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Abstract

The beneficial feature dhe application of natural gas ithe automotiveindustry is the lowest
carbon content of any fossil fyethichresults in the lowest CGemissions. On the other hand
the concern of atmospheric pollution due to methane emiséiom naturatgas vehiclesNGV)
engines evokes the stringent regulations of vehicular pollution from N@NE specific
considerations in designing the catalytic converters with expensives@rdenoble metal
catalysts. Pd igonventionallyused for the catalytic combustion of methdmsg its activity is
inhibited by water, and eonsiderable workeedgo be done to increase gtbility. Adding a ce
metal like Pt in order to produce a bimetallic alloy catalyst or @daimetaloxide promoter is
desirable to stabilize the catalytonversion. However, the chemical states of Pd in bimetallic
catalysts is expeetl to be completely different from that of the mono Pd under the reaction
conditions. Thereforgnin situ X-ray absorptiorspectroscopyXAS) study can also be a viable
invedigation to shed light on the effect of Pt on Pd/RdiStribution in bimetallic P&t catalysts
under reaction conditi@at lowtemperatures (26850°C) with or withouthe presence of water

as a catalytic poisorkurthermore, loss of activity can be a&led by choosing SnG promoter

as a nomoble metal oxide support matemneaith a low metaloxygen bond.

This thesis develops an understanding of the effettteaddition of Pt in bimetallic R&t/Al>Os3
catalysts and alsthe benefts ofusingSnQ as a support for Rdased catalysts encountering the

effect of water iralow-temperature methane combustion reaction.

The synthesismethodof controlledsize nanoparticles via colloidal solution technique and
evaluating the effect of different synthegparameters hedpto control interactios between

catalytic phases in bimetallic catalysasidalsoassurs the existence of intrinsic bimetallicity to



get desired activity and stabilityn order to study the structurproperty relationship and
understad not onlythe role of Pt as a secondary catalytic phasé alsoSnQ as a metabxide
promoter in methane combustion reactidesides, in SitXAS studiesdemonstrat¢he effect of

Pt on the state of the active Pd surface undertémperaturedry ard wet lean methane
combustion conditionsPt addition promotes Pd reduction even in a reactive oxidizing
environment with a significantly lower activity in a dry condition as compared with the oxidized
Pd. However, the presence of water leads to the isedefnaction of metallic Pd due to the lack

of surface oxygen, resulting in Pt atoms available for methane dissociation, which does not occur

in the dry methanéean feed in which oxygen poisons Pt.

Evaluation of the effect of the Pd:Pt ratio on the sitghilf the bimetallic PePt/Al.O3 catalysts
during and after 4@our insitu hydrothermal ageing at 4@%0°C with 5% water ira low-
temperature lean methane combust®realedhat the ratio of Pd/Pt had the governing effeot
the catalyst preparation methothe Pd:Pt 1:1 (atomic) ratio catalyst wiasind to providethe
most optimal combination of activity and stabiligignificantstructural changes also occurred in

situregardless othe preparation method.

Finally, asa potential replacement of Pt aatalytic convertes for NGVs, te beneficial role of
SnG as a metal oxide support was also studied. ;Sarthanced the activity of PdO sites by

providing oxygenand overrode the fromoting role in bimetallic R&t/Al.O3 catalyss.
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Chapter 1. Introduction

1.1 NGVOds emission control

Dealing with aworldwide increase in energy demand has been a controversiabisslee past

20 yearsNatural gasa mixture of methane (880%) and G-Cs alkanes (515%) provides an
attractive source of energy since it is in abundant suppBarth but remaintess exploitedhan
petroleurm1]. In particular the rapid production of sleagas in recent years has brought attention
to the economy ohatural gasNatural gasis applicable in power plant combustors ahe
automotive industryOn the other hand, there is thencern of atmospheric pollution due to
pollutants emission from cabustion reactiorHowever, natural gasas the lowest carbon content

of any fossil fuelresuling in the lowes CO; emissions when burned.

Methane, the main component of natural gas, is the smallest hydradahashigh stability due
to its tetrahedron shapan almost spherical electron cloudnd weak polarization in the-&
bonds. The dissociation energy of the firstsHHbond is comparably higf2], so high reaction
temperatures are required to activate the molecule. Therefore, the abataiméotoéd methane,
which hag23 times more globakarming potential than COrom the combustion reactipavokes

the development of catalytic technologies for environmentally friendly prockses

The advantages of catalytic combustion in heat and power production make it a suitable alternative
to conventional flame combustinlower operating temperatura,complete oxidation reaction,
stable combustion of lean fuel/air mixtures, narfation of thermal NQ low levels of CQand
unburned hydrocarbons (UHC). Lesemperature catalytic combustion is used in the temperature
range 306600°C. Atypical scheme is as followsxkaust gases frotihe chemicaprocesses are
preheated in heat exchangers #mehpassed over a combustion catalyst. The heat generated is
recovered fully and the clean exhaust gas is vented out. Another increasing application for low
temperature catalytic combustion is albaat of gaeous emissions from natural gashicles
(NGV), in which a compression ignition engirieelled with natural gas is operated at lean
conditions, improving the fuel efficiency meanwhile reducing the emissions of polllignts
passinghe exiting gaseghrowgh a catalytic converter in the exha[#t Heat fromcombustion

generated in the engimetransferredo the exhaust pipg. Finally, a temperature is reached within
1



the catalyst that initiates the catalytic reactions. The-bfhtemperature and the reaction rate
kinetically depend on the nature of the catalytic system. Catalytic deactivation with time due to
the varioudactors causes the increaeethe gaseouemissiors and timeto replace the catalytic
converer. Use of catalytic converters to abate Nénissiors and oxidize UHC and CO in the
engine exhausts is a regulatory framewtorlower the environmental impact of greenhouse gases

emissions

A catalytic converter has gone through many processearanaarkable evolution for the past 30
years.A granular ceramic bed had been used in early convenighsthe gas passing betwethe
packed spheres. Due to the difficulty of keeping the spheres in @lamamicor metallic
monolithwas usedwhich offers various advantages sucthegh conversion efficiencies at high
gaseous throughpuwmaller volumeshigh volumetric flow rags, low back pressueand pressure
drop, lower mass and greater ease of packagamgl good thermal shock resistaribg The
monolith isa porous ceramior metallichoneycomb structure consigg of a large number of
parallel channels made ah inert substrate coating with washcoat and active catalysishe
contact area between tbatalytic layer and the reactant fluid inside the channels is very tarde
the straight and parallel channels prevent obstruction of passingTih@mashcoat is a mixture
of mainly alumina andjives a further irregular andrger surface aredhe wasicoatmay also

contain oxygen storage promoters and stabilizers.

To prepare an active monolitraylerby-layer deposition or dipping methods are usedhata
layer of washcoat is first deposited on ¢tleeamic or metal honeycorsbhbstrateand the catalsts
are deposited on the washcdat, the monolithis dippedinto awashcoat anthe metal catalyst
component8slurry andthe excess of the deposited material is removed usingphégsure air or
by applying a vacuumand then the monolith is calcinetb obtain the finished catalysthe
monolithd structureis compris@ of many shapes, including square, triangular, hexaganal
sinusoidal. The geometrical characteristics play a key role in distribution of temperature and
reactant species throughout the device to determine the efficiency of the cofseéieiThe
conversion efficiencies of eatalytic convesdr is strictly related to the Air to Fuel ratio (A/F)
therebre,there should be an efficient controltbe A/F by measuringhe amount of air and fuel
injection to get the optimum performance from the catalytic coavdrt a gasoline ordiesel
engine,a higher A/F ratio than stoichiometrffuel-lean condition)providesanexcess amount of
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oxygen anda lower level of CO and Ng leaving the exhausOn the other handa lower A/F

ratio than stoichiometryfuel-rich condition)providesa higher concentration of CO and UHC in

the exhausf7]. The methane emission difference should be considered in catalytic converters of
NGVs asmethanas emitted 40% more from NGV engines thiiesm gasoline and diesehgines

[8]. Therefore,a conventional catalytic converter isot efficient for meeing the stringent
regulations of vehicular pollutiorfsom NGVs The hgh stability of methane to get oxidized and
thehigh concentration of oxidation products likeGHthat makes faster deactivation of the catalyst
caused specific considgionswhendesigning catalytic converters with expensive and rare noble
metalcatalystsTwo principal approaches for decreasings@hhissiors from internal combustion

engines are:

1. Optimization of the combustion procdssfuel or motor enginenodification.

2. Abatement oexhaust gasmissions byatalytic oxidatiorin a catalytic convesr.

This thesisis primarily concerned witlihe second approacihe design of catalystfor the

oxidation of methanased intheexhaust oNGVs.

1.2 Catalytic methane combustion

Metal oxides and noble metals are used extensively as caorbuatalysts. These catalysts can

be either supported or unsupported. Supported catalysts are usually preferred because of much
better utilization of the metalvhich is present as small particles on the support suratage
fraction of catalytic metas at the surface, and the supported catalysts haeh mgher thermal
stability. Thissupport may also play a role in the oxidation reactipnsviding oxygen storage
capability.C o n v e n tAl.@z: haabeen widely used as a support. Other than alyremenany

metal oxids, mixed-oxides suppori&and their combinationsave been usethcludingZrO,, TiOy,

MgO, CeQ, Fe0s3, Sik;, SnQ, CuQ, NiO, MnsO4, etc.[9]. In generalan ideal catalyst for the
catalytic combustion should have high and stable activity, high thermal stability, roytaxd

high resistance to the poisons, and loast Unfortunately, no catalyst fulfills all of these
characteristicdHowever this list can be used to judge the performance of the catalysts and choose
the appropriate catalyst fasspecific application. Amonthenoble metals, Pd ants combination

with Pt are used for the catalytic combustion of methane. The activity of these noble metals is
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generally higher thathat of metal oxide catalysts. The applicatsoof other noble metal are
limited for the purpose of the catalytic combustion because they have lower activity and oxidize

more easily in comparison with Pd and Pt

1.3 Catalytic active phases

Pd and Pshow different reactivityowards oxygen depemdy on the temperature and rpal
pressure of oxyge®-14], metal suppoitl2, 15] and nanoparticle siZ&0, 16] Therefore, under
the reaction conditionsniaddition to metallic Pd and Pt, oxide species such as PdQ, PdD
PtOy, and P04 may be pesen{17-20]. At oxygen partial pressure of 21 kP& easily transforms
to PdO at temperatures lower than 800°C, howeves @ich is very unstabjecan hardly be
generated below 600°C. Because of the greater stability of PdO in comparison witRd®0Os
generallyknown as the active phase in the case cb&skd catalyst In the case of Ftased
catalyss the active phase is metallic Pt. The activity of PdO is greater than thatvdii€t will

result in higher conversions for the PdO catalyst in lean consglition

However, bpics such as whether Pd or Pdf@ more active are still a matter of deb§2é-26].

Loss of ativity with formation of metallic Pd under reducing reaction conditions was reported by
Farrauto et alf21]. Grunwaldt et al[27] observed higher activity with thegreduced Pd/Zr©
catalyst compared to the oxidized catalyst and also detected the presence of metallic Pd at 500
550°C by usingn situ EXAFS. Below 500°C, onlyhe formation of Pd oxide was detected an
Pd/AlLOs catalyst using moperanddraman study28], which is consistent with thermodynamic
expectations and the kinetic investigation of PdiZoatalysts by Fujimoto et a[25], who
reported requirement of the coexistence ofFeld) by a Marsvan KrevelenMVK) mechanism

for the reaagon. Thus, knowledge of the required chemical state of Pd under reaction conditions
which can be obtained through an in situ analysis like an in situ EXAf&essaryo design an

efficient and stable N combustion catalyst.



1.4 Inhibitory effect of water

It should be noted thatwious parameters such as metal loaging,e c ur sor s6 mat er i
methods, promotersupportand pretreatments can greatly affect the activity and performance of
the noblemetal-combustion catalysts. Generallhe perbrmance of Rbased catalysts is more
stable and it is a relatively simple catalyst mainly because of the fact that its phase behavior is
much simpler thama Pdbased catalystvhich undergoes complex phase transformations during
the reactioni.e. with changesin temperatur¢g29-31]. Therefore, considerable work has been done

on Pd to increasand stabilizats activity by changing the aforementioned paramelersause

deactivation of the catalyst with time on stream is an inevitable issue in catalytic reactions.

In addition to mechanical factors like fouling, thermal and chemical factors are also responsible
for deactivation of a catalyst. Volatilization of components, surface segregation and restructuring,
alloying or dealloying, sintering, coke formation, and adstion of a catalytic poison species
driven from thermal and chemical catalytic deactivation caloss or blockage of catalyst active
centers and/or change in the metal surface and catalyst str[82ui@3] The catalytic poison
species, which can be an impurity in the feed stream or a reactgadyct or product of the
reaction, are adsorbed on the active sites and by blockage of the surface area of the catalyst

inhibiting the reaction.

Water as a product of the reaction is one of the most important catalytic poisons of the methane
combustion reactionChe nhibitory effect of water, either in the feed stream or generatekeby
combustion reaction on Hezhsed catalystdhas attracted many studiea methane combustion
reactiors [12, 3443]. Water affects both activity and stability of the catalyst and the cause of
inhibition has been suggested to be the formation of inactive hydroxyl groups on the catalytic
surface, which block active PdO sites for methane dissociatigimdio et al.[25] believe that

adsorpton-desorption of water would be as follows:
20Hu HO(Q+0+ "1 (1)
Wh e r” & thé active site.

Therefore, the higher 4@ concentration, the more hydroxyl groups block active sites and inhibit
the reaction by deactivation of tlwatalyst. Although formation of inactive Pd(QH)as been

accepted as a cause of deactivation by water, Ciupary£44jehnd Schwartz et g45] proposed
5
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another deactivation mechanism by usingsitu FTIR and isotopic labeling experiments to
monitor formation of hydroxyl groups on the surface of the catalyst. They proposed that below
450°C, presence of water retards the catalytic activity by lowering the oxygen mobility on the
support and thereforeauseslihydroxylation at the surface. Hendegher oxygen mobility on

the support results in less inhibition by water. Gholami g#8]. summarized that the inhibition
effect of water not only depends oa®concentration, but also catalyst formulation, catalyst-time
on-stream history, and reaction temperature. It has indicated that the effect of water could be
partially or campletelyreversible by removal of water from the feed stream or by an increase in
temperaturg31, 40, 41, 46]However, the retarding effect is very negligible above 4%03C35,

42-44]. Compared to the monometallic Pd catalyst, the activation loised?d-Pt bimetallic
catalyst is less severe in the presence of extra water in the feed because of the interaction between
Pt and Pd and their synergistic effefet§, 46, 47] Complete activity recovery upon removal of
water is also another positive effdrim theaddition ofa small amount of Pt tthe Pd catalyst

[40]. Therefore, adding a emetal to produce a bimetallic alloy catalyst or as a promoter is

desiralte to stabilize the catalytic conversipi8].

1.5 Bimetallic Pd-Pt catalyst

The beneficial addition of small amounts of Pated system to increase lei@mperature activity

and also to improve the thermal durabi[dy, 4351] is shown inthecombustion of metharend
alsolower hydrocarbons like propane and propg#3. The effect of Pt on the performance of Pd
catalyss is still strongly debated and can be explained in terms of electronic and geometric effects,
synergistic effect, and/or presence of mixed §48s 53] Enhancement of cdyic activity and
sintering stability by addition of Pt ®@Pd catalyst has been shown in many stugiés48, 52,
54-57]. However, some studies contradict each other in terms of activity enhancement or
suppressiorn58-60], which is a common problem in catalysis over bimetallic catalysts, where
different catalyst supp@tand preparation conditions result in different structure modes, chemical
states of Pd and Pt and their distribution tine catalytic systemand therefore different catalytic
behavior in methane combustion reacsifg?]. Studiesof different cometals on bimetallic Pd
catalysts wih 5 wt% metal loadings and constant molar amount of precious metalk. hsatio

by Persson et al48] showed that Pt is the most promising méalgeting stable high activity
6



as Pd and Pt are in close interaction and Pt famalloy with Pd The formation of a spinel
structure with the alumina support or formation of separate particles from Pd particles rather than
formation ofanalloy m&e other cemetals ineffective for the reactip#8] (Table 11). Therefore,

alloy formation along with higher PdO content and lower formation of inactive hydroxyl groups
from water production in the reaction are the reasonkavinga more active and stable catalyst

with Pt rather than other aoetals.Persson et a[17] studied differentatios of 5wt.% PdPt
bimetallic catalysteandshowed that considering both good activity and stabilityP2:1 and 1:1

ratios are the best compositions becausthetlose proximity of Pd and PdO patrticles in the
alloys. Investigation of the water efft by insitu DRIFTS[40] on the aforementioned Fet 2:1

and 1:1 revealed lower concentration of hydroxyl groups on these two catalysts as the reason

behindgood stability in the reaction.

A study of the ratio§effect by Lapisardi et a[47] on 2 wt% PdPt catalysts concluded good
interaction betweethetwo metals achieved by molar ratios of Pd/Pt higher thahiéhresuled

in higher activity. Yamamoto et.gb4] found that the optimum ratio is At 3:1 which leads to

a lower degree of sintering of Pd and PdO crystallitesl also causeghe highest activity and
stability. Recently, Goodman et #0] investigated the effect of different molar ratios offd
synthesized through controlled particle size routeshowinga Pdrich 4:1 catalyst with no
deactivation after hydrothermal ageing (HTA) with 4.2% water in the feed. The reason was related
to the close proximity othe Pd-Pt alloy with PdO segregation induced by H#hich causes

formation of active and able methane combustion sites.

