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Abstract

Abstract

A novel, feasible synthesis approach for suppoiteermetallic PdGa and PdZn nanoparticles
derived from Hydrotalcite-like compounds (HTIc) irgroduced. Ternary HTIc with the nominal
composition (P&,M?")0.7dM3*"0.3(OH)(COs)0.15 - m H,O are synthesized by pH-controlled co-
precipitation. MG/Ga" and Zri*/AI** are chosen as #IM>" combinations to permit formation of
the nanocrystalline B&a and Pdzn intermetallic compounds on a porous MgGa0, and
Zn0O/ZnAlL O, support, respectively. In addition, a PdMgAIl HTécprepared as monometallic Pd
reference compound on a MgO/Mg®}, support.

Incorporation of P into the HTIc structure requires octahedral caation, while P& ions prefer
square planar coordination in agueous solutionthatsame substitution degree of My Pd*,
complete insertion is achieved for PdZnAl HTlc.dase of PdMgGa and PdMgAl HTIc a minor
fraction is present as segregated'Ruh the external surface of the platelet-like et with a local
environment similar to PdO, i.e. in a square plas@ordination. A limit of incorporation into the
HTIc lattice exists at < 1 mol% for the Patontaining precursors.

Upon thermal decomposition in reductive atmosphéreermetallic and metallic nanoparticles
ranging from below 2 nm to 6 nm in size and exhigitmonomodal particle size distributions are
formed. Alloying of Pd with Ga and Zn changes thgstal structure as well as the electronic
structure and leads to the increased formatioradéied adsorption sites at the surface. Furthermor
dynamic surface changes of intermetallig®al nanoparticles were noticed at longer exposure ti
to CO and higher CO coverage. This is attributeithéodecomposition into metallic Pd and,Ga

The nanostructured F@a catalyst shows excellent performance in thecedéesemi-hydrogenation
of acetylene similar to a bulk f8la model catalyst. In comparison to the elemerdat®alyst the
selectivity to ethylene is drastically improved Hgrmation of PdGa. Interestingly, the
nanostructered catalyst slowly activates in thed fgas. The activation is triggered faster by a
treatment in oxidative atmosphere. These dynanfitseoPdGa nanoparticles can be explained by
the interplay of surface decomposition into’ Raid GaOs in oxygen and reversal of the strong-
metal support interaction state leading to an mmed activity.

Furthermore, increased activities and selectiviiiesmethanol steam reforming and methanol
synthesis from C@are observed for the Rela and PdZn nanopatrticles in contrast to the unfieddi
Pd particles. These structurally modified Pd catalgxhibit a considerably lower selectivity to CO
and enhanced formation of methanol compared tonttr@ometallic Pd catalyst.






Zusammenfassung

Zusammenfassung

Fur die Herstellung von getrégerten, intermetaiést PdGa und PdzZn Nanopartikeln wird ein
neuartiger, leicht anwendbarer Syntheseansatz adrotdicit-dhnlichen (HT) Verbindungen
vorgestellt. Die terndren HT Verbindungen mit derommellen Zusammensetzung
(PE*, M?)0.7dM>)0.3d{OH)o(COs)0.15- M H,O werden durch pH-kontrollierte Co-Fallung hergliste
Die Kombination der zwei- und dreiwertigen Kationaariiert zwischen MY§/Ga®* bzw. zrf*/AI%,

um die Bildung von nanokristallinen & und PdZn intermetallischen Verbindungen gettamer
porésem MgO/MgG#, bzw. ZnO/ZnAbO, Support zu ermdglichen. Zusatzlich wird fur die
Herstellung einer monometallischen Pd-Referenzamém MgO/MgAbO, Trager ein PAMgAI HT
synthetisiert.

Der erfolgreiche Einbau von Rd die HT Struktur erfordert eine oktaedrische Kdination des
Pd*, wobei P4 lonen in wassriger Losung bevorzugt quadratisehan koordiniert vorliegen. Bei
gleichem Substitutionsgrad von®Mdurch P4 konnte volistandiger Pd Einbau fiir die PdZnAl HT
Verbindung erreicht werden. Im Falle von PdMgGa &adMgAl HT liegt ein geringer Anteil des
P& in segregierter Form auf der Oberfliche der HTtEH&n vor. Das nicht eingebaute Pd weist
eine dhnliche Koordinationssphare wie quadratisahay koordiniertes Pdlin PdO auf. Die Grenze
fiir den vollstandigen Einbau von Pdiegt bei unter 1 mol% Pd.

Die thermische Zersetzung in reduzierender Atmaspfizhrt zur Bildung von intermetallischen
und metallischen Nanopartikeln in der GréRenordnuoig unter 2 bis 6 nm und monomodaler
PartikelgroRBenverteilung. Durch das Legieren von d Ga bzw. Zn wird sowohl die
Kristallstruktur als auch die elektronische Struktgrandert, was zur Ausbildung von isolierten
Adsorptionszentren an der Oberflache fuhrte. Degah wurde bei langerer CO Exposition und
erhéhten CO Driicken eine dynamische Verénderund®d€3a Oberflache beobachtet. Dies lasst
sich durch die Zersetzung von, B zu metallischem Pd und &3 erklaren.

Der nanostrukturierte RB@a Katalysator erzielt im Vergleich zum J&h Bulkkatalysator ahnliche
Selektivitdt und Stabilitét in der selektiven Sewydihierung von Ethin. Die Selektivitdt zu Ethen
verbesserte sich gegeniber metallischem Palladautiich durch die Bildung der intermetallischen
Pd.Ga Phase. Interessanterweise wird eine langsameigking des Katalysators im Reaktionsgas
beobachtet, die sich mittels oxidativer Vorbehandluwrastisch verkirzt. Diese Dynamik kann
durch das Zusammenspiel von der Oberflachenzerspizu P8 und GaO; und der Umkehrung der
starken Metall-Trager-Wechselwirkung erklart werdems zu einer deutlichen Aktivitatserhéhung
fuhrt.

Zusatzlich zeigten BGa und PdZn Nanopartikel im Gegensatz zum reineKa&dlysator erhdhte
Aktivitaten und Selektivitaten in der Reformierumgn Methanol und der Methanolsynthese. Diese
strukturell modifizierten Pd Katalysatoren weisem iVergleich zum monometallischen Pd
Katalysator deutlich verringerte CO Selektivitaterd erhéhte Bildung von Methanol auf.
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Chapter 1: Introduction and Overview

Chapter 1: Introduction and Overview

Preface

The first chapter will give a broad overview abdle relevant literature, open questions and
research strategy that will be presented and diecum the following chapters. First, the class
of intermetallic compounds (IMCs) and its relevamsea research subject will be introduced.
Subsequently attention will be shifted to the nosyhthesis approach, which was applied to
obtain nanoparticulate IMCs. On basis of this apphometallic and intermetallic compounds
were synthesized and tested for different kindseattions.

In this thesis the focus is placed in particulartibe Pd-Ga system. In addition the Pd-Zn and
monometallic Pd system will also be discussed athan IMC example and reference system
respectively. Moreover, the catalytically relevamiactions, which are the subject of the

following chapters, will be briefly introduced.

1.1. Intermetallic compounds

IMCs result from the combination of various metaled form a large and manifold class of
materials?! According to the simple definition given by Scteil? intermetallics are
compounds whose crystal structure is different ftbose of the constituent metals. In contrast
to some other alloys, they are single-phase médesiad their crystal structure and properties
are determined by the strength and character obtimeling in the crystal. Partly covalent or
ionic character of intermetallic compounds lead Higher structural stability and less
segregation compared to alloys. Contribution ofatemt or ionic bonding of IMCs result in
reduced ductility and reduced electric conductigitynpared to pure metals or alloys consisting
of miscible metals. Their classification is ratleemplicated and presence of the same crystal
structure does not automatically lead to similasitwith respect to bonding and properties.
Thus, intermetallics are grouped according to sirities in properties rather than crystal
structure. Furthermore, IMCs do often not possessi@ly defined stoichiometric composition,
instead they are stabile over a broad homogeraitge. For instance, in brass the Zn content
may vary from 60 - 70 at%. Nevertheless, small gkanin composition can be of crucial
importance for physical properties. For example fdfreomagnetic Laves-phase ZsHeas a
homogeneity range from 66 - 72.5 at% Fe. Dependinthe composition the Curie-temperature
varies from 610 K at 66.7 at% to 798 K at 72.3 &&§’
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Intermetallic compounds are known since ancientetith and the discovery of first
intermetallics resulting from alloys with low meltj temperatures marked the epoch of the
Bronze age around 3000 B.C. Their outstanding lesinwear resistance and metallic
properties were important for their applicationvesapons, tools and coins. Also decorative
aspects played a role in their application becadisbeir metallic brilliance. Bronze coatings in
the ancient Egypt (2500 B.C.) and the mirrors usg@ncient Chinese (206 B.C. — 220 A.D.)
are classical examplé&b,

Early work on intermetallics during the first deeadf last century basically included studies of
phase stabilities, phase equilibria and phase itrams in order to establish phase diagrams.
Furthermore, studies of various properties werdopeied, i.e. chemical and electrochemical
properties, physical properties including magnetiand superconductivity, and mechanical
properties were investigated. In second half of k& century intermetallics were first
employed for functional materials application tigat far beyond the classical functions in the
metal industry. The first industrial applicationslied on the special magnetic behavior of
ternary FeSiAl phases (Sendust), which were widelsd for wear resistant, magnetic heads in
tape recorderé. In addition, aluminides attracted attention wigspect to applications at high
temperatures. For instance, the NiAl exhibit lowslg/, good thermal stability, high melting
point (1913 K) and excellent oxidation resistandevang the several potential engineering
applications such coatings, turbine blades and s/asemiconductor or high voltage
electrode$" ® The only catalytic application of commercial siigance so far is Raney nickel
catalyst, which is most commonly used for hydrogjenareactions” The preparation is carried
out by melting of a mixture of 30-50 wt% Ni with 5@ wt% Al, whereas depending on the
initial chemical composition different Ni-Al intemallic compounds are formed, primary
NiAl 3, Ni,Al; und NiAl® % Subsequent leaching by sodium hydroxide leadseattive phase
and dissolves most of the Al. While¥i; and NiAk readily leach and form a tight skeletal Ni
structure, the NiAl phase is only slightly solubléhe porous structure left behind has a large

specific area, which gives a high catalytic acjivit

1.2. Motivation

At the beginning of this century Pd-Ga IMCs becamheacademic interest because of their
extraordinary catalytic performance in industrialyevant selective hydrogenation of acetylene
to ethylene. Most commonly used industrial catafgstthis process is based on Pd-Ag alloys

[10]

supported on ADz."™ | but it is usually complicated to define the aetsites for supported

metal, metal mixture and alloy catalysts. Therefosal-defined, ordered and in-situ stable
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unsupported Pd-Ga IMCs were employed as modelmysitethe crystal structure of PdGa and
Pd&Ga, compound, the Pd atoms are exclusively coordinbtedsa atoms, which allow the
isolation of the active sites. These sites wereatly correlated with the catalytic performance
of these material$**® As mentioned, these compounds are model systenuaning the last
years the research interest in the preparatioranbstructured systems has grown constantly.
The focus is placed on the size reduction of alreaxisting bulk phases to transfer the
properties of the model system to real applicatiddanocrystalline intermetallics are high
surface materials which exhibit a higher dispersifrthe noble metal species and therefore

possess enormous potential for application as lost-and high-performance catalyst.

1.3. Synthesis strategy for binary Pd-X intermetallic nanoparticles

Intermetallics are traditionally synthesized usingtallurgical techniques, which require high
temperature and long annealing periods. Thesaigpobs lead to well-defined and phase-pure
model materials, which are very useful to studyittiensic properties of IMCs. Unfortunately,
these materials obtained in thermodynamic equilibriexhibit rather low specific surface area
(typically < 1 nf/g). Top-down approaches, e.g. milling or etchifgntermetallic compounds,
lead to an increase in surface afé§ but partially destroy the IMC crystal. In order t
synthesize nanoparticulate intermetallics varioystietic approaches have been applied in
literature, for instance co-reduction of organortietanetal precursors. Single-phase and
nanosized Pd-Ga intermetallic compounds were sgitbé by co-reduction of GaChnd
Pd(acac) in THF by Superhydride® The synthesis leads to very small particles of the
intermetallic compounds and surface areas highan tA ni/g. However, this method of
preparation necessitates expensive reactants asasvatert atmosphere during the synthesis
process. A more feasible preparation was obtaiyedokimpregnation of the metal nitrates on
CNT. Subsequent calcination and reduction at 828a€ to nanocrystalline Fda supported
on CNT!® Furthermore, the reaction between noble metalthadxide support was applied
for the controlled and target-oriented preparatafnsupported and dispersed IMCs. Pd
supported on G&; and ZnO has been first studied by Iwasa ef'al’®. The IMCs were
formed by reductive treatment at elevated tempegatuln order to obtain homogenous
materials, it is important to control the partisiee and the metal distribution during the whole
synthesis. This can be difficult because of thé lsighesive forces of Pd nanopatrticles and their
tendency to form agglomerates. Inhomogeneous fmrsize distribution may affect the

formation process of the IMCs and can also leamhdomplete phase formation. Furthermore,
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scalability and reproducibility are crucial aspeds the synthesis procedure, which are
sometimes hard to realize by impregnation.

Herein, a novel, more feasible synthesis approathbe presented using Hydrotalcite-based
materials as precursor for supported Pd-X (X= Qa), [RKICs. The class of Hydrotalcite-like
compounds (HTlIc) originate from the mineral Hydiote MgsAl,(OH),6COs - 4H,0 that is a
hydroxycarbonate of Mg and Al with rhombohedral stay structuré® In literature this
mineral group is also referred to as layered dobptiroxide (LDH). HTlc may be described by
the general formula [M4.,M2" (OH),]** (A", - MHO (0.2 <x < 0.4), where M1 and M2"

are divalent and trivalent metals respectively Afidis an anion. Di- and trivalent cations are
octahedrally coordinated by hydroxyl groups andldowip a joint cationic lattice, that is
isostructural to brucite (Mg(OH)) presented in Figure 1- 1. By introducing trivdleations
into the brucite-like layers a positive charge lisated. Inorganic and organic anions such as
chlorides, nitrates, chromates or carboxylatesistercalated between the layers to maintain
charge balance. Crystallization water is usuakip dbund in the interlayer spal¢8.

o-H

ML), min
O-H

interlayer carbonate .—.—-. .

]
-

Figure 1- 1: Schematic representation of the Hydecde-like structure (interlayer water not

shown for clarity).
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In general, the variety of metal ions is quite hagid all cations with an ionic radius in the range
of 0.5 - 0.8 A are capable of HTIc formation, sashM1' = Mg®*, Zr?*, Mn?*, C&**, Ni?*, CU/*
and M2" = AI**, G&*, F€"*, Cr*.?> 2 A number of synthetic techniques have been sutdss
employed in preparation of HTIc and the most commpaparation method is co-precipitation
of the corresponding metal solutions. Co-precimtatallows for high reproducibility and
scalability - important factors for commercial apptions. The relevance of HTIc precursors for
catalysis has been comprehensively reviewed by iG&tal.”! as well as by Forano et &f’.
Both investigators pointed out the relevance of tlmenogeneous distribution of all metal
cations inside the brucite layers in yielding wailpersed, small and stable metal particles on
mixed oxides support after calcination and reductldTIc already represent well established
precursor system%” for bulk catalysts, applied e.g. in preparatiomNefAl steam reforming™

or Cu-Zn-Al methanol synthesis cataly$ts

In our synthesis approach, ternary Hydrotalcite-likompounds were synthesized by co-
precipitation. Variation of the M1and M2" cations lead the preparation of three final
compounds: two intermetallic and one metallic systén case of the Pd-Ga intermetallic
system M§" was chosen as second divalent ion in order talhuplthe HTlc structure and not
to interfere with redox chemistry, while for the-Bd system Al* was selected as third, inert
component for the formation of the HTlc structufae pure metallic system consisted of'Pd
Mg*, AI** cations and no intermetallic formation is expeateder the applied conditions. The
HTlc mainly consisted of Mg and ZA* ions, while these cations are only partially sitbtd

by Pd* ions. The M*/M®* ratio was set to 70:30 and the Pd content wagd&drom 0 - 2.5
mol%. The resulting interlayer space is filledtwgarbonate ions and water.

In literature, synthesis of Pd-free MgGa HTit ! znAl HTIc % 2 and MgAl HTIc 8
materials has already been reported and phasepgpacarsors could be obtained. However,
there are only a few reports about Pd containingaty HT systems obtained by co-
precipitation®®3? More often, impregnation was used for the synthesfisnoble metal
containing HTI compound&®*"

It is noted that Pd prefers square planar coordination in aqueousisaluwhile incorporation
into the HTIc lattice requires octahedral coordimat Furthermore, the large ionic radius (0.86
A B8 of Pd* exceeds the empirical limit of approximately 08& for the incorporation into
the HTlc. The incorporation of Pd into lattice og-HTI compounds was claimed by means
of XRD. The existence single phase hydrotalcite-lirecursor indicated that Pdion is
isomorphously substituted for Mg in the Mg-Al bracilayer. Furthermore, the nominal
composition was experimentally proven to be refiddn the HTIc including all Pd speciés.

¥ However, at low Pd loading (< 5 mol%) it is haml donfirm the incorporation of Pd by
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means of XRD. The limit of incorporation dependstio& Pd loading and precursor system, as it

will be discussed in the second and third chapter.

0O . — i s
® ( ) ) (Pd-X
000 T N 5
H,0 H-0. CO, X=MI/M2

Figure 1- 2: Simplified scheme of the formationgess of intermetallic nanoparticles based on
Pd-M?*-M*3* Hydrotalcite-like precursor.

A simplified reaction scheme starting from a Pddob$iTI compound and leading to the
intermetallic compound is presented in Figure 1J@on heating in hydrogen small, metallic Pd
particles are formed on the hydroxycarbonate ma8pilled-over atomic hydrogen is supposed
to be formed on embedded °Pparticles under reductive conditions that interatth the
surrounding G¥ or Zrf*-oxide matrix and lead to the formation of the IMG4g and Al as
well as residual Ga and Zn will remain in theirdeistate and form the support material. The
formation of single phase nanoparticulate Pd-X [IM{8s expected, due to the initial
homogeneity of metals ions and small, reactivé/MRi#H particles that will be achieved on the

basis of ternary HTI materials.

1.4. Pd-Ga system

The nomenclature of Pd-Ga intermetallic compoursdguite controversial in literature, but
according to the IUPAC recommendation 2d85the intermetallic compounds will be named
hereafter as RGa,.

The phase diagraftf’, shown in Figure 1- 3, emerged from the phaserdiagf Massalski*",
who has summarized the first investigations pubtishy Schubert et &7 and Khalaff et al.

In addition, Wannek et df*! investigated the palladium-rich part (65 - 77 aP#) of the phase
diagram by means of powder x-ray diffraction anerthal analyses. These modifications were
included in the Ga-Pd phase diagram below. It @sigif nine intermetallic phases. It includes
the 1:1 stoichiometric compound PdGa as well abugalrich PdGag and PdGa, compounds.
Palladium-rich compounds are for instance@a PdGa and PgGa; that were indentified in

the binary system.
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Figure 1- 3: Ga-Pd phase diagram according to Okalffb

1.5. The Pd-Ga intermetallic compound PdGa

The thermodynamically most stable compound of &R system is BGa. According to the
Ga-Pd phase diagram, the,8d compound displays an extraordinary broad honserange

at higher temperatures (T > 1173 K) that ranges 29 - 36 Ga%. At low temperatures (< 773
K) the homogeneity range is limited to higher Gateat and varies from 33 - 35% Ga.Bd
exhibit orthorhombic structure with= 5.4829(8) Ab = 4.0560(4) Ac = 7.7863(8) A**! and
crystallizes in CgSi type of structuré®

As shown in Figure 1- 4, two different kinds of Poordination spheres are obtained for the
Pd.Ga structure. Each Pd1 atom is surrounded by fauin@ distorted tetrahedral coordination
with distances varying between 2.54 A and 2.56 Ae @dditional Ga atom is quite far away at
a distance of 2.96 A. The environment of Pd2 ateulifferent: nonplanar trigonal coordination
by three Ga atoms with d(Pd-Ga) = 2.56 A — 2.62nd awo other Ga atoms at a considerably
longer distance of 2.84 A. The coordination splwreach palladium site is completed by eight
Pd atoms with d(Pd-Pd) between 2.82 A and 2.9%ds increasing the coordination number of
both Pd atoms to 13. In comparison to fcc Pd mgal5 A) the interatomic distance is
significantly increasef® All interatomic distances including the Ga atoms given in Table
1-1.
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The formation of the nanoparticulate,Ba, obtained by reduction of Pd/f&a powder sample
at 673 K, was first reported by Penner efalThis result was in disagreement with earlier

studies performed by Iwasa et'dl., which obtained a phase mixture 086, and PdGaafter
reductive treatment.

Figure 1- 4: Unit cell of P5a and coordination sphere of Pd1, Pd2 and Ga.

Table 1- 1: Interatomic distances shorter thanfdrdd1, Pd2 and Ga in the /& structure.

Pd1 d[A] Pd2 d[A] Gal d[A]

Ga 2x 254 Ga 2x 256 Pdl 2x 254
Ga 1x 255 Ga 1x 2.62 Pdl 1x 255
Ga 1x 2.56 Pd2 2x 281 Pdl 1x 2.6
Pd2 2x 2.82 Pdl 2x 2.82 Pd2 2x 256
Pd2 1x 2.85 Ga 2x 284 Pd2 1x 2.62
Pd2 2x 2.90 Pdl 1x 2.85 Pd2 2x 285
Pdl 2x 2091 Pdl 2x 2.90 Pdl 1x 2.96
Ga 1x 2.96 Pdl 1x 2.99

Pd2 1x 2.99
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1.6. Pd-Zn phase system

In contrast to Pd-Ga system, the Pd-Zn phase diagsaless complex and reveals five
bimetallic PdZn, structures according to Okamdtd.The Pd-Zn system, similarly to the Pd-Ga
system, includes a Pd-rich phase with a Pd:Zn @ti2:1 that also crystallizes in CoSi-Type
structurd?® The most important and also thermodynamically Istathase is the tetragonal
Pdzn (here referred as ZnPd rt), which is usualtyamed on supported Pd/ZnO powder
catalyst after reductive treatment at elevated &ratpres (473 - 573 K). It crystallizes in
tetragonal (AuCu-type) L10 structure and its conitpas ranges from 37 - 56 at% Zn. Since its
extraordinary high selectivity towards ¢@ the steam reforming of methanol was reported in
literature by Iwasa et dl.”), the PdZn system was intensively studied as mamiglreal catalyst

for this reaction (see section 1.8) by several ps&d>"
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Figure 1- 5: Pd-Zn phase diagram according to Okafffo
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1.7. Pd-Ga IMCs as selective acetylene hydrogenation edysts

The selective hydrogenation of acetylene to ethg/lenan important industrial reaction in
course of the production of polyethylene (50 Megatgear) from ethylene.

