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Chapter 1

General Introduction

Abstract

The general introduction includes the motivatiod anope of this work, as well as the basic
theory regarding nanometer-sized metal particlestalysis and gallium nitride as supporting
material. The effects of the particle size and shap catalysis are discussed with their
physical properties. The potential of gallium migrias support is described for fundamental
applications based on its chemical and physicapgnees. Finally, characteristics of the

metal-semiconductor interface are summarized to erstdnd strong metal-support
interactions.
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1 General Introduction

1.1 Motivation

Heterogeneous catalyzed reactions are essentialgvant for the chemical industry,
facilitating processes with high efficiency regaglihigh product selectivity, low energy
consumption, and low waste productfinThe concept of environmentally compatible
technologies using sustainable methods and rawrialatés described by Green Chemistty.
Nearly 90% of fine chemicals are produced usingdascale catalystd. For this purpose,
solid catalysts are rationally developed to achiaveost-effective catalytic activity with
properties tuned especially for their correspondmgction in the reaction. The catalytic
properties can be influenced by the use of varimagerials containing small particles of
suitable metals and supporting substrates, whinant with the catalytically active particles
geometrically or electronicalk! While the metal particles exhibit a well-definearticle size
and geometry with high surface-to-volume ratiosya#i as high fractions of low-coordinated
sites, the support shows a stabilizing effect aggarticle sintering and modifies the particle
reactivity due to metal-support interactiohs'® Strong metal-support interactions (SMSI)
were investigated in the past for e.g. titania-dasatalysts, where reduction at high
temperatures altered the catalytic activity of mptaticles due to the particle encapsulation
by reduced titania species, changing their eleittrproperties® ** *' However, the indirect
effect of the electronic impact of the support ba tatalytic activity of the particles is still
difficult to assess and to quantify. A detailed aydtematic study of defined metal-support
interfaces, their charge transfer behavior, and tensequence on the catalytic reactivity is

required to understand the electronic interplayafoadvanced catalyst development.

Using semiconducting supports with suitable enargfethe valence and conduction bands, as
well as the bandgap energy provide the potentiatharge transfer between metal particles
and the underlying suppdft.'? Exactly such materials are utilized in heterogeseo
photocatalysis, which are currently excessivelydis regarding e.g. the use of direct
sunlight converting solar energy into chemical ggemwith high efficiency. Selected
photocatalysts were developed for the destructfoorganic pollutants and toxic compounds
in industrial wastewaters, the activation of C-Hnbte for the selective oxidation of
intermediates for fine chemicals, the recyclinghaf greenhouse gas carbon dioxide back into

fuels, or for the overall water splitting for hydeen evolution***”! Titania-based materials
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are mainly used as photocatalysts, but its widedpap (3.0-3.2 eV) allows only light
absorption in ultraviolet range and therefore, thaerial is not suitable for applications with
sunlight. Recent studies concentrated on bandgginesring for narrowing the bandgap by
doping or by introduction of surface structure digos*® % Alternative photocatalysts were
developed for the visible light-driven hydrogen gwotion from water using an oxynitride
solid solution of gallium nitride and zinc oxidealted with ruthenium oxide or rhodium-
chromium mixed oxide particld®: 2) The particle-semiconductor contact increased the
photocatalytic efficiency due to the trapping ofioglly excited electrons by the particles,
hindering a fast charge carrier recombinaf®nThe ability of the particle-semiconductor
interface for the transfer of photo-generated obhararriers shows the possibility to control
catalytic properties of metal particles by the oglfi above bandgap excitation of the

underlying support.

The study of metal catalysts that facilitate a culieéd charge transfer over the metal-support
interface in both directions is essentially reqdite verify the influence of electronic changes
of the catalytically active species on their reasti For this purpose, the semiconducting
support has to be able to transport negative dsawgdositive charge carriers to the particle in
contact. Gallium nitride surfaces have been thetraogable wide bandgap semiconductors
(bandgap of 3.4 eV), which are commercially avddatyvith n- and p-type conductivity,
providing the same crystal structure for both typesloping®®® In addition to that, gallium
nitride is frequently used in the optoelectronichieology and its high thermal stability
provides the device application at high powers terdperature$*2® Catalytically active
metal particles can be chemically prepared fromtimplan, where controlled synthesis
methods are used to yield size- and shape-selg@edtles with defined exposed metal
surfaces. An identical set of such particles orhbw®tand p-type gallium nitride surfaces
allow for the exclusion of particle effects as origf a modified catalytic reactivity under
optical excitation. Previous studies showed thesites transfer of electrons through the
platinum-gallium nitride interface for sensor applions, e.g. the detection of small amounts
of hydrogen or the detection of an electron currgaherated by the exothermic CO
oxidation?” 28! Such catalyst systems seem to be well-suitableviestigate the electronic

control of catalytic properties and the possil@itand limitations of catalysis on demand.
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1.2 Scope of the Thesis

The comparative study of catalysts with a suppgréemiconductor, which exhibits andp-
type conductivity and thus, is able to revert th@rge transfer, has been the scope of this
thesis to elucidate the situ control of catalytic activity of the metal paresl by the photo-
activation of the underlying support. The expertiseheterogeneous catalysis, chemical
engineering, and semiconductor physics has beebioechto develop materials, techniques,
and methods to implement the challenge.

The investigation of gallium nitride-supported plaim particles as suitable catalysts has
been the subject of the work and has containedptbparation of platinum particles with
selected size and geometry, their deposition ontand p-type gallium nitride surfaces, as
well as the catalyst characterization and testing prototype reaction. The colloidal platinum
particle solutions have been synthesized by praesdihat allowed the production of well-
defined particles with a high yield. The polymeppad particles have been analyzed in
solution with transmission electron microscopy, l&kEtomic force microscopy has been used
to evaluate the particle size and the areal digioh after their deposition onto the support.
The particles were applied onto the gallium nitrglefaces via spin-coating, resulting in
planar, reproducible catalysts functionalized witteximal a particle monolayer. The
polymer-capping has been subsequently evaporated the particles after deposition by
oxygen plasma, which facilitated a complete remavitthout agglomeration of the particles.
After further heat treatment and activation proessshe catalysts have been prepared for
their characterization and testing.

Due to the low metal coverage on the semicondwgtidacesijn situ synchrotron techniques
have been required to study the particle and stipyedravior under reaction conditions, i.e. in
reducing and oxidizing atmosphere, as well as dunipdrogenation of ethene. Small-angle
X-ray scattering and X-ray absorption spectroscopygrazing incidence mode have been
used to monitor particle shape changes in the pecesef a reactive ambient and high
temperatures, measuring simultaneously their Xalagorption spectra and catalytic activity
(Chapter 3). The electronic properties of the plan particles and the underlying gallium
nitride under X-ray illumination were investigatedth high-pressure X-ray photoelectron
spectroscopy; monitoring changes of the particidase as a function of the- andp-type
doping of the support (Chapter 4). The modifiecalyic activity of the particles with and
without ultraviolet light illumination of their sygort has been tested in the hydrogenation of

ethene to ethane using a batch-operated exterogtleereactor setup, which allowed for
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product detection even at small single-path comvessdue to product accumulation over
reaction time (Chapter 5).

The applied techniqgues and methods have been wvsedntibine electronic with catalytic
properties in dependence on the optical excitaifahe support. An advanced charge transfer
mechanism has been proposed that explained chantfes electron density on the platinum
with the above bandgap excitation of gallium nirid his consistent, systematic study has
shown the possibility of thén situ control of catalytic properties via the directeldaige

transport at the metal-support interface.

1.3 Metal Nanopatrticles in Catalysis

Generally, five steps have to be passed during tardgeneous catalyzed reaction: the
diffusion of reactants from the bulk gas phase dhtocatalyst (film diffusion followed by
pore diffusion in porous solids), the adsorptionreéctants onto the surface, the surface
reaction, the desorption of products from the sugfaand finally the diffusion of products
from the catalyst back into the bulk ph&sé. At the same time, the catalyst establishes new
routes for the reaction, lowers the activation iearand accelerates the reaction compared to

the non-catalyzed pathway, preserving ideallydtiva sites (Figure 1-1§

4

potential energy

bonding reaction separation

reaction coordinate

Figure 1-1. Potential energy diagram of the thermal, non-gatad and the heterogeneous catalyzed reaction of

A and B to P. The reaction on the catalyst suréadebits a lower activation ener§y.

A large surface area is crucial for catalysis duéhe reaction and accumulation of reactants

on the catalyst surface. Therefore, nm-sized nymaticles are mainly used as part of the
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solid catalyst due to their high surface area ardel portion of chemically unsaturated
atoms?! Although small particles exhibit a high surfaceartheir catalytic reactivity tends
not to increase with decreasing particle size duéhé presence of the particle size effect,
which appears normally at very small particle ditere Moreover, not only the particle size
but also the morphology plays a critical role inmusture-sensitive reactions like the
isomerization of light alkanes, hydrogenolysis, aethydrocyclizatioft” Both the size and
shape of metal particles influence their surfacepmology and electronic properties, and
thus, their active sites for the reaction. Addidby, the supporting material plays an
important role regarding metal-support interactiang contributes to the formation of active
sites, e.g. in bifunctional catalysts.

As a consequence, the understanding of paramdfergireg the activity and selectivity of
catalysts is important to design an optimal catalysssential effects of small metal
nanoparticles will be described in the followingctens and will help to appreciate
relationships between physical and chemical prageedf the particles and their impact on

catalysis.

1.3.1 Size- and Shape-Selectivity

The particle size effect impacts not only the cai@lactivity but also the product selectivity
and is dependent on the type of metal and typeeattion. For example, a decreasing
turnover frequency (TOF) was found for Co partilzes below 6 nm in the Fischer-Tropsch
process (Figure 1-2 (a)), where strong irreversidading of CO on the unsaturated atoms
was supposed to block active sites for the reatior” The catalyst for the selective
hydrogenation of crotonaldehyde and cinnamaldelsfieuld preferably consist of large
metal particles’® 32 3 The selectivity towards the unsaturated alcoho$ igund to be
enhanced by steric effects on large particles, ahettended metal terraces prefer the
adsorption of the carbonyl bond, which is subsetiuérydrogenated. The reaction rate of the
electron-transfer reaction between hexacyanofdtigtand thiosulfate was dependent on the
fraction of edge and corner atoms of different Bhaparticle shapes (Figure 1-2 (Bf}.
Colloidal solutions of tetrahedral, “near spheficaind cubic particles (5-7 nm) showed a

decreasing reaction activity in the same orderctwivas supposed to originate from the high
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number of surface edge and corner atoms of tetrahpdrticles, and less edge atoms of cubic

particles.
(@) 100+ (b)
__ 0.006-
.'.E 3
£ 0.005 A
: § 0.0041 Vs
210 o v L2 g /
w 8§ 0.003 Pz
o o e
- - -
0.002
° % "
g 0001{ *
1 - - r - - " g T T T T T T T
5 . o . 2 2 o < 0 5 10 15 20 25 30 35

Cobalt particle size (nm) % of Surface Atoms on Edges and Corners

Figure 1-2. (a) TOFs versus Co particle size in the Fisch@p3ch process @HCO = 2, 1 bar, and 493 &)
(b) The average rate constant for the hexacyaraiégit)/thiosulfate reaction versus percentageswofface

atoms on edges and corners of tetrahedral, “néwarisal”, and cubic Pt colloidal solutions (318 Kj.

The structure-sensitive reactions described abbweev seaction rates that are dependent on
the structure of active sites of a metal surface.géneral, reactions can be divided in
structure-sensitive and structure-insensitive feasf® The structure-sensitivity is mainly
observed for reactions, where C-C bonds are fororeiroken like for isomerization or
hydrocracking, where low-coordinated metal sites active. The most extensively studied
structure-sensitive reaction is the ammonia symhegere the more open Fe(111) surface
shows the highest activity for the cleavage ofagien®® In contrast to that, hydrogenation
and dehydrogenation reactions are structure-insesmsivhich involve the conversion of C-H
bonds. The CO oxidation belongs to both types afttiens and the structure-sensitivity
depends on the reaction conditions. For high CQiglgpressures, the oxidation appears

structure-insensitive, while it is structure-seinsifor low CO partial pressurés)

For the understanding of the structure-sensitipitgnomenon in catalysis, the morphology of
a metal surface have to be considered, which amtarious types of atoms with different
coordination, e.g. chemically unsaturated terramkestep atoms, as well as kinks and adatoms
(Figure 1-3). The metal particle surface is notefixat ambient conditions, changing its
topology dynamically with the environment. Surfaedaxation and reconstruction occur in
dependency on the pressure, presence of adsorbatsurface reactions, which alter the
particle shape kineticall”!
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Figure 1-3. Scheme of a metal surface containing terracess skinks, edges, and adatoms.

In vacuum, the metal particle exhibits a definediligrium shape, the Wulff polyhedrdif!
The shape conforms to Wulff's theorem for isolatpdrticles that describes the
proportionality of the central distance to the tacand their corresponding surface energies.
Due to the minimization of the total free surfaceemgy, optimal equilibrium shapes are
formed for the face-centered cubic (fcc) and boegtered cubic (bcc) metals. The Wulff
polyhedron of fcc metals (e.g. Pt, Ni, Au) is ancated octahedron that contains eight (111)
and six (100) facets (Figure 1-4 (a)), while a d@dhedron with twelve rhombic (110) faces is
the thermodynamically most stable shape of bcc Imétag. Fe, V, Mo). If the size of the
equilibrated fcc metal particle decreases belowrhQ (100) facets will disappear and an

octahedral shape will be formed, exposing only J¥atets*®!

(b)

Figure 1-4. The Wulff polyhedron (truncated octahedron for ficetals) for (a) the free equilibrated particle and
(b) the supported particle.

After the deposition of a metal particle onto adsurface, truncation at the interface occurs
that is dependent on the particle-support intevac(Figure 1-4 (b)F”! In this case, the
equilibrium particle shape relates to the Wulff-&t@@w theorem, which includes the adhesion
energy between the particle and the supportingasef® *”! This theorem implies the same
lattice parameters of the metal and the underlgimdace, which is typically not true. The

lattice mismatch causes stresses at the interfadeaareduction of the interfacial area
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becomes energetically more favored, decreasingasipect ratio (width/height) of the ideal

crystal shape.

The thermodynamically most stable Wulff polyhedramgose distinct metal surfaces to
minimize their net surface free energy. The arramgd of the surface atoms achieves
different atom coordination. Fcc metal facets (11190), and (110) consist of surface atoms
with a ninefold, eightfold, and sevenfold coordioaf respectively (Figure 1-5). The surface
free energy increases from the (111) to the (180Y finally to the (110) plane, where the
stability of the surface decreases in the samer§fiédditionally, the electronic properties
are determined by the density of surface atomstl@dnetal work function decreases from
the (111) and (110) to the (100) facet on metaliifaces (without surface reconstructibf).
Consequently, the (111) metal plane shows the miagtie surface with the highest metal

work function.

(@)

Surface atom coordination:
Ninefold Eightfold Sevenfold

Surface free energy:
y(111) < v(100) < v(110)

Figure 1-5. Model metal surfaces of fcc metals with (a) (11(b) (100), and (c) (110) faces containing a

ninefold, eightfold, and sevenfold atom coordinaticespectively.

The presence of adsorbed molecules on the metatipasurface at high pressures promotes
the energy minimization of the particle, leading $swrface reconstruction and the
rearrangement of the equilibrium particle shapesdkdates bind preferentially to low-
coordinated surface sites of the particle and chahg fraction of exposed facets. As the
facets exhibit different atom coordination, the @gsion energy changes with the surface
orientation. At high temperatures that are normadlgd in catalysis, a rounding of the particle
shape occurs. Moreover, the deposition of metalighes onto supporting materials alters
their geometry due to the interfacial strain.

Consequently, the particle shape is kineticallytagdled under reaction conditions, which is
affected by the presence of reactants, surfacemetdiates, and products, as well as by the

interaction with the support.
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In practice, the preparation of catalytically aetigize- and shape-selected metal particles is
challenging to yield high monodispersity. Varioysthesis procedures have been developed
and improved, which control the particle diameted geometry in a well-defined way.

In this work, the metal nanoparticles have beealggrepared in solution by the reduction of
the metal precursor with an appropriate reductigang followed by the growth of small
metal nuclei to the final particle. The differerafethe redox potentials between the metal and
reducing agent is normally used to choose an éffeagent for reduction (Table 1-4§. 4!
Thus, an alcohol or hydrogen is used to reduce &id Pt-precursors, while sodium
borohydride and hydrazine is added for the redact® Ni and Co ions. The increasing
strength and amount of the reducing compound dirdet particle size to small diameters,
which was evaluated for e.g. Rh and Pt partiéfed’

Besides the chemical reduction, metal particlesalao be prepared by the thermolysis and
photolysis of organometallic compourfdf$.

Table 1-1.Standard redox potentidks of different metals and reduction agefits'’!

Component Redox pair Standard redox potential

E°/V
Metals Rh* + 3¢ =— RK +0.76
Pt* + 46 =— PP +0.74
Ni** + 2¢ == Ni° -0.2¢
Cc#'+2¢ = -0.2¢
Reduction agents BH; + 80K = H,BO; + 5H,0 + 8¢ -1.24
NoH4 + 40H == N, + 4H,0 + 4¢é -1.17

CH3CH,OH == CH,CHO + 2H + 2¢ -0.20 (pH 7)

+0.21 (pH 0)
H, == 2H" + 2¢ + 0.0C

To avoid the agglomeration of particles in solutiand to enhance the monodispersity,
protecting polymers are usually added, which forncapping shell around the particles.
Polymers like poly(ethylene oxide) (PEO), poly-Padbxazoline (POX), polyethyleneimine
(PIM), poly(methyl methacrylate) (PMMA), poly(4-sgnesulfonate) (PSS), and
poly(N-vinyl-2-pyrrolidone) (PVP), as well as polymersnétionalized with cyano or
mercapto groups can be us&d*® Additionally, huge organic molecules like octariettor
poly(amido) amine dendrimers can also be appliedthas protecting shelf® 4! These

macromolecules provide a steric stabilization @& farticles. An electrostatic protection by
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the formation of an electric double layer arounel plarticles is achieved by ionic molecules,
e.g. halides or polyoxoanions. Surfactants withrbgtilic end groups and hydrophobic side

chains combine both the electrostatic and steaigilstation*®!

The ethylene glycol, which is utilized in the pdlymethod, acts as the reducing and
protecting agent. The oxidation of ethylene gly@sults in the corresponding aldehydes that
are further oxidized to oxalic and glycolic acidX(%ill 1-3)*® The glycolate anion adsorbs
on the metal and stabilizes the particles in sotuthgainst agglomeration. An alternative
pathway is the abstraction of hydrogen, resultimgadsorbed CO on the metal (1-4). The
problem of the preparation of such “unprotectedfather solvent-capped nanoparticles is the
accumulation of protons during the solvent oxidatiwhich decreases the pH and causes an
early particle precipitation, yielding in polydiggéy. The addition of urea prevents this

particle sedimentation by keeping the pH at a @nistalue via hydrolysis (1-5%”

CH2OH - CH,OH [ — CHyOH ~CHO+2H ™ [0 ~ CHO-CHO+2H * (1-1)
CHO - CHO [TJ -~ COOH - COOH (1-2)
CH5OH - CHO [1J - CH0H - COOH [T . COOH - COOH (1-3)
CH2OH —CH,0H [0 - 2C0O,qe +6H * (1-4)
(NH, »CO+3H,0 - 2NHZ+COZ+20H_ (1-5)

In this work, solely PVP was used as the protegtiolymer for Pt particles, which interacts
with the metal via charge transfer. A reversiblarge transfer behavior between PVP and Pt
particles (2-9 nm) was observed by UV-Raman spsctqmy, which was dependent on
reduction and oxidation conditions (Figure 128)The pyrrolidone ring adsorbs preferably
via the carbonyl group onto the metal surface doausists of Pt with o configuration and
acceptor orbitals at oxidizing conditions. In opip®$o that, repulsive interactions were found
under reducing conditions, when metallic Pt is eréon the particle surface. Consequently,
the interaction between PVP and Pt is strongeafooxidized particle surface.

The interaction between the carbonyl group from RWHE the metal was also confirmed for
Ni particles (4 nm) by infrared spectroscopy anda)-photoelectron spectroscopy. The
degradation of PVP was observed above 358 K inciaduatmosphere and the pyrrolidone

ring adsorbs strongly on the metal via both thegexyand nitrogen atoh?!
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<Pt L < pt°
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Figure 1-6. Donor-acceptor interaction between a Pt surfacd BWP under reducing and oxidizing

conditions®

Generally, the metal-polymer interaction shouldrban optimal range, not too strong and not
too weak. A weakly coordinated polymer leads sol@ylarge particles, while a strong
adsorption hinders the reduction of the metal idwsoptimal interaction of Rh particles and
the polymer was found when PVP and POX were t#8ed. lower molecular weight of the
polymer and a higher polymer-to-metal ratio redthee particle diametd?®! The stability of
the colloidal solutions increases with the decraasiolubility of the polymer in the storage
solvent and the coagulation of PVP-capped Rh pestizvas observed in water due to the

strong PVP-water interactidff!

The metal particle preparation by the reductiothef metal precursor in solution is described
by the seeded growth method. The metal salt iscextland forms small metallic seeds that
growth subsequently to larger particles. Theseeaiwaadt as catalysts for the further reduction
of metal ions on the seed surface (autocataly$isd. interplay between the nucleation and
growth depends on the salt concentration and diradtlitionally the final particle size and
shapée>¥ This process is thermodynamically controlled aeslits in the thermodynamically
most stable particle shapes in solution. For irsarshape-selective Rh particles can be
prepared by a two-step synthesis approach, whea#l seeds are generated in the first step
and a further Rh precursor addition leads to mepmise cuboctahedral particf¥s The size

of these particles can be controlled by the Rh eotration that is added in the second step.
The precursor addition rate defines the produdigdarshape and a slow addition favors the
epitaxial growth of all facets, while branched rpdtds are formed at a fast addition. A low
reaction temperature was found to enhance the tamgo growth resulting in branched Rh
particles. Contrary, isotropic Rh cubes were pregpat high temperatuf!

In addition to the thermodynamically driven seedeowth method, a kinetically controlled

polyol process can be applied for the formatiorslzdipe-selective, anisotropic particles. The

11
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addition of a shape-directing compound promotesctigstal growth in a preferred direction.
PVP-capped Rh cubes (~ 6 nm), as well as Pd nasidbarm width) and nanorods (2 nm
diameter) were prepared by the addition of trimitagradecyl) ammonium bromide (TTAB)
and potassium bromide (KBr), respectiveR/>®! The bromide ions were supposed to stabilize
{100} and {110} facets, enhancing the growth of $hesurfaces by the oxidative etching. The
chemisorption of Bron small seeds at the beginning of the particesgr changes the
surface free energies of the facets and the foomaif thermodynamically favored particle

geometries is kinetically hindered.

An advanced synthesis approach for well-definepticle shapes was developed by Sehg
al.®” and was used in this work. Both the particle shape particle size can be tuned
simultaneously during preparation. Silver ions astthe shape-directing compounds and
enhance the particle growth in <100> direction.aFipt particles expose solely {100} facets at
low Ag® concentration, while a mixture of different shajpe$ormed without Ag addition.
The Ag amount increases the fraction of {111} surfacesdding cuboctahedra at medium

and octahedra at high Agoncentrations (Figure 1-7).

b
= (111)

Ratio {100}/{111}:
Cube > Cuboctahedron > Octahedron

Figure 1-7. Fcc metal geometries: (a) cube, (b) cuboctahednod (c) octahedron with decreasing {100}/{111}
ratio.

The authors proposed the adsorption of reducedpagiss like Ag?* and Ad preferentially

on {100} facets of small Pt seeds. The subsequeptd®ursor addition leads to the oxidation
of the adsorbed Ag species and AgCl is formed, evRil ions are simultaneously reduced to
P and accumulate on the seed’s surface (1-6). Theohggining side products can be

completely removed from the particles by preciftafredispersion and washing stégs.

4Ag0 + H,PtClg [0 — 4AgCl+ PtV + 2HCI (1-6)

12
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The final particle diameter is controlled by thed#idn rate of the Pt precursor and PVP. If
both reactants are added at once, small (4 nmjriagular particles will be formed. The
alternating addition of the Pt salt and the polymihin a time period of 16 min results in the
particular particle shapes with high selectivitydaa size of 10 nm, while larger,

polycrystalline particles of 13 nm are formed afteslower addition of the polymer and the
metal precursop.!

In summary, various parameters influence the simegeometry of metal particles and show
the potential to control the nanoparticle propert@uring the synthesis regarding their
performance in catalysis (Figure 1-8).

Reduction agent
» Reduction strength Thermodynamic control
» Concentration » Reaction conditions

Nanoparticle
size

eﬁ.

Nanoparticle
shape

- ¢

Metal precursor

<:| > Concentration |:>

> Addition rate

Stabilizing agent Kinetic control

> Type of macromolecule » Shape-directing agent
» Molecular weight
» Concentration

Figure 1-8. Main parameters that affect the size and shapeetdl nanoparticles during their synthesis.

1.3.2 Physical Properties

The application of small metal particles in cataysequires a detailed knowledge of their
physical properties (electronic, optic, and magnetvhich differ significantly from the bulk
metal properties, resulting in altered effectsatatysis.

The optical behavior of metal particles originatesn their surface plasmon resonance that is
not present in the bulk phase. The electromagnetdiation induces a homogeneous
polarization of the particles and conduction elaus$r oscillate coherently with the electric

field, while the positively charged particle corppaars immobil&€® *%! The absorption

13
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spectra of the particles can be generally descripedhe Mie theory, which defines the
extinction by the sum of the light absorption arwhteering®™ The absorption bands in
UV-vis spectra were found to be dependent on tingcfgasize and shape. For instance, a blue
shift of the absorption band maximum with decreggarticle size from 9 nm to 3 nm was
observed for Au particld®’ Moreover, a decreasing particle size leads toraneasing
absorption band width"! The chemisorption of molecules on the particleamer causes a
band shift and nucleophilic molecules act as edecttonors, while electrophilic adsorbates
withdraw electrons from the particle, leading tblae and red shift of the absorption band,
respectively® UV-vis spectra of various particle shapes areifiggmtly different and e.g.
elongated structures exhibit two bands in theirogit®on spectra. A larger particle aspect
ratio (width/height) leads to an increased distanesveen these banti®. In opposite to Au
particles, Pt particles below 10 nm do not havdéaser plasmon resonances within the range
of visible light (380-750 nm). However, huge Pttmdes of 100 nm show absorption bands

above 450 nm, due to the red shift with increagiadicle sizd®*

In comparison to the optical properties, the magnbehavior of metal particles is also

significantly different from that of the bulk metdlhe paramagnetic properties of bulk Pt are
changed to superparamagnetic properties in PVPechp@anoparticles below 4 nm. The
magnetic moment increases with the decreasingcfartiameter and correlates with an
enhancement in magnetizati6fl. Superparamagnetism was also found for Ni partictdsw

21 nm in contrast to the ferromagnetism in bulk®NiThe magnetization of the particle

surface and the interior was proposed to be nesiryilar. However, a special spin

polarization effect on the surface was observedHdrparticles below 3 nm, indicating a

transition from conduction to atomic electron leveThis leads to a minimal saturation
magnetization at a particle diameter of 3t The magnetic moment and susceptibility
(degree of magnetization) are both size-dependensuperparamagnetic particles and both
increase with increasing particle si%2.Additionally, the formation of bimetallic particie

enhances their magnetic properties, e.g. by Cdé®iad).°°!

The effect of the particle size on their thermodyiaproperties like the specific heat and
magnetic susceptibility originates from an elecirafeviation compared to the corresponding
bulk metal. The Young-Laplace equation shows dyettte consequences of a decreasing

size of spherical particles (Equation 1-1).
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dp= Zyé (Equation 1-1)

Where4p is the pressure difference on the particle surfattee surface tension, aiithe particle radius.

A decrease in particle radius results in an in@esdsthe pressure difference, which leads to
strong forces at the surface. The interatomic auigons between surface atoms change with
their electronic structure. This yields in a huffec in small particles as they consist mainly
of surface atoms. The band structure of the cooredipg bulk phase is not valid anymore for
particles of a critical diameter, which is typigak 1-2 nm. The quantum size effect is

responsible for the modified physical propertieserdy small particles (Figure 1-8§.5¢!

(@ (b)

CB
Ep ——— Quantum size +
E. E
effect ¥

VB

Figure 1-9. Scheme of the quantum size effect, which appdatiseatransition from (a) the bulk metal to (b)
very small metal nanoparticle (< 1-2 nm). The fotiovaof a bandgafr, occurs by the energy level separation

of the valence and conduction band (VB and CB)Jentie Fermi levekr lies within the bandgap.

The band structure of large particles or the buétahconsists of very dense energy levels
resulting in continuous bands, the valence and wotnwh band. The conduction band is filled
with electrons up to the Fermi level. If the pddisize decreases, less electronic states will be
filled with electrons that reduce the number of duetion electrons and thus, the density of
states at the Fermi level. Consequently, the enlexgls are separated into discrete states and
a bandgap appears between the valence and cormdbetim. The energy distance between
the individual levels is called the Kubo gap, whidepends inversely on the number of

conduction electrons, resulting in a larger gapsfoaller particles (Equation 1-25: 67

4EE .
o=—— Equation 1-2
3N (Eq )

Whered is the energy separatiof; the Fermi level, andll the number of conduction electrons.

The thermal energisT (25 meV at room temperature) limits the quantuee ®ffect and
small particles are metallic whé®T exceed®. Otherwise, the particles are nonmetallic and
exhibit discrete electron states. If the energyatiach one electron to the quantum sized

particle is beyonksT (Coulomb-charging effect), the odd-even partidiea will become
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important. In this case, deviations in the heatcdp and magnetic susceptibility were found
to be dependent on an even or odd number of etexitf0®® The localization of valence
electrons is increased with decreasing particle amd the d band center shifts towards higher
energy for transition metal particles. The metafkviunction defines the energy that is at
least required to remove one electron from theds@nergy difference between Fermi level

and vacuum level) and increases for smaller pagi@Equation 1-3§!

54 _
Wparticle =WBulk +FeV (Equation 1-3)

WhereW s the metal work function aridthe universal gas constant.

In summary, the particle size effect of very snma#ital particles dominates their optical, as
well as their magnetic properties, and therefonejrtreactivity in catalysis. The electron

transfer or donor-acceptor behavior between chetmesbmolecules and the surface atoms is
significantly different for such small particles. @ear prediction of the electronic states of
monodisperse particles is fairly unfeasible. Alllaidal particles have a certain particle size
distribution and even the narrowest distributioruse variations in the electronic energy

levels for every single particle.

1.3.3 Oxidation, Reduction, and Sintering of Platinum Naroparticles

Various characterization methods and theoretickluéations have been used in the past to
investigate the oxidation and reduction of Pt s&splvhich consisted of clean and defined
surfaces, as well as supported particles. Generdléy gas molecules adsorb on the metal
surfaces at pressures of *lBar at room temperatuf@ Therefore, clean surfaces are solely
obtained under ultra-high vacuum (UHV) conditioAs higher pressures, adsorbed molecules
like oxygen, water, and hydrocarbons are presemh®metal surface. The oxidation of the Pt
metal leads to Pt oxides with different stoichiomeand their reduction with hydrogen

releases water (1-7 and 1-8).
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1
XPt(s) +Ey02(g) - Ptxoy(s a-7)

)

Ptxoy(s) +yH2 LU - xPt(s) + YH20(g) (1-8)

Bulk Pt oxides exhibit different structures, thexadgonalo-PtO,, the orthorhombig-PtO,,
the cubic PJO,, and the tetragonal PtO phase (Table 1-2). Thieagmes of formation show
that PtQ is the thermodynamically most stable bulk oxidee hexagonai-PtO; is preferred
in contrast top-Pt0,, because the latter is only stable at very higlyger pressures
(200 bar)’™

Table 1-2.Lattice constants, crystal structures, and eniéslpf formation for different bulk Pt oxid€3.7%

Oxide Lattice constants / A Crystal structure  Enthapy of formation®
AH; / kJ mol™
a-PtO, a=3.100 c¢=4.350 hexagonal -198
p-PtO, a=4486 b=4537 ¢=3.138 orthorhombic -199
Pt;0, a=5.58¢ cubic -137
PtO a=3.040 c¢=5.3400 tetragonal -73

@ Calculated for T=0 K and p = 0 bar.

The thermodynamic stability of the Pt bulk oxidssaiso reflected in the phase diagram,
which showsa-PtO, as the most stable phase at atmospheric oxygesyseebelow 870 K
and PtO, as the most stable oxide above 870 K (Figure 1-IA¢ decomposition of the
oxide starts above 980 K. PtO is thermodynamiaadiyfavored et aff’!

g B

Temperature (K)
8

- PO,

1 10 100
Pressure (atm)

Figure 1-10. Phase diagram of bulk Pt oxidesPtO; is the thermodynamically most stable phase at low

temperatures and low oxygen pressiies.
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The oxidation of the Pt surface occurs due to thefepential saturation of surface low-
coordinated sites. The surface free energy is ma@dhby oxygen adsorption and surface
oxide formation. DFT calculations on surface freergies of Pt surfaces in the presence of
oxygen (1 bar) showed the dependency of the oxalerage and oxide structure on the
exposed Pt(111) and Pt(100) surface (Table 4¥3Yhe thermodynamically most stable
oxide wasa-PtO, on Pt(111) (< 870 K) and a PtO-like structure a(L®0) (< 970 K). The
decomposition of adsorbed oxygen occurs above KkK4@0d 1300 K on the Pt(111) and
Pt(100) surface, respectively. The PtO-like monetayg not stable anymore at higher oxygen
coverage (3 ML) and a #-like oxide layer is preferred on Pt(100). One nlager of
adsorbed oxygen atoms is not stable on both sw¥dté subsurface oxidation was not
observed on low-index surfaces like Pt(111), buiciturs for stepped Pt(557) surfaces. This

was attributed to (100) ledges that allow oxygemainsertion into deeper layéefd.

Table 1-3. Temperature-dependent thermodynamically mostestBbisurfaces in the presence of 1 bar oxygen

based on surface free energy calculations for Rj(afnd Pt(100y™

Surface Temperature / K Surface oxide species
Pt(111) <87¢ a-PtC, (1 ML)
870-1400 0.25 ML Qs
> 1400 Clean Pt(111)
Pt(100) <970 PtO-like oxide (1 ML)
97C-130C 0.5CML Ogqs
> 1300 Clean Pt(100)

In the case of Pt nanoparticles, an easier surda@de formation occurs due to the huge
fraction of chemically unsaturated atoms (stepsk%ki and edges). The amount of low-
coordinated sites differs with the particle sizéjch varies the degree of oxidation. This was
observed for alumina-supported Pt particles, whiglre oxidized in 500 mbar oxygen at
770 K4 PtO, was found to be the surface oxide on particlesvbeél nm, while PO, was
observed on particles above 2 nm. Further heatmgoxygen to 800 K led to the
decomposition of the surface oxide, which was intast to other metal oxides like the
oxides of Pd or Rh, where further oxide growth aoed. Moreover, the adsorption enthalpy

for the chemisorption of oxygen increased with dasing particle size (Equation 114).
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- AH 545[kJ (mol Oy )_l] :406—% (Equation 1-4)
nrr

WheredH,4sis the adsorption enthalpy addhe particle diameter.

Surface free energy calculations of ideal, cubcdasl Pt particles showed a rounding of
edges and corners at high oxygen coverage, whigimated from the surface reconstruction
by oxygen adsorption and mainly Pt(111) and Pt(¥a6&ts were exposéd Experimental
results on Pt model catalysts (8 nm particles amala) confirmed the altered particle shape
at oxidizing condition§."!

A more aggressive oxidation of Pt occurs during adkggen plasma due to the presence of
highly reactive compounds, as well as UV radiatigvhen Pt thin films (100 nm) were
exposed to oxygen plasma (100 W, 0.1 mbgr80min), an oxide layer of about 2.7 nm was
determined by X-ray photoelectron spectroscopy (XP5The samples in this work were
treated with oxygen plasma at much harsher comditi200 W, 1.4 mbar £ 5 min) to
remove the polymer-capping from the Pt particled asignificant oxidation of the Pt surface
was expected (Chapter 4).

During the reduction of Pt particles with hydroggifferent adsorption sites in atop, n-fold,
and ontop position were found for the H atom affber dissociative adsorption ohH4% The
hydrogen coverage determines the occupation oflpeeial adsorption site and the n-fold
coordination was found to be more stable at higbsgures. In the case of very small
supported Pt clusters (FRLy), the basicity of the support increased the adsnrgnergy of
hydrogen on P£” The temperature that is essential to reduce th&alms normally
determined by the temperature-programmed reduc{ibRR), where the sample is
continuously heated in hydrogen to high temperatarel the formation of water is monitored
simultaneously with the consumption of hydrogen tlé reduction temperature. The
temperature ramp during TPR affects the reductemperature, which is higher for fast
ramps, indicating low reduction ratéd.The desorption of hydrogen from small, supported P
clusters was observed at 450 K. The hydrogen spéleé was found to desorb at 575 K was
assigend to spillover hydrogen, which originatesnfr the metal-support interfal.
Therefore, hydrogen is generally able to diffugsedlyh the Pt particle.

High reduction temperatures above 800 K may leaalltaying of the supported Pt with the
metal of the support, which was observed for etgorPalumind’” 8! Additionally, strong
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metal-support interactions (SMSI) were found fatueble oxide supports like ceria, gallia,
or titania after reduction at high temperatut&s?! 8% #iThe decoration of the metal particle
surface by partially reduced support oxide spewaigs supposed to affect the accessibility of
active sites, as well as their electronic propeﬁ?é The encapsulation of the Pt particles by
gallia or titania suboxides can have a positivanegative effect on their catalytic behavior.
The activity towards ethene or toluene hydrogemati@s minimized by the SMSI effect,
while an enhanced selectivity towards crotyl aldotvas detected in the crotonaldehyde
hydrogenatiort:?: 86-88!

