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ABSTRACT

The field of nanocatalysis has gained significant attention in the last decades due to the numerous
industrial applications of nanosized catalysts. Size, shape, structure, and composition of the
nanoparticles (NPs) are the parameters that can affect the reactivity, selectivity and stability of
nanocatalysts. Therefore, understanding how these parameters affect the catalytic properties of
these systems is required in order to engineer them with a given desired performance. It is also
important to gain insight into the structural evolution of the NP catalysts under different reaction
conditions to design catalysts with long durability under reaction condition. In this dissertation a
synergistic combination of in situ, ex situ and operando state-of-the art techniques have allowed
me to explore a variety of parameters and phenomena relevant to nanocatalysts by systematically

tuning the NP size, chemical state, composition and chemical environment.
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OUTLINE

The outline of this dissertation is as follows. Chapter 1 contain an introduction to the field of
nanoparticle catalysis. In Chapter 2, a description of the characterization techniques used through
this thesis is provided. Chapter 3 describes the nanoparticle synthesis method used namely, inverse
micelle encapsulation that has been used in this report.

Chapter 4 presents an investigation of the structure and chemical state of size-selected platinum
nanoparticles supported on y-Al203 during the oxidation of methanol under oxygen-rich reaction
conditions following both oxidative and reductive pretreatments. X-ray absorption near-edge
structure (XANES) and extended x-ray absorption fine-structure (EXAFS) spectroscopy
measurements reveal that in both cases, the catalyst is substantially oxidized under reaction
conditions at room temperature and only becomes partially reduced when the reactor temperature
is raised to 50°C. Reactivity tests show that at low temperatures the pre-oxidized catalyst is more
active than the pre-reduced catalyst. We conclude that the differences in reactivity can be linked
to the formation and stabilization of distinct active oxide species during the pretreatment and under
reaction conditions.

In Chapter 5, the morphology of 3D palladium and platinum NP catalysts supported on TiO2(110)
was investigated using scanning tunneling microscopy (STM). Well defined Pd and Pt NPs were
synthesized via inverse micelle encapsulation. The initially spherical NPs were found to become
faceted and form an epitaxial relationship with the support after high temperature annealing (e.g.
1100 °C). Shape-selection was achieved for almost all Pd NPs, namely, a truncated octahedron
shape with (111) top and interfacial facets. The Pt NPs were however found to adopt a variety of

shapes. The epitaxial relationship of the NPs with the support was evidenced by the alignment of
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the cluster’s edges with TiO2(110)-[001] atomic rows and was found to be responsible for the
shape control.

Chapter 6 describes how the size of NPs supported on TiO2 affects the NP- support interaction.
The NP-support adhesion energy calculated based on STM data was found to be size-dependent,
with large NPs (e.g. ~6 nm) having lower adhesion energies than smaller NPs (e.g. ~1 nm). This
phenomenon was rationalized based on support-induced strain that for larger NPs favors the
formation of lattice dislocations at the interface rather than a lattice distortion that may propagate
through the smaller NPs. In addition, identically prepared Pt NPs of the same shape were found to
display lower adhesion energy as compared to Pd NPs. While in both cases, a transition from lattice
distortion to interface dislocations is expected to occur with increasing NP size, the higher elastic
energy in Pt leads to a lower transition size, which in turn lowers the adhesion energy of Pt NPs

as compared to Pd.

Chapter 7 presents an investigation of the evolution of the structure, composition, and catalytic
reactivity of shape-selected octahedral Pt-Ni bimetallic NPs in response to various thermal, gas-
phase, and electrochemical environments. We follow the changes of the near-surface composition
of the PtNi(111) facets after exposure to oxygen and hydrogen gas environments using Xx-ray
photoelectron spectroscopy (XPS) and contrast those to surface compositional transformations
during electrochemical potential cycling pretreatments in alkaline and acidic environments. Acidic
electrochemical environments dissolve Ni species from the surface leaving behind a Pt rich
interface. Oxygen and hydroxide (alkaline) environments promote the surface segregation of Ni(II)
oxide species, which, owing to their oxophilicity and resulting affinity to water activation, show a

significant promotion of the electrochemical CO oxidation and the electrocatalytic hydrogen



evolution. A bifunctional synergetic effect between surface Pt atoms adjacent to Ni oxide domains
was proposed.

In Chapter 8 a study of the morphological and chemical stability of shape-selected octahedral
PtosNios nanoparticles (NPs) supported on highly-oriented pyrolytic graphite (HOPG) is
presented. Ex situ atomic force microscopy (AFM) and in situ XPS measurements were used to
monitor the mobility of PtosNios NPs and to study long range atomic segregation and alloy
formation phenomena under vacuum, Hz, and Oz atmospheres. The chemical state of the NPs was
found to play a pivotal role in their surface composition after different thermal treatments. In
particular, for these ex situ synthesized NPs, Ni segregation to the NP surface was observed in all
environments as long as oxygen species were present. In the presence of oxygen, an enhanced Ni
surface segregation was observed at all temperatures. In contrast, in hydrogen and vacuum, the Ni
outward segregation occurs only at low temperature (<200-270°C), while PtOx species are still
present. At higher temperatures, the reduction of the Pt oxide species results in Pt diffusion towards
the NP surface and the formation of a Ni-Pt alloy. A consistent correlation between the NP surface
composition and its electrocatalytic CO oxidation activity was established.