The chemical states of Pd in bimetallic catalgseexpecedto be completely different frotose

of the mono Pd under the reaction conditions. In bimetallic catalysts, the formation of the mixed
oxide phases of RBt.xOy was shown via DFT calculations by Dianat e{20]: The addition of

Pt to Pd was suggestedorderto stabilize the higher oxidation state of Pd. They also found that
because of the charge transfer from Pd to Pt atoms, the okygding energy in the RBt
catlysts is higher on Rdch surfaceqd61]. An in situ EXAFS study euld also be a viable
investigation to shed light on the effect of Pt on Pd/RtiSribution in bimetallic P&t catalysts
unde the reaction condition at lol@mperatures (20850°C) wth or withoutthepresence of water

as a catalytic poison.



Table 1.1 Interaction of cemetals with Pd catalyst on alumina supp&eprinted fron{48]

with permission fronktlsevier

Catalyst
Catalyst type Description of interaction
(Pd-M)
PdO//MALO4AI O3 PdCo 2040 nm PdO particles on cobalt spradlimina

(Spinel formation with support) PdNi 20-40 nm PdO particles on nickle spirslmina

PdRh  1-5 nm PdO particles anc2 nm RhOs particles on alumina
PdO/MO//ALO; Pdir 80-600 nm PdO and 8200 nm IrQ crystals on alumina
(Formation ofseparate particles) PdCu  34-50 nm PdO particles and5Lnm CuQ particles on alumina

PdAg  34-50 nm PdO particles and5lnm AgO particles on alumina

Pd-M//Al ;05 PdPt PdPt alloy with particle size of 35 nm on alumina

(Alloy formation) PdAu Pd-Au alloy with particle size of 190 nm on alumina

1.6 Support material

The performanceof Pd-based catalysts asostrictly related to the nature of the support through
Pd crystallite size and morpholoffj2-64], Pddispersion on the suppdf5, 66] and Pesupport
interaction effect$66-68]. Since tte rate of catalytic deactivatipwater inhibition effect through
hydroxyl coverag on the surfacp!5], and kinetics of surface dihydroxylati¢88] are strongly
dependenbn the nature of the suppalidss of activity due to formation of inactive Pd(Qnd
sintering of Pd particles may be avoided by choosing other types of support materials rather than
addingan expensive and rare second noble metal likeltFs also r@orted that the oxygen
adsorption property of Pd and stability of Pd oxide are influenced by the support m§@éiials
Depending on the metal and oxide supptwe, secalledstrongmetalsupportintera¢ion (SMSI)

is the specific reason occung at the interface of actev metal(s) and the support causing
perturkation ofthe electronic and chemical interactions betwaetal(s) and supporThe SMSI
resulsin strong stabilizatiomfestabilization ometal particles on the support or surface transport

of adsorbates through the boundary by spillover or reverse spillover ¢ff@cts].

The effect of different supports dne activity of precious metal catalysts should be investigated
as the particle size @fcatalyst andhecrystal phase ahesupport affects the core levieinding
energy ofPd (Pd 3¢2) and therefore, the catalytic activity and metapport interactionfr4].
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Alumina has been widely usedsagport for Pd catalysis themethane combustion reactidrhe
catalytic performance dahePd catalyst supported @arious metal oxides (MQM = Al, Ga, In,
Nb, Si, Sn, Ti, Y, Zr, Ni) was studied fohe methane combustion reactitay a fewresearch
groupsandthe highest activity was achieved by Pd/@-36NiO and Pd/Sng66, 7581]. SnQ

is an ntype oxide ands widely used in semiconductor and gas sensor techn¢&2384]. It is
also employed as a support of Pd and Pt catalysite DO oxidation reactiorasSnQG is known
to enhance catalytic performancette combustion of CO because of the beneficial effect of CO
spillover [65, 83, 8588]. For the methane combustion reactidRoth et al[79] did not obseve
any beneficial effect to usin§nQ support for mono Rdvhich could be the reasdar usinga
chlorinecontaining precursor for makirgmono Pd catalysiwvhich is known to have a strong
inhibitory effect. Widjaja et al[66] tried making a mixeaxides support of STEMOyx (M= Al
Ce, Fe, Mn, N Zr) with a1:1 ratio for 1 wt.% Pd catalygiut itled to lower activity. They claimed
the high exposure of Paktive centers as a result of making -ebell structurs around Sn@
fragmentstheinteraction of Pd and Sn{iheadsorption state of oxgg on Pd/Sng) andtheslow
reduction rate of Pd on Sp@s a result of SMSI| wewsdl reasongor thehigher activity of Pd/Sn©
whichdid not occur in the mixedxides structurezguchi et al[76] and Kikuchi et al[78] studied
the waterinhibition effect on Pd/Sn@in which the activity dropped wh increasing the water
concentration from 0 to 20%ut Pd/Sn@still kept a good Jos of 365°C compared to Pd/Ad;
with a T30 0f 510°C at 20% wate©n the other handsholami[80] observed better performance
with Pd/ALOs rather than Pd/SnQat higher temperatures than 5508€cause othe higher

sintering of Pd particles on SnO

1.7 Sizecontrolled nanoparticlesand structure sensitivity

Previous studies dfeterogeneousatalysts were done using single/stal metal catalysts ahigh

vacuum or with supported catalysts in real conditions. Because of the pressure and materials gaps
the singlecrystal studies are rarely transferable to reg88]. On the other hand, the supported
catalysts were prepared by a support impregnation with metal precursors followed by calcination
and rediction steps in which the preparation conditions allowed alteringnetal nanoparticle

size, butprecise control of a real structure and size wasdoievéle. Since bimetallic particles

may form a random alloy, cluster-cluster, core/sheland inveted core/shell structures (Fige
9



1.1) [90], electronic and geometric properties of the surface atomsiaibe strongly affected

by the structure mode. Such peofies underlie the chemisorption strength and catalytic reaction
modeof the participants. Thus, by changing precisely the atom position and its surroundings, one
can control catalytic properties on an atomic level. Recent success in colloidal chemistry
techniques allowfor easy preparation of a desirable bimetallic par{fele 92} and bridgng the
pressure and materials gap by providing wiellined real nanopatrticldbat can operate in real

conditions.Intrinsic bimetallicity in making PdPt bimetallic catalysts may nbeobtairedby the

D @

random alloy cluster-in-cluster core/shell inverted core/shell

industrial way of making catalyst

Figure 1.1 Various Structures dfimetallic nanoparticlefReprinted fronj90] with

permission from Taylor & Francis Group.

Another issue in sizeontrolled metal nanoparticles in catalysis is tlagitional conceptwhich
believedthatthe decrease in nanopatrticle size led lhigher surfacgo-volume ratio and higher
reaction rate. But, there are numerous reactions which occur on ggéen&noparticles (> 3 nm)

and these reactions haweichhigher rates and selectivities than on smaller part{@8§ The
surface configuratiois the reason for this phenomenbe. the decrease of edge and vertice atoms
compared to terrace atoms with the particle size incrgagere 1.2) [94]. Such atoms possess
different electronic and geometric properties, affecting the chemisorption strength and mode of
reaction substrates. For example, if a reactdgorbs too strongly on the edge atoms of
nanoparticles and does not react, chemisorption on the terrace atoms favors thethesxttien

reaction rates on larger particles with higher proportions of terrace atoms arg®&jher

Therefore, with the size increase, the reactions demanding large ensemabbesscas active sites
are affected most. In methane combustionreasingPd nanopatrticle size for particles <15 nm
leads to a 6%old increase in turnover frequency (TOF) witle Pd/ZrQ& catalyst{46], which has

been attributed to the change in oxydending energy. The linear increase in TOF also happened

10



with the size increase of Pd from 1 to 20 nm in another study with J23/f95] andis not only
attributedto the decreased F@ bond strength for larger particles, but also to the decreased
negative influence of support by stabilization of small PdO particles ag#irstedox
transformation. A similar trend has been reported for Pt in one @ljdyowever, in another study

it showed that the increase in TOF just happened thigll-3 nm ske increase and remained

constant above 3 nfirigure 1.3) [95].

0.8 4 —0—0—9

0.6 \

——e&—— atoms on (111) faces
— = —  atoms on (100) faces

Fraction of various atoms on the crystal surface

04 4 \ — —B— —  defect atoms
LN -
@ defect sites 021 \.\*\ - TV
— = #‘i‘-;t =
7
&
O terrace sites 00 < T

0 5 10 15 20 25 30 490 500

Figure 1.2 An f.c.c. cubooctahedral palladium and platinum atom and variation of various

fractionon the surfaceReprinted fronj94] with permission from Taylor & Francis Group.

The differencan TOF change with particle size between Pd and Pt can also be attributed to the
different reaction mechanisms over Pd and Pt catalysts. Many studies, however, have not
demonstrated the reaction structure sensitivity that b@ylue to the chlorineontaning
precursorg9], support effectsand, most importantly, thmetal polydispersityvhich is the most
significant problem in sizeffect studies. Therefore, the fiuigning ofanactive metal nanoparticle
size(in other wordsits surface structujean lead to dramatic changestscatalytic behavior. It

should be noted that improveérformance of bimetallic catalysts via support impregnation with
two metal precursors has been mentioned in numerous studies, but in none wh#tbmsize
controlled nanopatrticle effect thestructureproperty relationship investigateekcept in te most
recent studies of [@a%lgnell o6s group in 2017

11
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Figure 1.3 Dependence of TOF on metal particle size in methane oxidation overOg(At
320°C) and Pt/ADs (at 430°C) Reprinted fronf95] with permission from Springer Nature.

1.8 Mechanismsof the methane combustion reaction
The exothermic reaction of total oxidation of methanghown inthe following equatiof97]:
60 ¢b © 60 OO0 YO P WQOEBE O 2)

Activation of the first GH bonds in saturated hydrocarbons is the liatging step of theoxidation
reaction[98] and amondiydrocarbonsmethane possesses the highest value with the gas phase
dissociation enthalpy @& CHs-H bond equal to 104 kcal.mb[97]. However,on certain surfaces

of Pdthis value turns down tel0.7 kcal.mol? [99]. Generally,it has beermagreed that the rate of
lean methane oxidation over oxidized Pd is near zero order with respect to oxygen, first trder wit
respect to methane, and 0-o0 order withrespect to watefFigure 1.4) [25, 97] The negative
first-order dependence of the reaction rate on water implies the inhibition effect otavialkedk
PdGactive sites by formation of Pd(OH)

In spite of the large amount of experimental work done on the methane combustion reaction,
theoretical interpretation of the microscopic characteristics of the reaction mechanism is still
matter of debatand tlere is no unanimity in the literatur rational design of a superior catalyst

can be achieved by understanding the reaction mechanisimasimd) knowledge of molecular
control.Mechanisms suchs the LangmuiHinshelwood (LH), EleyRideal (ER), andMVK have

12



been proposed fétt and Pd catalysta.simple LH mechanism with the powsaw rate expression

of first order with respect to methane amithost zero ordewith respect to oxygehas been
suggested fothereaction on Pt/AIOs [100], as Pt catalysts have stable and simple structunme
duringthe combustion reaction the bulk oxide of Pt does not gxd4f. But, on the PdO surface,

the reaction has been observed to involve lattice oxygehemactivation ofthe C-H bond,
suggesting a redox mechanism like MY26, 102, 103]This mechanisrhas beemlecided as the
best fitted considering adsorption of water over PdO sites as of the low affinity of water for
reduced P¢104] and thermodynamically favored formation of Pd(@fipm oxideg35].

4
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Figure 1.4 Effects of CH, Oz, H20, andCQ on methane oxidation rates at low temperatu
(380°C, 0.86 wbo Pd/ZrQ, dispersion 0.381Reprinted fron{25] with permission from

Elsevier.

MVK mechanism suggested by Fujimoto et[2b] in Figure 1.5 consiss of elementary redox
steps in which the asterisks stand for oxygen vacancies on PdO suftaedé&ateDetermining
Step(RDS)is adissociative adsorption of methane (step 4) on a site pair consisting of adjacent Pd
surface vacancies and surface-®dspecies.The positive effects of methane and oxygen
concentration otthe methane oxidation rate can be noted in step 4 as the RDS. The more CH
and O species, the highéerate of reaction. Moreover, the negataféect of hydroxyl formation
decreaing the reaction rate occurs witm OH" increasewhich leads to formation of water and
surface vacancies in step 5 and with accumulation of water vapor, the equiljoesback to the

high concentration of OHand alsence of surface vacancies, and eventually irgtitét methane

oxidation reaction.
13
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COy* 5= CO, + O )

Figure 1.5 Proposed reaction pathways for the oxidation of methane opdPg€dallites

Reprinted fron{25] with permission from Elsevier

Fujimoto et al.[25] also suggested that small PdO clusters watinonger PeD bonds or
incompletely oxidized Pdgxrystallites can lead to a lower surface density of vacancies and to
lower methane oxidation rat€hat also explaiswhytransformation of PdO taPd metal stater

to oxygendeficient Pd oxidesesults in lower methane conversion activitytbePd @atalyst

Despite substantial studies thekinetic mechanisms of monometallic Pd and Pt catalyises,
lack of studyon thekinetic mechanisms of bimetallic H®t catalystgs still outstanding The
reactionrate of Pd-Pt catalyss has been moded successfully usingn empirical Langmui
Hinshelwood HougeiWatson (LHHW)type of equationthat consides theinhibition effect of
water[57]. Investigation orthe mechanism o& 2 wt% PdPt/AbOs catalystwith different ratios
was done by Qi et aJ101]; theyconsidered the MVK reaction mechanismPdhrich catalysts
and the LH and ER modetsn Ptrich catalysts This correspond with Figure 1.6 in which

asterisks stand for oxygen vacancies.

In case othePdrich catalyst, the mechanism is the same as Fugirabal.[25], which includes
the dissomtion of & into two oxygen vacancies attiedissociation of Cklon matched pair sites
as RDS. The pair sites consist of an unsaturated metal site and an adjaddsb Qvhen OH
species are the most abundant surface intermediate, #haisSkciation steps are irreversible and
the surface vacancies are regenerated by the-qgasibrated desorption of GQand HO.
Despitetheirreversible dissociative adsorption of @ Pdrich catalysts (step 2a), the equilibrated

adsorptiordesorptio of the gagphase oxygen occsion Ptrich catalysts du# the existence of

14



metastable bulk Pt oxides.® has a very subtle impact on Pt catalysts, therefore it can easily

desorb from the surface vacancies even at high water concergration

Based on th®FT calculationsthey concluded thaan increase othe Pt content leads to the

minimal existence of bulk PdO and/or two monolayers of PdO phases andrtinsease of

activation energy for methane combustiQm.et al.[101] also reported that for Rdch catalysts,

H20O strongly inhibits the reaction by occupying vacancies in an adsogegorption equilibrium

step but C@has no effect at concentratmibelow 35 kPa And for Ptrich catalysts neither 10

nor CQ influence theeaction even at high concentratis(< 8 kPa)[101].

Kinetic model
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Figure 1.6 Methane combustion reaction on supportedilkdand Pilike catalystsReprinted

from [101] with permission from Royal Society of Chemistry

1.9 Novelty and dbjectives

The novelty of thehesislies inthe rationakize controlled bimetallic catalyst design approach in

development of combustion catalysts with high activity and stability in methane abatement in wet
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conditiors and energy production. This approach, as opposed to traditional methods of altering
size via impregnation and calcination, is believed to deliver a new class of bimetallic catalysts for
catalytic combustion along with deep insight into catalytic combusii@r bimetallic catalysts
especially by studying the full range of the ratios of two metals. Contrary to the conventional
approach in bimetallic catalysis that is used in industry, in which the catalysts are first synthesized
by mixing precursors in diérent ratios and then analyzed in terms of their stru¢tunech may

not allow intrinsic bimetallicity, in this new approach the desired structures will be defined first
and then synthesizedhich is the application of rational catalyst design usicgmeadvances in

nanotechnology.

The two longterm objectives, which are defined by the challenges in methane catalytic
combustion and bimetallic catalysis in general,thedirst development of highly active, water
tolerant low-temperature methane coudtion catalystameantto achieve a high degree of
abatement of methane as a greenhouse gas. Second, demonstration of the feasibility of the
approach and then paving the way for the wiglgread use of bimetallic catalyst controlled
syntheses in various emenmental applications. These rather ambitious objectives are not so
idealistic if the unprecedented opportunities for catalysis that have recently been opened by new
methods of synthesizing nanopatrticles of a desired structure and size are takersid&ration

[91, 92, 105] The shorterm objectives, representing tasks that need to be accomplished in order
to achieve the longerm objectivesinvolvefirst syrtheskinga series of bimetallic PBt catalysts

with different controlled nanopatrticle structures and sizes, representing a new class of catalytic
combustion. Seconis a study of their catalytic performance in the lo@mperature catalytic
combustion ofmethane with water (up to 5%). Thinavolvesfinding correlations between the
bimetallic nanoparticle structure and size and its catalytic activity and stabiitger topropose

an optimal catalytic system.