High temperatures lead additionally to the singgh metal particles, which occurs normally
above the Tammann-temperature (half of the metdtimgetemperature). This would be
1021 K for Pt. However, significant sintering of @linnanoparticles (2-3 nm) supported on
alumina and silica was observed at much lower teatpee of 873 K in oxygeﬁ?] Two
limiting mechanisms are used to explain the meddiigle sintering, the Ostwald ripening and
the particle migration and coalescefi@eThe Ostwald ripening describes the separation of
metal atoms or small metal clusters from the imneolfixed particles. Their subsequent
migration from small to large particles occurs duehe lower chemical potential of atoms in
large particles. Therefore, a change in the avedsgmeter would linearly increase with the
sintering time and a narrow size distribution chemntp a bimodal and finally to a stationary
distribution. In contrast to the Ostwarld ripenirthe particle migration and coalescence
mechnism involves the mobility of the whole pasiend coalescence into larger once. Here,
a log normal size distribution is expected. Recgtutiies on the particle sintering of small,
2 nm-sized Pt particles showed a log normal distitim function for both mechanisriv&!
These results were assigned to the instabilityepf wmall particles that evaporate from the
support during Ostwald ripening and disappear fthm distribution. A transition between
both mechanisms was found for the sintering of &ttigles, which was caused by the
atmosphere. Ostwald ripening is usually not exgbdter Pt due to its low metal vapor
pressure (1&” mbar at 973 K). Therefore, particle migration @odlescence was observed at
reducing conditions. In an oxidizing atmophere, vi2dtl ripening was found due to the
formation of Pt oxides on the particle surface, althiexhibit a higher vapor pressure
compared to the metal, enhancing the escape oftdPtsafrom the particle. However,
hydrogen increases the mobility of Pt atoms on ghpport surface, which is utilized in
physical vapor deposition techniques for the gdimraof particle islands. The regeneration

of sintered catalysts can be performed with oxatateduction cycles at high tempertures

20



Chapter 1

(775-875 K). The addition of chloride during theclgs was found to enhance the redispersion

due to the formation of a moblile Pt complexes@i@tl;]?).°t 92

1.4 Gallium Nitride as Wide Bandgap Semiconducting Supgrt

The role of GaN in industry and in our daily liereflected by its various applications in the
advanced device technology. GaN extends possgsilitiue to its direct wide bandgap of
3.4 eV, which is in contrast to the widely usedv8h an indirect bandgap of only 1.1 eV.

The most famous application of GaN is as light-&éngtdiodes (LEDs) with UV and blue
light emissior’®® They are characterized by a high power, high perémce, long lifetime,
and a small size. After the availability of an eiintp-type doping, the development of GaN-
basedp-n junction LEDs was forwarde® >*! The electric current flows from the to the
n-type GaN during operation releasing energy witlvaavelength according to the bandgap
(electroluminescence) (Figure l—ﬁﬂ.GaN—based LEDs emit blue light with a wavelength
of 430 nm, while its alloy InGaN has contributioff®m green light. Recently, high-
brightness LEDs facilitating the full light speatmuwvere investigated by the coating of blue
LEDs with yellow phosphor (YAlsO:5:Ce) and epoxy resifi”’ The replacement of standard
electric bulbs is a current issue and white LEDgeha great potential for the application for
general room lighting. So far, GaN is grown on éxpensive sapphire substrate, which limits
the use of the LED technology. Therefore, new dgwalents in the growth methods improve
the GaN growth on much cheaper and more availableafers, which showed cost savings
of 75%%°!

(a) (b)

T <

Figure 1-11.Operation mode gb-n junction LEDs. (a) Current flow from- to n-type semiconductor with light
emission at the-n junction. (b) Potential energy diagram of {x@ junction with the valence and conduction

bands, Fermi level&g, and charge recombination with light emissiorhaténergy of the bandgég.*"
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Another prevailing application of GaN is in “bludasers that are used in the Blu-ray
technology. GaN-based laser diodes with a photaomsof 405 nm (violet) provide a
smaller beam focus for a much denser optical dateage compared to the infrared lasers
used for DVD4?® Additionally, GaN-based solar cells and devices ba used for space
applications due to their stability against ioniiradiation®”! Polar heterostructures like
high-electron-mobility transistors (HEMT) pH sers¢AlGaN/GaN), as well as white LEDs
are used for communication systems with wirelesa ttansmissiofi® °! GaN metal-oxide-
semiconductor field-effect transistors (MOSFETSs)revénvestigated for a power supply
appliance at very high temperature (523 K), highrent, and high breakdown voltag®’
The characteristics of GaN expand the operatioa afeMOSFETSs in comparison to the Si-
based devices. Besides the optoelectronic and retéct device applications, the
biocompatibility of GaN provides new areas of oligiAnorganic hybrid structures for
biosensors. Self-assembled monolayers of orgamesilean be immobilized on GaN surfaces
and act as linker for biomolecules, e.g. enzyffésSmall concentrations (uM) of penicillin
were detected with a biosensor containing a pén&de monolayer linked by
octadecyltrimethoxysilane (ODTMS) to the GaN-basetistraté'’? The main advantage of
GaN is the energetic adjustment of the bandgap thithHOMO-LUMO (highest-occupied-
molecular-orbital and lowest-unoccupied-moleculdbital) energy states in organic
molecules. This facilitates the charge transferetd#fctrons between the semiconducting
surface and the organic molecules under opticatatian of GaN, which was monitored by
the degradation of the ODTMS antype GaN surfacds®® The electronic devices can be
optimized using quasi-one-dimensional structurestaining n- and p-type, as well ap-n
junction GaN nanorods and nanowires, which can roevig on Si substraté®* %! They

exhibit ideal crystal structures with a very lowfetd density.

The broad area of applications shows the indispmiityeof GaN for device technology. GaN
is more suitable than Si for special applications tb its use at harsh conditions and alloying
with other group Il metals like Al and In, facditing bandgap engineering. The defined
control of the GaN doping with high carrier congatibns, its high stability, and
biocompatibility establish advanced and novel opgtio industry and research.

The study of heterostructures composed of catalyicactive metal particles and wide
bandgap semiconductors is challenging for the coatlwn of catalysis and device
application. Generally, the oxide semiconductorthwai wide bandgap similar to that of GaN

are used in heterogeneous photocatalysis. ZnO ai@y &re commonly used as
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photocatalysts, which exhibit bandgaps of 3.2 el a19-3.4 eV, respectively. However, the
introduction of a controlled electrical conductwiis a major problem in such oxidic
semiconductor§®® 1”1 The undesired, backgrounttype conductivity is present due to
native defects like oxygen vacancies and catioraweies or interstitials. Consequently, the
type doping is difficult to achieve, which resulfsom poor material stability and
reproducibility, inhomogeneous dopant distributiceusd the formation of metal dopant oxide
clusters on the surface. Especially, Ti@s three crystal phases, anatase, rutile, armdibep
which exhibit different electronic structures. Aghitemperature treatment or high impurity
concentration changes the crystal structure anths@avas found to be transformed to rutile
in chromium-dopedp-type Ti0:.2%®! A well-defined strategy for semiconductor dopirsg i
generally not available and the addition of dopahisng the synthesis affects the crystal
growth, which may result in changed semiconductoperties. Therefore, impurity atoms are
introduced subsequently after the semiconductorpgyegion by high-energy ion
implementation, for exampl’® In contrast the ZnO and TiDGaN is well-explored
regarding itsn- and p-type doping and is used in this work as support the metal
nanoparticles. The following sections deal with artpnt chemical and physical properties of
GaN and with the interaction between metal pasieed the semiconductor, which is crucial

to understand the charge transfer at the metalesgmuctor interface.

1.4.1 Chemical and Physical Properties

The variety of applications shows the benefit ofNGagarding its electrical and optical
properties. GaN belongs to the group llI-V nitridesd is a direct wide bandgap
semiconductor with a bandgap ofy£3.4 eV, which corresponds to a wavelength of
365 nm**l

The electronic band structure originates from tirgd number of atoms and thus, from the
large number of molecular orbitals that is preganthe solid. The difference between the
electronic states is quite small, resulting in cwnus energy bands. The valence band is
completely filled with electrons, while electrorrg aot present in the conduction band at 0 K.
The Fermi level defines the chemical potential lecons in the solid and is equal to the
Fermi energy at 0 K, which describes the energthefhighest occupied state. Both bands
overlap in metals providing electrical conductiviiye to continuous electron transitions.

Contrary to conductors, a forbidden energy gap autlelectronic states separates the valence
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and conduction bands in semiconducting materi&ds GaN and electrical conductivity is
only achieved by the excitation of electrons abdle bandgap. Semiconductors with
Es< 1.6 eV show an electrical conduction after therrexcitation, while in the case of
semiconductors with & 1.6-3.1 eV, electrons can be excited by visiigét absorption.
Wide bandgap materials like GaN witly £3.1 eV exhibit an electrical conductivity by the
absorption of UV light, while solids withg& 4.0 eV are insulators and are not conductive at

all. [t

The number of conduction electrons equals the nuwigositively charged holes in the case
of intrinsic semiconductors, where the Fermi lesdbcated at the bandgap centef fH: —

Ev) (Figure 1-12 (a)). The probability of electrorms & thermal excitation is defined by the
Fermi-Dirac distribution, which is reduced to theadvell-Boltzmann equation at elevated
temperatures (E —& kgT) (Equation 1-5). Contrary, the hole probabilitythe valance band
is described bynf= 1 — £ (Equation 1-6§'? The concentration of electrons in the conduction
band and holes in the valence band can be calduiith the assumption that both exhibit a
particle behavior, using effective masses (Equatbbi and Equation 1-8)*2 The
concentration of electrons is multiplied by thattloé holes at thermal equilibrium conditions
(Equation 1-9§*2

n-doping p-doping

Figure 1-12.Band model of (a) an intrinsic and (b) an extdénsémiconductorrt andp-type) with the Fermi

level E¢, bandgafk, and the energy of the valence and conduction begdE,, Ec.

Besides the intrinsic semiconductoegtrinsic ones provide an enhanced conductivity tdue
the insertion of donor or acceptor atoms resulting or p-type conduction (Figure 1-12 (b)).
The impurity atoms contain one valence electronemar less, which create a donor level
right below the conduction band or an acceptor llgust above the valence band,
respectively. The Fermi level shifts towards thadaf majority charge carriers, which are
electrons forn-type and holes fop-type semiconductor. Undoped GaN shows always a

backgroundp-type conductivity that originates from native ae™® *4The replacement
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of Ga atoms by Si results imtype, while the doping with Mg formp-type GaN. High
majority charge carrier concentrations of"®i€m?® were obtained for both GaN substrates,
which were used in this work. The Fermi level posis were determined by Auger peak
position measurements and weke-B50 meV inn-type andEy + 250 meV inp-type GaN**!
In earlier studies, slightly different values wesaluated for the donor and acceptor levels in
n- and p-type GaN, respectively, which were: E22 meV inn-type andEy + 170 meV in

p-type GaN!é 117
(EF-E)
fo 0e kBT (Equation 1-
e quation 1-5)
(E-EF)
fin. O kgT i -
h Ue (Equation 1-6)
kT 3 (EfF-Ec)
n= Z(LZBJ 2 kel (Equation 1-7)
h
S (B
p= Z(LZB] 2o kT (Equation 1-8)
h
-E
3 3 9
np:4[ 2"231—) (memy, ), BT (Equation 1-9)
h

Wheref, is the electron probability in conduction baridthe hole probability in valence bang; the Fermi
level, E the energy of quantum statg,the Boltzmann constant, the temperaturemn. andm, the effective mass

of electrons and holeb,the Planck constant, afiid andE, the energy of the conduction and valence band.edge

Semiconductors can be generally distinguished iteri@s with a direct or indirect bandgap
(Figure 1-13). The electron momentum (k-vector) aera during the electron transition in a
direct semiconductor, while it is changed in anirect semiconductor by adding both the
photon and phonon energy? Therefore, only direct semiconductors like GaN banused

for effective radiation applications.
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Figure 1-13.Schematic band structure of the (a) direct andniyect photon absorption, which describes first
the photon absorption followed by lattice vibragoWith crystal momentum, k-vector, and the bapdgg.

The crystal lattice of GaN exhibit either hexagonairtzite or cubic zinc blende structure
(Figure 1-14). One Ga atom is tetragonally coongideby four N atoms in both cases, while
the layer arrangement changes from ABABAB in wietzo ABCABC in zinc blende. The

wurtzite structure is the thermodynamically moraeb& phase, which does not contain

inversion symmetry and ionic Ga-N bortg!

GaN was synthesized for the first time by Johnsorl. in 19328 The Ga metal was

exposed to ammonia gas at high temperatures (&0 KR and GaN was formed under

hydrogen evolution (1-9).

2Gas + NHz, - 2GaN +3H (1-9)

Figure 1-14.Crystal lattice of GaN in (a) the hexagonal wuetzind (b) the cubic zinc blende structure.

Nowadays, GaN layers are prepared by the heteeoggdigrowth in high quality on substrate
materials. SapphirenfAl,O3) and silicon carbide (3C-Sipare generally used as suitable
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substrates for the hexagonal and cubic GaN grovebpectively. The growth of thick

epilayers is essential for a substantial qualitg do the thermal and lattice mismatches
between the substrate structure and GaN (Table4+34Y*! Sapphire is mainly used for the

growth of wurtzite GaN, because it is a highly #lale and stable substrat&’

Table 1-4.Lattice constants of hexagonal and cubic GaNhéhegonak-Al,0;, and cubic 3C-Sigh*? 119

Component Lattice constants / A Crystal structure
GaN (wurtzite) a=3.189 c=5.185 hexagonal
GaN (zinc blende) a=4.50( cubic
a-Al,O3 a=4.758 c=12991 hexagonal
3C-SiC a=4.360 cubic

Two methods can be applied for the epitaxial Gabwjn, the plasma-assisted molecular
beam epitaxy (PAMBE) and the metal organic chemi@gdor deposition (MOCVD). The
growth by MBE includes plasma-activated nitrogerd am beam of Ga metal at high
temperatures (> 1200 K). MOCVD-grown GaN is formé&m the trimethylgallium

precursor and an ammonia plasma at similar temes(1-10}**

Ga(CH3)3 + NH3 — GaN + 3CHy4 (1-10)

GaN surfaces terminated with Ga atoms exhibit ckffié polarities, the Ga-face and N-face
polarity (Figure 1-15). The Ga-faced surface shoegative charges with a polarization
towards the interior of the epilayers, while aremtl electric field builds up towards the
surface. Contrary, the positive surface chargethefN-faced surface induce the opposite

directions of the polarization and the electriddig®"!

The chemical behavior of GaN is dependent on itsa polarity, which correlates with the
concentration of dangling bonds of the surface ©ema. Dangling bonds describe generally a
fixed radical or an unsaturated valence of an initizelnl atom in a solid™! Ga atoms on a
Ga-faced surface contain one dangling bond, whileet dangling bonds per Ga atom appear
in N-face GaN (Figure 1-15). Thus, a higher redistiis assigned to the larger number of
dangling bonds on the surface. This is consistetit @tching experiments, where Ga-faced
GaN was found to be resistant and N-faced GaN wasyedecomposed by KOH or NaOH.
The surface polarity can be altered by the insertiban AIN buffer layer during PAMBE
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growth, resulting in the N-faced surface. MOCVDAgro GaN is solely Ga-faced, which
exhibit a much smoother morphology than the N-facgerial**"!

(b)

[0001] polarity [000; ] polarity

Figure 1-15. GaN surfaces with different polarity: (a) the Gaé and (b) the N-face surface with opposite

directions of the polarizatioR and the internal electric fielg.

The fabrication of highlyp-doped GaN was challenging in the past and Mg dppwas
established by a subsequent low-energy electrombeadiation (LEEBI) of GaN buffer
layers®® This treatment provides a sufficient high carrioncentration of 16 cm?
However, the control of structural defects likelaltations and vacancies or impurity atom
contaminations with additional donor or acceptaels play a crucial role in the growth of
GaN films with reproducible and high quality.

In contrast to the bulk semiconductor, the topmiasters have significantly different
structural and electronic properties. If the swfacnot reconstructed, the interlayer distance
between the first two layers will be smaller congmhrto that between the bulk layers
(multilayer relaxation). The effect originates frdaw-coordinated atoms at the surface. The
unsaturated valences or dangling bonds force tHacguto reconstruct and lower its energy
by bunching atoms into superstructures. The relaxdeads to fixed electronic states on the
surface and results in energy levels within thedgap, which are occupied or empty. The
equilibrium charge carrier density and the chemijpalential are consequently modified,
forming the space charge region (SCR), where aibgraf the valence and conduction bands
occurs? The Poisson equation describes the influence ef rttobile charge on the

electronic potential (Equation 1-163?

%(ss(x) d\(/j(xx)j =-p(X) (Equation 1-10)

Wherex is the coordinate, the dielectric permittivityV the electronic potential, apcthe charge density.
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Four surface regimes are possible that will be udised in the following for the-type
semiconductor in more detail (Figure 1-16). Flatbaonditions are achieved at a surface
electronic potential of ¥=0 and the charge carrier concentration is duailed. The
accumulation regime shows a larger majority chaayeier density (electrons) at the surface,
resulting in \4 > 0. The bands are bent towards lower energy mwithe SCR. Contrary, the
depletion leads to a lower majority charge carcencentration on the surface compared to
the bulk material (V< V<< 0). The majority charge carrier concentratiorsti higher than
the minority charge carrier concentration, showamgupward band bending at the surface. If
the density of majority charges lowers the densftyninority charge carriers, an inversion
occurs that increases further the upward band hgndind the SCR (K Vp< 0). Similar
regimes appear in thp-type semiconductor, but with an opposite band mendo the

describedh-type*??

@ v.=o ®  v.so © vy<v.<o @ v.<v,<o0

'SCR
Surface

Figure 1-16. Electronic band structure ofratype semiconductor in different surface regimes:flatband, (b)
accumulation, (c) depletion, (d) inversion. WheteandV, is the electronic potential of the surface andpkj

the bandgapkr the Fermi levelE, andEc the energy of the valence and conduction band,eafygfSCRthe

space charge region.

The higher the surface state density and the hitfleedonor level energy, the larger is the
band bending at the surface. Additionally, the acefpolarity affects also the band bending
and an intense upward bending was found for Ga-faal, while N-facedn-type GaN
showed a quite small downward band bendfifyThe changes in band bending with polarity
were assigned to the surface charge compensation.

Additionally, surface dipoles can contribute to cpk surface effects that are more
complicated when real surfaces are involved. Inegan surface states and structural defects
may act as deep level traps, which cancel free nityjacharges and disturb the
semiconductor’s available conductivity. Special fame states were supposed to be
responsible for the typical yellow luminescence @V) of n-type GaN, which is present in
addition to its UV emissiol?* %! The transition of electrons into an acceptor leigel

proposed, which originates from Ga vacancies anie oxygen atoms. Contrary netype
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GaN, p-type GaN do not show the significant yellow envssdue to the filling of Mg atoms
into Ga vacancies. However, the intensity of thkoyeemission was found to be dependent
on the excitation density and is negligible at entrdensities that are typical for LED or laser

application!*®

1.4.2 Native Surface Oxide and Surface Cleaning

A native oxide layer on GaN films was found aftheit growth by MBE!?® The gallia
structure exists mainly of monoclinzGa0s, which is the thermodynamically most stable
modification. Additionally, some Ga oxynitride cooynds were supposed to contribute to
the oxide. Calculations of the oxygen adsorptionheragonal GaN surfaces with different
polarities showed the maximal oxygen coverage 8ML in air/*?”! The adsorption energy
for oxygen was endothermic for coverages aboveML&n Ga-face n-type GaN, while it
becomes more exothermic at high coverage for tHachd material. Initially, when less
oxygen is available (0.25 ML), both surfaces exhibi comparable activity for oxygen
adsorption. The high oxygen affinity of N-face GaMs assigned to the higher density of
available surface states, which originate from intfgs and dangling bonds. A significantly
lower density of states within the bandgap was doafter the oxide layer formation.
Different adsorption sites on Ga- and N-faced s@$alead to either repulsive or attractive
interactions with oxygeH?”! Experimental results of the oxidation of a cleaaN@O001)
surface with @ at room temperature confirmed the calculated atitur coverage of
0.8 ML™?® Further Q exposure leads to an increased oxygen uptake lEnddverage
reaches 2 ML at very high oxygen dosing. Two congee mechanisms for the oxidation of
GaN were proposed based on Ols and Ga3p core dpeetra (XPS). The dissociative
chemisorption occurs at low,@ressures, while the Mott-Cabrera mechanism ipasgd at
higher dosing. The Mott-Cabrera mechanism describdield-assisted diffusion of ionic
species. An electric field in the oxide layer pa®s the electron tunneling from the GaN to
oxygen ions, which results in further grovtfs!

The oxidation of bulk GaN was found to be kinetigdlindered and oxygen adsorbs on-top
of Ga atoms or on N vacancies, which does not utisthe bulk crystal latticB?! In
comparison to other semiconductors like Si or Ga2aN shows a totally different oxidation

behavior. GaN exhibits one single type of oxidejlavivarious types of oxide are found on
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GaAs. The presence of the native oxide adlayerribones to the surface band bending and
an increased band bending was found with increasiygen uptake, which originates from
negative charges at the surface or at the inteFten systematic thermal oxidation of
GaN(0001) with dry oxygen at 1073 K resulted inoaide layer with a thickness of maximal
3 nm™Y A controlled oxidation of GaN surfaces at high pemature was found to improve
the performance of Pt/GaN devices due to the remluctf the reverse bias leakage

current*3?

The cleaning of GaN surfaces from oxygen and caibwurities can be performed by wet
chemical etching, thermal desorption, annealingplasma treatment. Etching with HCI
removes the surface oxide most effectively, while treatment with HF followed by a
subsequent thermal desorption eliminate mainlyar@abeous contaminants. The wet etching
yields in adsorbed halogens on the surface thatbeamemoved by hydrogen plasma at
elevated temperatures. Carbon can also be elininbye an UV/Q oxidation, but the
formation of a surface oxide is simultaneously emea. Only the annealing in ammonia at
1073 K followed by the thermal desorption above 3lK7lead to atomically clean GaN

surfaces, where GaN is partially sublimaféd.**!

Consequently, an oxide adlayer, as well as carbmhhalogen contamination of the GaN
surfaces cannot be avoided when the surfaces adidshin ambient air. These impurities
affect the electronic properties of the semiconolustirface, leading to a complex situation at
the metal-semiconductor interface. However, electtmneling through the thin native oxide
or the insulating impurity layer occurs, facilitagi the transfer of charges at the Pt-GaN

interfacel®®

1.4.3 Metal-Semiconductor Interface

In 1957, Schwalet all”! observed changes in the catalytic behavior of alarsupported Ni
catalysts during the dehydrogenation of formic awitlich was dependent on the doping of
the underlying oxide support. The activation enemnggs reduced with lowen-type
conductivity of the doped alumina. A subsequenttaf Ni catalysts supported on ZnO
showed the same results in the hydrogenation oéneffl It was supposed that the

electrochemical potential of electrons in the metals altered by the contact with the
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semiconducting oxide support. These observatiatisate a possible charge transfer between
the metal and the semiconductor, which is direttethe charge carrier concentration of the
support. The transfer of charges at the metal-samdiactor interface was recently used to
detect an electric current in Ti@nd GaN, which was caused by the exothermic dwialaf

CO on supported Pt (Figure 1-1%.** The obtained electron current was found to coteela
with the TOF of CO oxidation, indicating an electraransfer from the metal to the

semiconductor.

(@) (o) 100 =
2C0+0, Pt 50 F oxidation
nanoparticle b
0k
2C0\ -
’ E“) € s0f
" .00 f
TiO, —;_ﬂ-

-150

-200 .

0 200 400 600
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Figure 1-17.(a) Schematic illustration of the “hot” electraansfer from Pt nanoparticles to the Au/Fidode
by the exothermic CO oxidation and (b) the curdeypiendency on the gas expodtid.

In general, the metal-semiconductor interactiorashan ohmic or Schottky contact behavior.
In contrast to the ohmic contact, the Schottky aohhas rectifying properties, which are used
in diode applications. The interfacial propertiepend on the metal, the metal work function,
the semiconductor bandgap, type of doping, anddtgant concentration. The tunneling of

electrons dominate over the transition of electrioypghermionic emission for doping levels

of > 108 oy 1112, 137]

When the metal and semiconductor are not in conbath exhibit a certain Fermi level. The
Fermi levels are aligned after the formation of Sehottky contact due to the transfer of
electrons from the semiconductor to the metal atnttal equilibrium (Figure 1-18). The
metal-induced gap states (MIGS) are formed, whimhtain positively charged donor levels
in the n-type and negatively charged acceptor levels impthge semiconductor. Within the
SCR, the semiconductor surface is depleted by iggomty carriers. The valence and
conduction bands bend upwards fetype and downwards fop-type doping. The band
bending at the interface results in the Schottkyriba between the metal and the
semiconductor that introduces the rectifying prtipef* 2 The Schottky-Mott model
describes an ideal, non-interactive metal-semicotwiunterface with the maximal Schottky
barrier height of 1.55 eV for Pt-Gakb; = 5.65 eV angsc = 4.10 eV) (Equation 1-145%8
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®Pg =P\ - XsC (Equation 1-11)

Wheredyg is the Schottky barriedy the metal work function, angcthe electron affinity of the semiconductor.

The Schottky barrier can be determined from XPSSU&urrent- and capacitance-voltage
measurements and was 1.1-1.8 eV for Pt-E¥N* The variations of the experimental
results can be attributed to different preparatmethods and the formation of interface
dipoles. Recently, the model of a near-surfacerl@yeprocess-induced electron states was
discussed that leads to a voltage-dependent Sghbétiier height**? Different Schottky
barriers were found for Pt on Ga-face and N-fac®l,Gehich was assigned to spontaneous,
polarization-induced surfaces char§féd.The thermionic emission for a diode is described i
Equation 1-13''%

()
Vacuum ®y ™. Vacuum
P,
(DM """""" = EF B - 1
Er E, - By
ey
| >
Metal Semiconductor SCR
Before contact In equilibrium after contact
(b)
vacuum Vacuum
(DM
Dy
= Eg E |Eg
------------- - EF *
fo,
>
Metal Semiconductor SCR

Figure 1-18. Metal-semiconductor interaction (Schottky contafdj (a) the n-type and (b) thep-type
semiconductor before and after contact in thermall®rium with Fermi leveEg, valence and conduction band
edgeE,, Ec, bandgafky, metal work functiorn®y, and Schottky barrier heighis.

_d)B
Ig = A T2ekBT (Equation 1-12)

Wherel, is the electron currenf* the effective Richardson coefficierk, the temperaturepg the Schottky

barrier, and the Boltzmann constant.

The charge transfer of electrons between riligpe semiconductor and the metal can be
estimated by the Schottky model. It can be appiecthost of the diodes that contain metal

films, where an infinite interface is assumed amel depletion length is independent of the
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film thickness*¥! But the one-dimensional description cannot be dsedsemiconductor-
supported metal particles10 nm. In this case, a three-dimensional modetride=s a finite
interface and the depletion length decreases simediusly with the particle radié® The
metal particle is smaller than the length of theRSBat would consequently lead to a strong
electric field inside the particle due to localizeebative charges at the interface after contact
(Figure 1-19 (a)}***! An advanced approach implies the uniform, stabifgribution of
electrons over the whole particle surface, whicbids the build-up of the electric field
(Figure 1-19 (b)§*4

Semiconductor

Figure 1-19. The charge distribution at the metal partiolegpe semiconductor interface for (a) the unstable
conditions with an electric field inside the padiand (b) the stable conditions with the distribitof charges

over the whole particle surface.

The amount of charge carries that are transfemetheé metal by the Schottky contact is
smaller in the case of stable conditions and thmb®ar of transferred electrons to the metal

and the depletion length can be calculated fromaEqn 1-13 and Equation 1-147

AE .
ng O47Eqgr 2': (Equation 1-13)
€
6eordEE |3 .
lscrO % (Equation 1-14)
e“Ng

Wheren, is the number of electrons,the particle radiuskr the Fermi levelge the electron chargégcr the
depletion length, ani the donor concentration of the semiconductor.

In addition to the charge redistribution betweem itietal particle and the semiconductor after
the Schottky contact formation, the optical examatof the underlying semiconductor, for
example, is supposed to induce an additional regerment of charge carriers at the metal-
semiconductor interface and thus, at the metaligarsurface, where catalytic surface

reactions occur.
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Chapter 2

Experimental Methods

Abstract

The following section describes the experimentaihoés, which were used to synthesize and
characterize the GaN-based Pt catalysts. A newapaipn procedure was developed for the
deposition of metal particles onto semiconductorfages. Ex situ techniques like
transmission electron microscopy and atomic forderascopy were used to evaluate the
metal particle size and shape in solution, as asetheir distribution on the GaN surface after
deposition.In situ synchrotron methods like small-angle X-ray scattgrX-ray absorption,
and X-ray photoelectron spectroscopy were perfortoestudy the particle shape changes,
metal oxidation state, and the Pt-GaN interfaceeungactive conditions like reduction,
oxidation, and ethene hydrogenation. A specialtozavas operated in the external recycle
mode to test the Pt-GaN catalysts in the hydrogematf ethene to ethane with and without

the optical excitation of the semiconductor support
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2 Experimental Methods

2.1 Catalyst Preparation

The general procedure to prepare the Pt-GaN ciaiygolved the synthesis of polymer-
protected Pt particles in solution, their spin-amgtonto the cleanedy and p-type GaN

surfaces, and the subsequent oxygen plasma treaforethe evaporation of the polymer
(Figure 2-1). A further heating to moderate temper established sufficient adhesion

strength between the particles and the semiconducto

- > !
) . o oo ® GaN (3 pm)
Spin-coating 'YX a O, plasma ::.:.:.;aa_%os (330 pm)

® PVP-protected Pt particles
@ Unprotected Pt particles

Figure 2-1. Model catalyst preparation: Spin-coating of PVBtpcted Pt particles onto GaN surfaces and
oxygen plasma treatment for polymer removal.

Poly(N-vinyl-2-pyrrolidone) (PVP) was used as the polyrteprevent the agglomeration of
the particles in solution and its amount controlted final nanoparticle size. The colloidal
solutions exhibited various Pt particle sizes amapes with defined Pt concentrations, which
were spin-coated onto the GaN surfaces. The spitirgpprovided an alternative deposition
method for planar catalysts, which vyielded homogese and reproducible particle
distributions of a monolayer. The amount of demabimetal could be tuned by the metal
concentration in solution, as well as the spindioggparameters. Particle agglomeration and
multilayer deposition was only observed for vergticoncentrated particle solutions. The
oxygen plasma was adjusted to ensure the comm@ateval of the polymer capping, which
was determined by thermal deposition spectrosc®pg. activation of the particles by the
reduction in hydrogen was performaudsitu or ex sity which was dependent on the sample

application and/or characterization.
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2.1.1 Chemicals and Materials

All chemicals and materials were utilized withoutther purification (Table 2-1).

Table 2-1.Chemicals and materials used for the catalystguedion.

Compound Purity Company

Hexachloroplatinic acid solution 8 wt% in water 1BirAldrich
Poly(N-vinyl-2-pyrrolidone)
(M,, = 40 000 and 55 000 g nmbl

1-Propanol 99.7%

Acetone >99.5%

n-Hexane

Silver nitrate > 99%

Ethano 99% Merck
2-Propanol >99.5%

Nitric acid > 65% in water Fluka
Ethylene glycol >99.5%

Hydrochloric acil 32% in wate Riede-de Haé
MOCVD n-type GaN - Lumilog Group St Gobai
(Si concentration: 2 x #Hcmi®) Crystals
PAMBE p-type GaN - TopGaN Blue Laser
(Mg concentration: 4 x $0cm®) Technologies
MOCVD p-type GaN - FrawnhoferInstitut fr
(Mg concentration: 5 x $0cm®) Angewandte Festkdrperphysik

2.1.2 Platinum Nanoparticle Synthesis

Two different approaches were applied to synthegiabymer-capped, size- and shape-
selected Pt particles. The reduction of the meatdyrsor by an alcohol or hydrogen was used
to prepare particles with a defined particle simdile different particle geometries of
comparable diameters were achieved by the polythoce

Spherical, 2 nm-sized Pt particles were preparethbyalcohol/hydrogen reduction that was
modified from the method of Bussast all*. An aqueous solution (bidistilled water
>18.2 M2-cm, 20 ml) of hexachloroplatinic acid (0.057 mmaind PVP (2.0 mmol
monomer, N, = 40 000 g mat) was stirred at 373 K for 2 h to achieve suffitignieractions

between the Pt ions and the polymer. Subsequebtfyropanol (130 ml) was added as
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reducing agent at the same temperature and thergolkas evaporated after stirring for 48 h
at 373 K. The formed brown residue was washed etithnol (20 ml) and finally re-dispersed
in ethanol (20 ml, Pt concentration of 2.85 mnl |

The particle size was tuned by changing the amotiRVP, the amount of reduction agent,
and the kind of reduction agent (methanol, ethahgdropanol) (Table 2-2). The diameter
was determined by transmission electron microsa@M, description in 2.2.1) and was
found to decrease with decreasing Pt to PVP mdaé#o r(from 1:35 to 1:70) and with
increasing concentration of 1-propanol (from alddlbowater volume ratio of 6.5:1, 10:1, to

20:1). A slightly higher particle size was observdten methanol was used.

Table 2-2. Synthesis parameters for spherical, size-seldetgghrticles during the alcohol/hydrogen reduction.
The average particle size was determined by TEM.

Pt to PVP molar Reduction agent Alcohol to water volume  Average particle
ratio ratio size / nm
1:1C 1-Propanc 6.5:1 2x04
1:35 1-Propanol 6.5:1 20+0.3
1:7C 1-Propanc 6.5:1 1.7+£03
1:35 Ethanol 6.5:1 20+x04
1:35 Methanol 6.5:1 22+04
1:3¢ 1-Propanc 10:1 1.€+03
1:35 1-Propanol 20:1 1.6+£0.3
1:3 Hydroget 6.5:1 1.2+£03

The same synthesis procedure was modified to ywely small particles of 1 nm using
hydrogen for the reduction of the Pt precursor,chithias a higher reduction strength than the
alcohol. The synthesis setup was flushed initialligh nitrogen gas (1 bar) during the
interaction period in water at 373 K for 2 h. Sujpsgently, hydrogen (1 bar) was introduced
via bubbling through the solution for 41 h at 34®&fore cooling to room temperature and
flushing again with nitrogen after the reactionl Alrther steps for the particle separation
were performed like described for the reductiorhvailcohol.

Large, 7 nm-sized Pt particles without a specifiape were prepared by the polyol process
according to Riowet al” Ethylene glycol (2.5 ml) was heated to 473 K antltions of
PVP (1.125 mmol monomer) in ethylene glycol (3 ndpd hexachloroplatinic acid
(0.094 mmol) in ethylene glycol (1.5 ml) were atigiely added every 30 s. The mixture was
refluxed at 473 K for 5 min and the particles werecipitated with acetone (21 ml) and
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separated by centrifugation (4000 rpm, 293 K, 4B)mirhe residue was re-dispersed in
ethanol (20 ml, Pt concentration of 4.69 mnivl |

Another polyol method was used to achieve shapeetssl, large particles with cubic,
cuboctahedral, and octahedral geometry and a mesgicle size of 8-13 nm. The addition of
silver nitrate directed the particle growth alorige t<100> direction, resulting in particle
geometries with solely {111} facets at high silvien concentration§ Ethylene glycol
(2.5 ml) was refluxed at 473 K for 5 min beforevsil nitrate (1.0 x I®mmol for cubes,
1.0 x 10 mmol for cuboctahedra, and 3.0 x“imol for octahedra) was added. Ethylene
glycol solutions of PVP (1.125 mmol monomer, ,,M40 000 g mot, 3ml) and
hexachloroplatinic acid (0.094 mmol, 1.5 ml) weiléemately added to the silver nitrate
solution every 30s for 17 min. The mixture waslwefd for 5 min and centrifuged
(4000 rpm, 283 K, 30 min) to remove silver chlorid&e particles were precipitated from the
supernatant by adding acetone (23 ml) and sepafatecentrifugation (3000 rpm, 283 K,
5 min). The particles were dispersed in ethanahlBin an ultrasonic bath (15 min) and
n-hexane (9 ml) was added to wash out residual rsitmes. The particles were separated
again by centrifugation (3000 rpm, 283 K, 5 minhisTwashing procedure was repeated for
additional two times and the particles were finatly-dispersed in ethanol (3 ml, Pt
concentration of 31.3 mmot). The yield of cubes, cuboctahedra, and octahes 90%,
51%, and 74%, respectively (Table 2-3).

The synthesis of particles with cuboctahedral gdpmeras repeated with a decreasing
amount of silver nitrate (5.5 x Tanmol) and higher molecular weight of PVP
(My = 55 000 g mat) to increase the yield of cuboctahedra from 51% &8%.

Table 2-3. Particle size and yield of large, shape-selectegdrticles prepared by the polyol process using

defined silver nitrate amounts to control the shdje analysis was performed with TEM.

Particle Silver nitrate / Average patrticle Shape yield

shape x 10° mmol size / nm

Cubes 1.0 76+0.8 90% Cubes, 10% Tetrahedra

Cuboctahedra 10 9.7+£0.9 51% Cuboctahedra, 23%Hedra,

16% Octahedra, 10% Polyhedra

5.5 8.1+0.9 98% Cuboctahedra, 2% Polyhedra
55 8.9+0.7 88% Cuboctahedra, 12% Tetrahedra

Octahedr 30 12.7£16 74% Octahedrel3% Cuboctahed,

8% Tetrahedra, 5% Polyhedra
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2.1.3 Spin-coating

Colloidal particle solutions were deposited ont@andp-type GaN surfaces by spin-coating.
For cleaning, the GaN substrates were washed oredultrasonic bath, 10 min) and rinsed
with 2-propanol. Typically, Ga-facedt andp-type GaN surfaces were used accept for some
samples, where N-facastype GaN catalysts were prepared e.g. for X-ragtgémission
experiments. Pt solutions with defined metal cotregions in ethanol (Table 2-4) were
dropped onto the GaN surfaces (50 ul for GaN edgmth >5 x5 mm and 20 ul for
<5 x5 mm) and spin-coated at 3000 rpm for 60t& €xcess solvent was evaporated by
heating the samples to 363 K for 5 min and the B¥pping was removed afterwards by
oxygen plasma with an oxygen pressure of 1.4 mba20@ W for 5 min (TePla 100-E,
Technics Plasma GmbH). The samples were moderdieated to 423 K in nitrogen
(100 mbar) or in vacuum for 15 min to increasedbdbesion between the particles and GaN.
The spin-coating rotation speed of 3000 rpm anatiar time of 60 s were found to provide a
homogeneous and reproducible particle distribubiorthe GaN surface, which was probed by
atomic force microscopy (consider 2.2.2). The phatadhesion was tested under mechanical
strain and high adhesive forces were found betirtemd GaN®

Table 2-4.Pt-GaN catalysts prepared by spin-coating.