C,H; + H, — CHy AH = -172 kJ/mol (298 KF*! (1)

The ethylene stream produced by cracking of lidk&rees has to be purified from acetylene,
which would otherwise leads to poisoning of theypwdrization catalyst. The acetylene
concentration has to be lowered from usually arol#fdto the low ppm range. The extent of
complete hydrogenation of ethylene either origmgitfrom the stream or hydrogenation of
acetylene to ethane (reaction 2) should be minidhieemaximize the final polyethylene yield.
The reaction is usually performed at 323 — 353 K.

C,Hs + Hy, — CHg (2) hydrogenation of ethylene to ethane
n GH, + % n H — (CHa), (3) dimerization and oligomerization (n=2, 3, %,

Dimerization and oligomerization lead to the forimatof 1,3-butadiene (reaction 3, n=2) that
can be further hydrogenated tq I&/drocarbons (1-butene, n-butane, cis- and tratenie). G
species are suggested to be the precursor fgryd@ocarbons which are formed in small
quantities and called green B1t.>* Hydrocarbon deposits and hydrocarbon decomposititn
subsequent formation of carbonaceous depositsenaatialyst surface lead to deactivatfdr®!

It is well known that among the metals of groupliMpialladium dispersed on a support is highly
active in the hydrogenation of acetylene, but qguprly selective, leading to the formation of
ethane. The long-term stability of Pd is also rediuby the formation of other by products such
as G and higher hydrocarbons. The formation gfsPecies leads to strong deactivation which
requires a frequent exchange or regeneration otakedyst in the hydrogenation reactor. The
changes to Pd catalyst during reaction and studi#ee reaction mechanism have been recently
summarized and reviewed by Boragiki and Bond>® ¢!

Numerous examples and explanations as to how thetiséy and stability of Pd catalysts can
be controlled are given in literature. The outstagdability of Pd to dissociate and dissolve
hydrogen is of fundamental importance in the salechydrogenation process of triple to
double bonds. It was experimentally demonstrat8dand theoretically validatefi* ¢! that
dissolved hydrogen in the subsurface of Pd camushfto surface and further hydrogenate the

adsorbates. As shown by Khan et®3lsubsurface hydrogen was found to favor the total

10
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hydrogenation of acetylene, whereas the presenocalgfsurface H is more selective towards
partial hydrogenatiofi®

The selective hydrogenation of acetylene proce@swface vinyl intermediates to ethylene,
while over-hydrogenation of vinyl to ethylidene ulis in ethane or ethylidene. Isolation of
surface Pd atoms is suggested to reduce the swfsmentration and disfavor diradsorbed
ethylene, which takes place on neighboring siteeniing ethylidyne and vinylidene species
strongly bound to the surfal&%! These species may act as precursors for carbamaceo
deposits and cause deactivation. On the other tibade species play a role in separating the
active sites and to reducing their size by surfaloeking, which strongly affects the catalytic
properties>® ¥ Furthermore, the supply of hydrogen to the surfacd subsurface will be
decreased by the absence of neighboring sitesctiarsging selectivity’® as well as catalyst
stability. It was shown by Teschner et’8|that under certain conditions alkyne fragmentation
leads to formation of a Pd-C surface phase in RateThis Pd-C surface leads to increased
selectivity by hindered diffusion of hydrogen tollbuEarlier work of Ziemicke et afY have
shown that Pd undergoes the formation of Pstilution by fragmentation of acetylene on Pd
Black at temperatures 423 K. Using X-ray diffranti@a lattice expansion of approximately 3%
was calculated for 15% incorporated carbon (R¢CIn fact, the migration of carbon to the
subsurface leads to formation of Pd-C subsurfagedéin prevent hydride formatidf. It was
proposed that the role of dissolved carbon andRteC surface phase is to exclude bulk-
dissolved hydrogen participating in the reactiomsitu prompt gamma activation analysis
(PGAA) was used to determine the hydrogen contanPd during reaction. Indeed, the
unselective hydrogenation proceeded via bulk hydridvhereas selective hydrogenation was
only possible after decoupling bulk properties frihva surface events.

In addition to carbon formation and suppressed idgdformation, further specific surface
modifications by deposition or poisoning to avoigtdydrogenation on Pd catalyst are reported
in literature. For instance, it was shown that adelition of TiQ to Pd catalyst® leads to an
increased selectivity to ethylene. Li@as selected as potential promoter because mgitro
interacts with Pd, particularly after high temparattreatment. This phenomenon is referred to
as “the strong metal-support interaction” (SMSkstfiproposed by Taust&" ™ has been
observed with catalysts supported on reducible Imet&des. The SMSI phenomenon is
explained by the decoration of the metal surfadé wartially reduced metal oxid€& " or by

an electron transfer between the support and 8pedied metal& ™ Similar effects were also
proposed for doping Pd//&D; catalyst with potassium. It was suggested thaktdeped AbO;

induces an electron transfer to Pd. Ethylene desarbre readily before it can be further

11
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hydrogenated to ethane. Changes in the electranictgre lead to different adsorptive
properties that positively affect the selectivity.

Another concept considers geometric reasons foringoroved selectivity. The currently
industrially employed system, a Pd-Ag alloy shovsuperior selectivity®® and stability in
comparison to pure Pd catalyst. By alloying Pd wAtl) the surface concentration of Pd is
reduced, as well as the average size of the aetisembles. Consequently, different adsorptive
and electronic properties are acquired. Studt eff’aldeveloped scaling relations between
different adsorption energies of reactants andrmeiates and used that analysis to identify a
descriptor for both catalytic activity and seleitfiv Calculations of the potential energy
diagram of the hydrogenation of acetylene over jRadeand a PdAg catalyst have shown that
the addition of Ag lowers the energy barrier ofatesion of the intermediately formed ethylene
with respect to the energy barrier of further hygpneation to ethane and thus makes the catalyst
more selectiv€™ The same group also pointed out that similar &fface also present in case
of other modifying atoms in the subsurface of Re arbor®?

Bulk Pd-Ga compounds benefit from geometric, etettr and adsorptive effects that increase
the selectivity and long-term stability in the hydenation of acetylene. In case of the PdGa and
PdGa, compound, the Pd atom posses none or only onéoRdia the first coordination shell,
while in PdGa the Pd-Pd coordination number is increased to &omparison tdcc Pd metal
(CN = 12) it is still lower. XPS measurements hathewn that electronic properties of these
compounds are different from those of metallic Pde Pd 3d binding energy is shifted to
higher energies, which was explained by the filldfid°d d band due covalent interactions of Pd
and Gd** #I The highest shift is observed for PdGa, followgdPkGa; and PgGa. Moreover
the changes of electronic structure were experialigrahown with CO-IR adsorption on PdGa.
One single adsorption band at 2047 cwas detected indicating absence of multiple bandin
and increased backdonation of from the Pd d-baodbea CO. Furthermore, the stability of
PdGa and Ptha, was tested under in-situ conditions. Neither ndk the surface undergo any
changes. During acetylene hydrogenation no hydoidearbon formation were observed by
PGAA and in-situ XPS measurements, respectiVal§?! There are no studies of bulk &
under reaction conditions so far, but hydride fdiora can be excluded according to
Kohlmann®® A very weak DSC signal and small unit cell inceea$ 1% at hydrogen pressures
up to 39 MPa and temperatures up to 700 K wererebddy in-situ DSC and ex-situ XRPD
suggesting no significant hydrogen uptake. Basethege promising observations for the bulk

materials it was worthwhile preparing and studymagostructured Pd-Ga compounds.
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1.8. Pd based IMCs in methanol synthesis and methanolesim reforming

Methanol is a widely used as a feedstock for thendbal industry and has potential to be
applied directly in fuel cells, whereas hydrogerassidered as one of the most promising and
clean energy carriers of the future. Methanol sgsith from CQ and its reverse reaction,
methanol steam reforming is shown in equation L.il&VMSR is not thermodynamically
limited and is carried out at atmospheric pressorethanol synthesis requires high pressures
(30 - 100 bar) and lower operating temperaturestdumfavorable thermodynamité. Reverse
water gas shift (rWGS, reaction 2) is a side reacto methanol synthesis and thus diminishes
selectivity. In MSR, methanol decomposition (reactB) as well as rwWGS are undesired side

reactions and yield CO - a poison for fuel celt#aiedes.

CO,+ 3 H > CHyOH + HO  AH, = -49.8 kJ/mol (1)
CO, + H, > CO + HO AHo = +41.2 kJ/mol )
CHOH < CO+2H AHo = +91.0 kd/mol 3)

Both, methanol synthesis and steam reforming, arged out at similar temperatures (523 -
603 K) on Cu/ZnO based catalysts. A major drawhzc€u-based catalyst is their poor long-
term stability. Low Huttig and Tammann temperatusgich reflect a relatively low melting
point of Cu (1358 K), lead to thermal sinteringtamperatures above 573 K. Additionally,
deactivation of the Cu-based catalysts occurs hgopong from impurities (sulfur, chlorine)
and inhibition by co-products. While poisoning lyntaminants of the feed gas and coking are
normally the main reasons for catalyst deactivatromethanol decomposition and methanol
steam reforming reactions, the main source of desimn was stated to be the thermal sintering
of the copper phase in methanol synth&3is.

Apart from the advanced Cu-based catalyst, Pd stgmpon GgO; 17 8% ®land znQ*": 53 o4
were identified as efficient catalyst for methasghthesis from C@as well as for methanol
steam reforming. Their high selectivity and activig attributed to alloy formation that results
from the partial reduction of the support. As alleganentioned, several phases {Pd, PdGa
and PdGg were obtained in case of the Pd/Gapowder catalysts. Whereas for supported
Pd/ZnO tetragonal bimetallic PdZn was identified imt&ermetallic phase. In contrast, other
supported Pd catalyst, e.g. on §i®I,0;, were poorly selective in methanol synthéSisand
methanol steam reformirfgf’. In particular, the PdZn/ZnO system exhibits gsetkctivity and
stability in MSR and therefore performs similarly Cu based catalysts. XPS and UPS

measurements have shown that the electronic steuofuPdzZn (1:1) resembles that of metallic

13
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Cu ® %1 which was confirmed by DFT calculations of thensley of state§® °! Neyman et

al " calculated the reaction barriers for methoxy debgenation to CO and4bn Pd, PdZn
and Cu surfaces. Similar barriers for dehydrogenatif intermediate formaldehyde to CO were
found on Cu and PdZn, which are both remarkabljédrighan on Pd and therefore explain the
high CQ selectivity®"

14
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1.9. Aims of this work and thesis structure

The overall goal of this project is the synthedi®d-X (Ga, Zn) intermetallic nanoparticles by
wet-chemical synthesis approach and characterizafitheir structural and catalytic properties.
As already mentioned Hydrotalcite-like compoundsrenvselected as precursor in order to
achieve a close interaction between Pd and Ga/&rfabilitates the IMC formation and yields
homogenously distributed nanoparticles. Of particuhterest is the catalytic activity in the
selective hydrogenation of acetylene as well ahamatl steam reforming (MSR) and methanol

synthesis from C@ The following chapters will address several atspec

Syntheses of well-defined Pd based Hydrotalcite-lfkecursors in order to obtain
intermetallic Pd-X nanopatrticles.

Characterization of the precursors in terms of phagity, Pd incorporation and
textural properties.

Investigation of the phase formation process.

Analysis of the catalyst’'s physical and chemicabparties including adsorption
properties and structural stability compared torttemometallic catalyst.

Evaluation of the catalytic activity in the semieliggenation of acetylene, methanol

synthesis and methanol steam reforming reactiomgrttte different systems.
These topics are described over three chapters egith chapter comprising an independent
publication manuscript; containing: abstract, idtration, literature review, methods, results,

discussion and conclusions. The structure is éawel

Chapter Two - Intermetallic compound B as a selective catalyst for the semi-hydrogenati

of acetylene: From model to high performance systegontains a comparative study of the

obtained supported nanoparticulate®a compound with the bulk F@a model catalyst. This
chapter will include characterization data that lexpy confirms the formation of the
nanocrystalline Pga particle. The activity data of the preformedestVe hydrogenation of
acetylene is presented and compared to the intripmperties of the nanosized and bulk

material in comparison to elemental Pd.

Chapter Three - Synthesis and dynamic surface gseseof supported, catalytically active

PdGa nanoparticles derived from ternary Hydrotaltike- Precursors A series of Pd-

substituted MgGa Hydrotalcite-like compounds witfiedent Pd loadings have been studied in

terms of loading, phase formation and stability.e Tincorporation of Pd into the layered
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structure of the precursor was proven. Furtherntbeeactivation process that was presented in

Chapter 2 was investigated in more detail.

Chapter Four - Synthesis, Characterization and Goatipe Catalytic Study in Methanol

Synthesis and Methanol Steam Reforming of SuppoRedsa and PdZn Intermetallic

NanoparticlesThe successfully applied synthesis procedure @p@hs 2 & 3 was adopted to
prepare intermetallic Pd-Zn compound as well ag Rat reference system. The extent of Pd
incorporation for the different samples was studiedwell the IMC formation processes. The
adsorptive properties, the activity of the interalet and monometallic catalysts were
compared in the methanol synthesis (fromy)C&hd methanol steam reforming reaction.

Chapter Five - Summary and Conclusi@mges a brief synopsis of the combined findingd an

the conclusions that can be drawn from this work.
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Abstract

A novel nanostructured R@a intermetallic catalyst is presented and comperedemental Pd
and a macroscopic bulk Rela material concerning physical and chemical ptogserThe new
material was prepared by controlled coprecipitatioom a single phase layered double
hydroxide  precursor or hydrotalcite-like  compound,of the  composition

P 029Mgo 675G s(OH)(COs)0.15 -+ mMH,O. Upon thermal reduction in hydrogen, bimetallic
nanoparticles of an average size less than 10 mmagmorous MgO/MgG®, support were
formed. HRTEM images confirmed the presence ofithermetallic compound BGa and are
corroborated by XPS investigations which revealednéeraction between Pd and Ga. Due to
the relatively high dispersion of the intermetaimmpound, the catalytic activity of the sample
in the semihydrogenation of acetylene was more 8@00 times higher than observed for a
bulk PdGa model catalyst. Interestingly, the high selégtiof the model catalyst toward the
semihydrogenated product of 74% was only slighthwdred to 70% for the nanostructured
catalyst, while an elemental Pd reference cataiisived only a selectivity of around 20%
under these testing conditions. This result indisdhe structural integrity of the intermetallic
compound and the absence of elemental Pd in thesizamal particles. Thus, this work serves as
an example of how the unique properties of an inéallic compound, well-studied as a model
catalyst, can be made accessible as real hightp@rfg material allowing establishment of
structure-performance relationships and other egfitin-related investigations. The general
synthesis approach is assumed to be applicablevieral Pd-X intermetallic catalysts, with X

being elements forming hydrotalcite-like precurdartheir ionic form.
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2.1 Introduction

Pd is a highly active noble metal catalyst for log#mation reactions!” ? e.g., the
hydrogenation of acetylene. Among the Pd-basedys&taPdAg alloy catalysts show a higher
selectivity toward the semi-hydrogenated produttylene, than pure Pd catalysts, which favor
total hydrogenation to ethane, and are the cugrentdustrially employed system for this
proces$? The modification of the electronic, adsorptived aratalytic properties of Pd-based
catalysts by the presence of a second speciesecastly received considerable attention.
Calculations of the potential energy diagram fa tydrogenation of acetylene over pure Pd
and PdAg have shown that the addition of Ag lowers thergg barrier of desorption of the
intermediately formed ethylene with respect to ¢éimergy barrier of further hydrogenation to
ethane and thus makes the catalyst more selétSimilar effects are also predicted for other
modifying atoms in the subsurface of Bdit was shown experimentally that conditions of
selective alkyne hydrogenation can also be foupdiié Pd metal is used as starting material. In
situ investigations have shown that under thesditions in fact a P&C phase is in operatidii,
which was formed by fragmentation of the reactantecule and migration of carbon into the
subsurfac&! Among the PeéX materials investigated as hydrogenation catalysitk PdGa
intermetallic compounds (IMCs) have shown extrawadly high selectivities and stability in
the semi-hydrogenation of acetyléldMCs are single-phase materials which consistvof or
more metallic elements. In contrast to alloys, thdgpt an ordered crystal structure different
from those of the constituting metals themsel¥e¥. Thus, also their chemical properties may
differ substantially, and they should be considesisda class of materials in their own right,
requiring an independent physicochemical charaztan. This has recently been
demonstrated for the structurally ordered IMCs Pa&a PgGa.** I The in situ stability of
these IMCs in reaction atmosphere and the impodappression of hydride formation were
attributed to the presence of an ordered and pgrtiavalent bonding network between Pd and
Ga in contrast to statistically arranged substinl alloys. Unfortunately, as for most other Pd
X systems, homogeneous and nanostructured versioRgtGa IMCs allowing a transfer of
theoretically predicted properties or of the reswiready confirmed for macroscopic model
systems to “real” catalysts are hard to obtain.

The general procedure to synthesizeG&lIMCs is by melting the appropriate amounts ef th
elements followed by annealing at high temperatiurdsert atmosphere. This direct reaction
leads to well-defined and phase-pure model masgrighich are very useful to study the
intrinsic catalytic properties of IMCs. The matéridtained is in thermodynamic equilibrium,
easing the reproducible synthesis. Top-down appesce.g., milling or etching of bulk

intermetallic compound&? lead to an increase in surface area but go hahdrid with a partial
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destruction of the IMC crystal structure, not obbing detrimental for the catalytic selectivity
but also complicating the establishment of striesparformance relationships. Thus, to check if
the unique structural and catalytic properties afkbIMCs can be maintained or even
extrapolated from the world of model catalysis &alrsystems, i.e., over several orders of
magnitude in particle size, bottom-up approaches reacessary. One possibility to prepare
supported and dispersed IMCs is by reaction betwedale metal and the oxide support. An
example is the formation of Réa intermetallic compounds by reductive treatmérlevated
temperatures of Pd/@3;."**®! Single-phase and nanosized-®d intermetallic compounds can
be synthesized by co-reduction of Ga@hd Pd(acag)in THF by Superhydrid€® This
synthesis leads to very small particles of therm#allic compounds and surface areas of more
than 2 m2/g. Applied as catalysts, these matemadse shown to keep the high intrinsic
selectivity of the Pd5a IMCs, while the specific activity is increasegl d factor of up to 32
000. However, this method of preparation necessit@xpensive reactants as well as inert
atmosphere during the synthesis process, makingligible for industrial application. Herein,
we present a novel nanosized IMC catalyst prepase@ more feasible synthetic approach
using a hydrotalcite-based material as precursorsfipported Pda IMCs and address the
guestion if the unique structural and electronmperties found in this system also persist in the
form of nanoparticles enabling interesting catalyterformance. Hydrotalcite-like compounds
(HTIc) are easily accessible by coprecipitationnfraqueous solutions and represent well-
established precursor systeffisfor bulk catalysts, applied, e.qg., in preparaidmi-Al steam
reforming™® or Cu-Zn-Al methanol synthesis cataly$ts-Tlc exhibit the general composition
(M1i,M21)1x-M3i x(OH)2(CGs)x2 -mH20 (0.25 <x < 0.33) and a layered structure, in which all
metal cations are uniformly distributed in slabede-sharing Mébctahedra. HTIc precursors
thus present well-defined and homogeneous stamtiaigrials for the preparation of supported
IMCs.

The final PdGa/MgO/MgGaO, catalyst obtained by the HTIc precursor approacbciieed
above was characterized using nitrogen physisarp&®D, HRTEM, and XPS. To investigate
possible particle size effects in this system,dtnactural, electronic, and catalytic properties in
the semi-hydrogenation of acetylene are comparetidse of elemental Pd and those of the
unsupported bulk counterpart, a,8d catalyst prepared by direct reaction of the elemas
described in refs 10 and 11.
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2.2 Experimental Section

2.2.1 Synthesis Procedures

The PdMgGa HTIc precursor (atomic ratio 2.5:67.5:30as synthesized by controlled
coprecipitation at pH = 8.5 and 55 °C by cofeedappropriate amounts of mixed aqueous
metal nitrate ([Pt] + [Mg?] + [G&®"] = 0.2 M) and 0.345 M sodium carbonate solutiorhas
precipitating agent. Both solutions were added kameously dropwise into a 2 L precipitation
reactor (Mettler-Toledo LabMax). The nitrate sabuti was automatically pumped with a
constant dosing rate, and the basic solution wdedtb maintain a constant pH of 8.5. After
completion of addition, the mixture was stirred fon at 55 °C. The precipitate was filtered and
washed twice with warm deionized water (55 °C)dmove all nitrate and sodium ions. The
obtained conductivity of the filtrate was lower th@.5 mS/cm, and no sodium contamination
could be detected by EDX. The solid was dried farhlat 80 °C in air. The precursor was
reduced in 5% Kin argon at 550 °C to obtain the supported Pdi@G@metallic compound.
The heating rate was 2 °C/min, and the final teipee was kept for 4 h. A second catalyst,
consisting of bulk Pda, was prepared for reference purposes by meRidg(ChemPur
99.95%) and Ga (ChemPur 99.99%) in a 2:1 molao ratiglassy carbon crucibles under an
argon atmosphere in a high-frequency inductiongaen After the exothermic reaction of the
metals, the product was cooled to ambient temperaanclosed in an evacuated quartz glass
ampule, and annealed at 900 °C for 100 h. Subs#gu#re samples were quenched in water,

and the phase purity was verified by transmissmnder X-ray diffraction.

