&dge position the
most. Also, the riteraction at Pd/CeDinterface enables accommodation of extra
electrons and reduces the oxygen vacancy formation efwrggasing the reduction

process.

CO oxidation mechanismson Pd and Rh metal cluster adsorbednd Pd andRh

substituted Ce®and Ce sZro2f0, surfaces were studiegdsingby Ger ceker & Onal

(2013) DFT was implemented with VASP package program and PAW method was
applied with GGA approximationfwo CO molecules were exothermically oxidized to

two CO molecules on Pd substituted CZO sogaising surface oxygen and creating an
oxygen vacancy. Energy for oxygen vacancy formabioiPdCZO was reported as 43.7
kcal/mole. An activation barrier of 45 kcal/mole was reported in the steps between the
first CO adsorption and COdesorption on P€ZO surface.CO oxidation on Rh
substituted CZO could not proceed because of the strong attachment of oxygen on the

vacant site.

Cen et al. (2012), implemented DFT + U calculations for Mn substituted (g@)
surface by using VASP program with PAW psepokentials. They reported that the
oxygen vacancy formation energy decreases by introduction of Mn regardless of the
vicinity of Mn atom to the dopant site. Mn doping induces MR@®p gap which
enables to decrease the first and second oxygen vacanatitmrrenergies te0.46 eV

and 1.40 eV, respectively, whereas the vacancy formation energy of pure ceria was
obtained as 2.40 eV.

Tang et al. (2010), investigated the effects of doping of Ceria with different metals (M =
Mn, Pr, Sn, Zr) using DFT calculahs. They suggested that there are two mechanisms
involved in the formation of oxygen vacancies. One mechanism is related to the
structural distortion which is observed in the case ef Zr and St doping, and this
mechanism results in the reductiontbé Ce atoms. For the MnSn and P¥ doped

Ce(Q structural distortion is accompanied by electronic modification as a secondary

mechanism and the reduction occurs on the dopant ion. According to their findings, Mn
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doped Ce@ has the lowest oxygen vacantyrmation energy among other dopants,
since it has the smallest radius which leads to strong structural distortions.

Oxygen vacancy formation on Mn doped ceria was also studied by Pintos et al. (2013).
DFT calculations were performed by VASP program WMAW method using PBE
functional and GGA approximation. They reported that Mn doping reduces the energy
for creation of oxygen defects. Energy for the formation of two oxygen vacancies on
Cen.g79Mino.1040- (111) surface was obtained as 2.66 eV when the gmeqyirement for

a single oxygen vacancy formation on Gg@11) was 2.69 eV. Creation of a single
oxygen defect was followed by the reduction of*¥eations to stable Mt and after

the second oxygen defect, one Ce atom was also reducedfto Ce

Zhanget al. (2012), reportednbanced oxygen storage capacity of-Moped ceria by
means of both theoretical and experimentaestigation.DFT studies showed that Mn
ions activate lattice oxygen by increasing the@@bond length andeduced the oxygen
vacang formation energy In the experimental part of their studye® and
Cen.gdVIno.120y nanoparticles were synthesizadd OSC measurementonfirmed that

the substitution of Mn enhances the OSC property of ceria.

CO oxidation over Mn doped ceria (111) wasdstd by Hsu et al. (2012), by using
VASP package program with PAW method and GGA approximation. According to their
findings, CO oxidation on the ceria surface with Mn adatom restricts oxygen vacancy
formation with a barrier of 0.84 eV. On the other havid, substituted Ggs7gVing.1240,
surface performs CO oxidation with no activation barrier and @€3orbsby forming

an oxygen vacancy. The vacancy is then healed by, ga$molecule and the surface is

regenerated.
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CHAPTER 3

EXPERIMENTAL AND COMPUT ATIONAL METHODOLOGY

3.1.Experimental Method

In the experimental part of this study, three way catalysts are synthesized, washcoated
on laboratory scale monoliths and tested for their catalytic activities in a dynamic test
system operating with simulatedr@ust gas mixturdnitially, TWCs ae prepared with

two different techniquedmpregnation Method and Solution Combustion Methadter

powder catalysts are obtained, they are mixed with alumina for preparing the
washcoating slurry. Monoliths are washaahtvith the slurry and catalytic activity tests

are performed with the monolithic catalysts. Performance of the catalgséevauated

by the conversion versusmperature graphs of the reactants.
3.2.Catalyst Preparation

3.2.1. Catalyst Preparation by Impregnation Method

Impregnation method is a conventional method commonly used for the synthesis of
three way catalyststherefore initially, catalytic performances were investigated via
impregnated catalysts with varying compositioGatalyst preparation by impredian
method is arried out in two stepseriazirconia support iitially prepared and metals

impregnated on the support as explained in the following sections.
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3.2.1.1.Preparation of Ceria-Zirconia Support

Ceriazirconia mixed oxide isynthesized using eprecipitation method as explained by
(Gennari, et al., 2008)The ratio of Ce to Zr was selected as fq@® sZro.20y)
considering that it has been suggested as the teasirally stable ceriairconia
composition (Trovarelli, 1996) and also its proximity to the surface models
(Cen.75Zr0.2502) in the computationadtudies.

Cerium (Ill) nitrate hexahydrate (Ce®6H>0) (Aldrich, 99%) and Zirconyl nitrate
hexahydrate (BD7Zrag) (Fluka, % 27& Zr (grawmetric)) are used as precursors amd
agueous solution is prepared in 1 It double distilled water with Ce/Zr atomic ratio of 4/1.
For complete oxidation, hydrogen peroxidee@) (J.T. Baker, 30% v/v) is added to
solution and the mixture was vigorouslyr®d for 1 h. The solution is then added to
excess ammonium hydroxide solution (MMHH) (Aldrich, 33% NHR) drop wisely. The
resulting suspension was kept for 1 day for complete precipitafldre precipitated
product is extracted, washed with isopropaf@Hs:CHOHCHs) (J.T. Baker) and
filtered. Following, the product is refluxealith isopropanol for 6 h and then dried at
150°C for 12 h. Fi n a lrduyded andhcalcinederstioel ntufflen g p o wd e |
furnacewi t h dry air at 500°C for 3h.

3.2.1.2Impregnation of Metals on Ceria-Zirconia Support

In this study, cerizirconia mixed oxide support is impregnated with Palladium,
Manganese and Rhodium metals with varying compositiBadadium (II) chloride
solution (Aldich, PdC}, 5 wt% solution in 10 wt% HCI), and Rhodium (lll) nitrate
solution (Aldrich, Rh(NG)z ~ 10 wt% Rh in 5wt% nitric acid (HNQ)) are used readily
available metal sources. For the case of Mn, 5 wt % aqueous solution is prepared using
Manganese ()l nitrate tetrahydrateMn(NOs)..4H.O) (Merck) as metal sourceVater
capacity of CZO is determined as ml water/1 g of sample, prior to impregnation process.
Amount of wateris important gice too muchwater might cause pore blockage and
prevent uniform ditribution of metals.To obtain homogenous mixtures,etals are
dissolved inwater that isl.5 times of the water capacity of CZDd mixed in rotary

evaporator for 30 min with nleeat orvacuum appliedFollowing, CZO support is added
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to the metalater lution and the flask the containing the mixture is immersed in a
water b a twith 480 mb& W&c@m in rotary evaporator and mixed with a
rotational speed of 130 rpm until all the liquid in the flask evaporates. Resulting powder
was dr i edrlah, thénFifeRgunfled and calcined in the muffle furnate

55 0 wit@dry air for 1 h.

With this technique, five catalysts with different metahtents and combinations were
synthesizedLabels and compositions of the impregnated catalysts (el@@stMP) are
given in Tables.

Table 4 Labels and compositions of the catalysts synthesized via impregnation method

Catalyst ID Composition
IMP1 (0.70 wt % Pd)/CZO + AO
IMP2 (0.70 wt % Mn)/CZO + AO
IMP3 (0.60 wt % Pd)/CZO + (@0 wt % Mn)/CZ0O + AO
IMP4 (0.10 wt % Pd)/CZO + (0.60 wt % Mn)/CZO + AC
IMP5 (0.10 wt % Rh)/CZO + (0.60 wt % Mn)/CZO + AC

3.2.2. Catalyst Preparation by Solution Combustion Method

Solution combustion method issed forsynthesizingingle phas€e.xMxO2.5 structures

with ionic doping of metalgHedge, et al., 2008)Unlike the impregnation method,
synthess is performed in a single step and all catalyst precursors are involved at the
same time.Combustion mixture is prepared usit@erium (lll) nitrate hexahydrate
(CeNsO9 6H20) (Aldrich, 99%) and Zirconyl nitrate hexahydratexQ¥Zraq) (Fluka, %

27& Zr (gravimetric)), Palladium (11) chloride solution (Aldrich, PdCh wt% solution

in 10 wt% HCI) and Manganese (Il) nitrate tetrahyelrtin(NQ)2.4H.O (Merck) as
catalyst precursorsAn aqueous solution is prepared using the precursors at desired
stoichiometries and urea (GNpO) (Sigma Aldrich, 99.5%) iadded to the mixture as

the fuel. After vigorous stirring, combustion mixture igranluced to the muffle furnace

maintained at 45W. Initially, the mixture boils, froths and all the liquid evaporates.
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Following, the surface ignites with a flame and a voluminous swhduct is formed
within 5 min (Bera, 2000; Hedge, 2008; Murugan &niReswamy, 2005; Priolkar,
2002).

With this technique, three catalysts with different metal contents and combinations were
synthesized. Labels and compositions of the catalysts synthesized via solution

combustion method (denoted as SC) are given in Fable

Table 5 Labels and compositions of the catalysts synthesized via solution combustion

method
Catalyst ID Composition
SC1 Cen.79Zr02Pth.0102
SC2 Cen.solrol Mnp.102
SC3 Cen.7¢Zr0.1Mng 1P h.0102

3.2.3. Preparation of Washcoating Slury

For preparation of the washcoating slurry, both catalysts synthesized via two different
methods are mixed with gamma phase aluminum oxd®) (y-Al203) and
pseudoboehmite binder material. Cerium content of the mixtuadjisted to bd9 wt

% of the btal lid amount Initailly, mixed oxide catalyst and alumina are mixed with
deionized water twbtain a slurry comining 40 wt % solid content. The mixture
homogenized ira ball mill operaing at 275 rpnfor 24 h.Following the ball milling
processthe mixtureis dried atl5C¢°C for 12 h, and the solid product is grounded and
calcined in muffle furnace at 590 for 1 h. Next, pseudoboehmite is added to the
powder mixture as 10 wt % of AO and again a slurry containing 40 wt % solid content is
preparedwith deionized waterSlurry is balled milled at 275 rpm for 30 min and then
nitric acid is added to the slurry ball milling is continued for another 3h in order to
activate pseudoboehmitBreparation of pseudoboehmite is explained in the following
sectio. (Lachman, 1994; Nijhuis, 2001).
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3.2.4. Preparation of Pseudoboehmite

Pseudoboehmite is prepared by-gel method followinghe synthesis procedure given

by (Nguefack, et al., 2003Aluminum-tri-secbutoxide (ATSB) (Al(OGHog)3) (Aldrich,

97%) is hydrolyzed with deionized watéery vi gor ous stirring a
Hydrochloric acid HCI (Aldrich, min 37%) is added to solution in order to achieve
peptization and the solution is stiatred f
150°C for 48 h. Resul t i n dghenpaicwetl enrthe mafflap | e |
furnaceat 3Q0eé &£t i ng r awithedryaifforsh? C/ mi n)

3.2.5. Monolith Coating

In this study, washcoat is coated on laboratory scale monoliths which are 13 mm in
height and 22 mm in diameter and have cell d@ssof 600 cells/id. Initially, bare
monoliths are weighed after a drying process aft@50r 30 min. Therby dip coating
technique, monolith idipped into tle washcoating slurry, taken out, turned upsidsrdo

and dipped again for an efficient coating of the honeycomb structure. The excess slurry
depositedn the channels is blown out with pressurized Washcoated monoliths are
dried at 150C for 30 min and then calcined at 3@0for 3 h. After calcinationexcess
coating on the outer walls of the monolith is cleaned and the monolith is weighed again.
If the coating amount is found to be insufficiathie coating process is repeatlijhuis,

et al., 2001)

3.3.Catalyst Characterizations

Characterizations of the catalyst® performed with ICRMS, XRD,HRTEM and BET

methods. Metal contents of the waghting slurries are analyzédy “ Per ki n EI| me
[ mo d e | i ndu c t-magsespegtrometen([ERS. Cryspal saustora

of the catalysts are identified bRigaku DMax 2200 modelX-ray Diffraction (XRD)

instrument with @ X-ray radiation at 40 kV and03mA with scan speed of 2
degrees/minMicrostructures of thgpowdered catalysslurries are imaged by JEOL

JEM 2100F mdel High Resolution Transmission Electron Microscope (HRTEM)
operating at 20&V. Also an elemental analysis is made Hryergy Dispersive Xay
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(EDX) coupled with TEMSurface are measuremeatg carried ouby a Quanachrome
Corporation, Autosord6 modelBET instrumer. Prior to determination of aadsorption
isotherm, the sample was degassezD&t Gor 2 h

3.4.Catalytic Activity Tests

A dynamic test system specially constructed for simulating the operating conditions of
the automobile is used to perforoatalytic activity testsPerformance of a TWC is
evaluated according to percent conversion of the pollutant gasebeandrresponding
temperatures. For simulation of the exhaust gases, a mixture of gases are fed to the
reactorcontainingthe monolithiccatalystinside The reactor is dynamically heated and
cooled back similar to automobile egines. Temperature control is adjusted by a
thermocouple placed at entrance of the monolith. Dynamical test system is coupled with
a mass spectrometer (MS) and a &@lyzer for instant analysof thegasesxiting the

reactor Temperature and conversion data are used in evaluation of the catalytic

performance

3.4.1. Dynamic Activity Test System

Dynamic test system (illustrated in Figudg is consisted of a gas flow cook and
conditioning unit, a split furnace, a quartz reactor affiden HPR20 Q/C model Mass
Spectrometer (MS) and Teledyne model 7600-dispersive infrared CO Analyzefor
simulation of the exhaust gases exiting from gasoline vehicles, five gadeargliare
used and a simulating gas mixt is obtained. Gas Hourly Space Velocity (GHSV) of
the simulated exhaust gas is adjusted to be 50800He first cylindercontainsCsHs
(0.33 %), GHs (0.11 %), CO (8.87 %), H+{88.65) and balance GOCompositim of the
first cylinder is determined in a way to satisfy the final composition of the simulating
exhaust mixtureln the second cylinder, NO and Bre present in equal amounts. Third
cylinder contains 100 ppm SQvuith balance M Since NO and SOhave corosive
nature, they are diluted inoNind accordingly fed to the system with lower flow rates.
Fourth cylinder contains pure >Oand the fifth contains pure 2N All gases are

transported to the system with 1/8 inch Teflon pifpésw rates of all five chanels are
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controlled by mass flow controllers (MFCslror oxygen oscillation, a separate pipe is
used to send the gas directly to the inlet of the reactoga® passes through a solenoid
valve operating at a frequency of 1 Hz and a reducer regulatéewheate.In order to
simulate the 10 % water vapor in the exhaust composhggas coming from the fifth
chamber passes through a water bath kept
system. Gases coming from the first four cylinders are mixedd manifold and at the

exit of the manifold, they are combined with saturatedyds. The pipethat carrywater

vapor are electrically heated 1 1 0 ° C, in order tatheowatenr ent
vapor. Valve VT6 adjusts the direction of the flow tlugh either reactor or byasdline.