Pt particles Pt concentration for GaN surface (edge Pt coverage on
spin-coating / mol I* length / mm) GaN surface /
%ML @
Spheres (1.8 nm) 2.5 x10 n-type (8 x 8) 1.6
Spheres (2. nm) 6.2x 10" n-type (¢ x 5) 2.C
p-type (3.5 x 3.5) 25
Unshaped (6.7 nm) 6.6 x10 n-type (8 x 8) 1.6
Cubes (7. nm) 2.4%x1C° n-type (¢ x 5) 16
p-type (3.5 x 3.5) 17
Cuboctahedra (8.1 nm) 2.4 %10 n-type (5 x 5% 16
p-type (2 x 4) 17
Cuboctahedra (8.9 nm) 2.4 x40 n-type (9 x 9) 7.4
p-type (9 x 9) 8.7

@ The percentage of a monolayer (%ML) was calculataubining the particle size and shape and
the particle coverage (calculation described in2).#’ Ga-face and N-face-type GaN substrates

were used.
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The spin-coating process includes generally foages (Figure 2-2). First, a droplet of the
colloidal solution is pipetted onto the substraigface, which spreads out into a film during
spinning and most of the suspension is spun ofé Jteady state is reached as soon as both
the centrifugal and viscous shear forces are dgatkd and the volumetric flow rat@
becomes constant. At a sufficiently small film #ress, the evaporation of the solvent is

dominant, which increases simultaneously the gartioncentration of the fili:

G (b) © (d)

H 4 A el
= d
2 N U I
Droplet Film = nd
Substrate — — _ —
Viscous force Evaporation

Figure 2-2. Spin-coating process including (a) droplet disjper®n the substrate, (b) droplet spreading during
acceleration, (c) steady state dominated by visémge, and (d) steady state dominated by film evaifpon.

The steady state period that is dominated by tbeous force affects mainly the final particle
distribution on the substrate. As the film thickeésreduced to the size range of the particles,
the capillary forces arise that may lead to pataygregation. The film thickness decreases

with increasing spin-coating time at a constardtioh speed (Equation 2-#).

2

_ ho . _1 [QL] .

h(t)=————— with K==Re|— (Equation 2-1)
1+ 4Kndt 3\

Whereh(t) is the film thickness at time by the initial film thicknessRe: the Reynolds number of the filif2, the

rotation ratel the horizontal fluid velocity, and the horizontal fluid length.

The acceleration by gravity is significantly smiallcomparison to the centrifugal force and
can be neglected. The dynamics of the film fornraiad thinning are generally dependent on
various effects, e.g. the momentum, mass, and gn&ansport, which increase the
complexity of an empirical process description. Addally, radial striations can appear at
certain conditions and avoid the formation of aferm film. This is attributed to gradients in
the surface tension (Marangoni effect), when thapevative convection becomes the

dominant forcé”
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In summary, spin-coating presents an alternativequure to e.g. Langmuir-Blodgett films to
deposit metal particles onto planar surfaces, pieparray-like surfaces functionalized with

a particle monolayer under well-controlled condigo

2.2 EXx situ Characterization

The properties of the Pt-GaN catalysts like thed®toparticle size before and after deposition
onto GaN, as well as the areal distribution ofgihdticles over the surface were analyzed with
ex situ methods. Transmission electron microscopy wasop®dd in vacuum, while the

samples were measured in environmental atmospieatomic force microscopy.

2.2.1 Transmission Electron Microscopy (TEM)

The colloidal, PVP-capped Pt solutions were analyzéh TEM (JEOL JEM-2010, Institute
of Electron Microscopy, TUM) with an electron aczmition voltage of 120 kV. Various
magnifications (100 000-300 000) were used to datex the particle size and shape. The
micrographs were collected with a CCD camera. Thdigie solution was diluted with
ethanol and dispersed in an ultrasonic bath (15 prior to the deposition onto copper grids
(20 pul), which were coated with a 2 nm carbon f{@uantifoil Micro Tools GmbH). The
average particle size was evaluated from 150-50fcf#s using the software ImageJ. The
diameter of the Pt particles was measured fronr flbegest edge, while the central cubic

edge was evaluated for octahedral particles.

The instrumental assembly of a TEM consists of Etten gun, condenser lenses, the
sample object, an objective, as well as intermedatd projective lenses, a fluorescence
screen, and the camera for imaging (Figure 2-3¢ dlectron beam is generated by e.g. the
thermionic emission of electrons from a cathodengsten wire) and the electrons are
accelerated towards the anode while passing thengtetylinder for focusing, which provide
a high beam intensity and refinement. The Schotikyield emission can be alternatively
applied for the formation of the electron beam, akhiis normally used in electron
microscopes with high resolution. After generatidine electron beam passes condenser

lenses, which transform the bunched electron ck@ssonto the sample and facilitate the
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variation of the spot size. A condenser apertumaserted to reduce the beam intensity with a
simultaneous increase in beam coherence. The olgidenns after the sample focuses the
transmitted electrons, while an objective apertsingelds highly scattered electrons. The
microscope resolution and contrast are both detexthby the objective lens/aperture system.
The following intermediate and projective lenses ased to adjust the optical magnification.
The sample image is projected onto a fluorescercees and finally collected with the

camera. An electron acceleration voltage of 100#00s usually used, while high-voltage

instruments reach up to 3 MV, facilitating a muadttér transmission and resolution. The
whole system requires high vacuum conditions’(tbar) to prevent the interaction between

electrons and gas molecuf&s

~~~~~~ Electron gun

Condenser lenses
...... Object
------ Objective lens
~~~~~~ Intermediate lens

------- Projective lens

Figure 2-3. Assembly of a transmission electron microscopdatoimg an electron gun, the sample object, and

various electromagnetic lens®s.

The interaction of the electron beam with the sarg#termines the contrast of the TEM
image. The electrons can be scattered on the ateleitron shell or on the nucleus. In the
first case, inelastic scattering leads to an enkrgy of the electrons, while the direction is not
changed. The latter describes the elastic scagtemthout the loss of energy but with a

significantly altered direction. The degree of smaig is affected by the sample mass or by
the thickness and determines the contrast. Heheethinner the sample or the lower the
atomic number of the contained elements, the pastéie contrast. The quality of an image is
obtained by an optimal adjustment of the electrametig lens system, which avoids optical
errors like the spherical and chromatic aberratorastigmatism by minimizing the focal

width. The TEM images are collected in two diffaremodes. The insertion of an aperture

into the back focal plane of the objective lensckia high fraction of diffracted electrons,
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providing bright-field images of transmitted elexts. Contrary, dark-field images originate
from the entity of scattered electrdfls.

TEM is a suitable method to image small metal pksiin the nm size range. As only a very
small part of the sample is displayed and analyaealimber of images have to be collected
from different locations on the copper grid. Hurdfreof particles should be counted for the
evaluation of an average particle diameter andHerparticle distribution. Additionally, the
agglomeration of particles in solution cannot b@ltp excluded, when only isolated particles
are imaged. The particle size, shape, and areaibdison after the deposition onto the GaN
surfaces cannot be measured with TEM due to the §zahple thickness. However, the so-
called TEM windows (TEMwindows.com) facilitate tsanission measurements of spin-
coated metal particles. The windows consist ofaibr silicon nitride and are etched from the
back side to a thin film of 50 nm to establish sarency (Figure 2-4). Unfortunately, the
windows are not of GaN and interactions betweeart SiQ or SgN4 during spin-coating
are different than the interaction between Pt amdNGand the areal particle distributions

cannot be compared.

(a)

Figure 2-4. SEM images of silica-based TEM windows from (2 tbp view with the thin film containing
windows and (b) the bottom view showing the streedufrom etching.

In contrast to the copper grids, the TEM windowsvte a high thermal stability, facilitating
the imaging of the particles after ax situ treatment at high-temperature oxidizing or
reducing conditions. Cubic, cuboctahedral, andredeal Pt particles showed a rounding of
edges at 573 K in nitrogen and synthetic air (80A/bl2, 20 Vol% Q). A partial sintering of

the particles was found after their exposure tabgen atmosphere at 773 K.
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2.2.2 Atomic Force Microscopy (AFM)

The areal particle distribution, the Pt coveragel tne particle height after the spin-coating of
the particles onto the GaN surfaces were analyzéd A¥M (Veeco Multimode AFM with
Nanoscope llla or V controller, Institute of ElemrMicroscopy, Department of Chemistry or
Walter Schottky Institute, Technische Universitatilddhen). AFM probes of silicon were
used with a resonance frequency of 204-497 kHareef constant of 10-130 N'mand a
typical tip radius below 7 nm (Nanosensors). AFMages of different sizes from 1 x 1 um to
5 x 5 um were recorded at a scanning frequencyH# and with 512 or 256 data points per
line. The image evaluation was performed with tbweare WSxM® Several images were
collected from different sample positions in thetcal to edge region of the GaN surface. The
number of particles per GaN area and the partieightt were subsequently averaged from all
images. With AFM, the catalyst samples were chdeein situ characterization or reaction
testing, which exhibit solely isolated particles dme GaN surface. The catalysts with
octahedral Pt particles showed only aggregatedcfestand thus, these samples were not
used for further analysis.

The average particle height obtained with AFM whaghdly lower than the particle size
determined with TEM. Therefore, we assumed a trimcaof the particles of one third and
two thirds of the particle is exposed on the GaNase. Additionally, the individual particle
shape was supposed to be preserved after spimgaaid oxygen plasma. This assumption
was supported by TEM images of Pt cubes depositéd GaN nanowires after oxygen
plasma treatment. The nanowires were scratched finein substrate and could be analyzed
with high-resolution TEM (Figure 2-5).

Figure 2-5. High-resolution TEM image of Pt cubes on GaN nainesv(recorded by S. Schéfer at the Lawrence
Berkeley Laboratory).
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The number of particles per GaN area was useddcalage the Pt coverage in percentage of a
monolayer (%ML) based on the Pt atom densities ¢f11R) and Pt(100) facets of
1.5 x 16° cm? and 1.3 x 18 cm?, respectively™™ *? The number of Pt surface atoms was
also estimated from the areal particle coverage. iimber of atoms and surface atoms per
particle were determined considering the respegaréicle shape.

Small, spherical and large, unshaped Pt partickx® walculated based on the results from
grazing incidence small-angle X-ray scattering (&XS) (Chapter 3), which provided exact
values for the particle height and diameter. Thalbparticles were found to be ellipsoidal,
while the larger particles showed a flat, cuboidatticle shape. The particle volume was
estimated for both geometries according to Equai@nand Equation 2-3. The number of Pt
atoms per particle was calculated using the Pt Indetasity (21.4 g cif) and the Pt molar
mass (195.08 g md) (Equation 2-4). The surface area of the ellipsbihd cuboidal particle
was determined by Equation 2-5 and Equation 2-€peaetively. The number of surface Pt
atoms per particle was subsequently determined frenparticle surface area and the atom
density on the Pt(111) or Pt(100) facet (Equatief).ZThe base area of the cuboidal particle

was subtracted because it does not contributestextposed surface.

2

1/4 d .
VEllinsoid == | = — Equation 2-2
Ellipsoid 5 [3 [2] } (Eq )
Vcuboic =hd? (Equation 2-3)

PrtVParti .
NPparticle :%artlcle Na (Equation 2-4)

Pt

d)? 2h arcsin(¢) d )2 .
SEllipsoid = "(Ej [1+FT) with &= 1‘[%j (Equation 2-5)
Scuboic = d? + 4dh (Equation 2-6)

Nsurface™ SEllipsoid APt(111) ©F NSurface™ ScuboidApPt200)  (Equation 2-7)
WhereV is the particle volumeh the particle heightd the particle diametel\N the number of atomg, the

density,M the molar mass\, the Avogadro constan§the particle surface area, aAdhe Pt surface density of
the Pt(111) and Pt(100) facet.

The number of atoms and surface atoms of the paror other samples that were not

measured with GISAXS were calculated consideringehparticle shapes (Figure 2-6).
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Figure 2-6. Model geometries of (a) spherical, (b) cuboctadkednd (c) cubic particles. These shapes do not

show the number of atoms that correspond to thicfgasizes in this study.

The cuboctahedral particles were analyzed withntlbelel equations from Benfield using the
cluster edge length, which describes the numbeatamic shells around one single metal
atom (Equation 2-8 to Equation 2-18. Small, spherical particles exhibit roughly an
icosahedral shape and were calculated with the sauations as cuboctahedral particles. The
average particle size from TEM was used to detegrtine cluster edge length and only two

thirds of the particle was proposed to be exposed.

NPparticle = é[g (2m- ])(5m2 —om+ 3)} (Equation 2-8)
m= 1 dparticle +1 (Equation 2-9)

2| dpt atom
Nsurface= % (10m2 -20m+ 12) (Equation 2-10)

Where Nparicle iS the number of atoms per particNsacethe number of surface atoms of the partickethe

cluster edge lengtltp,icie the particle diameter, ardd, ,omthe Pt atom diameter.

The number of atoms and surface atoms of cubicaricfes were calculated using the
number of atoms for one cubic plane that was egteapd to the three-dimensional shape
(Equation 2-11 and Equation 2-12). Two thirds phaticle was assumed to be exposed.

The Pt particle coverage on the GaN surfaces waslated from AFM images and was used
to determine the total Pt coverage of the catalyst the total Pt surface coverage in %ML
(Table 2-5). The Pt coverage and Pt surface coeenage utilized to normalize the kinetic

results for a direct comparison of the differertabssts.

52



Chapter 2

3

2 9particl .
Nparticle = dp?r t'c & Api(100) (Equation 2-11)
atom
~ 442 dparticl ,
Nsurface= 49 ariicle APt(100) ~ 8= (Equation 2-12)

d Pt atom

WhereNpapicie IS the number of atoms per partidés,.csthe number of surface atoms of the partidigyice the
particle diametery; nomthe Pt atom diameter, alg;q0the Pt atom density of the Pt(100) facet.

Table 2-5.Calculated atoms and surface atoms per particérage particle coverage, total Pt coverage on GaN,

and surface Pt coverage for spherical, cubic, abdctahedral Pt nanoparticles.

Particle shape Atoms per GaN Particles on Pt coverage Surface Pt
particle surface GaN®© on GaN / coverage /
(surface atoms) / pm’? %ML %ML
Spheres (2.0 nm) 106 (65) n-type 2776 £ 291 20+0.2 1.2+0.1
p-type 3545 + 365 25+0.3 15+0.2
Cubes (7.€ nm) 13685 (278¢ n-type 177+ 78 16.1+7.1 3.3+1EF
p-type 184 + 12 16.8+1.1 3.4+0.2
Cuboctahedra (8.1 nm) 6882 (1321) n-type 347 £ 55 159+25 3.1+05
n-type® 361 + 122 16.6 + 5.6 32+1.1
p-type 367 + 101 16.8+ 4.6 3.2+0.9
Cuboctahedra (8.9 nm) 9127 (1604) n-type 122 +17 74+£1.0 1.3+0.2
p-type 143 +12 8.7+0.8 15+01

@ Determined from TEM™ N-facen-type GaN® Determined from AFM.

In general, AFM belongs to the group of scannirmpprmicroscopes that exhibits a very high
resolution at the atomic scale. The very small ahdrp probe scans the sample surface
resulting in images based on the force interactb®taeen the tip and the sample. Therefore,
the topography, surface charge, resistance, asawelie chemical and magnetic properties of
the surface can be monitored by scanning probeostopy. The measurement environment
can be vacuum, air, or a liquid, which extendsftblel of application for e.g. biology. The
experimental assembly contains a cantilever wiip ¢hat is deflected from its initial position
due to the force interaction with the surface (Fég-7). The deflection changes of the tip are
measured by a reflected laser beam from the caetildnat is directed to a position sensitive
detector (PSD), which consists of two photodiodEke alteration of the laser position
induces voltage changes on the diodes that createugput signal by their difference
normalized by their sum. The signal is differemyiahmplified and transformed into a
three-dimensional topographical map of the saniphe. scanning of the tip over the surface

is arranged by the sample movement with a pieztietement*
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D Laser diode

Mirror

Photodiode

Piezo element

Figure 2-7. Experimental assembly of an atomic force microscujith the piezoelectric element for sample

movement, the tip and cantilever, the laser diadé, the photodiodes for detectiof.

AFM can be performed in two operation modes, thaicst(contact mode) or dynamic
(non-contact mode and tapping mode) (Figure 2-8p Tip is in contact with the surface
during the static operation. The cantilever deftecdisplays directly the topography during
the measurement with a constant sample heightelstanning occurs with a constant force,
the cantilever bending will be fixed and the pideotric controller will change the output
signal to the sample height. In this mode, the $aman be damaged due to strong forces.
Sensitive samples should be imaged in dynamic mekere the probe is not in direct contact
with the surface. The cantilever is mounted toabtiator during the non-contact operation,
which facilitates the external excitation of the wibration. The tip oscillates above its
resonance frequency with an amplitude below 10 nththe forces between the tip and the
sample cause the damping of these vibrations. @&singthe amplitude and phase (amplitude
modulation) or in the frequency (frequency modwaiali generate the feedback signal for
imaging. An intermediate solution between the contand non-contact operation is
implemented when working in the tapping mode. Tige dscillates near its resonance
frequency with an amplitude of 100-200 nm and &ttacthe surface for a very short time.
The amplitude is adjusted to a constant value tarobthe signal. The advantage of this
operation is clearly its application for sensitisamples and imaging with higher

resolution* 1%

(@) (b) ()
\V4 A N4
. N
Cantilever
ninininlelals

Sample

Figure 2-8. Operation modes of AFM: (a) the contact modetlfp)non-contact mode, and (c) the tapping mode.
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Some problems may occur during the measurements thieesurface structures are mobile or
when they cause tip contaminations. As a resudt,inilmge quality and resolution is limited,
especially in the lateral direction. Usually, alrA&M probe does not consist of one single
atom at the end of the tip, but has a finite exjganand radius of curvature in the nm range.
Consequently, sharp edges on the sample surfageotcdre resolved. However, a high
accuracy can be obtained for the height of theaserktructures. The resulting sample map is
always composed of the structure of the surfaaefblwith the structure of the tip. Therefore,
tip artifacts like the double tip can be imaged tth@aes not relate to the real sample surface
but to the contaminated tip. Small, supported naragpes that were used in this work
contaminated the AFM probes very quickly and thigailty observed small dotes expanded
into large dots with the scanning time. Anyway, tieaticle height and their density on the

surface could be successfully mapped with high raogu

2.3 In situ Characterization

The catalyst characterization under realistic ieactonditions at elevated temperatures and
high pressures is not only important for the raiaratalyst development and the optimization
but also for the understanding of the surface meactpathways and mechanisms.
Consequently,in situ techniqgues became essential in heterogeneousysiataind their
combination delivers complementary information &or advanced description of the catalyst
reactivity. The addition of methods for the simoiaus product analysis completes the
insight into the complex catalytic systems by opdmstudies. Only bridging the “pressure
gap” by the application ah situ high-pressure methods does not fulfill the requigats on
the view of the catalyst at work. Indeed, the stefaensitive analysis of more realistic
catalysts instead of ideal single crystals is acbapproach to narrow the “materials ap
minimizing the discrepancy between the surfacenseieand catalysis. Moreover, the design
of experimental cells is challenging regardingttladility to facilitate spectroscopic as well as
catalytic data at defined conditions. The gradiémt@mperature and concentration should be
diminished by an optimal reactor cell design coesity particular requirements of the
appliedin situtechniqué™®

Various methods were developed forsitu applications and testing of catalysts for relevant
industrial processes. The reactant or product atlsor elementary reaction steps, and

surface pathways were explored by situ infrared (IR) spectroscopy e.g. for the NOx
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storage-reduction, the high-selective oxidative ydebgenation of alkanes, and the
alkylation™"** In general, IR spectroscopy is a powerful methvatich monitors important
intermediates during the reaction on the surfdten situ X-ray absorption spectroscopy
(XAS) including extended X-ray absorption fine sture (EXAFS) and X-ray absorption
near edge structure (XANES) reveals the near-neighbordination and electronic state of
the probed atoms. High-pressure and time-resolvgeranents could be realized by the
energy-dispersive and quick EXAE4. Catalysts for the SOx storage, alkane hydrogeimlys
methanol oxidation, and selective oxidation wereegtigated byin situ XAS.?22°
Additionally, studies during the aqueous-phasetieas, as well as during the formation of
metal catalysts were performB@2® In situ high-pressure X-ray photoelectron spectroscopy
(XPS) was developed to probe the surface compasitfogas and liquid surfac&S! Some
catalysts for oxidation and hydrogenation were yael regarding their structural surface
properties under reaction conditidifs’? The particle size and shape of supported catalysts
with a low particle coverage can be simultaneouslestigated with grazing incidence
small-angle X-ray scattering (GISAXS). Therefoitee stability and growth of particles could
be followedin situ at different catalytic conditior¥>>®! One suitable method for the research
of interfaces of solid-gas, solid-liquid, and lidtiquid systems is the vibrational sum
frequency generation (SFG) spectroscopy that usesand-order nonlinear optical process.
The chemical species at the interface and theantation during the reaction can be probed at
high pressures and temperatuf®s’” Studies on single crystals and model catalystsciwh
represented nearly a real surface, were used tpa@mthe molecule adsorption on the
surface at ultra-high vacuum conditions and at Iniggssure§®+? Besides the spectroscopic
techniques, microscopic methods were also appbedhiein situ surface characterization.
Scanning tunneling microscopy (STM) and TEM werghbased for sample imaging in a
reactive atmosphere with a high atomic resolufibA?!

The combined application of methods in one singlgeement with a simultaneous detection
of the catalytic activity provided a more advancadw of the catalyst under working
conditions.In situ X-ray diffraction (XRD), XAS, and mass spectronyetvere combined to
probe the catalyst behavior during the synthesimefhanol*® Recently, a straightforward
combination of GISAXS and temperature-programmexttien (TPRx) was investigated for
various model catalysts in the epoxidation of prepethe oxidative decomposition of
methanol, and the dehydrogenation of cycloheX&i&.In this work, exactly the same setup
was used and extended by XAS to monitor the Ptiglarshape changes and stability

simultaneously with the changes in the electrotatesof Pt at elevated temperatures under
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reduction with deuterium and ethene hydrogenatiGhapter 3). To study the chemical
composition of the Pt particle and GaN surface unelaction,in situ XPS was applied in this

work at high pressures in a reducing and oxidiatrgosphere (Chapter 4).

2.3.1 Grazing Incidence Small-angle X-ray Scattering (GI3XS)

The sample morphology like the particle size andpsh as well as the particle size
distribution was investigated under reaction coadg with GISAXS (Beamline 12-ID-C,
Advanced Photon Source, Argonne National Laboratdrgonne, USA). Small, spherical
and large, unshaped Pt nanoparticles supportedtygme GaN were measured in helium with
increasing temperature to 673 K, during the tentpesgpprogrammed reduction with
deuterium, and during the hydrogenation of etheitd deuterium at 373 K. The reaction
products were detected on-line by a differentiglymped mass spectrometer (Pfeiffer
Vacuum Prisma QMS 200). The sample was placed anself-designed reaction cell that
facilitated spectroscopy and the real-time prodmetlysis?® Changes in the particle size and
shape were collected as a function of temperatack teme in two-dimensional GISAXS
patterns (scattering vectqrin x, y, and z direction) with the X-ray energy 1.5 keV and a
MarCCD detector (1024 x 1024 pixel). The quantiatanalysis was performed by taking
cuts ingyy andg, direction for the lateral and vertical particldamnmation, respectively. The
Guinier analysis was applied assuming a spherieatigee shape and a narrow size
distribution® Hence, the radii of gyration were determined fqiots of the logarithm of
the scattering intensity versgsin the small-angle region. Horizontdt,() and vertical Ryy)
radii of gyration resulted in the particle diameded heightZ.58 x Ry andRyy). Finally, the
aspect ratioRyy devided byRyy, was calculated during the heating and/or reactiire
background scattering fromtype GaN was measured and subtracted from the s
which were evaluated with the software IgorPro B.QBat was featured with a GISAXS
toolkit (B. Lee at 12ID SAXS, APS). Further expeemtal details are described in Chapter 3.

In general, X-ray scattering experiments revededint properties of the sample that depends
on the applied angle range (Figure 2-9). As thermhtion is collected in reciprocal space,
the large-scale electron density fluctuations araly@ed at very low angles. The Guinier
regime represents the asymptotic behavior of then féactor close to the origin of the

reciprocal space, providing data on the particke sind polydispersity at small angles. The
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information on the particle shape, smoothness wrfices, and internal surface-to-volume
ratios is obtained from the asymptotic behaviorind¢rmediate and wider angles (Porod
regime). The scattering intensity decays in thigae withg™", while n is characteristic for the

particle shape and becomes 3 for a cylinder andr2af hemisphere. Finally, powder

diffraction or rather the scattering on latticeratois analyzed at very large andfés>?

Electron density
fluctuations

Guinier
regime Powder

diffraction

Log(I(q))

Form factor
scatter

Figure 2-9. Scheme of the X-ray scattering regimes with sdatiéntensitylog(l(q)) versus wave vectay®"

The probing of nanostructures with conventional ag-rsources is limited to objects of
100-200 nm, while smaller structures can be andlyziéh synchrotron radiation. Moreover,
the surface sensitivity can be enhanced by thergyaacidence geometry (reflection mode)
instead of the transmission mode (Figure 2-10). Ti@dent beam (wave vectdk)
approaches the sample surface at a low constalg émg-of-planey;, in-plane#;), which is
close to the critical angle of total external refien (u), and is scattered by the structures on
the substrate surface. The scattered beam (waver\gcwith its characteristic small angles
(out-of-planew;, in-plane26;) is then detected as a two-dimensional scattgrattgrn with the
wave vector transfer components paraltg) @nd perpendiculargf) to the sample normal
(Equation 2-13). A T-shaped beam stop permits theoiption of the direct and reflected
beam, while the scattered beam is deteéfetf!

g=k¢ —ki (Equation 2-13)

Whereq is the wave vector transfer, akdk: the wave vector of the incident and scattered heaspectively.

The rotation of the sample by its normal facilisateformation about the particle symmetry
and the orientation of the incident beam with resp® the in-plane crystallographic
directions. The absolute values of the wave vettansfer are expressed by the angular
coordinates of the scattered beam (Equation 2-1&doation 2-16%2 The area of the
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reciprocal space is only a few fmas all contributed angles are small. Therefore, al
scattering vectors can be simplified by Equatidt2e Equation 2-18§%

Substrate 2D pattern

Figure 2-10.Experimental geometry of grazing incidence smafia X-ray scattering of particles supported on
a substrate with the incident wave vedtorthe out-of-plane and in-plane anglgs6, of the incident beam, the
scattered wave vectdy, the out-of-plane and in-plane anglgs26; of the scattered beam, and the wave vector

transfer in reciprocal space in all directiapsoy, g, The substrate can be rotated around its surfaceai™

Uy = 2/]_”[(;05(257f )cos(af )— coda; )] (Equation 2-14)
dy = ZTIT[sin(ZHf )cos(af )] (Equation 2-15)
qy = 27n sin(af )+ sin(aj )] (Equation 2-16)
gy 0O (Equation 2-17)
qy = 27”25f (Equation 2-18)
a; = 27”5” (Equation 2-19)

Whereq is the wave vector transfer in x, y, and z ditti the X-ray wave lengtté; the in-plane angle andg

the out-of-plane angle of the scattered beam gatite out-of-plane angle of the incident beam.

The sample surface behaves like a mirror at lovidamd angles, which leads to multiple
scattering and the reflection and refraction haddoconsidered. The beam is completely
reflected ab; < ac, while the transmitted beam penetrates into thk &y > a.. Therefore,
the adjustment of the incident angle to small v&alaboveo. allows the variation in the
scattering depth. Typically, the critical angle0id-0.5°. The maximum of the off-specular
diffuse scattering appears at= a;, the Yoneda peak. The contrast is given by elactro
density variations and the refractive index of plagticles and the surrounding determines the

dielectric constant contrast (Equation 2-28).
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n? = n% - nrzn (Equation 2-20)

Where An? is the dielectric constant contrasf, andn, are the refractive index of the particle and mediu

respectively.

Generally, the coherent and incoherent scatteramgributes to the scattering intensity that is
described by the Born Approximation (Equation 2:2Ihe coherent term includes the
particle form factor and a two-dimensional integigze function, while the incoherent term

describes the correlation between the particlessizeather the diffuse scatterifig.

(@)= S(ay ) <|Flay |7 + Y @m(a)yxe@m (Equation 2-21)
m

Where I(g) is the scattering intensityy the wave vector transfe6(q) the interference functiorf(qg,) the
average particle form facto®,the particle size correlation function, angthe vector of the particle separation.

The theoretical description of a single scattemvithin the Born Approximation has to be
extended to the distorted wave Born ApproximatiDWBA), because multiple scattering
appears. The DWBA-based particle form factor inekidhe interference between four

scattering events, while the particle shape isomgér a simple Fourier transform of the real

shape (Figure 2-13* %%
i ke, - ki, ki, + ki, -ki,- ki, -ki, ki,
K [
| R(@) R@) R@ R@)

Figure 2-11. Multiple scattering contribution in the distortedve Born Approximation on supported particles

with the incident and scattered wave vectqrk;, anglesy;, a;, and Fresnel reflection coefficier®), R(as).??

The particle form factor is determined by the feuaattering possibilities, which involve the
reflection of the incident and/or the scatterednbem the support surface or not weighted by

the Fresnel reflection coefficients (Equation 2:22!
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F(qy KizKfz)= F(Qy Ktz —kiz)+Rla )F(q( kztkiz) (Equation 2-22)

+ R(ﬂf )F(qy kfz- ki,z)+ R(aj )R(O/f )F dy ~K 2z +Kijz
WhereF(qy) is the particle form factor, the wave vector transfer in y directidq, andk;, the incident and

scattered wave vectors in z directiofn,and«; the out-of-plane angles of the incident and soadtdream, and

R(x) andR(«) the Fresnel coefficients for the reflection of theident and scattered beam, respectively.

A careful quantitative analysis of the two-dimemsib GISAXS patterns is required that
includes appropriate background corrections. Howethe background should be generally
minimized due to the small angles and the vicioityhe direct and scattered beam. But huge
background signals can be produced by the saniy@dydam divergence, the optical beamline
elements and windows, and the air environment. dwipg the beamline itself and applying
an advancedth situreaction cells can both reduce and filter unwastsdtering contributions.
Nevertheless, suitable models have to be appliethéodata fitting to distinguish between the
scattering from the nanostructures and the undeylgupport. If a constant surface roughness
is expected, the blank surface can be subtracted fample data like was applied in this
study. Alternatively, the so-called anomalous GISA%an be used to decouple the scattering
of the particles and the substrate, where the degacollected at various X-ray energies
around the absorption edge of the desired elehfént.
The particle size distribution, the lateral andticat diameters, and the distance between the
particles can be analyzed from cuts through theA&IS patterns in lateral and vertical
direction. The Guinier analysis used in the smafila region assumes monodisperse,
spherical particles (Equation 2-23Y. The radius of gyration is calculated in the patadind
perpendicular direction to the sample normal, tesylin the corresponding diameter and
height of the particles, respectively (Equation3{2!
_2he
I(g)=e 3 (Equation 2-23)

p = \ERQ (Equation 2-24)

Wherel(q) is the intensityg the wave vector transfeR, the radius of gyration, angis the particle radius.

GISAXS allows for measuring in real-time and preadstatistical information of a large
sample area, which is according to the X-ray be@ma. SThe sample had to be perfectly

positioned in the X-ray beam that avoids the bamligd scattering. The background

61



Chapter 2

subtraction and correction was important to reqostthe real particle structure from the

reciprocal space.

2.3.2 Grazing Incidence X-ray Absorption Spectroscopy (GKAS)

The oxidation state of small, spherical and langeshaped Pt particles ontype GaN was
analyzed simultaneously during GISAXS experimenith WGIXAS (Beamline 12-1D-C,
Advanced Photon Source, Argonne National Laboratdrgonne, USA). In particular, the
grazing incidence X-ray absorption near edge siredfGIXANES) was collected from the Pt
Ls; edge before and after reduction and ethene hydatigem with deuterium at elevated
temperature. The qualitative analysis of the white compared to the reference Pt foil, as
well as the quantitative shift of the absorptiogedvere evaluated to determine the oxidation
state of Pt. The measurement in reflection modaired the signal detection by fluorescence
(4-element Ge fluorescence detector) instead obiméssion, and provided sufficient surface
sensitivity for probing the low coverage of pasi€lon the GaN surface. The X-ray
penetration depth during the measurement was 2Due. to the long acquisition time of
about 17 min for XANES, one point of the Pt edgeenergy of 11.57 keV was situ
monitored during the reduction and reaction. Thenge in the absorbance intensity
represented the change of the white line amditu changes of the electron density were
recorded. The data analysis of the XANES region wmeesformed with XANDA
dactyloscop&® The extended X-ray absorption fine structure (EX¥ARvas not collected
due to the poor resolution of oscillations above Bt edge. A further description of the

experimental details is given in Chapter 3.

XAS is generally used for the short-range strudtumdormation of a sample. Atomic
coordination numbers and interatomic distances igeothe determination of the metal
dispersion and particle size. Additionally, theagmf neighboring atoms are obtained leading
to the analysis of the electronic state. The syotcbn radiation is typical in XAS due to the
broad energy range and high intensity.

Based on the photoelectric effect in XAS, a phaoebn is emitted when the incident X-ray
photon energy exceeds the binding energy of a Bwel electron, resulting in a sudden
increase in the absorption coefficient, the absomptedge (Figure 2-12 (a)). The

photoelectron leaves a core hole and contains sx@&rgy. The excited atom tends to relax
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to the ground state either by X-ray fluorescenckeyathe Auger effect (Figure 2-12 (b-c)). An
electron from a high-energy level refills the conele and emits X-rays or another
photoelectron, the Auger-electron. Both the fluoesge and Auger-electrons are

characteristic for each element, facilitating thelgsis of the sample compositiGH.
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Figure 2-12. The photoelectric effect: (a) X-ray absorptionhwihe emission of a photoelectron leaving a core
hole and (b) relaxation of the core hole by X-rlpfescence with the emission of X-ray photons an() the

relaxation by the Auger effect with the emissioranfAuger electron.

The neighboring atoms cause the backscatteringeoéjected photoelectron, which interacts
with itself by constructive or destructive intedace (Figure 2-13). This leads to oscillations
in the spectrum above the absorption edge, whieh dapendent on the environmental
coordination shells around the absorbing atom.dferatoms are involved into the scattering

process, multiple scattering will occur before ph@toelectron returns to its original atéfih.

@ Absorbing atom

O Scattering atom

— Emitted photoelectron
Scattered photoelectron

X-ray photon

Figure 2-13. Scattering effect in X-ray absorption spectroscoffye emitted photoelectron from the absorbing

atom is scattered back on neighboring atoms (sgajtatoms).

The energy dependency of the X-ray absorption mefit is measured around the absorption
edge providing two regimes in the spectrum. XANESudes the edge region, while EXAFS
contains the oscillations above the edge (Figurg4)2- The electronic properties are

determined from XANES and the local environmenthef absorbing atoms is evaluated from
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EXAFS. XANES is especially suitable for sampleshwitw concentrations due to its huge
signal. However, the quantitative interpretationvisry difficult and requires ab initio
calculations in the real-space, including the rpldtiscattering formalism, which connects the

X-ray absorption with the electronic states in XAS.
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Figure 2-14.X-ray absorption spectrum of iron oxide (FeO) witlo regimes, XANES and EXAFS, the smooth
[56]

background functiomg(E), and absorption edge stégm.
The XAS signal can be collected in both the trassion and fluorescence mode. High-
concentrated samples are usually measured in trssism, which requires an exactly defined
sample thickness. Contrary, X-ray fluorescencdifatas experiments of samples that contain
low element concentrations. The combination of tivazing incidence geometry with
fluorescence enhances the surface sensitivity ofX@d the Pt-GaN catalysts could be
probed. Two parameters are essential for fluorescemasurements due to the contribution
of additional fluorescence lines and scattered y&-r&irst, a solid angle is needed to increase
the signal. The fluorescence detector is locatdld am angle of 90° to the incident beam and
45° to the sample due to isotropic and anisotrbpicavior of the fluorescence and scattered
X-rays, respectively. Secondly, the energy disaratibn allows the suppression of the
background, while collecting solely the favoredofilescence line. A physical approach
includes the assembly of a filter (Z-1 filter) aadset of slits (Soller slits) that remove some
background contributions. Alternatively, the unwehtfluorescence and scattering can be
removed electronically by a solid-state germaniwtector®®

The X-ray absorption coefficient is strongly affedtby the atomic number leading to an

enhanced contrast between different elements (Eou2t25)"°!
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4
u(E)= % (Equation 2-25)
ME

Wherep(E) is the X-ray absorption coefficienf the atom densityZ the atomic numbey the atomic mass,
andE is the energy.

The XAS intensity depends on the experimental gegnand is described by the Lambert
Beer’s law for absorption (Equation 2-26), while fluorescence intensity contains extended

terms due to the detection of the core hole rafjlby fluorescence (Equation 2-2%).

I, = lge”#(EXd (Equation 2-26)
=19 22 () \[1—e_[”t°t(E)+” rlE1 K ]} (Equation 2-27)
A1 oy (E)+ ot [E 1 )

Where |; is the transmitted intensityly the initial intensity, u(E) the absorption coefficientl the sample
thickness,I; the fluorescence intensity, the fluorescence efficiencylQ the solid angleE; the energy of

fluorescent X-rays, ang,(E) andu(E) is the element and total absorption coefficiergpeetively.

The X-ray energy is further transformed into thevevaectork due to the wave-like behavior
of the photoelectrons (Equation 2-28). The EXAFSillzions are plotted versus the wave
vector to analyze the local atom environment. Mweep the oscillations are normally

56, 58]

weighted byk? or k* for amplificationt

_ [8me(E-Eo
k= |2 e\= =0/
h2

Wherek is the wave vectom.the electron masg the X-ray energyk,the energy of the core level, ahds the

(Equation 2-28)

Plank constant.