2.2.2 Characterization Techniques

Electron Microscopy:

For TEM investigations, a Philips CM200FEG micrgsemperated at 200 kV and equipped
with a field emission gun, the Gatan imaging filtend energy-dispersive X-ray (EDX)
analyzer was used. The coefficient of sphericalrratien wasC; = 1.35 mm, and the
information limit was better than 0.18 nm. Highalkesion images with a pixel size of 0.016 nm
were taken at the magnification of 1 083 000 witii@D camera, and selected areas were
processed to obtain the power spectra (squareeof-tturier transform of the image), which
were used for measuring interplanar distances %p.®mnd angles (£0.5°) for phase
identification. Scanning electron microscopy waspkayed for investigation of particle
morphology and metal distribution of the HTlc presaar using a Hitachi S-4800 (FEG) system.
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X-ray Diffraction:

XRD measurements of the #&h sample obtained by the direct reaction betwhennietals
were performed on an image plate Guinier camerd@@GHuber, Cu K, radiation A = 1.54056

A, quartz monochromator, 32 20 < 100°) in transmission mode. For the measureméms,
finely powdered sample was mounted with the aiVadeline on a am Kapton foil. For the
ex-HTlc samples the measurements were performBdaigg-Brentano reflection geometry on a
Bruker AXS D8 Advance diffractometer equipped wéthsecondary graphite monochromator
(Cu Ko radiation) and scintillation detector. The sampbevder was filled into the flat circular
recess of a sample holder which was sealed withirtight X-ray transparent dome to avoid
prolonged air contact. XRD patterns of the HTIcqoursor and its decomposition products were
recorded on a STOE Stadi P diffractometer in trassion geometry using Cucd radiation, a
primary Ge monochromator, and a 3° linear posisensitive detector.

X-ray Photoemission Spectroscopy:

All XP spectra were recorded with fixed analyzansmission at room temperature, using non-
monochromatized Mg & radiation at a pass energy of 20 eV leading tariwh1.1 eV of Ag
305 The binding energy scale of the system was @bbr using Au 4f,) 84.0 eV and Cu
2psp) 932.7 eV from foil samples. The angle betweensdmple normal and the analyzer was
30° and between the X-ray gun and the sample ndbdfalDeconvolution of the spectra was
conducted by 70/30 G-Lorentz product functionsradtétraction of a Shirley background. To
avoid contamination or oxidations on the surfale,datalyst pellet was prereduced at 550 °C in
diluted hydrogen (5%) for 4 h to have the as-sysitesl state prior to the measurement and
transferred to the XPS chamber without air contact.

Specific Surface Area Determination:

Specific surface areas of the precursors and tbHacesl samples were determined by N
physisorption in an Autosorb-1C setup (Quantachjousing the BET method. Prior to the
measurements, 30 mg of the samples was degass2¢h fatr 80 °C for the precursors and at 150
°C for the reduced samples, respectively.

Chemical Analysis:

About 5 mg of sample was exactly weighed and digsbln 2 mL of aqua regia. The solutions
were transferred to and filled up 50 mL volumetilizsks. The content of the metals was
determined with ICP-OES (Vista RL, Varian) aftertmamatched calibration.

2.2.3 Catalytic Measurements

Catalytic investigations were performed in a quagtass plug flow reactor with an inner

diameter of 7 mm. The catalyst bed was supported Quartz glass frit and consisted of the
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stated sample amounts diluted in 150 mg of cataliyi inert boron nitride (hexagonal, 99.5%,
325 mesh, Aldrich) to improve the flow charactécstNo pressure drop was observed at a total
gas flow of 30 mL/min. In the case of the direciynthesized Pga, the samples were
comminuted in an agate mortar in inert atmospheoe o the catalytic measurements resulting
in particle sizes below 20m. In the case of the HTlc approach, the precui@@r1u.m) was
reduced in situ (5% H 4 h, 500 °C). The reactant mixture consisted.6#)GH, (premixed

5% GH,, 99.6% in He, 99.996%), 5%,H99.999%), and 50% M8, (99.95%) in helium
(99.999%). All gases except ethylene (Westfalen) ®age obtained by Praxair. Gases were
mixed using Bronkhorst mass flow controllers. Reattand product composition were
analyzed with a Varian CP 4900 micro gas chromafayr Conversion of acetylene and

selectivity to ethylene were calculated as

C -C
=_feed X 1004

CH; —
feed

and
X

CC2H4 + CCZHG + 2CC4HX XCZHZ + CCZHG + 2CC4HX

— CCZHA CoH,

SCZH4 -

(CCZHz,feed - CCZHz,product)

(CCZHz,feed - CCZHZ,product) *tCom, 20C4HX

, Where g4 represents thecetylene concentration in the feed andix the acetylene
concentration in the product. It is assumed thatydene is only hydrogenated to ethylene,
which may be further hydrogenated to ethane. Higtyerocarbons than Gvere not observed
in the experiments. The reaction temperature w@s°20 The other conditions were chosen to

be comparable to those reported in refs 10 and 11.
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2.3 Results and Discussion

It is noted that Pd is not easily incorporated in the HTlc layers dasts larger ionic size
compared to Mg, which exceeds the empirical limit of approximgté).80 A for the
incorporation into a HTIEY Furthermore, Pd exhibits a tendency toward 4-fold square-planar
coordination in aqueous solutions instead of aalmdral one present in HTlc. Therefore, only
small amounts of P& could be incorporated in the HTlc precursor, asgéeond bivalent cation
is required to achieve crystallization of all Paisdn a single HTlc phase. In our example, we
have chosen M = Mg”* to not interfere with the redox chemistry of thé-®a system. The
relative amount of trivalent cations in HTlc randesm approximately 1:4 to 1:3, and the value
of x was set to 0.3 in our preparation. Mg as well aidtal Ga will remain in their oxidized
states and form the support material for the PdH3& nanoparticles. Thus, due to the
homogeneous distribution and the low amount of iPthe HTIc precursor, the formation of
very small and reactive PdO particles is expecfeghunitial reduction, and the interaction with
the surrounding G&oxide matrix is assumed to be maximized. CledHg,challenging step is
the unfavorable reduction of &awhich requires elevated temperatures and compeités
phase segregation and sintering. The single-phale precursor is expected to favor the
formation of homogeneous, single-phase, and naeddPd-Ga IMCs because it provides a
homogeneous microstructure concerning Pd partizke and Pd metal-oxide interactions. The
Ga reduction is likely to be triggered by the sgyoaducing power of atomic spillover hydrogen
formed on the initially formed embedded®Rdrticles?™! An additional advantage of the HTIc
precursor method is that the synthesis is basetbonentional aqueous coprecipitation which
allows a feasible up-scaling.

Figure 2- 1 shows the XRD pattern of a Pd-dopedcHgiecursor (2.5 mol% Pd, i.e.,
P 029Mgo.675Ga s(OH)(COs)0.15 - MH,O, corresponding to 3.21 wt% Pd) in comparison with
the undoped pure MgGa HTlc, Mga s(OH),(COs)o.15 - m H,O. Both materials crystallize in
the HTIc structure and exhibit high crystallinityo other crystalline phases could be detected
by XRD. The Pd content was determined to 2.83 wt¥hé precursor by ICP-OES, from which
a water content ofn) 0.66 results, in accordance with F&t. Due to the low total amount of

Pd, the lattice parameters of the HTIc precursbasge only slightly (Table 2- 1).
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Figure 2- 1. (A) Simulated XRD pattern of MgGa HTIB) XRD pattern (A) of undoped
MgGa HTlc precursor. (C) Pd-doped MgGa HTlc preours

Table 2- 1: XRD Results of the HTI Precursors.

Sample Lattice parameter FWHM

a (A) c(A) thos(20) th10(20)
MJo.66Gab 34 3.087 22.740 0.29 0.18
Mdo.65Ga 3P th 03 3.088 22784 0.49 0.26

As expected for HTlc, the particle morphology isatplet-like, and the homogeneous
distribution of Pd within the platelets is evidedd®y elemental mapping of the precursor in the
SEM (Figure 2- 2). No Pd-rich aggregates of Pd @xid hydroxide could be detected. The
specific surface area increased from 48gnio 67 ni/g by substitution of 2.5% Mg by Pd
probably due to hindered crystallite growth in tRd-distorted HTlc. This assumption is
supported by significantly higher fwhm values o tHTIc material, corresponding to smaller
crystallites, in the case of the Pd-doped precufSable 2- 1). The particle size of the HTlc
platelets is in the range of 0.4zfn, according to SEM (Figure 2- 2C).
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Figure 2- 2: Morphological characterization andraatal mapping of the 2.5 mol % Pd-doped
HTlc precursor. A: Low magnification SEM image. Borresponding elemental mapping. C:
Particle morphology at higher magnification.

To obtain the IMC, the reduction of the crystallipeecursor was performed without prior
calcination in diluted hydrogen at 550 °C. The &thn enhanced the porosity of the material,
and an increased surface area of 10%gmvas measured for the Pd-doped sample after
reduction. By taking into account the weight lo$smater and carbon dioxide during thermal
reduction, the Pd content of the reduced matesiahlculated to 4.49 wt%. The HTlc structure
was destroyed by the thermal treatment, and onfadrmodulations assigned to poorly
crystalline MgO and MgG®;, spinel (Figure 2- 3) could be detected by XRDpémticular, no
crystalline Pd phase could be unambiguously idiedtiffter thermal treatment. This is most
probably a crystallite size effect caused by thghtdispersion and low total amount of the Pd
containing phase.
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Figure 2- 3: a) XRD patterns of the catalyst ol#dirby reduction of the Pd doped HTlc
precursor; b) ICDD 10-113 Mg@@, (black); ICDD 1-1235 MgO (red); c¢) bulk F&a obtained
by direct synthesis; d) p@a'*®!

Using HRTEM, however, spherical and faceted pasidf the IMC Pgsa were identified after
reduction of the precursor (Figure 2- 4). In agreehhwith XRD, the crystalline fraction of the
oxidic support was identified as Mg&# spinel, which has maintained the platelet-like
morphology. No particles of elemental Pd or othérGa IMCs than Pgba were detected by
HRTEM even after careful investigation, supportitfte homogeneity of the supported
Pd.Ga/MgO/MgGa0O, catalyst. The mean particle diameter of the suppgdPdGa sample was
determined from projected areas measured for 88Rlga in several representative images and
amounts to 6.7 £ 0.1 nm (standard deviation). Taréigle size distribution ranges from 1 to 30

nm for individual particles (Figure 2- 4, inset)daime volume-weighted mean size is 8.6 nm.
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Figure 2- 4: HRTEM images of Fl@da/MgO/MgGa0;, after reduction at 550 °C in 5%,Mr.
Inset in the left image shows a Fourier transfofrthe larger particle; the zone axis direction is
indicated in the image. Inset in the right imageveh the particle size frequency distribution
histogram fitted with a log-normal curve.

To get more integral information on the ,Ba@ phase, the surface of the catalyst was
investigated by XPS after a pretreatment in hydnogied without exposure to air. The sample
shows strong charging during XPS measurements.r Akeeral hours, the peak positions
remain constant. All signals are shifted by 5.5reférenced to the strongest carbon 1s signal at
285.0 eV. This results in a binding energy for Mg,20f 50.2 eV. The Ga 2p peak exhibited

a binding energy of 1118.8 eV for the oxidic gatlibbut also a small component at 1116.1 eV
which is in a good agreement with metallic Ga (1318/*!). The Pd 3¢, signal at 336.1 eV

is shifted to higher binding energies compared tetaftic Pd (Figure 2- 5) and almost
symmetric. In comparison to the bulk,Ba phase, the measured Pgi3oinding energy of the
ex-HTlc catalyst is slightly highd? This could be a size effect since for small pietiche
positive charge of the core hole will be screersd keffective, and hence the final state electron
will have less kinetic enerdsf: *"!
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Figure 2- 5: XPS data of the Pd3d peaks of the stamctured Pgsa/MgO/MgGa0, catalyst

compared with metallic Pd.

On the basis of the characterization results, it ba concluded that the IMC F&h was
accessed by the HTlc precursor approach in the @drstructurally ordered nanopatrticles. Their
size well below 10 nm is much smaller than coulcbeieved by top-down approaches starting
from bulk IMCs. However, the presence of minor amtsuof elemental Pd particles or
nanoparticulate intermetallic compounds with higliRet content than in P@a cannot be
excluded, but no evidence was found by the metlapgdied. It is interesting to note that
despite the large excess of Ga in the HTlc precursIMC formed at reduction temperatures
up to 700 °C was always the 2:1 phase@2d This is probably due to the high stability lukt
phase and the nonability of this compound to forghly reactive hydrides which could reduce
the G&" in the vicinity. Furthermore, the presence of omydic Mg is proof for the successful
parting of the Ga/Mg redox chemistry. To finallysttef not only the structural but also the
excellent intrinsic catalytic properties of Pd-®4ds reported in the literatuf® ! have been
carried over to a nanostructured system, referdatz of a well-defined bulk P@a sample are
needed for comparison. Such material is accessibtirect synthesis from the elements, which
resulted in a single-phase sample after annealie@@°C (Figure 2- 3). In contrast to the HTlc
approach, the synthesis is thermodynamically cdettpand the process parameters can be
varied in a relatively wide temperature and aldonited compositional range according to the
binary phase diagralff! Considering the dramatically different catalytioperties of Pd-Ga
IMCs compared to elemental Pd, the observed seiigctof the samples in triple bond
hydrogenation can be used as a sensitive teshéstructural integrity of the IMC and the
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absence of residual elemental Pd. Catalytic testhe semi hydrogenation of acetylene were

conducted at 200 °C and under atmospheric prefsuup to 25 h on stream.

Figure 2- 6 shows the conversion and selectivityhef melt-prepared bulk Rda catalyst and
the nanostructured HTlc-derived J&h sample in comparison to a commercially available
Pd/ALO; catalyst (5 wt%, Sigma Aldrich, 50 - 186n). Both IMC catalysts show a stable
conversion of acetylene between 94 and 98% (Tabl@)2For the supported material, an
activation of about 900% was observed in the #3th on stream, which cannot be due to
incomplete reduction of the Pd species considdhiegpretreatment of the catalyst in hydrogen
at 500 °C for 4 h. In contrast, the Pd@{ catalyst showed a strong deactivation from 100 to
20% conversion not reaching steady state conditidtisn 20 h on stream, which is most likely
due to coke formatioR? As expected, the selectivity of the pure Pd cataly much lower
compared to the IMCs, and an ethylene selectivit086 was detected after 20 h. The highest
selectivity of 74% was reached with the bulk,®a catalyst. After the strong and slow
activation, the P#5a/MgO/MgGaO, catalyst showed a minimally lower selectivity d3%%
after 23 h. The selectivity to higher hydrocarbamsto G was not higher than 5% for all

catalysts.

Conversion of acetylene /%
Selectivity to ethylene /%

TOS /h

Figure 2- 6: Catalytic properties of 2h/MgO/MgGaO, (solid line), bulk PgGa (dashed line),
and 5 wt % Pd/AlO; (Aldrich; dotted line).
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Table 2- 2: Catalytic Properties of Pd-Ga-BasedeMals Obtained at 200 °C

Catalysts Mass Pd/ TOS X Scoud Scond Scd W/Fcon2,d Activity/
; -1
/ mg mg /h 0//0 % % % gmintol moICZHZ/moIPd

Bulk PdGa 10 7.5 20 94 74 20.7 5.3 2043.4 4.9
PaGa/MgO/ 0.047 1.110° 24 98 70 257 4.6 9.6 28600.4
5 wt% 3

PA/ALO; 0.1 510 20 44 20 778 2.2 20.4 3430.7

2 Other experimental conditions are given in the.teidass of precursor.

In light of the similar catalytic properties of thgo IMC catalysts under steady state conditions
and the huge difference in particle sizes, it seentigely that the small difference in selectivity
is related to a size effect. Other aspects alse abe considered when comparing bulk with
nanoparticulate catalysts. Porosity, interactiorstwken nanoparticles, and support or
absorptivity of substrate and reaction products raso serve as an explanation for this
differenced®” In addition, the presence of minor amounts of ofP@-Ga IMC with higher Pd
content and probably lower selectivity might beprassible for the slightly lower selectivity
observed here. Further studies of the supportg@Gddanoparticles are needed to solve these
issues. Nevertheless, the novel supportedgGRdnanocatalyst clearly out-performs the
nanostructured metallic Pd reference sample irceelty as well as in stability and the bulk
reference sample in activity (Table 2- 2). The\aigtiper mass of Pd increased by a factor of
5700 compared to the bulk material. This rendees éR-HTIc PdGa/MgO/MgGaO, very
promising for the application as a selective hyeéragion catalyst and reveals the high potential
of our synthesis approach to achieve hydrogenatialysts which resemble the selectivity of
the model bulk material. Further optimization oistfeasible synthesis route should enable the
preparation of catalysts containing only,Bd as the catalytically active phase, possessing

selectivities even closer to the bulk material.

2.4 Conclusion

Structurally ordered intermetallic compounds amgew promising class of catalytic materials,
and Pd-Ga intermetallic compounds have shown eteflerformance in the selective semi-
hydrogenation substantially different from thosestdtistical alloys. Their intrinsic catalytic

properties are related to the unique crystal aedtinic structures. It was shown for the first
time that these properties can be carried over fr@th-defined macroscopic model systems to

nanostructured high performance materials by agvedion method comprising coprecipitation
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of Pd, Ga, and Mg diluents in the form of a singlase hydrotalcite-like precursor. This
material can be decomposed in reducing atmospbsaiield PdGa nanoparticles (<10 nm) on a
porous MgO/MgGg0, support. Due to the high dispersion and structimtggrity of the
intermetallic compound, the activity of the B&/MgO/MgGaO, catalyst is higher by a factor
of more than 5700 compared to a bulk®a sample, while the selectivity and stability stiét
much higher than for a commercial elemental Pdreefee catalyst. We suggest that this
precursor method is generally promising for thetlsgsis of catalysts based on ordered Pd-X
intermetallic compounds, X being elements forminglrbtalcite-like materials in their ionic
form. Thereby, these materials, so far reportey @mlthe form of model systems and not as
high performance catalysts, are made availableaénfarm of nanoparticles for comprehensive

structural, electronic, and catalytic characterrat
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Abstract

A precursor synthesis approach was applied to egité supported intermetallic J&h
nanoparticles. A series of Pd-substituted MgGa-titgdcite-like compounds with different Pd
loading was prepared by co-precipitation and stlidie terms of loading, phase formation,
stability and catalytic performance in selectiveltogenation of acetylene.

Higher Pd loadings than 1 mol% revealed to an irgdete incorporation of Pd into the HT
lattice as evidenced by XANES and TPR measuremdspen thermal reduction P@a
nanoparticles with particle sizes from 2 to 6 nnswhtained. Formation of intermetallic B
nanopatrticles led to a change of the CO adsorppimperties as was evidenced by IR
spectroscopy. Dynamic changes of the surface wateen at longer exposure times of CO and
higher coverage at room temperature. These weri#eddo the decomposition into metallic Pd
and GaOs, which was suppressed at liquid nitrogen tempegatu

Reduction of the Pd precursor at 473 K is not sigifit to form the P#5a phase and yielded a
poorly selective catalyst (26% selectivity to etng) in the semi-hydrogenation of acetylene.
After reduction at 773 K the selectivity was insed to 80% due a change from monometallic
to intermetallic state. The conversion slowly réreen 22 — 94% with time on stream. The data
is interpreted in the light of chemical responsé@dfand PgGa to the chemical potential of the
reactants.
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3.1 Introduction

Ordered intermetallic compounds (IMCs) are of fundatal interest due to their often complex
bonding situation™ and their application as, e.g. coating materils magnets or
superconductord. In catalysis, IMCs have been shown to exhibit prips that differ
dramatically from those of the constituting elensent of statistical alloy$! For example,
systematic studies of metallurgically prepared bukterials in the system Pd-Ga showed that
interesting properties in selective hydrogenatimniatrinsic to the IMCs P&al® and PdG&

71 For catalytic application such IMCs are needetbim of nanoparticles supported on a high

surface area material.

We have recently introduced a synthesis approacRddsa intermetallic nanoparticles derived
from ternary Hydrotalcite-like compounds (HTI®).PdGa crystallizes in the orthorhombic
space group hmwith a = 5.4829(8) Ab = 4.0560(4) A,c = 7.7863(8) A and the phase
exhibits a broad homogeneity range of 27 — 36%'®&&he unsupported, macrocrystalline
material was reported to show a remarkable selgctind stability in the semi-hydrogenation
of acetylend"¥, which were higher compared to pure Pd metal. Tédgtion is of industrial
relevance for polyethylene productidfl. The feed gas has to be cleaned from impurities of
acetylene, which otherwise poison the downstreartynperization catalyst. Thus, high
selectivity towards ethylene is important not tcrdase the ethylene concentration by total

hydrogenation, but to effectively remove traceaadtylene at the same time.

The key to a feasible synthesis of supportegGRdnanoparticles is to evenly distribute the
constituent species of the intermetallic compound the support in a precursor phase. From
that precursor, Pd nanoparticles are formed uretkraing conditions. Upon further increase of
the reduction temperature, partial reduction of ga#lium species by spillover of atomic
hydrogen from the metallic Pd surfdt®sets in forming the IMC, while unreduced components
of the precursor constitute the oxide support. Hillow a high flexibility of di- and trivalent
cations that are both octahedrally coordinated yardxyl groups and build up a joint cationic
lattice that is isostructural to brucite (Mg(QH)Edge-sharing M@units form layers, which are
positively charged due to the fraction of trivaleations. Between these cationic sheets anions,
together with neutral molecules, are intercalatedhaintain the electro neutralify! HTIc (or
layered double hydroxides) are a highly studiedsclaf materials due to their unique properties
making them attractive for many different applioag™*'® In catalysis, the possibility to
homogenously incorporate catalytically active metels in the HT lattice is used to obtain
well-dispersed, small and stable metal particles onixed oxidic support after calcination and

reductiont!®
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In our previous work, the B Mg®* and G&" containing HTIc precursor was decomposed in
reducing atmospheres and yielded dispersg@&danoparticles of an average size of less than
10 nm on a porous MgO/Mg@a, support®) The catalytic performance in the selective
hydrogenation of acetylene was tested and comparet of bulk PgGal™ ** We showed that
catalytic bulk properties of P@a were successfully transferred to a nanostruttsugported
system. Ethylene selectivities of 70 - 75% werehed at high conversion levels of acetylene
in an excess of ethylene. Due to the successfustarcturing, the metal based activity of the
ex-HTlc catalysts was higher by more than four sdaf magnitude compared to the bulk

samples.