Quartz reactor is vertically placed in the split furnace. It has a quartz cup section in
which the monolith is placed and the thermocouple measures the temperature on the top
of this sectionTemperature control of theifhace is made by thermocoupke quartz

filter is placed at the bottom of the monolithic catalysts to prevent any impurities pass
through. Exiting gases are firstly conditioned for removal of water, and then 1L of
sample is sent to MS and CO analyzer.tRdshe exiting gases are vented from the
system.Data collected by thermocouple, CO analyzer and MS are monitored by MAS

SOFT software program connected to MS.
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3.4.2. Catalytic Activity Test Procedure

Activity test starts with placing a laboratory scale sample monolith inside the quartz
reactor. The reactor is vertically placed in the split furnace and thermocouple is
placed inside the flat quartz pipe on the top of the monolith. After flagscontroller

unit is started, gas cylinders are opened and flow is passed through-plassbimne.
During that time MS-SOFT starts collecting simultaneous data from CO analyzer, MS,
and thermocouple every 40 s and monitbesdataonthe computerOnce the flow rates

are stabilized, concentrations are noted as initial concentrations and VT6 valve is
adjusted to change the direction of flow to the reactor. Also, solenoid valve of is opened
to start oxygen oscillation between oxidizing and reducingitiond. At the same tne,

oven is switched on anthe reactor is heated up to 8@with a heating rate of 5
°C/min. After 600C is achievedreactor is cooleadlown by natural convectiorRaw

data collected byhe software is converted to cargion versusemperature plots using

MS calibration equations for each species, individu&lynulated exhaust gas mixture
compositions are for the tests with and without &@ given in Table-@. In Appendix

C, calculatios for the exhaust gas mixture compositifioyw rates of the individual

species and a sample catalytic activity analysis are given.

Table 6 Composition of simulated exhaust gas mixture feed with SO

Species Gas Mixture Composition (%)
Reducing Stoichiometric Oxidizing
H2 0.231 0.230 0.230
CO 1.002 1.001 0.999
CsHe 0.037 0.037 0.037
CsHs 0.012 0.012 0.012
CO; 10.018 10.000 9.981
NO 0.150 0.150 0.150
SO, 0.002 0.002 0.002
O, 0.585 0.767 0.949
N2 Balance Balance Balance
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Table 7 Compositionof simulated exhaust gas mixture feed without SO

Species Gas Mixture Composition (%)
Reducing Stoichiometric Oxidizing
H2 0.231 0.230 0.230
CO 1.002 1.001 0.999
CsHe 0.037 0.037 0.037
CsHs 0.012 0.012 0.012
CO. 10.018 10.000 9.981
NO 0.150 0.150 0.150
SO 0.000 0.000 0.000
O2 0.585 0.767 0.949
N2 Balance Balance Balance

3.4.3. Calibrations of Mass Spectrometer

Data collected by MS is in terms of pressure, therefore calibration is necessary in order
to obtain accurate data for the concentration osfiexies in the simulating exhaust gas
mixture. Calibrations are performed foroOHz, CsHs, CsHg, NO and S@ gases. No
calibration ismade for CO since CO analyzer gives the data in ppm dritsughout
calibration process, gases are pasheolgh the -pass line andurnace is not heated.

The calibration gas mixture is consisted of the gas to be calibrated, nitrogen and water
vapor. In order to obtain thtetal GHSV used in catalytic activity tests, nitrogen is sent
using two linesin order to keep thtotal flow rate constantofv rate of the nitrogen gas
containing water vapor is kept constant during calibration process, and the flow rate of
the additional nitrogen line is adjusted according to the flow rate of the calibrated gas
At varying flow rates, concentrations of each species are calculated using the
compositions of the gas cylinders. Calculated concentrations are plotted versus MS
signals and calibration equations are generated. Calibration data and plots are given in
Appendix D.
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3.5.Computational Method

3.5.1. Vienna Ab Initio Simulation Package(VASP)

In this study,all quantum mechanical calculations were performedAgana Ab Initio

Simulation Package (VASP) softwar@ASP code was developed Iyeorge Kresse,
Jungen lléruand themiteammembers in University of VienngKresse &
Furthmioll er, 1996 ; D#nsity Bunationad Thebayf(DF@nethod 1 9 9 4 )
is implemented in the VASRBcriptin orderto obtain information for my system of
interest.The codeemploys DFT method in a periedl manner and treats a given unit

cell as an infinite systenfrigure 5illustrates the unit cell of bulk CeGtructure and its

periodical repetitionn x and y directionsluring VASPcalculations

VASP script uses plane wave basis set and pseudopalefir quantum mechanical
calculations andn two loops.In one of these loops, Kokdham equations are solved

for the energies and forces of a given system. The other loop is responsible for
calculations othe ionic movements and geometric optimizatidriee code used in this

study also includes Projector Augmented Wave (PAWQthod for electron ion
interactions and Generaliz&tadient Approximations (GGA) to compuegchange and
correlatione ner gy with supercell app rKeant tmnesh( Bl 6 ¢ h
created with MonkhordPack is selected 39 x 19 x 19) for bulk optimizatias, (4 x 4

x 1) for surface optimizationand (1 x 1 x 1) for gas phase molecule optimizations
Convergence criterion is chosen as 0.0158en#t force acting on eadbn and energy

cut-off value is selected to be 500 eV for all calculations.
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Figure 5 a) Bulk CeQ unit cell b) Periodically repeatédieG bulk unit cell

3.2.1. Computational Modelling Procedure

In this study, metal substituted e§7Zro250. (110) surfaces and CO oxidation
mechanism®n these surfaces were modelled with DFT methods using VASP software.
Initially, bulk CeQ was optimized using the lattice parameter reported in the literature.
In order to obtain a lattice paramefer Cey.752r0.2502 (CZO) supportstructure, on®ut

of four Ce atons was replaced witla Zr atom and bulk optimization was performed
After obtaining the optimized lattice parameste&2e® (110) surface was cleaved and 20

A vacuum space was added on téghe surface to avoid any interactidurface slab
having four layer of Ce atoms was constted with (3x2) supercells. To obtain
Cen.7Zr0.250. stoichiometry, one of the Ce atoms in each layer was replaced &ith
atom. Substitution of Mn, Pd and Rhamns wasmade in the same manner, oneveo

Ce atoms on the top layer were replaced with metal asmth$urther optimizedAtoms
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at the bottom layewere kept fixed for representationabulk catalyssurface structure

while theatomsin remaining layes were fully relaxed.

After the optimizéion of surface models were finished, CO oxidation mechanism steps
were computed on the surfaces. Gas phase CO anéabtant molecules and O
product molecule were optimized in a&l® 10A x 10A vacuum cell. Reltive energyof

each reaction step was calculavath the expression below:

O O O BO (3.2)
WhereO is the energy of the overall moleculer systé&n, is the optimized
surface energy an@® are energies ofhe optimized gas phase reactarkisr

predicting activation barrierand transition state geometriedimbing nudge elastic
band (CINEB) method was implementedith approximate transition state (ATS)

structuresSample input file scripts are given in Agplix A.

35



36



CHAPTER 4

MODELLING THREE WAY CATALYSTS WITH DFT METHODS

4.1Bulk Structure Optimization

Cerium oxide (Ceg) is a rare earth oxide having the fluorite (@astructurewith space
group Fm3mand consisted of cubic closguackedmetal atoms wh oxygen atoms
filling all tetrahedral holeg¢Trovarelli, 1996; Sebastian, 200&attice parameter of the
CeQ crystal is found to be 5.414 with experimentastudies(Gerward & Olsen, 1993)
Calculations for bulk relaxativof CeQ yielded a lattice parametef 5.464A which is
in accordance with the experimental valBend lengths of G&€e and CeéD bonds were
obtained as 3.88 and 2.36A, respectivelyComputations for Gg=Zro 250, resulted in
a smaller lattice paranter of 5.380A. An approximatevalue for lattice constant of
Cen75Zr0.2802 was previouslyr e por t e d (Yarsy, ebal.,329008)Burface strain
caused by Zr substitution is responsible for the contractidhe crystabnddecrease in
the lattice parametefWang, et al., 2009)Optimized bulk unit cells oiCe& and
Cey.75Zr0.280- are shown in Figure.6

Figure 6 Relaxed bulk unit cells of (a) Ce(b) Ce).75Zr0.2502
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4.2 Surface Slab Optimization

According to the findings of &e&€e@eanker
Cen.7Zr0.2§02 was found to be the mostable surfacavith the lowest formation energy
among (100) and (111) surfacé&herefore, (110) surface was chosesn thesample
surface forcomputationsBy using the lattice parameter of the relaxed &£&0.250.
bulk structure, surface is cleaved and optimizeap and side views ahe optimized

Cen.7Zr0.2§02 (110) surface slab is shown in Figure 7

Figure 7 (a) Top and (b) Side view of @&Zro.2502 (110) surface

4.3Metal Substitution on Ce.7Zr0.2502 (110) Surface

Effect of Mn doping on catalytic activity was investigated with thddterent surface
models labelled as (A)-Mn/Ce.7Zr02502, (B)-Mn+PdCe.7sZr0250, and (C)-
Mn+Rh/Cey.75Zr0.250-. For atomicsubstitution, one or two cerium atoms on the top layer
were replaced with Mn, Pd or ROGn surfaces with binetallic substitution, both metals
were placed in sites near Zr atenbutnot in direct contact with each othdiop views

of the® surfaces are given in Figure 8
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Figure 8 Top views of doped surfaces (a) MniG&ro280,, (b) Mn+Pd/Ce 75210250,
and (c) Mn+Rh/Cg7sZro.2502

Energy changdue to ataic substitutioron the surface is calculated with Equatébh

o

YO O O O 0O (4.2)
whereO is theoptimized energy of the doped surfaCe, is the energy of
the optimized bare sura, O and'O are the energies of @rium atongs) and

dopant metal atom(syespectively Energy changesf metal substituted surfaces with

respect to bare CZO surfaaeelisted in TableB.

Table 8 Change of pergies due to atomic substitution surfaces

Surface Energy (kcal/mole)
(A)-Mn/Cey.7Zr0.2602 102.187
(B)-Mn+Pd/Ce 75Zr0.2502 385.649
(C)-Mn+Rh/Ce 75Zr0.25802 307.722

Mn has asimilar atomic structure to Ce and Zr atortiggerefore doping CZO with a
single Mnatom doesot requirea high energyHowever, in the case fdri-metallic
substitutios, energy requirements aneggher. Between the two noble metal containing

surfaces, Rh substituted surfasenergetically more favable.

4.4Modelling of CO Oxidation Mechanism

Once the optimized structures of surface modelgere obtained, CO oxidation

mechanism&and energeticoon these surfacesere studiedn detail A previous study
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upon CO oxidation mechanisnost Pdand Rh substituted @eZro.250- surfaceswvere
reported byGer c ek er & .I@Othisdtudy, ging el sdrmeomputationatools
and methodologyeffect of Mn dopingon noble meta(Pd and Rhiontaining CZO was
investigated Therefore,outcomes of this study were compared with the prewousl
reported findings for Pd and Rh substituted CZd,comprehension of any coifitution

that Mn doping may procui@n catalytic activity.