In Chapter 9 the chemical and morphological stability of size- and shape-selected octahedral PtNi1
NPs was investigated after different annealing treatments up to a maximum temperature of 700°C
in vacuum and under 1 bar of CO. AFM was used to examine the mobility of the NPs and their
stability against coarsening, and XPS to investigate the surface composition, chemical state of Pt
and Ni in the NPs and thermally and CO-induced atomic segregation trends. Exposing the samples
to 1 bar of CO at room temperature before annealing in vacuum was found to be effective at

enhancing the stability of the NPs against coarsening. In contrast, significant coarsening was
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observed when the sample was annealed in 1 bar of CO, most likely as a result of Ni(CO)4
formation.

Sample exposure to CO at room temperature prior to annealing lead to the segregation of Pt to the
NP surface. Nevertheless, oxidic PtOx and NiOx species still remained at the NP surface, and,
irrespective of the initial sample pretreatment, Ni surface segregation was observed upon annealing
in vacuum at moderate temperature (T<300°C). Interestingly, a distinct atomic segregation trend
was detected between 300°C-500°C for the sample pre-exposed to CO, namely, Ni surface
segregation was partially hindered. This might be attributed to the higher bonding energy of CO
to Pt as compared to Ni. Annealing in the presence of 1-bar CO results in the occupation of the NP
surface by Ni atoms at 400°C as a result of Ni(CO)x formation. Above 500°C, and regardless of
the sample pretreatment, the diffusion of Pt atoms to the NP surface and the formation of a Ni-Pt
alloy is observed.

Chapter 10 contains the summary and outlook of the thesis.
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CHAPTER 1: INTRODUCTION

Understanding the interaction between nanocatalysts and reactants is the first fundamental step for
the rational design of high quality catalyst with particular reactivity, selectivity and stability. Such
understanding can be achieved by the systematic investigation of a variety of catalyst properties
such as their size, shape, composition and chemical state. A deconvolution of the individual role
of each of the former parameter is therefore required.

The most important property of NPs which has been widely studied is their size."*> The NPs size
can affect their catalytic activity by influencing the number of low coordinated atoms, their shape,
electronic structure and stability. It has been shown that the binding energy of many adsorbates
also depend on the NP size.*’ Furthermore the size of NPs can affect the NP interaction with its
support.

Another parameter that can affect nanocatalysts activity is the NP shape. Since the bonding energy
of many reactants depends on the facet orientation, different shapes with different surface facets
may affect the activity of NP catalysts toward structure-sensitive chemical reactions.”!! In addition
the NP shape can affect the catalytic activity by changing the number of active surface atoms and
the number of atoms in contact with the support.'>!4

The chemical state of catalysts can also be used to tune their activity. It has been shown that
oxidized catalyst may display enhanced catalytic activity for some reactions, while for others it
could be detrimental.'® The oxidation state may affect reactivity by affecting the adsorbate binding
energy. In some oxidation reactions higher activity of oxidized catalyst can be explained through
the Mars-Van-Krevelen (MVK) mechanism which suggests consumption of lattice oxygen and

their substitution by oxygen from gas phase O2 dissociation.'®



To reduce the price and increase the activity of the catalyst another parameter for tuning catalytic
performance is the modification of the NP composition. It was shown that in some cases bimetallic
catalysts have higher resistance toward poisoning as compared to their monometallic
counterparts.'” '8, Furthermore changing the metal bond length due to the mixture of metals and
consequently changing their electronic structure is another way of tuning nanocatalyst reactivity.'"
20

It should be mentioned that although well-defined properties of nanocatalyst is very important in
designing low price high quality catalysts, the evolution of nanocatalysts under reaction condition
which can cause deactivation of the catalysts is another concern that should be addressed. The
evolution of nanocatalysts include the sintering of NPs, the change of surface composition, the
variation of the morphology and the oxidation state of catalysts. Therefore investigating the
evolution of the nanocatalysts using operando and in situ techniques is important for understanding
the behavior of active catalysts in response to their environment.

In the beginning of this dissertation we present a summary of measurement techniques that have
been used. Scanning tunneling microscopy (STM) and Atomic force microscopy (AFM) are the
techniques that have been used for the direct imaging of the surface morphology and structure and
X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique used for characterizing
the chemical state and composition of the elements present on the surface.

The inverse micelle encapsulation method has been used for fabrication of the NPs. Using this
method, the NPs can be deposited on the planar substrates using dip coating and on powder

substrates by impregnation. The synthesis method is described in Chapter 3.



As it was mentioned, the evolution of the nanocatalysts during the reaction is an exciting aspect of
nanocatalysts to be considered. In Chapter 4, the evolution of the chemical state of Pt NPs
supported on y-Al203 is discussed during methanol oxidation.