In this work, a series of Pd containing MgGa HTlithwPd contents between 0 and 2.5 mol%
was synthesized by co-precipitation of the corrasjiog metal nitrates. M§ was chosen to
adjust the M"/M** ratio to obtain phase pure HTlc and in order nointerfere with the redox
chemistry of the Pd-Ga system. Mg as well as redi@a will remain in their oxide state and
form the support material. The substitution offlgy Pd* in HTIc is hindered due to its larger
effective ionic radius (0.86 A compared to 0.720k Mg®* % and its tendency towards four-
fold square-planar coordination in aqueous solstioile examine the Pdincorporation into
the HTIc precursor, the role of Pd loading, the r&duction and IMC formation mechanism.
The stability of the resulting intermetallic nandjides is investigated in different atmospheres
and under reaction conditions. A multi-techniquerapch (XRD, BET, XANES, TPR-MS,
CO-IR) was used to characterize the precursor dsaséhe resulting catalyst in detail and their

catalytic performance was tested in the semi-hyelagion of acetylene.

3.2 Experimental

3.2.1 Synthesis conditions

The Pd-Mg-Ga HTlc precursors were synthesized Imyrotbed co-precipitation at pH = 8.5 and
328 K by co-feeding appropriate amounts of mixedeags metal nitrate ([P@ + [Mg*'] +
[Ga®] = 0.2 M) and 0.345 M sodium carbonate solutiorpeipitating agent. Both solutions
were added simultaneously dropwise into a 2 L prtation reactor (Mettler-Toledo LabMax).
The nitrate solution was automatically pumped wathconstant dosing rate and the basic
solution was added to maintain a constant pH of 8fter completion of addition, the mixture
was aged for 1 h at 328 K. A typical co-precipdatlog is presented as supporting information

(Figure S3- 1). The precipitate was filtered andshesl twice with warm deionized water in
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order to remove the nitrate and sodium ions uhéld¢onductivity of the filtrate lower than 0.2
mS/cm. The solid was dried for 12 h at 353 K in @he ([Md"]+[Pd**])/Ga’ ratio was fixed at
70:30 and the Pd content was varied between 0 and 2.5 mol% reguitirHTlc compositions

of (Mgo7:Pd)Gay3(OH),(CO;) - m H,O with 0< x < 0.025. The precursors were reduced in 5
Vol% H, in Argon at 773 K to obtain the supported®d compounds. The heating rate was 2
K/min and the final temperature was kept for 4 tedarsor samples will be hereafter referred to
as Pd, where x is the nominal Pd content (mol%0), whereas the reduced samples will be

referred to as BGax.

3.2.2 Characterization

X-ray diffraction (XRD) patterns of the HTIc presar and its decomposition products were
recorded on a STOE Stadi P diffractometer in trassion geometry using CudK radiation, a
primary Ge monochromater and a 3° linear positiemsgive detector. Specific surface areas
(SSA) of the precursors and reduced compounds detegmined by bladsorption—desorption
measurements at 77 K by employing the BET methatdgorb-1C, Quantachrome). Prior to
N, adsorption, the samples were outgassed at 353y sors) or 423 K (reduced catalyst) to
desorb moisture adsorbed on the surface and itfsdgorous network.

For chemical analysis about 5 mg were exactly weilin and dissolved in 2 ml aqua regia.
The solutions were transferred and filled up inrBOvolumetric flasks. The content of the
metals were determined with ICP-OES (Vista RL, ®a}iafter matrix matched calibration. The
temperature programmed reduction (TPR) experimerte performed in a fixed bed reactor
using 400 mg of precursor (100 - 250 um sieve ifsagt Precursors were reduced in 5 Vol% H
in Argon at a heating rate 2 K/min (100ml/min flow)p to a sample temperature of 773 K. The
temperature was kept constant for 4 h and recomdligll a thermocouple. The hydrogen
consumption was monitored with a thermal condustidietector. Evolved gas was analyzed in
on a quadrupole mass spectrometer (QMS200 Omnigaiizers).

X-ray absorption near edge structure (XANES) measents at the Pd K edge (24.350 keV)
were carried out at the Super-XAS beamline at this$SLight Source (Villigen, Switzerland),
using ion chambers as detectors and a Si(311) @X&kS monochromator. A Pd foil placed
between the second and third ion chamber was meghssimultaneously as an internal
reference. In-situ XANES measurements during hyeinoGPR were performed in transmission
mode, using a capillary reactor cell. The precur&s-100 um, 30 mg) was filled in the
capillary between quartz wool plugs. The cell waanected to a gas manifold. Spectra were
collected during the reduction in 5 Vol %/N, in the temperature range of 303 - 773 K.
Reduction of the XAS data was performed using ttleeAa 0.8.056 software package.
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For the XANES evaluation, two reference spectrastprare-planar and octahedral environment
were used in order to study Pd coordination gegmétrcommercial PdO (puriss, Fluka) and
PdznAl Hydrotalcite-like precursor (molar Pd:Zn:Adtio = 1.0:69.5:29.5), that was prepared
by co-precipitation as well. On the appropriaterafghe latter material as a reference of 'Rl
HTlc see ref®?" and supporting information (Figure S3- 2). Lineambination analysis of the
spectra of PdO and PdZnAl HTIc was used to obtarfrtaction of Pd in MgGa HTlc present as
PdO and as incorporated within HTIc structure.

The adsorption of CO on the reduced catalyst wadiest with IR spectroscopy. Measurements
were carried out using a Perkin-Elmer Pel00 spewter equipped with a MCI detector. The
spectra were recorded with a resolution of 2*camd an accumulation of 64 scans. Self-
supported wafers were obtained by pressing the powshmple under a pressure of 123 MPa.
The sample was treated directly in the IR cell Wwhig connected to a vacuum system with a
residual pressure of about™1fnbar. Prior the CO adsorption measurements, timplsa were
reduced in 500 mbarat 473 or 773 K for 2 or 4 h and then evacuateieasame temperature
for 30 min. For low-temperature CO adsorption, Hanple was cooled to liquid nitrogen
temperature (77 K). The empty cell was used to ggadackground spectra. Difference spectra
were obtained through subtraction of the spectréirth® treated sample in vacuum from the
spectrum in presence of CO. In order to understh@dictivation process, which was observed
during the acetylene hydrogenation, the treatmess adopted comparable to the catalytic
measurements. A freshly reduced catalyst was egpwsB Vol% G/He for 30 min at 473 K.
Pellets of this samples were afterwards pre-treatet¥3 K under static conditions in 200 mbar
H, and in 10 mbar 1:15:30,8,:H,:C,H, mixture. The gaseous atmosphere was exchanged
every 15 min to remove the evolved products. Betbee CO adsorption measurements, the
samples were evacuated at 473 K before coolingdmitemperature.

Scanning electron microscop§SEM) images were acquired with a Hitachi S4800 FEG
microscope equipped with an EDS system (EDAX) femental analysis. The samples were
loosely dispersed on a conductive carbon tapedsepve the as-prepared morphology as much
as possible. EDX spectra were acquired at an aetielg voltage of 15 kV. High resolution
transition electron microscopy (HRTEM) images wesequired using a FEI TITAN
microscope, equipped with a field emission gun (FFE@d operated at 300 kV. With computer
assisted correction and alignment, the value ofsthteerical aberration constant Cs was kept
below 100 nm in the present experiments. Seleatedseof the high resolution images have
been Fourier transformed to obtain power spectic the lattice distances and angles were
measured (accuracy £ 1 % and + 0.5 deg, correspgiylifor phase identification. For particle

size determination, projected areas have been mezhand equivalent diameters calculated for
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500 - 2500 metallic Pd or intermetallic J&h nanoparticles in each sample. In all cases the
values of standard error of the mean diameter we@el nm. Frequency distributions of the

particle sizes fitted well to Gauss functions ratian Log Normal functions.

3.2.3 Catalytic performance in the selective hydrogenatio of acetylene

Measurements were performed in a quartz tube nreattambient pressure. The reaction
temperature of 473 K was measured in the catabat Bhe effluent of the reactor was analyzed
in 20 min-intervals using an Agilent 7890A gas chatograph equipped with a J&W scientific
Haysep Q and Agilent DB1 column, a flame ionizatoetector and a thermal conductivity
detector. Gas-phase species up ¢av€re quantified. A pre-mixed gas mixture (Westiqleas
used consisting of 1 Vol% Acetylene (2.6), 15 Vdi¥drogen (5.0), 30 Vol% Ethane (2.5), 5
Vol% Argon (5.0) and 49 Vol% Helium (4.6). This rhixe approximates the composition of a
front-end stream of a cracking process. The flow od the reactants was 100 ml/min. Prior the
measurements the HTIc precursor was diluted to1104th boron nitride and mixed with 1 g
Si0Q, (100-250 um), before being filled into the reactblierein 0.2 mg of the 2.5 mol%
PdMgGa HTlc was used for catalytic tests, while tfue low temperature reduction 0.4 mg of
the precursor lead to a similar conversion. Themasnwere reduced in-situ at 473 (2 h)/773 K
(4 h) in 5 Vol% H/Argon and afterwards cooled to the reaction tertpee. After reaching the
reaction temperature, the feed gas was switcheghdrafter 5 min the first chromatogram was
measured. Conversion of acetylene and the ethyeleetivity has been calculated according to

the following equations:

_ I’acetylene in - I’acetylene out
XC H,
2t T2 r )
acetylene in
r.acetylenein - racet |
_ yleneout
Seton, = ( - )+ +2 +3
acetylengn racetylenenut rethane rCAHX rCGHX

It is noted that a full conversiong¥, = 100% does not necessarily correspond to complete
thermodynamic control, which would result in fulydrogenation of all unsaturated bond, i.e.
also of all ethylene in the feed. Internal masadpart limitations were excluded based on the
Weisz-Prater criterion (Mp = 1.7 10°).
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3.3 Results and Discussion

3.3.1 Structural and textural properties of the precursor material

HTlc precursors of the nominal composition (MgPd,)Ga 3(OH),(CO;) - m H,O have been
prepared by co-precipitation with Pd contents of B.5 mol%. Chemical analysis shows a
constant, but slightly lower than expected Mg:G#ordor all samples and confirms the

presence of Pd in the precipitates (Table 3- 1).

Table 3- 1. Chemical composition, surface arealattide parameter.

Sample Chemical SSA Pd SSA after Lattice Fwhm
Compositior®  Precursor  content  reduction parameter d(003)
Pd:Mg:Ga [m2/g] [wt%] ° [m2/g] a[A] c[A]
PdO 0.0:63.2:36.8 34 0 130 3.087 22.740 0.224
Pdo1 0.1:65.6:34.3 42 0.16 103 3.087 22.763 0.325
Pd03 0.3:65.8:33.9 41 0.56 113 3.087 22778 0.331
PdO5 0.6:64.0:35.4 44 0.98 108 3.086 22.721  0.347
Pd08 0.8:65.4:33.8 44 1.52 117 3.086 22.778 0.379
Pd10 1.0:64.5:34.5 48 1.81 116 3.087 22.755 0.374
Pd15 1.6:64.5:33.9 52 2.79 106 3.087 22.769  0.393
Pd25 2.8:63.6:33.6 59 4.87 118 3.085 22.753 0.421

%determined by ICP-OE§;Pd content after reduction at 773 K

The XRD patterns of the samples are shown in Figirel. All patterns indicate a high
crystallinity and phase-pure HTlc structure. Nostajline Pd containing by-phase was observed
up to a Pd loading of 2.5 mol%. By Rietveld refirrh(not shown) the lattice parameters were
determined and are reported in Table 3- 1. FortRd@alculatech andc parameter of 3.087 A
and 22.7 A, respectively, are close to those regdrt literaturd??* Lopéz et al’?? varied the
Mg:Ga ratio from 12.9-1.8 in their studies and oled a linear decrease of theparameter
(3.123 - 3.086 A), indicating that smaller Gaations incorporate into the layered structura to
variable extent. Also the interlayer spacing, eadatb thec parameter, shrinks (24.52 - 22.72 A)
as the Ga content increases, due to a greaterradiatic attraction between layers and
interlayers. For our samples, the lattice parameatéithe Pd substituted samples are similar to
those of the unsubstituted precursor and do now ghtrend with the Pd content. This suggests
that the amount of Btlincorporated into the HTIc is low or that substin of Mg®* by Pd*
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has little impact on the structure although®Pexhibits a larger ionic radius (0.86 K.
However, no reliable conclusion about Pd incorporain the investigated compositional range
can be drawn from the XRD results. Recently, Daal€f* reported about ternary PdMgAl
Hydrotalcite-like compounds with similarly low Pdrtents and claimed incorporation of’Pd
by means of XRD results. In our samples only adiriacrease of the FWHM of the basal XRD
peaks was observed (Table 3- 1). This trend is shiowrFigure 3- 1 (bottom) for the 003
reflection. The presence of Pd in the HTIc latficebably interferes with the crystallite growth
and reduces the platelet thickness significantlyesSE observations are in agreement with an

increase in the specific surface area from 34 to#§ for 0 and 2.5 mol% Pd, respectively.
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Figure 3- 1: (top) XRD patterns of the MgGa HTleeqursor with different Pd loadings
(*grease). (bottom) FWHM of (003) reflection in delency of the Pd loading.
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Scanning electron microscopy was applied to stuudy morphological properties of the

materials. Typical plate-like particles were obgalrfor all the samples, as illustrated in Figure
3- 2 for sample Pd10. The platelets are approximdteim in diameter and the thickness is in
the order of 5-20 nm. Elemental mapping (not shawemgaled a homogenous metal distribution
and no agglomerates were observed. In case of %rRdl sample an EDX line scan of the Mg
K-, Ga L- and Pd L fluorescence lines displayedbmbgenous metal distribution for all three
metal species within a larger aggregate (Figur@l®- With this method, Pd rich areas were
observed for 1.5 mol% and 2.5 mol% Pd loadings ssifjgg that either the upper limit for the

incorporation of Pd into the HTIc layers is < 1 #tobr that the detection limit of the method is
reached due to the small Pd content in the samplés.inhomogeneous metal distribution in
the Pd-rich samples was confirmed by contrast dlatoebns in the backscattering electron

microscopy image (Figure S3- 3).
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Figure 3- 2: SEM micrographs of Pd10 (a), EDX lai€b) Pd10 and (c) Pd25.
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The analysis of the X-ray absorption near-edgecaira (XANES) data, which contain
information about the coordination environment of Was used to determine the degree of
incorporation of P& into the HTIc structure in our samples. As alreamsntioned, Pd prefers
square planar coordination, while incorporationointhe HTIc lattice requires octahedral
coordination of the cations. The low-spifi electronic configuration of Bt makes regular
octahedral coordination unstable with respect tongt tetragonal elongations. Octahedral
coordination of PH with oxygen was obtained at 12 GPa in a high prespolymorph of PdO
281 and for higher oxidation states of Pd, tri- artdatealent palladium. For instance, in,PdQ,
Pd" has regular octahedral symmetry in a cubic spitelcture®”), PE* was stabilized in
octahedral coordination in LaPg©a distorted perovskite structdt®. The XANES spectra of
Pd10 and 25 precursors are shown in Figure 3- Jefgence, PdO is included as a typical
example for P& in square planar coordination of oxygen. The mxfee sample for the
octahedral coordination of Pdis a Pd doped ZnAl HTlc sample, which is describedetail
elsewherd?! and shows a shape of the white line that is simiathat of Pd in distorted
octahedral coordination in LaggPd 005 perovskite”

F---PdO0 /~-
1.24---PdzZnAl /, "~

Normalized intensity /a.u.

24325 24350 24375 24400 24425 24450
Energy /eV

Figure 3- 3: Normalized XANES spectra at the Pddgesof Pd10 and Pd25 in comparison to
PdO and PdznAl HTlc, serving as reference spearaPff” in square planar and octahedral

coordination of oxygen.

The XANES spectra of the two samples Pd10 and BHa& similarities with both references.
While the first feature at 24367 eV can be assigteedsegregated Pd in square planar
coordination, the second maximum at 24376 eV igased to the octahedrally coordinated Pd
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in the HTIc lattice. A linear combination analysi$ the XANES region was applied to
determine the contribution of square planar anéheiral coordination of Pd (Figure 3- 4).
While for Pd25 46% of Pd is incorporated into th&lddlattice, the amount increases to 68%
with decreasing Pd loading to 1.0 mol%. With resgeche total metal content, these values
correspond to 1.3 mol% and 0.7 mol% Pd residinghe HTIc lattice in Pd25 and Pd10,
respectively. Apparently the limit for Pd incorptoa into the HTlc precursors is not sharp, but
seems to be around 1 mol%. Kinetic factors as agethe amount of incorporated Ga may also
affect the size of the lattice site available fdrahd contribute to the amount of inserted*Pd

12 ——Pd10
—ILCF

3 —— Difference

3 109 pyo

S PdZnAl

= 0.8

 corl

3]

£ 06

O

(0]

N

g squ. planar: 32%
S

b

24340 24360 24380 24400
Energy /eV
|—LCF

; —— Difference

2 10 ——pdp
& PdzZnAl
% 0.8- )

u:) | Cl 4/
- . 0,
E 06l squ. planar: 46%
el

) 1
N
® 0.4-

-

= ]
Z 0.2

0.0
24340 24360 24380 24400
Energy /eV

Figure 3- 4: Linear combination fit (LCF) of Pd10cdaPd25 with respect to square planar and

octahedral coordination of Pd.
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In summary, a series of Pd substituted MgGa HTieptas are successfully synthesized via co-
precipitation yielding highly crystalline, well deéd precursors. By SEM-EDX analysis Pd-
rich areas are noticed with increased Pd loadidig@ting a limit of incorporation of Pd into the
HTlc lattice. XANES measurements confirm that ipmmation of P8 in the energetically

disfavored octahedral environment is possiblederéain extent.

3.3.2 Reduction and intermetallic phase formation

The decomposition and reduction processes of tleeupsor samples were followed by
temperature programmed reduction experiments. Ydeogen consumption was quantified by
a TC detector and decomposition products were tgtiakly analyzed by MS. Additionally, in-
situ XAS measurements were performed to followftlimation of PdGa.

Upon feeding of hydrogen over the precursors aimmrdemperature hydrogen was rapidly
consumed. Between 10 and 100 min depending ondrmRtent were spend before the TCD
signal was stable again and the samples were h&atéd3 K. For Pd10, Pd15 and Pd25 the
consumption corresponds to 7.2 pumol, 46.3 pumol&hd pmol hydrogen, respectively. The
fraction of segregated PdO-like Pd species, whighassumed to be reduced at lower
temperature compared to#th the HTIc lattice, was estimated to 32% in san®il10 on basis
of the XANES evaluation. This is in good agreemeiith hydrogen consumption at room
temperature which result in a reduction degree o 20f the total Pd content. Further
reasonable agreement is obtained for Pd25, wherrding to TPR 54% of the Pd was reduced
at room temperature and 68% extra-lattice Pd haea lletected by XANES. Interestingly, up
to a Pd content of 0.8 mol% only negligible amouotshydrogen were consumed at room
temperature. This indicates that all*Pi octahedrally coordinated and stabilized in kfidc
lattice against room temperature reduction.

The profiles of mass signals m/e = 15, 18, 28 ahdbkerved during reduction in hydrogen are
shown in Figure 3- 5 for Pd0O, Pd10 and Pd25. Atbbginning of the reduction process mainly
water (m/z = 18) is released from the interlamedjgeice. A maximum is observed at 448 K for
all samples. Simultaneously, labile carbonate idasompose into CO(m/z = 44) and are
observed in small quantities. Upon heating to 77&dditional water evolution is detected and
leveled off during temperature holding. The releaiseater is related to the dehydroxylation of
the brucite-like layers. CQrelease starts around 573 K and result from desgtation of the
interlayer space which is usually observed durihgrmal treatment for HTIEY Shortly
thereafter CO formation (m/z = 28) is noticed, whis a product of the reverse water gas shift
reaction (r'wWGS: C@+ H, — CO + H0) of the released GQwith the hydrogen feed over the
pure support and the Pd modified surface. RWGSigctivas also reported for pure &a at
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temperatures above 603, Whereas conversion of G& CO occurs at the same temperature
for the Pd substituted precursors (693 K), it iaged in case of the Pd free precursor (723 K)
as illustrated in Figure 3- 5 (left). Pd seemsrmnmte the earlier formation of partially reduced
Ga species and shifts the onset of rwWGS ovelOgtd lower temperatures. In addition, for

sample Pd25 traces of methane (m/z =15) are olbatvé23 K, probably due to methanation

of CO on the relatively large amount of metalliciRdhis sample.
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Figure 3- 5: Mass signals during thermal decompmosiand reduction of PdO, Pd10 and Pd25
HTlc in 5 Vol% H/Argon (heating rate 2 K/min).

Figure 3- 6 illustrates the TPR profiles after cédstipn of RT reduction for various Pd
loadings. In general, two signals were observedherPd doped samples during heating. A low
temperature reduction (LTR) peak occurs at betvdhK and 403 K. This peak is assigned to
the reduction of Pd incorporated into the HTlc lattice to metallic Pdith increasing Pd
loading a slight shift to lower temperatures is eslied, probably due to the increasing Pd
concentration in the precursor that facilitatesnfation of P8 particles. The degree of Pd
reduction was found to decrease with increasingdrdent (Table 3- 2). Whereas the excess of
H,/Pd added up to 215% for PdO1, it significantly réesed to 70% for Pd25. Taking the

amount the hydrogen consumed at room temperatsceiato account, the value of excess
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H,/Pd always exceeded 100% required for the stoickivoreduction of PdO (PdO +H» Pd

+ H,0). This excess is probably attributed to Rdétmation and spillover hydrogen from the
metal to the support. Iwasa etl.reported on TPR studies of Pt and Pd nanoparticles
supported on several oxides, for instance ZnG,0gaVigO and AJOs. They also observed
higher hydrogen consumptions at room temperatuae Were required to reduce the Pd. In their
samples, formation of a Pdighase was concluded and could be confirmed bjtunX&kD. In
addition, desorption of hydrogen, producing a weaalerse peaks around 323 — 363 K, was
observed. In contrast to the work of lwasa ét?hho desorption of hydrogen was observed for
our samples that result from decomposition of &yRritide phase.