4.4.1. CO Oxidation on (A)-Mn/Ceo.7sZr 0.2802 Surface

Initially, as an attempt to investigate whetin-doped CZO surfaces capable ofCO
conversioror not computationgor CO oxidation orsurface (A)Mn/Cey.75Zr0.2502 were
performed. Energies of each step were calculated relativeApMn/Cey . 752r0.2502
surface energyElementary reaction stepand relative energie®f CO idation

mechanisnon (A)-Mn/Cen.752r0.2602 surface argiven in Table 9

Table 9 Reaction scheme and relative energie<C@f oxidation steps on the surface
(A)-Mn/Cey.75Zr0.2502

Reaction Step Relative Energy (kcal/mole)
A R1 CQOg) - COds) -36.501
A_R2 COgads) » COz(ads)t Ovac —» COz(g) -30.017
A_R3 Ozg)+ Ovac »  &dds) -83.135
A_R4 COg)+ Oxads)—»  Cofahis) -183.388
AR5 CQus)» CQ -185.331

CO oxidation on surface A begins with introduction of a CO muéeio gasphaseinto

the system. COis adsorbed on Mnatom with an adjacent wface oxygen,
exothermically. Adsorption of CO molecule releases approximately 28 kcal/mole
energy. Extracting a surface oxygen ator@O is spontaneously desorbed from the
surfaceas CQ and an oxygen vacancy is creatadthe surfaceCI-NEB analysis was
performed to see if there is an activation barrier between CO adsorption arstef)
however no barrier was foun@ptimizedgeometrieof the gas phase C@pproaching
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the surfae adsorptiorof CO and CO, desorptionareshown in Figure Qvith labels of

Al, A2 and A3, respectively

a) b) c)

Figure 9 (a) A1- CO molecule in the gas phase (b) A&dsorbed CO molecule (c) A3

- CO; desorption and creation of an @an vacancy

COz2 molecule is then released to gas phase and energy requirement for oxygen vacancy

formationO is compued with the following equation
O O -0 O (4.2)

whereO is theenergy of the surfacafter CQ desorption and® is the
energy of bardn/Cey.75Zr0.2502 surface Usingequatiord.2, oxygen vacancy formation
energy was calculated as 59.83 kcal/madlee vacant oxygen site then filled with a

gas phase ©molecule approachinghe surface and adsorbiran the vacant site.
Adsorption of Q released an energy of approximately 46 kcal/m@ptimized
configurations of gas phase efolecule, gas phase>@pproaching to the surface and
adsorption of @ on the vacant site are labelled as A4, A5 and A6, respectively and

shown in kgure 10
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Figure 10 (a) A4 - CO2 molecule in the gas phase (b) ABpproaching gas phase.O
molecule (c) A6 Adsorption of Q on the vacant site

Following, another gas phase CO molecapproaches to the surfagggeracts withthe
upperoxygen atom andbreaks the @ moleculein the steps labelled as A7 and A8,
respectively Afterwards, CO, is spontaneously desal from the surfacewith an
energy release of 100 kcal/moded thisstepis labelled as A9 Hereby, surface is
regererated with the formation dhe second C@molecule.Optimized geometries A7,

A8 and A9 are shown in Figure ahd overalenergyprofile is plotted in Figure 12

a) b) c) ®

Figure 11 (a) A7 - Gas phase CO molecule approaching the surfageA8 - CO;

desorption from the surface (c) AZO, molecule in the gas phase
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Figure 12 Relative energy profile of CO oxidation mechanism onK/)/Cey.752r0.2502
surface

As a results, two CO molecules are oxidized to twa @Dlecules exothermically by
using surface oxygen on Mn doped@Zo.250, surface, indicating that Mdoped CZO
solely is capableof CO conversionRegeneration of the surface indicates that the

surface has the ability of oxygen storage and reldasather words, OSC property of
CZO was proved.

4.4.2. CO Oxidation on (B)-Pd+Mn/Ceo.75Zr 0.2602 Surface

For investigatingf any contibution is provided by Mn dopingp Pd-CZO catalystCO
oxidation mechanism was computed on surfaceR@yMnCey 75Zr0.2502. Energiesof
each step were calculated relative to -EBH+Mn/Ce 75Zr02502 surface energy.

Elementary reaction steps and relative energies of CO oxidation mechanism-on (B)
Pd+Mn/Ce.75Zr0.2502 surface argiven in Table 10
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Table 10 Reactionscheme and relative energies of CO oxidation steps on the surface
(B)-Pd+Mn/Ce.75Zr0.2502

Reaction Step Relative Energy (kcal/mole)
B_R1 CQy - Cdy -103.718
B_R2 CQus)—» Cos)t Ovac - Cofg -99.569
B_R3 Qg+ Ovac » £duds) -112.937
B_R4 CQy+ Oxads)—  Cofahs) -176.719
B_R5 CQads)» Cofd) -174.250

CO oxidation begins with a gas phase CO molecule approachingutfeece CO
interacts with the surface oxygen atom in betweerZiPdtomsand spontagously
desorbs as COmolecule from the surface by creating an oxygen vacadncgrder to

see if there is an activation barrier for this stepNEB analysis was comped however

no adivation barrier was encountere@.e r ceker and Onal (2013) repo
barrier of 45 kcal/mole between steps of CO adsorption anddé€sorptionon thePd
Cen.7Zro.2502 surface Therefore, it can be inferred thay virtue of Mn doping
activation barrierof CO, desorptionwas overcomedDesorptionof CO, molecule
releases an energy of approximately 103 kcal/mo@. is then released to gas phase.
Optimized geometries of gas phase CO molecule approaching the surfage, CO
desorpibn from the surface and gas phase@lecule are shown in Figure 18th

labels of B1, B2 and B3, respectively.
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Figure 13 (a) B1 - Gas phase CO molecule approaching the surface (b) B2
desorption from the surface and atien of oxygen defect (c) BSCO, molecule in the

gas phase

Calculation of oxygen vacancy formation energy gave a negative valué2dio
kcal/mole Energy of oxygen vacancy formation on-@eh.75Zro2502 was reported as
43.7 kcal/mole( Ger ¢ e k er  &indiatiagl thatincdatadon ofboth Pd and
Mn in CZO substantially enhances the OSC property of GZf@antsiteis occupied by

an @ molecule with an energy release of approximately 16 kcal/n@fgimized
geometriesof gas phase ©Omolecule approaching the surface and adsorption 0f O

molecule on th surface are shown in Figure With labels of B4 and B5espectively
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b)

[ A8

Figure 14 (a) B4- Gas phase £molecule approaching the surface (b) B&dsorption

of O2 molecule on the vacant site

In the following steps, secongas phase€CO moleculeapproacheghe surface and
interacts with the upper atom of the adsorbed oxygen molegptataneously, CQOs

formed and desorbed from the e with & energy exchange @pproximately 64
kcal/mole.CO, molecule is then released into gas phase. Optimized configurations of
approaching CO gas phase molecule, adsorption and desorption of CO and gas phase
CO. molecule are shown in Figure Mith labels of B6, B7 and B8, rgsectively.

Overall energy profile of C@xidation is given in Figure 16

b) 0)

a)

oce
e: ©

Figure 15 (a) B6- Gas phase CO molecule approaching the surface (b)C&8orption
of CO» molecule from the surface (c) B& 0O, moleculein the gas phase
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Figure 16 Relative energy profile of CO oxidation mechanism on -(B)
Pd+Mn/Ce 752102502 surface

Using the surface oxygen, two CO molecules are exothermically converted>tonCO
(B)-Pd+Mn/Ce 752102502 surface.Oxygen release and storage capability was proven

with the regeneration of surface after the formation of seconch@cule.

Contribution of Mn doping on catalytic activity was revealed with the enhancement of
the OSC property. Apparently, a synergisnwiaen Pd and Mn dopants leads to large
structural distortions and creates weaker oxide ions on the ceria lattice. Improved
reducibility of Pd and Mn doped ceria was confirmed with the OSC measurement results
of Gupta et al. (2010). In addition, activatibarrier for the adsorption and desorption of
the first CO molecule was eliminated with Mn doping onrQ®l75Zr0.2502, probably

due to the improvement in OSC component.
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4.4.3. CO Oxidation on (C)-Rh+Mn/Ceo.75Zr 0.2602 Surface

Effect of Mn doping on catalytic aeity was further investigated with RBZO in order

to see if a synergism between Rh and Mn is also available as in the case with Pd and Mn
doping on CZO. Therefore, surface (C) was modelled as identical to surface (B) except
for the Rh noble metal substiton instead of PACO oxidation mechasm energetics

were investigated andnergies of each step were calculated relative to- (C)
Rh+Mn/Ce 75Zr0.2502 surface energy. Elementary reaction steps and relative energies of

CO oxidation mechanism on (B®h+Mn/Ce.75Zr0.2502 surface are given in Table 11

Table 11 Reaction scheme and relative energies of CO oxidation steps on the surface
(C)-Rh+Mn/Ce.75Zr0.2602

Reaction Step Relative Energy (kcal/mole)
C Rl CQ) - C& -32.481
C_R2 CQads)» Cofisgt Ovac » Cofg) -67.959
C_R3 Q)+ Ovac —» &dads) -83.109
C_R4 CQy+ Oxads—~ Cofds) -164.009
C_R5 CQuds)» C -164.163

Catalytic cycle begins with a gas phase CO molecule approaching the surface and
adsorbingon the Rh atom with a neighboring oxygen. Energy release for CO adsorption
was found to be approximately 31 kcal/mole. CO is then desorbed from the surface as
CO, creating an oxygen defect. Desorption step releases an energy of 43 kcalmole.
activation barrier was found between these steps witftNEB analysis.Optimized
geometries of gas phase CO molecule, adsorption of CO on the surface and CO
desorption are labelled as C1, C2 and C3, sty and shown in Figure 17
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Figure 17 (a) C1- CO molecule in the gas phase (b)-G&dsorbed CO molecule (c) C3

- CO; desorption and creation of an oxygen vacancy

CQO; is then released into gas phase with the step labelled as C4. Energy for oxygen

vacancy formation was calculated &5l kcal/mole which is much higher than the

oxygen vacancy formation of surface (B). The vacant oxygen site was occupied with an

oxygen molecule approaching from the gas phase (step labelled as C5) and adsorbing on
the vacant site (step labelled as C6hwan energy release of approximately 19

kcal/mole. Optimized geometries of C4, C5 ands@ps are shown in Figure.18

a) b)

c)

Figure 18 (a) C4- CO, molecule in the gas phase (b) €E%as phase ©molecule

approaching the surface (ch€Adsorption of @ molecule on the vacant site
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For completion of the catalytic cycle, another gas phase CO molecule is introduced to
the system in the step labelled as C7. CO molecule interacts with the upper atom of the
adsorbed oxygen molecule and sameously desorbs from the surface as @fh an

energy release of approximately 76 kcal/mole in the step labelled as G8s @@n
releasednto gas phase in the step labelled as C9. Optimized configurations Qf8C7,

and C9 are shown in Figure d@doverall reaction profile of CO oxidation on surface is

displayed in Figure 20

a) b) c)

e

e« ®
Ca
P

Figure 19 (a) C7- Gas phase CO molecule approaching the surface (b)D@&8orption

of CO, molecule from the surface (c) GZO, molecule in the gaghase
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Figure 20 Relative energy profile of CO oxidation mechanism on -(C)

Rh+Mn/Ce 757r0.2502 surface

As it can be seen on the relative energy profil@ €O molecules we exothermically

converted to C@®on (CYRhMn/Cey.7sZro250, surface. Oxygen release and storage

capability wasagain proven with the regeneration of surface after the formation of

second C@molecule.Ger ceker

kcal/mole between steps of CO adsorption ancd @€sorption onRh-Cey.757r0.2502

and

Onal

(2013)

20eport e

surface Also, strong attachment of2@nolecule on the surface disabled the regeneration
processwith oxidation of a second CO molecud&a Rh/CZO surfaceApparently, Mn

doping eliminates the activation barrier and alsalifatesthe second C@formation

with regeneration of the surface.

A comparison fothe relative energy profiles of CO oxidation mechanisms on all three

surfaces is illustrated in Figure 21.
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Figure 21 Comparison of e CO oxiddon mechanisms on (AYIn/CZO, (B)
Pd+Mn/CzZ0O and (GRh+Mn/CZO

Comparison of the energy profiles reveals that@i@ation is most favored osurface
(B)-Pd+Mn/CZOwith highest exothermicity on almost all stephis behavior might be

attributed to the er@anced OSC componenf ceria due to large structural distortions
caused by Pd and Mn doping.
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CHAPTER 5

CATALYTIC ACTIVITY TEST RESULTS

In this study, two differentnethods were employefbr the synthesis of three way
catalysts The first one \as the impregnation method, in which Pd, Rh ard rivktals
were impregnated on the previously synthesizexiazirconia mixed oxide at different
weight pecentages. In the second method namedastion combustion synthesis,
metals were substituted in tloeria latticewith different molarratios The catalytic
activity testsof the monolithic catalysts were evaluated means ofthe conversion
versus temperatureurves of H, CO, O, CsHs and GHs speciesPerformancesf the
catalysts wereinterpreted generally in termsof light-off temperature(T50) and
maximum conversianof these speciedow T50 and high conversiomaluesindicate
good catalytic activityCatalytic performances were evaluated in terms of two topics;
thermal aging and SOexposure. Thenal aging process was applied to catalysts to
simulate long term exposure of high temperas in the automobile exhausmtd SQ
exposure was applied to observe the effect and extent of sulfur poisoning on the
catalysts.For each test, two data sets fogaling and cooling steps are available,
however the cooling step is found to be more trustwoa$yhe reactor wasooled
down by natural convection, steadily. Alsativity curves shift left in the cooling step,
probably by virtue of theeduction of tle catalysin the heating ste@.hereforeanalysis
andinterpretationgegardingcatalytic performancevere executecbased on the activity
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data ofcooling stepReproduwibility of the activity tests wereonfirmed in a previous
thesis study using treametest system and experimentainditions(Gerceker, 2013)

5.1.Catalysts Synthesized via Impregnation Method

5.1.1.Catalytic Activity Tests of IMP1 Catalyst

Firsttype of impregnated catalyst is IMP1 awnds preparedvith 0.70 wt % Pd loading

on Ce.sZro.202. Two laboratory size monoliths were washcoated with the catalyst slurry
and named as IFL-M1 and IMPXM2. Using the ICPMS results(see Chapter 6Pd
loadings of IMP1M1 and IMPXM2 monolithic catalystsvere calculatedsa9.57 g/ft

and 9.25 g/ft, respectively.

In the first set of tests, IMPM1 was used in order to investigate the effect of thermal
aging on catalytic activity. In Test 1, fresh IMIL was tested with simulated exhaust
gas feed that does not contain.S@fter the fresh testthe samemonolith was aged at
900°C with dr yndtest was menodned under iderditdd conditions
using the aged monolithCatalytic activity data of the fresh and aged IMR1
monolith are given in Table 123. Fora better interpretation of the data, T50 values of
the two activity tests of IMRM1 monolith were compared iRigure 22 Conversion
temperature profilesf the activity testswith fresh and aged monolithic catalyste

given in AppendixE.

Table 12 Catalytic activity data of IMP-M1 monolithic catalyst in Test 1 without SO
(Fresh Monolith)

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 281 100 494 219 100 491
CcO 245 99 598 244 99 595
0> 227 90 598 223 90 595
CsHe 223 100 597 223 99 591
CsHs 326 100 594 312 99 595
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Table 13 Catalytic activty data of IMP2M1 monolithic catalyst in Test 2 without SO

(Monolith aged at 900°C)
Heating Cooling
Species T50 | Max. Conv. | Tmax T50 Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 180 98 556 209 97 428
CcoO 244 100 580 228 100 569
0> 241 84 595 211 84 589
CsHe 206 100 561 228 99 597
CsHs 367 77 594 351 80 596
H IMP1-M1 - Fresh B IMP1-M1 - Aged at 900°C
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T 250
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Figure 22 Change in T50 values for IMPI1 monolithic catalyst upon Thermal Aging
(Tests with no S¢)

As it can be inferred from the activity data, IMRIL is capal# of converting all
speciesat high conversions bothtests Whenthe activity data of IMP-M1 monolithic
catalystis evaluatedit was seen that aftéhe monolith was subjected tieermal aging,
conversions of B} CO andO- species werslightly enhaned On theother hand, eHs
conversion considerably deteriorated ugbarmal agingwith an ingease in the T50

value and a decrease in the maximum conver$tight increase in the T50 value of
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CsHs conversion indicates that thermal aging does have & mgpact on CO
conversion.