The EXAFS signal is normalized to one single absonpevent, which includes the

absorption coefficient of the isolated atom withthet presence of near neighbors (Equation
2-29). Finally, the EXAFS equation (Equation 2-8@kcribes the signal quantitatively and is
used for modeling in various software programs. $hattering amplitude and phase-shift
functions can be calculated by e.g. the FEFF progva determined by model compounds.
The Fourier transform of the wave vector into thstahce facilitates the separation of the

frequencies and the investigation of the numbenaifhbors, their distance, and disorder.
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This detailed physical description fails in theioegof low wave vectors and thus, XANES
cannot be evaluated with the EXAFS equafibri®

_ (k)= po (k)
X(k)_T(k())

2Rj 5 2
- -2k“o*
NiS2fi(Ke Alk) g™ 7]

X(k):z I~0 ')

. 2
J kR

(Equation 2-29)

sifaR; +;(k)]|  (Equation 2-30)

Wherey(k) is the EXAFS,u(k) the experimental absorption coefficiept(k) the absorption coefficient of the
isolated atomk the wave vector, the sum ovieatomic shellsN, the coordination numbe(ﬁ)2 the amplitude
reduction termfj(k) the scattering amplitude functioR, the distance between the atori) the photoelectron

mean free pathi’is the disorder in the distance or the Debye-Wddetor, andj(k) the phase-shift function.

The X-ray absorption process takes only place wiratcupied states are available for the
transition. Therefore, XAS probes the density opgnstates near the Fermi level that is in
contrast to X-ray photoemission spectroscopy, whéee density of the filled states is
analyzed. For instance, the Pf édge at 11.564 keV represents the transition 2p 50
and 5d,, that is the white line in XANES. Especially for alin Pt particles, only the
2ps2 — 5052 transition contributes to the absorption edgeabse the 5¢b states are fully
occupied by the band narrowifig. Thus, Pt k edge spectra exhibit the information on the
density of empty d band states in the valence badditionally, XANES is sensitive to the
orbital hybridization when molecules like hydrogen oxygen adsorb on the metal or the
crystal-field is changed by an altered coordinatibime 1s orbital of hydrogen or rather the 2p
orbital of oxygen are mixed with the d levels ofdPd alter the white line area and intensity,
as well as the edge energy. The appearance ofdgeefeaks indicate the presence of highly
localized electronic states that correlate with thgbridization and finally, with the
coordination chemistry. XANES of model compound<ilieate definitely an almost

quantitative analysis by the determination of vatestates ratid3> >

2.3.3 X-ray Photoelectron Spectroscopy (XPS)

The chemical composition of the metal particles gredGaN surfaces was investigateditu
by XPS (ISISS beamline, BESSY II, Helmholtz-Zentr@&®rlin, Germany). Small spherical,
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large cubic, and large cuboctahedral Pt partictes-candp-type GaN (Ga-face and N-face
n-type) were analyzed during the temperature-prograch reduction in vacuum and
hydrogen at temperatures up to 800 K and duringxigation with oxygen at 725 K. The as-
prepared samples that were treated with the oxpigsma were used directly for thresitu
reduction experiments, while the samples were redlax situin hydrogen at 773 K for 3 h,
transported to the beamline in nitrogen atmosplaerd,oxidizedn situ during the oxidation
measurements. Additionally, a Pt foil was analyzdtér the treatment with the oxygen
plasma and was used to compare evolved Pt spddies foil with that of the particles. Core
level spectra of Ols, N1s, Cls, Pt4f, and Ga3d wegeired with the constant photon energy
of 270 eV, which corresponds to the fixed penairatdepth of 0.8 nm, providing high
surface-sensitivity. The escape depth was incretms&d nm at the photon energy of 850 eV
to compare the Pt species on the surface and ipedelayers. The reduction of the
photoelectron scattering at high pressures wasigedvby the differentially pumped
electrostatic lens system. The base pressure ofetietion chamber was “{@nbar, which
leads to the contamination of the sample surfacexiygen, water, carbon, and hydrocarbons.
The gas pressure was adjusted to 0.5 mbar duningjtu experiments. The quantitative
analysis was performed with the CASA XPS softwand peak positions, line widths, and
relative peak areas were evaluated. The fittingupaters were optimized after the Shirley
background subtraction and Pt4f core level spesttee analyzed using the Doniach-Sunjic
asymmetric functions, the fixed spin-orbit coupliofg3.3 eV, the Pt4f.,:Pt4f;, ratio of 3:4,
and a full width at half maximum of 1.0 £ 0.1 e\ 1l Pt species. The relative fraction of the
metallic Pt species was monitored during the théreduction, the reduction with hydrogen,
as well as during the oxidation. The compositiorihef Pt particle surface was compared for
the different sizes and shapes of theand p-type GaN samples. More experimental details

are specified in Chapter 4.

XPS is generally applied for the surface studiesabid materials in heterogeneous catalysis,
where the elemental composition, phase dispersiath,electronic properties are probed with
high surface-sensitivity. The photoemission prodedsased on the photoelectric effect that
emits photoelectrons from the core levels (Figw&2R The kinetic energy of the ejected
photoelectrons is dependent on their mean free, pdiflch determines a maximal surface-
sensitivity of 0.5 nm at the kinetic energy of 30 @Figure 2-15§°” The penetration depth

can be altered by changing the electron kineticggner the angle between the sample

surface and the detector.
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Figure 2-15. Electron mean free path versus the electron kinetiergy. An optimal surface-sensitivity of

0.5 nm is observed for the kinetic energy of 50%V.

The excitation of the sample by X-ray photons redsacore level photoelectrons facilitating
the information on the chemical environment of @ah@m. In contrast to the excitation with X-
rays in XPS, ultraviolet irradiation leads to theotion of photoelectrons from valence
orbitals and the element bonding or work functienprobed (ultraviolet photoelectron
spectroscopy, UPS). Additionally, the Auger effextcurs, which results in secondary
photoelectrons with a fixed and low kinetic ene(gigure 2-12 (c)). The Auger effect is the

basis of the Auger electron spectroscopy (AES)ithased for elemental analysis.

The XPS setup that was used in this work contdiassynchrotron source, which is focused
onto the sample surface (Figure 2-16 (a)). The smspmounted into a quartz glass holder
between two metallic plates, which exhibits thec&leal contact between the spectrometer
and the sample. For heating, the sample backsideimadiated with a laser. After X-ray
radiation, the emitted photoelectrons are diregteala hemispherical energy analyzer, which
filters the electrons regarding their kinetic ernefy the application of a particular pass
energy®!

The electron kinetic energies are measured witheetso the Fermi level of the detector due
to the electrical contact (Figure 2-16 (b)). Theref the work function of the spectrometer

has to be considered in the evaluation of the lewe binding energy (Equation 2-3%).%?
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Figure 2-16.lllustration of (a) the XPS setup components lith quartz glass holder, the laser heating, and the
hemispherical analyzer. (b) The electrical conthetween ann-type semiconducting sample and the

spectrometer is provided by the energetic alignroétite electronic band structure.

Ekin =hv = Ep — @gpec (Equation 2-31)

WhereE is the electron kinetic energly the photon energyE, the core level binding energy, ade,..the

work function of the spectrometer.

When a wide bandgap semiconductor is measured X¥#8, sample charging may occur,
which originates from the minor electron condudsivthat cannot compensate the core hole
after photoemission. Thus, the remained positivdemg@l decelerates the outgoing
photoelectrons, which results in a lower kinetiemy and simultaneously in a higher binding
energy. The charging effect can be confused witbhamical shift, leading to wrong
interpretations of the spectra. In the case ofgihgr all core level spectra are normalized to a
reference compound that can be the Cls [f&akn this work, metallic contacts were
evaporated onto the GaN surfaces to ensure théerieééccontact with the detector and
charging was not observed.

One important parameter for the analysis of thepdasnby XPS is the chemical shift of the
core level binding energy. A shift to higher energis expected with an increasing oxidation
state, because the remained electrons in the dxatitan are more attracted by the positively
charged nucleus. Theoretically, the frozen orbitatlel (Koopmann's theorem) is applied for
the photoemission process, which defines similaitalrenergies before and after the removal
of one core level electron. But this is not trueréality due to the appearance of relaxation
and secondary electron emission processes. Comggquo states contribute to the core

level binding energy, the initial and final staté an atom with N and N-1 electrons,
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respectively (Figure 2-17). The chemical shift irdgs the binding energies of both states and
the initial state can overwhelm the final stateha other way round, which leads to different
interpretations (Equation 2-32). As a result, tirapte ESCA (electron spectroscopy for

chemical analysis) approach cannot be generalirealifphotoemission experiments®!

Initial state Final state

= /

Photoemission

_rhotoemission +
Atom Core-hole atom
N electrons N-1 electrons

Figure 2-17.Scheme of the initial and final state of an atafolke and after X-ray photoemission.

Eh CEf (N-1)-E(N) (Equation 2-32)

WhereE, is the measured core level binding enekg¢N-1) andE;(N) are the core level binding energies of the

atom with N-1 and N electrons in the final andialistate, respectively.

The surface core level shifts (SCLS) originate fah@ difference of the initial and final state
and they describe electronic differences of buld aarface atoms. Bulk atoms are able to
compensate the core hole after photoemission, wihiée atoms on the surface cannot
compensate the positive charge. The distributionthef electrons in localized d orbitals is
crucial for the description of the binding enerdpfts. SCLS to higher energy occur typically
for metallic surface atoms with less than a hdliédi d band, while shifts to lower energies
appear for metals with more than half-filled d aki®® The shift to higher binding energy
was observed e.g. for cesium atoms on the surfadetlf®e quantity of the shift could be

estimated by the Born-Haber cycle (Figure 2/38).

>
g Equivalent-cores
5 Z atom (Z+1) approximation Z+1 atom
core-ionized valence-ionized
Z+1 atom
Z atom Z+1 metal
Z+1 impurity
IAEb in Z metal
Z metal

Figure 2-18.Born-Haber cycle for the photoemission proces# wie atomic numbeZ, the cohesive energy
E.on the core level binding energy of the free atBglfree atom) the ionization potentiak;s, the solvation

energyEqissow @and the core level binding energy of the metal
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Additionally, adsorbate-induced SCLS of transitioretals are explained by the dominant
final state effects. The adsorbate-induced electostraction from or donation into the d
band of the metal or adsorbate-induced electroaxasion was supposed to change the
binding energy of the metal core level. Due to @@lomb interaction between the valence
and the core level electrons, the effect of adsbnm®lecules that interact only with the
valence orbitals can be detected with XBSA larger positive shift in the binding energy of
Pt was observed when CO is adsorbed in comparisbpdrogen, because CO interacts more
intense with the Pt d orbitaf§! This shift is caused by the final state effecterenCO is
weaker bonded to the excited Pt atom, which is atediy equivalent to the Au atom. Similar
adsorbate-induced SCLS were also found for CO andjem on PH® and for various
electronegative and -positive adsorbates dff/Pt.

Small metal particles below 1-2 nm show bindingrgpeshifts to higher values compared to
the bulk metal. Such shifts are assigned to thequmced final state effect, where the core
hole cannot be screened anymore by the conduclectrens in the small particle. In
addition, an initial state effect contributes paiyi to the observed shift, which originates
from the zero energy reference. The zero pointsdfethe Fermi edge of the main ingredient
like the support and not to the Fermi level of 8mall metal particle. Due to the lattice
contraction in small particles, a broadening of tuge level peaks can be observed with
decreasing particle size. The core hole can be rgliynebalanced by electrons from
neighboring atoms (polarization by extra-atomicaxation), which can be atoms from the
particle itself or form the support. Therefore, thaticle-support interactions determine both
the direction and the quantity of the core leveting energy shiff? 6870

Dominant final state effects lead also to shakeand shake-off peaks, which may appear
additionally to core level peaks in a spectrumighér binding energi¢8! In this case, the
photoelectron loses energy to electrons, which exeited into higher empty bonding
(shake-up) or nonbonding (shake-off) states. Otiterst peaks can be detected as well,
originating from misaligned instrumental componers from high pressures, where
additional photoelectrons are formed by the X-regriaction with gas molecul&8. %%

The investigation of the core level spectra at &tied temperatures or in gaseous environment
at high pressures reveals the clarification of fss<-ray-induced damage or changes of the
sample, which may result in wrong interpretatidas: example, the reduction of Au particles
supported on Tipwas observed in oxygen atmosphere, where the Ireduned formation of
oxygen vacancies on T¥Xaused a subsequent oxygen spillover from thecpestto the

support’ 2

71



Chapter 2

The core level peak intensity in XPS is among aharfunction of the X-ray photon
penetration depth and thus, of the probed atom emuration (Equation 2-33)!
Additionally, the ionization cross-section is indkd that describes the probability of an
electron for the emission process and varies fterdint atoms.

o Tz

| = Fy S(Ex Jo(Ek )_[ n(z)e”(Ek X0s8 4, (Equation 2-33)

0

Wherel is the peak intensityfy the photon fluxS(E) the detector efficiency or transmission functietk,) the

cross-sectiom(z)the atom concentratioathe X-ray penetration depth(E,) the electron mean free path, ahd

the take-off angle (angle between the photoelearahthe surface normal).

The line shape of the core level peaks containghalty the convolution of the Gaussian
function with Lorentzian contributions, which modkeé measurement process and the natural
line shape, respectively. Additionally, the lineymsnetry becomes more important for d
metals like Pt due to the increased density oftela states at the Fermi level. The
asymmetry originates from the intrinsic anisotragythe photoemission process, which is
induced by the many-electron interaction of condunrctelectrons with photons that are
formed from filling the core hole with electronshd Doniach-Sunjic asymmetry is used as an
equivalent to the Lorentzian function for the péitting of the Pt4f core level spectra in this
work (Equation 2-34> ™

Y(&) D%co{% + (1+ a)tan_l[iﬂ (Equation 2-34)

f2r2) 2

WhereY ) is the line shapd; the gamma functiony the asymmetry factok, the relative energy referred to the

maximal energy without the lifetime broadening, arisl the natural line width.

The quantitative interpretation of the core leveédra requires the chemical and physical
understanding of the sample during photoemissi@hraadeling of the spectral envelope by
an exact peak fitting. One peak may consist of owariunderlying lines resulting from
different chemical states of the probed elementamRaters like the peak width and relative
intensity ratios are set to fixed values to ditiet fitting for analysis. Additionally, a suitable
background correction has to be applied that afises energy loss processes and inelastic
scatterind” In this work, the Shirley background was useith an iterative algorithm for

subtraction.
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The high-pressure XPS setup of the ISISS beamtiBESSY |l contained a synchrotron soft
X-ray beam with a high photon flux of up to 6 x*4photons ¢ and a spot size of ca.
150 x 80 pum, which hit the sample surface with mgieof 55° (Figure 2-19§!

X-rays
Incidence angle 55°
Experimental cell y P Hemispherical
Pvac = 107 mbar i electron analyzer

Preact = 0.5 mbar

\ p=10°mbar

Electrostatic lenses
Apertures

Quartz glass
sample holder

‘, ; 4
. ; N |
R ]\ \lﬁ\\j \} %Differential pumping stages
Gas inlet ‘\ ’ ) p =104-108mbar
Nozzle

Conic aperture
Figure 2-19.lllustration of the high-pressure XPS setup ati81&S beamline (BESSY I

The quartz glass sample holder was mounted diractisont of the conic aperture (nozzle),
which transferred the emitted photoelectrons ihi® differentially pumping system (Figure
2-19). An arrangement of electrostatic lenses veasl dor focusing the photoelectron to the
hemispherical analyzer (SPECS) (Figure 2-20). ®atip configuration was essential to
minimize the contributions of the photoelectron terang on gas molecules at high
pressure&® 7" "®1The sample could be transferred into the experiat@hamber via a load-

lock system, providing a base pressure of iibar inside the experimental cell.

Emitted

Differential pumping
photoelectrons

P1. > P2

| L I_|
Sample - — \ \I\
\ Electrostatic

focusing

X-rays Apertures

Figure 2-20. The principle of focusing the emitted photoelectrdy electrostatic lenses in the differentially
pumping stage’$®!
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The Pt4f core level spectra were used in this stadsvaluate the surface composition of the
particles in dependency on the electrical dopinthefunderlying GaN. Therefore, the present
Pt species in the spectrum had to be carefullygassi to the right Pt oxidation state, which
was performed on the basis of previous XPS resddsious Pt catalysts and single crystals
were investigated and different Pt species werernvks that were e.g. metallic Pt, electron-
deficient Pt, Pt with adsorbed oxygen atoms, andizad Pt with oxidation states of BPt"*
(Table 2-6)"°%"1 The Pt4f core level spectrum contains generallgeak doublet, which
results from the spin-orbit splitting with the diem momentum of j=1+s. The doublet
describes the Pt4f and Pt4f, peak according to the orbital momentum of | = 8 thee f
orbital and the electron spin momentum of s = AHe intensity ratio for Pt45:Pt4fs, is 4:3

due to the multiplicity of 2j + 121
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Table 2-6.Core level binding energies of the Bidpeak for various Pt species of different samples.

Species Pt4f, | eV Sample Treatment
P’ 71.2 Pt(111 179,80
71.2 PtO,-Pt(111) 1 bar @, 900 K™
71.2 PtO,-xH,O-Pt(111) HNO;, 370 K™
71.€ 30wt.% Pt/C Commercig®!
71.0 1 wt.% Pt/TiQ nanowires Impregnation (4 nm P}’
71.1 P/SiOy/Si(001) O, plasma (3 nm P
71.0 1 wt.% Pt/Ce@ Combustioff*!
71.0 1 wt.% Pt/Ce@ 1 bar air, 1073 R¥
70.7 Oxidized Pt foil HNO;, 298 K®!
70.7 Oxidized Pt foil Electrochemical oxidatidfr!
PE* 71.4 1 wt.% Pt/KL zeolite Impregnatioff”
71.9 1 wt.% Pt/KL zeolite lon exchang@®
P+-Oags 71.2 O.gsPt(111 10° mbar G, 29¢ KI'™!
71.8 Oxidized Pt foil HNO;, 298 K]
71.6 Oxidized Pt foil Electrochemical oxidatidf’
P 72.% PtC -0l
72.€ 30wt.% Pt/C Commercig®"!
72.4 1 wt.% Pt/TiQ nanowires Impregnation (3.7 nm P
72.2 Pt/SiQy/Si(001) O, plasma (3 nm P
73.4 Pt/ZrO,/Si(001) O, plasma (3 nm P
71.9 1 wt.% Pt/CeQ@ Combustioff*
72.9 1 wt.% Pt/Ce@ 1 bar air, 1073 R¥
73.4 Oxidized Pt foil HNO;, 298 K]
73.3 Oxidized Pt foil Electrochemical oxidatidf’
PP /P 73.€ P1-PtC,/Si(100 Depositio®”!
P 74.1 Bulk PtC, 17
74.4 Pt(OH)-Pt(111) Electrochemical oxidatidf’
745 30 wt.% Pt/C Commercidf"!
74.2 1 wt.% Pt/TiQ nanowires Impregnation (3.7 nm Py
73.8 Pt/Si0/Si(001) 0, plasma (3 nm P!
74.5 Pt/Zr0,/Si(001) 0, plasma (3 nm P!
74.3 1 wt.% Pt/CeQ@ Combustioff”
74.6 1 wt.% Pt/Ce@ 1 bar air, 1073 R¥
74.2 Oxidized Pt foil HNO;, 298 K
74.1 Oxidized Pt foil Electrochemical oxidatidf’
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2.4 Catalytic Performance

2.4.1 Ethene Hydrogenation as Probe Reaction

The catalytic activity of GaN-supported Pt particleas tested in the hydrogenation of ethene
to ethane, which shows a high sensitivity towanmtsls amounts of metal. As ethene reacts
with hydrogen solely on metallic surfaces, the tieacoccurs only on Pt and not on GaN,
facilitating the study of charge transfer effecedvieen the support and the metal. The small
sample area of the GaN substrate with an edgeHenfg0.9 x 0.9 cm limits the overall Pt
coverage and thus, the catalytic yield on ethahe.r€action conditions were adjusted to gain
a high reaction rate and the reaction setup wagrks to increase the ethene conversion to
detectable levels. The kinetic studies were peréafat moderate temperatures of 335-355 K
and the reactant gas mixture consisted of an etteehgdrogen ratio of roughly 1 to 60 with
8 mbar ethene and 470 mbar hydrogen balanced withgen to atmospheric pressure. The
excess of hydrogen was used to obtain a fast hgdedgn rate according to the assumption
of reaction orders of one for hydrogen and a negatider for ethen&®°%! Moreover, a high
hydrogen concentration was supposed to prevergéattele deactivation by the deposition of
carbonaceous contaminants during reaction. Theadicth of the Pt-GaN catalysts between
each temperature-dependent kinetic measurementessestial to get reproducible results.
Therefore, the activated Pt-GaN catalysts couldctwmpared for then- and p-type GaN
support at different temperatures with and withtbetoptical excitation of the support.

The following procedure was typically performed five activation between each kinetic
experiment. Hydrogen (1 bar) was continuously de#gover the catalyst at 425 K for 6 h
before cooling down the reactor to the reactionperature (335-355 K). The reactant gas
mixture was continuously introduced until a consthow was observed. Afterwards, the
reactor setup was switched to batch-operation aectcumulation of ethane was monitored
over the reaction time (detailed setup descripticsection 2.4.2).

The kinetic experiments under irradiation of theNGaupport were performed with the same
procedure, and only the optical source was switahedluring the recycling mode. A UV
lamp (Benda, 6 W) with a constant wavelength of @8dwas used to illuminate the Pt-GaN
catalysts through a UV light transparent windowe TV light-induced decomposition of the
gas molecules was not detected at 254 nm, whidhtdiéed the assignment of the different

catalytic reactivity with and without illuminatioio the effect from the- andp-type doping
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of GaN. The dissociation of ethene and hydrogethbyradiation with high-energy photons
was observed at wavelengths of 193 nm and 85 rspecgively® %4

To verify the catalytic conversion of the blank Galrfaces in comparison to the samples
functionalized with Pt particles, reference surfaoén- andp-type GaN were prepared by
exactly the same preparation method as the Pt-@aiples. PVP (1.4 x 10mol) in ethanol
(50 ul) was spin-coated onto GaN and the sample® Weated for solvent evaporation,
treated with the oxygen plasma, and finally he@tedacuum. The reference samples did not
show catalytic activity towards the hydrogenatidrethene. However, a small concentration
of ethane was detected in the setup even withousample, which was maximal 3% of the
nanoparticle activity. This background reaction wabtracted from the Pt-GaN samples for

all data shown within this work.

The conversion of ethene to ethane was evaluated &thane accumulation curves during
recycling of the gas mixture (Equation 2-35). Tlaatytic activity was determined by the
TOF of accumulated ethane molecules under differemonditions (ethene conversion
<10%) (Equation 2-36). The number of accumulatdthre¢ molecules per second was
calculated by the reaction rate that was estimdtech the slope, where the ethane

concentration was plotted versus the recycle tiagpétion 2-37).

d(CoHe)
X(CoHa); = L (Equation 2-35)
b dCoHg ) +dCoHa);
N(CoH
TOF = N(C2He Jace (Equation 2-36)
NsurfacePt
N(CoHg)aee =VRINA With = do{CoHe) (Equation 2-37)

dt
Where X is the conversion of ethene,the concentration of ethane or ethehé¢he recycle timeTOF the
turnover frequencyiN(CHg)acc the number of accumulated ethane molecules pidg gace rithe Nnumber of Pt

surface sites per sampW, the recycle reactor volumethe reaction rate, and, is the Avogadro constant.

The temperature-dependent TOFs allowed the detatibm of the apparent activation
energies by means of the Arrhenius equation (Egquati38). Mass transport limitations by
the film diffusion of the gas molecules from thesgzhase onto the metal surface were not

observed within the used temperature range of S86K3
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~Eaapp
TOF = Aye RT
E
In(TOF) = In(Ay) - %% (Equation 2-38)

WhereTOF is the turnover frequency, the pre-exponential factdE, ., the apparent activation enerdythe

universal gas constariithe temperature, and is the slope.

The hydrogenation of ethene to ethane (2-1) is atlynused as a model reaction for the
understanding of the hydrogenation of olefins onaingurfaces, as well as for the testing of

model catalysts in heterogeneous catal3is.

CoHg +Hy — CoHg 2HYgg =-137kdImol™t (2-1)
Although ethene hydrogenation is one of the simpteactions, the relevant mechanistic
pathways are still unclear. Various experimental treoretical approaches were investigated

in the last 55 years to elucidate the key interaiedi and adsorbed hydrocarbons on Pt crystal
surfaces and Pt nanoparticles (Table #2752 0. 94-118]
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Table 2-7.Summary of the experimental and theoretical rexaflthe last 55 years, showing the reactive sarfac
species, key intermediates, and rate-determinimgpsstin the hydrogenation of ethene on Pt catalysts

(chronologically ordered from 1956 to 2011).

Sample Method Feature results
Pt/suppol@e) Kinetics Irreversible step: ,Hs* + H* — C,Hg*
Pt/AL,OS IR® 7-C,H, as key intermediate (2 K)
Pt(1117 TPD® T < 30CK: di-5-C,Hy4, T > 30C K: *CCHj,
O/Pt(111) T < 250 K: die- andn-C,H,, T > 250 K: decomposition ¢tiH,0, CQ,)
Pt(1115” LEED/TDS? *CCHj; as spectator
Pt(111F7 TPD® C,H, self-hydrogenation (150 K)
H/Pt(111) Lower barrier for GH, self-hydrogenation (150 K)
*CCHa3/CH, as active species
Pt/ALO, ! IR® *CCHjz at 300 K
Pt(111F% Kinetics *CCH; (65 mbar GH,, 65 mbar H, 300 K)
(5%20)Pt(100) More *CCH; (65 mbar GH,4, 65 mbar H, 300 K)
*CCHg3; as poison
Pt(111F7 Theory’ rds: GH,* + H* — C,Hs*
*CCHjs as spectator
Pt(110M%! EELS9 di-o- andrn-C,H, (93 K)
H/Pt(110) Mainly n-C,H, and physisorbed #, (93 K)
Pt(111}" Theory” Decomposition: CbCH,* — *CHCH; — *CCHz — *CHCH, —
*CHCH — *CCH — *C, — 2C*
K/Pt(111) Stabilization of H* and H-rich species
Pt(111}%! Theory" di-6-C,H, most stable adsorption mode
Pt(110) di-o- andn-C,H, stable adsorption mode
PtiCabOS{*% Kinetics T < 272 K: Noncompetitive adsorptic
T > 273 K, GH, < 95 mbar: Competitive adsorption
Irreversible step: Hs* + H* — CHg
Pt(112"% ™ SFQV 1-C,H, as key intermedia
*CCHpg; as spectator
Pt(111}%] IRAS™ *CCHj, for H-transfer to physisorbed,B, (< 200 K, vac)
Pt(111y° IRAS® di-o- andn-C,H, (112 K, vac)
CCHy/Pt(111) Lessn-C,H,4 (112 K, vac)
Pt(111M°7 Kinetic<” Physisorbed ,H, as key intermediat
H/Pt(111) More physisorbed §H, on surface
*CCHjs as poison
(1x2)Pt(110"%  Calorimetry  *CCH,; most stable species (= K)
Pt(111M% Theory” *CCHj destabilization on lo-coordinated site
PH/SICM! Theory™ rds:C,Hs* + H* — C,Hg

79



Chapter 2

Pt(111y4 IRAS® di-6-C,H, and *CCH, (1 mbar GH,, 65 mbar H, 220-320 K)
CCHy/Pt(111) only *CCH;z (1 mbar GH,4, 65 mbar H, 220-320 K)
Rate independent of é-C,H, and *CCH
Pt, and P2 Theory” rds:C,Hs* + H* — C,Hg
Pt/ALOLM IR® C,Hs* as key intermediate (N, flow, C,H, pulses, 432-473 K)
Pt/supporf-otd XANES Small particles: *CCEI(300 K, 250 mbar §H.)
Large particles: d&é- andr-C,H,4 (300 K, 330 mbar §H,))
Pt/SBA-15PHH] IR® Small particles: ¢6-C,H,, n-C,H,4, and *CCF; (29€ K, atm
Large particles: less-C,H, and mainly *CCH (298 K, atm)
Pt(111}! IRAS™ di-6-C,H, (90 K)
N/Pt(111) di--andn-C,H, (190 K)
Pt(1111"] Theon™” *CCH,; most stable speci
Pt(211) *CCHs; most stable species
Pl Theory? *CCHs (33 mbar GH4, 200 mbar H, 336 K)
Fast steptt-C,H,* + H* — C,Hs* — CHg
No single rds

@ Silica, silicalumina, and alumina as suppor® Infrared spectroscopy® Temperatur-programmec
desorption.¥ Low energy electron diffraction and thermal desiorp spectroscopy® 1.9 nm Pt particles.
® Atomic superposition and electronic delocalizatiovolecular orbital theory® Electron energy loss
spectroscopy™ First-principle calculations and hierarchical risdale methodology"” Extended Hiickel
calculations. 9 Vibrational sum frequency generation spectroscoffyinfrared reflection absorption
spectroscopy” Reactants deposited by molecular be&fMonte Carlo simulations™ Density functional
theory. ©0.6-3.0 nm particles” 1.7-7.1 nm particles.? First-principle calculations and hierarchical

multiscale methodology.

The adsorption of ethene on Pt was found to beitsen$o the reaction conditions and three
adsorption modes were observed, thes-dithe n-bound, and a weakly adsorbed or
physisorbed ethene (Table 2-7). Calculations rexktiat the ds-bound ethene species was
the most stable adsorption geometry at low tempegaton Pt(111), while both the gli-and
n-bonded ethene were stabilized on the more opdacsuPt(110) (Figure 2-21f?

“ C,H, molecule

O Pt atom

{ I ]
Ny NS

di-o-bound -bound

p—

Figure 2-21.Adsorption geometries of ethene on the (a) Pt(aht) (b) Pt(110) surface at low temperaftffe.
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The adsorption of ethene occurs via attractive eapllsive interactions between the d
orbitals of Pt and the HOMG, and LUMO, z* of ethene (Figure 2-22Y°? The free ethene
contains sp hybrid orbitals that change to *sprbitals due to adsorption. The altered
hybridization is true for both the @i andn-bound ethene, but it is more pronounced for
di-c-bonded ethene. Thus, the energy gap between thdingpand antibonding orbitals of
ethene becomes smaller. The interaction of ethetieRt includes the two-electron attraction
(filled Pt d orbitals and empty ethen® orbital, as well as empty Pt d orbitals and ogedp
ethener orbital). Simultaneously, the four-electron rejutsoccurs between filled d orbitals