A high temperature reduction (HTR) peak is obserbetiveen 693 and 709 K for all HTlc
samples. The HTR peak is significantly shiftedawér temperature with increasing Pd content.
The peak maxima shifts from 732 K (PdO0) to 692 H4P). If the amount of hydrogen is related
to reduction of gallium species, between 5 and 26%a are reduced to &during HTR in
Pd0 and Pd25, respectively. These large valueeasiy explained by the observed r'WGS
(Figure 3- 5) in the same temperature range. HeheelI TR peak has two contributions. On the
one hand it is related CO formation and on therotizand to Ga reduction and intermetallic

phase formation.
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Figure 3- 6: TPR profiles of the HTlc precursor&iH,/Argon.

51



Chapter 3: Dynamic Surface Processes of nanostattRgGa Catalysts derived from ternary
Hydrotalcite-like Precursors

Table 3- 2: Quantification of the TPR experiments.

sample PO Ga® Tir° Tur° PARTR® PdLTR® Sum RTR+LTR‘
[wi%e]  [wi%e]  [K] (K] [%0] [%0] [%]
Support 0 25.8 - 732 - - -
Pd,Ga01 0.10 252 403 709 0 216 216
Pd,Ga03 0.35 251 395 700 10 140 150
Pd,Ga05 0.61 258 387 696 5 129 134
Pd,Ga08 0.94 249 384 697 15 107 121
Pd,Gal0 1.13 252 382 694 26 102 128
Pd,Gal5 1.73 247 387 693 70 85 155
Pd,Ga25 3.01 242 386 692 61 70 131

3 Pd/Ga content of precursor determined by ICP-OEBow (LTR) and high temperature reduction
(HTR); ¢ CalculatedPd fraction that is reduced at room temperatureRRTlow temperature (LTR)
Totalfraction of Pd that is reduced at RT and LT

Figure 3- 7 shows the in-situ XANES spectra of Buk5 precursor collected during reduction
in hydrogen compared with palladium foil and bulk,®a (dashed black and red line,
respectively). The most notable differences betwdentwo references are generally lower
amplitudes of the oscillations and a slight shiftre spectral features at 24390, and 24429 eV
of bulk-Pd to lower energies (24387, and 24420 ®V)oulk-PdGa. A detailed representation
of Pd25 is shown in Figure 3- 7B. With increasieduction temperature and time the damping
as well as the low-energy shift of the spectratuess can be observed. With the exception of
the spectrum collected at 373 K (pink line), whadtording to TPR and in agreement with the
strong white line still contains oxidized Pd, fil®sbestic points are observed suggesting that a
direct transformation of Pd metal into B@ occurs without Pd-containing intermediates. The
phase formation from metallic palladium to interaiét Pd.Ga is completed when the
temperature is kept constant at 773 K.
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Figure 3- 7: Normalized XANES spectra of Pd25 dgiiaduction. Pd foil and bulk RF@a are

added as references (black and red dashed lines).

In brief, upon thermal reduction in hydrogen theqgursor is decomposed and is transformed
into supported intermetallic F@a nanoparticles. The phase formation is accomganeCO
formation due to rwWGS. The formation of metallic Bd well as intermetallic P@a is
facilitated with increasing Pd loading and the ordethe reduction peaks are shifted to lower
temperatures with increasing Pd loading. TPR andNE& measurements confirm that a

temperature of 773 K is needed for complete transdition of Pd to Pg5a nanoparticles.
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3.3.3 Structural properties of Pd,Ga nanopatrticles

TEM analysis was used to study the morphology &edphase identification of Pd containing

particles as well the support. Samples with diffiéfed loadings were investigated with respect
to particle size and phase composition. Furthermbeeinfluence of reduction temperature and
the exposure to air after reduction were studiedni8es with 0.5, 1.0 and 2.5 mol% Pd loading

were selected as representatives.

Pd,Gal| [361
Pd,Ga || [100
Pd,Ga|| [102
Pd,Gal| [010

e A S

Figure 3- 8: (A+B) Overview micrographs, (C+D) HRWIEof PdGal0 with corresponding

FFT pattern after reduction at 773 K. Micrograpddnonstrates the structural similarity of Pd
and PdGa.
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As depicted in Figure 3- 8, the reduction of PdiLil7%8 K yield metallic particles supported on
an oxide matrix. The platelet-like morphology isimained upon decomposition and reduction
(Figure 3- 8A). XRD and HRTEM analysis reveal tttz¢ oxide support consists of MgO and
MgGa0, spinel (Figure S3- 4). In some HRTEM images (Fég8f 8C+D), the metallic phase
is unambiguously identified as f&h. In certain orientation and for lower Pd loading
however, the phase identification is ambiguous tdusmall and highly defective particles. An
assignment of the obtained lattice fringes to eifP@ or PdGa is further complicated by the
fact that different crystallographic orientatiorfsioe two structures lead to similar lattice fringe
images with closely matching lattice spacing anglesbetween sets of lattice planes. Figure 3-
8 C and D show two cases where particles are edestich that an assignment can only be
made to the [321] and [021] orientation of the nintetallic phase, respectively. In contrast,
there are at least four different orientationshaf PdGa structure for which the obtained lattice
fringes and the corresponding FFT power spectraiamgar to the case of Pd particles oriented
along the [110] zone axis, as shown in Figure 3-B&e to the small size of the particles and
the presence of defects, the intensities of théssipothe power spectra also deviate from the
theoretical values. Therefore, it is not easy ftbm analysis of the electron diffraction patterns

to exclude the presence of Pd particles.
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Figure 3- 9: Particle size distribution of (A) Pd) Pd10 and (C) Pd25 after HTR (773 K).
(D) Pd25 after LTR (473 K).

55



Chapter 3: Dynamic Surface Processes of nanostattRgGa Catalysts derived from ternary
Hydrotalcite-like Precursors

The determined average particle sizes fopd05, 10 and 25 are 1.8, 6.1 and 4.8 nm,
respectively. Monomodal particle size distributiare obtained with narrow particle sizes, as
presented in Figure 3- 9. Furthermore, the surtdcthe nanoparticles is often covered by a
partially ordered layer.

To exclude that oxidation of F@a in air was the origin of the oxide shells,®@a25 was
investigated without air exposure. Neverthelessfoum overlayers around the intermetallic
particles are observed as shown in Figure 3- 18s@shells are identified either as cubig@a
(y-phase), MgG#D, or other PgGg, phases on basis of lattice fringes, while Pd, Rd®MgO
are excluded. Surface coverage of noble metalfiés associated with reducible supports and
is widely discussed in terms of strong-metal suppaeraction (SMSI). SMSI influences the
chemisorption properties of the metal dependinghenreduction temperatu.*? Full access

to metal surface is only possible at low reductiemperature while at high temperature the
chemisorption capability is heavily disturbed byidex encapsulatioR> This phenomenon is
reversible, i.e. re-oxidation and mild reductiodoak the catalyst to recover the original
chemisorption capacity. Therefore, the morpholofjPd25 was also studied after LTR at 473
K (Figure 3- 11). According to the XANES spectruRt,Ga has not yet been formed at that
temperature. Careful investigation of the electdiffraction pattern confirms that the main
crystallographic phase is metallic Pd, as showirigure 3- 11C. The Pd particles show a
bimodal size distribution (Figure 3- 9D). A mingeaétion exhibits an average size of 1.6 nm,
while for the larger fraction the particles size8i8 nm. It is supposed that the smaller particles
originate from P# which is incorporated into the HTIc layers and fheger ones from
segregated PdO-like PdUpon temperature increase to 773 K the partiglew at the expanse
of the smaller ones and result in an average parsize of 4.8 nm. Furthermore, particle
encapsulation and core-shell structures were alsgersed upon reduction to 473 K as
illustrated in Figure 3- 11B. The encircled aread-igure 3- 11A are identified as crystalline

MgGa0, spinel that is formed in addition to amorphousiepphase and MgO upon reduction.
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Figure 3- 11: (A) Overview micrographs, (B, C) HRWEof Pd25 after LTR (473 K) and
corresponding FFT pattern.

According to the XANES spectrum, ®&h has not yet been formed at that temperature. The
particles show a bimodal size distribution (Fig8réD). A minor fraction with an average size
of 1.6 nm and a larger fraction with 3.3 nm coexistis supposed that the smaller particles
originate from P8 which was incorporated into the HTIc layers and thrger ones from
segregated PdO-like Pd. Upon temperature incréasparticle size further increased to 4.8 nm
and the different origin of the two types of Pd mainbe discriminated. Furthermore, distinctive
core shell structures were also observed upon tiedum 200 °C as illustrated in Figure 3- 11.
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These shells are probably related to the syntlaggisoach rather than to SMSI state that should
not be formed at that temperature. Moreover, deetidbedment of the Pd particles can serve as

an explanation for the core-shell structures.

In summary, TEM analysis was applied to determiree Rd phase and give estimation of the
particle size. A reduction temperature of 473 Kdk#o bimodal distribution of metallic Pd,
which is explained by the partial incorporation Rd* in the HTIc precursor. Monomodal
particle size distributions have been obtainedstomples reduced at 773 K. The particle size of
Pd.Ga could be controlled by Pd loading to a certaiter@ and varies from 2 to 6 nm.
Furthermore, the appearance of surface coveringoiged indicating a SMSI state of the

catalysts.

3.3.4 IR characterization of supported PdGa nanoparticles during exposure to CO

In this section the adsorption properties of the ptéises obtained after low and high

temperature reduction as well as the interactioB@fwith the oxide support are presented.

The spectra exhibited in Figure 3- 12 display cbi@éstic bands in the carbonyl region of 2100
- 2000 cm' and 1970 - 1800 cth These bands are typical for linearly and multiphnded CO
on metallic Pd surfaces, respectivEf{/It is noted that at CO pressures above 1 mbagaise
phase rotational bands of CO are resolved in teetsp As already mentioned, reduction of the
PdMgGa HTlIc precursors at 473 K results in metdfiéc particles. CO adsorption at RT and a
pressure of 50 mbar lead to population of on-tdJy{&cm'), 2-fold bridging (1983 cif) and 3-
fold hollow sites (1896 cif) on Pd (Figure 3- 12A). A coverage dependent shift waseobed
for all bands gv = +25 cn1) due to increased dipole-dipole coupling. Additiby, a sharp
band at 2016 cthemerged during CO exposure at elevated presshoe® d mbar. According
to literature, it is either related to carbidicasef the Pd sites due to CO disproportionafitn
or attributed to isolated Pd sites, whose electrgmoperties are modified by interaction with
basic support speci€&!
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Figure 3- 12: IR spectra of CO adsorbed on Pd¥) &ffR (A; 473 K) and HTR (B; 773 K) at
RT, and after HTR at 77 K (C) in the CO stretchiagion from 2200 - 1800 cf (IR bands

above 2100 crhare due to physisorbed CO.)

High temperature reduction at 773 K modifies theraf multiply-bonded to linearly adsorbed
CO on Pd-Ga surfaces as shown in Figure 3- 12BGndhe spectra clearly indicate an
isolation of the adsorption sites presumably duthéoincreased Pd-Pd interatomic distances in
Pd.Ga compared to Pd metal. At RT adsorption (Figurel2B) and low CO pressure
predominantly on-top coordinated CO (2072 %)nis present with only a weak band due to
multiply-bonded CO at 1936 clmWith increasing pressure the latter band groves siifts to
1963 cnit. In contrast, CO adsorption at 77K prevails oredpminant band at 2084 ¢nand

no change of the band due to multiply-bonded COheteéncreased CO pressures was observed

(Figure 3- 12C).
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Figure 3- 13: IR spectra of CO adsorbed op@2d.0 in the carbonate region CO from 1800 -
1100 cnt at RT (A) and 77 K (B).

While at low temperature CO is mostly unreactivd anly small amounts of monodentate and
bicarbonate carbonates were formed in the carbaeaien (1700 - 1200 ci), pronounced
formation is observed at room temperature (Figurg33. The signals located at 1650, 1546 and
1340 are ascribed tgdCO3>") andv{(CO> ) modes of mono- and bidentate carbonate species.
The more intense bands, located at 1671, 1400 a8d tnm', are assigned toas(CO?),
v5(CO37) and 3(OH) modes, respectively, of surface bicarbonateigs HCO;).5* % The
formation of different carbonate species can beheeitrelated to CO dissociation/
disproportionation (2 CG» CO, + C)B” I or direct reaction of CO with hydroxyl groups on
the surface to CO(CO + OH— CO, + % H) Y. The CQ formed further reacts with “Oor

OH groups of the support to form carbonate andrbarzate. For our samples, the observed
changes in the OH stretching suggest the reacfi@QOowith hydroxyl groups instead of CO
disproportionation. Water evolution due to the aske of hydrogen (3346 ¢inand bicarbonate
formation (3621 ci) occurred simultaneously (Figure S3- 5). The abseof the bridge-
bonded band at 77 K suggests that carbonate (atet)warmation and the population of an
additional adsorption site due to the presence @thliic Pd are strongly correlated with each
other. The formation of metallic Pd was also obsédrior PdGa samples after air exposure or
pretreatment at insufficient high reduction tempa® Increasing the reduction temperatures

and longer reduction periods have shown to mininttee contribution of bridged-bonded
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carbonyl band and re-form the intermetallic surf@tzga not shown). We thus conclude that CO
at sufficient temperature and pressure reacts thighsurface of PGa/MgO/MgGaO,. This
dynamic response of the surface to CO leads tdapatécomposition of the intermetallic
surface and formation of PdO as indicated by tipeamance of multiply-bonded CO adsorbates.
Our observations are in agreement with resultsrtegdy Haghofer et af*?. Initially isolated
adsorption sites on the ®&h surface responds to CO exposure in a way tlygests an (at
least partial) breakup of the intermetallic compmimo surface regions containing metallic Pd.
Although carbon monoxide itself is a reducing gaslearly induces some modification of
intermetallic phase and support. Hence, we asshatediynamic changes of the oxide support
(carbonate and water formation) in combination wfite high oxophilicity of gallium give rise

to the partial decomposition of &k nanoparticles into finely dispersed Pd and agdliGa.

10,01
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Figure 3- 14: IR spectra of R&a0 (dotted) and RGal0 (straight line) after CO adsorption at
RT upon evacuation: A)g = 50mbar, t = 30 min; B) p = 110° mbar; C) p = 3.40° mbar.

Furthermore, the desorption process of CO was eamiparticularly with regard to
determination of the active metal surface by COnukerption. The recorded spectra obtained
after CO adsorption at a CO pressure of 50 mbar 30 min) and during evacuation to a
pressure of 1® mbar are presented in Figure 3- 14. The bandme#dly and bridged-bonded
CO on P4 are shifted to lower wavenumbers upon evacuatioth #he overall intensity
decreased significantly. After complete evacuatibe intensity ratio of the bands is nearly
equal and typical for metallic Pd rather than®al Additionally, the formed carbonates and
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bicarbonates species during CO adsorption are mexkeSame behavior was also found to
minor extent for the Pd free sample (Figure 3-datfed lines). Consequently, we assume that
major contribution of the irreversible chemisorlig@ is attributed to metallic Pd and the oxide
support. The intermetallic P@a surface only weakly adsorbs CO and decompose=aative
atmosphere like CO. These observations clearly toatp the interpretation of volumetric CO

chemisorption data (Figure S3- 6).

In summary, CO-IR adsorption measurements hightightpresence of isolated adsorption sites
by formation of intermetallic BGa nanoparticles. While at 77 K only one distinetoarbonyl
band at 2080 cthis formed and no spectral changes were observéid mereasing CO
coverage, the BGa surface is apparently instable in CO at RT. Thisndicated by the
population of a second adsorption site at 1963,aamich is typically observed for Pd metal. It
suggests that RP@a nanoparticles are highly reactive towards diffitrgas atmosphere in
contrast to the bulk model catalysts due to aneesed number of surface atoms by the
nanostructuring. CO exposure of surface lead ttigbahe oxidation of metallic Ga, probably
by oxidizing species (COand HO) originating from the interaction of CO with tlsepport

material, and the formation metallic Pd onp®d surface.

3.3.5 Catalytic performance

In this part the catalytic experiments, which weerformed in order to understand catalyst
behavior and its activation process at a reaconperature of 473 K, will be presented and
discussed. Before the catalytic measurements the prEcursor was reduced in-situ in 5%
H./Ar at low (473 K) and high reduction temperatufé3 K).

In Figure 3- 15 the acetylene conversion and etteylselectivities for all experiments are
presented over time on stream (TOS). A differetdlgtc performance was obtained depending
on the reduction temperature. Low reduction tentpeeayields a catalyst which slowly
deactivates over TOS (Figure 3- 15A), probably beeaf the formation carbonaceous deposits
originating from the feed gd¥ The selectivity towards the desired semi-hydrotgena
product is relatively stable at only 26% after 2Z@S. As it was already shown by TEM,
XANES and IR spectroscopy, a reduction temperatird73 K is not sufficient to form the
intermetallic compound. Accordingly, the catalytimperties — low selectivity and stability —

are representative of pure Pd rather than thdteoPgdGa intermetallic compound.

62



Chapter 3: Dynamic Surface Processes of nanostaecRgGa Catalysts derived from ternary
Hydrotalcite-like Precursors

0 5 10 15 20 25 30
100 4 T T T T T T T T T T . .
75-" _"75
-\-\.—\'——'_A.’—_T__.__‘AA’\.__"W_’\‘. A -
2\? 188_ ] ] - 25
s 759 (70 8
2 507 Bf* 2
g 1%8- A 1 . 1 N 1 ) 1 ) 1 ) - 25 é
S ] L75 &
8 757 -
® 50-//" cf® @
< 1 - o
Q 251 ; ] i 1 ) 1 i ] i ] i -25 C
= 10 o 8
8 751 Tf‘* _—75 >
< 50-/ D30 W
1%8; ) ] ; ] . 1 s 1 . 1 . - 25
50 - 50
25~/-' T T T T T T T T T T 25
0 5 10 15 20 25 30
Time /h

Figure 3- 15: Acetylene conversion and ethylenecdislity at 473 K over (A) Pd25 reduced at
473 K, (B) PdGa25 reduced at 773 K, (C) h25 and activation in 5 Vol%,Hr at 473 K,
(D) PdGa25 and @pulse after 24 h TOS (arrow), (E) 25 and oxidative treatment after
2.5h TOS at 473 K for 40 min.

If a reduction temperature of 773 K was applied flTwhich according to TEM, XANES and
IR spectroscopy is sufficient to create,8d nanoparticles, a remarkable change in the tataly
properties is obtained (Figure 3- 15B). As reporfeaviously®, a slow and pronounced
activation from 22 to 94 % conversion is observathiw the first 30 h TOS. After 44 h TOS
the ethylene selectivity account 80%, while thees@lities to GHs, C, and G hydrocarbons

are each below 10%, as shown in Figure 3- 16. detegly, only slight changes in the

selectivity are observed during the activation.
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Figure 3- 16: Conversion and selectivities at 478uér PdGa25 after HTR (100ml/min flow,
0.2 mg Pd25).

In principle, two different explanations will be sdussed in the following. Corresponding
models of the active state of the nanostructuregs®catalyst are schematically shown in
Figure 3- 17. Model is only related to an increased accessibilityhef intermetallic surface,
while ModellI includes changes in the nature of the active sigesell as modifications by the
feed gas. The fundamental difference of both modkelsthat according to Model the
intermetallic surface is the catalytically actiates while in Modell the decomposition product

if the intermetallic compound is active.

ModelI refers to the SMSI state of the catalyst that eayartial blocking of the active surface
and was detected by TEM after HTR. The removalhef dxide shell formed at HTR can be
triggered by re-oxidatioR®, but also a lower reduction potential by decregsite temperature
from 773 K (reduction) to 473 K (reaction) might &agficient to slowly reverse the SMSI state.
The catalyst after HTR was pretreated in 5%Ar for 16 h at reaction temperature (473 K) to
check if the activation occurs with time also unohare mild reducing conditions in the absence
of the reactant feed. The corresponding reactiafilprof the pretreated sample is shown in
Figure 3- 15C. No significant differences of theéiation process are observed in comparison
to profile B. The activation time is comparablethat of the catalyst without any pretreatment
after reduction. Thus, either the SMSI state hdsdren reversed because of the different redox
potentials of the 5% #Ar stream and the 1%#8,/15%H,/30%GH, reaction mixture or the
activation process is caused by another modifinatiche PgGa surface in the feed gas.
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Figure 3- 17: Schematic models explaining the atitm process during the selective

hydrogenation of acetylene.

According to the IR results, the decompositionh# intermetallic compound into metallic Pd
and oxidized Ga is responsible for the slow adtivabehavior of the catalyst. This segregation
is represented in Modél. Under reaction conditions, the required oxygery m@me from O-
containing impurities in the feed gas or from thpmort, similar as discussed for CO adsorption
at room temperature. The increase in activity mightexplained by the formation of highly
reactive, metallic Pd patches on the particle serfes reported for larger #2h particles during
methanol steam reformiftf) Model 11 also assumes that the ethylene selectivity ofleke
active initial PdGa surface measured at low conversion and thditeofmore active, metallic Pd
particles at higher conversion must be coincideptiyal. The metallic Pd particles resulting
from decomposition are most likely very small. Téfere hydride formation, which is known to
be size-dependef! and was shown to be responsible for the unsetettidrogenation of
alkynes™® 4 will probably not occur. Thus, the newly formed®Particles might be highly
selective due to their small size. On the otherdhartransformation into a Pd@hase is a
possible explanation for the high selectivity oé tHecomposed surfal®. Small palladium
particles have a larger tendency to form the Rut@sé*® by the fragmentation of the reactant

molecules under the reaction conditions, which digwlers subsurface hydride formation.
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Neither hydride nor carbon formation were obseragdbulk Pd-Ga intermetallic compounds
47.48] 'hut may play a role for the nanostructured@compound, which are more reactive due
to the increased number of surface atoms or tedéd¢ompose as suggested by Mddlel

In order to investigate the activated state of ¢atalyst, 50 mg of undiluted Pd25 precursor
were reduced in-situ and activated in 150 ml/miedfgas flow for 44 h TOS. TEM analysis of
this sample was done without air contact in ordekdep the metallic state of the particles.
Micrographs with different magnifications are presel in Figure 3- 18. Phase identification on
basis of the lattice fringes suggests that thernmiéallic PdGa phase is preserved in the bulk of
the nanoparticles during activation (Figure 3- 18Q)e particles exhibit contrast fluctuations in
the Scanning TEM images, indicative of an innerombgeneity (Figure 3- 18D). Different
types of material which differ in their Z-contrastem to have segregated supporting the partial
surface decomposition of the J&h IMC into a metallic and an oxidic species dumcgvation,

as suggested by ModHl Unfortunately, it was not possible to identifetimvolved phases that
are the origin of the contrast fluctuations.