For a further investigation on the catalytic performaefiect of thermal agingvasalso
investigatedwith IMP1-M2 in another set of tests using a simulated exhaust gas feed
containing SQ@. Catalytic activity data of the fresdnd aged IMP-M2 is given in &ble
14-15 and comparison of the T50 of fresh aaded tests are shown in Figure. 23

Conversiortemperature profiles of fresh and aged catalytic activity tests are given in
Appendix E.

Table 14 Catalytic activity data of IMPAM2 monolithic catalyst in Test 1 with SO
(Fresh Monolith)

Heating Cooling
Species| T50 | Max. Conv. | Tmax | T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 272 100 447 270 100 547
CcoO 327 98 596 288 98 343
o)) 329 99 596 287 100 379
CsHse 274 100 465 270 100 528
CsHs 399 93 596 344 95 588

Table 15 Catalytic actity data of IMP2M2 monolithic catalyst in Test 2 with SO

(Monolith aged at 900°C)
Heating Cooling

Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce

H> 320 100 575 283 100 594

CO 326 99 598 300 99 588

02 326 100 594 254 100 501

CsHe 253 99 398 272 100 574

CsHs 388 94 594 283 100 597
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Figure 23 Change in T50 values for IMP2 monolithic catalyst upon Thermal Aging
(Tests with SQ

In the presence of SCactivity tests of théresh and aged IMRWM2 monolithic catalyst
yielded a different activity profile than IMP1. After aging the monolith at 90G,
T50 values of @, CsHs and GHs species were improve&light decreasen T50 valus

of H2 and CO species indicatieat thermal aging did not affethe conversions of these
speciesHowever, when IMPIMM1 and IMPXM2 were compared in general, it can be
seen that IMP-M2 has higher T50 values, so the detrimental effect of#3 reflected

on the catalytic activity as an inage in lightoff temperéures

5.1.2.Catalytic Activity Tests of IMP2 Catalyst

Since the noble metals are rare and expensive, they are incorporated in three way
catalyst compositions at very low concentrations. On the other hand, transition metals
are abundanand much more codtffective. Therefore research have been focused on
replacing noble metals with transition metals, or lowering the amount of noble metals by
combining them wth transition metals. For that rease@fier theactivity tests of Penly

IMP1 catalyst were conigted,a Mn-only catalystiMP2 was synthesized wit©.70 wt

% Mn impregnationon Ce.sZro.202. Since Mn cotaining catalysts are vesusceptible

to SG exposure, onlyhe effect of thermalging was investigated with IMP2 catalyst
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Thus,only one monolithwas washcoated with the catalyst slurry and named as-IMP2
M1. Using the ICPMS resuls, Mn loading of the monolithic catalyst was calculated as

12.48 gft.

The first test was carried out using the fresh IMPR monolith with the simulated
i thic
with dry air and the second test under the same conditions was performed using the aged

exhaust gas mixre not includingSQ..

monolith. Catalytic activity data of the fresh and aged IM®R2 monolithic catalyst is
given inTable 1617 and a visualization of variance in T50 values of tie tests is

shown in Figure 24Conversioatemperature profiles of fresh and aged catalytic activity

tests are given in Appendix E.

Table 16 Catalytic activity data ofMP2-M1 monolithic catalyst in Test 1 without SO

(Fresh Monolith)

The

mo n ol

catal yst

Heating Cooling
Species| T50 | Max. Conv. | Tmax | T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
Ho 385 98 538 349 98 547
CcoO 411 99 597 388 99 595
o)) 403 100 597 368 100 595
CsHse 413 100 597 380 100 585
CsHs | 491 84 597 | 464 85 595

Table 17 Catalytic activty data of IMP2M1 monolithic catalyst in Test 2 without SO

(Monolith Aged at 90€C)

Heating Cooling
Species T50 | Max. Conv. | Tmax | T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
Ho 543 88 597 483 89 595
CO - - - - - -
0> 504 95 596 463 100 587
CsHe 503 95 597 464 100 592
CsHs 594 54 590 - 48 592
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Figure 24 Change in T50 values for IMP1 monolithic catalyst upon Thermal Aging
(Tests with no S¢)

Looking at he activity data, it can be inferred that thresh IMP2M1 monoithic
catalyst is capabl of converting all species &igh conversions and reasonable T50
values. However, when the monolith was subjected to thermal aain§00C,
irreversible activity losses were encountered especially in CO aldg conversions.
Catdyst lost the ability of converting CO and theaximum conversion of £Es fell
back to 48 %Also, T50 values of other speciesnsiderably increased after thermal
aging.The fact is thad Mn-only catalystMP2 could not catch up with the performance
of noble metal containing IMRlas expected. Apparently, noble metal is an essential
part of a three way catalyst and cannot simply be replacectlgnwvith a transition

metal.

5.1.3.Catalytic Activity Tests of IMP3 Catalyst

After the performances of Rehly and Mnonly catalysts IMP1 andMP2 were
evaluated, the effect @ombinationof Pd and Mn metale/as studiedvith the catalyst
IMP3. For this purposetotal metal loading was kept at 0.70 wt&% in the previous
catalysts with 0.60 wt % Pd and 0.10 wt %In separately impregnatedn equal

portions of CepsZro20> and then combinedTwo laboratory size monoliths were
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washcoated with the catalyst slurry and named as {MP&nd IMP3M2. Via ICP-MS
analysisresults,Pd content of the two monoliths were cddtadas8.65 g/ff and 9.26

g/ft> and Mn contents were calculated as 1.6% gfitl 1.81 g/ft, respectively.

Using the IMP3-M1 monolithic catalysteffect of thermal aging veainvestigated with

two activity tests using the simulated exhaust gas mixtume does not contain SO

After the first of the fresh IMPBA1, and the monolith was subjected to thermal aging at
90C°C and the second test was performed using the aged monolith. Catalytic activity
data of the fresh and aged tests of IM®B are give in Table 1819 and comparison of

the T50 valueof the two tests are displayash Figure 25 Conversiortemperature

profiles of fresh and aged catalytic activity tests are given in Appendix E.

Table 18 Catalytic activity data of IMP341 monolithic catalyst in Test 1 without SO
(Fresh Monolith)

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 188 96 597 163 98 283
CcO 261 100 589 225 100 593
02 258 95 597 221 95 544
CsHe 265 100 400 218 100 463
CsHs 370 96 596 309 96 588
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Table 19 Catalytic adwity data of IMP3M1 monolithic catalyst in Test 2 without SO
(Monolith Aged 900C)

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 269 100 598 200 100 501
CO 266 100 597 230 100 582
02 253 92 588 191 92 576
CsHe 262 100 588 205 100 593
CsHs 407 97 598 323 97 597
B IMP3-M1 - Fresh B IMP3-M1 - Aged at 900°C
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Figure 25 Change in T50 values for IMP@1 monolithic catalyst upon Thermal Aging
(Tests with no S¢)

When the activity data of the two tests were evalyate@dn be said thathermal aging
processlid not have much of a negative impact on the catalytic performance. T50 values
of the @ and GHs conversions were improved after thel agingand there wergust

slight increasgin the T50 valuef CO and GHs convesions.For a better interpration

of any contributionof Mn in terms ofcatalytic activity, a comparison between the T50

values of IMP1 and IMP3 for activity tests without 8©displayed on Figure 26
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Figure 26 Comparison ofT50 values of IMP1 and IMP3 monolithic catalysts with
thermal aging effect (Tests with no O

T50 values of IMB and IMP3 catalysts are not much different than each otheat yet
some points effect of Mn supplement on activity is clearly seen. For iestahen the

T50 values of the fresh tests were compared for CO conversion, it can be seen that the
performance of catalyst IMP3 is better than IMP1. This is actually in accordance with
the findings of our computational studies. DFT calculations reveastdht synergism
between Pd rad Mn enhancesthe OSC property of the catalyst andaccordingly
promotesCO oxidation.For GHs and GHs conversions, T50 values are almost the
same for the fresh tests, howeldiP3 has superior activity in the agedthe agd tests.

Effect of thermal agings further investigated with another set of tests, this time in the

presence of SO First test was done with the fresh IMRR2 monolithic catalyst, and

after the monolith was aged atthesae tes, second
conditions. Catalytic activity data of the fresh agkdtestsof IMP3-M2 are given in

Table 2021 and a comparison of the T50 values of the tests can be seen in Figure

27. Conversiontemperature profiles of fresh and aged catalytiovaigtiests are given in

Appendix E.

62



Table 20 Catalytic activity data of IMP312 monolithic catalyst in Test 1 with SO

(Fresh Monolith)

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 211 100 299 272 98 340
CO 261 100 500 281 100 516
02 290 69 587 284 70 537
CsHse 268 100 598 266 100 498
CsHs 395 95 598 345 95 598

Table 21 Catalytic activity data of IMP3/12 monolithic catalyst in Test 2 with SO

(Monolith Aged at 90€C)

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 311 89 367 269 89 318
CO 318 100 598 323 100 595
02 317 100 430 282 100 441
CsHe 326 95 471 314 96 412
CsHs 404 86 598 356 85 590
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Figure 27 Change in TB values for IMP3V2 monolithic catalyst upon Thermal Aging
(Tests with SQ

Presence of SOn the simulated exhaust gas feed entirely altered the catalytic activity
behaviorof IMP3. Conversions of CO, s and GHs species werdarmed after the
monolith was thermally aged and the conversions efaHd Q did not change with
thermalaging. When the two monolithic catalysts, IMR81 and IMP3M2 from the
same batch are compardtie detrimental effect of SOon catalytic activity can be
spotted as in the sa for IMP1.In order to compare the performances of IMP1 and

IMP3 catalysts in the presence of $@eir T50 valies are illustrated in Figure 28
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Figure 28 Comparison of T50 values of IMP1 and IMP3 monolithic catalysts with
thermal aging effect (Tests with SP

Comparison of T50 values reveals that Mn containing IMP3 catalyst is more susceptible
to sulfur poisoning as expected and accordingly, it has a lesser performance than IMP1

for almost all cases.

5.1.4.Catalytic Activity Tests of IMP4 Catalyst

Combinatian of Pd and Mnn three way catalyst composition was also investigaf¢al
respect to varyingpadingsof these two metal$n order to see whether a little amount of

Pd coupled with a higher Mn loadingpuld providea suficient catalytic activity,
catalyst IMP4was synthesized. For this purpose, Pd and Mn loadings in IMP3 catalyst
were interchangedhus0.10 wt % Pd and 0.60 wt % Mn weseparatelympregnated

on CesZro202 and then combinedTwo laboratory size moniths were washcoated
with the catalyst slurry and named as IM®4 and IMP4M2. Based on the ICRIS
results and the slurry pick up of the monolith, Pd contents of the two monoliths were
calculated to be 1.45 gifand 1.32 g/ftand Mn contents were caletéd to be 11.86

g/ft® and 10.84 g/ftfor IMP4-M1 and IMP4M2, respectively.
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Effect of thermal aging in the absence of.30@ the gas feed was investigated using
IMP4-M1 monolithic catalyst. Catalytic activity data of the fresh and thermally aged
IMP4-M1 are given in Table 223 and a comparison of the T5@lues of the two fresh
and aged tests is presented in Fige@eConversiortemperature profiles of fresh and

aged catalytic activity tests are given in Appendix E.

Table 22 Catdytic activity data of IMP4M1 monolithic catalyst in Test 1 without SO
(Fresh Monolith)

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 326 98 556 295 98 580
CO 316 99 597 286 99 596
02 316 89 597 268 89 580
CsHe 352 100 595 307 100 532
CsHs 489 84 597 454 89 596

Table 23 Catalytic activiy data of IMP4M1 monolithic catalyst in Test 2 without SO
(Monolith Aged 900C)

Heating Cooling
Species| T50 | Max. Conv. | Tmax | T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 335 98 564 297 99 564
CcoO 332 95 597 309 96 591
02 329 87 597 297 87 585
CsHs 331 99 591 308 100 585
CsHs 574 59 597 550 58 595
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Figure 29 Change in T50 values for IMPMI1 monolithic catalyst upon Thermal Aging
(Tests with no S¢)

When the data of the two tesise analyzed,jt can be seen thahe regative impact of

thermal aging is more pronounced for the conversions of CO aHd species.An

increase in the T50 value of CO conversion takes place with a slight decrease in the
maxi mum conversion after szdgganvergiontwhasauchmon ol i
more affected from thermal aging, with an increase in the-tghtemperature and

serious decline in the maximum conversi@m the contrary, €Hs conversion was not

affected from thermal aging at all.

The effect of thermal aging was also invedigivia another set of activity testsing
IMP4-M2 monolithic catalyst, withthe simulated gas feed containing :SQatalytic
activity data of the fresh and thermally aged IMR2 monolith are given in Table 24

25 and the comparison of the T50 valueshs two tets are demonstrated in Figure. 30
Conversiortemperature profiles of fresh and aged catalytic activity tests are given in

Appendix E.
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Table 24 Catalytic activity data of IMP4M2 monolithic catalyst in Test 1 with SO

(Fresh Monolith)

Heating Cooling
Species T50 | Max. Conv. | Tmax | T50 | Max. Conv. | Tmax
(Ce (%) (Cel (Ce (%) (Ce
H2 347 100 505 339 96 447
CO 356 100 598 352 100 595
O2 375 66 598 359 66 547
CsHe 327 99 531 316 100 547
CsHs 492 90 592 458 93 578

Table 25 Catalytic activty data of IMP4M2 monolithic catalyst in Test 2 with SO
(Monolith Aged 900C)

Heating Cooling
Species T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 381 100 588 307 98 597
CO 418 99 597 354 99 596
02 402 100 596 329 100 566
CsHs 393 100 584 341 99 511
CsHs 438 83 596 388 86 592
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Figure 30 Change in T50 values for IMPMI2 monolithic catalyst upon Thermal Aging
(Tests with SQ

Again, the presence of SO@ompletely changed the activity behaviortloé catalyst. For
instance, CO conversion was not affected from thermal aging and theoffight
temperature of €4s conversion was decreasadd maximum conversion was increased,
in contrast to the outcomes of the IMRM monolithic catalyst.Therefore, S@ is
proven to befacilitating GHs conversion. On the other side, T50 value aHE
conversion increased after thermal aging se &@ not have such an effect onHz

conversion.