1.10 Approach

1. In Chapter 1,a brief introduction of the importance ofethane emission control frothe
exhaust of NGVs and algberole of catalytic combustion in this regard is reported. The use

of mono and bimetallic Rbased catalysts on different supports #rainhibitory effect of
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water in the methane combustion reaction is reviewed. At the end, the reaction mechanisms

and requisite of synthesis of sizentrolled nanoparticlegrediscussed.

In Chapter 2the synthesis procedure of the satrolled nanoparticles arlde effect of the
solvent/reductant (ethanol and ethylene glyE@b)) and metal precursor (palladium chloride,
palladium acetate, and hexachloroplatinic acid) on the structure, size, size distribution, and

agglomeration of PViprotected Pd and Ranoparticles are addressed.

. Chapter 3sheds light on the effect of Pt on the state of the active Pd surface under low
temperature dry lean methane combustion conditions. In situ XANES and EXAFS
spectroscopy measurements were conducted for monometgliRt BRnd PPt 2:1 catalysts

to show thaamonometallic Pd catalyst is fully oxidized in the full temperature range, whereas
any Pt addition promotes Pd reduction even in a reactive oxidizing environjustwith a

significantly lower activity in thegaction as compared to the oxidized Pd.

. Chapter 4provides an insight into the wetan methane combustion mechanism on the
bimetallic Pd-Pt/Al>Os catalyst via in situ Xay absorption spectroscog}AS) studies at
temperaturesf 200-600°Cto show thathe presence of water leads to the increased fraction
of metallic Pd dae to the lack of surface oxygenhus thisresults in Pt atoms available for
methane dissociation, which does not occur in the dry melbanefeed in which oxygen
poisons Ptln othe words,PdO activates methane in dry combustion, and Pt(0) does so in the

wet feed

. Chapter %evaluates the effect tffie Pd:Pt ratio (from 5:1,461 t o 1 : 4, stalility®f) o n
the bimetallic PdPt/Al,Oz catalyss during and after 4@our in situ lydrothermal ageing at
400:550°C with 5% water in lowemperature lean methane combustilbnis revealedhat
stability is governed significantly by the ratio of Pd/Pt rather than the catalyst preparation
method The most optimal combination of activity astability is Pd:Pt 1:1 (atomic) ratit.
is alsosuggestdthat platinum vaporization is significant in the wet feed at low surface oxygen
concentrations even at the temperature interval of5800C andthat significant structural
changes occur isitu even at such low temperatures
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6. In Chapter 6therole of SnQ support in comparison with ADs support is discussed show
thatthe beneficial role of Snio enhance activity of PdO sites by prowiglimore oxygen
overrides the Ppromoting role ina bimetallic PdPt/Al;Oz catalyst. Sn@ thus, can be

considered aa potential replacement of Pt MGV catalytic convesrs.

7. Chapter7 contains the conclusions associated with this project, recommendanoinsiture

work.
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Chapter 2. Effect of the solvent and metal precursor on the structure of PVP

protected Pd and Pt nanoparticle’

2.1 Method details

In recent yearswith the aim of colloidathemistrymethods, metal nanocatalysts have emerged as
monodispersed nanoparticles wéthontrolled size and morphology. The fundamental approaches

that have been taken to achieve a control over the nanoparticle size and shajpdytic cat
application show the great influence of these issues on catalytic reactionacitéses, and
selectivitieqd1]. Metal salts as precursors for particle formatistericstabilizers to direct particle

size and shape, and solvents to act as a reaction medium and/or reductant are the main components
of a colloidal system in which the choice of each component depends tangetcatalyst and
morphology. In the area of cfyais, the goal of mostatalystsynthesess to study cataltic

properties as a function of metal nanoparticle size and shape; thusfldkbace of different
synthesis parameters on final partigkesrucial to obtairsize and shap&ontrollednanopaticles

with desirable activity and selectivity.

Numerous studieBavereportedon thesynthesis of palladium and platim nanoparticles with
colloidalsolution technigug due to their widespread catalytic applicatif#¥]. Teranishi et la

[7, 8] found that the mean diameter of monodispersed Pd and Pt nanoparticles with dihydrogen
tetrachloropalladate (II) and hexachloroplatifi\) acid could be controlled in a orstep alcohol
reduction by changing the amounteo$tabilizer (pol¥N-vinyl-2-pyrrolidone),PVP) and the kind

and/or the concentration of alcohol. They usebbw-boiling-point alcoho] such as methanol,
ethanolor 1-propanoj and showed that the higher boiling point alcohol with higher concentration
and higher amount d?VP lead to the smaller nanoparticles as a resutfagter reduction rate
andimprovedpolymer protectionShiraishiet al.[9] andToshima et al[10] showed the formation

of superstructure Pt nanoclusters in colloidal dispersions off?¥tected platinum nanoclusters

by theethanol reduction of hexachloroplatinic(lV) acid in the presence of PVP. The superstructure

! Chapter 2 of the thesis has been submitt¢teilethodsX journalas A Ef f ect of t he solvent &
the structure of PViprotected Pd and Pt nanopartglé H. Nas s i rMethodsN(2013. Namagriticies

syntheses and TEM characterizations and analyses, manuscript preparatiowriting were all conducted by the
authorunderthe supervision and final approval of Dr. Natalia Semagina.
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sizes decrease with increasing motatio of PVP to platinumHowever,even ata molar ratio of
40, the size of the superstructure is 28 nm. Esparza[gfipbbtained dispersed Pt nanoparticles
of uniform size with the same precursor but they wsegqueous solution of NaBHas a strong
reducing agent in addition to methan®dG was used frequently as a reductant fbe
aforementionedhanoparticles with or without NaOH to adjust the pH of the solution and/or to
produce unprotected nanoclust§t2-14]. Wang et al[13] discussed very briefly the effect of
metal concentration and wateranalkalineEG systemHowever, systematic studies of thiéect

of the main components of a colloidal systemdrarely beemeported; typicallyfinal procedurs
are provided fonanoparticle applicati@|15] or obtaining specific shapd46, 17] In certain
applications, a uniform dispersion of nanopaesch addition toan effective controof particle
size is requiredl, 18] Additionally, asindividual nanoparticles have a tendency to form
agglomerates during the preparation proades;ontrol of particles interaction is critical to obtain

a stable dispersion.

The aim of the present study is to ewkithe effect of solvent composition, precursor nature, and
concentration on the size and structure of RBbilized Pd and Pt nanoparticles. The practical
significance is in the synthesis technique development for the monodispersed nanoparticles that
could be suitable for catalytic or other applications in which control over size and shape are crucial.
We investigated the effect stlectedbarameters on patrticle size, particle size distribution, and
agglomerationChlorinecontaining and Cfree metal pecursors are addressed as well, as Cl is a
known poison for catalytic applications. The metal nanoparticle concentration effect is paramount
for nanoparticle isolation before catalysis: the higher concentration allows a lowertovaste
product ratio. kgh-boiling and lowboiling systems, such as ethanelater andEG-water, were

used as two common solvating and reducimgdia Different alcohol concentratia were
investigated, as the syntheses are performed under reflux conditioihe dechperaturies knovn

to influence theparticle sizeby changing the nucleation rate of the reduced metallic atoms and
stabilization of the complexes formed betwdgnand Pd with PVPTo keep the number of
variables as low as possible, the PVP to metal ratio was kept mkoimstdl syntheses as 40. We
believe that this study may provide detailed guidance to those practitioners requiring a variety of
monodispersed Pd or Pt nanoparticles with required sizes with no or minimal variations in the

synthesis system.
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2.2 Synthesisdetails

Hexachloroplatinic (IV) acid (EPtCk, 8% w/v solution in water, Sigmaldrich), palladium
chloride (PdCJ, 5% w/v solutionn dilute HC| Acros Organick palladium (1) acetate (Pd(Ac@)
SigmaAldrich), 1,4Dioxane (>99.9% Sigmaldrich) poly N-vinylpyrrolidone (PVP, average
molecular weight 40,000, Sign#sdrich), ethanol (90.5 vol.%, Ricca Chemical Co.) and Ethylene
glycol (>99.9%, Fischer Scientific) were used as received.-Rillvater( 1 8 . Zm) Map used

throughout the work.

Pd and Pt monuetallic nanoparticles were synthesizegsing the onestep alcohol reduction
method on the basis of 0.1 mmol metal. To synthesize Pt nanoparticles with hexachloroplatinic
(IV) acid and Pd nanoparticles with palladium chloride, the metal precursor with @ @4PVP

was added to a 5@l flask and mixed with 100, 200, or 400 ml of solvent solufi@n, alcohol

water solutiopfor ametal concentration of 1, 0.5, or 0.25 mM, respectively.albehotto-water

ratio depends on the desired volumetric corregioin of alcohol in the system and varies from 20
vol.% to 80 vol.%. Inthe case of Pd nanopatrticle synthesis with palladium acetate, thiest
precursomwasdissolved in 10 ml of dioxane and themasmixed with the same amount of PVP

and solvent solutio which had been used in other nanoparticle syntheses in this study. The
resulting mixture was stirred and heated until it came to boil and then refluxed in air under vigorous
stirring for 3 h to complete the synthesis of PpBtected nanoparticles. A dacolloidal

dispersion of nanoparticles was obtained at theoésginthesis without any precipitates.

Transmission electron microscopy (TEM) photographs were taken usinglkdv20BOL-2100
electron microscope. Specimens were prepared by placing a ditog adlloidal dispersion on a
copper grid covered with a perforated carbon film and then evaporating the solvent. The particle
diameters were measured from the enlarged TEM photographs. The particle size distribution
histograns wereobtained on the basi$ thelinear diametemeasurement®r approximately200

particles.
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2.3 Obtained nanoparticles
2.3.1 System of ethanolwater
2.3.1.1 Pd nanoparticles from PdCbk precursor

As ethanol concentration in the system increased from 20 to 80 vol.%, average Pd nanoparticle
size and size distribution increased, as seen in TahleTEM images and size distribution
histograms for each of the samples can be found in Supporting ItifenniBigures 2.51-S4). A
representative TEM image is shown in lig2.1(a); the obtained wetlispersed particles were

found typical for all solvent compositions and precursor concentrations. The solvent boiling
temperature decreased with ethanol correginhincreaseas the synthesis was performed under
reflux, the temperature decrease may result in a lower nucleation rate, domination of particle
growth and occurring coarsening, or Ostwald ripening, as previcuglgested for different
colloidal nanoprticles[19]. The increase ifPd concentizon from 0.25 ¢ 1.00 mM did not
significantly affect the particle size, which was expected, as the PVP/metal molar ratio was kept

the same at 40 for all systems.

2.3.1.2 Pt nanoparticles from HzPtCle precursor

Unfortunately, the successful technique for Pd nanoparticle @ategacould not be implemented

for Pt.As shown in Figre2.1(b)and Table 2.lthe olloidal synthesiof PVP-protected platinum
nanoparticles byhe ethanol reduction of #PtCk led to the formation of superstructara all

alcohol concentratiafrom 40% to 80%, whereas no nanoparticle formation was observed at a
20% alcohol concentratioAll superstructures are composed of nanoparticles of ~2 nm size; the
superstructure size diminishes from ~100 nm down to 4 Tine. high teneéncy to make
superstructres has beealsoseen in otheworks[9, 10]. The similar trend of superstructure size
decrease with ethanol fraction increase was observed ¢aéljealthough at a lower PVP/Pt rati

This was ascribed to the increased amount of Pt(0) nuclei at higher ethanol concentrations, leading
to enhanced probability for successive collisions during growth and agglomeration. Our attempts
to break the superstructures with ultrasound were notessful, indicating their strong

interactions. Such superstructures may have limited application in catalysis, as they will likely
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sinter under high temperature reaction conditions, and/or the access to the active nanopatrticle
surface will be hindered byiftusion limitations within the superstructure.

Table 2.1 Size of Pd and Pt nanoparticles or superstructargssynthesized in ethanglater
system at PVP/metal = 40 mol/mol

EtOH concentration, vol. %
Metal concentration, mM

20 40 60 80
Reflux temperature€C 87 84 83 81
0.25 1.610.5 1.6+0.4 2.1+0.5 1.8+0.4
Precursor: PdGlI 0.50 1.4+0.4 2.0+0.6 1.9+0.5 3.0£1.1
1.00 1.5+0.3 2.0+0.3 1.6%0.3 2.0+0.4
Precursor: HPtCk 1.00 N-R? 98°+12 35°+12 4b+1

2not reduced® superstructures composed efth neasspherical nanoparticles

Figure 2.1 Representative TEM images: a) Pd nanoparticles (0.5 mM:Rd@0% EtOH
H20); b) Pt superstructure (1.0 mMPiClk in 60% EtOHH20); c) Pd anisotropic particles (1
mM PdCb in EG); d) Pdnanopatrticles (0.5 mM Pd(Ac&in 100% EG); e) Pt superstructur
(2.0 mM HPtCk in EG); f) Pt nanoparticles (1.0 mMpPtClk in 80% EGH20)
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2.3.2 System of EGwater
2.3.2.1 Pd nanoparticles from PdCk precursor

When PdCGlwas used for nanoparticle synthesis in EG, anisotropic particles inli@® range
were obtained (Tabl2.2, Figure2.1(c)). EG is a poor coordinating cation solvator compared to
ethanol. A donor number or donicity of Gutmmais considered an empiricaemiquantitative
measurement of the nucleophilic properties of elegbaindonorsolventq21], which are 32, @,

and 18 for ethanol, EG, and water, respectively. Whereas uniforreaitelled nanoparticles
were obtained from Pdgin ethanol and ethaneVater systems, the use of E€ulted in a wider
distribution of Pd nanoparticles due to the reduced cation coordination with the solvent.

Table 2.2 Size of Pd and Pt nanopatrticles or superstruc{mmpsynthesized imn EGwater

system at PVP/metal = 40 mol/mol

Metal EG concentration, vol.%
Precursors concentration,
mM 20 40 60 80 100
Reflux temperatureC 102 105 111 126 198
Precursor: PdGl 1.00 - - - - 6-18
0.25 1.740.6 2.5+0.9 2.5+1.1 2.2+0.8 2.7+£0.7
Precursor: Pd(AcQ) 0.50 2514 24+13 23+11 2.0£1.0 2.0+0.6
1.00 2316 2311 24+1.0 2.3+0.8 2.2+0.8
0.25 22+0.8 1.7#06 1.720.5 2.0+0.4 2.1+0.6
Precursor: HPtClk 0.50 2.1+0.7 1.9+05 1.7+04 2.0+0.4 2-10°
1.00 1.9+04 1.8+05 2.0+04 2.0+04 2-70°

2anisotropic particles’ superstructures composed efth nearspherical nanoparticles
2.3.2.2 Pd nanoparticles from Pd(AcO).

Pd(AcO} is soluble in organic solvents; its use for nanoparticle synthesis in EG amhteG
systems yielded nearly monodispersed patrticles (TaB)e PEM images and size distribution
histograms for each of the samples can be found in Supporting Informatione$R2$G5-S8). A
representative TEM image for Pd nanoparticles synthesized from Pa(AcD)EGwater system
is shown in Figre2.1(d). Similarly toPdCbk in an ethaneivater system (Tabl2.1), the change
of Pc* concentration from 0.25 to 1.00 mM did not affect particle size (T28)e The reflux
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temperature increase with the addition of EG to water resulted in narrower particle size distribution
and lower maximum size. As discussed earlier, temperature increase is known to promote faster

nucleation vs. growth resulting in smaller partidi&s).

2.3.2.3 Pt nanopatrticles from HzPtCle

The useof EG or 80% EG with water led to nespherical particles, but similarly to the Pt
nanoparticlesn ethanolwater systemthey tended to form superstructures instead of being
separated (Fige2.1(e) and Figres 2.59-S12 in Supporting Information). As soon as more water
was added, individual nanoparticles with a narrow size distribution were obtainece Ry and
Table2.2). As compared to the ethaneater system, where superstructures of up to 100 nm were
obtained, the use of a hidioiling-point EGwater system ensured the fast nucleation and
suppression of growth and coagulation. The presence of water changes tlstrémgth of the
precursor solution. With an increase in pH, metal precursor and its hydrolyzed counterparts have
varying dimensions when chloride ions are exchanged with hydfplylAlthough the presence

of water may cause increased patrticle size and broad size distribution by the formation of metal
hydroxide in the first sfgof the synthesis procedsl], the use of water may also result in glycolate

and acetate formatiofrom EG that may stabilize small nanopartigles14, 22]

The precursor concentration did not affecesdistribution, apart from the systems with excess
EG. Superstructure formation and average size increased with increasing metal concentration,

most likely due to lower local precursor and nanoparticle concentrations in the diluted systems.

2.4 Summary

A comparative study of Pd and Pt nanoparticle formation in the presence of stabilizer PP (PVP
to-metal molar ratios of 40) was performed in-®B@ter or ethanelvater media using a variety of

metal precursors and their concentrations (AL.2® mM). EG is a b&r reductant for bHPtCh

and Pd(AcOj precursors, whereas ethanol works for Bd@ achieve monodispersed
nanoparticles. All nanoparticles ranged from 1.3 to 3.0 nm depending on the conditions; the use
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of the ethanelvater system for Pt nanoparticle fation resulted in superstructures, which were

also found in the case of excess EG at high precursor concentrations.