Figure 3- 18: (A) TEM overview micrograph; (B+D) BM images; (C) HRTEM micrographs
(with FFT pattern of P#5a along (110) zone axis) of post-reactedd@5 catalyst after 44 h
TOS.
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No indication for formation of amorphous carborfasnd. The absence is also confirmed by
Raman spectroscopy, which shows no characteriaicl$for amorphous carbon. Before and
after reaction no significant change in the speidrabserved (Figure S3- 7). Furthermore, a
temperature programmed oxidation was performed GyDEC-MS. An exothermic mass loss
of 3% that was associated with £formation is observed up to a temperature of 7{&igure
S3- 8). This corresponds to an amount of 6 pmatavbon. In the light that changes in the
catalytic properties of Pd catalysts by carbonaseteposits are reported typically to promote
the selectivity rather than the activity in hydroggon reaction¥”, they are excluded as reason
for the catalyst activation.

As the PgGa surface is known to be oxygen sensilfée the role of oxygen addition was
studied (Figure 3- 15D, E). In the first experimtére catalyst was exposed to three pulses,of O
(each 10 pumol) after activation in feed for 24 M@B K (Figure 3- 15D, indicated by red
arrow). The unperturbed catalytic performance satggthat either the intermetallic surface has
already been completely decomposed during theaimivand cannot react any further with gas
phase oxygen (Moddl), or that reducing potential of the feed gas & &7is sufficient to
instantaneously clean the surface again and re-theroxygen-free state of the intermetallic
surface (Model). The catalyst was also exposed to thregp@ses directly after reduction and
before switching to the reaction feed at 473 K. Blgnificant impact on the catalytic
performance was observed at the beginning of thigasion period (Figure 3- 15E), which
confirms a certain stability of the surface agalost amounts of oxygen. After 2.5 h TOS, the
catalyst was treated in a 5%/Be flow for 40 min at 473 K. This treatment isiesited to be
harsh enough to trigger an oxidative surface decsitipn of the intermetallic surface. As
illustrated in Figure 3- 15E by this treatment dagalyst is transformed into a more active state.
However, compared to the state obtained after pged TOS, the selectivity is initially
considerably lowered. This is likely a result o thresence of highly active metallic, which has
formed from the IMC decomposition. Due to the lowsrinsic selectivity of monometallic Pd
and/or as a consequence of 100% conversion thetisgleis decreased. It fully recovers to the
original value of 80% within the following 7.5 h BD while the conversion drops again to a
similar level as observed in the other experimefitss result shows that another dynamic
process has been triggered by thet®atment, which is faster than the activatiorthe feed,
but finally leads to the same catalytic performaridee effect of @treatment can be explained
by both models, the oxidative reversal of the Sidtate with subsequent self-cleaning of the
intermetallic surface in the feed (Modglas well as the accelerated oxidative decompasitio
which leads to formation of a different active stahat can undergo further transformation in

the feed (Modelll). Two pathways are possible for such transformatimder reaction
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condition, as shown in Modél (a, b in Figure 3- 17). Either the evolving metalfPd patches
on the P¢gGa patrticles are unique and selective, e.g. dubdio small particle size (a) or the

dispersed Pd patches undergo a slow transformttiariPd-C phase (b).
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Figure 3- 19: CO-IR adsorption spectra of (Ay®ad25 after HTR for 4 h; (B) after subsequent
treatment in @ (5 Vol%, 30 min, 473 K) and H200 mbar, 2 h, 473 K); (C) after subsequent
treatment in @(5 Vol%, 30 min, 473 K) and #4C,H,/C,H, mixture (10 mbar, 7h, 473 K).

(The shown spectra were recorded at a CO prest@t8@®mbar.)

By means of CO-IR spectroscopy, a catalyst whichk tseated in oxygen for 30 min at 473 K
was studied. Figure 3- 19A shows the IR spectradsiorbed CO of the fresh J&h catalyst
directly after HTR with primarily on-top coordinateCO. After Q treatment and a subsequent
reduction in H (Figure 3- 19B) and in feed gas (Figure 3- 19CG)78 K characteristic bands of
linearly and multiply-bonded CO are present. Thisréased contribution of multiply-bonded
CO supports the decomposition of,8d to metallic Pd upon Qreatment and the re-formation
of the intermetallic state in the feed can be edetl Furthermore, compared to the spectrum

obtained after Hreduction which is typically of monometallic Pghestrum of the sample, that
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was activated 7 h in the feed gas, is shifted wetovavenumbersAp = -31 cm') and the band
shape changes. This is an indication that the Rches formed by the decomposition process
undergo a further transformation in the feed andifa Modelllb, i.e. formation of a highly
selective PdCphase. The exposure to reaction feed, which wHgisat to reach the active
state in the catalytic measurements, was not geifiti¢do the re-form the intermetallic state, as

shown in Figure 3- 19A.

In summary, the supported nanoBd catalyst obtained after high temperature reduocét
773 K show slow activation in the feed gas. Altérrey, activation in oxidative atmosphere
can enhance the reactivity. In both cases, a higélgctive, active and stable catalyst can be
obtained. Excluding carbon deposits as the reagpithis behavior, the results are consistent
with two possible explanations for the activatidime first is the removal of surface coverage
formed due to the SMSI effect at high reductiongerature. Secondly, similar to the dynamic
processes occurring in CO atmosphere, the ingtalfi the PdGa surface, induced by the
reaction atmosphere {B8,, CH,, dissociated H or £, lead the partial decomposition to
metallic Pd and formation of new very active antkaive sites for hydrogenation. While we
cannot unambiguously exclude the one or the otloeleinthe data presented seems to favor the

decomposition of P&a with subsequent in-situ formation of Rekites.

3.4 Conclusions

Supported nanoparticles of the intermetallic coormab®dGa with a monomodal and narrow
particle size distribution can be prepared by degmusition of Hydrotalcite-ike PdMgGa
precursors in reducing atmosphere at 773 K. The gizhe nanoparticles (2 - 6 nm) and the
amount of P# initially incorporated in the Hydrotalcite lattiaan be controlled by varying the
Pd loading. Pd incorporation was evidenced by a combined XANES @RR study and a
critical limit to avoid segregation was found ardunmol% Pd.

The resulting nano-B&a/MgO/MgGaO, materials exhibit a large specific surface arei (1
120 nfg™) rendering them to promising catalytic materi#sspectroscopy of chemisorbed CO
revealed different adsorptive properties of theorBi.Ga phase compared to nand-Ratmed
from the same precursor by reduction at lower teatpee. Accordingly, the catalytic properties
in semi-hydrogenation of acetylene were found teigeerior after high reduction temperature
and highly selective, active and stable catalyatsgehbeen obtained. A final stable state of the
catalysts was only achieved after long activatiath wime on stream or after oxidative pre-
treatment. These dynamics of the,®d nanoparticles are related to an interplay ofaser
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decomposition into Pdand GaO; in reactive gas atmosphere, which was also obddrydR
spectroscopy in CO atmosphere, and strong metaposupnteraction between Kéa
nanoparticles and the MgO-£&xa support. The active state of the final catalysitisbuted to a
Pd.Ga core - Pd/PdGhell configuration.

This study has shown that the Pd-based intermetaltirogenation catalysts can be prepared in
a feasible and controlled manner in a nanostrudtimen. The known catalytic properties of the
bulk intermetallic phases have only apparently bemmserved. Instead, a great complexity has
been observed, which is related to surface dynamicsactive atmospheres.
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Supplementary Information

Sample identification

Label FHI internal Label FHI internal
sample number sample number
PdO 11369 PGa0 11754
Pd01 10198 R&Ga0l 12462
Pd03 10199 R&a03 12419
Pd0O5 10200 R&Ga05 12385
Pd08 10201 RGa08 12423
Pd10 10230 RGalo 11121
Pd15 10231 R&Gal5 12390
Pd25 10232 RGa25 11782
o
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Figure S3- 1: Synthesis protocol of Pd15 HTlc precu
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Figure S3- 2: XANES spectra of PdZnAl HTlc at RT(A) Helium and (B) 5 Vol% HHe.

No change of the white line was observed upon fegdiiydrogen over the PdZnAl HTlc
reference sample with 1 mol% Pd at RT. This assuhssPd" is completely incorporated into
the HTIc lattice and not available for reductionr@m temperature. Accordingly, no RTR H
consumption was observed- Thus, we conclude thahRIdHTIc can be used as reference for

octahedrally coordinated Pdn HTlc.

Synthesis:

PdznAl HTIc were synthesized by controlled co-ppéeition at pH = 8.5 and a temperature of
298 K by co-feeding appropriate amounts of mixedtameiitrate and mixed sodium
hydroxide/sodium carbonate solutions(0.045 M,@& + 0.3 M NaOH). The following
synthesis steps are equal to the herein presenytaithesis protocol. The experimentally
determined Pd:Zn:Al atomic ratio was 1:69.5:29.5.
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Figure S3- 3: BSE images of Pd10 (A) and Pd25 (B)hanced contrast allows the
identification of Pd rich areas outside the plateir the latter sample.
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Figure S3- 4: Powder patterns of,Bd, samples. Red column MgO (ICDD 1-1235) and black
column MgGaO, (ICDD 10-113).

75



Chapter 3 - Supplementary information

A
0.01 3346 58 p(CO) in mbar

3621

3724

AN

i

e —)
T

4000 3800 3600 3400 3200 3000 2800

A
o

-1
Wavenumber / cm

Figure S3- 5: IR spectra of CO adsorbed op3ad0 in the OH stretching range from 4000 -
2800 cnt at RT.
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Figure S3- 6: (top) Combined, weak and chemisorigetherm of Pgsa25 obtain by CO
chemisorption at 313 K. (bottom) Irreversible COtake of PdGa samples and calculated
corresponding particle sizes assuming Pd:CO stmicdiry of 1.5.

According to the CO-IR measurements, it is suppodest PdGa surface is partially
decomposed Pd and £&x during chemisorption. No straight adsorption isoth can be
obtained to extrapolate the total amount and theusunof weakly adsorbed CO. No surface
saturation with CO is achieved under the appliegd@emns and furthermore no quantification

of the formed Pd patches is possible.

Experimental conditions:

The measurements were carried out in an Autosorb(Q@antachrome Instruments). The
samples were pretreated in-situ in the sample lelheating to 773 K for 240 min in 5%
hydrogen in helium flow (20 ml/min), followed by avacuation (240 min) at pretreatment
temperature. CO chemisorption measurement wasrpetbat 40°C and in the pressure range
of 2 - 560 Torr. The active surface area was detexthby Dual isotherm method. The
difference of combined and weak isotherm (revee$ibksults in the irreversible chemisorbed

amount of the CO that was used for the calculation.
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Figure S3- 7: Raman spectra of,8d25 catalyst before and after acetylene hydrogemater
44 h TOS.
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Figure S3- 8: Temperature programmed oxidationastjpeacted P&a25 catalyst after 44 h
TOS in 21% QArgon.
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Rufino M. Navarro Yerga, and Malte Behrens.

Abstract

Supported Pdzn, BGa and Pd catalysts were synthesized by reductda®ndposition of
ternary Hydrotalcite-like compounds. The precursand resulting catalysts were characterized
by HRTEM, XRD, XAS and CO-IR spectroscopy. The*Pehtions were found to be at least
partially incorporated into the cationic slabs loé precursor. Full incorporation was confirmed
for the PdZnAl-Hydrotalcite-like precursor. Aftereduction of Ga- and Zn-containing
precursors the intermetallic compounds®al and PdZn were present in form of nanoparticles
with an average diameter of 6 nm or less. Testsatdlytic performance in methanol steam
reforming and methanol synthesis from Ckave shown that the presence of Zn and Ga
improves the selectivity to GOand methanol respectively. The catalysts contginin
intermetallic compounds were 100 and 200 times ewsgely more active for methanol
synthesis than the monometallic Pd catalyst. Tmefigal effect of Ga in the active phase was
found to be more pronounced in methanol synthesigpared to steam reforming of methanol,
which is likely related to insufficient stabilityf the reduced Ga species in the more oxidizing
feed of the latter reaction. Although the interigt@atalysts were, in general less active than a
Cu/znO-based material prepared by a similar proeedihe marked changes in Pd reactivity
upon formation of intermetallic compounds render puecursor-method an effective and
versatile approach to produce well dispersed supgontermetallic nanoparticles and to study

the tunability of Pd-based catalysts for differegdctions.
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4.1. Introduction

Methanol has been proposed as a promising eneogygst molecule for portable applications
such as direct methanol fuel-cells, as well as foehutomobile internal combustion engifés.
Additionally, methanol has been proposed as hydragerage mediufi®, whose gravimetric
hydrogen density exceeds that of compressed amdtbaeof liquid hydrogen. Furthermore, the
use of CQ as a carbon source for methanol synthesis en#idesimultaneous reduction of
emissions of this proven greenhouse §as.

Methanol synthesis from GQReaction 1) and its reverse reaction, methamanstreforming
(MSR) comprise a class of reactions critical todpelication of methanol as an efficient energy

carrier.

CO, + Hy & CO + Hy0 AHy = +41.2 kJ /mol )

CH;0H & CO + 2H, AHy = +91.0 kJ /mol (3)

Both reactions are currently carried out at simiéganperatures (523 - 603 K) on Cu/ZnO based
catalysts. While MSR is not thermodynamically lietitand is carried out at atmospheric
pressure, methanol synthesis requires high pressidg@ - 100 bar) and lower operating
temperatures due to unfavorable thermodynafli®everse water gas shift 'WGS, Reaction 2)
is a side reaction to methanol synthesis and thesnighes selectivity. In MSR, methanol
decomposition (Reaction 3) as well as rwWGS are siretk side reactions and yield CO- a
poison for fuel cell electrodes. The rates of bhatkesired reactions can be thermodynamically
hindered by operating at lower temperatures. Laweperature operation and low selectivity
to rWGS or decomposition thus remain the drivingcés behind the development and
optimization of methanol catalysgs.

The current state of the industrial Cu/ZnO catalymste well suited to stationary operation,
however suffer from pyrophoricity, sintering witbng reaction times and instability to changes
in reaction condition§! These shortcomings make Cu-based catalysts ubkufier portable
applications. To that end, Pd supported on redeakildes such as ZnO,,{D; and GaO; has
shown favorable reactivity similar to that of Cusbd catalysts for both methanol synthesis and
MSR " 8 whereas Pd supported on non-reducible suppostdéen shown to be selective to
rwGS and methanol decomposition. Additionally, Rabdal catalysts have also shown good
long-term stability and resistance to sintering.e Tdlteration of the properties of Pd was
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attributed to the formation of the intermetallingoounds (IMCs) Pgsa®*" and Pdzr’ 124
upon partial reduction of the support componentsirAimate interaction between Pd and these
support components is therefore thought to be guésite to the formation of IMCs.

In that respect, we recently developed a facile etetmical synthesis approach to prepare Pd-
Ga intermetallic nanopatrticles. J&h nanoparticles supported on oxide matrix of Mg@ a
MgGa0O, were synthesized by co-precipitation of a sindlage precursor, followed by thermal
decompositioit® This method presents an efficient alternative tevipusly used top-down
methods, such as etching or milling of materiatsmigd from high temperature melt synthesis,
used previously to synthesize this matétfaTernary hydroxycarbonates, namely Hydrotalcite-
like compounds (HTIc), were used as precursors. dtieantage of these materials is that
divalent (M') and trivalent (M') cations are uniformly distributed in slabs of eddaring MQ
octahedra that allow a close interaction of all aheations®” *® HTIc exhibit the general
composition (M1,M2");,M3" (OH),(CO3),> m H0 (0.25< x < 0.33) and a huge flexibility
of metal cations that can be incorporated intostiecture, e.g. M= Mg?*, Mn*, Cc&*, Ni#*,
cuw, zr* and M" = AP**, G&*, F€*, C" " In our previous work™ HTIc M" = Mg?* and
Pd* and M" = G&" were used to form the precursor of the®alphase. Herein we will present
a systematic comparative study of metal-oxide sttpdoPd and intermetallic Pd-X (X = Ga,
Zn) nanoparticles derived from ternary Pd basedrétadtite-like compounds. Well-dispersed
Pd-Ga, Pd-Zn and Pd nanoparticles (2 - 6 nm) wétairted upon reduction of PdMgGa,
PdznAl and PdMgAI-HTIc synthesized by co-precipdat respectively.

As all catalysts were derived from a similar wedfided precursor material, aspects of different
preparation history, inhomogeneous microstructuaes, variations in metal-support contacts,
that often complicate the comparison of catalystteuld only play a minor role here. Thus, the
aim of this study is to use these materials tostigate the role of different Pd-based IMCs in
different reactions involving methanol, namelysigthesis from C@and MSR. In addition to
the catalytic performance data, we report on catalynthesis and present characterization data
using a variety of complementary techniques (XRBETBTPR, SEM, TEM, FTIR, XANES) to

correlate structural properties with activity.

4.2 Experimental

4.2.1 Synthesis conditions

Ternary palladium containing and binary Pd-free B&lM PdMgGa, PdZnAl, MgGa, ZnAl and
MgAl HTlc with M*":M** molar ratios of 70:30 were synthesized by co-pitation. The

nominal composition of all Pd-W+M?3* samples was set to 1:69:30. A mixed aqueous metal
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nitrate ([P4"] + [M?] + [M>*] = 0.2 M) solution and 0.345 M basic precipitatagent solution
were co-fed at pH = 8.5. For MgGa and MgAIl HTlcqrmesors pure sodium carbonate solution
and a precipitation temperature of 328 K were ugdgireas in case of PdZnAl HTlc a mixture
of sodium carbonate (0.3 M) and sodium hydroxid®4B M) and a temperature of 298 K has
be applied in order to obtain an homogeneous psecwsample. During precipitation both
solutions were added simultaneously dropwise infolaprecipitation reactor (Mettler-Toledo
LabMax). The nitrate solution was automatically paw with a constant dosing rate and the
basic solution was added to maintain a constanbpB.5. After completion of addition, the
mixture was aged for 1 h at the same temperatymgged during synthesis. The precipitate was
filtered and washed twice with warm deionized wateorder to remove the nitrate and sodium
ions and obtain a conductivity of the filtrate lawban 0.2 mS/cm. The solid was dried for 12 h
at 353 K in air. After drying a one-step decomgositreduction in 5 Vol% HAr (2 K/min)
was performed at the temperatures extracted frogri R experiments that yielded in the
intermetallic phases and in metallic Pd in case¢hef PdMgAIl HTIc precursor. A reduction
temperature of 523 K was applied for the PdMgAI &uZnAl system, whereas a reduction of
773 K is needed to obtain &k intermetallic particles.

A HTlc-based CuznAl catalyst was prepared as desdripreviously® and was used as
reference material for the catalytic test in methasynthesis. Additional details about the
synthesis conditions of the CuznAl HTIc precursond dhe synthesis protocols of the Pd-based
HTlc are given in the supplementary informatiorg(fe S4- 1).

4.2.2 Characterization

X-ray diffraction. XRD patterns of the HTIc precursor and its decoritjmrs products were
recorded on a STOE Stadi P diffractometer in trassion geometry using Cud radiation, a
primary Ge monochromater and a 3° linear positenmsgive detector.

Specific surface area determinatid@pecific surface areas (SSA) of the precursorsredidced
compounds were determined by &tlsorption—desorption measurements at 77 K by@nimg
the BET method (Autosorb-1C, Quantachrome). PriorNe adsorption, the sample was
outgassed at 353 K/423 K (precursor sample / ratlwagalyst) to desorb moisture from the
surface and pores.

Chemical AnalysisAbout 5 mg were exactly weighted in and dissolve@ iml aqua regia. The
solutions were transferred and filled up in 50 mlwnetric flasks. The content of the metals
were determined with ICP-OES (Vista RL, Variangafhatrix matched calibration.
Temperature programmed reductiofhe TPR experiments were performed in a fixed bed

reactor using 400 mg of precursor (100 - 250 pnwesigaction). PdMgGa and PdMgAl
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precursors were reduced in 5 Vol% iH Argon (100 ml/min) with a heating rate of 2 Khmp

to a sample temperature of 773 K. The temperatae kept constant for 4 h. The PdZnAl
precursor was heated to 1073 K (2 K/min). The hgdmconsumption was monitored with a
thermal conductivity detector.

X-ray absorption near edge structuréANES data were collected at the Pd K edge (24.350
keV) were carried out at the Super-XAS beamlinetted Swiss Light Source (Villigen,
Switzerland) in the transmission mode, using ianmrachambers as detectors and a Si(311)
Quick EXAFS monochromator. A Pd foil placed betwebe second and third ionization
chamber was measured simultaneously as an interfegience. In-situ XANES measurements
during hydrogen TPR were performed in transmissioale, using a 3 mm capillary reactor cell
(Hilgenberg). The precursor (63 - 100 um, 30 mg} Wiéed into the capillary between quartz
wool plugs. The cell was connected to a gas mahifohe cell was convectively heated by
means of an air blower. Spectra were collectednduthe reduction in 5 Vol% 3N, (100
ml/min) in the temperature range of 303 - 773 KiaDeeduction was performed using the
Athena 0.8.056 software package.