5.1.5.Catalytic Activity Tests of IMP5 Catalyst

As last one of the impregited catalyst seriesMP5 was synthesized and instead of
using Pd as a noble metal, Rh was incorporated in the catalyst compdRhias.
generally included in conventional threay catalyst compositions as it functions as a
reductive catalystTherefoe, Rh was combined witAn oxidative catalyst Mn and the
effect of collaboration of these mads was investigated in terms of catalytic
performance. Rh is loaded in three way catalyst compositions at very low
concentrations, hence in catalyst IMP5, 0.104vRh loading together with 0.60 wt %

Mn content were separately impregnated on egaalions of CeygZro02 and then
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combined.Using the catalyst slurry, one laboratory size monolith washe@ated and
named as IMP5/11. Based m the resuk of ICP-MS characterizatiorand catalyst pick
up value, Rh content was calculated to be 1.04 ayfid Mn content was calculated to be
7.92 g/ft.

Catalyic performance of the catalyst IMR&S investigatedia effect of thermal aging.

Using the fresh IMPS1 monolithic catalyst, first activity test was performed with

simulated gas feed in the absence 06.SO T h e n , the monolith was age
dry air and the secondstewas carried out ithe samexperimentatonditions. Catalytic

activity data of the fresh andged tests of IMRBI1 are given in @ble 2627 and

comparisorof the T50 values of the two tesssdemonstrated in Figure 3Conversion

temperature profiles of fresh and aged catalytic activity tests are given in Appendix E.

Table 26 Catalytic activity data of IMPBA1 monolithic catalyst in Test 1 without SO
(Fresh Monolith)

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 348 99 574 308 98 579
CO 345 99 598 311 99 591
02 344 91 597 303 91 585
CsHe 354 99 597 315 100 596
CsHs 486 84 598 422 82 596
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Table 27 Catalytic activiy data of IMP5M1 monolithic catalyst in Test 2 without SO

(Monolith Aged at 90€C)

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H2 427 93 598 382 93 592
CO 422 98 598 358 98 596
O2 426 87 596 364 87 592
CsHe 456 100 598 442 100 596
CsHs - 47 598 - 45 592
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Figure 31 Change in T50 values for IMPE1 monolithic catalyst upon Thermal Aging
(Tests with no S¢)

Fresh IMP5M1 monolithic catalyst was capable of converting all speeith relatively
high conversions. blvever after the catalyst was thermally aged, bdi@ activity was
dramatically damaged Light-off temperatures of all species increasaud serious

activity loss was encountered in especialfii€species.
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Since MP4 and IMP5 catalysts are akin and the only difference between them is the
type of noble metal, a comparison of &0 valuef these two catalystvas madend
presented in Figure 3Zonversioatemperature profiles of fresh and aged catalytic

activity tests are given in Appendix E.
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Figure 32 Comparison of T50 values of IMP4 and IMP5 monolithic catalysts
thermal agingeffect(Tests with no Sg)

As it can be inferred from the comparisom terms of catalytic performance,
combination of Pd and Mmetalsis amuchbetter choice thaRh and Mn combinatian
For all species, T50 values tife IMP5 catalyst are greater thd®0 values of IMP4.
For CO oxidation, such behavior was also obserweith the DFT studies.
Computational studies on Pd+Mn/CZO surface was found to be superior to
Rh+Mn/CZO for CO oxidationindicating that the &Mn couple is synergistically
Above all, thermal aging hadrauchmore agradingimpacton the catalytic activity of
the IMP5 catalyst. Therefoe, cmmbination of Rh and Mn irthree way catalyst

composition was considered to be ineffective.
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5.2.Catalysts Synthesized via Solution Combustion Method

5.2.1.Catalytic Activity Tests of SC1 Catalyst

The first catalyst SC1 was synthesized by solution condrushethod and has a

composition of CereZroPch.0102. Two laboratory size monoliths were washcoated in
the catalyst slurry and named as 9@1 and SCIM2. Using the ICPMS analysis
results, Pd metal loadings for S®1 and SCiM2 were calculated as 8.3§ft® and

8.59 g/ft, respectively.

In order to investigate the effect of thermal aging on catalytic activity,-i8C1

monolithic catalyst was used. First test was carried out with the freshAM2C1

monolithic catalyst. After the first test, the monolitla s

dry air flow and the second test was performed using the aged monolith. Catalytic

aged

at

900°C

activity data of tests with simulated gas mixture in the absence cfrf@@iven in Table

28-29 and the comparison of T50 values are shownFigure 33 Conversion

temperature profiles of fresh and aged catalytic activity tests are given in Appendix E.

Table 28 Catalytic activity éta of SCIM1 monolithic catalyst in Test 1 without SO
(Fresh Monolith)

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 285 99 399 278 98 537
CcO 344 100 583 292 100 580
02 323 88 597 283 88 596
CsHe 349 100 502 290 100 541
CsHs 474 88 593 442 90 596
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Table 29 Catalytic activiy data of SCIM1 monolithic catalyst in Test 2 without SO

(Monolith aged at 900°C)
Heating Cooling
Species| T50 Max. Conv. Tmax T50 Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H» 251 99 373 256 98 450
CcO 324 100 584 290 100 586
0> 312 98 597 274 99 586
CsHs 325 100 415 309 100 469
CsHs 537 62 596 517 67 595
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Figure 33 Change in T50 values for S@1 monolithic catalyst upon Thermal Aging

Comparisons of the T50 values of the fresh and aged tests showed that thermasging h
different effects on the catalytic activity. For instance, did Q conversions were
improved after aging, whereas CO conversions was not affected. Howekkra@

CsHsg conversions deteriorates after aging and the negative impact is especially more

significant in GHs conversion.
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For a further investigation on the catalytic performareffect of SQ exposure was
investigated using SGWM2 monolith. First activity test was performed with the
simulated exhaust gas mixture in the absence of &fter the fresh test, same monolith
was tested with the simulated exhaust gas containing is@rder to evaluate the
performance change upon S€xposure. Catalytic activity data of S&2 monolithic
catalyst are given in Tabl@0-31. For a better interpretatioof the data, T50 values of
the two activity tests of SCM2 monolith were compared in Figure 3€onversion

temperature profiles of the catalytic activity tests with and without &© given in

Appendix E.

Table 30 Catalytic activty data of SCAM2 monolithic catalyst in Test 1 without SO

Heating Cooling

T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax

Species| ( Ce (%) (Ce| (Ce (%) (Ce
Ho 265 100 545 264 100 391
CcO 269 100 530 274 100 478
(o)) 353 62 570 290 62 583
CsHs 305 100 408 281 100 377
CsHs 482 87 596 466 90 594

Table 31 Catalyticacivity data of SCiIM2 monolithic catalyst in Test 2 with SO

Heating Cooling
Species T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 317 93 564 297 100 480
CO 354 100 597 358 100 574
02 357 80 597 300 90 387
CsHe 346 100 443 342 100 394
CsHs 445 92 594 402 93 593
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Figure 34 Change in T50 values for S@2 monolithic catalyst upon S&xposure

SO is known to be poisonous for three way catalytic converters, therefore exposure had
a detrimental effectrothe conversion of almost all species, exdégils conversion
CsHg conversion was increased from 90 % to 93 % along with a remarkable decrease in

the lightoff temperature.

5.2.2.Catalytic Activity Tests of SC2 Catalyst

Similar to IMP2,a Mn-only catayst SC2was synthesizedavith solution combustion
method Since Mn metal is economic and abunddhis timeits concentration in the
catalyst composition was kept 10 fold higher (in moles basis) than the amount of Pd in
SC1 catalyst and G&Zro.iMno.1O> was synthesized. Two laboratory size monoliths
SC2M1 and SC2V2 were washcoated with the catalyst slurry and using theMSP
results, Mn metal loadings were calculated as 72.9%ayitt 78.84 g/ f respectively.

Effect of thermal aging was assessedhw8C2M1 monolithic catalyst. Catalytic
activity data of the fresh and aged teefsSC2M1 are given in Table 333 and
variation of T50 values with aging process are shown in Fi@seConversion

temperature profiles of fresh and aged catalytic actieys are given in Appendix E.
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Table 32 Catalytic activity data of SGR12 monolithic catalyst in Test 1 without SO

(Fresh Monolith)

Heating Cooling
Species T50 | Max. Conv. | Tmax | T50 | Max. Conv. | Tmax
(Ce (%) (Cel (Ce (%) (Ce
H2 382 97 589 375 97 510
CO 507 97 598 447 97 592
O2 485 85 598 422 85 587
CsHe 460 100 597 426 100 581
CsHs 545 80 598 514 80 596

Table 33 Catalytic activiy data of SC2M2 monolithic catalyst in Test 2 without SO

(Monolith aged at 900°C)
Heating Cooling

Species T50 | Max.Conv. | Tmax | T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce

Ho 524 79 598 491 80 596

CO - 48 598 - 49 596

0> 574 59 598 554 59 591

CsHe 525 82 598 514 83 591

CsHs - 36 598 - 43 596
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Figure 35 Change in T50 values for S@1 monolithic catalyst upohermal Aging

Catalytic activity data show that the fresh Sk&2 monolithic catalyst can provide high
converson values for majority of species. However, in terms of {mfhtemperatures,
SC2M1 could not catch up with the performance of @1 as expected. Furthermore,
comparison between fresh and aged tests displayed that thermal aging severely damages

catalyic activity in terms of both maximum conversion and T50 values of all species.

Effect of SQ exposurewvas investigated by using S@22 monolithic catalyst. First test
was performed with the simulated exhaust gas mixture withogte8@ in the following
test SQ was included in the gas mixtureatalytic activity data of SGR12 were given
in Table 3435 and comparison of the T50 values of the tests were shown in Figure
36. Conversiortemperature profiles of the catalytic activity tests with and witlsiDit

are given in Appendix E.
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Table 34 Catalytic activity data of SGR12 monolithic catalyst in Test 1 without SO

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 342 98 554 345 98 475
CO 485 100 597 425 100 586
02 510 59 597 447 59 587
CsHe 432 100 503 415 100 525
CsHs 553 85 597 498 89 592

Table 35 Catalytic activity data of SGR12 monolithic catalyst in Test 2 with SO

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce) (%) (Ce| (Ce (%) (Ce

H> 435 98 578 388 98 544
CcO 516 74 597 542 75 589
02 527 55 597 542 55 584
CsHe 468 100 578 461 100 564
CsHs 572 58 597 548 60 597
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Figure 36 Change in T50 vaks for SC2M2 monolithic catalyst upon S@xposure

SO exposure had a degrading effect on T50 values of all species. Especially, CO and
CsHg conversions were severely affected from>S®laximum CO conversion was
reduced from 100 % to 75 % conversion, glomith a high increase in its ligloff
temperature. Similarly, maximum conversion ofHg decreased from 89 % to 69 %
with an increase in the lighuff temperature. Maximum 4Ele conversion could reach up

to 100 % conversion in both tests however, TS0 a@iareased after S@xposure.

5.2.3.Catalytic Activity Tests of SC3 Catalyst

After evaluating the performance of H#dly catalyst SC1 and Manly catalyst SC2,
catalyst SC3 having a composition ofo@&ro.sMno1Ph.0102 was synthesized in order
to investigate the effects of combination of both metals on catalytic performetice
solution combustion methodwo laboratory size monoliths were washcoated with the
catalyst slurry and named as SM2 and SC3V2. Based on the IGRIS analysis
results, Pd aatents of the monolithic catalysts were calculated as 8.3 agfét 9.11
g/ft2 and Mn contents were calculated as 37.52 gifid 40.84 g/ftfor SC3M1 and
SC3M2, respectively.
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Effect of thermal aging on catalytic performance in the absence pWW@® analyzed
with SC3M1 monolithic catalyst. Catalytic activity data of the fresh and aged ¢ésts
SC3ML1 are given in Table 387 and the comparison of T50 values of th® tests are
shown in Figure 37Conversioatemperature profiles of fresh and aged lggitaactivity
tests are given in Appendix E.

Table 36 Catalytic activity data of SGBI1 monolithic catalyst in Test 1 without SO
(Fresh Monolith)

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 239 100 365 241 100 292
CO 333 100 598 256 100 596
02 320 89 598 251 89 596
CsHe 329 100 586 260 100 453
CsHs 411 100 598 365 100 587

Table 37 Catalytic activity data of SGBI1 monolithic catalyst in Test 2 withi SQ

(Monolith aged at 900°C)
Heating Cooling

Species] T50 | Max. Conv. | Tmax | T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce

H» 188 99 360 196 98 493

CO 284 100 594 257 100 586

02 283 87 597 253 87 591

CsHe 285 100 529 276 100 529

CsHs 357 97 590 417 96 586

81




W SC3-M1 - Fresh W SC3-M1 - Aged at 900°C

450

400
350
300
250
200
150
100
5
H2 co 02

C3Ho6 C3H8

150 (°C)

o o

Species

Figure 37 Change in T50 values for S@81 monolithic catalyst upon Thermal Aging

When the activity data of the fresh and aged tests were compared, it can be said that
thermal aging affected each species in a differeahmar. For instance, after the
monolith was thermally aged, CO and ©onversions did not change whereas an
improvement in H conversion occurred. However, hydrocarbon conversions were
negatively affected from aging and especially, a dramatic increagslinalue of GHg

conversion arised.

Performances of SGM1 and SC3VI1 under thermal aging are compd and illustrated

on Figure 38
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Figure 38 Comparison of T50 values of SC1 and SC3 monolithic catalysts with thermal

aging effeci{Tests with no Sg)

The two catalysts have very similactivity trends between the activity tests of the fresh
and aged catalysts, yet SC3 has clearly a superior performance than SC1 for the
conversions of all specief\s a matter of coursehis behavio is attributed tothe
incorporation of manganese in the catalyst compositibms result is again in
accordance with the finding of the computational studies.