Acknowledgements.NSERC financial support (Strategic project gra®i®PGP 4301082 and
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2.6 Supporting Information

2.6.1 PdCI2in ethanol-water system

Figure 2.1 TEM images of PVP protected Pd nanopatrticles, 0.25 mM roetedlentration with Pdgprecursor in ethanalater system; (a) 20
vol.% EtOH, (b) 40 vaPs EtOH, (c) 60 vabb EtOH, (d) 80 vaPbe EtOH.

Figure 2.52  TEM images of PVP protected Pd nanoparticles, 0.50 mM metal concentration withpRetDrsor in ethanekater system; (a) 20
vol.% EtOH, (b) 40 vaPe EtOH, (c) 60 vabb EtOH, (d) 80 vaPbe EtOH.
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Figure 2.S3

TEM images of PVP protected Pd nanoparticles, 1.00 mM metal concentration witipRetDrsor in ethanelater system; (a) 20

vol.% EtOH,(b) 40 vol% EtOH, (c) 60 vaPe EtOH, (d) 80 vabo EtOH.
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Figure 2.54

Particle size distributions of PVrotected Pd nanoparticles with Pdf@tecursor in ethanedater system with different metal

concentrations.
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2.6.2 Pd(AcO)2in EG-water

Figure 2.55 TEM images of PVP proteetl Pd nanoparticles, 0.25 mM metal concentration with Pd(Am@ursor in ethylene glycevater system;
(a) 20 vol% EG, (b) 40 vabb EG, (c) 60 vabs EG, (d) 80 vabs EG, (e) 100 vab EG.

T

Figure 2.56  TEM images of PVP protected Pd nanoparticles, 0.5 mM roetalentration with Pd(AcQ@)precursor in ethylene glycelater system;
(a) 20 vol% EG, (b) 40 vabs EG, (c) 60 vabs EG, (d) 80 vabe EG, (e) 100 vots EG.
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Figure 2.57
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TEM images of PVP protected Pd nanoparticles, 1.00 mM metal concentration with Pdfet)sor in ethylene glycelvater system;
(a) 20 vol% EG, (b) 40 vabs EG, (c) 60 vabs EG, (d) 80 vabe EG, (e) 100 vots EG.
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2.6.3 H2PtCle in ethylene glycotwater system

Figure 2.59 TEM images of PVP protected Pt nanoparticles, 0.25 mM metal concentration RitBid-precursor in ethylene glycelater system;
(a) 20 vol% EG, (b) 40 vabb EG, (c) 60 vabs EG, (d)80 vol% EG, (e) 100 vah EG.

Figure 2.510 TEM images of PVP protected Pt nanoparticles, 0.50 mM metal concentration RiBHprecursor in ethylene glycevater system;
(a) 20 vol% EG, (b) 40 vabs EG, (c) 60 vabs EG, (d) 80 vabe EG, (e) 100 vots EG.
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Figure 2.511 TEM images of PVP protected Pt nanoparticles, 1.00 mM metal concentration RiGHprecursor in ethylene glycevater system;
(a) 20 vol% EG, (b) 40 vabs EG, (c) 60 vabs EG, (d) 80 vabe EG, (e) 100 vots EG.
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concentrations.
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Chapter 3. Platinum inhibits low-temperature dry lean methane combustion

via palladium reduction in Pd-Pt/Al-Os: An in situ X-ray absorption study?

3.1 Introduction

Catalyst development for lotemperature naturgas (NG) combustion has received significant
attention because of the forecasted increase iffud{Bed devices[1] and the need for efficient
emission control of methane with a greenhouse gas potential exceeding thatlpf Z0times

[2]. There are many examples of methane emissions that encompass a wide range of conditions.
For example, the increasingterest in NGuelled vehicles has increased demand for an effective
catalyst that can oxidize methane in a lean wet environment. There are also numerous examples of
fugitive CHs emission sources that are lean and dry. A large source of methane emss#nens i

vent gas from underground coal mines which are burned to producgheahe oil and gas
industry also has many fugitiegnission sources, including emissions from natural gas compressor
stations and the vent gas from oil wg2$. The volumdric efficiency and operating temperature

range of current Rtased catalysts require improvement for successful device commercialization,

which promotes the search for suitable metal promoters and sufhatts

The active chemical state of Pd in lean methane combustion has been a matter of debate. The
turnover rates increased by an order of magnitude wittiokd3ncrease of the Pd/Pd@atio as
measured by NHTPD, and the coexistence of metallic Pd with PdO was claimed as paramount
[5]. However, a further ratio increase to 5 was found to be detrimental to catalytic g6iivity
Farrauto et al. showed the loss of activity when metallic Pd was formed under reducing reaction

conditions[6]. The group of Iglesia reportdd] that the methane oxidation rate coefficients at

2 Chapter 3 bthe thesis has been publishediaB | at i n u m -Temperatore Drg Ledndathane Combustion

via Palladium Reduction in PEt/Al,Os: AnIn Situ Xr ay Absor pti on SE uedy.Hu RE. Nassi
Hayes, R.W.J. Scott, N. Semagi@hemPhysChenl8 (2017) 23844.The paper is reprinted with the permission

of co-authors.The reaction setup for methane oxidation was originally designed and built by Dr. Long Wu and Dr.
Robert E. Hayes. The lab view program to communieéiie thereaction setup wasritten by Les DeanThe NAA
analysis was performed by Dr. John Duke at the University of Alberta. The in situ EXAFS was performed by Dr. Kee
Eun Leeunder thesupervision of Dr. Yongfeng Hu at Canadian Light Source and Dr. Robert W.J. Scott at the
University of Saskatchewan. Part of the ex situ EXAFS was performed by the authothetgehnical support of

Dr. Ning Chen at Canadian Light Source and Dr. Robert W.J. Scott. EXAFS data modeling was done lyEDn Kee
Lee and Dr. Robert W.J. Scoithe aithor performed all the syntheses, catalytic reactions, analyses and other
characterizations. Manuscript preparation and writing were conducted by the audleothe supervision and final
approval of Dr. Natalia Semagina, Dr. Robert E. Hayes, anBalvertW.J. Scott
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various oxygen pressure at PG0are a single function of total oxygen content in PgDAl
catalysts with nanoparticle sizewor 1.8 to 8.8 nm. The conclusion was drawn from oxygen
uptake and evolution measurements, methane combustion Kkinetic measurements and
thermodynamic calculations. Using situ extended Xray absorption fine structur&XAFS),
Grunwaldt et al. detected tlpgesence of metallic Pd on a Pd/Zr€atalyst at 50B5C°C and
suggested its beneficial effect, considering that the activity efgoheced catalyst was higher than

that of the oxidized cataly$8]. An operandoRaman study of the Pd/ADs catalyst in the 25

500°C range detected only Pd oxife@ming under reaction conditiorj8], which is consistent

with thermodynamic expectations and the kinetic investigation of Pdiatalysts by Fujimoto

et al.[10].The latter study explained the frequently reported requirement of thisteoee of Pd

PdQ by a Marsvan Krevelen mechanism when €I4 activated on site pairs consisting of O
atoms and O vacancies on the Rd@rface. These vacancies can also be easily poisoned by water,
which is known for its strong inhibitory effect on fdtalyzed methane combustion. Thus, the
knowledge of the required chemical state of Pd under reaction conditions and the ability to control

it, If necessary, is paramount to designing an efficient and stable NG combustion catalyst.

In the quest for a suitéb promoter to enhance the performance of Pd in methane combustion,
platinum has been extensively ugdd-15]. Monometallic Pt is a poor methane combustion
catalyst under lean conditiofs5]. I n an oxi dat i-aleminasuppatssprore r e, P
susceptible to sintering than Pd; thus, iRFRdormulations, Pd stabilizes Pt as a result of a strong
interaction between PdO and the suppbrt 19. In bimetallic catalysts, the chemical states of Pd

and Pt can be affected by their ratios, preparation methods, and catalyst support to enhance or
suppress methane conversjb8, 15, 1925]. The reactivities of Pd and Pt towards oxygen depend

on the temperature and part@essure of oxygef, 17, 2629], metal supporf27, 30] and
nanoparticle sizg7, 31]. In addition to metallic Pd and Pt, oxide species such as PdQ, PdL)

PtO and P$Os may be pregw [32-35]. In bimetallic catalysts, the formation of th@xed-oxide

phases of Bé&t.xOy was shown via DFT calculations by Dianat eff&b] The addition of Pt to

Pd was suggested to stabilize the higher oxidation state of Pd. Giygkng energy in the Rd

Pt catalysts was found to be higher onrletl surfaceg36] because of the charge transfer from

Pd to Pt atoms. The extent of Pd segregation to the surface after oxidative agingCawas0

found to be insignificant in one stu@B7] but was claimedo be important in anoth§s8].
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An improvement in the dissociation of methane and oxygen adsorption was suggested by Persson
et al. [32] as the reason for the higher activity of bimetallicHRdcatalysts as compared to
monometallic PdKinnunen et al[11] believed that the proportions of metal and metatle

surface sites determine the catalytic activity when a small amount of Pt was necessary to enhance
the lowtemperature conversion, but a higher Pt content was detrimental due to the suppressed
reoxidation of Pd. A thermogravimetric analysis of Pd, Pt an@tRthtalysts in air showed that

Pt stabilized Pd in its reduced form and shifted the onset attigiation by Pd@ Pd
transformation to lower temperatures in the range of 88PC, leading to lower intrinsic activity

in leanmethane combustiofi4]. At the same time, Pt improved the sintering resistance of Pd,
which resulted in an overall beneficial effect ontiname combustion at low Pt loadings (Pt mass
fraction <10%)[14]. In line with these observations, ar situX-ray absorption study of Pt
catalysts oxidized at 75C revealed that Pt helps Pd to maintain in its reduced form when only
20-30% of Pd was presentits oxide form[37].

The reported observations of the effect of Pt orjl2d 37] covered temperatures above 830

which is beyond the range of interest for lmmperature methane combustion, and did not
investigate the metal chemical states under the reaction conditions. The current work sheds light
on the effect of Pt on Pd/Pd@istribution in PdPt/Al,Os methane combustion catalysts in a{ow
temperature range of interest (2BB(°C) usingan in situX-ray absorption study and the effect of

the reduced Pd in dry lean methane combustion.

3.2 Experimental section
3.2.1 Materials

Hexachloroplatinic(IV) acid (H:PtCk, 8% w/v solution, Sigm&ldrich), Pd (ll) acetate
(Pd(AcO}», SigmaAldrich), 1,4dioxane (>99.9% SigmaAldrich), poly N-vinylpyrrolidone
(PVP, average molecular weight of 40,000, Sightdrich), ethylene glycol (>99.9%, Fischer
Scientif ¢ ) , g a mmal.Gslaverage pae sizeo58 A, specific surface area Pih 400

em particle diameter, Sigmaldrich), and Pd oxide (PdO, 99.97% trace metal basis, Sigma
Aldrich) for thein situ EXAFS analysis were used as received. Miliater { 8 . 2 cmgas

used.
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3.2.2 Catalyst preparation

Pd and Pt monometallic nanopatrticles were synthesized by thstegmalcohol reduction method

on the basis of 0.2 mmol metal. To synthesize Pt nanoparticiesCKHand PVP with a molar

ratio of 40 PVP to metalere added to a 56@l flask and mixed with 80 vol.% ethylene glycol

in a water solution. In the case of Pd nanoparticle synthesis, Pd(#e®fjirst dissolved in 10 ml

of dioxane and then mixed with the aforementioned amount of PVP and solvent sdlbgon.
resulting mixture was stirred and heated until it boiled and then refluxed in air under vigorous
stirring for 3 h to complete the synthesis of PpBtected nanoparticles. Bimetallic Pd
nanoparticles were synthesized with theeduction of metaprecursors with the required molar
ratios of Pd:Pt. The rest of the process was exactly the same as that of the monometallic
nanoparticles. A dark colloidal was obtained at the end of synthesis without any precipitates.
Nanoparticl es waliOeby acetpnp precipigatibn to nbtain 0.3 wt.% metal
loading. All samples were dried and calcined in air aP650r 16 h. Hereafter, the catalyst after

calcination that is ready for the reaction is referred to as the calcined (or oxidized) catalyst.

3.2.3 Catalyst characterizations

The metal loading on catalysts was determined by NAA. Samples were irradiated for 110 s in the
Cd-shielded, epithermal site of the reactor core. They were counted for 30 min each on an Aptec
CS11A31C gamma detector approximatdlg h after irradiation. TEM photographs were taken

with a JEOL2100 TEM device operating at 200 kV. CO pulse chemisorption analysis was
performed with an AutoChem 2920 instrument (Micromeritics, USA). Prior to this analysis,
approximately 100 mg of the saies was reduced in 25 ml/min of 10% 4 Ar from room
temperature to 58C at the rate of 2&/min. Then, pulse chemisorption was performed by dosing

3% CO in He at room temperature. The volumetric flow rates of CO in He loop gas and He carrier
gaswereadj usted to 25 ml/ mi n. COAIOp wes klso evaleated gr a m
using 2 g of alumina, which was subtracted from the values for the supported cafdigsts.

deviation of CO chemisorption results for selected catalysts was 0.08/mMOkurface metals

In situ X-ray absorption (XAS) measurements were conducted at Canadian Light Sourae. Full

situ methane oxidation XAS measurements were performed for thedifj& and Pt4-edge on
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the Hard Xray MicroAnalysis (HXMA) beamline. The engy range used for the Pddtige was
from 24,050 eV to 25,400 eV. Pd-d&dge experiments were conducted using a Si (220)
monochromator crystal, Pt mirrors and ion chambers filled with #ArNjas mixture, while Pt
L3-edge spectra were collected using &131) crystal and Rh mirrors. The samples were loaded
into a sixshooter sample cell (Rige 3.1) as pressed pellets of alumina supports containing ca.
2 wt% metal elements and data was collected in transmission mode. The entire setujnfor the

situ XAS measurements is depicted in tig3.2

Figure 3.1 Six-shooter sample holder for situ XAS data collection. The total diameter of
the six shooter is 18 mm, and the diameter of each hole for the sample is 4 mm. The sn

at the top connects to the thermocouple, and the larger central hole is used for beam al

Figure 3.2 In situmethane ridation setup at the HXMA beam line (left) and the sample
holder in the quartz tube (right). The blue circled part is a small furnace fior shie XAS

measurements, and the sample holder within the quartz tube resides in the furnace

Initially, calcinad monometallic and bimetallic samples (Pd andPP@:1) were measured, and
then,in situmethane oxidation measurements were conducted. For reference compounds, Pd and
Pt foils and PdO were analyzed. Tadionensional mapping of the sample holder was coediuc
before the measurement to find the exact location of each sample. The range of mapping was

+15 mm from the zero point using the motorizedwgetit the beam line. For methane oxidation
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under dry conditions, 0.1% Ghh N2 and compressed air (ultero level, <2 ppm ED) were
combined. The samples were incrementally heated from 200 t€ b®@er the flow of methane
and air in dry conditions. The flow rates of &M and compress air used were 154 ml/min and
103 ml/min,respectively.

Linear combination fitting of normalized XANE
software packag€39]. The XANES spectra of PdO and the reduced Pd sample were used as
reference materials representing the Pd(Il) and Pd(0) species, respectively. Fits were performed on

data at each temperature over the rang€®to 65 eV around the absorption edges.

3.2.4 Catalytic performance in the methane combustion reaction

The methane combustion reaction was studied in a conventional tubular reactor over the
monometallic Pd and Pt and bimetallic-Ptinanocatalysts. The redian of monometallic Pd
catalysts was conducted at 860for 2 hours under a hydrogen gas stredhe details of the
reaction setup can be f ou[b5d40]iThe reactar of 0.926cnp 6 s p |
internal diameter was packed with catalysts corresponding to 1.2 mg of active Pd. In the case of
the monometallic Pt catalyst, 1.2 mg of Pt were used. Then, a gas mixture of 10 vali% CH
nitrogen alog with dry air was fed to the reactor at a flow rate of 8.5 ml/min and 205 ml/min,
respectively, for a ClHconcentration of ca. 4,000 ppm in the reactor. The composition of the
product gas was analyzed by an online Agilent 7890A gas chromatograph equighpEGD and

FID detectors. In an ignition test, the temperature was increased stepwise from 20C tat 508

rate of 3C/min and kept at each temperature for 30 min to investigate the catalytic performance
in a heating rampSelected catalysts were repeated ar@dhane combustion results reproduced
within 2% error.Negligible conversion was obtained for the neatDAlsupport up to 500°C.

The methane conversion and kinetic parameters 8C3%8 reported in Tab®1 andFigure 3.5

were confirmed to represent intrinsic reaction conditions under isothermal reactor operation. In the
most susceptible case of transport limitations for the most active Pd catalyst, Mears criterion for
external mass transfer limitations (MTL) svbound as 10 (no external MTL exist if the value is
below 0.15)41]. The WeiszPrater criterion for internal MTL was found as 0.32 with the Knudsen
diffusion-limited pore diffusion, which corresponds to the internal effectiveness factor of 0.97 for
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a firstorder reaction and, thus, negligible internal M#R]. The absence of external temperature
gradient was confirmed by Mears correlation (value diMich is below the maximum limit of
0.15 for the negligible gradi€r{41]. The maximum internal temperature rise was calculated using
parameterb as 10* K assuming activation energy of 92 kJ/n{dB] and constant heat of

combustion 0£890 kJ/mol.