Fourier-Transformed infrared absorption spectrosgad CQ In-situ experiments were carried
out in a custom built quartz cell equipped with KiBindows allowing sample activation and
successive measurements in the 292 - 823 K tenupereinge, at pressures fromi*1® 760
Torr. The catalysts were pressed into self-suppgnellets and activated in the same cell used
for the measurement. The thermal treatments werorpged either in dynamic vacuum or
under static conditions (no flux), according togedures discussed below. In-situ FTIR spectra
on the investigated catalysts were recorded atsaluon of 2 crit on a Nicolet 6700
instrument, in transmission mode. PdZnAl and PdM#Hllc precursors was outgassed in
dynamic vacuum up to 523 K for several hours (uili pressure reached values below 10
Torr), followed by reduction in Hgas (2 cycles of 30 minyp= 100 Torr). H was removed
from the cell at the same temperature and the samaé allowed to reach room temperature in
dynamic vacuum. PdGaMg HTlc precursor was outgassegnamic vacuum up to 823 K for
several hours (until the pressure reached valuesvtiO - 4 mbar), followed by reduction i, H
gas (4 cycles of 1 hyyp= 100 Torr). H was removed from the cell at the same temperatuwle
the sample was allowed to reach room temperatuwlgriamic vacuum.

Scanning electron microscopysSEM images were acquired with a Hitachi S4800 FEG
microscope equipped with an EDS system (EDAX) femental analysis. The samples were
loosely dispersed on a conductive carbon tapedsepve the as-prepared morphology as much
as possible. SEM images were acquired at low aatelg voltage, i.e. 1.5 kV, while EDX

spectra were acquired at an accelerating voltad® éiv.
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Electron MicroscopyHRTEM images were acquired using a FEI TITAN msmape, equipped
with a field emission gun (FEG) and operated at B@OWith computer assisted correction and
alignment, the value of the spherical aberrationstant G was kept below 100 nm in the
present experiments. Selected areas of the higblutesy images have been Fourier
transformed to obtain Power spectra and the lattiseances and angles were measured for
phase identification (accuracy = 1 % and * 0.58peetively). Metal dispersions for Pd based
catalysts were obtained by D = 1.1/d, where d ésaberage particle size determined by TEM
neglecting the partial embedment of nanopartidies$ teduces the availability of active sites.
An estimate of the number of surface metal sites vadculated from this dispersion and the
palladium loading, assuming complete accessibitifythe surface to the gas phase. For
bimetallic nanoparticles, incorporation of seconetah (Zn or Ga) was assumed stoichiometric

according to PdZn and R@a.

4.2.3 Catalytic performance

4.2.3.1 Methanol synthesisfrom CO,

Methanol synthesis experiments were carried oatstainless steel fixed-bed flow reactor. 400
mg (100-200 pum) of HTlc precursor was mixed with @f crushed Si©chips and loaded into

a 10 mm LI.D. stainless steel reactor tube. Gassflaare controlled and monitored with analog
mass flow controllers (Brooks 5850A).

The PdZnAl and PdMgAI HTIc precursors were reduceditu at 523 K (2 K/min) for 2 h in
100 ml/min (STP) of 20 Vol% Hin He. The PdMgGa HTlc precursor was reduced a3tk 72
K/min) for 5 h in the same #He mixture. Upon completion of the reduction, tleactor was
cooled to 523 K, a 3:1 #CO, mixture (100 ml/min) containing 4 Vol% Ar (as intal
standard) was introduced into the reactor and thespre was raised to 30 bar by means of a
back-pressure regulator (Tescom). The back pressgrdator and all high-pressure line were
heated to 423 K to avoid condensation of water amdhanol, and all low-pressure lines
downstream of the back-pressure regulator werestigat 393 K. Online analysis of products
was performed with a GC (Agilent 6890) equippedhvat J&W scientific Haysep Q Column
and a TCD for analysis of non-condensable gasesaahgilent DB1 column interfaced to an
FID for analysis of methanol. Methanol and CO wire main products observed, along with
traces (less than 0.1% selectivity) of methaneerAttie start of the reaction, the catalysts were
allowed to stabilize for 20 h time-on-stream at H23After this period, the activation energies
of methanol synthesis and rWGS were measured itethperature range of 463 — 548 K, with
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4 h allowed for each temperature point. Conversioh£0O, were below 3% insuring the

absence of thermodynamic artifacts.

4.2.3.2 Methanol steam reforming

Methanol Steam reforming (MSR) reaction was conellicising a fixed-bed flow reactor at 523
K and atmospheric pressure. Activity tests werdgpered using 0.125 g of HTlc precursor
diluted with SiC at volume ratio of 3:1 to avoidvadse thermal effects. Catalyst bed was placed
in a 6 mm |.D. quartz tubular reactor with a colixiaentered thermocouple. Prior to reaction,
the PdZnAl and PdMgAIl HTIc precursors were reduicesitu at 523 K (2 K/min) for 4 h in 60
cm3 (STP) of 5 Vol% Hin N,. The PdMgGa HTlc precursor was reduced at 823 K/(2in)

for 4 h in the same #N, mixture. The pretreating gases were flushed frioenreactor with b
before admission of methanol-water-nitrogen reactiixtures. Methanol and water mixture
was supplied into a preheater by means of a liguichp (Becton-Dickinson) before their
mixture with nitrogen carrier supplied by Brooksadrb5850E mass flow controller. For MSR
reaction, the reactants were introduced into thetog in the molar ratio #0/CH;OH = 1.0. In
the MSR tests, the total flow rate was kept at 28nm (STP) and the methanol concentration
in the feed gas mixture was fixed at 28.4 Vol% void thermal effects derived from the high
endothermicity of the reaction.

The reaction products were analyzed on-line by Gt WCD (HP 6890 GC) equipped with
CP-Porabond Q (CQwater, methanol, formaldehyde, methyl formate dimdethyl ether) and
molecular 5A (H, O,, N, CO) connected in series, using He as carriergash value of total
conversion is the average of two different analysdégn after 3h time-on-stream at a given
temperature.

The hydrogen selectivity of the reaction was deteech by comparing the molar hydrogen
production rate to the maximum stoichiometricalljowable hydrogen production rate at a

given methanol conversion (4).

§ =Ttz (4)

3rMe0H

If the reaction is dominated by MSR, ldnd CQ selectivities should lie at around 100%,
whereas if methanol decomposition is the primagctien, the H selectivity lies at 67% and

the CQ selectivity near zero.
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4.3 Results and discussion

4.3.1 Properties of the HTIc precursors

PdznAl, PdMgGa and PdMgAIl HTIc precursors have he@pared with 1 mol% of the cations
being P4d" and a M":M®" ratio of 70:30 by co-precipitation. The XRD patterof all as-

synthesized precursor samples are typical of Hgtbribé-like structure, as shown in Figure 4-
1. No Pd containing or other crystalline phasesewebserved. The crystallinity of the
precursors decreased in the order of PdMgGa > PWdz2nRdMgAl as indicated by the

decreasing intensity as well as the increased pesddening.

Intensity /a.u.

10 20 30 40 50 60 70 80
20/ °

Figure 4- 1: XRD patterns of (A) PdMgGa and simethMgGa HTlc precursor; (B) PdMgGa
HTlc after reduction at 773 K, ICDD 1-1235 MgO (gng, ICDD 10-113 MgG#, (orange);
(C) PdZnAl HTlc precursor and ICDD 38-486¢ah,(OH)16COs-4 H;O; (D) PdZnAl HTlc after
reduction at 523 K, ICDD 36-1451 ZnO (violet); (BdMgAIl HTlc precursor and ICDD 14-191
MgsAl 2(OH)16COs4 H,0; (F) PdMgAI HTlc after reduction at 523 K.
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In Table 4- 1 the measured chemical compositioRcdbtontaining and Pd-free HTIc precursors
is listed. There are small deviations between tbeninal and measured composition. In
particular the M* content of PdMgAIl and PdMgGa HTlc is increase®fomol% and the Pd
content of PAMgAI HTlc is slightly higher than 1 ®©(1.3 mol%).

Table 4- 1: Chemical composition and textural progs of the HTIc precursor materials.

Sample Measured BET SA BET SA Pd content after  Particle size
Compositior Precursors Reduced reduction by TEM
Pd:M2*:M 3 [m2/g] [m2/g] [wit9%] [nm]
ZnAl 0:70.3:29.7 53 n.8. - -
PdZnAl 1.0:69.5:29.5 85 g6 1.46 1.8
MgGa 0:63.2:36.8 34 130 - -
PdMgGa 1.0:64.5:34.5 48 176 1.81 6.1
MgAl 0:65.6:34.4 111 ng. - -
PdMgAI 1.3:69.1:29.6 127 123 3.13 2.3

@ determined by ICP-OE&:n.d. = not determined;reduced at 523 K:reduced at 773 K

The specific surface areas of the HTlc precurselaained by nitrogen physisorption, varied
between 34 and 127 m?/g (Table 4- 1). The subistitwif M** by Pd* resulted in an increase of
the surface area in all samples probably due tdened growth of the Pd distorted HTIc lattice.
In general, the surface area increases from PdMgB&ZnAl < PdMgAI which is in agreement
with the broader XRD line profiles suggesting seratirystallite sizes. Differences in surface
area and XRD peak widths are compatible with thseolation of SEM measurements. As
shown in Figure 4- 2, the HTlc precursors show lsimplatelet-like morphology, but the
particle sizes differed considerably. Small platelere obtained for PdAMgAI (Figure 4- 2C)
and PdzZnAl (Figure 4- 2A). The thickness of theglkts is in the low nanometer range, while
the lateral dimension is approximately around 289 or below. Although for PdMgAIl and
PdMgGa samples the same synthesis conditions vpgieed the lateral size of the PdMgGa
platelets is increased to 0.4 -pyin. The PdMgGa and PdMgAIl platelets exhibit sandrose
morphology, while the PdZnAl platelets are randondsiented. However, no large Pd
agglomerates were detected outside the plateletSHN and also EDX mapping suggests a

homogenous metal distribution for all samples @ratwn).
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Figure 4- 2: SEM images of (A) PdZnAl, (B) PdGaMylgC) PdMgAI HTIc precursor.

4.3.2 Reducibility of the HTIc precursors and IMC formati on

4.3.2.1 TPR and MS measurements

TPR experiments were performed in order to study WKMC formation and monitor the
reduction process. All TPR profiles can be sepdrétéo three regions: a room temperature
reduction (RTR), a low temperature reduction (LEH73 K) and high temperature reduction
region (HTR, > 573 K). RTR contains any initial lmggen consumption detected upon
switching to reducing atmosphere at room tempegabafore the heating ramp was started.
Figure 4- 3 includes the LTR and HTR processesg;.drie reduction from Pdto metallic P4
normally occurs in the RTR or LTR regime, at tengperes lower than ca. 423 K.
Quantification of the degree of reduction from tmgdrogen consumption turned out to be
complex for these samples. Metallic Pd particlesfdlydrides and transfer spillover hydrogen
to the support material; both phenomena lead thenigydrogen consumption than expected for
stoichiometric P reduction?”! The PdH phase is not stable during heating and decompmases
higher temperatures producing a negative peakamBR profile. In the HTR regime hydrogen
consumption due to partial reduction of reducibletah oxides overlaps with further,H
consumption due to conversion of £@hich is released as a decomposition produchef t
interlayer carbonate ions. As matters of fact, Gd €H4 have been detected by MS during
LTR and HTR (Figure 4- 3, bottom). Thus, evolved,G®not completely emitted from the
catalyst bed, but varying fractions undergo rwWG8 mmethanation at the surface of the metallic
nanoparticles. This resulted in considerably highgidrogen consumption than expected for
stoichiometric reduction of the metal cations. Amgpdly, hydride formation, spillover
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hydrogen, and COconversion are dominating the consumption and dnly considered in a
semi-quantitative manner here, i.e. by comparisoth® TCD peak integrals of the different

samples in the different temperature regimes.
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Figure 4- 3: (top) TPR profiles of Pd substituted ainsubstituted Hydrotalcite-like precursors

and (bottom) MS profiles (obtained by TGA-MS) itvB1% H,/Ar.

As expected, no hydrogen consumption was observéltei RTR and LTR regions for the Pd-
free samples. For the Pd containing precursorsptbies in this region are different. RT and
LT hydrogen consumption were observed for PdMgGhRaMgAl samples, while for PdZnAl
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sample H uptake was not detected at RT. This suggestsrtlitaé former samples two different
Pd™* species were present, one easily and one hardedtee. The main LTR peaks are found
at 359, 382 and ca. 343 K for PdznAl, PdMgGa aniligd, respectively, which are relatively
high values for the reduction of PdFrom this observation, the RTR peak can be asdign
reduction to PdO-like species not incorporated thoHTI lattice, while the LTR peaks are due
to reduction of HTl-lattice Pd cations. This assumption is consistent with XANES
measurements discussed below. Furthermore, Pddeydsi observed only for the PdMgAl
(small negative peak around 423 K). Additional Lyidfogen uptake was observed for PdZnAl
at 520 K. It is known that ZnO can be reduced & phesence of Pd at such mild temperatures
to form the IMC Pdz#* 2! Since the above mentioned LTR peak is absentherPd-free
precursor, it is assigned to reduction of ZnO waitimsequent IMC formation (although small
amounts of Clwere detected at this temperature). No furthekpeame detected in the LTR
region for PdMgGa and PdMgAl samples. In PdMgAlréhare no other reducible species. In
PdMgGa this observation indicates that the IMC fation takes place at higher temperature.
Therefore, the process cannot be accurately stunieBPR, because of the overlap with £LO

conversion in the higher temperature regime (sgergi4- 3, bottom).

In the HTR regime, hydrogen consumption was detkfdeall precursors, also for the Pd-free
MgGa and ZnAl, except for MgAl. At these temperatyrpartial reduction of the reducible
oxides is expected also in the absence of Pd.i8faftom PdZnAl and ZnAl, HTR
consumption peaks having a similar integral areaewaebserved at approximately same
temperature (808 K and 823 K). No traces of CO,Cét, by MS were noticed at that
temperature (Figure 4- 3). As a consequence, thkspare assigned to reduction of the ZnO-
component of the support. For MgGa and PdMgGaptksence of Pd leads to an increase of
the total HTR hydrogen consumption and to a deer@atemperature from 736 to 695 K. In
both samples, CO was detected by MS. Thus, atcgrifiy high temperature GOfrom
decarboxylation of the interlayer carbonate aniamdergoes rwGS on the reducible oxiti&s.

In case of PdMgGa the hydrogen uptake due to rWwWeiSsaepport reduction overlaps with IMC
formation (Figure 4- 3). Only the non reducible Mggample does not show any significant
hydrogen consumption over the whole temperaturgeafddition of Pd to this sample induced
an uptake of hydrogen at 679 K; correspondingly,, @ds detected by MS (Figure 4- 3).
Therefore, it is concluded that G@eriving from decomposition of the interlayer camhtes is
converted to methane over metallic Pd. TPR and M grovide first evidence that the
catalytic properties of Pd have been markedly medliby formation of IMCs. While PdMgAl

(where no IMC is formed) was found to be activeniethanation, PdMgGa converts €@ the
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rWGS to CO at comparable conditions. The HTR hydrogonversion of PdZnAl can be
completely ascribed to the reducibility of the sopipmaterial. From the TPR results, the
reduction temperatures for IMC formation were eated to 523 K for PdZnAl and 773 K for
PdMgGa. The PdMgAI reference sample was reducBdak.

4.3.2.2 XANES measurements

XANES measurements were carried out to gain mosgl into the Pd speciation in the
precursor and in the RTR and LTR events. Since meAsurements suggested the presence of
two Pd-species in PAMgAI and PdMgGa, differentneriee materials were used to evaluate the
XANES data. Commercial PdO was chosen as refenevaterial for segregated Pdspecies in

the precursor, which is not incorporated in to ¥ lattice. Pd* in PdO prefers square planar
coordination as well as Pdin aqueous solution and most other solids. On diwetrary,
incorporation into the Hydrotalcite lattice requirectahedral coordination of Pd. The low-spin
d® electronic configuration of Btimakes regular octahedral coordination unstable vespect

to large tetragonal elongations. Octahedral coatitin of P4" with oxygen was obtained in a
high-pressure phase of PdO at 12 &Badoreover, octahedral environment was also observed
for Pd cations having higher oxidation states. iRstance, ZgPdQ, is a compound where £d
has regular octahedral symmetry in the cubic sptreicture®!, while in LaPdQ@ P& has a
distorted perovskite structure that stabilizestthealent ion in octahedral coordinatiéf. The
XANES spectra of the HTI precursors are shown guké 4- 4; both in the unreduced state and
after treatment at 323 K in hydrogen, i.e. at aperature where RTR has already occurred, but
low enough not to trigger LTR. XANES spectra of Pareference for segregatedPapecies
before RTR and of metallic Pd for the state aftERRvere included.
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Figure 4- 4: (A) XANES spectra PdZnAl at RT/He &ud 323 K/H (b), PdMgGa at RT/He (c)
and 323 K/H (d), PdMgAIl at RT/He (e) and 323 K#Hf), PdO (g) and Pd foil (h) reference.
(B+C) Linear combination fit of the XANES spectra BdMgGa and PdMgAl precursor, by
using PdO and PdZnAl as references fof 'Rd square planar and octahedral coordination,

respectively

The intensity ratio of the white line and the fifeature of the XANES spectrum of PdZnAl
HTIc are significantly different from that of PdQt is similar to that reported for
LaFe 0Pt 0s0s Where Pd exhibits a distorted octahedral cooritinadind occupies Fe sited.
Changing to reducing atmosphere did not induceaagh of the XANES of PdZnAl, which is
in agreement with the TPR experiment that did raiws any RT reduction. Therefore we
assume that in this sample?Pi fully incorporated into the HTI structure anot mvailable for
reduction to metallic Pd below 323 K. Therefore BdZnAl spectrum recorded at RT in inert

atmosphere was taken as a second reference fothadlis incorporated into the HTIc structure
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and exhibits octahedral coordination. Linear coraton of PdO and PdZnAl spectra were used
to obtain the fraction of Pd present as PdO andamsporated within HTIc structure, as shown
in Figure 4- 4B and C. Accordingly, analysis reeeathat 68% of P is present in octahedral
coordination for PdMgGa, while in case of PdMgAllyo61% of Pd* is incorporated. Both
samples showed a certain degree of RT reductiaimeénTPR and also the XANES spectra
changed significantly uponjHeduction at 323 K (Figure 4- 4). In case of PdNMt#e near-
edge features approach those of metalli& Ftle PdMgGa sample is apparently more stable
and changes only slightly. This stability is in egment with the increased onset of the
reduction temperature for PdMgGa as well as sigguifily higher LT reduction temperature

observed in the TPR experiments (Figure 4- 3).

4.3.3 Properties of the ex-HTIc samples after reduction

The XRD patterns of the reduced samples presenmteBligure 4- 1 contain only broad
modulations of the background suggesting poor ahlysity and small crystallize sizes. After
reduction at 523 K PdMgAl is amorphous (Figure & and only heating to 773 K leads to
significant growth of XRD peaks due to poorly catihe MgO and MgAJO, (not shown).
Formation of periclase and spinel phases was dsereed for PdMgGa after reduction at 773
K (Figure 4- 1B). The PdZnAl sample showed very kvaad broad peaks due to ZnO after
reduction at 523 K (Figure 4- 1D). The XRD dataisagreement with HRTEM analysis of the
phases of the support.

Because the metallic component was not able taatified by means of XRD, probably due
to the low total Pd content and the small crydtabize, XANES and HRTEM were applied for
phase identification. Figure 4- 5 shows the XANK®cira of the reduced precursors at the
reduction temperatures deduced from the TPR expetinPalladium foil, bulk Pa and Pdzn
are shown as reference materials. In general, lawglitudes of the oscillations were observed
for the nanoparticulate samples, in particularFdZnAl. Nevertheless the spectra show a high

agreement and resembled those of the associateddbeiences.
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Figure 4- 5: Insitu XANES spectra of (a) PdZnAl reduced at 5231l gb) bulk Pdzn, (c
PdMgGa reduced at 773 K and (d) bulkGa, (e) PdMgAI reduced at 523 K and (f) Pd

TEM revealed that the plate-like morphology of the HTIc precursor was retainafter
reduction and all catalysts showed spherical gegidistributed on the platelets as presente
Figure 4- 6A and Figure 4-A7 HRTEM images were used to determine the netepthistance

and plane angles by FFT.

Pd,Ga|| |312]

Figure 4- 6: (A overview TEM images PdMgGa after reduction at K78 5 Vol% H,/Ar, and
(B) HRTEM image and correspond FFT pattern of Pg5a.
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Figure 4- 7: (A+D) Overview TEM images, and (B,HBRTEM and corresponding FFT pattern
(C, F) of PdznAl after reduction at 523 K in 5 VoEi/Ar.

Figure 4- 8: (A) STEM, and (B) HRTEM images of PdMafter reduction at 773 K in 5 Vol%
Hz/Ar.

Reduction of PdMgGa yielded well dispersed, sumgbrtanoparticles as presented in Figure 4-
6A. The corresponding power spectrum of the HRTEMde, shown in Figure 4- 6B, allowed
identification of the intermetallic R@a phase (ICDD 65-1511). In agreement with XRD,

partially crystalline MgO and MgG@, were present as oxidic suppbrt. However, for
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PdznAl two different Pd-Zn IMCs were identified eftreduction at 523 K. The crystal planes
(111) and (111) of PdZn (ICDD 6-620) were identifiedhwthe characteristic acute angle of 65°
along the {01] zone axis (Figure 4- 7B+C). Additionally, naaoiicles with a core-shell
structure were present. The phase in the core daatified as PgZn (circled area, ICDD 6-
629) surrounded by an ordered shell of ZnO (Figur@E+F). This arrangement suggests that
Pd.Zn might be an intermediate of the reduction of RAZ ZnO seems to have segregated
from the oxide support to encapsulate the metad @yr strong metal support interaction and
supply further Zn atoms for IMC formation throughetreactive Pd-ZnO and §2h-ZnO
interfaces, finally resulting in formation of PdZrigure 4- 8 shows the PdMgAl sample after
reduction at 773 K. In STEM mode homogeneous arallsized Pd nanoparticles on MgAIO
support were observed (Figure 4- 8A) and HRTEM stigations (Figure 4- 8B) confirming the
presence of metallic Pd (ICDD 46-1043). The averpgdicle sizes were obtained from
projected areas of the metal particles and were2lBand 6.1 nm for PdZnAl, PdMgAIl and
PdMgGa HTIc, respectively. The considerably largee sof the PgGa particles can be
explained by higher reduction temperature that wasessary to form the IMC. The
corresponding size distributions are shown in Fedgbd- 2.