SC3M2 monolithic catalyst was used for the examination of on catalytic performance.
Catalyticactivity data of SCaM2 in the tests with and without S@vere given in Table
38-39 and comparison of the T50 values of tfweo tests were shown in Figure .39
Conversiortemperature profiles of the catalytic activity tests with and without 86

given inAppendix E.
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Table 38 Catalytic activity data of SGR12 monolithic catalyst in Test 1 without SO

Heating Cooling
Species| T50 | Max. Conv. | Tmax T50 | Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H> 260 100 389 220 100 311
CO 329 100 583 217 100 359
02 - 46 596 - 47 520
CsHe 307 99 550 247 100 431
CsHs 470 98 597 444 99 596

Table 39 Catalytic activity data of SGB12 monolithic catalyst in Test 2 with SO

Heating Cooling
Species| T50 Max. Conv. Tmax T50 Max. Conv. | Tmax
(Ce (%) (Ce| (Ce (%) (Ce
H» 268 92 596 258 100 462
CO 348 100 495 305 100 518
0> 351 77 596 - 86 430
CsHs 340 95 573 330 100 484
Cs3Hs 482 90 596 408 91 595
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Figure 39 Change in T50 values for S@82 monolithic catalyst upoisO; exposure
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Comparison between the two tests demonstrated thaesure has different effects

on the activity of different species. For the conversions HfGD and GHe species,
light-off temperatures were increased when the mthnalas exposed to SOOn the

other hand,C3Hg conversions wasmproved in terms of both T50 and maximum
conversion in the presence of 5@his fashion is familiar with the activity behavior of

the SC1 catalyst, however no such behavior was observdw itest results of SC2
catalyst. Therefore, it has been asserted that Pd containing catalysts have an ability to

promoteCszHg conversions in the presence of SO

A comparison between the performances of 82land SC3Vi2 under SQ exposure
are illustratecn Figure4O.
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Figure 40 Comparison of T50 values of SC1 and SC3 monolithic catalysts with the
effect of SQ exposure

After exposing to S¢) both catalyst showthe same incremental trend in their liglt

temperaturesPerformaces of the two catalyst are almost the same for the conversions
of CsHe and GHs species. However, SC3 has a better activity for CO conversion, even
after SQ exposureOnepossible reason for this behavior is that Mn might be acting as a
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SO trap for thecatalyst, and accordingly, moderates the extent of sulfur poisoning for
Pd.
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CHAPTER 6

CATALYST CHARACTERIZATIONS

6.1.ICP-MS Studies

ICP-MS technique was employed to analyze the metal contents of the powdered catalyst
slurries. Anaysis results othe IMP and SCpowder catalyst metal contentsth the
targeted contentwrere given in Tablel0-41. Small dfferences between the analysis
results andhe targeted values can be attributed to metal losses during synénesis

in weighing catalyst prearsos or miscalculation of the total catalyst weightlo
extraordinary deviation frontargeted values were encountered in the-M3 analysis

results.

Table 40 ICP-MS analysis for metal contents of IMP catalysts

Ce(%) Pd(%) Mn(%) Rh(%) Al (%)

IMP1 Targeted 19.0 0.200 - - 34.8
ICP result 17.8 0.193 - - 33.4
IMP2 Targeted 19.0 - 0.200 - 34.8
ICP result 17.9 - 0.195 - 33.5
IMP3 Targeted 19.0 0.172 0.029 - 34.8
ICP result 17.9 0.169 0.033 - 32.0
IMP4 Targeted 19.0 0.028 0.170 - 34.8
ICP result 18.0 0.024 0.172 - 33.1
IMP5 Targeted 19.0 - 0.172 0.029 34.8
ICP result 17.9 - 0.167 0.021 33.4
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Table 41 ICP-MS analysis for metal contents of SC catalysts

Ce (%) Pd (%) Mn (%) Al (%)

SC1 Targeted 190 0.182 - 34.7
ICP result 17.9 0.177 - 33.6

SC2 Targeted 19.0 - 0.922 35.1
ICP result 18.0 - 0.906 33.9

SC3 Targeted 19.0 0.215 0.944 35.0
ICP result 17.9 0.206 0.923 33.9

6.1.X-ray Diffraction Studies

X-ray diffraction (XRD)techniquewas employedo identify the crystal structures of the
catalysts and also to determine if any solid phase transformations occur due to thermal
aging effects.To begin with, Xray diffractogram of CgsZro0> fresh powder was
obtained and displayed on Figure.41
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Figure 41 X-ray diffractogramand dataf the fresh CgsZro.20> powder

CengZro202 (JCPDS Card No 28271) structure was confirmed by the Qualitative
Analysis software of the instrumerh addition, XRD pattern of the GgZro.20. sample

is similar to the XRD patterns reported by Dhage et al. (2004) and Yu et al. (2003).
Highest peak of the pattern corresponds to the cubic fluorite structure of ceria
(Damyanova, et al., 2008)The average crystallingize is calculated by the utilization

of Scherrer’s equation based on this highe
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X-ray diffraction patterns of all catalysts wezxempared with the diffraction pattern of
CengZro202 to in orcer to detect any change crystalline strature due to metal
loadings.An example is theXRD pattern ofMP1 fresh powder which idlustrated in
Figure 42

Intensitiy (counts)

15 30 45 60 75
2 theta (degrees)

Figure 42 XRD of a) Ce.gZro.20- fresh powder b) Catalyst IMP1 fresh powder

Compared to the XRD pattern of CZO,ffdiction patern of catalyst IMP1 has
additional peaks in three regioné&nalyzing the pattern via software, these peaks are
attributed to the presence p#Al2Osz in the catalyst composition. Also, Di Monte et al.
(2000) presentecsimilar diffraction paterns for CZO/AIOs systemsDi Monte, et al.,
2000) Ot h e ¥Al.Ce, madiffracyion lines for Pd areobserved on the pattern
indicating a good distribution of Pd on CZSimilar to IMP1, XRD pattern cdnother
impregnatedcatalyst IMP2 is given in Figure 43A g a i -Al303 iy detected in the
pattern, howevethere areno diffraction lines belonging to Mn
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Figure 43 XRD of a) Ce.sZro.20. fresh powder b) Catalyst IMP2 fresh powder

No traces of meis were detectedn the Xray diffraction patterns of # other
impregnated catalysts IMP3, IMP4 and IMRS well. Corresponding XRD patterns are

given in Appendix.

Similar X-ray diffraction patterns were also obtained with the analysis of the catalysts
synthesized via solution combustion methéd. example is the XRD pattern of SC1

fresh powder which ishownin Figure 44 XRD patterns of SC2 and SC3 are given in
Appendix. Once agaimdditionald i f f racti on | i nAlLs; anémoRrd at tri
or Mn diffraction peakavere detectedh the XRD patterrs of these catalystmdicating a

good distribution/substitution of metals on the surface
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Figure 44 XRD of a) CesZro.20- fresh powder b) Catalyst SC1 fresh powder

In order toobservesurface modificationghat mighthaveoccued due to thermal aging,
XRD analyses weralso performed withthe catalyst samples aged at 9DOand
compared with the diffraction patteyrof the fresh sampke As an example, XRD

patterns of the fresh and aged IMP1 powder sasrgole showin Figure 45
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Figure 45 XRD of a) Fresh IMPDowder b) IMP1 powder aged at 900

When the fresh and agedrdy diffraction pattens of IMP1 were compareddditional
peaksas indicatorof phase changeserenot observedn the aged catalyst samphll
catalystgpresented in this studshowed the same behavior and maintained high thermal
stability with no solidsolid phase transfmations after subjéed to thermal aging at

9 0 0 *Flesh and age&XRD patterns of thecorresponding catalyst samples can be

viewed in Appendi¥.

Although thermal aging did not induce any phase transformatioadicle sizes of all
sampes were increaskeupon aging. Sharpening of the peaks in diffraction patteirns
aged sampleare thendication of particle growthCrystallitesizes of the fresh and aged

catalystsamplewer e det er mined usi gigeniBTabl®&Z r er ' s
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Table 42 Particle sizes of the fresh and agatialyst samples calculated based on the

cubic ceria peak in XRD patterns

Fresh sample Aged sample

Catalyst ID particle size (nm) particle size (nm)

IMP1 7.33 11.65
IMP2 7.26 11.76
IMP3 7.06 11.22
IMP4 7.94 11.88
IMP5 7.41 11.35
SC1 13.02 14.39
SC2 9.22 15.77
SC3 15.01 17.03

Particle sizes of the impregnated catalysts are very close to each other in both fresh and
aged samples. This is because CZO was synthesatednce and metals were
impregnated on the same CZO support in each catalyst. However, the effect of synthesis
method on particle size is observed with the catalysts synthesized via solution
combustion methodClearly, SC catalysts are more thermally stable but IMP catalysts

have smaér particle sizes.

6.2TEM Characterizations

Microstructures of the powder catalyst samples were analyzed using a JEOL JEM 2100F
model High Resolution Transmission Electron Microscope (HRTEpBrating at 200

kV. HRTEM images olMP3 and SC3atalyst sampleat different magtications are

given in Figure 46 and Figure 47
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Figure 46 HRTEM images of the fresh IMR&atalyst powder
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Figure 47 HRTEM images of the fresh SC3 catalyst powder
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Looking at the HRTEM mages, dispersioof nanocrystalline cerisstructureson
alumina matrix can clearly be observ&imilar nanastructuresof ceriawere reported by
(Wang, et al., 2011)Yu, et al., 2011and(Kurnatowska, et al., 2012n both samples,
ceria crystals does not exhibit a specific type of crystal form, hence various types of
crystal planes are exposddle to very low loading and high dispersion on the suyface
Pd cannot belentified explicitly on these images.

Further characterizatioof the microstructurevas performed via Energy DispersiXe
ray (EDX) analysis Elemental composition of the SC3 catalyst penwas investigated
with EDX point-analysis in threélifferentregions. Spectral compositions of feghree
regions are given in Figure 48

*Spectrurm 1 SR

Spectrum 2

Spectrum 2

20

Spectrum 3

Spectrum 3

: 200nm S Electron Image 1

Figure 48 EDX analysisof different regions on SC3 catalyst sample

First regionto be evaluatetly EDX was selected as it is rich crystalline structuesx
analysis withSpectrum 1 confirms the presence of Ce, Mn and Al elements in that
region. In a similar region, Spectrum 2 contains Ce and Al elenoahts Absence of

Mn in Spectrum 2 indicates that Mn dispersidranges indifferent regionsFinally,
elemental analysis of the matrix was performed on the third region. Spectrum 3 confirms
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that only Al dement is present in the matrixterestingly, Zr imot detected in all three
regions.It might be interfered bgnother element in the spectra aagnot be observed.
Additional elements present on the spectra are probably due to some impurities caused
by precursorsised in catalyst synthesis or spectral fiet@nce of some elements. EDX

iIs not a precise technique for elemental analysis yet it pro@dgsneral ideaof the

structural composition.

6.3BET Characterizations

Surface area measurements were performed with single point BraBeureetTeller
method (BET)and given in Table 43or fresh and aged samples MP3 and SC3
representing the catalygtsepared bywo synthesis methods

Table 43 Surface areas of IMP3 and SC3 catalysts for fresh and aged samples

IMP3 Fresh | IMP3 Aged SC3 Fresh | SC3 Aged at
Catalyst at 900°C 90CrC
BET Surface| g, gg 52.37 80.34 46.64
Area (m?/g)

As it can be inferred from thaesuts, fresh samples of both catalysts have quite high
surface areas. However, ontleey were subjected to thermal aginguface areas
substantially decreasedhus, activity losses observed in thermally aged catalystst migh

be attributed to the decrements in surface areas.
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CHAPTER 7

CONCLUSIONS

This thesis work wasorstructed upon the investigation of the catalyperformances of
three way catalystsy means of both quantum mechanical calculations and expé¢aimen
studies. Density functional theory with generalized gradient approximation (@G\)
implemented by Vienna Ab Initio Package (VASP) softwazemodel the reaction
geometriesand energetics on catalyst surfac@nce the outputs ofomputational
studieswere comprehendedexperimental studiesvere conductedin a deeper extent
with similar catalyst structureto see if the results of the theoretical studies were
consistent with reality.Catalysts wee synthesized using twdifferent techniques;
impregnatbon and solution combustiosynthesis. Laboratory scale monoliths were
washcoated with catalysts and catalytic activity tests were perfameedynamic test
system simulating automobile exhaust conditi@®mparing the lightff temperatures,
performancs of the catalysts were evaluated in terms of activity changes upon thermal

aging and S@exposure.

The main focus of this study was to investigate the effect of manganese doping in three
way catalyst compositionsln DFT computations,Mn, Pd and Rh metalsvere
atomically substituted in G@sZro2s0> (110) structure (CZO) and CO oxidation
mechanismswere investigatedon three model surface$A)-Mn/Cey 752102502, (B)-
Pd+MnCey.75Zr0.2502 and €C)-Rh+Mn/Cep 752r0.2502. On all surfaceswo CO molecules

were exothermicallyoxidized to two CQ moleculesby using a surface oxygen and
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creating and oxygen vacancy. The vacancy was then filled with an oxygen molecule
adsorbing on the vacant site anereby, oxygen storagejacity (OSC)f ceria was
proved. Energyf vacancy formation on surface (Bd+Mn/CZO was found to be the
lowest among others with a negative valuel#09 kcal/mole When compared to the
vacancy formation energy of 43.7 kcal/mole on Pd substituted CB®2 r ¢ e kagr &
2013) a synergism between Pd and Mn was identified upon enhancement of thé OSC.
collaborative actvasalsoobserved on surface (®h+Mn/CZQ however not as much

as Pd and Mn synergismhlso, when the CO oxidation energetics on three surface
modeb were compad, it was clearly seen that CO oxidation is more energetically
favored on surfac€B)-Pd+Mn/CZ0O and this trend is attributed to the enhancement of

the OSC component.

In order tointerrelate with theheoreticalresults, &perimental studiesvere performed

with Pd, Mn and Rh containing catalysts synthesized via two different meffm#ésep

in mind, surface models used in DFT calculations should not be considered as identical
to the catalysts synthesized for experimental studiesierthelesshey represent a
general TWC structure with desired compositions and give very important clues upon

catalytic activity.