3.3 Results and dscussion

Table 3.1 sumnarizes the range of synthesized-Pidand monometallic catalysts supported on
commercialo-Al203 and their dispersions as determined from CO chemisorption. The catalyst
notation is based on the molar ratio of the two metals and reflects the metal |@adilegsrmined

by neutron activation analysis (NAA). The samples were calcined in air & $5&016 h, which

is a recommended commercial procedure preceding automotive catalytic converter testing for lean
burn applications. For the dispersion determimgtibil stoichiometry of the adsorbed CO per

surface mole of Pd and/or Pt was assumed.

Table 3.1 Characteristics of the synthesized catalysts supportedddsOs

Catalyst Pd/rF;tirgoIar Pd \I/\tlntisoing% Pt Lﬁ),ta.\;i)ng% Dispersior? % C;—t|430500r1\(/:ecr§/ioon
Pd - 0.2550 - 43 52
PdPt 4:1 4 0.1780 0.0772 53 65
PdPt 2:1 2 0.1520 0.1240 31 28
PdPt1:1 1 0.0875 0.1700 23 15
Pd-Pt 1:2 0.5 0.0659 0.1910 20 14
PdPt 1:4 0.25 0.0328 0.2150 16 4
Pt 0 - 0.295 13 1

2as per NAA? from CO chemisorption assuming 1:1 CO/metal stoichiom&gg; amounts in all tests were kept as
1.2 mg; 1.2 mg of monometallic Pt was used. Intrinsic kinetic regime in an isothermal operatioRCatvas0

confirmed.
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Figure 3.3 TEM images othe calcined supported catalysts: (a) Pd, (b) Pt, and (& RdL

As expected44], the addition of Pd to Pt prevented its excessive sintering, which also can be seen
in the transmission electranicroscopy (TEM) images of the calcined catalystsyfé@.3). The

richer the catalysts in Pd content are, the lower the degree of sintering is.

The catalysts were tested in dry lean methane combustion, and the corresponding methane
conversions in the teperatureprogrammed reactions are shown inuUfg3.4. Only the first

ignition curve is reported for each catalyst, the duration of which is short enough as compared to
the 16h-long precalcination at 55% so that the effect aoh situ restructurizationmay be
considered negligible. The curve for monometallicig@uced Pd is not shown as it is identical

to that of oxidized Pd within a 3% erravlonometallic Pt shows extremely low activity as
compared to Pd; Pt is indeed known for efficient methane cstioipuonly under fuetich
conditions [16]. Because Pt showed very low activity, all tests with monometallic Pd and
bimetallic PdPt catalysts were performed at the same Pd loading in the reactor (1.2 mg). The

methane conversions at 380are also summarized in Tall4.

Obviously (Table3.1 and Fgure 3.4), the higher the R&t ratio is, the more efficient the
combustion at lower temperatures is. As metal dispersions also increase with the ratio, a hypothesis
on the negative effect of Pt due to larger particle size was verified by calculatingicataivity

per mole of surface Pd atoms because of its significantly higher activity than that of Pt. Assuming
for now the structurinsensitive reaction, surfagermalized activities (turnover frequency, TOF)
should stay constant per active componeespective of nanoparticle size. For the calculation,

first order to methane and zero ordeokygenwere assumefl0], and the found rate constants

were used to calculate the initial reaction rates at@G@Bigure 3.5).
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Figure 3.4 Ignition curves recorded in the dry lean methane combustioam®@dnts in all
tests were kept as 1.2 mg, except for monometallic Pt (also 1.2 mg). The curve fo
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Figure 3.5 Initial turnover frequencies normalized per surface Pd atoms (or Pt for
monometallic Pt) at 33C as a function of Pd/Pt ratio assuming the same surface and |

composition

As seen in Figre 3.5, the surfacanormalized activities drop by an order of magnitude with the
increase in Pt content in the bimetallic catalysts, indicating that Pt does not simply dilute the active
Pd surface. Rdurfacenormalized activities were calculated based on tearaption of the same

surface PePt ratio as in the bulk. The extent of Pd segregation to the surface after oxidative aging
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at 750C was found to be insignificant in one stud@y] but was claimed to be important in the
anothe38]. If it happened, the decrease infdfacenormalized activity with Pt addition would

be even more dramatic.

Pdcatalyzed methane combustit known as a structwgensitive reaction, with a ébld
increase in TOF with Pd dispersion decrease from 50% to[2@%In this work, TOF for the
monometallic Pd catalyst is the largest value, even though the dispersion in s&tnhealalysts
decreases to 16% upon Pt addition (T&alg. Thus, the effect of Pt addition cannot be explained
by the reaction siicture sensitivity either, which should bring about an increase rather than a

decrease in TOF.

To shed light on the mechanism of the effect of Pinasitu X-ray absorption near edge structure
(XANES) and EXAFS spectroscopy measurements were conductdtefononometallic Pd, Pt

and PdPt 2:1 catalysts, which represent the central point of the negative effect of (IReBig

and 35) with the dispersion (31%), which is rather similar to Pd (43%). The measurements were
performed in a dry lean methaag mixture (Q/CHs molar ratio of 134, < 1 ppm 4@) over a
temperature range of 200 to 330and compared to the standard materials (Pd and Pt foils and
PdO). Figire 3.6 shows the Pd kedge and Ptid-edge XANES spectra of the calcined Pd, Pt and
PdPt sampts before the reaction. The Peeige XANES probes the electronic transition from

the 1s to 5p orbitals and is sensitive to both oxidation state and coordination environment of the
Pd atomg45]. The calcined P&t 2:1sample compared well to that of the Pd foil, indicating that
the majority of Pd is in the zero valent state. On the contrary, the spectrum of the calcined
monometallic Pd sample resembled that of PdO, implying that Pd is mostly oxidized to Pd(ll) in
this sample. Thus, the presence of Pt in bimetallicFPg@articles leads to the stabilization of Pd(0)

in the particles towards oxidation, in agreement with what is already known for the calciRéd Pd
systemq14, 37] The Pt k-edge XANES spectra showed the same featusbsden the Pt and
PdPt 2:1 samples, indicating that there is no difference in the oxidation state of Pt upon Pd
addition.
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Figure 3.6 XANES spectra of calcined PBd-Pt 2:1 and Psamples before methane
combustion reaction: (a) Pd-&dge and (b) Pt+edge

Thein situmeasurement under a @Hry air mixture shows a substantial change in the speciation

of Pd upon increases in temperature. The calcined Pd sample consisted only of PdO; thus, to
compare it with the bimetallic catalyst containing mostly Pd(@yc8on of the monometallic Pd
catalyst was conducted at 360for 2 h under an Hgas stream. Fige 3.7 shows the Pd ¥dge

in E space for the supported Pd andAR@®:1 undein situ CH4/dry air conditions. The spectra

were collected at incrementallyareasing temperatures in methane/air flows. Upon increases in
temperature, the Pt 2:1 sample slowly became more oxidized, whereas rapid oxidation was
seen in the monometallic Pd sample. To understand the change in speciation of Pd-itthd Pd

and Rl samples, linear combination fitting using Pd(0) and PdO standards was performed at each
temperature; the results are shown in T&feand Figire3.8.
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Figure 3.7 XANES spectra under Citiry air conditions for: (a) calcined HRt 2:1 sample
and (b) reduced Pshmple
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Table 3.2 Linear combination fitting for Rt 2:1 sample in Ckdry air environmer

Reaction temperaturéC Pd(ll) from PdO, wt.% Pd(0), wt.%
Before reaction, calcined <2 > 98
200°C 4 96
250°C 16 84
300°C 37 63
400°C 62 38
500°C 90 10
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Figure 3.8 Linearcombination fitting results of the Pd-&dge XANES spectra showing the

percentage of PdO formed as a function of temperature idGHair environment

The linear combination fitting shows that the-Ptd2:1 sample was slightly oxidized at 200

under CH/dry air conditions, and the level of oxidation increased linearly up to 90% &€.500
Even at 508C, significant amounts of Pd(0) are still present in these particles. TRt Pd

sample still showed the metallic Pd feature with a slightly declinedsityeand an edge shift,

which was not observed in the Pd/®4 sample. The EXAFS results below also verify that small
amounts of Pd(0) are still present in the bimetallic sample. In the case of the reduced monometallic
Pd sample, nearly complete Pd oxidatto PdO is seen at 280 which was completed by 2%

and there were no further spectral changes beyond that temperature. It ig48pthat surface

Pd oxidation is complete at room temperature and the bulk oxidation is diffusion limited and takes
place at 20¥0C°C. The ignition curve measured for the prereduced Pd catalyst wecad¢o
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the oxidized catalyst as shown in Fig. 2 (within a 3% conversion variation as a typical measurement

error), in agreement with the situ X-ray absorption results.

Figure 3.9 shows the Fourietransformed Pd Kedge EXAFS plot in Bpace as a function of
temperature for the Pt and reduced Pd samples undesitu CH4/dry air condition. The peaks

in the 1.9 A to 2.5 A range correspond to fsbell PdPd and PePt contributons, whereas the

peak at 1.5 A corresponds to-Bdirst-shell contributions. For the FRt 2:1 sample, the amplitude

of the PdPd and PdPt contributions decreases while a new@dontribution emerges beyond
30C°C, which agrees well with the above linemmbination fitting data. Pt EXAFS data showed

no changes over the entire temperature range examined (not shown). For teddeddéta shown

in Figure3.9(a), the intensity of the Pill peaks is reduced in amplitude and broadened at higher
temperatureslue to increased thermal disorder in the sample. As a consequence of this thermal
broadening, it was not possible to fit EXAFS data accurately at various temperatures to extract
guantitative coordination numbers for each of theCRd®PdPd and PPt contrbutions. The Pd

Pt 2:1 sample at 500 shows a significant P@ contribution but still retains weak Rd
contributions. In addition, a weak secestiell PdPd contribution from PdO is seen at ca. 3 A for

the 500C bimetallic sample. Fige 3.9 @) shows tle Pd kedge EXAFS plot in the Bpace of

the reduced monometallic Pd sample at various temperatures underyGtit conditions; beyond
200°C, the EXAFS mainly shows the fifirst-shell contribution at 1.5 A and a secesttell Pd

Pd contribution at 3.0 Adue to PdO). This agrees with the above XANES data, which showed
that the pure Pd sample is nearly completely oxidized b§C200

Thus, theinsituX-r ay absorption studies revealed that
oxidized state, only Pd@xists at 20660(°C under oxidative reaction conditions; ii) the state of

Pt is not affected by the presence of Pd and does not change under reaction conditions; and iii) the
Pd/PdO weight ratio in bimetallic Fet 2:1 catalysts decreases from 98/2 to AWOthe 200

50C°C range during the combustion.
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Figure 3.9 Pd K-edge EXAFS spectra in-Bpace for (a) R€t 2:1 and (b) reduced Pd in
CHa4/dry air environment

Coupling these observations with the kinetic data indicating the negative effect of the addition of
Ptto the performance of the Pd catalyst, which is not connected to surface dilution, size effect or
structure sensitivity (Figres 3.4and3.5, Table3.1), it follows that Pt promotes the formation of

a reduced Pd phase, which is significantly less actiae ith the methane combustion reaction as
opposed to the oxidized Pd. A similar negative effect of metallic Pd was reported earlier by
Farrauto et al[6], and the active oxidized Pd working state was also claimed oparando
Raman study9]. Metallic Pd is characterized by higher activation barrier fét Bond activation

in methane as compared to PdO clusi4r$. The current study provides situ evidence of the
importance of oxidized Pd and its dependence on thgresence of Pt for dry lean methane
combustion in the 26800°C temperatureange.

3.4 Conclusions

Pd-Pth-Al 203 catalysts with Pd/Pt molar ratios 0f25 to 4 were studied in a dry lean methane
combustion in the temperature range of-800°PC, along with monometallic Pt and oxidized and
reduced monometallic Pd catalysts. The sampbse precalcined at 55% for 16 h and assessed
in the first ignition temperatusprogrammed reaction. The higher the Pt proportion, the lower the
catalyst activity per gram of metal(s) and their surface proportion, as determined by CO
chemisorption. Thactivity drop was too dramatic and could not be explained by the dispersion
decrease or reaction structure sensitivitysitu XANES and EXAFS spectroscopy measurements
were conducted for monometallic Pd, Pt anePR@:1 catalysts. Monometallic Pd idlfuoxidized
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in the investigated temperature range, whereas the addition of Pt promotes Pd reduction even under
the reactive oxidizing environment. The Pd/PdO weight ratio in bimetaliPtP1 catalysts
decreases from 98/2 to 10/90 in the -BR@PC temperature range under reaction conditions. Thus,

Pt promotes the formation of a reduced Pd phase, which is significantly less active in the methane
combustion reaction as compared to the oxidized Pd. The study sheds light on the effect of Pt on
the state ofn active Pd surface under laamperature dry lean methane combustion conditions,
which is of importance for methawmenission control devices. Care should be exercised not to
extrapolate these findings on the negative effect of Pt on Pd catalyst pedenmanethaneich
combustion, at different temperature ranges, in the presence of water in the feed (as in automotive

converters) and lonterm catalyst stability.
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Chapter 4. Water shifts PdOcatalyzed lean methane combustion to Pt
catalyzed rich combustion in PdPt catalysts: In situ X-ray absorption

spectroscopy

4.1 Introduction

Nat ur eds way to extinguish fires wi t h rai n,
manifests itself similarly in flameless catalytic combustion. The current work deals with Pd
containing catalysts usedrflean methane combustion in a wet atmosphere at temperatures of 300
50C°C, which occur in catalytic converters aimed at reducing methane emissions fromgasural
fuelled vehicles (NGV). When water is present in the feed, the activity of supportetaBdtsa
decreases at temperatures belowt@4Q-8], which has been assigned either to the formation of
inactive Pd(OH [4, 9-15] or hydroxyl/water accumulation on the support that hinders oxygen
mobility and exchange and impedes combudtién 17]

One of the ways to diminish the negative effect of water is to introduce a platinum prigm8ter

18], which is also used commercially in automotive thregs catalsts to oxidize CO and
hydrocarbons in the exhaust. Compared to the monometallic Pd catalyst, the activity logt of Pd
bimetallic catalysts is less severe in the presence of wWaied921]. Ex situ catalyst
characterization techniques have mostly been reported, with no mechanistic studéw atetr
effect on the PdPt catalysts at temperatures of practical interest-G8IEC). In situinfrared
spectroscopy has indicated that lower hydroxyl concentrations are present on the supgetted Pd

catalysts compared to Pd, but the analyses wererpetl at 200C [20]. It was suggested that the

SChapter 4 of the thesi s h a-satalgzeddean npethdné dombusiah tadalyzédWat er s
rich combustion in PPt catalysts: Isitu X-r ay absor pti on s pe-&EtLeepYsdupRBE Hayges,H . Nas !
R.W.J. Sott, N. Semagina). Catal.352 (2017) 649%556. The paper is reprinted with the permission ofacthors.

The reaction setup for methane oxidation was originally designed and built by Dr. Long Wu and Dr. Robert E. Hayes.

The lab view program to communicatéth the reaction setup was written by Les Dedine NAA analysis was

performed by Dr. John Duke at the University of Alberta. The in situ EXAFS was performed by BEuKdese

under thesupervision of Dr. Yongfeng Hu at Canadian Light Source and Dr. Robert W.J. Scott at the University of
Saskatchewan. Part of the ex situ EXAFS was performed by the authothadehnical support of Dr. Ning Chen

at the Canadian Light Source and Dr. BaiW.J. Scott. EXAFS data modeling was done by Dr.-Kee Lee and

Dr. Robert W.J. Scotf.he aithor performed all the syntheses, catalytic reactions, sesbnd other characterizations.

The literature review and preparation of the first draft of thexmsaript were conducted by the author. Dr. Natalia

Semagina performed the final manuscript writing. The work is conductgerthe supervision and final approval of

Dr. Natalia Semagina, Dr. Robert E. Hayes, andRobert W.J. Scott
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PdPt catalyst is less affected by hydroxyl formation because it has other ways of methane
activation, rather than on PdO [20]. In a study of alternateg|€h combustion/CHreducing

wet pulses ovePd Pt catalysts, the difference between Pd and bimetallic catalysts was attributed
to the likely ability of metallic Pt to activate methane under net reducing conditions, which was
suppressed under net oxidizing conditipb8]. The effect of water presence, however, was not

evaluated.

The current study investigates tbiect of water in the feed on Pd and Pt species in a bimetallic
Pd-Pt/Al2Os catalyst during lean methane combustion by means of in sitayXabsorption
spectroscopy (XAS). It suggests the mechanism by which the bimetallic catalyst shows an
improved perfomance in the wet feed compared to the monometallic Pd under practically relevant
temperatures (3680C°C).