FT-IR spectroscopy of adsorbed CO was adoptedvestigate the surface properties of the
metallic Pd, PdZn and BFda components in PdMgAl, PdZnAl and PdMgGa afteluction,
respectively. The spectra of CO adsorbed at roonpégature on the three samples are shown
in Figure 4- 9 as function of CO coverage. SevHRahbsorption bands were observed in the
range of 2100 - 2000 ¢hand 1970 -1 800 cm These bands are characteristic of linearly and
multiply bonded CO on Pdtoms, respectivel§”

'2100 2000 1900 1800 2100 2000 1900 1800 2100 2000 1900 1800
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)
Figure 4- 9: FT-IR spectra of CO adsorbed at roempierature on (A) PdZnAl (reduced at 523
K), (B) PdMgGa (reduced at 823 K) and (C) PdMgAddinced at 523 K) as a function of CO

coveragef{nax blue,bmin: red).
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As reported by Kovnir et af® and Conant et af! the absence or strong reduction of multiple
bonded carbonyl species should be observed for @a@ Pd-Zn intermetallic compounds.
Indeed, mainly on-top coordinated CO species, dbaraed by IR absorption bands at 2080
cm* and 2050 crm were observed for PdMgGa and PdZnAl, as showrigarg 4- 9A and B.

In contrast, CO absorption on PdMgAl sample reveaenuch larger population of multiply
bonded sites compared to linearly coordinated AgQu¢e 4- 9C). At low CO coverage the band
of linearly coordinated CO was observed at 2020' ¢rwhich is relatively low, but still in the
characteristic range. According to Prinetto ef?dlthe frequency red shift originates from CO
absorption on Pd sites, whose electronic propedies modified by interaction with basic
support species. With increasing CO coverage, ditiadal band at 2080 cfngains intensity
and slightly shifts to higher wavenumbers due toreased dipole-dipole coupling of the

neighboring CO groups.

In summary, small particles of the IMCs have bektaioed from HTIc precursors with at least
partial Pd* incorporation on octahedral sites in the catidajers. Upon reduction in hydrogen,
metallic Pd segregated from the precursors at émperature and as the reduction temperature
increases, IMC patrticles are formed. For PdZnAlIME PdZn is formed at 523 K probably via

a PdZn intermediate stage. The average particle sizgbaut 1.8 nm. BGa formed from
PdMgGa at higher temperature (773 K) and the aeeizayticle size is larger (6.1 nm).
Compared to the monometallic Pd particles obtalmeddMgAl, the adsorptive properties of

the IMC patrticles are strongly modified suggestiifferences in catalytic properties.

4.4 Catalytic properties of the IMCs

4.4.1 Methanol synthesis from CQ

Activity versus time-on-stream data for methanattbgsis and rwWGS at 523 K is shown in
Figure 4- 10 for all Pd based catalysts. After la &abilization period, all catalysts show only
very slow loss of activity with time-on-stream. PgBla and PdZnAl showed similar steady-
state activities for methanol synthesis of 18.7 a&dds pmol/(g,ymin), respectively. These
activities amounted to nearly 30 times the methasyithesis activity of PdMgAl (0.65
pmol/(g.smin)). In contrast to this difference, the rwWGSatif catalysts were within a similar
range, with PdMgGa (27.8 pmolifgmin)) being twice as active as PdMgAIl and PdZnAthwi
14.3 and 13.5 pmol/ggmin), respectively. These results are consistettt thiose of lwasa et
al. B and Fujitani et al®, who showed that Pd supported on ZnO andOg@ossessed

significant methanol synthesis activity, whereasupported Pd and Pd on irreducible SiO

97



Chapter 4: Methanol Synthesis and Methanol SteaforRég on Supported RGa and Pdzn
Intermetallic Nanoparticles

were almost inactive for methanol synthesis. Addiily, the results of Iwasa showed far less
significant differences in rWGS rates on these lgsts. A similar observation about rwGS
activities can be made for the catalysts studiethig; work. From this observation it can be
concluded that free Pd may be responsible for\#@$ activity, whereas the intermetallic sites
lead to methanol formation. However, lwasa et®3l.had shown, that the rwGS activity of
Pd/ZnO decreases by only 40% upon the completeecsion of Pd into a PdZn alloy. It is
therefore possible that the intermetallic surfaoebave similarly to Cu, in that they possess
sites for both methanol synthesis and rwGS.
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Figure 4- 10: (A) Rate of C{hydrogenation over PdZnAl, PdMgGa and PdMgAIl &8 82(30
bar, 400 mg catalyst, 100 ml/min @8,). (B) Arrhenius plot for methanol synthesis fror®.LC
(closed symbols: MeOH, open symbol CO).
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Table 4- 2: Activities for methanol synthesis frdn3 CGQ:H, mixture at 30 bar on Pd and Cu

catalysts.
Catalyst Metal site Xco2 Rate S.V. SvieoH TOF
[umol/gead  [%]  [umol/min-gca]  [MmMol/gearmin] [%6] [min™]
MeOH CO MeOH CO
PdZnAl 73.4 0.60 9.1 6.2 10 60 0.12 0.08
PdGaMg 20.4 1.0 10.5 11.7 10 47 0.51 0.57
PdAIMg 90.9 0.30 0.3 6.8 10 4 0.003 0.07
5.0 67.3 47.6 10 59 0.39 0.28
CuznAl 170.9
1.30 2224 47.6 93 82 1.30 0.28

In order to correctly compare the intrinsic actegtand apparent activation energies for the Pd
catalysts with those of a more active CuZnAl caglwhich was also prepared from a single
phase HTlc precursor, the space velocity had twdbed. When all catalysts are compared at
523 K and a space velocity of 10 mmaliquin) , the Cu based catalyst shows a,CO
conversion of 5% and a mass normalized methandhegis rate that is 6 times that of the
bimetallics, of which each show less ~1% Qf©Onversion. At these conditions, PdMgGa (0.51
min™) appears twice as intrinsically active (TOF) ag® (0.12 min') and is more active
than the CuZnAl catalyst (0.39 miin PdZnAl shows a similar methanol selectivity bait of
CuznAl (60%) and is more selective that PdMgGa (17Aecording to several investigators,
the water produced during methanol synthesis an@3Vcts to inhibit methanol synthesis on
Cu. 233 The concentration of this water is directly deptdon the C@conversion. In that
respect, the CuzZnAl catalyst is exposed to 5 timese water than the IMC catalysts when
tested at the same gas space velocity. To takeftbets of water inhibition into account, the
space velocity for CuZnAl was raised to 93 mmaglmin), resulting in a C@conversion of
1.3%, i.e. in the same range as for the IMC catslyd lower space velocities. At these
conditions, the methanol TOF increased to 1.3'mémd is 4-12 times higher than that of the
IMCs (Table 4- 2). Furthermore, at these conditi@sZnAl shows a significantly higher
selectivity to methanol synthesis (82%) as compéaoeithe IMCs. It should be noted however,
that the intrinsic activities of the IMCs are stillo orders of magnitude higher than of PdMgAI.
The comparison of apparent activation energies é&twCu- and Pd-based catalysts results in
an intuitive understanding to the effect of IMCrfation on reactivity. The Arrhenius plots for
methanol synthesis and rWGS are shown in Figurg08- for Pd-based catalysts tested at a

space velocity of 10 mmol/{gmin) and CuZnAl at 93 mmol/{gmin). It is interesting to note
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that the activation energy for methanol synthesisreiases from 72 kJ/mol in PdMgAI to 68
kJ/mol in PdZnAl and 59 kJ/mol in PdMgGa upon thbstitution of Al with Ga and Mg with
Zn respectively, and approaches 54 kJ/mol as medsiar CuznAl. Similarly for rwGsS,
substitution causes an increase in the apparerach energy from 69 kJ/mol in PAMgAI to
94 kJ/mol and 82 kJ/mol for PdZnAl, PdMgGa respetyi, in the direction of CuzZnAl (122
kd/mol). The results suggest that the reactivity Raf in methanol synthesis and rWGS
approaches that of Cu upon substitution of irreldlecgpecies with Zn and Ga. In particular,
these extraordinary differences in reactivity cepend to the formation of PdZn and,8d
IMCs upon reduction of PdZnAl and PdMgGa respebtiand the presence of only pure Pd
upon reduction of PdAMgAI, as evidenced by the afeetioned characterization results. The
similarity of the catalytic properties of PdZn a@d has been reported in literature and was
attributed to the similar electronic structure. Betxhibit similar valence electron densities of
states (DOS) as confirmed by DFT, UPS and ¥f%!

4.4.2 Steam reforming of methanol

The catalytic activities of the Pd-based catalgstisved from HTIc precursors in MSR tests are
summarized in Table 4- 3. For all tested catalygtsmain products were,HH,0, CO and CQ
Other reaction products such as formaldehyde oettliytether were not observed.

Table 4- 3: Activity results for the Pd-based IM&alysts for the steam reforming of methanol
at 523 K.

Catalyst Metal site€  Xyeon  Sco2 Rate [umol/(min-g)] Sa2 TOF [min'l]
[umol/g)] [96] [%6] MeOH H, [96] MeOH H,

converted released

PdZnAl 73 14.0 61.1 369 964 87 51 13.2
PdMgGa 20 15.3 16.4 404 874 72 20.2 43.7
PdMgAI 91 12.6 6.1 331 681 69 3.6 7.5

& estimated from the metal particle size determimgd@EM

The PdznAl and PdMgGa catalysts showed similar aleactivity (9.5% methanol
conversion), while the PdMgAI catalyst was somewhsas active (7% methanol conversion).
The PdZnAl catalyst exhibited the highest hydrogeatd (660 pmol/(g,:min)) of all catalysts
tested, and this hydrogen yield was 23% and 75%ehithan those of PdMgGa and PdMgAI,
respectively (Figure 4- 11). In terms of intrinsictivity for hydrogen production, the PdZnAl
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and PdMgGa were 2 and 6 times respectively moreveathan PdMgAIl. The hydrogen
selectivities of PdMgGa and PdMgAl were signifidgniower (70%) than that of PdZnAl
(87%). While the reactivity of methanol on PdMgAlcaPdMgGa is almost entirely dominated
by methanol decomposition, PdZnAl shows considerdtBR activity (80~61%).

N CH,OH converted

1.0-
P77 H, yield

1
cat

Rate /mmol*min™'*g’

7 % %

PdZnAl PdMgAl PdMgGa

Figure 4- 11: Rate of MSR of PdZnAl, PdMgGa and BdMcatalysts in MSR conducted at
523 K.

Iwasa et all”! have attributed this CGselectivity to the formation PdZn intermetallicgsies
during reduction of Pd/ZnO. However the £s&lectivities observed by Iwasa et al. were near
95% and thereby similar to those observed on Cuws&ed catalysts. It should be noted that the
PdZn particles observed by Iwasa et®@lwere large enough to produce rather sharp XRD
peaks and where therefore far larger than thegbestobtained in this work. It may therefore be
possible that under reaction conditions the smablarticles decompose partially to yield
metallic Pd, or that the methanol decompositiortiea is structure sensitive, and occurs faster
on smaller particles. In accordance with the lastatement, Karim et & found a positive
correlation between the number of small particie4.6 nm) and decreasing selectivity towards
CGO, on Pd/ZnO catalysts using TEM analysis.

lwasa et af! and more recently, Haghofer et®alhave shown that Pd supported on@sais
also very selective to MSR with GQelectivities above 80% , and have attributed higgh
selectivity to the formation of Pd-Ga IMCs. Howevésr the PdMgGa sample investigated
herein the C© selectivity (16%) is only somewhat higher thanttbé the PdMgAl (6%)
catalyst, in which no IMCs are formed. Haghofer at ®® have shown by in-situ IR

spectroscopy on Pd/@3; that the intermetallic BGa surface is not entirely stable during MSR
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at 480 K, and that metallic Pd forms on the surfaseevidenced by the presence of bridge-
bonded CO. At the higher temperatures (523 K) uselis study, such surface decomposition
may occur to a greater extent and leave a higlaetiém of exposed Pd, thus leading to lower
CO, selectivities. It should be noted that the proowdi effect of Pgsa formation on the
selectivity is far more evident during methanoltegsis (as described previously) as compared
to steam reforming. To that end, the higher hydnogeessures and virtual absence of water
during methanol synthesis may ensure the stabiitythe PdGa intermetallic surface
responsible for the enhanced selectivity. In cabtrthe presence of large concentrations of
water during MSR may lead to the decompositionhig surface into metallic Pd and &s.
Corresponding to its lower formation temperatuhe PdZn IMC seems to possess a greater
stability in less reducing atmospheres thagdand the beneficial intrinsic catalytic propestie

prevail to a greater extent in the PdZnAl catalyst.

4.5 Conclusion

A flexible synthetic approach for the synthesisiahoparticles of intermetallic compounds has
been presented. PdZn (1.8 nm) andGad (6.1 nm) nanoparticles were obtained from HTlc
precursor with a homogeneous distribution of Pd amdnate interaction with the other
reducible metal species. At a degree of substitutiol mol%, full incorporation of Bdlin the
HTIc lattice has been confirmed for PdZnAl, white PAMgAI and PdMgGa the majority of
Pd** was incorporated. Upon reduction in hydrogen, tetad segregated from the precursors
at low temperature and for PdZnAl the PdZn IMCasnied at 523 K probably via a Zoh
intermediate stage. Formation of,Ba IMC in PdMgGa requires 773 K. In comparison with
the analogous PdMgAl sample, which does not cordasecond reducible species and yields
monometallic Pd nanoparticles, the CO absorptiapgnties as well as the catalytic properties
have markedly changed through formation of the IM@groved activities and selectivities in
MSR, and methanol synthesis from Cfave been observed. This effect is larger for, CO
hydrogenation than for MSR and for the PdZn-ba$edh for the Pg5a-based catalyst. These
differences are probably related to the differeahsgtivity of the IMC surface against
decomposition into Pd metal and oxide. The moreicied) conditions of methanol synthesis
seem to stabilize the IMC better than the moreiaixig conditions of MSR. Under steady state
conditions our Pd-based IMC catalysts are infaioo€u/ZnO reference systems. Nevertheless,
the potential of these materials for MSR operatbrhigher temperature and under changing
reaction conditions like on-off operations remaiosbe investigated. Also the stability of the
IMC surface under different conditions needs furihgestigation.
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Supplementary Information

Sample identification

Label FHI internal
sample number

PdZnAl 11120
PdMgGa 10230
PdMgAl 9319
CuznAl 9270

CuZnAl reference catalyst

The CuZnAl HTIc precursor was precipitated froma‘@n?"/Al** nitrate solution (total metal
concentration: @3M; Cu:Zn:Al = 50:17:33) with an aqueous solutiohNaOH (Q3M) and
NaCO; (0.045M) as the precipitating agent. The reaction ezsed out at a constant pH value

(pH = 8 £ 0.7) at 298 K — pH and temperature wayetrolled by the automated lab reactor

system (Labmax from Mettler Toledo). After an aggiime of 1 h the blue powder was isolated

by filtration, washing and drying at 373 K for 13Afterwards the sample was calcined in air at
603 K for 3 h (heating rate 2/iin). The Cu based catalyst was obtained by infsdluction of

the calcined sample in 5 Vol%tArgon and a heating rate of &rkin at 603 K for 30 min

before the catalytic measurement was performe@asb

For the determination of the specific Cu surfaceaalO-reactive frontal chromatography
(RFC) is used and carried out at 303 K (details Rek 20). This technique is based on the
decomposition of nitrous oxide molecules on thefam@ of copper to produce chemisorbed

oxygen atoms and gas phase nitrogen. The Cu swafaaevas 7 m3/g.
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Figure S4- 1: Synthesis protocols of PdZnAl, PdMg®&d PdMgAI HTlc precursors.
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Figure S4- 2: Particle size distributions of (A)ZPé\l reduced at 523 K (B) PdMgGa reduced
at 773 K and (C) PdMgAl reduced at 523 K.
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Chapter 5: Final summary and conclusion

In the present work a novel, feasible synthesigaggt of supported Pd-based intermetallic
nanoparticles derived from ternary Hydrotalciteslidompounds (HTIc) was introduced. Mixed
HTlc with the nominal composition (Bd M*)g7dM3*Y03(OH)(COs)o1s - M HO were
synthesized by pH-controlled co-precipitation. Xga* and Zi*/AlI** were chosen as
MZIM3* combinations to enable formation nanoparticulathGa and Pdzn intermetallic
compounds on a MgO/Mg@a, and ZnO/ZnAJO, support, respectively. In addition, a
PdMgAI HTIc was synthesized to exemplify a monorietePd reference compound on a
MgO/MgAl,O, support. The effects of Pd loading, pH and tentpesaon the resulting co-

precipitated HTlc have been examined in detail.

For all the different precursor systems no Pd dointg by-phase was observed by XRD up to a
Pd* content of 2.5 mol% of the cations. However, Rih @reas on the external surface of the
plate-like HTIc particles were noticed by SEM-EDXthvincreased Pd loading in case of
PdMgGa. Apparently a limit of incorporation intoethHTIc lattice exists at 1 mol%. This
rather low value was related to the differencesiire and coordination requirements of Pd
compared to other typical ¥ cation in HTlc. Incorporation of Pd into the HT&ructure
requires octahedral coordination of the cations,levtPd* ions prefer square planar
coordination in aqueous solution. It could be shdwnXANES that, at the same substitution
degree of M by Pd* of 1 mol%, full incorporation of P was confirmed for PdZnAl HTlc,
while in PdMgGa and PdMgAl the majority of Pavas incorporated, but a significant fraction
of P#* was present in a segregated form with a localrenmient similar to PdO, i.e. in a
square-planar coordination. Apparently’Zoontaining HTlc facilitate the incorporation ofd
into the HTIc structure. Upon TPR, the hydrogenstonption at room temperature was in good
correlation with the fraction of segregated Pd@-l#pecies segregated. Theé Hidaction that
was successfully incorporated into the HTIc lattiwas reduced only upon heating in a
separated reduction step. At’Ptbadings above the critical limit for incorporaticthe partial
incorporation into the PdMgGa precursor caused oredal size distribution of the Pd metal
particles formed at a reduction temperature of K73The fraction of smaller Pd particles
probably resulted from the incorporated Pd, whilggbr ones were produced from the

segregated PdO-like particles.

Upon thermal decomposition in reducing atmosphéthe PdMgGa HTIc precursor at higher

temperature of 773 K supported,Ba nanoparticles were formed. Metallic Pd segrelyfxtan
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the precursors at low temperature (T < 423 K) agatts with the reducible species of the
support upon further heating. For formation of PdZom the PdzZnAl HTIc, a reduction
temperature of 523 K was sufficient, where PdZprizbably formed via a Bdn intermediate
stage. The metallic and intermetallic phases wagatified by HRTEM, IR studies of adsorbed
CO and XANES measurements. Particle sizes rangimg & 2 nm to 6 nm were achieved
depending on the precursor system, reduction testyrerand metal loading. Independent of the
degree of Pd incorporation in the HTIc precursor, monomodaltioh size distributions were
obtained after complete reduction and formatiorintérmetallic phase. In case of the,Bd
particles, a disordered shell probably of oxide eriat was observed after high temperature
reduction, which suggests the presence of strortgieepport-interaction (SMSI) between
Pd.Ga and the Gallia-containing support. The precudemomposition and reduction processes
were found to be rather complicated as anion deositipn and hydrogenation of the
decomposition products interfered with reductiod &rmation of the intermetallic compound.
Compared to the monometallic Pd particles obtaifitech the PdMgAl precursor, the CO
adsorption properties of the IMC particles are regip modified and lead to the absence or
strong reduction of multiple bonded carbonyl. Alloy of Pd with Ga and Zn changes the
geometric surface structure as well as the eleicretructure and leads to the increased
formation of isolated adsorption sites for CO. Rariore, dynamic surface changes of
intermetallic PdGa nanoparticles were noticed at prolonged CO exposnd higher coverage
already at room temperature. The additional pojmriatf an adsorption site typical for metallic
Pd suggested the partial oxidation of metallic Gd #ne formation of finely dispersed metallic
Pd patches on a partially decomposegddsurface. This effect of CO was suppressed @itliq
nitrogen temperature. These results suggest thaiutermost surface of the intermetallic®d
compound, despite its partial covalent bonding, lmarvery reactive towards gas phase species
if it is present in form of nanoparticles. Thusg fireviously reported intrinsic stability of Pd-Ga
intermetallic compounds in catalytic reactions, ethiwas observed on unsupported bulk
materials, is not necessarily transferable to asizrd catalyst material and has to be addressed

with regard to the catalytic reaction under studg the exact reaction conditions.

However, the intermetallic P@a nanoparticles showed excellent performanceanséiective

semi-hydrogenation of acetylene. Under the chossction conditions, the selectivity to
ethylene was stable and identical to bulk aG&dmodel catalyst, prepared by conventional
metallurgical synthesis. Due to the successful s@ncturing, the activity per mass Pd
increased by a factor of 5700. In comparison to anametallic Pd reference catalyst, the

selectivity was improved from 26% to 80%. Intenegly, the nanostructured el catalyst
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showed slow, but pronounced activation in the fgasl Alternatively, the activation could be
triggered faster by a treatment in oxidative atnhesp. These dynamics of the ,Bd
nanoparticles are discussed as an interplay of&arflecomposition into Pa@and GaOs in
oxygen, similar to the state after incomplete réidncor prolonged CO exposure studied with
IR spectroscopy, and reversal of the SMSI effeatileg to an increase in exposed metallic
surface area. The highly reactive Pd patches forbyethe decomposition process undergo a
further transformation in the feed gas and thevacfinal state of the catalyst is probably
attributed to a P&a core— Pd/Pd¢ shell configuration.

In addition, the supported PdZn, .,Bad and Pd nanoparticles were tested in methanainste
reforming and methanol synthesis from £Onproved activities and selectivities have been
observed for the R@a and PdZn nanoparticles compared to unmodifiechdtticles. The
catalysts containing intermetallic compounds wel@ and 200 times, respectively, more active
for methanol synthesis than the monometallic Pdlgsit The beneficial effect of Ga in the
active phase was found to be more pronounced irhanet synthesis compared to steam
reforming of methanol. This is probably relatedinsufficient stability of the reduced Ga

species in the more oxidizing feed of the lattact®n.
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