of Pt and the occupiedorbital of ethene.

~~~~
~

(-’:: ________ b b o g 3
e & - 2 vouo

Pt C,H, C,H,
([Xe]4f'45d%6s™) (sp® hybrid orbitals) (sp? hybrid orbitals)

Figure 2-22. Relevant orbitals for the ethene-Pt interactionirduthe adsorption of ethene onto the Pt surface
with the two-electron attraction and four-electrepulsion between empty and occupied Pt d orbéatsthen
(HOMO) andr* orbital (LUMO) of ethend™®?

After the adsorption of ethene and hydrogen oneoRh surface, the next step includes the
reaction of the adsorbed ethene with the surfacelnmgdride (adsorbed in 3-fold hollow
sites), forming the surface ethyl species (2-2, ster marks the adsorption onto the Pt

surface).
di-o/m-CoHy +H" - CoHg (2-2)

Considering one single active site on Pt, the foionaof the surface ethyl may occur via the
H migration onto adsorbed ethene or via the etiesertion into the Pt-H bond. In the case of
ethene insertion, the coplanar arrangement of the,Rand C atoms leads to the formation of
a four-center transition state and finally, to tugface ethyl (Figure 2-23 (a)). The involved
orbitals in the transition state consist of th&,Rt2 orbital, the s orbital of H, and theorbital

of ethene, which leads to repulsive interactionsvben H and ¢ as a result of their
symmetry, preventing the C-H bond formation (Fig@r@3 (b)). The mixing with the*
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orbital of ethene enhances the attractive intesastithat facilitates the HpCbond

formation!**®

Olefin Ethyl

formation

i
i
i
%.
N\
I\

O
.
»TL
T
——
T
T
-
T
/
/"‘QZI

T

(b)

O <
dy2 2
Transition state Pt-C bond orbitals
orbitals

Figure 2-23.Schematic illustration of (a) the ethene insertido the Pt-H bond via a four-center transiticatet
for the formation of the surface ethyl and (b) iteolved orbitals**!

The description of the orbitals during the firsdhygenation step becomes different in the
case of a Pt surface with two or more vicinal Bivad. The transition state shows a five-center
complex with a long gH bond that is stabilized by a second Pt atomuffe@-24 (pale grey
highlighted orbitals)) In addition to the bondingbitals, the antibonding orbital between g
and H contributes to the stabilization of the tiams state. The bonding orbital between Pt
and G does not change its energy by the transition $tateation (Figure 2-24 (dark grey
highlighted orbital)}?*!

In the next elementary step, the surface ethyltseaith the Pt hydride to ethane that desorbs

from the surface (2-3).

CoHs +H' = CyoHg (2-3)
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Energy (eV)

| :
=23 t Pt Pt Pt
R (CCH)3/Plyg
all (d)

Figure 2-24.Orbital diagram for the hydrogenation of ethenettoyl on an ethylidyne-covered Pt surface with
(a) the surface ethyl, (b) the free ethyl radichatte transition state, (c) the five-center traositstate of the
ethyl formation, and (d) the ethylidyne-coveredsiface?®

In an early kinetic study, the first hydrogenatgiap was found to be irreversible, which was
in contrast to a later kinetic investigation, whére second hydrogenation step was proposed
to be irreversiblé® 1% Moreover, previous calculations revealed thatfthrenation of the
surface ethyl on Pt(111) was rate-determining, evtgicent theoretical studies on Pt/S&nd
small Pt clusters showed the slowest rate for th@rdgenation of the surface ethyl to

ethanéQQ, 110, 112

IIn the most current theoretical study on Pt, thihars proposed that there is
no single rate-determining step in ethene hydrog@maand both hydrogenation steps
contribute to the overall reaction r&t¥! However, the surface coordination of the adsorbed
ethene on Pt was found to play a crucial role erémaction kinetics. Both the ethyl species
and ther-bonded ethene were proposed to be the key inteatesdand the reaction rate was
found to be independent on the concentration ofltkebound ethenl?!: 94 104 111 113, 118 o
coadsorption of oxygen, hydrogen, and/or nitrogeama on the Pt surface promoted the
concentration on the weakly bound ethene that eaindx-bonded or physisorbed speci&s.
9.107. 1181 contrast to that, hydrocarbon fragments likeytilyne were found to destabilize
the n-bonded ethene, resulting in lower concentratitfisThe concentration of the di-and
n-bound ethene, as well as the ethylidyne on tteufaice of nanoparticles was dependent on
their particle size and particles below 1 nm showetkly the ethylidyne species on the

surface at room temperature, while particles ofrz¥Bexhibited additionally to ethylidyne the
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di-o- andzn-bonded ethen&* **°| arger particles of 7 nm contained again mainhykdyne
and less amounts af-bound ethene. These findings were investigatecKANES and IR
experiments in two grouf$* ***! who tested different particle size ranges. Cousrtly,
ethylidyne was observed on small and large pasticlesignificant concentrations, and the
di-o- andn-bonded ethene was only detected on moderate-paidles. This is inconsistent
with theoretical calculatiof§®, where a destabilization of ethylidyne was fouoatcur on
low-coordinated sites that are present on smatigbes. A high ethylidyne concentration was
supposed to exist on large particles (> 7 nm) ¢latbit extended Pt facets, where ethylidyne
is much more stable. However, the particles comdistarious shapes and different fractions
of Pt facets, which alter the stabilization of tthes- and n-bound ethene and thus, their
concentration§

The decomposition of ethene and the formation lofletyne on metal surfaces as a (2 x 2)-
ordered overlayer (3-fold hollow sifé?ﬁ]) was observed in most of the studies that include
different reaction conditions, temperatures, ahee¢ partial pressures (Table 247)7 9599

101, 104109, 111, 114, 115, 17 WRthough a large number of studies were perforrfaedethene
hydrogenation, the role of ethylidyne is still uokyn, which may act as an active species, a
spectator, or a poison of active sites. From 1@®6g¢owerfulin situtechniques like SFG and
IRAS facilitated the detection of ethylidyne on Bt its concentration did not correlate with
the obtained reaction rate, which indicated etlyylelas a spectator specigs!®* 105111

In general, the decomposition of ethene on Pt(lddds to different hydrocarbon species that
dissociate further to adsorbed carbon atoms. Ehry# was proposed to arise from the
isomerization of the di-bonded ethene to ethylidene, which subsequentlydtegenates to
ethyldidyne (2-4J1°% 18 |n contrast to the isomerization of ethene, re@®®t calculations
suggested that the ethylidyne is formed via theydedgenation of ethene to vinyl, followed
by the re-hydrogenation to ethylidene, and the desgenation to ethylidyne (2-5)"!

However, the ethylidyne formation starts from tiesetoordinated ethene in both cases.

di-o-CyHy [T - CHCH3 DT - ccHa (2-4)

di-o-CoHy 0T = cHeH, Ot = cHewns oo - ceHy (2-5)

The change of the electron density of the Pt(1Lifpse by the insertion of K atoms resulted
in higher activation energies for the C-H and Cdbd cleavage, which led simultaneously to
the stabilizing of adsorbed hydrogen and hydrogem-garbonaceous specté¥! The charge
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transfer form K to Pt was supposed to yield to aarionic Pt-hydrocarbon bond and only

adsorbates were stabilized that could admit thathegycharge.

The hydrogenation of ethene to ethane on Pt seeims structure-insensitive, which resulted
in similar TOFs for e.g. supported PVP-protecteco@tticles with different sizes (5-9 nm)
and shapes (cubes, polyhedFst. Kinetic studies on various Pt facets showed coatgar
hydrogenation activities and hence, low-coordinaiiées were supposed to be the active sites
in ethene hydrogenation, because only these sieesqual for different metal surface¥!
However, an altered reaction rate was obtainedh®rhydrogenation of the surface ethyl to
ethane, when the Pt-ethyl bond strength variedufase heterogeneitiés® Consequently,

an alteration in the electron density on Pt mayngeathe kinetics in ethene hydrogenation.
The catalytic activity over Pt varies in a broasga with TOFs of 18-10* s*, which is
strongly dependent on the reaction conditions @&kB)!83 90 94 107, 111, 121-128]

For the ethene hydrogenation on Pt(111) at atmogppesssure, high temperatures (333-
385 K), and a @H4:H, ratio of 1:10, very high TOFs in the order of 21m* s were
determined?®! Lower TOFs in the range of 1-20 svere measured for Pt nanoparticles on
different support&® 12 128lEspecially, Pt particles that were capped witfiediint polymers
showed variations in their activity, which was tethto the altered interaction between Pt and
the polymer and thus, to the variation in availadatéve sites for reaction, while the intrinsic
activity remained the sant€® Pt particle arrays showed similar TOFs to comnadisci

synthesized supported Pt catalyt¥.

The activation energies for the hydrogenation bere to ethane range between 30 kJ'mol
and 67 kdmat for experiments that were preformed above roompteature and at
atmospheric pressure (Table 2-8). An increase iivaon energy from 40 kJ mol to

85 kJ mof* was observed for the reaction on Pt(111), whenstivéace was poisoned with
CO. In contrast to the Pt surface, the Pt nanaparéirray was found to be resistant against

CO poisoning, because additional active sites weadlable at the Pt-support interfdt@!
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Table 2-8.Kinetic results of various Pt catalysts at différeeaction conditions.

Catalyst Reaction conditions Kinetic
p / mbar T/K E./ TOF/ orders
CH, H, total kImol*  T/K st C,H, H,
Pt(111"" 13 26 14z 30C-37¢ 45 33z 6.8 -0.6 1.2
13 130 143 65
Pt(111)"*4 13 130 1000  400-523 40 400 90 - -
85@ 0.03%
Pt(111M™H 1.3 65 10C 20C-30C 37 - - - -
Pt(111)"°7 - - vac®  190-233 25 227 - -08 1.2
Pt(111)"* 100 900 1000  245-385 46 385 2000 - -
333 ~250
Pt foil™! 10C 90C 100C  27C-33t 33 332 90C - -
Pt arra(@11#% 124 13 13C 100C 31342z 43 40C 660 -0¢ 1.2
489 109
Pt arrayS® 13 130 1000  313-413 wy 300 g9 - -
567 119
Pt arra@*2®! 16 984  100C - - 29¢ 14¢™ - -
30"
PUSIOQM" 30 200 1000  318-366 67 - - - -
PUAILO; <260 >90 - - - 203 0.03 - -
Pt/CabOS™? 33 195 100C 22%-33€ 36 33€ 20 -04 11
PVF-Pt 13 13C  100C - 330 29¢ 50) - -
MCF-1721 3g¥ 6"
Polymer-Pt/SBA-151%
TTAB-P1 13 13C  100C - 42 292 1 - -
PVP-Pt 13
OA-Pt 20

@ Poisoned with CO | mbar)."™ Reactants deposited by molecular be' Array of 1% x 28 nm Pt island:

with interparticle distance of 100 nm on alumiffaPoisoned with CO (0.4 mbarf) Array of 28 nm Pt

islands on silica® Array of 25 nm sized Pt nanowires on siliArray of 15 x 50 nm Pt islands with

interparticle distance of 200 nm on silic& Initial rate. © Steady-state rate? 9 nm PVP-capped Pt
nanocubes (Pt:PVP = 1:289.5 nm PVP-capped Pt nanocubes (Pt:PVP = 1Y2@)5 nm polymer-capped Pt

particles.

The reaction order in ethene increased from negatialues at low partial pressures

(< 100 mbar) to zero at higher partial pressuresPisSiQy at 350 KI*2”) Consequently, the

reaction rate decreased with an increasing paptiessure of ethene (< 100 mbar). The

opposite was observed for the hydrogen partialspires, where the reaction rate increased
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with an increasing partial pressure at 350 K, te@syin a reaction order of 0.5 for hydrogen,
which led to the assumption of weakly adsorbed tgen and a competitive adsorption of
ethene and hydrogen on the Pt surface (Equatic®).2%3

r =kyKn py (1- O )Og (Equation 2-39)
Wherer is the reaction raték the rate constanky, the equilibrium constant for the hydrogen adsomptm, the

hydrogen partial pressure, aédis the ethene coverage.

Equation 2-40 defines a maximal reaction rate agtaene coverage of 0.5. Both lower and
higher ethene concentrations on the Pt surfacedMeald to a decreased catalytic activity. In
this work, the lowest tested ethene partial pressuss 8 mbar that corresponds still to a
higher coverage than 0.5. Additionally, the zerdeorreaction kinetics in ethene at high
ethene partial pressures indicated a limited ethewerage and all surface sites are not
accessiblé&?”]

In the most kinetic studies, the hydrogenation pagormed at low ethene partial pressures
and with excess hydrogen, which resulted in reacticders of -0.4 to -0.9 for ethene and
around 1 for hydrogefi® - 107 122

If a Langmuir-Hinshelwood mechanism is assumedh beactants have to adsorb onto the
metal surface. The competitive adsorption of hydrognd ethene was supposed to occur at
temperatures above 273 K and at ethene partialsymes< 95 mbar, which facilitate
Langmuir isotherms for the dissociative adsorptioh hydrogen and the associative

adsorption of ethene (Equation 2-40 and Equatida )3 103 107

oy = VKH PH
1+ Ky py +KePE

O = KEPE (Equation 2-41)

£ =
1+yKuypy +Kepe

Where®y and @ is the hydrogen and ethene coverdge,andKeg is the adsorption constant of hydrogen and

(Equation 2-40)

ethene, angy andpgis the hydrogen and ethene partial pressure.

All elementary steps are summarized in the competitioriuti-Polanyi mechanism, which

includes the stepwise hydrogenation of ethenerfasel ethyl and finally to ethane (2463”
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H2(9)+2 M- 2H

CaHy(g)+2 O - CoHE 26)
CoHZ +H [~ CpHz+2

CoHg +H' [ - CoHgg) +2

From the computational, spectroscopic, and kinegsults a reaction network is established
that shows a modified Horiuti-Polanyi mechanisnmg(ffe 2-25). Hydrogen is dissociatively
adsorbed onto Pt, while ethene adsorbs io-d&nd n-coordination. The slower reaction
pathway includes the decomposition ofodibound ethene and ethylidyne acts as a spectator.
The dominant pathway is the stepwise hydrogenatfonbonded ethene to surface ethyl and
ethané.l04’ 117, 118]

CH,=CH, CH4-CH,

......................... (i:H3
H2(|3—(|3H2 HZC|=CH2 HH (|:H2 r||
——
Pt surface i H
di-o-bonded m-bonded Ethyl
T
CH H cH H

Vinyl  Ethylidene Ethylidyne

Figure 2-25. The modified Horiuti-Polanyi mechanism for hydrogéon of ethene, which includes the
hydrogenation route to ethane via thébound ethene and the decomposition pathway tolidyimg via

di-c-bound ethene.

2.4.2 Batch-Operated External Recycle Reactor

The hydrogenation of ethene was performed in aéhbaperated external recycle reactor setup
that was especially designed to test the Pt-Gallysts with and without illumination
(Figure 2-26 (a)). Hydrogen and ethene were uset pirrification by passing oxygen and
moisture traps, while nitrogen was directly usedatance the gas to atmospheric pressure.
The gas mixture was adjusted with mass flow col@reland the reactants were mixed in the

tubing prior to the reactor. The reactor contaireedquartz glass window, which was
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transparent for UV light (Figure 2-26 (b)). An atizgh heating unit allowed for reactor heating
form the back side. The gas mixture passed theonpiomp that was switched on during
recirculation. The gas composition was subsequesmiglyzed with a gas chromatograph

(GC). The UV source was mounted above the readtmtow with a fixed distance of 10 cm.

(om0 7ers T )
x ) < —_—

/B4 v Inlet Lines Coated Quartz Glass Window
[

GC (FID
detector)

T
Outlet Lines

Pump Control

Figure 2-26.Image of (a) the reaction setup for ethene hydratien including oxygen/moisture traps, mass

flow controllers (MFCs), reactor, recycling pummsgchromatograph, UV lamp, and the control unitsttie

pump and temperature, and (b) the stainless steetar with the coated quartz glass window andimganit.

The flow scheme of the setup shows all connectammslines, and the electronically switched
six-port valve V-10 with the sample loop for thesgmading onto the capillary column
(Figure 2-27). The setup was filled with the reattgas mixture in continuous flow until a
constant concentration was achieved. The operatasichanged to recycle mode by closing
the valve V-8 simultaneously with switching thewalV-9 from the exhaust to reactor, and
the micro-pump was turned on. The mass flow cor®lwere shut down and the valves V-5
till V-7 were closed during recirculation. The ved/V-1 till V-4 allow for purging all mass
flow controllers and all tubes with nitrogen. Thasgvolume of the sample loop (V-10) was
flushed with the carrier gas during GC injectioriootihe capillary column for separation prior
to the analysis with the flame ionization detecteD). After injection, V-10 switched back
and the reaction mixture was diluted with the eargas nitrogen.
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02/H;0 Trap —{><}—
D><t—— V-8

V-5 | .

- [ zi(

Capillary column

OJIHJO Trap

V-6

Exhaust

SD%
e

GC (FID detector)
V-1 V-7

CzH.
Figure 2-27.Flow scheme of the recycle reactor setup withbidé valves (V-1 till V-9), mass flow controllers

(I-1 till I-3), and the electronic six-port valveitiv the sample loop (V-10).

The sample reactor was a sandwich-like stainlesed sinit with a quartz glass window that
was mounted above the sample (Figure 2-28). Thewgesdirected from the left- to the
right-hand side via lines and dispersed over thalgst surface with a V-shaped part. The
chamber depth was similar to the GaN thickness (B83 The inner side of the top plate
contained a channel for the o-ring sealing, wheee d-ring was pressed onto the polished
bottom plate by screwing. The same principle wasdieg to seal the quartz glass window and
the gas chamber. The dead volume of 330 ul wasrestio be present above the sample, but
external diffusion limitations were not observed the experimental data. The cell
temperature was controlled by a thermocouple treg placed below the catalyst chamber.
The temperature difference between the thermocaupiethe catalyst surface was measured
with an additional thermocouple on top of the said was determined to be only ~ 1% in
the relevant temperature range (Figure 2-29).
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Figure 2-28.Design drawing of (a) the stainless steel, sandéactor from the side view, which contains (b)

the bottom plate with the catalyst chamber andtghisig and (c) the top plate with the quartz glasslow and

O-ring sealing.
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Figure 2-29.Plot of the temperature on the sample surfaceusefe temperature of the thermocouple that was

placed below the catalyst chamber.
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The product analysis was performed with GC usiitPaPLOT ALOs; KCI capillary column
for the separation of ethene and ethane at low eeayre (323 K) and a FID was used for
detection. A mixture of ethene or ethane dilutethwiitrogen to a total flow of 13 ml miin
was used for calibration in the range of 0.4-1.%%ethene and 0.3-1.5 Vol% ethane.

All specifications and parameters of the individaatup units are summarized in Table 2-9.
The reactor temperature was limited to 473 K duiga¢omaterial of the o-rings. The complete
tightness of the setup was only reached when tmeppconnections were glued with the
stainless steel tubes with a cyanoacrylate glueQLKDE 496). The evaporation of the glue

was not detected.

Table 2-9.Specifications and parameters of individual setnits.

Setup unit Properties Company
Gases purity Westfalen AG
nitrogen/hydrogen/ethene 5.0/5.0/3.5

Gas purifiers

All-Pure G, trap - Alltech
O./moisture trap - Supelco
Mass flow controllers capacity / mr min™ Bronkhors
nitrogen/hydrogen/ethene 13.16/30.00/3.00

software FlowDDE FLOW-BUS

Sandwich reactor stainless steel, chamber volume pl Self-constructe
quartz glass broadband antireflection coating LINOS Photonics
o-rings Viton® (max. 473 K) RALICKS
Heating unit

Ultramic600 Heater AIN (77.5 W cm®), thermocouple Type “K” Watlow

Micro-pump mp5 piezoelectric membrane pump Bartels Mikrotechnik
frequency 250 Hz, amplitude 250 V

back pressure 250 mbar, flow max. 18 ml Thfair)

HP 6890 Serie
VICI Valco

Gas chromatograph

six-port valve
injection/inlet

capillary column

323 K, sample loop 10 pl, load & injection time 80
573 K, flow 8.3 ml mift, split ratio 3
323 K, flow 1.7 ml mift, HP-PLOT AbO; KClI
(50 m x 0.32 mm x 5 um)

Instruments

FID 473 K, H 35 ml min', air 350 ml mirt
Software GC ChemStation

Agilent Technologies
UV lamg 254 nm, €W, 60C pW cm® (15 cm distance Bend:
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In a typical experiment, the sample was mounted the reactor and flushed continuously
with nitrogen (13 ml miif) for 15 min at 355 K. Afterwards, hydrogen (13mih®) was
introduced and the sample was heated from 3554Q%0K within 1 h by a stepwise heating
of 10 K every 7 min. After 6 h at 425 K, the react@s cooled down in hydrogen for 20 min
before the gas was changed to the reactant mixNge6.9 ml min', H, 6.0 ml min', and
C,Hs 0.1 ml mint) at 400 K and GC analysis was started. The cdtalgs cooled in the
reactant mixture until the reaction temperature5¢335 K) was reached at a constant gas
flow (additional 2 h). Finally, the batch-operatextycle mode was applied by switching the
valves and the micro-pump. The UV lamp was additilynturned on during illumination
experiments.

Two theoretical approaches were used to descriédtch-operated external recycle reactor,
the model of a batch reactor and an external recyehctor. The batch reactor model
displayed the accumulation of ethane over the gakition time (Equation 2-42%°
Considering the literature value for the kineticl@r in ethene of -0.6 for Pt(11%}, the
reaction rate (Equation 2-43) and the conversioetbéne to ethane was calculated. As an
example, the experimental conversion of cuboctatidelr particles om-type GaN at 355 K
was compared with the theoretical conversion, shgvei good agreement of the theoretical
model with the experiment (Figure 2-30).

C(CZH4)0 d—>t< =-r (Equation 2-42)

r=- kc(C2H 4)_0'6 (Equation 2-43)

Wherec is the concentratiorX the conversiort, the time,r the reaction rate, arldthe reaction rate constant.

20

+ Experiment

Conversion / %

Recycle time / h

Figure 2-30. Experimental and theoretical conversion of ethemethane for Pt cuboctahedral particles on
n-type GaN at 355 K during the recirculation.
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Additionally, the model of an external recycle removas applied, because the reaction gas
was removed by the GC injection and nitrogen wa®duced afterwards, which diluted the
reaction gas over the recirculation time. The degredilution was dependent on the number
of injections, which was constant for all measuretseln general, an external recycle reactor
contains the catalyst bed and an external loop wittump for the recirculation of a fluid
fraction back to the reactor entrartt®. **!! The mass balance through an external recycle
reactor is typically determined for the reactor #imel reservoir, while the reaction takes only
place in the reactor (Equation 2-44). The concéiotraof the reactant in the reactor and in the
reservoir is similar under differential conditiotkat provide a constant reaction rate
(Equation 2-45). The mass balance results in Egua2-46, which is used to define the
differential operation of the recycle react?! For the setup used in this work with a reactor
volume of 0.4 ml, a reservoir volume of 2.4 ml, amgump flow rate of ~ 7 ml mih the
concentration difference of ethene was very smath vt0® mol I, which indicated the
operation at differential conditions and the tevgQ became small (Ibh). Therefore, the

reaction rate was calculated with only one reaetdume that is noted a4z in the following

calculations.

VR

d der .
rdVp = — | cpdVp +V+ —— Equation 2-44
[ rdvg " [crdVr +Vr " (Eq )
r= (\MJdﬂ (Equation 2-45)
VR dt

or —co=-YR[_VT__} (Equation 2-46)

Q \VR +Vr

WhereVgis the reactor volume,the reaction ratezthe concentration in the reactdk;the reservoir volumegy
the concentration in the reservaig,the concentration in the reactor efflue@tthe volumetric flow rate, andg

andVs is the volume of the reactor and the reservoir.

During recirculation, ethene was not only consutogdhe hydrogenation but also by the gas
sampling and dilution with nitrogen. To determirte tdilution by sampling, the ethene
concentration was monitored in the absence of imaand the mass balance could be
described by Equation 2-47 that defines the reactite in Equation 2-48. Finally, the initial

ethene concentration was diluted exponentially i dilution rate, which was defined as

the flow rate divided by the recycle reactor volufEquation 2-49§3* 13
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Accumulaton = Input — Output + Generation
do(CoHy ) (Equation 2-47)
VRT' =Fc(CoHyg )¢ —Fc(CoHy) +  VRr
F . F .
r= —(C(C2H4)i - c(C2H4)if ) with D=— (Equation 2-48)
VR VR
dCoHa), = dCoH4)pe™" (Equation 2-49)

Where V is the recycle reactor volume(C,Hy); the ethene concentration in the reactdC,H,);; the ethene
concentration fed to the reactor entranc€C,H,), the initial ethene concentratio(CH,); the ethene
concentration at time E the flow ratef the time,r the reaction rate, aridlis the dilution rate.

5.0
¢ Experiment
°
£
v
o
-
X
z o
S 1o y = 4.482313¢:0.009567x o006,
T
00 L 1 L Il 1
0 20 40 60 80 100

Recycle time / h

Figure 2-31.Comparison of the experimental and theoreticaltidih of ethene during recycling in absence of
reaction. The experimental curve was averaged fiftyrindividual measurements.

The theoretical and experimental decrease of tihenetconcentration over recycle time were
compared using the following parameters: the recyehctor volume (sandwich-like reactor
and all lines) was 2.43 ml, the flow rate was clatad from the volume of the sample loop of
10 pl and the number of GC injections per hour b &nd yielded 3 x 181 h™, which led to
the dilution rate of 0.012°h Several experimental runs were averaged and tosealculate
the experimental dilution rate. The experimentaltdin of ethene was less pronounced than
the theoretical dilution, which originated from leswalues for the experimental dilution rate
(Figure 2-31). As the flow rate of 3 x 10h™ was always constant, the theoretical recycle
reactor volume had to be corrected by 30% to 3.lltbmeach the experimental dilution rate.

Therefore, all kinetic data were evaluated usimgetkperimentally obtained reactor volume.
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Chapter 3

Combined TPRX,in situ GISAXS and GIXAS
Studies of Model Semiconductor-Supported

Platinum Catalysts in the Hydrogenation of Ethene

Abstract

The preparation, characterization, and catalytictigity of GaN supported Pt catalyst in the
hydrogenation of ethene are presented, highlightieguse ofn situ characterization of the
material properties during sample handling and lgsi® by combining temperature-
programmed reaction witim situ grazing incidence small-angle X-ray scattering Xnchy
absorption spectroscopy. The catalysts are foundodosintering resistant at elevated
temperatures as well as during reduction and hydragon reactions. In contrast to Pt
particles of approximately 7 nm diameter, smallartiples of 1.8 nm in size are found to
dynamically adapt their shape and oxidation statté changes in the reaction environment.
These smaller Pt particles also showed an inigaktivation in ethene hydrogenation, which
is paralleled by the change in the particle shape subtle temperature-dependent X-ray
absorbance of the 1.8 nm sized Pt particles inelictitat subtle variations in the electronic
structure induced by the state of reduction by tedectunneling over the Schottky barrier
between the Pt particles and the GaN support candpétored.
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3 Combined TPRYX, in situ GISAXS and GIXAS Studies oModel
Semiconductor-Supported  Platinum  Catalysts in the
Hydrogenation of Ethene

3.1 Introduction

Supported and unsupported noble metal particlesused as highly efficient catalysts in a
wide range of reactions including catalytic refanmi steam reforming as well emission
reduction catalysts to name only three large voluaggplications. An arsenal of
characterization techniques has been developed tbeefast decade fon situ studying
properties of such catalysts during acti@f. those techniques, X-ray absorption, X-ray
photoelectron spectroscopy, X-ray diffraction andttering are among the most widely used
for supported metal particlé]éf?] As each specific technique also has limitatiohs, use of
complementary analysis techniques is highly dekgrab

In this work we combine thie situ measurements of small-angle X-ray scattering (ISA
and X-ray absorption (GIXAS) in grazing incidenaometry with temperature-programmed
reaction (TPRXx) in a single experiment. The noveitythis experimental approach lies in
combining the highly surface-sensitive grazing diecice X-ray scattering and X-ray
absorption with temperature-programmed reactioris Tombination allows for making a
direct correlation between catalyst size and shafse,oxidation state, and catalytic
performance under reaction conditions in a singlpeament. GISAXS provides detailed
morphological information about the metal particieslependent of composition or coverage.
XANES reveals the electronic state of the partickdsile EXAFS provides information about
the structure and composition. By using the coa@ilim number obtained from EXAFS
analysis, the particle size of well-defined, nondized small particles can be estimated.
However, for (partially) oxidized or asymmetricaarpicles GISAXS is the only X-ray
technique to elucidate the detailed shape andhésge during catalyst treatments. Combining
GISAXS and GIXAS and TPRx in one suite sets thedion for the extraction of extremely
detailed information about metal particles of naertim dimensions in a reaction
environment.

The small size of catalytically active metal pdesc (ranging in diameter from less than a
nanometer to few nanometers) provides not onhgh kfficiency with respect to the fraction
of usable (accessible) metal atoms; the small sils® leads to a high fraction of

coordinatively strongly unsaturated sites. Sucessdre usually by far more active than the
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majority of the surface metal atoms. In additioriite size of these particles, their shape may
determine the arrangements of metal atoms at tifacgeuand both may influence surface
states and the overall electronic properties, whithnfluence activity and selectivity for a
particular catalytic reactiofl. Different routes have been explored to prepardioies
varying in size and geometfy:*? However, even for a given chemical compositione sind
shape of the metal particle, the chemical naturéhefsupport as well as its acidity and

basicity significantly impacts its stability agaisintering and its electronic propertits.

In this context, semiconducting supports may influence the eleatrosiructure of
nanoparticles via charge transfer and becausesth&ésnductor surface charge density can be
altered by thermal, electrical or optical inductiom would add unseen and hitherto
unexplored flexibility for small devices. The fathat a semiconducting material is able to
affect a supported metallic species electronicaltd therefore alters the catalytic reaction,
was first observed by Schwaét al™ They found a lower activation energy in the
dehydrogenation of formic acid, when the alumingpsuted Ni catalyst was doped with NiO
that caused a lowen-character of the support. The authors proposedsymetgetic
amplification” by the reduction of the Fermi levef metallic layers in contact with a
semiconducting oxide and therefore an electrorstearfrom the metal into the support. This
effect leads to a decrease of activation energysabdequently to the increase of the catalytic
activity. Similar enhancement of catalytic performna was observed for oxide-supported
metal catalysts in methanol synth&8lsin the hydrogenation of ethene and®37), as well

as in the selective hydrogenation of cyclohexarnelopropane, and propeH&. % The
contact between a metal layer and a semiconductéace can be described by the Schottky
model that assumes a charge separation at the-sestétonductor interface and a band
bending at the interface in the semiconduffdrDoping of the semiconductor causes a
charge accumulation or depletion of charge in tleg¢ai In this case, a charge accumulation
appeared at the interface in the metal leadingdinaag electric field inside the particle and a
high instability. The Schottky model can be applieddeposited metal layers as well as to
nanometer sized metal particles that were in cortta@ semiconducting surfal&. The
charge separation at the metal semiconductor ager€ause an uniform charge distribution
over the whole particle surface changing its céitalyehavior. This approach may alter the
electronic density of surface atoms by an accunmmadr depletion of electrons on the metal
particle surface potentially changing its catalyt@havior. Thus, conceptually, wide bandgap

semiconductors, e.g., Ti@r GaN may offer the possibility for indirect efiemic control of
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the catalytic action. Due to the contact betweemahmend semiconductor a Schottky diode
can be formed and electrons have to overcome thettRyg barrier for transfer. A transfer of
hot electrons from the metal surface into the sendactor generated by the CO oxidation
was detected by Park and Somorjai using P E®well as Pt-GaN diod&8! Furthermore,
Pt-GaN heterostructures have been used as cheméceors for hydrogen with high
sensitivity!?®!

This study of model catalysts containing Pt nantigdas that were spin-coated etype GaN
aims the understanding and differentiating geometrid electronic effects on the catalytic

behavior in a well-controlled reaction environmasta first step in this direction.

3.2 Experimental
3.2.1 Combined TPRx and in situ GISAXS/GIXAS

The experiments were performed using a dedicateg skeveloped at the Sector 12 ID at the
Advanced Photon Source of the Argonne National taitiooy.

3.2.1.1Grazing Incidence Small-Angle X-ray Scattering (GI&XS)

Grazing incidence small angle X-ray scattering (8&{S) was used to determine cluster size
and shape. This technique has been proved to lgepesvrerful to study particles at surfaces
and their transformations under reactive gas enument at the nanometer as well as the
sub-nanometer scafé:?®l GISAXS is sensitive to the particles in the sugfaegion, and in
addition to particle size it provides particle sidestribution, interparticle distance, and
average aspect ratio of metal partidfés?®?® The GISAXS experiments were performed
with X-rays of 11.5 keV energy in a reaction cdllumique design. The cell was sealed with
Kapton windows and mounted on a computer contrafjediometer. A 1024 1024 pixel
two-dimensional MarCCD detector was used for reiogrdhe GISAXS images from the
sample. GISAXS data were collected as a functiomeattion temperature and time. The
two-dimensional X-ray images were analyzed by @kiats in they,y direction for horizontal
information and in the, direction for vertical information. Scattering vecsq are calculated
from (4z/1) sind where@ is the scattering half angle ands the wavelength of the X-rays.

Based on the narrow distribution of the platinurmayzarticles and assuming a spherical
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shape, the data were analyzed by Guinier an&Ysisroviding the horizontal and vertical
particle radii of gyrationRyy and Ryy, respectively. The diameter and height of the
nanoparticles can be calculated from the radiiyohtion as2.58 x Ry andRyy, respectively.

The aspect ratio of the particles can be calculaséy/Rgv.

3.2.1.2Grazing Incidence X-ray Absorption (GIXAS)

XAS (XANES/EXAFS) is a powerful technique that isle@to monitor changes in oxidation
state and local coordination environment of methaparticles during the course of the
catalytic reactiof®”! Unlike conventional approach, GIXAS provides imf@tion of near
surface region especially when the incident beaitvelsw critical angle. Therefore, GIXAS
shows enhanced surface sensitivity which allowsitaong chemical change in samples with
a fraction of a monolayer coverage. GIXAS data weotlected by a 4-element Ge
fluorescence detector mounted parallel to the sangpirface as a function of reaction
temperature and time. The collected data were aedlysing the IFEFFIT interactive
software package (with ATHENA and ARTEMIS graphitgkrfacesf*?

3.2.1.3Temperature-Programmed Reaction (TPRX)

During the GISAXS/GIXAS measurements, simultane@mativity measurements were also
conducted (Figure 3-1). The reactants used weresgats1% @H, in He and 99.7% § and
the ratio for GH; and I was kept 1:2 by preparing the mixture in a renyotantrolled
gas-mixing unit consisting of calibrated mass floantrollers (Brooks model SLA5850). The
reaction cell was operated in a continuous flow en¢tl bar, 50 ml mit gas flow). The
products were analyzed using a differentially puchpgass spectrometer (Pfeiffer Vacuum
Prisma QMS 200), the turnover rates (TOR) wereutated using calibrated gas mixtures
and the count of deposited Pt particles. The csitalgmperature was controlled with a
ceramic heater (Momentive Performance Materials) latowing heating up to 900 K. The
sample temperature was measured with a K-type theoaple attached to the edge of the
heater surface. To achieve thermal equilibrium betwthe heater and sample during the

application of a temperature ramp, a low heating (& 6 K min') was used. The uncertainty
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in the mass spectrometer signal is estimated te2bé of the ion current, based on standard
deviation of 5-25 points under steady reaction @@mrss. With an assumption of a better than
10% determination of the total metal loading insttudy, this error translates into about

estimated 10% uncertainty in the calculation ofttital Pt atom based turnover rates.
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Figure 3-1. Schematic of the combined temperature-programreadtion, grazing incidence X-ray scattering,
and X-ray absorption approach. The insets illustthe capabilities offered by this combination exrniques:
(a) two-dimensionain situ GISAXS pattern that allows for the determinatidrparticle size and shape and to
study particle stability, (b) monitoring of produstolution with temperature/time, (c) series of XBSI spectra
collected duringn situ reduction of small gold nanoparticles, and (d)regke of a quick EXAFS scan on;pt

clusters revealing fully oxidized Pt.

3.2.2 Sample Preparation
3.2.2.1Materials

Chloroplatinic acid solution (8 wt. % in water), AMN-vinyl-2-pyrrolidone) (PVP40),
1-propanol (99.7%) and acetone 99.5%) were purchased from Sigma-Aldrich; ethanol
(99%), and 2-propanob>(99.5%) from Merck, nitric acid (> 65% in water) caethylene
glycol (= 99.5%) from Fluka, and hydrochloric acid (32% iater) from Riedel-de Haén. The
chemicals were used without further purificationORIVD n-type GaN (donor concentration

of Si: 2 x 16% cm®) was received from Lumilog Group St Gobain Cnystal

3.2.2.2Platinum Nanoparticle Preparation

Small platinum particles with an average size & im were prepared by the alcohol

reduction metho# An aqueous solution (bidistilled water > 18.Z22\m, 20 ml) containing
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chloroplatinic acid solution (0.057 mmol) and pdlyyinyl-2-pyrrolidone) (PVP) (2.0 mmol
monomer) was stirred at 373 K for 2 h before 1-prap (130 ml) was added as reduction
agent. The solvent was evaporated after 48 h ak373he formed brown residue was then
re-dispersed in ethanol (20 ml).

Large platinum particles with an average size @fréin were synthesized using the polyol
proces$®! Ethylene glycol solutions of PVP (1.125 mmol moresn8 ml) and chloroplatinic
acid (0.094 mmol, 1.5 ml) were alternatingly addedethylene glycol (2.5 ml) every 30 s at
473 K. The mixture was refluxed for 5 min beforeegpitation with acetone (21 ml) and

centrifugation (4000 rpm, 293 K, 45 min). The residvas re-dispersed in ethanol (20 ml).

3.2.2.3Spin-coating of Platinum Nanoparticles ontan-type GaN Surfaces

All substrates were pre-treated with aqua regia l(Hi€O3; of 3:1) for 10 min at 353 K,
cleaned in acetone (ultrasonic bath, 10 min), amskd with 2-propanol. Subsequently after
cleaning, Pt dispersions with defined Pt conceiomain ethanol (2.5 x I®mol I* Pt for
1.8 nm particles and 6.6 x t@nol I* Pt for 6.7 nm particles) were pipetted (50 pl)ootite
n-type GaN surface (8 x 8 mm) and spin-coated ap3pm for 60 $* The samples were
heated for 5 min to 363 K for solvent evaporatiéfierwards, the PVP-capping was removed
by oxygen plasma with an oxygen pressure of 1.4rnfdya5 min (TePla 100-E, Technics
Plasma GmbH). To increase the adhesive forces batparticles and substrate, the samples
were heated at 423 K for 15 min in nitrogen atmespl{100 mbar). For oum situ GISAXS
study of particle reduction in deuterium, oxygeragoha treated samples were used. In
contrast, for then situ GISAXS experiments of the deuterium-ethene reactibe samples
were reduced in advance in hydrogen atmosphere nil®@n") for 30 min at 373 K
(temperature ramp of 5 K nifiy, followed by flushing with synthetic air (20 mlin®) for

30 min at room temperature.

3.2.2.4Ex situ Sample Characterization by Transmission Electron
Microscopy (TEM) and Atomic Force Microscopy (AFM)

The average particle sizes of PVP-protected Poiddlin ethanol were analyzed by TEM
(JEOL JEM 2010, 120 kV, magnification of 200 000d&2b0 000). The evaluated particle
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sizes were averaged from 500 small and 150 largecles, respectively. The errors for the
TEM patrticle size were calculated from the standdediation of 500 small and 150 large
particles, respectively. For the evaluation of gaeticle distribution om-type GaN, AFM
images were taken with a Veeco Multimode AFM usanijyanoscope llla SPM controller in
the tapping mode. AFM probes (204-497 kHz, 10-13@ tip radius <7 nm) were
purchased from Nanosensors. 1 x 1 um images weoeded with 256 data points per line at
a scanning frequency of 1 Hz. The analysis wasopmdd with the WSxM softwaré Two
images each from the sample center and the edgeregre collected for four samples in
total. The average particle height and the numiigradticles per pmwere analyzed. The
average particle height was determined by the ABfi\are for each image resulting in eight
images for similar Pt coverage with small and |gpgeticles, respectively. The errors in the
average particle height were calculated by thedstahdeviation of the average particle size

of the eight images.

3.2.3 In situ Experiments

During the TPRX/GISAXS/GIXAS measurements the raatst used were gases at 1%1¢

in He and 99.7% P Deuterium was chosen based on the following clamations. In the
case of GHgs and using electron impact ionizationHz" ( m/z = 28) is the base peak, at 5
times of the intensity of the 8¢ parent ion peak (m/z = 30), the intensity of taéelr
potentially not offering a sufficiently intense saj. As far as m/z = 28 is considered, the ion
signal form traces of nitrogen (m/z = 28) presentthe reactant gases may interfere and
consequently corrupt data. When using deuteriusmGhi,D,", C;H,D* fragment ions of the
product GH4D, contribute to the m/z =30 signal. Another sigmafit advantage of