4.2 Experimental methods

A detailed description of the materials and catalyst syntheses can be found in our earl[i22jwork

Pd nanoparticles were synthesized from palladium acetate in a colloidal dispersion in the presence
of poly N-vinylpyrrolidone using an alcohokduction method. Pt nanoparticles were prepared
similarly from hexachloroplatinic (IV) acid. Bimetallied-Pt nanoparticles were synthesized by
coreduction of the metal precursors with molar ratio of Pd:Pt 2:1. The nanoparticles were
d e pos i {Aledd, followed by calcination in air at 530 for 16 h. Final metal loadings were
determined by neutron actition analysis (NAA). CO chemisorption was performed on the
catalysts after reduction as described eaf2@}. For the calculation of dispersion and active
particle diameter (hemisph@retoichiometric factors for CO adsorption were assumed folbe

for CO:Pd and CO:Pt. The deviationof CO chemisorption results for selected catalysts was

0.07 moto/molsurface metais

In situ XAS measurements were conducted at the Canadian Light Source for thedgd &nd

Pt Ls edge on the HXMA (Hard Xay Micro Analysis) beamline. Xay absorption near edge
structure (XANES) and extended-rdy absorption fine structure (EXAFS) analyses were
performed. The detailed description and photographs of the catalyst sample holder andghe set

for the in situ analsis can be found in our earlier publicati@2]. For reference compounds, Pd
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and Pt foils, Pd(OH)(palladium hydroxide on carbon, 20 wt.% loading, Sightdrich) and PdO
(99.97% trace metal basis, SigiAllrich) were analyzedl'o evaluate the change the Pd/PdO
speciation, the calcined Rabntaining catalysts were reduced at®5r 2 h in H before the in

situ XANES temperaturprogrammed analysis, unless stated otherviise.methane oxidation

under dry conditions, 0.1% GHh N2 and compressedir (ultrazero level, <2 ppm £D) were
combined. In the case of wet conditions, bubblers were connected to the compressed air to produce
saturated water vapeait 101 kPa atmospheric pressushich corresponds to 2.3 vol.% water in

the feed. For dry andet air conditions, the samples were incrementally heated from 20090 600
under the flow of methane and air. The sample was held at each temperature for 30 minutes while
measurements were taken at that temperature. The flow ratesydf>GHd compresseair used

were 154 and 103 mL/ min, respectivel y. Linear
spectra was performed with the Athena program, using Pd foil, PdO, and Rd{andlards. The
software package IFEFFIT was used for data procef28jgThe EXAFS fitting was performed

in k-space betwee®-14 Al and in Rspace betweeh.2-3.0 A for the Peedge using theoretical
phaseshifts and amplitudes generated by FEFF. far#ered cubic (fcc) bulk lattice parameters

(i.e., first shell coordination numbers of 12) were used to determine the amplitude reduction factor,
S?, for Pd(0.93) by analyzing Pd reference foil. A homogeneousPdlloy model for FEFF

fitting was constructed based on bulk-Pdlattice parameters.

Catalytic performance in methane combustion reaction was evaluated in a tubular reactor at
atmospheric pressure with online GC analysis, as described prei22isB4, 25] Pd and PdPt

catalyst amounts in the lean combustion corresponded to 1.2 mg Pd loading in the reactor, and 1.2
mg Pt loading for the monometallic Pt catalyst. The metiieae feed consisted of a gas mixture

of 10 vol.% CH in N2 (8.5 ml/min standard temperature and pres¢8ieP) and dry or wet

(5 vol.% water) air (205 ml/min STP), for a @ebncentration of approximately 4000 ppm in the

feed. Water was pumped through the reactor by a Sériesegacy HPLC pumpThe reactor
temperature was increased stepwise from 200 t8(580the rate of ®/min and kept at each
temperature for 30 min to investigate the catalytic performance in a heating ramp (ignition test).
These conditions correspondth® data points measured during the in situ XAS. When indicated,

the catalysts were reduced in situ prior to the reactions &C360 2 h in hydrogenSelected
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catalysts were repeated and methane combustion results reproduced within 2¥egiigible

conversion was obtained for the neai@l support up to 550°C.

The ignition tests in the dry metharieh feed were conducted at the methtmexygen
stoichiometric ratio of 1:1, which is below the stoichiometric 1:2 rdig.and PdPt catalyst
amountscorresponded to 0.6 mg Pd loading in the reactor, and 0.6 mg Pt loading for the
monometallic Pt catalyst. The methameh feed consisted of a gas mixture of 10 vol.% @H\>
(8.5 ml/min STP) and 2 vol.%n N2 (42.5 mli/min STP). All the gas mixtureBraxair) were

certified.
4.3 Results
4.3.1 Catalytic performance in the lean feed

Figure4.1 shows the ignition curves obtained with Pd, Pt anéRechtalysts in the feed with and
without added 5 vol.% water. Catalysts amounts corresponded to 1.2 mg of Pd iratice FRdl

Pt catalysts and 1.2 mg of Pt in thedpty catalyst. In the dry feed, reduced monometallic Pd and
Pd-Pt catalysts35C°C for 2 h in H) were found to show the behavior identical to the caleined
only samples with 3% deviation in methane converdialadium is known for its higher activity

in lean methane combustion compared to platifiz®28]. In the dry feed, the PEt bimetallic
catalyst exhibited lower activity than monometallic Pd, which was assigned to the increased
fraction of inactive Pd(0) vs. active PdO in the presence dRHt However, Riontaining
catalysts were not significantly affected by the water addition to the stream, whereas Pd was
poisoned (Figre4.1), which is line with earlier findings by other groups on the beneficial effect
of the addition of Pt to Pd for wet combusti@ 3, 1921]. Reduced Pd catalyst, when exposed

to the wet feed, exhibited even lower conversion than its calcined form.
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Figure 4.1 Ignition curves in the dry and wet lean methane combustion. Catalyst amo
correspond to 1.2 mg Pd infdntaining catalysts and 1.2 mg in the Pt only catalyst. Tl
catalysts were calcined prior to the reactions, unless otherwise ggatédn curves were
obtained in a PBR (not XAS cell).
CO chemisorption performed on thealgists before and after the catalytic tests showed that the
Pd catalyst maintained its tnm Pd particle size, whereas Pt sintered from 5.7 to 9.1 nm patrticles;
and the bimetallic catalyst showed a relatively insignificant particle increase from 251im2
(Table4.1). Platinum is known for its low thermal stability, which can be improved by the addition
of palladium[29, 30] Thus, the observed drop in activity for Pd catalyst cannot be explained by a

potential loss in active surface area.

Table 4.1 Characteristics of the alumirsupported catalysts.

Metal(s) Active particle
Pd Pt CO uptakepmol/Geataiys dispersion, % diameter, nm
Samples ; ;
Ioad:)ng, Ioad:)ng, Calcined Used : Calcined Used
wt.% wt.% Calcined catalyst
catalyst catalyst catalyst catalyst

Pd 0.2550 - 9 10 57 1.9 1.8
Pt - 0.2950 3 2 20 5.7 9.1
PdPt 0.1520 0.1240 7 6 45 2.5 2.7

Turnover frequencies (TOFs) were calculated for the reactions under wet condition¥Cata340
a differential reactor performance (for methane conversions below 8%). Verification of the kinetic
regime is provided in the Supporting Informati@4, 31-38]. TOFs for Pd and RBt catalysts
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were found as 1.5 and 6mMmol/(mokurface atomsS), While monometallic Pt showed a negligible
activity. As will be shown in Sectiod.3.3, the in situ EXAFS confirmed that the originatiPd
calcined sample had an alloy structure, andegregation of Pd and Pt was seen up téC30pon
heating in the wet feed (the EXAFS modeling above’G0@as not performed due to significant
broadenmg of the EXAFS oscillations at high k values). Similarly, Pd segregation to the surface

of PdPt catalysts after oxidative ageing at %0vas found to be insignificaf@9].

Thus, the additioro f Pt to the Pd catalyst significant/
under wet conditions. This trend is opposite to what we found earlier for dry methane combustion

[22] when platinum decreased the surface activity of Pd by promotingiitmation of less active

metallic palladium compared to the active PdO. The improved activity of the bimetallic samples

in the wet feed could not be assigned to Pd segregation to the surface. The presence of water likely
affected the distribution of activ@tes or their functions, as explored below using in sH@ayX

absorption spectroscopy.
4.3.2 In situ XAS in dry and wet lean feed: monometallic catalysts

Pd K-edge XANES spectra for Pd/A&)s; recorded in situ during dry and wet methane combustion

at different eaction temperatures are shown inufeg 4.2 (a) and4.2 (), respectively. Palladium
species in XANES of calcined fresh Pd/@% catalyst were identified as PdO (as seen in our
previous worlf22]) that remained the only phase in the studied temperature range in the dry feed.
The linear combination fitting was attempted using PdO, Pd{@#nt] Pd standards. Due to the
similarity of the XANES spectra of PdO and Pd(Q@t$ee Supporting Informiain for the spectra),

it was impossible to specify the state of the oxidized Pd in the wet conditions based on the XANES
data. To evaluate the change in the Pd/PdO speciation, the calcinegDRdéddlyst was reduced

at 350C for 2 h in H before the insitu XANES temperaturprogrammed analysis. In the dry
feed, the reduced Pd was almost completely oxidized lC2®thereas in the wet feed, metallic
Pd(0) progressively changed to an oxidized state with the increase in reaction temperature (Table
4.2, Figures4.2 (b) and4.3). Figures4.4 () and4.4 (b) show the Fourietransformed Pd Kdge
EXAFS oscillation in Rspace under the GHair environments, which confirmed the immediate
appearance of only R@ contributions at around 1.5 A at 200n the dryfeed, while the wet feed

gradually showed a decreased-RRil contribution and increased -Bd contribution with the

60



temperature increase. The Pe@d catalyst in dry and wet conditions remained in its metallic form

at all studied temperatures, as showhigure4.5.

Normalized xp(E)

Normalized xp(E)

1.2
(a)
1.0
0.8
0.6- —Pd
——Pd 200 °C dry feed
0.4 ——Pd 300 °C dry feed
0.2 1
0.0 T T T T T
24320 24360 24400 24440 24480 24520 24560
Energy, eV
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1.0 1
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Figure 4.2 In situ XANES spectra demonstrating Peege for reduced Pd catalyst in dry
and wet (b) feed and Hek catalyst in dry (c) and wet (d) feed. Higs 4.2 (a) and4.2 () are
reprinted by permission of John Wiley & Sons, Inc. fri@3.
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Figure 4.3 Linear combination fitting for the fraction of metallic Pd in the dry and wet fe

One standard deviation is <2%.

61



04
b
@ pgo _ ©
0.20 1 Pd dry feed: Pd-O Pd-Pd Pd wet feed:
—200°C 0 —250°C
% 0454 —— 250 :c = ——300°C
= ——275°% < ——350°C
3 £ 021 ——a400°C
o = 450 °C
= ——500°C
0.1
0.0 . . ’ - .
0 1 2 3 4 5 6
R, A
0.4 0.3
C |
© Pd-M PA-Pt dry feed: (d) B Pd-Pt et feed:
034 ——200°C ——200°C
——250°C 024 ——300°C
@ R o, . Pd-O —_—
<t Pd-O 0 © z oo
- 400°C < £00°C
g 92 ——500°C z 600 °C
= e
A =
0.1
0.1
| WA 7 F/K%%%*
0 1 2 3 4 5 6 0 1 5 3 4 5 6
R, A R, A

Figure 4.4 Pd K-edge EXAFS spectra in-Bpace for reduced Ritalyst in dry (a) and wet
(b) feed and PPt catalyst in dry (c) and wet (d) feed. Higs 44 () and4.4 (c) are reprinted
by permission of John Wiley & Sons, Inc. frg&g].

1.6 1.4
144 @) (b)
1.2
@ 1.2 1 m 10l
< 1.0 =
e}
g o8] T 0.8
= % 06 Pt Ly-edge wet feed:
0.6 1 - i : 97
§ Pt L3-edge calcined: % —__200°C
0.4 — Pd-Pt Z 041 ——300°C
—— Pt ——400°C
0.2
0.2 —__500°C
0.0 00
11500 11550 11600 11650 11700 '11500 11é50 11é00 11(l550 11700
Energy, eV Energy, eV

Figure 4.5 XANES Pt Ls-edge in calcined catalysts (a) and in wet feed (binfmnometallic
Pt and bimetallic PdPt catalysts. Figre4.5 (a) is reprinted by permission of John Wiley &
Sons, Inc. fronj22].
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Table 4.2 Linear combination fitting for Pd/ADs in the wet feed
Standard deviations are2Po.

Standard materials for fitting

Temperature PdO**, Pd(0),
Pd wt.% Pd wt.%
200°C <2 >08
250°C 17 83
300°C 12 88
350°C 26 74
400°C 51 49
450°C 68 32
500°C 70 30
600°C 100 <1

* in the dry feed, Pd was completely oxidized starting att@p6* due to the
similar Pd edge in PdO and Pd(QKjandardsit was impossible to specify th
state of the oxidized Pd

4.3.3 In situ XAS in dry and wet leanfeed: bimetallic Pd-Pt catalyst

Pd K-edge XANES spectra for bimetallic f&t catalyst recorded in situ during dry and wet
methane combustion at different reaction temperatures are showruned4@ (c) and4.2 d).
The linear combination fitting waggerformed using Pd, PdO and Pd(@btandards, which gave
better fits than Pd and PdO alone. The fitting results obtained with the two sets of standards are
shown in Table4.3. Although it was impossible to decouple accurately the contribution of PdO
and RI(OH), for both fitting methods, the metallic Pd(0) contents were similar in the wet feed
with the largest discrepancy at 430as 59% 71%, which is within 6% deviation from the 65%
average. The fitting results in terms of metallic Pd content are msdah Figire 4.3 (the data
for bimetallic catalyst in the wet feed were averaged between the two sets of fittings). The presence
of water increases the fraction of metallic Pd both for monometallic and bimetallic catalysts.
Figures4.4 (c) and 44 (d) show the Fouriettransformed Pd kedge EXAFS oscillation in the-R
space under CH air environments. Both in the dry and wet conditions, gOPcbntribution
emerges around 1.5 A at higher temperatures, whereas 4kie(®tere metal M is either Pt or
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Pd) contributions at 1-:9.5 A decrease in amplitude and become broader upon temperature
increases, which agrees with XANES data and confirms the presence of metallic Pd at high
temperatures for all conditions and samples, apart from the monoPd catalystanditions in

its oxidized state. EXAFS modelling confirmed that theswasthesized P&t bimetallic catalysts

had random alloy structures, with significant-Pdl and P&Pt contributions (Tabld.S2 in the
Supporting Information40]. Upon heating in the wet feed, no segregation of Pd and Pt was seen
up to 300C. At temperatures beyond 30) we were unable to model the EXAFS data, as high
levels of thermal disorder at higher temperatures led to significant broadening of the EXAFS

oscilations at high k values.

The platinum component in the bimetallic catalyst remained in its metallic form at all temperatures

in dry and wet conditions, similarly to monometallic Pt@d (Figure4.5).

Table 4.3 Linear combination fittings for the Pit/Al.Os catalst in the wet and dry fee
using two sets of standard materials for the-fgetl data analysis. Standard deviations
1-2%.

Wet feed, fitting with Pd(OH) PdO | Wet feed, fitting with PdQ Dry feed, fitting with PdO
and Pd* and Pd and Pd

Temperature PdO,  Pd(OH), _ Pd(0), PdO, Pd(0), PdO, Pd(0),

Pd wt.% Pd wt.% Pd wt.% Pd wt.% Pd wt.% Pd wt.% Pd wt.%
fresh 0 0 100 <2 >98 <2 >98
200°C 0 13 87 13 87 4 96
300°C 0 17 83 21 78 37 63
400°C 0 29 71 41 59 62 38
500°C 70 0 30 70 30 90 10
600°C 78 0 22 78 22 - -

* due to the similar Pd edge in PdO and Pd(£dtindards, it is impossible to decouple the contribution of the oxide
and hydroxide accurately. XANES data below®D@ere fitted with Pd(OH) which is assumed to decompose above
45C°C [10].
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4.4 Discussion
4.4.1 Monometallic Pd and Pt catalysts

In thedry feed, the monometallic Pd catalyst was completely oxidized to PdO-460280 range,
irrespective of initial Pd state (calcined or reduced), according to the reaction R1:

R1) Pd+% Qz PdO aqH%os = - 119 kJ/mol

At any given temperature, there is a unique value of oxygen partial pressure, above which the Pd

oxidation occurs given by the equation [4}]:
N pdhoa?d Qo — cB®EQAY p@ X 1)

The plot of the equilibrium oxygen pressure folYPdO phase transformation as a function of
temperature is shown in Rigg 4.6. In the studied temperature range at the bulk fluigh&dtial
pressure of 21 kPa, PdO is expected and is in line with XAS for dry methane combustion on
monometallic Pd catalyst (Rige4.3).

PdO

Oxygen partial pressure, Pa

o Pd

T T
350 400 450 500
T,°C

Figure 4.6 Equilibrium oxygen pressarfor Pdz PdO phase transformation.