The first set of catalysts were synthesized by impregnation methochtaigtic activity

tests were performed under the effect ofrtied aging. First catalyst, IMP1 was
prepared wh 0.70 wt % Pd loading on CZO and as a conventional Pd containing TWC,
catalytic performance of IMP1 was successful. The second impregnated catalyst, IMP2
was prepared with 0.70 wt % Mn loading on CZO ineortb see if a Mn only catalyst
was catalytically activel-resh IMP2 catalyst vgacapable of converting all specieigh
reasonable lighoff temperaturesHereby, CO oxidation ability of a ME@ZO catalyst

was proved experimentallWhen the catalyst wasuljected to thermal aging,
irreversible activity losses were encountered in CO astds Conversions.Therefore,
Mn-only catalyst IMP2 was found to be insufficieAtthird impregnated catalyst, IMP3
was synthesized with combination of the two metals Pdvemaith loadings of 0.60 wt

% and 0.10 wt %, respectivelynder the effect of thermal aging, activity trend of IMP3
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was similar to IMPL1 in the tests witto SO, presenceWhen the lighoff values of fresh
catalysts are compared for CO conversion, ah8ligoetter activity was observed with
IMP3, and this is in accordance with the results of the computational studies. IMP3, also
had a higher performance than IMP1 isHe and GHs conversionsHowever when

tests were performed in the presence of2,SQhis time IMP3 vyielded a lesser
performance than IMP1 wittslightly higher lightoff temperatures due to the
susceptibility of Mn to S@ poisoning Combination of Pd and Mn was further
investigated with the catalyst IMP4 having 0.10 wt % Pd and 0.60 wt %nMis
composition.Performance of IMP4 for CO andslds conversions was not as muahl

the performances of IMPand IMP3 catalysts, but stduite good As the last one of the
impregnated catalysts, IMP5 was synthesized with 0.10 wt % Rh and 0.60 wt % Mn.
Fresh IMP5 catalyst was capable of converting all species, catalytic activity was
dramatically damaged after thermal aging. Still, CO oxidation ability of a Rh and Mn
containing TWC was proved experimentally. addition, a comparison between IMP4
and IMPS catalysts revealed that thendoination of Pd and Mn is better choice than

Rh and Mncombination which supportdtie findings of DFT studies.

The second set of catalystgere synthesized via solution combustion techniqaehis
technique postulatesformation of single phaseCe.xMxO2.5 structure with ionic
substitutions of metal§Hedge, et al., 2008 he first catalystSC1 was preparedith

only Pdhaving a composition of CgzoZro.Pth.0102 and similar tothe otherPd-only
catalyst IMP1, catalytic pesfmance of SC1 was quite good. The second catalyst SC2
having a composition of @GeoZo.1Mno.102 was synthesizedith only Mn, but this time

its concentration was kept 10 fold higher (in mole basis) than the amount of Pd in SC1
catalyst. Fresh SC2 couldgwide high conversion values for the majority of the species,
still it could not catch up with the performance of SC1 even with that much of Mn
content. Also, thermal aging severely damaged catalytic activity and simildoeto
performancdMP2, adivity |osses were encountered in CO antidonversionsafter
aging thecatalyst Finally, SC3 having a composition of &£&Zro.1Mno.1Pth.010> was
prepared in order to investigate the collaboration of Pd and Mn on catalytic activity.

Activity trend of SC3 wasery similar to SClIn between the test results of fresh and
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aged catalystgjet a superior performance was observed with SC3 for the conversion of
all species. Hence, similar to IMP3 catalyst, contribution of Mn was also seen with SC3

catalyst which is aga in compliance with the findings of theoretical studies.
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APPENDICES

APPENDIX A

SAMPLE VASP SCRIPTS

Al. Sample VASP Codes for Bulk Relaxation

Al1.1. INCAR File

SYSTEM = CeO2
IISTART =0
PREC = HIGH
ISIF =3

IBRION = 1;
NSW = 150
LREAL = AUTO
ISMEAR = 0; SIGMA = 0.01;
ENCUT =500
ALGO = FAST
EDIFFG =-0.001
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Al.2. KPOINTS File
K-Points

0

Monkhorst Pack
1818 18

000

Al1.3. POSCAR File

CeO

1.00000000000000

5.411000000000000 0.000000000000000 0.000000000000000
0.000000000000000 5.411000000000000 0.000000000000000
0.000000000000000 0.000000000000000 5.411000000000000

Ce O
4 8

Selective dynamics

Cartesian

0.0000000000
2.7055000000
0.0000000000
2.7055000000
1.3527500000
4.0582500000
4.0582500000
1.3527500000
1.3527500000

0.0000000000
2.7055000000
2.7055000000
0.0000000000
1.3527500000
1.3527500000
4.0582500000
4.0582500000
4.0582500000

0.0000000000
0.0000000000
2.7055000000
2.7055000000
1.3527500000
1.3527500000
1.3527500000
1.3527500000

TTT
TTT
TTT
TTT
TTT
TTT
TTT
TTT

4.058250000 T T
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1.3527500000 1.3527500000 4.0582500000 TTT
4.0582500000 1.3527500000 4.0582500000 TTT
4.0582500000 4.058R0000 4.0582500000 TTT

A2. Sample VASP Codes for Surface Optimizations

A2.1. INCAR File

EDIFFG =-0.015
IBRION =2
IPOTIM =0.2;
INFREE = 20
ISMEAR = 0; SIGMA = 0.01,;
LREAL = Auto
ENCUT =500
IDIPOL =3
LDIPOL = .TRUE.
NSW = 300
ALGO=FAST

A2.2. KPOINTS File
K-Points

0

Monkhorst Pack
441

000
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A2.3. POSCAR File

ZrMnCe O
1.00000000000000
10.75820000000000 0.000000000000000 0.000000000000000
0.000000000000000 7.607199999999990 0.000000000000000
0.000000000000000 0.000000000000000 30.705400000000000

4 111 32

Selective dynamics

Cartesian

7.1721690000
9.8334660000
7.1461460000
9.8328070000
9.8343120000

0.950900000@.0000000000 F FF

2.8118120000
0.9640330000
2.8190320000
6.6739520000

1.6140000000
4.0863200000
5.1911300000
5.4961640000

TTT
TTT
TTT
TTT

1.7930690000 0.9509000000 0.0000000000 FFF

1.7930690000
7.1721690000
9.8355120000
4.5171480000
45182920000
7.1953120000
1.7694870000
1.7871380000
4.4997660000
4.4935550000
0.4482940000

4.7545000000
4.7545000000
6.6860110000
2.8293250000
6.6783790000
4.7151990000
4.7346060000
0.9693230000
6.6571040000
2.8551090000
2.8527000000

0.0000000000
0.0000000000
1.7336050000
1.7557120000
1.7651870000
3.8134230000
3.8646550000
3.8693900000

FFF
FFF
TTT
TTT
TTT
TTT
TTT
TTT

5.5397DOOTTT

5.5666410000
0.0000000000
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0.4482940000
5.8273940000
5.8273940000
3.1378440000
3.1378440000
8.5169440000
8.5169440000

6.6563000000 0.0000000000 FFF

2.8527000000 0.0000000000 FFF

6.656300000@.0000000000 FFF

2.8527000000
6.6563000000
2.8527000000
6.6563000000

0.0000000000
0.0000000000
0.0000000000
0.0000000000

FFF
FFF
FFF
FFF

8.5469580000 1.0042740000 1.5814460000 TTT

6.0011630000
0.4362560000
0.4372980000
8.5412030000
3.1215200000
3.1313570000
5.8729010000
8.5219880000
0.3633780000
5.8722910000
5.8680950000
8.4706690000
3.1419770000
0.4256100000
3.1401060000
8.6018880000
0.3329260000
0.3148050000

0.9482330000
4.7077780000
1.0077780000
4.6795550000
4.7542900000
0.9494040000
4.7568800000
2.6747180000
2.8462670000
6.8001060000
2.7120820000
6.7884290000
6.6594850000

1.6899070000
1.7876750000
1.8061340000
1.8322220000
1.8359600000
1.8448930000
1.8675220000
3.5972370000

TTT
TTT
TTT
TTT
TTT
TTT
TTT
TTT

361X TTT

3.7794040000
3.7862430000
3.7922890000
3.7961850000

TTT
TTT
TTT
TTT

6.66002900 3.7964580000 TTT

2.8572860000
4.6159870000
4.6176060000
1.0571310000

3.7998430000
5.5081690000
5.5980560000
5.6035060000
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5.7845580000 4.7512000000 5.6050310000 TTT
8.5307690000 1.0783380000 5.6451740000 TTT
3.2273400000 0.9620060000 5.7120320000 TTT
3.2166010000 4.7539640000 5.7221990000 TTT
5.8575480000 0.9447460000.73%70010000 T T

A3. Sample VASP Codes for GNEB Calculations

A3.1. INCAR File

IFOR CNEB

IMAGES =8

SPRING =5

ICHAIN =0

LCLIMB = .TRUE.
LTANGENTOLD = .FALSE.
LDNEB = .FALSE.
IEDIFFG =-0.015

IBRION =1;

POTIM = 0.2;

INFREE = 20

NSW = 200

LDIPOL = .TRUE.
ISMEAR = 0;SIGMA = 0.1,
LREAL = Auto

ENCUT =500

IDIPOL =3
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A3.2. KPOINTS File
K-Points

0

Monkhorst Pack
441

000

A4. Sample VASP Codes For Transition State Calculations

A4.1. INCAR File

EDIFFG =-0.015
IBRION =1

IPOTIM =0.2;
INFREE = 20
ISMEAR = 0; SIGMA = 001,
LREAL = Auto
ENCUT =500
IDIPOL =3

LDIPOL = .TRUE.
NSW = 300
ALGO=FAST

A4.2. KPOINTS File
K-Points

0

Monkhorst Pack
441

000
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APPENDIX B

CATALYST PREPARATION

B1. Impregnation Method

B1.1. Preparation of CeriaZirconia Mixed Oxide (CZO)
For synthesis of 100 g of €&ro.202 mixed oxide powder:

1 214.00 g of CebDo.6HO and 41.80 g of pO;Zr.aq are dissolved in and stirred
for 30 min inl It of deionized water.
1 333 ml of BO: is added to the mixture and stirred for 1 h.
f Mixture is dropwiselyadded to 550 ml of NMDH solution and kept for 12 h.
1 Product is washed and filtered with excessCHOHCH: then refluxed in 250
ml CH:CHOHCH; for 6 h.
9 Refluxed product is dried at 150°C for
1 Dried powder sample is finelygunded and calcined in tieuffle furnaceunder
dry air at 600°C for 5 h.

B1.2. Impregnation of Metals

For the synthesis of 10 g of IMP1 catalyst:

1 2.33 ml of PdCl solution is solved in 7.9 ml water
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1 The mixture is rotated in rotary vacuum evaporator for 15 minutes without

applying ay heating or vacuum.

1 Metal solution and 10 g of GeZro.202 are mixed together and rotated in the

water bath kept at 80 °C under vacuum at ~.
T When all the |liquid is evaporated, the pro.
1 The powder sample igsgundedand calcined in the muffle furnaceder dry air

at 500 °C. for 3 h.

For the synthesis of 10 g of IMP3 catalyst:

1 2.0 ml of Pdd solution is solved in 3.95 ml water and rotated in rotary vacuum

evaporator for 15 minutes without applying any heating ounwarc
1 Metal solution and 5 g of Ge&Zro.2O. are mixed together and rotated in the water

bath kept at 80 °C under vacuum at ~450 mb.
1 0.91 ml of Mn(NQ)2 solution is solved in 3.95 ml water and rotated in rotary

vacuum evaporator for 15 minutes withapiplying any heating or vacuum.
1  Metal solution and 5 g of Ge&Zro.2O. are mixed together and rotated in the water

bath kept at 80 °C under vacuum at ~450 mb.
T When all the liquid is evaporated, product
1 Powder samples tegher are groundedgether and calcined in the muffle

funaceunder dry air at 500 °C for 3 h.

B2. Solution Combustion Method

Forthesynthesis of 15 g of GeyZro.sPh.010> catalyst:

1 31.76 g of CelD9.6H0, 4.28 g of NO7Zr.aq and 3.09 ml of Pdgsolution are
dissolved in 50 ml deionized water

1 12.09 g of CHN:0 is added to the mixture as the fuel and the mixture vigorous
stirring is applied

 The mixture is introduced to the muffle furnace maintained at@50
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1 Combustion occurs with a burning flame awodrhy product is formed within 5

min.
For the synthesis of 15 g of £#Zr0.1Mno.1O> catalyst:

1 32.83 g of CeBlDy.6H0, 2.18 g of NO7Zr.aq and 2.37 g o¥n(NOz3)2.4H.0O
are dissolved in 50 ml deionized water

1 12.30 g of CHN:0 is added to the mixture as thel and the mixture vigorous
stirring is applied

1 The mixture is introduced to the muffle furnace maintained at@50

1 Combustion occurs with a burning flame and foamy product is formed within 5

min.
For the synthesis of 20 g of £&Zr0.1Mno.1Pth.0102 catalyst:

1 43.32 g of CelbDq.6H0, 2.92 g of NO7Zr.aq, 3.17 g oMn(NOs)2.4H0 and
4.22 ml of PdCi solution are dissolved in 50 ml deionized water
1 16.23 g of CHN20 is added to the mixture as the fuel and the mixture vigorous
stirring is applied
The mixtureis introduced to the muffle furnace maintained at°>€50
Combustion occurs with a burning flame and foamy product is formed within 5

min.
B3. Preparation of the Wascoating Slurry
Preparation of washcoating slurry with 10fgcatalyst

1 10 g ofcatalystand2 3  g-AlgO areymixed in 48.91 ml of deionized water
and ballmilled with 3 mm diameter alumina chips at 275 rpm for 24 hr in HDPE
mortar.
9 Product is dried at 150°C for 12 h, gro
1 2.3 g of pseudoboehmite is added ahé mixture is solved in 52.36 mi

deionized water and ballmilled for 30 min at 275 rpm.
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1 2.28 ml of nitric acid is added and slurry is ballmilled at same speed for 3 h.