monitoring the m/z = 30 signal is that there iguatly no background for this m/z in the mass
spectrum, unlike in the case of m/z = 32, which eaginate from trace amounts 0(.0n the
hydrogenation experiments, the ratio gHgand [ was kept 1:2. In the case of the reduction
experiments, identical concentration of deuteri@®) was used. Thia situreaction cell was
operated in a continuous flow mode at 1 bar presand 50 ml miti of total gas flow in both

experiments.
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3.3 Results and Discussion
3.3.1 Particle Size Analysis by TEM, AFM, and GISAXS

An average particle size of 1.8 £0.3 nm (small)swagetermined by TEM for particles
synthesized by alcohol reduction, while an averpgeicle size of 6.7 +1.1 nm (large)
resulted from the polyol process (Figure 3-2 (39, Bjoreover, particles prepared by the
polyol method resulted in cubic or tetragonal mdes. In addition to isolated particles,
aggregates of particles were observEde fraction of particle aggregates was 13% foalkm

and 20% for large patrticles.

@)

Mag (k) = 250.0 wa
Tension = 120 oo
(b) (d)

7.33nm

208nm
rrrrm—e

Mag (k). =< 200.0
Tension = 120

Figure 3-2. TEM micrographs of Pt nanoparticles prepared hwl@ohol reduction with average particle size of
1.8 £0.3 nm and (b) polyol method with averagetipier size of 6.7 + 1.1 nm. AFM images of spin-amhPt
nanoparticles om-type GaN with particle sizes of (c) 1.8 £ 0.3 nmdgd) 6.7 £ 1.1 nm. The root mean square
of blankn-type GaN was 0.1 nm.

After the determination of the particle size inpdission, the particle distribution and coverage
on the semiconductor substrate was investigatedmy (Figure 3-2 (c, d))An average
number of 1324 particles per firand 20 particles per pfmvere calculated for small and
large particlesrespectively. The coverage was calculated in péagenof a monolayer
(%ML) relative to a Pt monolayer containing 1.50¢%atoms crif for Pt(111)2% A Pt

coverage of 1.6%ML was achieved for both partideswith a homogeneous distribution on
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the surface. In contrast to TEM images, the cubape of the large particles was not detected
by AFM due to limitations in lateral resolution

From GISAXS data, the average horizontal and \artiadii of gyrationRyy and Ry, were
obtained by Guinier plots (i.e., the logarithm coB#ering intensity plotted againe}}2 and
a,2).2% Note that Guinier analysis does not require anrapsion of a particular shape. When
assuming a spheroid particle, the lateral diamatet height of the Pt particles were both
calculated from the radii of gyratid®y andRyyto be2.58 x Ry and2.58 x Ry, respectively.
Since both TEM and AFM indicated a distributionpafrticle sizes and their aggregates, the
horizontal cut of the GISAXS data was also analyasithg a lognormal distribution of the
lateral diameter confirming a range of particleesiZFigure 3-3). The uncertainty in the
particle size is estimated to be ~+ 0.1 nm, wh&hpproximately 5 % of the particle size or
better. The measurement accuracy in this regiomddog& improved by applying anomalous
GISAXS ! Anomalous small-angle X-ray scattering refers rioeatension of the standard
scattering experiments, in which the energy ofgitabing X-rays is tuned near the absorption
edge of the interrogated element in the samplgdforming scattering experiments near the
characteristic absorption edge of any given atdmis ipossible to vary the contrast for
scattering of that particular element. This apphosalves a major problem with small-angle
scattering, namely the lack of a quantitative baokgd subtraction especially in the case of

highly diluted samples and very small particles.

Volume distribution

Lateral diameter / nm

Figure 3-3. Result of the fit of the horizontal cut from théSBXS pattern of the large Pt particle sample using

lognormal distribution.

The results of TEM, AFM, and GISAXS analysis arensuarized in Table 3-1, showing a
good agreement.
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Table 3-1.Pt concentration in ethanol dispersion and cooeding properties as evaluated by TEM, AFM, and
GISAXS.

TEM AFM GISAXS @ GISAXS®
Pt content average average average average mean FWHM
x 10* size / nm height height/ nm lateral lateral of distribution
/ mol I / nm diameter / nm diameter / nm / nm
25 18+03 18+06 15%0.1 20+0.1 - -
6.6 6.7+11 79+11 45+0.1 53+0.1 7.8%0 8.7

@ Determined from Guinier fit® Determined from the fit of the horizontal cuts ngsilognormal
distribution. In the case of the small particld® particle size was too small for a lognormal FRe&WHM

stands for full width at half maximum.

The stability of spin-coated Pt particles on theisenductor surface was tested under gas
and liquid flux and under mechanical strain. Therage particle height and the Pt coverage
were analyzed by AFM and changes such as partiggegation were not observed.
Additionally, the samples were analyzed after th8AXS/GIXANES and TPRx experiments

by AFM, without significant sample modifications.

3.3.2 In situ Characterization under Reduction Conditions and atElevated
Temperatures

In a combined X-ray scattering and X-ray absorp@éxperiment the thermal stability and
evolution of the shape of particles was studiecetiogr with the change in their oxidation
state in the presence of deuteriufime samples were heated in a stepwise fashionein th
presence of helium or DFirst, the reaction cell was filled with He abro temperature and
GISAXS and GIXANES was recorded. Then, the tempeeatvas increased to 373 K, the
temperature later to be used during the hydrogemaii ethene. At this temperature GISAXS
and GIXANES were recorded in He. Next; Was introduced for 30 min and GISAXS and
GIXANES were taken at regular time intervals. A¢ tend of the 373 K step the flow ot D
was replaced by He and GISAXS and GIXANES were né®t again. Subsequently, the
temperature was increased in three steps up t&@@3nonitor shape changes and Pt particle
stability. Finally, GISAXS and GIXANES were recordafter cooling back the sample to
room temperature. Figure 3-4 shows a series ot#ygiwo-dimensional GISAXS images
recorded during the heat treatment in He on largpaiticles. A small change in GISAXS
pattern is observed at 573 K (Figure 3-4 (c)),aatlve of an onset in particle shape change to

form highly monodisperse objedt&.*”
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Figure 3-4.2D GISAXS patterns of large Pt nanoparticlewdgpe GaN at (a) 298 K, (b) 473 K, (¢) 573 K, and

(d) 298 K after temperature cycle in helium.

Figure 3-5 shows the horizontal cuts of the GISAX®&ges recorded as a function of

temperature in the inert gas environment.
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E, 573K, He
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100 ¢
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Figure 3-5. Background subtracted horizontal cuts of GISAX$adaf large Pt nanoparticles ortype GaN
during heat treatment. The distinct feature intihezontal cuts of GISAXS data at a scattering @eof 1 nm"

is attributed to highly uniform particles above 5¢8° *!

The mean particle height and particle width calmdarom the vertical and horizontal cuts
along with the corresponding aspect ratio are g@ibtor the complete treatment cycle (Figure
3-6 (a, b)). The as prepared large Pt particle® lmslightly oblate shape (aspect ratio of
~1.2), which does not change after the introductérdeuterium and up to temperatures
reaching 473 K in He. At 573 K the particles becaphierical. No change in particle size is
observed at temperatures up to 673 K indicativlighly stable Pt particles. The particles
retain their spherical shape after cooling baciotom temperature.

The results obtained under identical treatment itimmd for the small Pt particles are shown
in Figure 3-6 (c, d). At the first, it is obvioukat in contrast to the larger Pt particles, the
shape of the smaller ones changes dynamicallyviatly the changes in their environment.
In He, the oblate particles flatten further, whée temperature is increased to 373 K. A

subsequent substantial increase in the aspectisatbserved upon the introduction of D
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indicating a strong interaction of deuterium witke tsmall Pt particles. After the interruption
of the Dy flow, the particles resume a similar shape as rebsebefore the inlet of D
indicating the reversible response of the partiteshanges in the gas composition and
temperature. The slight increase in the laterahdiar together with the slight decrease in the
height of particles observed at the end of theihgatycle indicates the preservation of the
volume of the particles. Thus, if at all, only arwemall fraction of Pt particles underwent

sintering during the treatment.
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Figure 3-6.(a) Aspect ratio of large Pt nanoparticlesnetype GaN during helium and deuterium treatment and
(b) the corresponding average lateral diameter lagight of the nanoparticles. (c) Aspect ratio ofafiniPt
nanoparticles om-type GaN during helium and deuterium treatment @)dhe corresponding lateral diameter

and height. The temperature cycle is shown as §poéd

The GIXANES spectra recorded before and after réalucare shown in Figure 3-7 and
exhibit a decrease in the white line typical foe teduction of Pt particlé®” “° The position

of the absorption edge of the Pt particles befeeetion is shifted 2.4 eV as compared to the
absorption edge position of the Pt foil, in agreetmwith a modest oxidation. The slight
negative shift of 1.2 eV after reaction suggestsrédduction of the Pt particles. It is important
to note that the white line intensity of the GIXANEpectrum recorded after reduction does
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not reach the value of the Pt metal referencesipdctrum. Recent studies indicate that this
may be a genuine effect observed in reduced Ptchasters attributed to chemisorbed
hydrogen on the Pt surface, where the Pt-H bonateseempty antibonding states above the

Fermi level that lead to an increase of the wiiite intensity**: 42

2.5

—Before reduction
20 | After reduction
—Pt foil

Norm. Absorbance / a.u.
o
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0.0 L L 1 L
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Energy / eV

Figure 3-7.Normalized Pt L edge spectra of small Pt nanoparticles-aype GaN and Pt foil recorded at 298 K
in helium before and after reduction in deuteridihe GIXANES spectrum measured on Pt foils is inetlids
reference. All recorded GIXANES spectra were aredyaising the XANES dactyloscope software and
normalized to unity via average post-edge.

Metallic Pt was identified for the large Pt pariglbefore and after deuterium treatment, as
indicated by a very similar white line in compansio the Pt foil (not shown). The larger Pt
particles XANES consequently do not respond topttessence of a reducing atmosphere; the
white line intensity remains at the value for therfetal foil and the absorption edge does not
shift. It should be noted at this point that as pared to the small Pt particles the
surface-to-volume ratio is an order of magnitudealtan Therefore, the X-ray absorption
spectrum is dominated by inner Pt atoms, which raetallic. Although similar reduction
processes are expected with the oxidized surfatieeofarge Pt particles, the thin oxide shell

contributes too little to the total signal to prd®ia significant difference in the spectra.

The GISAXS and AFM studies demonstrate the hightesimg resistance of the
GaN-supported Pt particles making the system alsleitmodel catalyst for reactivity studies.
Similar sintering resistance was observed for smatle-supported Pt and Au clusters and Pt
nanoparticles at temperatures reaching 673 K agiueft**®! The stability against migration
is also reflected in the flat shape of the parsicdter preparation indicating a strong
metal-semiconductor interaction. The dynamic charmfesmall Pt nanoparticles exposed to

D, is attributed to the change of the surface eneaiftgr the adsorption of deuterium and
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subsequent reduction, which influences wetfig” The large particles become spherical
above 573 K, which is attributed to Pt atom surfdd®usion, because surface melting was
not observed below 773 K for 8 nm Pt partié?®sDuring reduction of small Pt particles, a
reduction of the initially oxidized particles wabserved, but a complete reduction of Pt
species was not achieved under given experimemtadlitons. In contrast to the small
particles, the oxidation state of large particlesembles metallic Pt and no changes in
GIXANES were observed in the presence ef Because XANES is a bulk technique and not
specifically surface sensitive, it cannot detecakrmactions of oxidized metal species at the
surface of a particlé¥ In the case of the small Pt particles, a conshlerfraction of the Pt
atoms are surface atoms.

We also observed that tlee situoxidized samples of small particles had a neadBb Jarger
particle size compared to that of timesitu reduced samples. The larger size is attributed to
the presence of a significant oxygen content in Bteparticles in accordance with the
literaturd®® and observed here by GIXANES.

3.3.3 Hydrogenation of Ethene with Deuterium

For the hydrogenation of ethene over small andeld®y particles the samples were first
reducedex situin Hy at 373 K for 30 min. To study GISAXS during hydeogtion the
temperature was increased in He to 373 K and tlxeunei of ethene andvas introduced to
the reaction cell. The reaction was followed for8id and the catalyst sample was cooled
down to room temperature in reactant gas mixtureen] He was introduced at room
temperatureFigure 3-8 (a, b) and (c, d) shows the evolutionthef shape for the large and
small pre-reduced Pt particles, respectively. Hngd Pt particles did not change their size or
shape. The aspect ratio of small particles sligtilgreased upon the inlet of reactant mixture
returning to the initial shape after the halt adatant flow. This is perfectly in line with the

dynamic changes of small particles.
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Figure 3-8. Aspect ratio and the corresponding lateral diamatel height during deuterium-ethene reaction of
(a), (b) large and (c), (d) small Pt particlesnatype GaN. The temperature cycle is shown as $iokd

GIXANES spectra recorded for the two Pt samplesshmvn in Figure 3-9The dateexhibit

a decreasing white line for small particles aftee ethene deuteration, which indicates an
increase in the degree of reduction of the smallp&ticles®® * Again, the large Pt
nanoparticles did not show any changes in theidaion state before and after reaction. We
attribute this to their low surface-to-volume rdtmiting the sensitivity of the method to pick

up variations in the degree of surface reduction.
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Figure 3-9. Normalized Pt b edge spectra of (a) small and (b) large Pt pagidnn-type GaN and Pt foil
recorded at 298 K in helium before and after déunerethene reaction. Additional peaks were detedted
XANES spectra for small and large particles in nigi to the Pt edge due to sample charging, asdsvk for N

K edge spectra of GaRf! These peaks were removed in the shown spectiafity.

To investigate the time evolution of the reductadrPt particles, the absorbance of small Pt
particles at 11.566 keV (absorption peak) was nooedit during the reaction of ethene with D
(Figure 3-10). During the temperature ramp frommmdemperature to 373 K the height of the
white line decreased, which is ascribed to a redoobf the unoccupied states above the
Fermi level with temperature. Plausibly, electronrtelling over the Schottky barrier between
the platinum oxide particle and GaN is increaseelatated temperatures. This may lead to a
charging of the PtO particle and subsequent regluctif the white line intensity. The
absorbance decreased only slightly during 30 mimeattion at 373 K and increased again
with decreasing temperature, which is tentativetyitauted to deuterium adsorption and/or
temperature effect of the interactions of the supb®®
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Figure 3-10. Absorbance at 11.566 keV monitored for small Pttiglas on n-type GaN during ethene
hydrogenation with deuterium. The temperature @stptl as solid line.
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The comparison of the time evolution of the Pt whibe absorption intensity during ethene
hydrogenation at 373 K on large and small partidbsws, as in the case of the pure
reduction, a pronounced reduction of the small Bttigges in agreement with their

predominantly high surface area (Figure 3-11).
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Figure 3-11.Absorbance at 11.556 keV monitored for (a) langeé &) small Pt particles amtype GaN during

reduction with deuterium at 373 K.

The catalytic activity of small and large GaN-sugied Pt particles in ethene hydrogenation
with deuterium was investigated by simultaneous XBBing an on line mass spectrometer
(Figure 3-12)?> 27
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Figure 3-12.1on current of ethane ¢81,D,, m/z = 30) for small and large Pt nanoparticlesréype GaN during

deuterium-ethene reaction. The temperature isquas solid line.

The turnover rates calculated per total metal atomd per exposed surface atom basis are
summarized in Table 3-2 showing that higher ca@aittivity is obtained for small particles
on per metal loading basis, apriori expected solely on their higher surface-to-voluat®.
However, the activity of this catalyst dropped lbpat 30% after the first 10 min of reaction.

The drop in activity coincides with the region whex fine change in particle shape, without
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indication of sintering takes place. Similar distichanges in catalytic performance following
changes in particle morphology were reported foangple for small Cu and Ag
nanoparticle$> *°} however some coking of Pt cannot be fully excludadstable ethene
conversion of 0.12% and 0.08% was determined fallsamd large Pt particles, respectively,
in good accord with the results obtained on ~15smmed Pt particles tested under similar
conditions®® The Pt metal loading based ethane turnover rages @2 molecules Pt atons

! (95 molecules Pt (expos€d’) after 4 min and 15 molecules Pt atbst (63 molecules Pt
(exposed} s?) after 10 min of reaction for small particles. Inntrst, large particles had a
constant turnover rate of 12 molecules Pt atbsTs (53 molecules Pt (expos€d§?). The
latter value is comparable with that reported fooet 15 nm large Pt particl€§!

The GISAXS study during the deuterium-ethene reacthowed that small Pt particles on
n-type GaN changed their shapeversibly, while large particles were not affectddhe
decreased lateral diameter of small particles mctent gas atmosphere is attributed to
rearrangements of particle facets. Altered surawrgy might be caused by adsorbed carbon
species that were left on the Pt surface duringtiea®” °® Similar dynamic shape
transformations were observed from GISAXS during tbpoxidation of propene on

[25

size-selected silver nanocatalysts by Vagdaal®™ It was suggested that propene ligands

might alter the surface energy of the particlesthedstrength of interaction to the support.

Table 3-2.Ethene conversion, ethane turnover rate, totalestichated surface Pt atoms for Pt nanoparticles on

n-type GaN.
Pt Ethene Total Turnover rate Surface Turnover rate
particles conversion Pt atoms / ethane molecules x Pt atoms / ethane molecules x
| % x 10/ mol®  total Pt atoms! s* x 10?2/ mol®  surface Pt atomg s
small 0.18 2.2 25 5.2 9%
0.12" 15 63"
large 0.0¢ 1.4 12 3.C 53

@ After 4 min of reaction (peak}” After 10 min of reaction (steady-stat&).Estimate of the number of to
atoms in the nanoparticles. A hemispherical patstiape was assumed for small particles and autaid fol
large particles, and the volume and surface arkallated from the average height and diameter ofighes
determined by GISAXScf. Table 31) (The area of the particle base inaccessibledctant molecules was
taken into consideration). The number of atoms e durface of the particles was calculated by talkiric
consideration the 2.77 A Pt-Pt distance in Pt(IfH fcc structure.

The catalytic activity observed is in good agreeimeith the activity of a Pt nanoparticle
array reported by Grunext al® A turnover frequency of 354 molecules Pt atdrs$ was

found for this Pt particle array prepared by elattbeam lithographyt is interesting to note
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of the small Pt particles deactivatatthe beginning of the reaction, but it was codetlithat
the deactivation was unrelated to particle sinterifhus, we tentatively attribute the

deactivation to changes in faceting of the paricle

The possibility to simultaneously detect GISAXSnadl as X-ray fluorescence allows for the
measurement of grazing incidence X-ray absorptjpecsa such as XANES and extended
X-ray absorption fine structure (EXAFSJ! Although EXAFS was not employed in this
study, future work on the Pt particle on GaN wilvolve EXAFS, as this will enable us to
exactly determine the amount of oxygen in the plati nanoparticles. An example of such an
experiment performed in the same experimental sistilfustrated in Figure 3-1, in which a
normalized and background corrected quick EXAFShsahoxidized Pip nanoclusters on
MgO is presented. Depending on the required datditgui.e. signal-to-noise ratio, the
recording time can be varied. In the measuremehRigufre 3-1 a quick EXAFS is shown with
a recording time of only 14 min per scan alreadyvjling valuable information about the
Pt-O bond distance (0.203 nm) and the coordinatimmber (2.7), which were obtained by
estimated fitting of the Fourier transform of th&AFS in R-space with Arthemi&?

3.4 Conclusion

In the presented study, Pt nanoparticles with tifferént sizes of 1.8 nm and 6.7 nm
supported om-type GaN surfaces were studied by combimeditu GISAXS, GIXANES,
and TPRx during reduction and deuterium-ethene tickac Particle size analysis was
complemented byex situ methods such as TEM and AFM. The model catalyssssted
sintering during reduction and hydrogenation reactt 373 K as well as at stability test with
temperatures reaching 673 K. However, the deuteanch deuterium-ethene atmosphere at
373 K had a significant impact on the shape ofgimaller Pt particles, which dynamically
responded to changes in their environment. Smapafticles as well as large Pt particles
showed catalytic activity in deuteration of ethevith turnover rates comparable to literature
values® The small particles exhibited a deactivation peiiodhe first 10 min of reaction
that was not related to particle sintering or gétshape changes, but most likely to changes
in the morphology of the particlé§! The decrease in the white line intensity with &ssing

temperature during the reaction on small partioddects an increase in the electron density
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of the particles. This suggest a charge transfat ticcurred by thermal induction of the
support material. The control of this energy inpyte.g. illumination in the semiconductor
bandgap region could help to alter the electrorsitieron the metal particle and to realize
catalysis on demand.

The research on small metal particles for catallisis been of broad interest among others
due to the large fraction of surface atoms thatvedrisurface reactions. But for
structure-sensitive reactions such as isomerizatiomydrogenolysf&” both the size and
shape of the Pt particles are crucial for theiivagt and selectivity. Our study revealed
dynamic changes in the particle shape of smaligh@stin deuterium and deuterium-ethene
gas mixtures that may be responsible for the vgryatalytic performance. This dynamic
structural/morphological change of small nanoplasiaunder reaction conditions should be
considered not only in studies of structure-serssiteactions, but also in reactions, in which
adsorption of one of the reactants can cause andgnstructural disorder of the surface
and/or affect the morphology of the whole partféfe®® 48 49 6183rhe change in particle
shape, along with the potential restructuring & datalyst-support interface, may also alter
the electronic structure of small particle andnteraction (including charge transfer) with the
support during the course of the catalytic reacti@n the other hand, size- and
shape-selective synthesis of large particles caldd help for a better understanding of
structure-sensitive reactions, because the shapbeofarge particles was not affected by
deuterium and the deuterium-ethene mixture.

In brief, the combination of surface-sensitive situ GISAXS and GIXANES with TPRx
proved to be a powerful method to study the eftéqiarticle size, shape, and oxidation state
of model catalyst as illustrated on the examplserhiconductor-supported Pt catalysts under
realistic reaction conditions.
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Chapter 4

Platinum Nanoparticles on Gallium Nitride
Surfaces: The Effect of Semiconductor Doping on

Nanoparticle Reactivity

Abstract

The electronic control of catalytic activity viaethelectronic metal-support interaction is
investigated on novel hybrid systems containingimlen nanoparticles supported anand
p-type gallium nitride (GaN). High-pressure photossion spectroscopy was used to study
situ oxidation and reduction on the particles. The tss@vealed a significant influence of the
underlying wide bandgap semiconductor on the changiemposition and oxygen affinity of
the supported particles under X-ray illuminations-prepared cuboctahedral platinum
particles om-type GaN showed a higher amount of oxidized serfaoms than particles on
p-type GaN. Upon oxygen exposure, an immediate éxidaf particles supported antype
GaN was observed, whereas only little oxidation wesorded for particles on thetype
surface. Consequently, these experiments demomdinat the platinum chemical state is
affected under X-ray irradiation by the type of Galping. The strong particle-support
interaction is consistent with the charge transfeX-ray photo-generated free carriers at the
semiconductor-particle interface and suggests@ad is a promising wide bandgap support

material for photocatalysis and electronic contfotatalysis.
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4 Platinum Nanoparticles on Gallium Nitride Surfaces:The
Effect of Semiconductor Doping on Nanoparticle Redivity

4.1 Introduction

The rational synthesis of photocatalysts is chgileg by the conversion of photon energy
into a catalytically active species due to the tele charge transfer and the application of
this input for the modification of catalytic actiyiand selectivity. Such control requires the
use of semiconducting supports combined with catalyy active metal nanoparticles,
yielding advanced concepts of Green Chemistry fier development of efficient catalysts
with low consumption of energy and resources. Salatalysts are widely used in
heterogeneous catalyzed reactions and numerousstale been devoted to understand and
control the metal particle properties in accordawith their performance in catalysis. The
effect of the particle size and shape on their Igiataactivity and selectivity has been
investigated in multipath reactidhd and metal-support interactions have been studied f
several oxidic suppotfs’. For instance, methanol decomposition was testeBtgarticles
supported on reducible (Ce'iO,) and non-reducible (SKZr0,, Al,O3) oxides, with the
highest activity obtained on the Zr@upport® A flattening of the particles was observed on
ZrO,, while only weak interactions were obtained faDSsupported particles. Strong metal-
support interaction (SMSI) was observed for metatiples supported on TiOQwhere particle
encapsulation occurred after a high-temperatuegrtrent® Although some oxidic supports
exhibit semiconducting properties, the effect anoteptial impact of an underlying
semiconductor is rarely discussed. For photocaglttse wide bandgap semiconductors JiO
and ZnO were extensively studied, which are sintitaGaN in terms of bandgap and band
positions. Thus, both GaN and TLi(have been investigated for water splitting or tigh
harvestind'®**! However, thep-type doping remains difficult for metal oxidesdilZznO or
TiO, due to their high backgrounatype conductivity. In contrast, GaN is one of fleev
wide bandgap semiconductors that is available withtrolled, electronion- and p-type
doping. With the Pt work function (5.7 eV) beingdded approximately in the center of the
GaN bandgap E=3.4¢eV) (Figure 4-1), Pt-GaN hybrid structuresoyide a rare
combination for the investigation of the effect dfiarge transfer on the semiconductor
doping. Thermal, electrical, or optical excitatioan adjust the charge density of the GaN
surface and thus, GaN may be a suitable substnateirtfluences the catalytic activity of

supported particles by its electronic activation.
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GaN is thermally and chemically stable, and decasitipm is not observed up to 1123l
A thin oxygen adlayer is typically present on theNssurface under ambient conditidhs™®!
Oxygen saturation coverages have been determingerimentally and theoretically to be
0.4-0.9 ML for ordered GaN(0001) surfaces, wherggex has been found to bind only to Ga
atoms without contribution of O-N boné&®! Upon oxidation, the formation of intermediate
GaQ, species was reported to be present prior to stigdtric GaOs. An electrically
insulating oxide on the GaN surface can only bevgrat temperatures above 9757k 2%
Pt-GaN compounds have been reported as Schottkyeslidor the detection of small
molecules like hydrogen and the monitoring of a letdéctron chemicurrent upon the
exothermic CO oxidatio??* The surface band bending by Schottky contact ftiomas
determined by the Fermi level alignment of the retad semiconductor, providing an
electric field for the separation of photo-genedagectron-hole pairs and the driving force of
free carriers to the interface. However, for thelenstanding of the complex chemical and
electrical interaction at the Pt-GaN interface,hbtite particle and semiconductor properties
must be considered. The direct comparison of Rigkes on electronically active- andp-
type GaN surfaces allows the discrimination of phoduced charge transfer from other
energy dissipation channels like hot electron mnam generation.

Kinetic experiments have provided the evidence dorelectronically controlled catalytic
performance of Pt particles in the hydrogenatiorthiene to ethane via light stimulation of
the underlyingn- andp-type GaN support (consider Chapter 5). Here, we lerformed a
comparative study on the interactions between Ricfgs andn- andp-type GaN surfaces
during reduction and oxidation usitg situ high-pressure photoelectron spectroscopy (HP-
XPS). The chemical composition of the Pt partidesl the GaN supports are discussed in
terms of the semiconductor band alignment. A chanayesfer model under X-ray radiation is
presented, elucidating the observed differencabePt oxidation behavior am andp-type
GaN. Considerations of the Pt-GaN system are higalgvant for other semiconductor-

nanoparticle compounds used in photocatalysis.

4.2 Experimental

4.2.1 Sample Preparation

Monodisperse, size- and shape-selected Pt panides prepared either by the polyol process

using silver nitrate to achieve cuboctahedral dricgeometry, or by the reduction of the Pt
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precursor with alcohdf: ! Poly(N-vinylpyrrolidone) (PVP) was used as the protectshgll

to avoid clustering in solution.

Small Pt particles with an average size of 2.0 nerewsynthesized by the reduction of
chloroplatinic acid with 1-propan8f! An aqueous solution (bidistilled water > 18.2\m,

20 ml) containing chloroplatinic acid solution (BOmmol, 8 wt.% in water) and PVP
(2.0 mmol monomer) was stirred at 373 K for 2 hooefl-propanol (130 ml) was added as
reduction agent. The solvent was evaporated inuwacafter 48 h at 373 K and the residue
was re-dispersed in ethanol (20 ml).

Larger Pt particles of cubic and cuboctahedral shaith an average size of 8 nm (7.6 nm for
cubes, and 8.1 nm for cuboctahedra) were preparatiebpolyol proces$! Ethylene glycol
solutions of PVP (1.125 mmol monomer, 3 ml) andabplatinic acid (0.094 mmol, 1.5 ml)
were alternatingly added to silver nitrate (1 ¥18mol for cubes, and 5.5 x T@nmol for
cuboctahedra) dissolved in ethylene glycol (2.5 mlery 30s for 17 min at 473 K.
Subsequently, the mixture was refluxed at 473 KSonin. Precipitated silver chloride was
separated by centrifugation (4000 rpm, 283 K, 30)raind the particles were settled from the
supernatant by adding acetone (23 ml) and sepaflatecentrifugation (3000 rpm, 283 K,
5 min). The precipitate was dispersed in ethanohl)3in an ultrasonic bath (15 min) aned
hexane (9 ml) was added to wash out residual sibres. Finally, the particles were separated
again by centrifugation (3000 rpm, 283 K, 5 minheTwashing procedure was repeated for
additional two times before the final particle rieggrsion in ethanol (3 ml).

The average particle size in ethanol was determimedransmission electron microscopy
(TEM, JEOL JEM-2010) at an acceleration voltagd 2 keV before the deposition onto the
GaN surfaces.

MOCVD-grown GaN thin films (3 um) were used as raarticle support, with net carrier
concentrations (300 K) af = 2 x 13® cm® for n-type andp = 5 x 13’ cm® for p-type GaN.
These GaN surfaces exhibit Ga-face crystal poladityg the [0001] axis, resulting in high
chemical and mechanical stability due to low swefaefect concentratioffS:?®! To avoid
sample charging during photoemission experimelhsiio contacts were evaporated onto two
edges of all GaN samples (Ti/Al 30/70 nm ortype, Ni/Au 20/20 nm orp-type) and
annealed at 775 K for 5 min prior to particle dépos.”® *? The surface morphologies of the
annealed reference samples were analyzed with atfmrde microscopy (AFM), revealing
smooth surfaces with atomic grown steps (Figur® 4al d)). All substrates were cleaned in

acetone (ultrasonic bath, 10 min) and rinsed wifbrdanol. After cleaning, Pt dispersions
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with a defined metal concentration in ethanol (620" mol I'* Pt for 2.0 nm particles and
2.2 x 10° mol I'* Pt for large cubic and cuboctahedral particlesjewsipetted onto the GaN
surfaces and spin-coated at 3000 rpm for 60 s.séh®gles were heated to 360 K for 5 min to
evaporate excess solvent. The remaining PVP-cappasgremoved by oxygen plasma with
an oxygen pressure of 1.4 mbar at 200 W for 5 meP(a 100-E, Technics Plasma GmbH).
To increase the adhesive forces between particidsttee GaN surfaces, the samples were
moderately heated to 425K for 15 min in nitrogemasphere (100 mbaf): %2 The
complete removal of PVP fragments after the oxyglssma treatment was verified by the
absence of any peaks related to organic fragmemts PVP in thermal desorption spectra up
to 800 K"

The distribution of the deposited nanoparticlesGaN surfaces was characterized by AFM
(Veeco Multimode, Nanoscope V) in tapping mode. @ierage number of particles per’cm
was used to calculate the total number of Pt atasisyell as the fraction of Pt surface atoms
on the particle (in percentage of a monolayer, %Mkith respect to an atom density of
1.5 x 16° cm? for Pt(111)2* It was assumed that the deposited particles areated and
only two thirds of the surface atoms contributetie chemically active surface area. The
number of Pt atoms per particle and the numbet sifface atoms were determined with the

consideration of the individual particle geometgr{sider calculations described in 2.2°4).

Two sets of samples were used for the experimergsepted in this work. The first set
contained as-prepared small, spherical and largbiccand cuboctahedral particles after
oxygen plasma treatment on bathandp-type GaN. From these samples, the GaN surfaces
with cuboctahedral particles were used ifoisitu reduction experiments. The second set of
samples based on cuboctahedral particles was r@xcsituin flowing hydrogen (1 bar) at
775 K for 3 h and were used afterwards for ithgitu oxidation. These samples were stored

and transported in nitrogen atmosphere without sxpoto air.

4.2.2 High-Pressure X-ray Photoemission Spectroscopy

All in situ high-pressure XPS measurements were performéa 46tSS beamline at BESSY
II (Helmholtz-Zentrum Berlin). XPS can be performatthe mbar pressure range using a

differentially pumped electrostatic lens systéthThe ISISS setup consists of a loadlock and
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a high-pressure XPS analysis chamber with a bassspre of 1 x I0mbar. The
differentially pumped electrostatic lens system wasd to maintain a high count rate by
reducing photoelectron scattering at high press#esapphire sample holder allows for laser
heating during the measurements. The sample wawpeld between stainless steel plates for
sufficient grounding and optical access to the damas provided by a 3 mm diameter hole
in the top plate. The HP-XPS setup is describethane detail by Salmeron and Schlégl and
Knop-Gerickeet all®® % 'We performed the measurements at a constant pactam kinetic
energy of 270 eV by adjusting the incident monootatic photon energy with respect to the
analyzed core level binding energy. The constaneti¢ energy of the photoelectrons
provided a material depth of 8 A for all analyzedaies®! Detailed spectra were collected
for Ol1s, N1s, C1s, Pt4f, and Ga3d core levels,gusia CASA XPS software for quantitative
analysis of peak positions, line widths, and retapeak aredd” The raw spectra were fitted
with Gaussian-Lorentzian functions and a Shirlegkigaound was subtracted prior to peak
fitting to account for energy loss processes, thg.inelastic scattering of photoelectrdfiik.
Asymmetric Doniach-Sunjic functions with asymmefagtors of 0.008-0.01 were applied for
the fitting of Pt4f core level spectra (Table 4-8pin-orbit coupling results in a Pt4f doublet
structure with a peak separation of 3.3 eV andaaditing intensity ratio of 0.75 between
Pt 4f,, and Pt 4f;,. The full width at half maximum (FWHM) was rested to 1.0 + 0.1 eV
for all Pt species in the spectrum. The total Rtecage was determined from the Pt/Ga
element ratio (Equation 4-1), taking into accoum tespective energy dependent ionization

cross section and the incident photon flux (Tabig 4% 4

Pt _ APt 9Ga3d#Gasd
Ga AcasdOpuffPpiaf

With Pt4f and Ga3d peak are@sionization cross sectioms and the incident photon flux

(Equation 4-1)

Table 4-1.Energy dependent photon flux and ionization ceesgions for Ga3d and Pt4f core levéls'

Core level Photon energy/ eV Photon flux x B/ s* Cross section / b
Ga3d 285 4.32 2.04
Pt4f 365 1.72 5.03

In the first experiment, the impact of the X-ragattiation on then- andp-type samples was
analyzed by continuous measurements at room temuperen vacuum over 5 h. In the

following experiment, the oxidation state of thertjgdes with different shapes was
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investigated under X-ray irradiation as a functadrthe GaN support doping. Pt4f core level
spectra were acquired from the first sample setadiprepared samples, at room temperature
in vacuum, at room temperature in hydrogen, anihdun situ reduction with hydrogen at
800 K. Additionally, a Pt foil treated with oxyggalasma (1.4 mbar oxygen, 200 W, 5 min)
was measured at room temperature in vacuum focdhgparison of Pt oxidation states and
the chemical composition with as-prepared Pt-GaNpdes. Using the second set of samples
(ex situreduced), thén situ oxidation of the Pt particles was investigated2 K in oxygen
atmosphere. The gas pressure was adjusted to @5sdabing all high-pressure experiments.

For a correct interpretation of the XPS spectrdahef samples based on the wide bandgap
semiconductor, several physical quantities neetdetacconsidered (Figure 4-1). The Fermi
level of the semiconductor is aligned with the Feliewel of the XPS detector upon annealing
of the ohmic contact on the GaN support. Thus, liimeing energy is defined by the
difference of the surface core level energy andRbeami level of the semiconductor. The
positions of the conduction and valence band asémiconductor surface differ from that in
the bulk material by an upward band bendingrftype and a downward band bending fler
type GaN. This difference is described by the S&lgdiarrier.

2

ECSH
R
E | 3
e —c=
' TlJn E. T e :

ECLSD

Figure 4-1. Energetic positions of GaN, TiDand ZnO bandgaps, GaN band bending-iandp-type, and Pt
work function (bandgafks, energy of core level, valence, and conductiondaf, Ey, Ec, Fermi levelEg,

difference of Fermi level and band edgecore level electron binding enerBy, and Schottky barrier heighis.

The binding energies far andp-type samples are defined by Equation 2¥2or heavily
doped GaN, the Fermi level is approximately egaahe energetic position of the donor and
acceptor level in then- and p-type sample, respectively. The measured offsebimiing

energies fon- andp-type GaN is derived from these considerations &fiqa 4-3)1*%!
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EB,n = EF,n - EcL _(‘DS,I’] and EB,p = EF,p -EcL - ES,p (Equation 4-2)

AEB:EB _EB :EF —E|: —¢S —(DS
n P n P n P (Equation 4-3)
=BG ~Hn —Hp~Psn ~Psp

WhereEg , andEg , are the binding energieBg, and E¢, the Fermi levels@s , and &g , the Schottky barrier
heights,u, and, the carrier activation energies 1of andp-type GaN, respectivelfgc, the core level energy,

andEg the GaN bandgap.

The carrier activation energy is determined to Ben2V forn-type and 170 meV fgp-type
GaN™ **1 Using typical Schottky barrier heights of 1.1 e Pt onn-type and 0.5 eV for Pt
on p-type GaN, the binding energy offset was calculatebe 1.6 eV, which is in fairly good
agreement with the shift of the Pt4f core leveldomg energy observed experimentally within
this work (Figure 4-7 (a, d¥§®> *"! Upon contact, the mechanism includes the Ferméllev
alignment of GaN and Pt by the charge redistributiat the interface in thermal
equilibrium® “I Therefore, the offset in the core level bindingrmies must be observed for
the deposited particles due to the alignment ofgreni leveld*®!

To verify the absence of a thick insulating oxydgyer due to the exposure of the samples to
air, the oxygen coverage on GaN was investigateth fGa3d, N1s, and Ols core level
spectra (Figure 4-2). The Ga3d core levels confirthe presence of a very thin native oxide
and an intermediate GaQ@pecies. The N1s core level spectrum exhibitegt onk species,
which led to the exclusion of an oxygen bindinghe N atom. The O1ls spectra contained at
least two species, Ga-O bonds and adsorbed OH.

The oxygen coverage was determined for solventel@aurfaces (acetone, 15 min ultrasonic
bath, rinsed with 2-propanol), oxygen plasma téamples (1.4 bar oxygen, 200 W, 5 min),
in situ reduced and oxidized GaN samples at room temperaas well as elevated