The water presence in the feed significantly suppressed PdO formation froedpced Pd and
increased the fraction of metallic Pd (&g 4.3), for example, by half at 480. Metallic Pd is
known to be significantly less active than PdO in methane comby%fipA2] thus, the activity
drop for the monoPd catalyst in the wet feednpared to the dry feed can be correlated with the
increased metallic Pd contribution.
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Another reason for the loss of Pd activity in the wet feed, as suggested in severdbvidikss

the formation of inactivd’d hydroxide, with the negative first order to water in the methane
conversion rate on monometallic Pd cataly$t§. Standard enthalpies of formation of Pd(@H)
and PdO and ¥D at 298 K are385 kJ/mol[9], -119 kJ/mol[43] and-242 kJ/mol[44]. The
Pd(OH) formation from PdO and reduced Pd can be described byaea&®2 and R3:

R2) PdO +H,0z Pd(OH)» gqH®%9s = - 24 kJ/mol
R3) Pd+HO +% Qz Pd(OH) qH®%gs = - 143 kJ/mol

The reaction RIR3 are exothermic and their equilibrium constants decrease with temperature
increase. As XAS revealed for the wet feed (@iFegt.3), Pd(0) was predominant species at lower
temperature, which progressively transformed into oxidized Pd(ll) upon heating. From the
thermodynamic point of view, the higher fraction of reduced Pd(0) at lower temperatures can be
produced by shifting edlibria to the left only if there is oxygen deficit. Since the bulk fluig O
partial pressure was the same for the dry and wet feed (21 kPa) in the verified absence of the
diffusion limitations, the oxygen deficit relates to activated oxygen which istaffeby the

presence of water.

Pfefferl e dI6d7]medoineckiastwirraréd spectroscopy asatopic studies of

lean methane combustion for Pd catalysts on a variety of supports, including alumina, and showed
that lattice oxygen from the support contributed heavily to the reaction products. Palladium active
sites are reoxidized with oxygen fromet support, following a redox Mars and van Krevelen
mechanism. The presence of water causes hydroxyl accumulation on the support, which hinders
the oxygen exchange process between the support and metallic actiyé6siteg At the low
temperature region for Pd catalyst, the rate limiting step has been identified as water desorption
from the catalyst surfadd5], not methane activation as typically known for temperatures above
45(°C [14]. Our study thus provides in situ XAS egitte of the lack of oxygen on palladium
active sites in the wet feed at low temperatures, which follows from the low fraction of oxidized
Pd in the presence of water (kig4.3). Wat er , t hus, -rich somlbustionstadtheo x y g e |
oxygendeficient combusbn, where activated oxygen concentration inversely depends on the

water/hydroxyl concentratios temperature increases, the rate of water desorption and oxygen
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uptake increasgg6], which provides higher activated oxygen concentrations and promotes PdO
formation either by oxidation of Pd(0) (R1) and/or by decompositid?d¢®H).

Platinum is known for its low activity in lean methane combustion. By comparing oxygen surface
uptake and methane conversion, Burch and colleagues reported that the maximum conversion was
achieved at 50% of the oxygen surface monolayer and decredsetthet oxygen uptake, when

the surface becomes poisoned by oxyddr). Theoxygen sticking coefficient on Pt is 15 times
higher than that for metharj27]. As shown previously, oxygen sterically blocks Pt atoms for

methane dissociation or inhibits the dissociation electronifély

4.4.2 Bimetallic Pd-Pt catalyst

As shown by the catalytic tests (big 4.1), the presence of Pt in combination with Pd rendered
the catalyst relatively insensitive to the preseaf water in the feed compared to the monometallic
Pd. Given the similarity of the Pd edge for PdO and Pdf{OH)as impossible to decouple
accurately the contributions of metal oxide and hydroxide. The in situ spectroscopy results did not
allow validaion of a hypothesis if Pt addition inhibited the formation of combustiantive
Pd(OHY) in favor of active PdO. The heats of formation of Pd(©-385 kJ/mol[9]) and PdO

(-119 kJ/mol[43]) suggest that Pd(OHl)s thermodynamically favourable at lower temperatures,
while higher temperatures, acopanied by water deficit, promote Pd(QHgcomposition t&dO

(reverse reaction R3).

Although the hydroxide/oxide contributions could not be decoupled by XAS, the importance of
the current study is to report another observation, which likely can be #iorald(or even a

single reason) for the water effect on Pd andPPdatalysts. Figre 4.3 summarizes the metallic

Pd fraction for all studied catalysts and conditions and shows that in the temperature window of
interest (30660C°C), the addition of watded to significant oxygen deficiency, which is revealed

in the high fraction of metallic Pd.

Similarly to the monometallic Pd catalyst, for the bimetallic catalyst, the addition of water also led
to the increased metallic Pd contribution, althoughmtité same extent as for the ®uy catalyst
because even in the dry feed, the presence of Pt inhibited PdO forf2&fig¢Rrigure 4.3). The

trend in the metallic Pd contribution at 230was found to be 0% (dry Pd) << 38% (dryPgl <
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49% (wet reduas Pd) < 65% (wet R&t), whereas the trend in conversions (iFegl.1) was 90%
(dry Pd) > 70% (dry PPt) > 58% (wet PdPt) >> 11% (wet reduced Pdote how the presence
of Pt increased the methane conversion from 11 to 58% in the wet feed, althouggtalie Rd
fraction was 49% for the reduced monoPd and 60% for tHetdtalysts. Thus, in the case of the

bimetallic PdPt catalyst, the water effect cannot be directly correlated with the Pd(0) fraction only.

The PdPt catalyst always shows the presen€ reduced Pt in the studied temperature window.

Pt is known for much lower activity than PdO catalysts in lean methane combustion due to
poisoning with oxygefill, 2628, 47] However, under oxygedeficient conditions, the metallic
forms of either Pd or Pt perform significantly better than their oxides, as recently shown by an in
situ infrared reflection absorption spectroscoply monometallic Pd and Pt catalysts under
stoichometric and oxygeipoor dry methane combusti¢48]. It was found that the higher the
oxygen deficit was, #nmore metallic Pt outperformed metallic Pd. Although bimetallic catalysts
were not studied, the authors hypothesized that {RtRthtalysts, PdO could play a key role in
oxygenrich conditions, whereas metallic Pt could be catalytically active underemdgjficient
conditions.In a study of alternated GHean combustion/CHreducing wet pulses over &t
catalysts, the difference between Pd and bimetallic catalysts was attributed to the likely ability of
metallic Pt to activate methane under net redycionditions, which was suppressed under net

oxidizing conditiong18].

To verify the increasing Pt contribution to the bimetallic catalyst performance upon the lack of
oxygen, the ignition tests were performed in the dry methiahefeed at the ClHto-O. molar

ratio of 1:1, which is below the stoichiometric 1:2 ratioeTightoff activity of monometallic Pt

in the rich feed (Figre4.7 () is in agreement with the previously reported behdi6}. Figure

4.7 (b) compares the deviation of the-Pdl activity vs. Pt activity in the rich and lean, dry feeds.

The deviations at each temperature were calculated as the difference in methane caywarsion
PdPt and Pt catalyst divided by the conversion over Pt catalyst for the same feed (either rich or
lean). As seen, the lack of oxygen increased the contribution of Pt to methane conversion over the

bimetallic catalyst, which was more pronounced afelotemperatures.

Our study, thus, provides the evidence that watemoted oxygen deficit shifts the methane
oxidation mechanism from lean methane combustion on PdO in dry conditions to rich methane

combustion on Pt in wet conditions for the bimetallicAR catalyst. Because similar Pd metallic
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fractions were found in Pd and #Pd catalysts under wet conditions but the monometallic Pd
catalyst showed lower reaction rates, it is apparent that in the presence of water metallic Pd is
relatively inactive corpared to the metallic Pt. Indeed, even under stoichiometric conditions, Pt is
known for its higher activity than Rdl1]. Because the monometallic Pt was inactive in the studied
temperature region, irrespective of water presence in the feed, the presence of oxidized Pd species
contributes to the optimal catalyst performance, riksly by providing dissociated oxygen for
combustion. Thus, in the presence of water and lack of oxygen, Pt supplies-treggsites for

methane activation.

100 (@)
——@—— Pddry rich feed
— =7 —  Pd-Ptdryrich feed

— —fl-—  Ptdryrich feed

v\ —@— rich feed
~ — =7 = lean feed

80

60 4

40 4

Methane conversion, %
Pd-Pt deviation from Pt, % to Pt

20

'

— ___-.---'—.-..__.

250 300 350 400 450 500 550 300

T,°C T,°C
Figure 4.7 Dry methane combustion at 1:1 @B, molar ratio: (a) ignition tests and (b)
deviations in methane conversion.
Although the rate laws were not obtained in this study, the suggested mechanism is in line with
the reported rate laws for Pd, Pt, andMRcaatalysts in the wet methalean feedM stands for

methane, W for water):
[ —_— PT;, 1 R Qo Cu; I f —— CVL

The hydroxylated sites are the most abundant surface intermediates in noetindostion over
Pd, with a negligible fraction of free active siféd]. With the addition of wateresistant Pt, the
free active sites in the denominator of the Langrilimshelwood mechanism mod@4] can be

related to the fraction of Pt atoms that are not poisoned by either water or oxygen.

As stated above, platinumduced nhibition of the additional influence of the platintinhibited
Pd(OH) formation from PdQannot be excluded
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45 Conclusions

Monometallic Pd, Pt and bimetallic it (molar ratio 2:1) catalysts supportedmsAl Oz were

studied in lean methane combustion in the absence and presence of water in the feed. Monometallic
Pd was significantly deactivated in the wet feed, whereas the presence of Pt rendered the bimetallic
catalyst relatively insensitive to water and insezhits activity. Reduced Pd catalyst showed the
same activity as calcined in the dry feed, but it was significantly less active in the wet feed as

compared to the calcined Pd.

In situ XAS analyses showed that reduced Pd was in oxidized state-@@@Q0n the dry feed,

but only progressively changed from Pd(0) to oxidized Pd with the temperature increase in the wet
feed. The fractions of metallic Pd were similar for the monometallic and bimetallic catalysts in the
wet feed. It was impossible to decougihe contribution of PdO and Pd(O+ccurately due to

the similarity of their XANES edge.

Thermodynamic analysis shows that in the wet feed the Pd(0) fraction decreases with temperature
increase becauseater renders the surface oxygen deficient at lowwerperatures. The study
provides an in situ XAS evidence of an oxygen deficit on Pd dPtRuhtalysts in the presence of
water and supports Pfefferle and coll eagues?®d
combustior16, 17]

The improved activity of P&t catalysts compared to Pd in the wet feed is explained by the lack
of oxygen on the surface hich allows for Picatalyzed methane activation. In an excess of air, Pt

is poisoned by oxygen and is not active in the combustion. The suggested mechanism is in line
with the rate laws reported in literature for wet methi@a® combustion on Fd4], Pt[24] and
PdPt[24] catalysts.

The study does not only provide a mechanistic insight intétPcatalyst functins but also
suggests that this combination is of high practical interest for exhaust treatment for natural gas

vehicles with a mixed mode of engine operation (lean or stoichiometric combustion).
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4.7 Supporting Information
4.7.1 Verification of the kinetic regime

Thekinetic regime was verified at 3%D in the wet feed for the most active catalyst, which was
bimetallic PdPt/AlOs. Table4.S1 contains calculations of the criteria for external and internal
mass transfer limitations (MTL), external and internal heamsfer limitations (HTL), axial

dispersion, and wall effects.

Table 4S.1Verification of the kinetic regime for PdPt/AD; catalyst at 34 in the wet feed.

Parameter Equation Value (calculated or experimental)

Reaction ratery, i 2) 5.9x10°, for initial methane molar flow

[mol/(s-kg:a)] w rate o = 6.32107 mol/s, catalyst
amount W = 0.789 g, conversion
X=0.075

Methane bulk diffusivity 8 o s 8 7.5x10°, for P =101325 Pa, molecular

in air at 613 K Qg [M%s] O 5 T 7 masses and diffusion volumes for

(Fuller formula [S1, S2])

methane and air as 16 g/mol, 29 g/mol,
24.42 and 20.1 [S1, S2]

Particle Reynolds numbe vq [S3]
Re

0.35, for dynamic viscosity u=3A0°
Pa-s [S4] and densify= 0.576 kg/nd
(ideal gas) of air at 613 Ky& 10%m,
freestream velocity
reactor i.d., 476 mL/min feed rate at

613K and assuming bed porosity of 0.4

Schmidt number YG —— [S3] 0.74
Sherwood number Sh Y ¢ T@YJ Y& 23
Frossling correlation[S3]
Mass transfer coefficient @ [S3] 1.7
ke [m/s]
Mears criterion for 7 Ye ® U 5x10° f o gbedjdensity 2334 kg/n

external diffusion Qo

If the condition is satisfied, then no

external MTL are present [S3]

(cat al y $3890kgn, beid t y
porosity 0.4), particle radius=0.5x10*
m, order n=1, &= Cuo(1-X) with initial

methane concentration of 0.0793 madi/n
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Thus, the Mears criterion shows the absence of external masansfer limitations

Knudsen diffusivity

1.74x105, for methane (molecular mass

o — — [S2]

[m?/s] M 0.016 kg/mol) and catalyst pore
diameter gore= 0.59 nm, specified by
SigmaAldrich

Diffusivity in a pore o L (52] 1.7x10°

[m?/s]

Particle porosity %o @— [S2] 0.87, for catalyst surface area 155gn
(SigmaAldrich) and catalyst density
3890 kg/ni

Effective diffusivity o) [S2] 3.8x107, for tortuosity 3.9

[m?/s]

WeiszPrater criterion for & [S3] 0.02, for Gy as the bulk concentration of

internal MTL 0.073 mol/misince the absence of

If Cwp < 0.3 for a firstorder reaction,

then no internal MTL are present

external MTL was proved

Thus, the WeiszPrater criterion shows the absence of internal mass transfer limitations

Nusselt number Nu 0o ¢ YT Ooi” [S3] 2.3, for Prandtl number Pr@:68 for air
at 613K
Heat transfer coefficient o _— [S3] 1.1, for thermal conductivity of air at
h [kJ/(n?-s-K)] 613K as 0.047 W/(m-K) [S5]
External temperature i YO " 'YO 6x107, for heat of reactiom890 kJ/mol
ayy T

gradient criterion
If the condition is satisfied, then no

external HTL are present [S3]

and activation energy E 78.2 kJ/mol [S¢

Thus, external temperature gradient criterion shows the absence of external HTL

Prater numbeb f [S2] 4x10%, for effective thermal conductivity
of Al;Oz as 0.043 W/(m-K) [S7]
Maximum internal y'Y 1Y [S2] 0.28, so the maximum internal T cha

temperature rise [K]

613.28 K instead of 613.00 K surface.

The catalyst particle is thus isothermal
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Thus, Prater number shows the absence of internal HTL

Plugflow operation Lueddp > 50 (to neglect axial dispersior Bed length per particle diametesel{d, =
(absence of axial [S8] 50.3

dispersion and wall Dreactof do > 10 (to neglect wall effects) Dreactof dp = 93

effects) [S9]

Thus, the plugflow operation ca be assumed
All the criteria above confirm that the reaction at 340C occurs in the kinetic regime and
that ideal PBR mole balance is applicable

@ 091
=1
=
o
8 o6
C_EU —— Pd(OH),
5 ——PdO
Z 031
0.0-
24300 24400 24500 24600

E, eV
Figure 4S.1n situ XANES spectra for Pd edge of PdO and Pd¢3kindards.

Table 4S.2Fitting results for 2:1 Rt catalysts under wet conditions.

Sample Path CN R/A a?AZ” Eo shift/eV
Fresh, room Pd-Pd 6.6(7) 2.731(6) 0.0055(6) -9.7(6)
temperature
Pd-Pt 4.6(1.0) 2.72(1) 0.006(1) -9.7(6)
200 °C Pd-Pd 6.5(8) 2.724(9) 0.009(1) -9.5(6)
PPt 5.5(1.3) 2.72(1) 0.010(3) -9.5(6)
300 °C Pd-Pd 6.4(9) 2.72(1) 0.011(1) -10.0(8)
Pd-Pt 5.5(9) 2.71(2) 0.011(1) -10.0(8)
PdO 0.8(4) 2.00(4) 0.011(1) -10.0(8)

"At higher temperatures, thermal disorder begins to significantly broaden EXAFS oscillations, arab thos
approximationfi? terms were assumed to be similar for all contributions.
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Chapter 5. Stability of Pd-Pt catalysts in lowtemperature wet methane

combustion: metal ratio and particle reconstructiorf

5.1 Introduction

Metallic nanoalloys have attracted considerable attention in catalysis because they not only show
properties of individual elements, but also synergism due to the electrmhgeametric effects

of combination of two metal§l]. Palladiumplatinum combinationdenefit from strain and
electronic effectf2-6], which make them catalysts of choice in a variety of oxidation and reduction
reactions. Some examples of efficient performance of bimetallidtPdatalysts include
hydrogenation of aromatic hydrocarbonshydrodearomatisatiofil], hydrogen oxidation and
oxygen reduction reaction®-6], formic acid[4-7] and nethanol oxidation8-13]. Emission
control of methane in the exhaust of natigas vehicles (NGVs), which is a crucial issue because
of a high greenhouse gas potential of metHanAg is another application of Hett catalysts. Pt
addition to Pd increases the low temperature activity and improves thermal dufabHi§],

which was shown not only in the combustion of methane but also of higher hydrocarbons like
propane and propeiig9]. Enhancement of catalytic activity and sintering stability by addition of
Pt to Pd catalyst has been shown remlatd 7, 1926], bu the studies contradict each other in
terms of activity enhancement or suppres$®i29]. Such discrepancies is a common problem

in bimetallic catalysis, where different catalyst formulations may result in various structure modes,

chemical state and distribution of Pd and Pt and therefore, different catalytic b§h@jior

A study by Persson et §20] of the effect of different conetals on B catalysts with 5 wt.% metal
loadings and 1:1 molar ratio of metals showed that Pt is the most promising promoter to achieve

stable high activity in methane combustion. Pt formed alloy with Pd as opposed to other metals

4 Chapter 5 of thehesis has been submitted tte Chemical Engineering Science jouraab @ St ab-Ptl i ty of
catalystsinlowt e mper at ure wet methane combustion: met al rati o
N. SemaginaChem. EngSci. (2017). The reaain setup for methane oxidation was originally designed and built by

Dr. Long Wu and Dr. Robert E. Hayes. The lab view program to communicatéheiraction setup was written by

Les DeanTheNAA analysis was performed by Dr. John Duke at the Univeddidlberta. HRTEM and TEMEDX

mapping were performed by Dr. Peng Li and Dr. Jing Shen at the University of Alberta Nanofabrication and
Characterization Facility (hanoFAB). The author performed all the syntheses, catalytic reactions, analyses and other
chaacterizations. Manuscript preparation and writing were conducted by the anttenthe supervision and final

approval of Dr. Natalia Semagina and Dr. Robert E. Hayes.