B4. Preparation of Pseudoboehmite

To synthesize 100 g of pseudoboehmite:

1 103.1 g of Al(QC4Hog)3 hydrolyzed with 730 ml double distilled water.

1 9 mlHCL is added to the beaker.

f§ The mixture is stirred vigorously for 1 h =
9 Product as gel is dried at 150 °C for 48 h
1

The powder sample iggunded and calcined in the muffierfacef or at 300 ° C
for 5 h with a heating rate of 5 °C/ min.
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APPENDIX C

CALCULATIONS FOR CATALYTIC ACTIVITY TEST

C.1. Calculation of Total Gas Flow Rate

For selected gas hourly space velocity (GHSV) of 50000tbtal flow rate of the
simulated ghaust gas mixtures calculated using equation C(Eogler, 2006)

006 — (C.1)

Effective volume Ver is calculatedor a catalytic moalith with dimensions ofL.3 cm
height, 2.2 cm width anldaving aropen frontal area of 0.69¢Kaspar, et al., 2003)

T8 G (G

W “Zfzmﬁpéc Z T w 08 FPT A
. 0 07Q
LU TTTT O ; = 7
og gpmma z puofprma
0 p X&IOFQ

0 p X&MOTQz prnmrold z p Qo Q¢ ¢ Y DG dF& Qe

C.2. Simulated Exhaust GasComposition

Gasmixture compositionn order toobtainthe simulated exhaust gas is shown iable

44. Composition of the oxygen gas is calculated to have stoichiometric number 1.
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Table 44 Simulated exhaust gas mixture composition

Gas Mixture Gas Mixture
Species  composition (ppm) Composition (%)

Ho 2300 0.23
(6{0) 10000 1.00
CsHs 375 0.0375
CsHs 125 0.0125
CO, 100000 10.00
NO 1500 0.15
SO 20 0.002
Oz 7700 0.77

N2 Balance Balance

Composition of oxygen for stoichiometric number S of 1.0 is calculated as 0.77 % by
using the definition below:
¢ 00

O O wo O pmO

P81Z T 0 PJITT WMBIOX VP TMBIPCL TP L
q

0 =0.77%

Five cylinders are usedn order to obtaindesired flow rate for each species

Compositions of the gas cylinders are shown inld4b.
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Table 45 Compositions of gas cylinders

Cylinder Species Cylinder Cylinder
Composition Composition (%)
H2 20400 2.04
CcoO 88700 8.87
1 CsHe 3300 0.33
CsHs 1100 0.11
CO. 886500 88.65
2 NO 500000 50.00
N2 500000 50.00
3 SO 100 0.01
N2 999900 99.99
4 02 995000 99.50
5 N2 999980 99.998

Flow rate of each gas cylinder is calculatsthgthe cylinder compositionsas shown

below :

Ol & ) & (9 a da Q& "Owd Quwo o & @A Neke
a €lwo Q
Owd wa QHOAIN € i VO Q¢ ¢

For cylinder 1 (using CO values) :

®Wpa Fa Qe pdr 1 © ar s
"ObU'Q(DO@ﬂx@U(DOéqJ mT[8IljJ)( P o canq da Q¢

For cylinder 2:

R o [ Te o B¢ (o S OF b 11< 100 | S RV IR } S
Q Q Q
0 00 Qw0 ®©i £ Uw o BTN R @ da Qe

For cylinder 3 :

CyYmwph a Qezm@inm

YOO Qw0 '®©d QD000 Q oJlo (VENOFS
00 Qw 000 BT D ﬁﬂ)ﬁd@r

For cylinder 4 (for S = 1.0):

Wpd Fa Q& T8t 1
Uu'Qooo'((i)cmsmuu)o'QcllJ il 5 XXC @0 @ da Qe
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To provide oxygen gas oscillation around stoichiometric numbers of 0.77 and 1.21,
necessary ©flow rates are calculated as 16.67 ml/min and 27.17 ml/min respectively.
Consequently, with an additional oxygen flow of 10.5 ml/mexhaust gas can be

oscillated between reducing and oxidizing conditions.

To calculate Mflow rate, flow rates of the four cylinders are added to one tenth of total
flow rate which is water vapor, and subtracted from 2841.5 ml/min.

Flow rates and compogins of each gas cylinder under three conditions are shown in
Table 46 and Table 4%low:

Table 46 Gas cylinder flow rates for reducing, stoichiometric and oxidizing conditions

_ Flow Rate (ml/min)
Cylinder
Reducing Stoichiometric Oxidizing

1 320.52 320.52 320.52
2 8.52 8.52 8.52
3 568.30 568.30 568.30
4 16.67 21.92 27.17
5 1638.09 1638.09 1638.09

Total 2836.25 2841.5 2846.75

Table 47 Compositions of simulated exhaust gas mixture for reducing, sbonetric

and oxidizing conditions

Cylinder Gas Mixture Compositions (%)
Reducing Stoichiometric Oxidizing
H2 0.231 0.230 0.230
CO 1.002 1.001 0.999
CsHse 0.037 0.037 0.037
CsHs 0.012 0.012 0.012
COz2 10.018 10.000 9.981
NO 0.150 0.150 0.150
SO 0.0 0.002 0.002
02 0.586 0.767 0.949
N2 57.754 57.648 57.541
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C.3. Water Content of Simulated Exhaust Gas

Antoine Equation is employed to compute the saturation temperature of the water vapor
for 1638.2 ml of N gas as carrier (Equation B.2.) (Perry & Gre£997)

aé0Q 6 — (C.2)

o

In the equation, i s in torr and T in°C. It is app
rangeof 11 0 0° C.0 wBttxlpfodp p x @ ¢ o® ¢ @

To calculate P*, atmospheric pressure is taken atrh. Partial pressure of the vapor is
taken as the ratio of required water vapor flow rate to flow rate of water vapor.and N
gas together. Consequently?i®s calculated as follows:

00 QU WV
00 qu®Bp p o @Y

0 POO FTP T X PP T XD &

T XY

C:

. e o X QOUE T 1
0 T[Eptxmwazm ppRITOEI I
o
6 a€&0Q
P X @ro ¢ orC
Btxpoplmpaitt i
Y U t®

Therefore, it is found that the heating room where dry nitrogen ga®evitlumidified

should be kept at a temperature of 54°C.

C.4. Analysis of MASSOFT data

For the gases other than CO, concentration data from MS is received as signal. To obtain
conversion values from the daté@rstly signal is converted to concentrationue by
using calibration equation of the gaseous species and then conversion is computed by

equation C.3. below (Fogler, 2006)
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o

zpmnmp (C.3)

As an example, an initial MS data of 4.908 and an instant data of 4.508 for Hz are
taken. Both signals are converted to concentration values with corresponding calibration

equation.

06 O QO IQHOWEBRE 8O p T ¢ L P
0 @O pmZ THRO® MY qudp 2694 ppm
0 @O pm?z &0 Mw U@p 19ppm

@ 0 62 T”_[DC(POOTQOLZ) mTnbw@ v
0 P COPWT P

Conversion corresponding to the data is calculated as 93.15%

For CO conversion calculations, value read from the analyzer in ppm unit is used
directly. Taking the initial concenttian as 9999 ppm, which is the maximum value that
CO analyzer can read, for an instant concentration of 3500 ppm conversion is calculated
as

.0 o} ] pwwwomunzrt bo 8
O — nmp—— T m
0 P WwWwoww P @

Conversion corresponding to the data is calculage@5.10%
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APPENDIX D

CALIBRATIONS FOR MASS SPECTROMETER

Mass Spectrometer (MSplibration data and graphs fop,HCsHs, CsHg, NO, SQ and

O, are givenm Tableand Figure

Table 48 MS calibration data for K

H2
Concentration (ppm) Signal

0 3.13E09
553 1.50E08
1106 2.49E08
1658 3.42E08
2211 4.33E08
2764 5.24E08
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y = 6E+10x-251.51

R?=0.9975

2800
2600
2400
2200
2000
‘E- 1800
£ 1600
= 1400
2 1200
£ 1000
E 800
S 600
400
200
0 i i T T T |
1E-08 2E-08 3E-08 4E-08 5E-08 6E-08
Signal
Figure 49 MS calibration plot for H
Table 49 MS calibration data for £§Hs
CsHe
Concentration (ppm) Signal

0 1.72E11

89 4.08E09

179 7.47E09

268 1.07E08

358 1.38E08

447 1.73E08
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y =3E+10x- 10.518

R?=0.9982
500
450
400
T 350
o
= 300
§
250
E 200
b=
S 150
100
50
0 ! ! ! .
5E-09 1E-08 1.5E-08 2E-08
Signal
Figure 50 MS calibration plot for GHe
Table 50 MS calibration data for €Hs
CsHs
Concentration (ppm) Signal
0 4.10E10
30 3.30E09
60 5.69E09
89 8.05E09
119 1.05E08
149 1.40E08
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y=1E+10x - 4.4177
R?=0.996
160 -
140
120 -
g
2 100 -
5
E 80 +
£
g 60
&
Y a0
20
0 - T T T T T T T i
2E-09 4E-09 6E-09 8E-09 1E-08 1.2E-08 1.4E-08 1.6E-08
Signal
Figure 51 MS calibration plot for GHs
Table 51 MS calibration data for NO
NO
Concentration (ppm) Signal
0 6.05E08
360 1.34E08
720 2.41E08
1080 3.26E08
1440 3.90E08
1800 4.91E08
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y = 4E+10x - 540.33
R?=0.9938
2000
1800 -
. 1600 -
E_ 1400
=
c 1200 -
=]
£ 1000 -
g 800
§ 600
© 400
200 +
0 T T T T T T 1
1E-08 2E-08 3E-08 4E-08 5E-08 6E-08 7E-08
Signal
Figure 52 MS calibration plot for NO
Table 52 MS calibration data for SO
SOz
Concentration (ppm) Signal
0 1.32E10
5 1.90E10
10 2.50E10
14 3.50E10
19 4.34E10
24 5.17E10
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25

20 -

Concentration (ppm)
= =
(=] [¥a]

w
I

y:

6E+10x-6.898
R?=0.9922

0 T T T T T T T T 1
1E-10 15610 2610  2.5E-10 3E-10  35E-10 4610  45E-10  SE-10  5.5E-10
Signal
Figure 53 MS calibration plot for S@
Table 53 MS calibration data for ©
O2
Concentration (ppm) Signal
0 1.53E08
1842 4.93E08
3684 8.47E08
5526 1.28E07
7369 1.72E07
9211 2.23E07
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y =4E+10x - 350.07
R?=0.9944
10000 -+

9000
8000 -
7000 —
6000 -
5000 -
4000 -
3000 -

Concentration (ppm)

2000 —
1000 -

U 1 T T T T 1
0 S5E-08 0.0000001 1.5E-07 0.0000002 2.5E-07

Signal

Figure 54 MS calibration plot for @
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APPENDIX E

CONVERSION VERSUS TEMPERATURE PLOTS OF ACTIVITY TESTS
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Figure 55 Conversion versus tempeuat curves of IMPML1 in thermal aging (no S£
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Figure 61 Conversion versus temperature curves of IMI2in thermal aging (with

SQO)

144




100 100

90 pons™® 90
80 2= 8ol
SR £ 70
c
S 604 & 60
n (2]
® 50 2 50,
@ 40 > 404
S 30 Q 304
o (8}
~ 20+ (@] 204
= 104 o 104
O T T T T 1 o T v T T T 1
200 300 400 500 600 200 300 400 500 600
Temperature (°C) Temperature (°C)
100 - 100+
90 - 904
80| —~ 80
< =
X 701 = 70]
S &0 S &0
o " ®
[ 50 - 5 504
Q@ 40 Z 40
£ o
S 30 O 30
~ 20 ° 20
O 4ol o 10]
0 T T T T 1 0 T T T T 1
200 300 400 500 600 200 300 400 500 600
Temperature (°C) Temperature (°C)
100 -
90 ]
= 80
o~
< 70l
[ =
S 604
2 504
=
g w0 s —a&— Fresh
O 304 o)
o 55 —&— Aged at 900°C
- ]
L
o 101
0

200 300 400 500 600

Temperature (°C)

Figure 62 Converson versus temperature curves of IMMA in thermal aging (no S£
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Figure 63 Conversion versus temperature curves of -811in thermal aging (no S
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Figure 64 Conversiorversus temperature curves a8BM2 in SO exposue
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Figure 65 Conversion versus temperature curves of-812n thermal aging (no S£
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Figure 66 Conversion versus temperature curves of -8M22n SO, exposure
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Figure 67 Conversion versus temperature curves of-813n thermal aging (no S
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Figure 68 Conversion versus temperature curves of -823n SO exposure
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APPENDIX F

X-RAY DIFRRACTOGRAMS & PARTICLE SIZE ESTIMIZATIO N

F1. XRD Patterns of the Catalysts Synthesized viampregnation Method
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Figure 69 XRD of a) Fresh IMP1 powder b) IMP1 powder aged at@00
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Figure 70 XRD of a) Fresh IMP2owder b) IMPZ2owder age@t 900C
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Figure 71 XRD of a) Fresh IMP®owder b) IMP3owder aged at 90C
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Figure 72 XRD of a) Fresh IMP$owder b) IMP4powder aged at 90C

Intensitiy (counts)

T L T z T ) T Y T
15 30 45 60 75

2 theta (degrees)

Figure 73 XRD of a) Fresh INP5powder b) IMP5owder aged at 90C
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F2. XRD Patterns of the Catalysts Synthesized vidolution Combustion Method
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Figure 74 XRD of a) Fresh SCpowder b) SQ powder aged at 900
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Figure 75 XRD of @ Fresh SCpowder b) SCpowder aged at 90C
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Figure 76 XRD of a) Fresh SCBowder b) SC®owder aged at 90C

F3. Particle Size Estimation Using XRD

Particle sizes of the catalyst samples were estimated using Scherrerre(fuatity &
Stock, 2001 pelow.

: 8
O —— (F.1)

where

t: particle size in nm

A wavelength in nmayyoO. 154 nm for Cu Ka
B: full width of the peak at half of maximum Bragg peak in radians

—: Bragg angle
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Using the highest pealkg—: 28.63)in Figure 41 particle size is calculated in the

following steps:
—: 27.98

—:29.15

v ) T
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