temperatures (Table 4-B! The calculation of the oxygen coverage will be laied in
more detail in the following. A total volume of 9610 cn? was probed in XPS, which
results from a beam spot size of 150 x 80 um apldotoelectron escape depth of 8 A. Using
a Ga-N bond length of 1.95 A and an atomic densit$.8 x 1% cm?, the probed volume
corresponds to four atomic layers with 4 *1Ga atoms in totdf **! One monolayer of
oxygen corresponds to the total number of Ga aianosie atomic layer, as oxygen is solely
bound to Ga atoms and not to N atoms (Figure Z42.total oxygen coverage was calculated
from relative Ga3d peak areas that contribute toNGa Ga-O bonds. Notably, the calculated
values present an upper limit estimation, as theNGaeak is underestimated due to the

oxygen adlayer, which reduces the photoelectramaity from underlying layer.

132



Chapter 4

An increase in oxygen coverage due to the oxygasnph treatment was not observed for the
n-type surface. Only a slight reduction of the oxygmverage was determined fpitype
GaN after then situ reduction experiment in hydrogen, while tiréype surface composition
remained constant. The oxygen coverages duringnttsitu oxidation showed only minor
changes for both GaN surfaces. Consequently, thgerxadlayer consisted of 1 ML on the
type and 2 ML on the-type surface and did not affect the transport lidrges over the

metal-support interface.

(@) [ n-type Ga3d (b) (c) Oils
300 K
Vacuum

> — Ga-N

D — GaO,

8 — Ga,0,

£
G

(d) | p-type Ga3d (e) — NG N1s ® O1s
300 K 8
Vacuum

> B — Ga-N

‘@

c

8]

£
17 18 19 20 21 22 23 395 396 397 398 399 400 527 529 531 533 535

Eg/eV Eg/eV Eg/eV
-O- Spectrum  — Envelope ~ — Background

Figure 4-2.(a, d) Ga3d, (b, ) N1s, and (c, f) O1s core Ispektra for Pt cuboctahedra on (ax¢ype and (d-f)
p-type GaN at 300 K in vacuum.

Table 4-2. Oxygen coverages for andp-type GaN samples at various treatments. All cayesaare given in

monolayers (ML) with an uncertainty of + 0.3 Nt}

Oxygen adlayer / ML

GaN Surfaces Experimental conditions n-type p-type

solveni-cleanel RT, vac 14 -

O, plasma RT, vac 1.4 -

in sitL reductior RT, vac (initia/final) 1.171.1 2.4/1.8

in sitL oxidatior RT/72E K, vac (initial 1.30.8 2.11.¢
725 K, 5/15/25 min @ 1.2/1.0/1.0 1.9/1.7/1.8
725 K, vac (final) 1.1 2.0
775K, vac 1.2 21
RT, vac (final) 1.3 2.2
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4.3 Results

The spin-coating of monodisperse spherical (2.0 ncapoctahedral (8.1 nm), and cubic
(7.6 nm) Pt particles onto GaN surfaces shows ahhigeproducible, homogeneous, and
stable particle distribution without agglomerati@figure 4-3). Although spin-coating does
not produce ordered nanoparticle arrays, it isitalsie method to prepare model catalysts
with low particle coverage below one particle mayelr for the study of the particle-support

interaction.

Mag (k) =.150.0 Mag (k) = 150.0 Mag (k) =150

Tension =120 Tension = 120 | Tension %‘120>

Figure 4-3. (a-c) TEM micrographs of PVP-protected Pt nanagas in ethanol solution with (a) spherical
(2.0 nm), (b) cuboctahedral (8.1 nm), and (c) cBi6é nm) particle geometry. (d-f) AFM images (13 mf Pt
nanoparticles deposited artype GaN with (d) spherical, (e) cuboctahedrati éhcubic particle shape.

The total number of Pt on the surface was assdesedthe particle diameter analyzed with
TEM and the areal density of particles on the Gappsrt that was determined from AFM.
The total Pt coverage was 2 %ML for small, sphérecal 16 %ML for large, cuboctahedral
and cubic particles ontype GaN, while slightly higher values were obéarfor particles on
the p-type surface, 3 %ML for spheres and 17 %M for aibdbedra and cubes (Table 4-3).
However, considering one patrticle size and the exmmtal error, identical coverage of Pt
was achieved on both surfaces. The fraction ofuffiase atoms was 1-2 %ML for small,
spherical, 3 %ML for large, cuboctahedral, and 4 &lF large, cubic particles om andp-
type GaN. The coverages were evaluated independasthg data from AFM and XPS

(Pt/Ga element ratio) for cuboctahedral partictesly the surface atoms contribute to the
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coverage in the case of AFM, whereas the XPS datdsyinformation about all Pt atoms
with the photoelectron escape depth of 8 A, rasglin twice as high Pt surface coverage
(Table 4-3). Considering this, the calculated cages are in very good agreement and the

following discussion applies for Pt atoms at ocliose vicinity of the particle surface.

Table 4-3.Total Pt coverage and surface Pt coverage of gglhecuboctahedral, and cubic nanoparticlesion
andp-type GaN, the Pt/Ga element ratio of as-prepangidreduced cuboctahedra enandp-type GaN, and the

root mean square of blamk andp-type surfaces.

Particle Total Pt Surface Pt Pt/Ga ratio / % rmg®
shape GaN  coverad® / %ML coverage® /%ML 300 K,vac 800K,H, /nm
Spherical n-type 20+0.2 1.2+0.1 - - 0.25
(2.Cnm) p-type 2E5+0.3 1£+0.2 - - 0.7%
Cuboctahedral n-type 159+25 3.1+£05 6.3 6.8 0.25
(8.1nm) p-type 16.£+4.€ 3.2+0.¢ 7.1 7.7 0.7%
Cubic n-type 16.1£7.1 3E+t 1€ - - 0.2t
(7.6 nm) p-type 16.8+1.1 3.7+£0.2 - - 0.75

@ The coverac was calculated from the particle size determinetti WEM and the number of particles on
substrate analyzed with AFM assuming the individstepe and a truncation of one third of the particl

® Root mean square determined from 5 x 5 um AFM &sag

For the correct spectrum evaluation of the padidiee Pt4f core level spectrum of an oxygen
plasma treated Pt foil was compared to that of ctdfwdral Pt particles supported etype
GaN at room temperature in vacuum (Figure 4-4). Hiéf core level spectra were
deconvoluted into four components, which were assigto metallic platinum Ptat the
lowest binding energy of 71.3 eV (foil) and 71.8 @aérticles). The three oxidized species
Pt™ were located at core level shifts (CLSs) of +0/8 €1.7 eV, and +2.8 eV in the case of
the Pt foil, and +0.9 eV, +1.8 eV, and +2.9 eV tleg cuboctahedral Pt particles with respect
to PP. These species were attributed to Pt atoms wigmésorbed oxygen, BE™° PE£*, and
P, respectively’® °* 31 The same assignment was applied for the deconwolaf the
spectra obtained for different Pt-GaN samples-oAndp-type. A CLS of 0.5 eV to higher
binding energy was observed for Pt particlesneigpe GaN in comparison to the Pt foil,
which was supposed to result from the differentozpoint of the Fermi edge of the
underlying GaN suppoft¥ Not only the core level binding energy, but alke themical
composition differed between the foil and the pdtisample (Figure 4-4 (c)). The oxygen
plasma caused an oxidation of both samples wittoagqunced contribution of Btfor the Pt

foil, whereas only a minor fraction of ®twas observed on the particles. The most abundant
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species on the-type GaN-supported particles was™Bt© The altered oxidation behavior
was assigned to the presence of different surfemesaand facets that were exposed on the Pt
foil and sub-10 nm cuboctahedral partidiés.®® Additionally, under oxygen plasma
conditions, UV light may also be formed that iseabb optically excite the GaN support,

which would vary the Pt particle oxidation due timeg metal-support interactions.

@ 300 K
Vacuum
>/ -O- Spectrum
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Figure 4-4.Pt4f core level spectra of (a) Pt foil and (b)cBboctahedra on-type GaN at 300 K in vacuum with
spectra deconvolution into PPE"™C p£* and Pt Both samples were treated with oxygen plasmarbefo

XPS measurement. (c) The corresponding fractioresoh Pt species of the spectra (% of Pt4f peak.are

@ t=5h (c) 100
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Figure 4-5. Stability of Pt4f core level spectra of Pt cubbetdra onn-type GaN over time under X-ray
irradiation for (a) t =0 h and (b) t =5 h at 300n vacuum. (c) The corresponding fractions offe&t species

of the spectra (% of Pt4f peak area).
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Before performingn situ experiments to compare and p-type samples, alterations in the
sample composition under continuous X-ray irradiathad to be excluded. Therefore, Pt4f
core level spectra of Pt cuboctahedra mnand p-type GaN were measured at room
temperature in vacuum over a time period of 5 h aingle location on the sample (Figure
4-5, exemplary shown for thetype sample). Beam-induced changes were obsenititene

in CLSs nor in the chemical composition of Pt, lisg in a constant stability of the samples

against the damage by X-rays.

Although the Pt4f core level spectra were not alleturing X-ray irradiation, accept for their
intensity, the deposition of carbon species onéostlimple was verified in the C1s core level,
as well as in the C1ls/Ga3d element ratio (Figuf®.4Fhe carbon evolution occurred with
increasing X-ray irradiation time, which could ra# prevented due to the relative high base

pressure of the experimental chamber (1 % ttbar).
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Figure 4-6. Carbon deposition onto the sample (Pt cuboctahedra-type GaN) during the beam damage
experiment (a) evaluated from C1ls core level speatd (b) the corresponding element ratios C1ls/Ga8d

time under X-ray irradiation at 300 K in vacuum.

The effect of the chemical composition of as-predd?t cuboctahedra at room temperature in
vacuum and hydrogen was evaluated with respebtiet&aN doping (Figure 4-7 (a, b) and (d,
e)). Again, four Pt species were observed in tié &ire level spectra with Pat a binding
energy of 71.8 eV in vacuum and 71.4 eV in hydrogérB800 K for then-type sample,
whereas the absolute positions dfWas located at lower binding energy (70.5 eV iouan
and 70.1 eV in hydrogen at 300 K) for thdéype sample (Table 4-4). The relative CLSs of
the P?* components were determined to be +0.9 eV, +1.8ed,+2.9 eV for particles am
type GaN and +0.8 eV, +1.6 eV, and +2.8 eV for atiboedra on th@-type support with

respect to the Ppeak position. Moreover, the fraction of/Pt®® was 28% for particles on
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the p-type, and only 16% on the-type GaN (Figure 4-7 (g)). Upon hydrogen inlete th
fraction of P! immediately increased to 45% for particles mtype, but only to 30% for
particles onn-type GaN. In both cases, the Pt4f core level spewkere dominated by the
PE"*™O and Pt" species with a smaller contribution fronf*PtHowever, forp-type GaN-
supported particles, thet"°and Pt species were less pronounced compared to-thpe

sample, and Ptwas not observed upon hydrogen exposurp-type.

Table 4-4.Absolute binding energie&4) of Pf and relative core level shifts (CLS) of " Pt*, and Pt" for
as-prepared aniah situ oxidized Pt nanoparticles on andp-type GaN evaluated from Pt4f core level spectra.

Doniach-Sunjic functions with asymmetry factoand convolution factan were used for peak fitting.

Substrate E(Pt%) CLS(Pt"e™0) CLS(Pt* CLS(Pt*
/ eV / eV / eV / eV
ntype  As-prepared 71.8%/71.4" +0.9 +1.8 +2.9
Oxidizec 71.: +1.1 +2.2 +3.7
p-type  As-preparec  70.8¥/70.1" +0.8 +1.€ +2.8
Oxidizec 70.C +0.8 +1.€ +2.€
Doniaclt-Sunijic @,n) (0.008,190 (0.010,250 (0.020,300 (0.020,300

@ ptaf core level spectrum in vacuuff Pt4f core level spectrum in hydrogen.

In summary, the oxygen plasma treatment for theokamof PVP results generally in highly
oxidized Pt particles on boti andp-type GaN. Interestingly, the extent of oxidatiorddhe
corresponding CLSs vary strongly with the GaN dgpamd are higher for Pt particles on the
n-type surface under X-ray illumination. The vamais in Pt composition are more
pronounced in hydrogen atmosphere. These resudtgestithat the electronic doping of the

GaN support plays a noticeable role in the parcpport interaction when irradiated with X-

rays.
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Figure 4-7. Pt4f core level spectra of cuboctahedral Pt namigfes supported on-type (a-c) ang-type GaN
(d-f) at 300 K in vacuum (a, d), at 300 K in hydeog(0.5 mbar) (b, €), and at 800 K in hydrogen (Btfr) (c,
f), respectively. (g) Evaluation of the Pt fractsoof each species (% of Pt4f peak area) for thetspéa-f).

The different oxidation properties of Pt anandp-type GaN were consistent for various Pt
particle sizes and shapes (Figure 4-8, spectra @aeihy shown forp-type samples). For
small, spherical, as well as large, cuboctahedrdlaibic particles, the Peontribution was
always lower on for the-type sample. From these spectra, it is clearlyplghat the kind of
particle synthesis, the amount of PVP (three titmgher amount of polymer for capping of
small spherical particles), and the particle sizenvall as geometry determine the oxidation
degree during the oxygen plasma treatment. Neved$iethe effect from the underlyingor

p-type GaN support was still detectable.
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Figure 4-8. Pt4f core level spectra exemplarily shown for @taparticles op-type GaN with (a) spherical, (b)
cuboctahedral, and (c) cubic particle geometryQfit B in vacuum. (d) The corresponding fractionseath Pt

species of the spectra (% of Pt4f peak area) ofiifferent particle shapes on andp-type GaN.

In subsequent photoemission experimeintsitu reduction in hydrogen and situ oxidation

in oxygen were performed to gain further insigtbithe effect of the semiconductor on the
nanoparticles under reaction conditions. For tldeicgon experiment, the first sample set (as-
prepared samples) was heated in hydrogen (0.5 rioan)room temperature to 800 K. Pt4f
core level spectra after reduction at 800 K rewtade significant decrease of all “Pt
components for botm- and p-type GaN surfaces (Figure 4-7 (c, f)). The fractiof PP
increased to 88% for particles @rtype GaN, and to 75% for thetype sample. In both
cases, solely the Pf™° component contributed to ®t while the Pt* and Pt" species
disappeared nearly completely, especially forghgpe support. Additional Pt species were
not evolved as a result of thermal treatment. Tossible detachment of particles from the
GaN surface was determined by the calculation &dtlement ratios before and aftesitu
reduction. The total amount of deposited Pt wasndoio be 6-7% (Table 4-3), which shows

that Pt was not lost during the thermal treatmemityidrogen atmosphere.
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Thein situ oxidation experiment was performed to further stigate changes in Pt chemical
activity due to a possible charge transfer betwden particles and the underlying GaN
support under X-ray illumination (Figure 4-9 (ajpr this experiment, the second sample set
was used, which was previously reduced at 775 Kyidrogen for 3 h, yielding initial Pt

fractions of 69% and 78% for Pt cuboctahedra-oandp-type GaN, respectively.

The temperature was increased to 725 K in vacutsultieg in comparable Pfractions at
725 K and room temperature. Upon oxygen exposuiat, only small changes in the Pt
composition were detected for cuboctahedrgtype GaN and the amount of’Recreased
to a minimum of 68%. The CLSs of the evolvin§*Rteaks relative to Pwere identical to
the positions for as-prepareetype samples (Table 4-4). In contrast to the pladi onp-type
GaN, the Ptfraction of particles om-type GaN dropped immediately after oxygen inlet to
30%. The CLSs of the Ptspecies were shifted to higher values comparespreparea-
type samples (Table 4-4). Furthermore, th& Bomponent contributed significantly to”Pt
for particles onn-type GaN. Although the high pressure caused vew d¢ount rates and
hence, a higher uncertainty in peak fitting, thalgative differences between Pt4f core levels
of the n- and p-type samples are clearly resolved (Figure 4-9 dp, After 80 min of
oxidation, the samples were heated to 775 K in wacwand the particles were reduced
thermally to their initial composition. Two intetexy points arise from this experiment. First,
the particle affinity towards oxygen and oxidatisrmuch higher on the-type than on the-
type support under X-ray irradiation. Second, tHeS€ of Pt species relative to Pare
larger for particles om-type GaN for thein situ oxidation with oxygen under X-ray

illumination than for oxygen plasma preparationhia absence of X-rays.

The AFM characterization after thex situ reduction at 775 K in hydrogen and situ
oxidation at 725 K in oxygen showed no significpatticle sintering (Figure 4-10). However,
some Ostwald ripening was detected for particles-type GaN, whereas some agglomerates
were observed for particles on thype surface after the oxidation experiment dubgy
photoemission. Due to the high stability of theG&N samples, effects from aggregation and
sample damage could be excluded to contributedmtiserved differences in the particles’

oxidation and reduction behavior with X-ray illuration onn- andp-type GaN.
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Figure 4-9. (a) P! fraction (% of Pt4f peak area) of Pt cuboctahaira- andp-type GaN before, during, and
after oxidation with oxygen (0.5 mbar, 725 K) andidg further heating in vacuum (775 K). The cop@ding

Pt4f core level spectra of (b)type and (cp-type sample after 1 h in oxygen are shown as amele.

Figure 4-10. AFM images (1 pR) of (a) n-type and (d)p-type GaN surfaces before particle deposition, as-
prepared Pt cuboctahedra on flype and (ep-type GaN before XPS, and identical particle sasple(c)n-
type and (fp-type afterex situreduction (775 K, 3 h, §j andin situ oxidation (725 K, 80 min, £ X-rays).
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4.4 Discussion

The catalysts based on andp-type GaN were prepared with defined Pt partickesiand
geometries, and with a reproducible particle moymieon the semiconductor surface. The
GaN-supported Pt nanoparticle composition was founthe stable against X-ray-induced
changes that allowed a detailed photoemission stifidiie particle behavior durinig situ
reduction and oxidation at elevated temperaturee Tohmparison of the Pt foil with
cuboctahedral Pt particles ortype GaN, which were both oxidized by the oxygéasma,
was used to identify the present Pt species inrdaoce to their binding energy shifts. Four
components were found in the Pt4f core level spaaitboth samples (Figure 4-4), providing
an accurate quantitative analysis of peak areascarallevel shifts of each Pt species. The
first doublet was attributed to metallic Pt and digained binding energies for’Rtt room
temperature in vacuum (Table 4-4) are in reasonalgieeement with literature values
(70.7 eV to 71.6 eV) for Pt cuboctahedrammandp-type GaN. A positive shift of +1.3 eV to
higher binding energy was recorded in the Pt4f d¢evel spectra of the-type sample with
respect to the binding energy of Peasured for particles qutype GaN (Table 4-4). This
shift can be explained by considering the electratiucture of the semiconduct®?. The
Fermi level of the sufficiently grounded semiconiuds referenced to that of the detector
during XPS measurements (Figure 4-11 (a)). Therdecbcore level binding energies are
analyzed with respect to the semiconductor Ferwalf&” This is also true for the deposited
metal particles, because they are only electricatiytacted through the semiconductor
support (Figure 4-1). Compared to the metal foilectevel spectra, this creates a different
situation for the interpretation of CLSs for senmdactor-supported particles. Therefore, the
relative shift in the absolute Pt4f binding energsiginates from energetic differences
between the Fermi levels i and p-type GaN, rather than from a chemical shift. The
energetic difference of the bulk Fermi level pasis of 3.0 eV betweem andp-type GaN is
reduced by the surface band bending due to Fewal [@nning at the GaN surface, which
can lead to the observed shift of +1.3 eV. An aliteoP? binding energy shift of -0.4 eV was
detected for botim- andp-type GaN samples at room temperature in hydrogersphere
(Table 4-4). As this shift was not accompanied lyraling energy shift of the N1s core level
(not shown), it cannot be assigned to a changeaiN &urface band bending. Consequently,
the negative shift of the binding energy is ideetlf as a chemical shift related to the
adsorption of hydrogen on the Pt particles. Th@seaoublet was assigned to a chemisorbed
oxygen species, BF™C due to its CLS of +0.9 eV and +0.8 eV for theandp-type GaN

143



Chapter 4

sample, respectively. This assignment is suppduyeiim et al’®? and Butcheet al®¥!, who
reported CLSs of +0.7 eV for chemisorbed oxygerPt{i10) and +0.6 eV on Pt(111). Both
authors proposed the formation of chemisorbed axyge Pt to be caused by the X-ray-
induced oxygen dissociation upon oxygen inlet. Aiddally, chemisorbed oxygen species on
metallic gold have been explained by the same nmsimd® However, the Bfem©
component appears in our experiments prion tsitu oxygen exposure and thus, we relate its
origin to the treatment with oxygen plasma, whiemoves the capping PVP shell from the
particles. The third component exhibited a CLS dfgteV for then-type and +1.6 eV for the
p-type sample, which was identified to bé'RBt PtO®? The fourth doublet correlated with
Pt in PtQ and CLSs of +2.9 eV and +2.8 eV were found fooftn- and p-type GaN,
respectively*> 52 It has to be noted that the use of different asgtnynfactors for peak
fitting can delete the Ptspecies form the Pt4f core level spectra, buptrerall background
does not allow higher values for asymmetry. Theeefawe conclude that the fourth doublet is
essential for the appropriate spectrum deconveolufille magnitudes of CLSs can be slightly
different than reported values due to effects fiRinparticle size and the support. Moreover,
the nature of the Ptcomponent and thus, the oxidation behavior isngigodependent on the
specific metal facets, as well as on structurabinbgeneities on the particle surface like
steps, kinks, and edg€s>®

The comparison of Pt4f core level spectra of agpgmed Pt cuboctahedra on and p-type
GaN at room temperature in vacuum shows a muclkeddrgction of oxidized Pt components
for particles supported amtype than for those supported pitype GaN (Figure 4-7 (a, d)).
This difference is even more pronounced when hyetidg introduced at room temperature
(Figure 4-7 (b, e)). Both experiments indicate thwatgen is stronger bound to Pt particles on
n-type GaN than to particles on thaype surface under X-ray illumination. Consequgntl
we conclude that a strong nanoparticle-supportanteon exists that is affected by the GaN
doping, altering the particles” affinity towardsygen. Particle sintering was excluded to be
the origin of the observed effect due to the homeges particle distribution on the GaN
surfaces analyzed by AFM (Figure 4-10). In additiorthat, both the- andp-type samples
were prepared under identical conditions and ddfdy in their electrical doping.

However, given the known interactions between mptaticles and oxidic supports, e.qg.
TiO,, effects from adsorbed oxygen on the GaN surfax® tb be considered. A higher
coverage with oxygen is expected on fhype surface due to the higher surface roughness
compared to-type GaN, which was determined from AFM (Figur&@a, d)). Anyhow, the

adsorption energy of oxygen should be very similarboth surfaces. Only a thin oxygen
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adlayer is expected to be present in the range®MQ, which exhibits possible electron
tunneling"® A reduction mechanism has been proposed for festion TiQ, which
describes the X-ray-induced formation of oxygen ammtes and a subsequent oxygen
spillover from the particles to the suppb6ft® A comparable particle reduction process was
excluded to contribute to the observed behavion-oandp-type GaN, because the particles
were not reduced by the X-ray beam within 5 h (Fegt5).

In order to explain the observed differences inRhearticle surface composition onandp-
type GaN, we propose a mechanism considering tHé nd alignment at the Pt-GaN
interface. The Fermi level of Pt or rather the rhetark function of 5.7 eV is located
approximately in the center of the GaN bandgap ¥} At the Pt-GaN interface, the
valence and conduction bands of the semiconduater bent upwards fon-type and
downwards forp-type GaN, as a result of surface defects and thettky barrier formation
with Pt. Due to this band alignment, a charge feammechanism is plausible and can be used
to describe the observed particle-support intesactree charge carriers are photo-generated
within the space charge region upon X-ray illumimatdue to measuring. Therefore, free
holes are driven to the-type GaN surface, whereas free electrons accuenalathep-type
surface (Figure 4-11 (b, c)). Due to the energatignment of Pt with GaN in contact,
recombination of electrons from the particles whibles from then-type GaN is expected
under illumination. Likewise, a transfer of electsdrom thep-type support to the particles is
assumed, when irradiated with X-rays. Due to thargh transfer at the interface under
illumination, a reduced net charge on Pt particles-type GaN would be expected, while Pt
particles onp-type GaN would exhibit an increased net chargesiriilar charge transfer
process was previously applied to describe thegstiegradation of organic monolayers on
GaN® consequently, we propose that the observed altehechical properties of the Pt
particles om- andp-type GaN under X-ray illumination originate frofiig mechanism.

In order to evaluate the validity of this chargensfer modelin situ reduction and oxidation
experiments were performed with Pt cuboctahedmdlgbes on GaN. During the temperature
increase to 800 K in hydrogen, the fraction of @ed Pt compounds diminished for particles
on bothn- andp-type GaN (Figure 4-7 (c, f)). The higher oxidizezsmponents, Bt and Pt
disappeared, while only P£™°remained in the Pt4f core level spectra. An aftmynation
between Ga and Pt was not observed at 800 K, aadddional peaks evolved in the
spectrum. Although the particles were reduced birdigen on both GaN surfaces at the same
conditions, the amount of oxidized Pt species wghdr for particles om-type than orp-

type GaN, which supports the charge transfer meshmndescribed above. The
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decomposition of the GaN substrate was excludeddatction temperature of 800 K, because
GaN is thermally stable up to 1250%K. However, the presence of hydrogen at 800 K
reduces the oxygen adlayer in the casg-tyfpe GaN, while it remains constant for tiype
surface (Table 4-2). The Pt coverage was evaluagéare and after thm situ reduction to
investigate a possible particle detachment fronstigport, which may occur by the modified
surface composition. But we can exclude this precke to only slight increase of the Pt/Ga
element ratio at 800 K, determined from the corellespectra (Table 4-3). The increased
Pt/Ga element ratio is attributed to the removataitaminates during reduction, resulting in

an increase of the exposed Pt surface area.

® @

ANNA e ....................... E“_p.

F(sc)

Ev

Detector Semiconductor

Figure 4-11.(a) lllustration of the energetic alignment ofratype semiconductor with the spectrometer and the
detection of the sample’s photoelectrons with FéengIsEg, energy of valence and conduction b&ig, Ecg,
energy of the core levdtc, and the binding energis of the core level electron. The alignment of Pt
nanoparticles om-type (b) andp-type GaN (c) shows the possible photo-induced geharansfer mechanism

under X-ray irradiationhp).

The in situ oxidation experiments further verifies the changethe oxidation properties of
the particles in dependency on the GaN dopligsitureduced samples were used for these
measurements, which yielded a high amount fth the typical differences in composition
for n- andp-type GaN. Thean situ oxidation occurred under X-ray illumination due tte
simultaneous collection of core level spectra. Asisig the charge transfer model under
illumination, we expect a significantly changedatdaty of the particles om- and p-type
GaN. An immediate oxidation of particles antype GaN was observed upon oxygen
exposure, whereas almost no changes in the Pt cakmomposition were detected for
particles on th@-type surface (Figure 4-9). Again, this differemece¢he oxidation behavior of
the Pt particles on- andp-type GaN under X-ray irradiation is in excellegreement with
the proposed charge transfer model. Therefore uppase that Pt nanoparticles exhibit fewer
electrons om-type GaN under illumination than qmtype GaN, which is a result of the

recombination situation at the Pt-GaN interfacensgguently, the Pt particles supported on
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n-type GaN should provide a higher affinity for tekctronegative oxygen molecules, as

observed in the experiment.

45 Conclusion

Monodisperse, size- and shape-selected Pt nandparsiupported on electrically doped GaN
surfaces are shown to be very suitable model hydtrigctures to explore photo-stimulated
changes of the particles” chemical propertiessitu reduction and oxidation in a high-
pressure XPS setup revealed a strong doping-depepdeticle-support interaction, which
significantly increased the affinity of the paréisltowards oxygen, when applied to thgype
GaN surface. Generally, the Pt particlesnetlype GaN exhibit a higher amount of atoms in a
higher oxidation state under X-ray irradiation. dddition, the exposure to oxygen at high
temperature under X-ray illumination led to the igdiate oxidation of the particles
supported om-type GaN, which is in contrast to particles of fhiype sample. We propose a
model for the photo-induced charge transfer actbss particle-semiconductor interface,
which involves the recombination of minority chaiggriers frorm-type GaN with electrons
from Pt. This work highlights the impact of semidactor support materials and suggests that
GaN is a promising support for (photo)catalysis.
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Chapter 5

Optoelectronic Control of the Catalytic Reactivity of

GaN-Supported Pt Nanoparticles

Abstract

Supported metal nanoparticles constitute an imporggoup of catalysts, their properties
being intrinsically controlled by the identity ofie@ metal, the terminating surfaces of the
particles and the influence of the support in wigtvding or donating electrons. If the support
is a semiconductor, then band bending and the @$sdaharge transfer at the metal-support
interface provide a new channel for tuning eledtroproperties beyond the effects of
coordinatively unsaturated sites provided by isalainetal particles. Supporting identical Pt
particles on epitaxially grown- andp-type GaN, we show that optical excitation of theev
bandgap support by UV light induces a controllegidg-dependent charge transfer between
the support and the metal particles. The impac¢hisfon catalytic reactivity is demonstrated
using the structure-insensitive hydrogenation dfeeé. The interfacial charge exchange
between the optically excited semiconductor and shpported metal particles not only
enables an external control of catalytic activibyt also a quantitative evaluation of the
electronic impact of the semiconductor support lo& metal. An increase of the electron
density on Pt nanopatrticles fpitype GaN increases the rate of ethene hydrogematibile
that rate is decreased by decreasing the electositgt for Pt particles on-type GaN. The
fact that the same metal particles were supponteiivo chemically identical semiconducting
carriers with the possibility to electronically wirthe charge exchange via substitutional
doping enabled us to quantitatively relate the tedeic modification of the Pt particles to
their catalytic properties. This has yielded nevsibaunderstanding of electronic metal-

support interactions and opens up the possibifigiectronically tuned catalyst properties.
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5 Optoelectronic Control of the Catalytic Reactivity of GaN-
Supported Pt Nanoparticles

5.1 Introduction

Whereas we begin to understand the intrinsic citaproperties of metals and the role of
coordinatively unsaturated surface metal afmthe more indirect electronic effects of the
support on metal particles are still challengingssess and to quantify. This is because the
support not only influences the electronic staté &lso shape and size of the supported
particles? 3 This makes it difficult to deconvolute changesafalytic reactivity due to metal
morphology from purely electronic effects causedchgrge transfer between the support and
the catalyst.

To demonstrate the consequence of a controlledretgc alteration of the support on metal
particles in the absence of particle size effagtsreport here a novel experiment using two
semiconducting catalyst supports with identicalratwal propertiesr- andp-type GaN), in
which opposite electronic effects can be stimuldigdrradiation with above bandgap UV
light. For this purpose Pt particles of identicakesand shape distributions were deposited on
these two supports and used for the hydrogenaticgth®ne to ethane in the presence or
absence of UV light. The metal particles were pregan colloidal suspension by anchoring
and protecting them in pol¢vinylpyrrolidone) polymef*! The addition of AgN@ directed
the particle growth in the polyvinylpyrrolidone)-containing polyol solution towds a
dominant portion of 88% of Pt cuboctahedra withize ©f 9 nm, exhibiting solely Pt(100)
and Pt(111) faces (Figure 5-1 (gif)).

Apart from being one of only two wide bandgap semauctors (SiC and GaN), which can
be efficiently doped botm- and p-type, gallium nitride also features a direct baapl@f
3.4 eV with a strong optical absorption and a famorable alignment of the conduction and
valence band edges with the Fermi energy of Ptather catalytically active metdfs® As
shown in Figure 5-2 (a), the Fermi level of Pt agdted close to the middle of the GaN
bandgap. The well-documented formation of a Sclgattntact between GaN and Pt leads to
re-distribution of charges and the formation ofuiltbn space charge region at the interface,
which is depleted of electrons in the case-bfpe GaN and of positively charged holes in the
case ofp-type GaN (Figure 5-2 (c, d¥j.® After thermal equilibrium is achieved, further
transfer of charge carriers between Pt and GaNinexjeénergy to overcome the Schottky

barrier. Such Pt/GaN Schottky contacts have beeastigated recently in the oxidation of
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CO to detect a ballistic electron transfer acrbssrhetal/semiconductor interfaeElectron
transfer with the underlying GaN was induced irs ttéise by the exothermic reaction of CO
on Pt particles. A similar behavior was observadFfoonn-type Ti0,.*! An enhancement in
the rate of CO oxidation was also detected for ptetalysis based omtype TiO, doped

with fluorine*4

Thus, the working hypothesis for the experimentscdbed here was that the unique
combination of the wide bandgap and the bipolairpproperties of GaN would enable us
to achieve a systematic control of electron transégween GaN and Pt, leading to new and
unexpected catalytic properties of the latter. &tat transfer differs from the traditional
strong metal-support interaction (SMSI) effect, etharises from the reversible decoration of
metal particles by the reducible suppdftsthe GaN used in this case is chemically stable
under the chosen conditions and has an identigatadrstructure for the case f andp-type
doping (Figure 5-1 (a, d}}. This allows the direct comparison of the particéactivity
altered by the accumulation of opposite chargei@raron then- or p-type GaN surface. Due
to the preparation procedure of the catalysts hen storage in air, nonstoichiometric natural
oxides of 1-2 monolayers (ML) were found on theandp-type GaN surfaces under reducing
and oxidizing conditions, respectively (Chapter Hhwever, these thin oxide adlayers are
transparent to electron trandtér that is well established through previous studis

macroscopic Pt/GaN Schottky diodes fabricated femN epilayers with a natural oxiéé

5.2 Results and Discussion

The deposition of the shape-selected monodispersgaificles was performed via spin-
coating with a polymer-protected metal sol resgliim a homogeneously distributed layer of
particles, which did not sinter at reaction comtii or at high temperature (Figure 5-1 (b, €)
and (c, f), Chapter 3). An oxygen plasma was ustd deposition to remove the protecting
polymer coating. The Pt particles were also oxidiby the plasma treatment. This was
verified by a thorough XPS analysis of the différ®n oxidation states (PtP£*, Pf). Only
12% of the Pt atoms were zero-valentretype GaN, while orp-type GaN 24% Pt atoms
remained fully reduced (Chapter 4). The varyingtians of reduced and oxidized Pt on

and p-type GaN after reduction inzhat high temperature as well as dedicateditu XPS
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oxidation experiments revealed a higher affinityPoftowards oxygen for Pt particles on

type GaN than fop-type samples (Chapter 4).

Figure 5-1. (a-f) AFM images oh- (a) andp-type (d) GaN reference surfaces, as well as Ricfgrcontaining

n- (b, ¢) andp-type (e, f) samples before (b, €) and after (dsfratalytic performance in ethene hydrogenation.
The particle height and Pt coverage were determiadoe 7-8 nm and 8-9 %ML, respectively, and remeain
constant after catalytic testing. (g-h) TEM micragins of Pt particles (8.9 + 0.7 nm, 88% cubocteadjedr
solution before deposition onto GaN surfaces. (i@ Tuboctahedra exhibit mainly Pt(111) and Pt(f8€gts.

Based on these results, we propose a photo-indebedge transfer occurring under
illumination with above bandgap lighty» 3.4 eV,A < 365 nm) (Chapter 4). By such a UV
irradiation, electron-hole pairs are excited arhsated close to the surface, depending on the
type of doping of the GaN support. The upward bedding occurring im-type GaN leads

to the diffusion of photo-generated electrons itite bulk of the support while holes are
accumulated at the surface (Figure 5-2 (e)). Is thise, we expect recombination of electrons
from Pt with the photo-generated holes at the serfaf n-type GaN, yielding electron-
deficient Pt particles. The net positive chargethef Pt particles will re-distribute over the
particle surface in order to maintain a zero irtéedectrical field**! Conversely, in the case
of p-type GaN samples, photo-excited electrons aresfieared through the Ritype GaN
interface to the Pt particles due to the downwarrfiase band bending (Figure 5-2 (f)). As a

consequence, the Pt surface becomes electron-ndar dllumination of thep-type GaN
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support. The different light-induced electron déasi of the particles on the and p-type
GaN surfaces provide a plausible explanation ferahered oxygen affinity ai- andp-type

samples in our previous XPS experiments (Chapter 4)
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Figure 5-2. (a-b) Fermi level of Pt and- (a) andp-type (b) GaN bandg&h (c-d) Schottky contact between Pt
and GaN in thermal equilibrium with upward and dewand band bending for- (c) andp-type (d) GaN. Due to
the Fermi level pinning at the GaN surface, eledrare transferred from andp-type GaN to Pt. (e-f) Charge
distribution during illumination oh- (e) andp-type (f) GaN. Irradiation leads to non-equilibrianthe interface,
with holes accumulating at thetype surface facilitating charge recombinationhwélectrons from Pt, and
interfacial electron transfer for thetype GaN. The charge carrier accumulation leads potential drop at the

surface, denoted as surface photovoltage, causing ttattening (dashed to solid lines).

The impact of these different charge transfer feaston the catalytic properties of Pt
nanoparticles om- and p-type GaN supports was investigated and quantifeed the
hydrogenation of ethene to ethane in a recircudatiactor (Figure 5-3), comparing the

various reaction rates with and without irradiatievith 254 nm UV light. Without
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illumination, Pt onn- and p-type GaN showed the same catalytic activity withire
experimental uncertainty (Figure 5-4 (a, b)). Und&r light, however, the two types of
catalysts exhibited a characteristically differdrghavior: the Pt nanoparticle reactivity
increased for the p-type GaN support, butlecreasedfor the n-type GaN support. The
observed photo-induced changes in reactivity weteast a factor of two in both cases. This
was quantified in the conversion rates expressddrasver frequencies (TOFs) at different
temperatures between 335-355 K (Figure 5-4 (a,Njably, the catalytic reactivity of the
particles responded immediately to switching oroffrthe UV light (Figure 5-4 (a), small

insets), indicating correspondingly fast electn@msfer processes at the Pt/GaN interfaces.

Transmission (%)

Wavelength (nm)

\
\
R\

NN v= I_{ - =
a: Catalyst chamber T: Oxygen/moisture traps /}x—\g - CoHy
N, V-3 > V-2
=

b: Gas dispersion M: Mass flow controllers

c¢: Quartz glass V: Valves
d: O-ring sealing R: Reactor Exhaust
e: UV source P: Micropump Capillary column

Figure 5-3. The flow scheme of the reaction setup shows plessiteration in continuous and recycle mode by
switching both valves V-1 and V-2. Sampling andlgsia by gas chromatography was achieved by loattiag
gas mixture onto the capillary column by switchiragve V-3 three times per hour. The sandwich-l#tajnless
steel reactor included the sample and facilitatptical excitation of the catalyst through the gmagtass

window, which showed 97% transparency for UV lightvavelength 254 nm in the transmission spectrum.
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Figure 5-4. (a) Ethene conversion during gas recirculation @demperature-dependent TOFs overrthand
p-type catalyst with and without UV irradiation. Aeakctivation was observed within the first two hourke
particles showed similar reactivity in dark, whesyean increased and decreased activity was detémtele p-
andn-type catalyst in UV light, respectively, whichsapposed to originate from the charge transfer ar@sm
under illumination. (c) Proposed reaction mechanigith and without UV light. The pathway vie and die-

bonded ethene was proposed to be dominant fg-thedn-type sample, respectively, under UV irradiation.

The experimentally observed changes in reactivityim accordance with the proposed charge
transfer under illumination described above (Figbt2 (e, f) and Chapter 4). Without UV
light irradiation, the transfer of electrons betwedet andn- or p-type GaN upon Schottky
contact formation can be estimated to about 3Qtreles per particle, both for- andp-type
GaN (calculation described in 5.4.5, Table 5-1)otglumination of the catalysts a further
transfer of charge carriers in steady state ocdums can be estimated to about 70 holes per
particle in the case of thetype and additional 30 electrons per particlehia tase of the-
type GaN sample (calculation described in 5.4.%ld&-1), explaning the inverse effect of
illumination on the catalytic reactivity of the sagrted particles. Consequently, an increase in
the hydrogenation rate was observed for electrcm-particles g-type sample), while for
electron-deficient particles{type sample) the reaction rate decreased.
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Table 5-1.Descriptions of the Pt-GaN catalysts.