78



that created spinel structures watlumina support (Co and Ni) or separate oxide particles like Rh,

Ir, Cu, and Ag. An alloy formation along with higher PdO content and lower formation of inactive
hydroxyl groups from water production were suggested as the reasons of the Pt effect on Pd as
compared to other emetals[20]. Studies performed for different ratios of-Pt bimetallic
catalysts showed that ARt 2:1 and 1:1 ratios are the best compositions from the viewpoint of
activity and stability among PEt 4:1, 2:1, 1:1, and 1:2 combinations because of the close
proximity of Pd and PdO active sites in the all{88]. The stability tests were performed in a dry

feed for 8 hour$30]. The water effect was further investigated bgitn DRIFTS study31] on

PdPt 2:1 and 1:1 catalysts, which revealed that lower concentration of hydroxyl groups on these
two bimetallic catalysts (including on the support) is the reason of their high stability in the
reaction. Lapisardi et aJ17] also studied the effect of metal ratios in-Pdcatalysts, namely,

13:1, 2:1, 1:1, and 1:15, and found that the ratios above 2 results in a higher activity because of
the intimate interaction between two metals, but the stability tests were not performed. Yamamoto
et al.[21] showed that the optimum HRt metal ratio is 3:1 that leads to lower degree of sintering

of Pd and PdO crystallites and causes highest actawtlystability. PAO presence on the surface

of PdPt particles and/or isolated PdO on the support is adesktribed consequence of-Pt
catalyst ageing in a[B2-34]. Goodman et a[29] investigated the effect of different molar ratios

of PdPt (1:4, 2:3, 3:2, 4:1) in methane combustion through controlled particle size synthesis route.
Among these combinations, only #dh 4:1 catalyst deonstrated no deactivation after
hydrothermal ageing HTA (4.2% water in the feed). It was suggested that HTA induces PdO
segregation in a close contact with a Pd/Pt alloy, forming active and stable methane combustion
sites. The ageing was performed for &utwin the temperature interval of 480C0°C [29].
Honkanen et al25] used in situ environmental TEM to investigate the effect of temperature on
sintering and reconstruction of &1 2:1 catalyst in air and leaxygen condions at temperatures

above 508C and concluded that the found critical temperatures for the structural changes are
above the normal range of NGV exhaust temperature. The sintering can be also accelerated by the

water vapof35].

To the best of our knowledge, there is no systematic study reporting the effeePof& on
the wet methane combustion frahe viewpoint of stability at the practicalhglevant conditions

as it refers to NGV. Due to the lean combustion in NGV, the exhaust temperature is relatively low
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(below 550C), while the negative water effect is only significant belowt@486-43], which has

been assigned to théormation of inactive Pd(OH) [39, 4450] and/or hydroxyl/water
accumulation on the support that hinders oxygen availability combystlorb2] Recently, for

this low-temperature region (between 250 and°€j0we suggested that metallic Pt in the 2:1 Pd

Pt formulation catalyzes methane activation at lack of oxygen caused by water presence, as

opposed to Pd@atalyzed activation in the dry fegsB].

In the current study, we aim to evaluate the effect of the metal ratios (nine bimetallic samples from
5:1 to 1:5 ratios) on the stability of RI/Al.Ozc at al yst sé6 performance i
combustion at the NGVO6s e imadas40bs5¢F@aygesfordghe ur e s .
duration of 40 hours. By using a controlled nanoparticle synthesis, we also demonstrate the
structural evolution of initial corshell structures, as well as the formation of bimetallic alloys

from individual Pd and Pt maparticles even at such low temperatures. It appears that the effect

of the metal ratio on the activity and leteyrm catalyst performance is more significant than the

Pd-Pt catalyst preparation method.

5.2 Experimental
5.2.1 Catalyst preparation and characterization

Pd, Pt and PPt nanoparticles were synthesized in a colloidal dispersion via alcohol reduction in
the presence of a stabilizer (polyvylpyrrolidone, PVP). The synthesis details can be found in
our earlier publicatiofp4]. Apartfo m such bi metallic catalysts (t
via simultaneous reduction of metatepursors, bimetallic Pd core Pt shell Pd(c)Pt(s)
nanoparticles (1:1) were synthesized by a hydreggamificial method. First, Pd nanoparticles
were syrtesized as above. After the reflux, the Pd colloidal solution was allowed to cool down to
room temperature followed by purging with hydrogen for 1 h. This procedure creates Pd hydride
that further serves to reduce Pt precursor to form a shell aroundefoenped Pd nanoparticles.

To create a Pt shell, the solution of 0.1 mM Pt precursor in 50 ml of water was added dropwise
within one hour by a syringe pump. A dark colloidal dispersion of hanoparticles was obtained at
the end of all syntheses without anggpitates. The synthesized nanoparticles were supported on

2-Al203 by acetone precipitation to obtain 0.3 wt.% target metal loading. All samples were dried
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and calcined inairat580 f or 16 h. The catalyst after cal
catal ysto. I n addition to the bimetallic sam
prepared as the physical mixture of calcined monometallic Pd and Pd catalysts at molar+atios Pd
to-Ptas 1:1 and 2:1. Another physical mixture was prepared bggribe final colloidal solutions

of monometallic Pd and Pt particles at molar ratigdrB8t as 1: 1 at the-ti me o

AlOswhi ch is named as fimixed coll oids catalystoc

The actual metal loading in the calcined catalysts was deterfynedutron activation analysis
(NAA) and can be found in the Supporting Informati@® chemisorption was performed after
reduction as described in the previous wi@#]. TEM photographs were taken usingBOL-

2100 for 56nm resolution images and JEQEM-ARM200CF for STEM and EDX mapping at

200 kV. The JEOL JEMARM200CF was an atomic resolution S/TEM with a probe Cs corrected
Cold Field Emission Gun (cFEG), equipped with a large collection angle SDD EDX detector that

enabled fast elemental mapping.
5.2.2 Catalytic performance in methane combustion reaction

Wet methane combustion reaction was studied in a tubular reactor wltied@C analysis as
described earlid24, 55] The evaluation of the kinetic regime and ideal PBR performance can be
found in our previous publicatid®3]. The reactor was packed calcined catalysts corresponding

to 1.2 mg of active Pd. In case of monometallic Pt catalyst, the amount of the supported catalyst
corresponded 1.2 mg of Pt. A certified (Praxair) gas mixture of 10 vol.%Nzldlong with dry

air were fed to the reactor at a flow rate of 8.5 ml/min and 205 ml/min, respectively, to achieve
4000 ppm CHconcentration. $nol.% water vapor was added to the feed strbgra Series |l

LegacyHPLC pump to evaluate the effect of water vapor on the datagtivity.

The sequence of the tests was as follows: two ign#@idimction tests (one with dry feed, another
with the wet feed) were performed by heating from%5 550C and cooling vice versa with

the rate of 68C/min, with 50-intervals, at whsh the temperatures were held for 45 min. This
procedure was followed by a hydrothermal ageing test (HTA). In 22 h, the catalyst was cycled
between 55 and 400C and kept at each temperature for 1 h. After 22 h, the temperature was
held constant at 400 for about 18 h. Then the activity recovery at AD@vas also checked by

cutting off the water vapor from the feed stream during 6 h after the HTA test. Finally, the catalytic
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test was terminated by another ignitiextinction test in the presence of watercheck the

catalytic activity after4hour HTA t est ( rHelfAedr riegoindian).okhe a A p
catalyst sample after al/l these st ePetectedf t he
catalysts were repeated and methane combusgsrits reproduced within 2% error. Negligible

conversion was obtained for the neai@l support up to 550°C.
5.3 Results and discussion
5.3.1 Effect of Pd-Pt ratio on the hydrothermal ageing (HTA) performance

Figure5.1 shows the stability experiments performed for Pd, Pt artRdtalysts for the same

Pd loading in the reactor. Pt catalyst is the least active, which for the lean methane combustion can
be assigned to oxygen blocking Pt sites and preventing metharatian{56]. Monometallic Pd
catalyst is relatively active at the start of gtability tests, but quickly deactivates and shows

< 10% conversion only after 25 hours on stream. The activity and the fate of the bimetallic
compositions depend on the-RdPt ratio. Perich catalysts show significantly higher activity than

Pd (at the same Pd amount in the reactor) but, similarly to monoPd, deactivate. As seen from
Figures5.1 (a) and5.1 (c), the higher the Pd concentration, the faster the catalyst deactivation. Pt
rich compositions (Figres5.1 (b) and5.1 (¢)), show lower iiitial activities but they either maintain

them during the HTA tests or even improve the activity over time.

Nanoparticle sintering and decrease in the number of surface atoms could be a potential
explanation of such behavior. However, CO chemisorptiofopeed on the fresh calcined and

used catalysts, revealed thatfth catalysts did not change their particle size (while the activity
decreased by 1-50 times, Figre5.1 (c)), while the Pirich catalysts sintered but did not lose their
activity. Undero x i dat i ve at faoninabupporeis kndwn to lsermore susceptible to
sintering than corresponding Pd catalyst; Pd stabilizes Pt in this environment as a result of a strong
interaction of PdO with the supp§87-59]. Similarly, the extent of R&t coarsening due to ageing

was found to decrease with increasing Pd content, with 1Rt Patio being the most sintering
resistant among Rich catalyst§60]. The sintering behavior is also in line with a DFT study by

Ha et al.[61] who investigated the stability of ARt 1:1, 1:3 and 3:1 clusters on oxide supports.
They suggested that subtle entropic and electrostatic effects make 1:1 configuration the most stable

one againssintering, and the electrostatic stabilization was showed faPtFRI1 ratio. The
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observed mismatch between the sinteringyfe5.1 (c)) and deactivation behavior (kigs5.1(a)
and(b)) implies that sintering cannot be considered as a significasbmnefor deactivation of Pd

and PdPt catalysts.
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(C) 100 Il start of 550-400°C cycles
start of constant 400°C (22 h)

[ end of constant 400°C (40 h)

Methane conversion (%)
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Pd-Pt 1:4
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Figure 5.1 Hydrothermal ageing tests. Pd andMdcatalyst amounts correspond to the sa

Pd loading in the reactor (1.2 mg). Pt catalyst loading corresponds to 1.2 mg of Pt
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Figure 5.2 Surface sitesn the calcined and used catalysts as probed by CO chemisorf
The deviation is 0.07 med/molpd-+pr
As seen from Figre5.1 (c), there is a tradeff between high activity but low stability of Rieth
compositions and low activity but highasility of the Pirich catalysts. Among the tested
combinations, the most optimal performance from the viewpoint of both activity and stability at
the conditions of the strongest water influence f€0@s opposed to 5%0) is achieved for the
PdPt ratiosfrom 1:1 to 4:1, which covers the range of different reported ratios by other groups
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[17, 20, 21, 29, 30]The postHTA ignition-extinction experiments in the presence of wat¢hat
temperature range of 28b(PC confirmed that these ratios require lower temperatures for
methane combustion (Rige 53 (a)). No significant hysteresis was observed between the ignition

and extinction curves on the catalysts after HTA.

Figure5.3 (b) summarizes initial turnover frequencies that were calculated frorHIo5ignition

curves (wet conditions). To conform toetltondition of the differential reactor performance

(< 15% methane conversion), the TOFs are reported at 340°C for-tighRdtalysts and 360°C

for the Ptrich catalysts. The number of surface atoms was found from CO chemisorption of used
catlysts (Figire 5.2) assuming 1:1 stoichiometry. Interesting that forried catalysts, TOFs
calculated based on the total surface atoms are almost constant forfRheaRads 4:1 to 1:1, but

they drop significantly with further Pt enrichment. When TQWese calculated per surface Pd

only assuming the same bulk and surface composition, the peak activities belong to the catalysts
with PdPt ratios between 2:1 and 1:2. The latter assumption is not necessarily correct because
PdO segregation to the surfadePal-Pt catalysts is known to occur at hydrothermal agEag

which makes our calculated values of TOF per onlyp¥erpredicted. However, the trends in both
Figures5.3(a) and(b) show that Pt addition to the Pith catalysts is crucial to maintain the high

activity in the wet feed, but the Pt enrichment beyond 1:3 Pd:Pt ratio is not recommended.

Our earlier in situ Xray absorption spectroscopy study performed on the 2Rt Rdtalys{53]
suggested that water causes oxygen deficit, which suppresses the amount of active PdO sites but
activates Pt for methane activation, that is not active inrésgepce of oxygen. Dianat et 2]
concluded that the higher the Pd content in the surface layerRif €atalysts, the higher oxygen
adsorption energy. Thus, in wet feed onFRcatalysts, Pt is responsible for methane activation

but it also affets the oxygen binding energy. Apparently, at excessive Pt amounts for the ratios
exceeding 3:1 Pt:Pd, there is a deficit of oxygen required for the combustion. Such Pt effect of

promoting metallic state of Pd was reported even for the dry methane comlipbilio
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Figure 5.3 Catalytic activity during postiTA ignition and extinction in the wet feed: (a)
temperature of 50% methane conversion (Pt is omitted because it did not reach 5C

conversion even at 5%0); (b) initial ignition turnovefrequencies.

5.3.2 Structural evolution of Pd, Pt and PdPt nanoparticles

Figure5.1 (b) for HTA of Ptrich catalysts reveals an interesting trend at constafC4@hich is
the activity increase during ageing. Spontaneous surface segregation and adsdubate

restructuring at elevated temperature and under oxidative atmosphere of the reaction could be the
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reasons of this phenomen@B-71], such as in situ PdO segregation to sieface of PPt
particleg[29] or to the suppoii34]. Our earlier Xray absorption spectroscopy study of Pd(core)
Ru(shell) and PdRu mixed alloy nanoparticles showed that after oxidative ageing &C 568y
transformed into one structure with -Rdh shells and demonstrated the same performance in
metha® combustion[72]. The restructting is caused by differences in surface energies of
constituent atoms, adsorption energies of reactants or dissociated species, and diffusion barriers
[67-70]. In PdPt nanoparticles, Pd with lower cohesive energy than Pt is expected to segregate to
the surface producing Rtth shells and Ptich core[63, 6567, 71] but the degree of segregation
depends on the temperature and composition of the @gy66, 70] Based on Monte Carlo
simulation, Duan et aJ67] investigated surface segregatmfirandom alloys PPt 1:1, 3:1, and

1:3 and showed that surface segregation causes aba0¢d ower Pt concentrations in the shell.

Is it thus possible that the original location of Pd and Pt atoms in bimetalit Ranoparticles
actually does nomatter and they will transform in situ into the most stable structure only
depending on their metal ratio? To verify this hypothesis, we used a controlled synthesis of metal
nanoparticles and produced two samples with the sani# Rdio of 1:1, but one @& synthesized

as a mixed alloy (P&t 1:1), another as a Pd(ceft[shell) nanoparticles (Felt 1:1 GS). Figure

5.4 shows the original structures of the-Pdnanopatrticles, confirming the Pt enrichment of the
shells in the asynthesized corshell namparticles. After the use in the wet methane combustion

at temperatures not exceeding ¥50the original coreshell structure was lost: the EDX mapping
reveals nearly constant &1 ratio throughout the particle after the use. The catalytic results were
concomitant with the structure change: the activity of 1:1 originally alloy andst@iéstructures

are similar (with a longer stabilization period for the eshell sample, Figre 5.5). Moreover,
another sample prepared by mixing the individual collaiispersion of Pd and Pt nanopatrticles
foll owed by deposition on the support and cal
same 1:1 Pdo-Pt ratio, demonstrated the same stable behavior and a similar activity as the alloyed
Pd-Pt catalyst (Fgure5.5). Thus, it appears that it does not matter how the bimetallic particles

were synthesized as soon as the overall metal ratio is maintained.
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Figure 5.4 TEM and EDX mapping of asynthesized (fresh) 1:1 et alloy and fresh and
used in HTA Pd(corelPt(shdl) nanoparticles.

Figure 5.5 Hydrothermal ageing tests for alloyed, cafeell (GS), mixed colloids (MC) and
mixed supported catalysts (MS). Pd andMRaatalyst amounts correspond to the same |

loading in the reactor (1.2 mg). Pt catalyst loading corresponti2 mg of Pt.
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