Pt cuboctahedra (8.9 nnif’ on

Specificatior Unit Details n-type GaN p-type GaN
Oxygen ML (£ 0.3) - 1.1 2.4
adlayef”
Particle nm (x 0.6) before/after reaction 7.0/7.2 7.4/7.8
height® averaged 7.1 7.6
Ptcoveragd® %ML (+1.1)  before/after reactic 7.4i7.€ 8.79.4
averaged 7.5 9.0

Surface Pt %ML (£ 0.2) - 1.3 1.6
sited? atoms cnf - 2.0 x 18° 2.4 x13°
Ea.app kJ mol™* dark 66 61

(3.0 uv 74 73
Charge carriers dark 36 (€ added to particle) 36 (€ added to particle)
carrier
transfef® carriers uv 70 (holes at interface) 28 (€ at interface)

@ Size in solution (TEM)® From Ga3d core level spectra of similar samplesaf@ér 4).’ Size on Gah
surface (AFM).@The coverage was calculated (in %ML, with 1 ML 5 .13° Pt atoms c)*® from
particle size (TEM) and number of atoms (or surfat@ms) of a cuboctahedral particle (assumptiodof
atomic shells) using the particle density on theNGsurface (AFMY!®! © The detailed calculation of
transferred charges is described in 5.4.5.

These changes in the reaction rates are attribateariations in the stabilization of particular
ethene surface species (Figure 5-4 (c)). Overalbdibd ethene is hydrogenated to ethane by
reacting with surface metal-hydrifé*®! Ethene is adsorbed in two configurations on Pt, as
di-o- or as n-bonded specig® ?* The n-bound ethene is the key intermediate for

hydrogenation, while reaction via theafbound ethene is slof&#2*!

Without UV illumination, the similar electronic goerties of Pt nanoparticles supporteden
or p-type GaN will give rise to similar equilibria ohe different forms of adsorbed ethene
and, hence, to similar ethene hydrogenation rdtesontrast, considering the-donor-
acceptor interactions between Pt and ethene undérillumination, electron-deficient
particles are expected to prefer ethene adsorptioti-o-coordination, whereas-bonded
ethene species would be favored on electron-ricticies (Figure 5-4 (c)), which explains a

lower activity of Pt particles on-type and a higher activity gitype GaN (Figure 5-4 (a, b)).

5.3 Conclusion

The present results demonstrate that the charstatesffects which can be induced by

optoelectronic electron or hole injection into meiarticles on semiconductor supports can be
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used to dynamically control their catalytic reaityivThe controlled and quantifiable effect of
this in situ light-induced tuning of catalytic reactivity opensw pathways for controlling
catalytic activity and presumably also selectivitig light. In particular, the favorable
optoelectronic properties of GEN|, as well as its biocompatibilify 2], open great potential

for semiconductor device technology as well as dtmlysis.

5.4 Methods

5.4.1 Model Catalyst Preparation

Colloidal Pt particlesn solution were synthesized by the polyol proadsscribed by Sonet
al! For cuboctahedral Pt particle geometry, 5.5 % tifinol of AgNQ (> 99% Sigma-
Aldrich) was used in ethylene glycot 09.5% Fluka) prior to the addition of solutions
containing PVP (1.125 mmol monomer,,M 55 000 g mat, Sigma-Aldrich) and bPtCl
(0.094 mmol, 8 wt.% in kKD, Sigma-Aldrich). The alternate addition of thepiRécursor and
the polymer was finished after 17 min, resultingui-10 nm cuboctahedra. After the particle
separation with acetone> 9.5% Sigma-Aldrich) followed by centrifugation damvashing
procedure with ethanol (99% Fluka) and 1-hexanegn(@tAldrich) the particles were
dispersed in ethanol with a Pt concentration oB3fimol I'. As semiconductor supports,
MOCVD-grown GaN ofn-type (Si donor concentration n = 2 x*46m*, Lumilog Group St
Gobain Crystals) ang-type (Mg acceptor concentration p =5 *4€m?, Fraunhofer
Institute of Applied Solid State Physics, FreibuBgrmany) were used. The substrates were
washed in acetone (ultrasonic bath, 10 min) andednwith 2-propanol>99.5% Fluka)
before Pt particles in ethanol (50 pl, 1.2 ¥*18mol) were deposited on the GaN surface via
spin-coating (3000 rpm, 60 s). Excess solvent wap@ated by heating the samples to
360 K for 5 min in ambient atmosphere, whereas erygasma (1.4 mbar,0O200 W, 5 min,
TePla 100-E, Technics Plasma GmbH) was appliecetoove the PVP-capping from the
particles. The samples were finally heated to 42& Kacuum for 15 min to increase the

adhesive forces between particles and substrate.
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5.4.2 Transmission Electron and Atomic Force Microscopy TEM, AFM)

Solutions ofPVP-protectedPt particles in ethanol were drop-cast onto carbmated Cu grids
(Quantifoil Micro Tools GmbH) for the analysis wilfEM (JEOL JEM-2010, 120 keV). The
average particle sizes and the fractions of diffeggarticle shapes were evaluated from at
least 250 patrticles. The GaN surfaces functiondliagh the particles were analyzed with
AFM and images (1 x 1 um, 256 data points per lihéiz) were acquired with a Veeco
Multimode AFM (Nanoscope llla SPM controller) impfang mode using AFM probes with a
tip radius < 7 nm (204-497 kHz, 10-130 N'nNanosensors). The average particle height and
the areal particle distributions on the GaN surfaege evaluated (WSxM softw&8, Table
5-1). The number of particles per GaN area was ueedalculate the Pt coverage in
percentage of a monolayer (%ML) (1 ML = 1.5 x°1€m* Pt atoms for Pt(111)). For this
calculation, the number of atoms per particle dedrtumber of atoms on the patrticle surface
were determined according to the model equatiorBenffield™® with the assumption of 17
atomic shells. Due to the particle truncation by dontact to the GaN support, two thirds of
the particle was supposed to be exposed, resutirag hypothetical number of surface Pt
atoms that are catalytically active. The surfacec&terage of the catalyst was used to

normalize the activity towards ethene hydrogenation

5.4.3 Batch-operated Recycle Reactor Setup for Ethene Hydgenation

A recirculating reactor was constructed for batpbration to test the catalytic performance of
Pt-GaN catalysts with low metal coverage in the rbgdnation of ethene to ethane,
facilitating experiments with and without opticadogtation of the samples (Figure 5-3). The
catalyst was mounted into a sandwich-like, stagkeel reactor with a quartz glass window
(broadband antireflection coating, LINOS Photonid$)e gas was dispersed over the catalyst
with a V-shaped unit towards the catalyst chamibee chamber depth was similar to the
GaN thickness (333 um) and the gas was flushed theeisurface functionalised with Pt
particles. The inner surface of the top plate amel quartz glass stabilization contained
channels for o-rings, which were pressed by scriwssealing. An adapted heater unit
(Ultramic600 Heater, Watlow) allowed reactor hegtirom the back side with a temperature
deviation on the sample surface of maximum 1.5% @#&s flux was adjusted via mass flow

controllers (Bronkhorst) and directed through tretatyst chamber, the six-port valve
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integrated into the gas chromatograph (HP 6890eSgrthe piezoelectric membrane pump
(mp5, Bartels Mikrotechnik), and finally into the&reust during continuous operation, while
the gas was recirculated into the catalyst chanmbezcycle mode. The optical excitation of
the catalyst was performed with a UV lamp (254 i, 600 uW crif, Benda) during
kinetic experiments under illumination. Differedtr@actor conditions without concentration
gradients along the catalyst were achieved for kimetic study with and without UV
irradiation. Mass transport limitations by film filision of reactants from the gas phase onto
the metal surface were not observed within the usdperature range. In a typical
experiment, the sample was mounted into the readttamber and flushed with,N1 bar,
350 K, 15 min). For catalyst activation; L bar) was introduced, while heating the sample
to 425 K (temperature ramp of 1 K rifjn After reduction at 425 K for 6 h, the reactorswa
cooled down to reaction temperature (335-355 Kjlirand gas chromatographic analysis was
started (HP-PLOT AD; KCI capillary column, 50 m x 0.32 mm x 5 um, 32 Khe kinetic
data were collected with decreasing temperaturé-88 K, steps of 5 K) and afterwards
again at 355 K. This procedure was performed itk dad in UV light for then- andp-type
catalysts. The recirculation was applied at corstaactant flow by switching valves and
turning on the micropump (250 Hz, 250 V). The U\mfa was additionally switched on
during illumination experiments. Reference sammés- and p-type GaN were prepared
using exactly the same conditions and treatmentsrasamples functionalised with particles,
including spin-coating of PVP in ethanol (50 pk k. 10° mol), oxygen plasma and heating
in vacuum. A small concentration of ethane was aletk for an empty reactor chamber,
which was less than 3% of the particles” activitiie background reaction was subtracted
from that of the catalysts for all data shown witlinis study. The conversion of ethene to
ethane was evaluated from ethane accumulation sulwveng recycling and TOFs of ethane
accumulation were determined for each temperatareethene conversions below 10%
(consider chapter 2.4.1 for detailed calculatiohfie apparent activation energies were

graphically identified from Arrhenius plots (Taldel).

5.4.4 Kinetic Data Evaluation

The catalytic activity of Pt particles ar or p-type GaN in the hydrogenation of ethene to
ethane (GH4 + H, — C,Hg) was evaluated comparing the ethene conversiodstianover

frequencies for the ethane production with and ewitihJV light irradiation in the temperature
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range of 335-355 K. The timet){dependent conversionX) of ethene to ethane was
determined via the concentration) (of formed ethane (Equation 2-35). The number of
accumulated ethane moleculd$,{) was normalized to the number of particle surf&te
atoms Nsufacd, resulting in temperature-dependent turnover uesgies TOF9
(Equation 2-36). The recycle reactor volumé)( the reaction rater), and the Avogadro
constant lx) were used to calculate the number of accumulatedne molecules from the
obtained product accumulation curves (Equation 2-3he linearization of the Arrhenius
equation was used for the graphical determinatioihe apparent activation energiés, {pp
Table 5-1) in the measured temperature ranyevith the pre-exponential factoAq) and the

universal gas constarR) (Equation 2-38).

5.4.5 Charge transfer to Pt nanoparticles on GaN

The maximum amount of charge which can be trarsfleto the Pt nanoparticles in the dark
and during illumination of the GaN support is detered by the electrical capacitance
C = 4regr of individual particles and the energy positionteé Pt Fermi level within the
bandgap of GaNg is the effective dielectric constant of the supjmanoparticle interface and
r is the radius of a spherical nanoparticle. Addamgyadditional charge to the nanoparticle
leads to an increase of the Coulombic energg?8C. Thus, the change in potential energy
associated with the transfer dN electrons or holes to a given Pt particle is
JE = N €/(87&&r). For a radius of = 4 nmand an effective dielectric constantsf 1...1Q

the charging energgE of the nanopatrticles will vary between 0.18 eV glectron fore=1
and 0.018 eV per electron far= 10. Since the effective dielectric constant for theNAPt
nanoparticle heterostructure is not known, we assameffective average value of 5 for
this case. With this assumption, the charging gnesguld amount to 36 meV per electron or

hole added to a Pt particle with a radius of 4 nm.

Without illumination, the Fermi level position ditet natural surface of GaN is determined by
surface states and metal-induced gap states (Mt&S¢ to the center of the GaN band gap.
As a consequence, the Schottky barrier height by diodes for most metals ortype
GaN is around 0.9 +0.1 eV, including Pt Schottkgdesi® For p-type GaN, the barrier
heights are around 0.6 +0.1 &Y. Therefore, the simple model for Schottky diodes
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according to Zhdan& is not valid for GaN. Instead, the Fermi levetts GaN surface has
been found to be pinned approximately 1 eV belavabnduction band (i.e. 4.4 eV below the
vacuum level and 2.4 eV above the GaN valence bawodh), forn- andp-type GaN grown by
MOCVD.B? with a work function of 5.7 eV for Pt, the Fernevkl of the nanoparticles is
1.3 eV below this pinning energy (Figure 5-2 (a). bypon contact, electrons will be
transferred from the GaN support to the nanopasitb equilibrate the Fermi level positions.
According to the estimate above, this will requite3/0.036 =36 electrons per Pt
nanoparticle, independent of the type of dopingFé 5-2 (c, d)). This is about one order of
magnitude more than what is obtained based on tiehof ZhdanoW*, and about one order
of magnitude less than expected from the modepwofides and Verykid¥'. Also, this is in
agreement with our observation that the catalytitvily of the GaN/Pt system in the dark
does not depend significantly on the doping ofGaédN support (cf. Figure 5-4 (a, b)).

Upon illumination with UV light, excess charge cars are generated and separated in the
band bending region close to the surface (FiguPe(&-f)). The amount of charge separation
can be deduced from the photoconductivity of aomihated sample compared to the
conductivity of the same sample in the dark. ftype GaN supports with a doping level of
n=2x 10¥cm?® we observe a relative change of the conductieftyla’o = + 10 under
equivalent illumination conditions of GaN withoutet Pt particles. This corresponds to an
illumination-induced increase of the majority carrdensity in the bulk of the GaN wafer by
An =2 x 10®°cm? for standard illumination conditions. With a GaMnf thickness of

d = 3 um the steady state areal density of the photo-géeercounter charges at the GaN
surface then follows ad x 4n = 6 x 10" cm? of holes. The effective lifetime of photo-
induced charge carriers under these conditionsir@atafrom transient photoconductivity
measurements is less than about 50 ms, so thaver lamit for the steady state optical

generation rate of minority carriers at the surfisce2 x 10 cm? s™.

Charging of the Pt nanoparticles will stop onceFkemi level of the charged nanoparticles is
higher than the conduction band fetype GaN or lower than the valence band rigype
GaN. This allows an additional transfer 190.036 = 28 electrongnto each nanoparticle for
p-type GaN, wherea2.5/0.036 = 7(holescan be maximally transferred into each particle on
n-type GaN. Note that for bulk GaN/Pt Schottky diodesh#éis been observed that the
Schottky barrier height is decreased significabtlythe presence of molecular hydrogéh.
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This effect has been explained by the catalytisatimtion of H by Pt or Pd plus the
formation of an interfacial GH" dipole layer with the natural surface oxide of G&¥NSince
the experiments described in this work necessaelyuire a large partial pressure of
hydrogen, this observation could also be of releedmere. However, it is not known to what
extent a similar effect will also be valid for a IGaurface with a small coverage of Pt
nanoparticles and how this will influence the cleargansfer between GaN and the

nanoparticles. Therefore, we have neglected thig pothe present discussion.

Since the areal density of Pt nanoparticles onGa® surface is abo x 10" cm?, a
transfer of 50 electrons per particle requires raegrated photo-generated surface charge
density of1 x 10" cni®. For the optical generation rate of surface chaxggculated above
(1.2 x 10° cm? sY), the complete charge transfer should be finishighin about one second

of illumination time.
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6 Summary & Zusammenfassung

6.1 Summary

Due to the world’s increasing energy demand, tleenital industry requires processes within
Green Chemistry with low consumption on energy amdiuced waste production.
Heterogeneous catalyzed reactions exhibit an optolation by high atom efficiency and
product selectivity. However, high efficiency recgs a rational development of
heterogeneous catalysts with optimal catalytic progs, which are tunable for the respective
chemical reaction. In particular, nanocatalystsil@kismall metal particle sizes and increase
the active surface for reaction. The combinationsath small particles with suitable
supporting materials expands the possibilitiesatalyst synthesis. The support can interact
with the particles electronically or geometricallimplementing unique properties for
catalysis. The controlled activation of the cateys situ, during reaction, is challenging for

catalysis on demand.

In this work, the possibility oin situ tunable catalytic properties of model nanocatalysts
been studied and an altered performance in ethgdeodenation, as well as a different
behavior during reduction and oxidation has beamdowith the photo-activation of the
catalyst. To achieve these observations, a suitabléel hybrid system was developed that
showed low complexity of the metal-support inteefand simultaneously was treated under
same conditions like industrially used catalystet(whemical synthesis and handling in
ambient air). The choice of platinum nanopartiddewed the controlled synthesis of size-
and shape-selected particles, which are -cataligticattive in various reactions like
hydrogenation. Epitaxially-grown gallium nitride #8) was used as a nhon-oxidic,
semiconducting wide bandgap support that is availaith controlled electronic doping m
and p-type, in contrast to the oxidic semiconductor mate titania and zinc oxide.
Additionally, GaN is commercially utilized in opteetronic semiconductor technology.
Thus, the model catalysts based on Pt nanoparsalggorted on highly doped GaN surfaces

provide the application for electronic devicesriegrated microstructured reactors.

The Pt-GaN interface forms a Schottky contact wiith electronic alignment between the
metal work function and the Fermi levelsrefandp-type GaN, where the Pt work function

lies 1.3 eV below the pinned Fermi level mef and p-type GaN. In thermal equilibrium, an

166



Chapter 6

upwards band bending of the valence and condutigo occurs fon-type GaN, whereas
both bands bend downwards in the cas@-tfpe GaN. Due to the Fermi level alignment
electrons are transferred from the and p-type surface to the Pt particles. The change of
charge on Pt is therefore equal ferandp-type GaN and an alteration of the catalytic attivi

of the particles for reaction is not expected. dntcast, the activation of the underlying GaN
support by illumination with photons that excitealons above the bandgap causes a huge
difference in the charge distribution at the Pt-Gatérface. Electron-hole pairs are formed
upon light excitation and the minority charge asridrift towards the surface. Minority
charges are holes imtype and electrons ip-type semiconductor. At the Pt-GaN interface,
charge recombination of electrons from Pt with acclated holes ofi-type GaN is supposed.
For Pt on thep-type surface, electron transfer from ghéype GaN to Pt is proposed upon
illumination. This charge transfer is supposed ffech the catalytic properties of Pt under
irradiation, which was tested for X-ray and UV lighumination under reduction, oxidation,

and hydrogenation conditions.

To verify this charge transfer model under illumiog, both the Pt nanoparticles and the GaN
surfaces had to be well-defined. The particle sssith could be controlled to prepare
monodisperse, size- and shape-selected Pt naradgsrtwhich were characterized with
transmission electron microscopy. The particlestaiord a polymer-shell of poly¢
vinylpyrrolidone) (PVP) to prevent agglomeration jédrticles in solution. Small particles
with a size of 2 nm were synthesized by the reduactf the Pt precursor with 1-propanol.
Large Pt particles were prepared by the polyol wethsing silver nitrate as shape-directing
agent to achieve cubic, cuboctahedral, and octahedrticles with a size of around 10 nm.
The GaN surfaces were analyzed with X-ray photosions spectroscopy and oxygen
coverages of 1 ML (monolayer) and 2 ML were foumdne and p-type GaN, respectively.
The thin oxygen adlayer allows the transfer of &tats across the Pt-GaN interface by
electron tunneling. The PVP-protected Pt partiolese applied onto both- andp-type GaN
via spin-coating, resulting in a homogenous pataiktribution on the surfaces. The Pt-GaN
model catalysts were characterized with atomicdaricroscopy that enables the calculation
of the Pt coverage. The Pt coverage could be dtedrby the Pt concentration in solution, as
well as by the spin-coating rotation speed and twyasgcally 2 %ML for small and 16-
17 %ML for large particles on GaN. The polymer wsadsequently removed by oxygen

plasma without sintering of the particles, whiclimally occurs by thermal polymer removal.
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The heating of the model catalysts to moderate ¢gatpre of 425 K increased the adhesive
forces between the particles and the GaN surface.

As the model catalysts were studied under reaatimmditions, i.e. exposure to gaseous
atmosphere at elevated temperatures, the partiakélity on the GaN surface had to be
investigated withn situ small-angle X-ray scattering and X-ray absorptspectroscopy in
grazing incidence mode. These data showed that &) and large (7 nm) Pt particles on
n-type GaN were resistant against sintering at higimperature of 673 K. However, a
rounding of edges for large particles was obserme®73 K. In hydrogen, as well as in
deuterium-ethene atmosphere, a dynamic respondnall particles to the presence of gas
molecules was monitored, which was assigned to cat#deadsorption on the particle surface
followed by a change in the nanoparticle shapecdntrast to the small particles, large
particles did not change their geometry under #raesconditions. X-ray absorption spectra
revealed the reduction of small nanoparticles durihe hydrogenation of ethene with

deuterium, while large particles appeared unchaagedcompletely reduced.

To monitor electronic changes on the Pt partickéase, as well as on the GaN surfaces under
reaction conditionsin situ high-pressure X-ray photoelectron spectroscopy-XPS) was
used, which is a surface-sensitive method in cehtta X-ray absorption spectroscopy.
Thereby, synchrotron radiation was required tolkesthe Pt4f core level spectra. Various Pt
nanoparticle sizes and shapesmnand p-type GaN were measured after preparation and
showed significant differences, which result frdme underlying support doping. Pt particles
on n-type GaN exhibited always a higher amount of @eadi Pt species after synthesis, as
well as after reduction with hydrogen. The fractioh metallic Pt was only 16% for Pt
cuboctahedra (8.1 nm) antype GaN and 28% for the same particlespaype GaN after
preparation measured at room temperature in vacédter. in situ reduction in hydrogen at
800 K, the particles were not completely reducenhtaining 88% and 75% Ptor particles

on n- and p-type GaN, respectively. Tha situ oxidation experiment witkex situreduced
samples (78% Pton p-type and 69% Bton n-type) confirmed the different chemical
composition of the particles am and p-type GaN under illumination with X-rays. The Pt
particles on the-type surface were immediately oxidized (only 30%) Bpon oxygen inlet

at 725 K, whereas Pt particles pitype GaN remained at their initial reduced led% P¥f).

The XPS study supports the charge transfer modeérulumination, because the X-ray
irradiation during the measurements caused thetatixei of the underlying GaN support,

changing the affinity of the nanoparticles towandggen.
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Reaction experiments with and without illuminatiohthe model catalysts should definitely
prove the altered catalytic reactivity of the Pitioée surface by photo-activation of the GaN
support. Therefore, the samples were tested irhyldeogenation of ethene to ethane in a
batch-operated recycle reactor that facilitateadiation with UV light (254 nm) through a
guartz glass window. The same catalytic activitysi@und for Pt cuboctahedra (8.9 nm) on
both n- andp-type GaN without illumination (ethene conversidnsgo at 335 K after 10 h).
Upon irradiation with UV light, an enhanced reaityivtowards ethane production was
detected fop-type GaN-supported Pt particles (ethene conversiai¥ at 335 K after 10 h).
In contrast to thep-type sample, a lower hydrogenation activity undkmination was
determined for Pt nanoparticles on thigype surface (ethene conversion of 2% at 335 &raft
10 h). Considering the charge transfer mechanistneaPt-GaN interface under illumination,
the Pt particles appear electron-deficiennegpe GaN, whereas Pt is electron-rich onghe
type surface. The different electronic propertiéstiee particle surface with and without
illumination was proposed to change the portiondiaf- andrn-bound ethene due to altered
o-donor andm-acceptor interactions between Pt and ethene. €hetion mechanism of
ethene hydrogenation describes a fast reactionvpgtivia thern-bonded ethene, while the
pathway via dis-bonded ethene is very slow. The reaction enhancerite the p-type
sample via thet-bound ethene species and the reaction retardimiahe n-type sample via
the dio-bound ethene under illumination are consistenhhe reaction mechanism of the

hydrogenation.

Consequently, this proof of principle study revettie potential to actively manipulate
catalytic properties of semiconductor-supported ain@anoparticles on demand. We are
convinced that this effect works for various reas as well, e.g. for CO oxidation, the
selective hydrogenation of unsaturated aldehyddsnériles. The electronic modification of
the nanoparticle surface by the illumination of thederlying semiconductor support should
impact the particles” reactivity in reactions, whetectronic effects change the product yield

or distribution.
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6.2 Zusammenfassung

Aufgrund des weltweit zunehmenden Energiebedarfsttigt die chemische Industrie
Prozesse im Bereich der ,Grinen Chemie* mit niesiigVerbrauch an Energie und
reduzierter Abfallproduktion. Heterogen katalyseReaktionen stellen eine optimale Losung
mit hoher Atomeffizienz und Produktselektivitdt dAtlerdings erfordert die hohe Effizienz
eine rationale Entwicklung von heterogenen Katdtygm mit optimalen katalytischen
Eigenschaften, die auf die einzelne chemische Reaktbgestimmt sind. Speziell weisen
Nanokatalysatoren eine kleine MetallpartikelgroBeuand erhdhen die aktive Oberflache fur
die Reaktion. Die Kombination solcher kleinen Ragttimit geeigneten Tragermaterialien
erweitert die Moglichkeiten in der Katalysatorsyegh. Der Trager kann mit den Partikeln
elektronisch oder geometrisch wechselwirken undtfiiesondere Eigenschaften fur die
Katalyse ein. The kontrollierte Aktivierung der lébtsatorenn-situ, wahrend der Reaktion,

ist eine Herausforderung fur die abrufbare Katalyse

In dieser Arbeit wurde die Moglichkeit der-situ einstellbaren katalytischen Eigenschaften
von Modellnanokatalysatoren untersucht und eine ifiaagtte Effizienz wurde in der
Ethenhydrierung ebenso wie ein verandertes Vernaltédhrend der Reduktion und Oxidation
mit der Photoaktivierung des Katalysators gefundém. solche Beobachtungen zu erhalten
wurde ein geeignetes Modellhybridsystem entwickd#is eine niedrige Komplexitat der
Metall-Trager-Grenzflache zeigte und gleichzeitigtarx denselben Bedingungen wie ein
industriell genutzter Katalysator behandelt wundas§chemische Synthese und Handhabung
an Raumluft). Die Wahl von Platin-Nanopartikeln aeitbte die geregelte Synthese von
groRen- und formselektierten Partikeln, die in emelReaktionen wie der Hydrierung
katalytisch aktiv sind. Epitaktisch gewachsenes liGahitrid (GaN) wurde als nicht-
oxidischer, halbleitender Trager mit weiter Ban#ioverwendet, der im Gegensatz zu den
oxidischen Halbleitermaterialen Titanoxid oder Zwrid mit kontrollierter elektronischer
Dotierung in n- und p-Typ verfugbar ist. Zusatzlich wird GaN kommerzieii der
optoelektronischen Halbleitertechnologie verwendBaher bieten Modellkatalysatoren
basierend auf Pt-Nanopartikeln getragert auf hamtreden GaN-Oberflachen den Einsatz in

elektronischen Bauelementen oder integrierten ratkuturierten Reaktoren.

Die Pt-GaN-Grenzflache bildet mit der elektronisthusrichtung der Metallaustrittsarbeit

und den Ferminiveaus vom und p-Typ GaN einen Schottkykontakt aus, wobei die Pt-
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Austrittsarbeit 1,3 eV unter dem gepinnten Ferngaiv vonn- und p-Typ GaN liegt. Im
thermischen Gleichgewicht tritt eine aufsteigendend/erbiegung des Valenz- und
Leitungsbands fun-Typ GaN auf, wahrend sich beide Béander im Fall yehyp GaN
abwarts biegen. Aufgrund der Ausrichtung der Feivesus werden Elektronen von der
und p-Typ Oberflache auf die Pt-Partikel (ibertragen. Biederung der Ladung am Pt ist
daher furn- und p-Typ GaN gleich und eine Veranderung der kataliesc Aktivitat der
Partikel fur die Reaktion wird nicht erwartet. Ine@ensatz dazu bewirkt die Aktivierung des
darunterliegenden GaN-Tragers durch BeleuchtungRhdtonen, die Elektronen Uber die
Bandlucke anregen, einen enormen Unterschied inLddungsverteilung an der Pt-GaN-
Grenzflache. Elektron-Loch-Paare bilden sich untdiichtanregung aus und
Minoritatsladungstréager driften zur Oberflache. Dimoritatsladungen sind Locher imTyp
und Elektronen im p-Typ Halbleiter. An der Pt-GaN-Grenzflache wird ein
Ladungsrekombination von Elektronen vom Pt mit akkiierten Lochern des-Typ GaNs
vorausgesetzt. Fir Pt an deffyp Oberflache wird ein Elektronentransfer vgaTyp GaN
auf das Pt unter Beleuchtung angenommen. Es wirdwiet, dass dieser Ladungstransfer die
katalytischen Eigenschaften des Pt unter Bestrghteeinflusst, was fur Rontgen- und UV-
Licht-Beleuchtung unter Reduktions-, Oxidations-duhRlydrierungsbedingungen getestet

wurde.

Um dieses Ladungstransfermodell unter Beleuchtunpestatigen, mussten sowohl die Pt-
Nanopartikel als auch die GaN-Oberflachen gut defirsein. Die Partikelsynthese konnte so
gesteuert werden, dass monodisperse, groéRen- umddlektierte Pt-Nanopartikel prapariert
wurden, die mit Transmissionselektronenmikroskogi@rakterisiert wurden. Die Partikel
enthielten eine Polymerhulle von Palyyinylpyrrolidon) (PVP) um das Agglomerieren der
Partikel in L6sung zu vermeiden. Kleine Partiket giner Grof3e von 2 nm wurden durch die
Reduktion der Pt-Vorstufe mit 1-Propanol synthetisi Gro3e Pt-Partikel wurden mit der
Polyolmethode hergestellt und Silbernitrat wurde farmgebende Komponente verwendet
um kubische, kuboktaedrische und oktaedrische Kearit einer Grof3e von etwa 10 nm zu
erreichen. Die GaN-Oberflachen wurden mittels RéntBhotoemissionsspektroskopie
analysiert und Sauerstoffbedeckungen von 1 ML (Mage) und 2 ML wurden jeweils fiin-
und p-Typ GaN gefunden. Die diinne Sauerstoffschichtubtl@en Transfer von Elektronen
entlang der Pt-GaN-Grenzflache aufgrund von Eleldnunneln. Die PVP-geschutzten Pt-
Partikel wurden sowohl aufi- als auch aup-Typ GaN durch Spin-Coating aufgebracht,

wodurch eine homogene Partikelverteilung auf deer@iche erzielt wurde. Die Pt-GaN-
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Modellkatalysatoren wurden durch Rasterkraftmikops& charakterisiert, was die
Berechnung der Pt-Bedeckung ermdglichte. Die PteBkang konnte sowohl durch die Pt-
Konzentration in Loésung als auch durch die SpintfdgaRotationsgeschwindigkeit
kontrolliert werden und betrug typischerweise 2 %ML kleine und 16-17 %ML fir grof3e
Partikel auf GaN. Das Polymer wurde anschlieRendid8auerstoffplasma ohne Sintern der
Partikel, das normallerweise bei thermischer Polgmiéernung auftritt, entfernt. Das
Aufheizen der Modellkatalysatoren auf moderate Temfuren von 425 K erhéhte die

adhasiven Krafte zwischen den Partikeln und der-Goirflache.

Da die Modellkatalysatoren unter Reaktionsbedingangl. h. unter Einwirkung von Gas-
atmosphare bei hohen Temperaturen, untersucht wundesste die Partikelstabilitat auf der
GaN-Oberflache mitin-situ Kleinwinkel-Rontgenstreuung und RoOntgen-Absorpion
spektroskopie unter streifendem Einfall geprift adegr. Diese Daten zeigten, dass kleine
(2 nm) und grol3e (7 nm) Pt-Partikel auiTyp GaN resistent gegen das Sintern bei hoher
Temperatur von 673 K waren. Allerdings wurde dasulden der Kanten von grol3en
Partikeln bei 573 K beobachtet. Sowohl in Wassérstals auch in Deuterium-Ethen-
Atmosphéare wurde eine dynamische Reaktion kleirextikel auf die Anwesenheit von
Gasmolekilen beobachtet, das der Molekiladsorptidrder Partikeloberflache gefolgt von
einer Anderung der Nanopartikelform zugeordnet wurtin Gegensatz zu den kleinen
Partikeln &nderten groRe Partikel ihre Geometrigerurdenselben Bedingungen nicht.
Rontgen-Absorptionsspektren zeigten die Reduktimm kleinen Nanopartikeln wahrend der
Hydrierung von Ethen mit Deuterium, wahrend grofetiRel unverandert und vollstandig

reduziert erschienen.

Um die elektronischen Anderungen an der Pt-Padiesflache und auch an den GaN-
Oberflachen unter Reaktionsbedingungen zu beobachteirde diein-situ Hochdruck-
Rontgen-Photoemissionsspektroskopie (HR-XPS) vedegrdie im Gegensatz zur Réntgen-
Absoptionsspektroskopie eine oberflachen-sensitiviethode darstellt. Dabei war
Synchrotronstrahlung erforderlich um die Pt4f-Kemeaus aufzuldésen. Verschiedene Pt-
NanopartikelgroRen und -formen auof und p-Typ GaN wurden nach der Praparation
gemessen und zeigten signifikante Unterschiede, dies der darunterliegenden
Tragerdotierung resultierten. Pt-Partikel aufyp GaN wiesen sowohl nach der Synthese als
auch nach Reduktion mit Wasserstoff immer einenehgiin Anteil an oxidierten Pt-Spezies
auf. Der Anteil an metallischem Pt war nur 16% RitKuboktaeder (8.1 nm) anfTyp GaN
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und 28% fur dieselben Partikel apiTyp GaN nach der Synthese und gemessen bei
Raumtemperatur im Vakuum. Nach dessitu Reduktion in Wasserstoff bei 800 K wurden
die Partikel nicht vollstandig reduziert und enligie jeweils 88% und 75% Pfiir Partikel
aufn- undp-Typ GaN. Dasn-situ Oxidationsexperiment méx-situreduzierten Proben (78%
P auf p-Typ und 69% Pt auf n-Typ) bestatigte die unterschiedliche chemische
Zusammensetzung der Partikel auf und p-Typ GaN unter Beleuchtung mit
Rontgenstrahlen. Die Pt-Partikel auf defTyp Oberflache wurden sofort nach dem
Sauerstoffeinlass bei 725 K oxidiert (nur 309%8) Ptvéahrend die Pt-Partikel aptTyp GaN

bei ihrem urspriinglichen Reduktionsniveau blieb&8% Pt). Die XPS-Studie unterstiitzt
das Ladungstransfermodell unter Beleuchtung, daRbetgen-Bestrahlung wahrend des
Messens die Anregung des darunterliegenden GaNefigagrursacht und die Affinitat der

Nanopartikel zu Sauerstoff verandert.

Reaktionsexperimente mit und ohne Beleuchtung devdeéMkatalysatoren sollte die
veranderte katalytische Reaktivitdt der Pt-Partiketflache bei Photoaktivierung des GaN-
Tragers eindeutig beweisen. Deshalb wurden die drob der Hydrierung von Ethen zu
Ethan in einem absatzweise-betriebenen Kreislaktiveagetestet, der die Bestrahlung mit
UV-Licht (254 nm) durch ein Quarzglasfenster erngige. Dieselbe katalytische Aktivitat
wurde fir Pt-Kuboktaeder (8.9 nm) sowohl awdTyp als auch aufp-Typ GaN ohne
Beleuchtung gefunden (Ethenumsatz von 5% bei 33@aé¢h 10 h). Unter Bestrahlung mit
UV-Licht wurde eine verbesserte Reaktivitat bezilgliler Ethanproduktion fip-Typ GaN-
getragerte Pt-Partikel detektiert (Ethenumsatz #nbei 335 K nach 10 h). Im Gegensatz zu
der p-Typ Probe wurde eine niedrigere Hydrierungsakiiviiir Pt-Nanopartikel auf der
Typ Oberflache unter Beleuchtung bestimmt (Etheraimson 2% bei 335 K nach 10 h).
Unter Berlcksichtigung des Landungstransfermechams an der Pt-GaN-Grenzflache
unter Beleuchtung scheinen die Pt-Partikel elelenanm aufn-Typ GaN zu sein, wahrend
das Pt elektronenreich auf derTyp Oberflache ist. Es wurde vermutet, dass die
unterschiedlichen elektronischen Eigenschaften 8artikeloberflache mit und ohne
Beleuchtung die Anteile des di und r-gebundenen Ethens aufgrund der modifizieden
Donor- und n-Akzeptor-Wechselwirkungen zwischen Pt und Ethendeéam Der
Reaktionsmechanismus der Ethenhydrierung besche@bn schnellen Reaktionsweg uber
dasn-gebundene Ethen, wahrend der Pfad Uber dasgdibundene Ethen sehr langsam ist.

Die Reaktionsbeschleunigung fir ¢idyp Probe Uber die-gebundene Ethenspezies und die
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Reaktionsabbremsung fur dieTyp Probe uber das di-gebundene Ethen unter Beleuchtung

ist konsistent mit dem Reaktionsmechanismus derieiychg.

Infolgedessen macht diese Grundlagenuntersuchunddeenzial der aktiven Manipulation
katalytischer Eigenschaften von Halbleiter-getréggeMetallnanopartikel auf Abruf deutlich.
Wir sind davon uUberzeugt, dass dieser Effekt atictvérschiedene Reaktionen funktioniert,
z. B. fur die CO Oxidation, die selektive Hydriegquwon ungeséttigten Aldehyden und
Nitrilen. Die elektronische Modifikation der Nanapkeloberflache durch die Beleuchtung
des darunterliegenden Halbleiter-Tragers sollte Rigaktivitat der Partikel in Reaktionen

beeinflussen, in denen elektronische Effekte doal@ktausbeute oder —verteilung verandern.

174



Chapter 7

Chapter 7

Outlook

175



Chapter 7

7 Outlook
7.1 Outlook

The proof of principle described in this work shaat the catalytic activity of size- and
shape-selected Pt particles supported on GaNestaft by the semiconductor electronior
p-type doping under illumination with above banddaht. Alterations in the electronic
properties of the particles upon irradiation weegified byin situ HP-XPS (Chapter 4), as
well as by the catalytic performance in ethene dgdnation (Chapter 5). Based on the results
in this work as well as the work of Schafera charge transfer model was proposed that
describes stron metal-support interaction by trergd re-distribution at the Pt-GaN interface
under illumination. Furthermore, the samples weesyvstable against sintering at high
temperatures (Chapter 3), as well as against thesexe to reducing and oxidizing gas. The
Pt particles and the Pt-GaN interface were welirgef by the preparation methods, resulting

in highly reproducible and homogeneous model catsly

Using the basic knowledge of the Pt-GaN hybrid cttres, variation in the metal
nanoparticles is possible, which may extent theeustdnding of the metal-GaN interface by
the use of defined nanoparticle sizes and georsetds well as particles of metals with
different work functions. Pt and Rh particles cansgnthesized with preparation methods that
control the nanoparticle size and shape selectif@igure 7-1 (a-c), (e-gJj:"’ Large Pt
particles of around 10 nm with cubic, cuboctahedaald octahedral shape were applied in
this work. A continuative study may include Rh pdes of e.g. cubic geometry with
comparable particle sizes. Small Ni particles, Wwhare not only catalytically active in
hydrogenation reactions but also in e.g. dry refogncan also be prepared with sizes below
5 nm™® An interesting situation for the metal-GaN inteiai, as well as for the reactivity in
catalysis may be achieved by bimetallic particlés wifferent work functions for each metal,
like Pt-Co particle$)

An advanced opportunity to extend the GaN surfaea #or nanocatalysts with high metal
particle loadings is demonstrated by the use of Gahbwires grown on silica surfaces. GaN
nanowires provide optimized crystal properties vidkbal structure and a very low density of
defectd!® ¥ The controlled vapor deposition of the metalswadiche preparation of well-

defined nanowires with- andp-type doping, as well as wighrn junctions. First spin-coating
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experiments of small and large Pt particles shothedsuccessful deposition of the particles

onto the various types of nanowires (Figure 7-2).
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Figure 7-1. TEM micrographs of (a-c) Pt nanoparticles (cubbetia of 10 nm, spheres of 2 nm and 1 nm), (d)

Ni nanopatrticles (spheres of 4 nm), (e-g) Rh nartmgpes (cubes of 10 nm and 5 nm, spheres of 1 amg, (h)

bimetallic PtCo nanoparticles (spheres of 2 nm).
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Figure 7-2. (a) SEM ofp-ntype GaN nanowires grown on silica surface, (BFgM of (b, c) spherical Pt

nanoparticles (2 nm) gn-n-type, cuboctahedral Pt nanoparticles (8 nm) oe)dstype and (f, gp-type GaN.
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The application of different wide bandgap semicaidis may show the possibility of
bandgap engineering for the use of direct sunlightan optical excitation of the underlying
support. A new photocatalyst consisting of a salidution of GaN and ZnO is currently
studied for the hydrogen evolution from overall erasplitting!*> ** The GaN:ZnO powders
exhibit a bandgap of below 3 eV and were found d¢oefficient for water splitting under

irradiation with light of wavelengths > 400 nm.

The charge transfer mechanism under irradiatiothef GaN support and its effect on the
nanoparticle reactivity in ethene hydrogenation raésp be valid for other reactions. This
was indicated byn situ HP-XPS experiments during the oxidation of CO (Feg7-3)" Pt
cuboctahedra (8.1 nm) am and p-type GaN were heated stepwise from room to reactio
temperature in a gas mixture of CO and(@Q1, 0.5 mbar). The particle surface was reduced
during the course of CO oxidation due to the corgion of adsorbed oxygen by CO. The
particles on th@-type surface were found to be reduced at lowep&rature compared to the
n-type catalyst, which showed the different oxygémey of particles onn- andp-type GaN
under X-ray irradiation. These results are conststeith in situ reduction and oxidation

experiments in Chapter 4, confirming the propodaarge transfer model under illumination.
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Figure 7-3. (a) Pt4f core level spectra duriimgsitu CO oxidation (0.5 mbar CO#&Pmeasured with increasing
temperature from 300 K to 460 K, and after coot@00 K in vacuum for Pt cuboctahedra (8.1 nmj-oand
p-type GaN. (b) Evaluation of the Pt fractions ofleapecies (% of Pt4f peak area) for the specjra (a
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The described transfer of electronic charges adiwsanetal-semiconductor interface upon
illumination affected the nanoparticles” reactivigignificantly in a measurable range
(Chapter 5). Therefore, we assume huge differeimc®e product selectivity with the catalyst
illumination during the hydrogenation of crotondigide, for example. The hydrogenation of
crotonaldehyde vyields in two products, butyraldeshgdd crotylalcohol, where butyraldehyde
is thermodynamically and Kkinetically favored. Howeyv crotylalcohol is the desired
compound for the use in fine chemicals industryw#ts found that the selectivity towards
crotylalcohol is dependent on the exposed Pt natiolgafacets and thus, on the different
electronic properties of Bf! Therefore, an alteration in the product selegtidan be
expected upon illumination of Pt-GaN model catalyst

Consequently, the new approach used in this wosktites an advanced research area in

photocatalysis for various applications.
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