In Chapter 5, STM measurements are used to study the thermodynamically stable shape of Pt and
Pd NPs on TiOz. It was found that a truncated octahedron with (111) top and interfacial facets is
the most stable shape of Pd NPs on TiOz. This observation has been explained based on the highest
adhesion energy of the (111) interfacial facet to the TiO2 (110) lattice. Chapter 6 is dedicated to
investigate the interaction of Pt and Pd NPs with TiO2 (110) as a function of their size by using the
reconstructed models of the NPs extracted from STM images. Also for a given size, higher
adhesion energy was found for Pd NPs as compared to Pt NPs due to the higher rate of increase in
the elastic energy of Pt, which results in a preference of the NPs for lateral as compared to vertical
growth.

In Chapter 7 the surface composition and stability of octahedron PtNi NPs supported on HOPG
was investigated under gas phase and liquid electrochemical environment. It was found that
hydroxide anions stabilized the Ni surface while an acidic electrochemical environment caused
selective removal of Ni atoms. Chapter 8 discusses segregation phenomena in PtNi nanoparticles
supported on HOPG under different gaseous environments, while CO electrooxidation was used
as a model reaction to display the effect of different pre-treatments in different gaseous
atmospheres on the catalytic activity. Chapter 9 is devoted to the investigation of atomic

segregation and the morphological stability of octahedral PtNi NPs in the presence of CO.



CHAPTER 2: MEASUREMENT TECHNIQUES

2.1. Scanning tunneling microscopy (STM)

2.1.1. Fundamentals

Scanning tunneling microscopy (STM) is an instrument for surface imaging with lateral resolution
of 0.1 nm and depth resolution of 0.01 nm. However achieving such high resolution is challenging
and requires a sharp and stable tip, and vibrational control, and a stable sample surface.

Quantum tunneling is the basic principle of STM. To examine a surface, a conducting tip is brought
very near to the surface, the bias voltage applied between the surface and the conducting tip cause
a net tunneling current through the barrier. This behavior could be described by the Schrodinger

equation as following:

B 0%p(2) @1
s UN(@) = EY(2)

Where h is the reduced plank constant, m is the mass of electron and z is the position. Since E<U(z)
in the case of an electron inside a barrier, the wave function would be a decaying wave,
W(z) = P(0)e*” (2.2)

And the current in the case of small bias would be:

\/8med (2.3)

I < Vps(0, Ep)exp(————)

Where @ is the sample work function, psis the local density of electronic states (LDOS), V is the

bias voltage and d is the distance between the tip and the surface. Due to the exponential behavior



of the above formula, a small variation in the distance significantly affects the tunneling current

and that is the reason for the very high vertical resolution of STM.

2.1.2. Instrumentation

A schematic of STM has been shown in figure 2.1. The components of STM are tip, inchworm

motor, piezoelectric controlling height and X, y scanner and computer.
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Figure 2. 1. Schematic of a scanning tunneling microscope.

The tip is often made of tungsten or Pt-Ir. A tungsten tip can be made through the chemical etching
of tungsten wire while Pt-Ir tips can be made by cutting Pt-Ir wires at a glazing angle. The
inchworm motor is responsible for bringing the tip near to the surface and it is made of three piezos

(1 vertical and two clutch piezos) mounted inside a cylinder.



The inchworm motor brings the tip toward the sample until it detects the tunneling current. At this
point another set of piezos is responsible for controlling the tip position in X, Y and Z direction.
Four Piezos (X+,X-,Y+,Y-) are bending the tip in the X and Y direction in the sample plane while

the piezo on top of the scanner controls the tip position in the Z direction.

2.1.3. STM images

Two examples of STM images on HOPG and TiO2 (110) are shown in Figure 2.3. The TiOz atomic

rows with the 13A distance between can be seen in figure 2.3 (b).

(@ l’G‘ (b) TiO,(110)
-

Figure 2. 2. STM images of (a) HOPG showing atomic resolution and (b) a TiO, (110) surface with (1x2) surface

reconstruction.



2.2. Atomic force microscopy (AFM)

2.2.1. Fundamentals

Atomic force microscopy (AFM) is another technique for surface imaging with typical resolution
of a fraction of a nanometer down to atomic resolution. One of the components of an AFM set up
is a cantilever, with a sharp tip at its end. The interaction between the tip and the surface could be
used to acquire an image of the topography of the sample surface.

According to Hooke’s law, when the tip is brought close to the surface, the force between the
sample surface and the tip leads to the vertical and lateral deflection of the cantilever. The angular
deflection of the cantilever can be measured by an optical lever. The optical lever is made of a
quadrant photodiode detector and a laser. The laser beam strikes the detector after reflecting from
the cantilever, Figure 2.3. The position of the laser beam can be measured on the detector and thus
the cantilever deflection.

AFM usually operates in one of the three modes, (i) contact mode, (ii) tapping mode, (iii) non-
contact mode.

In contact mode the tip moves on the surface and the scanner feedback loop changes the height of
the cantilever to have a constant deflection. Measuring the height of the cantilever at each point
allows the software to reconstruct the morphology of the sample surface. The problem with the
contact mode is that in ambient pressure most samples would be covered with a thin layer of liquid
which interrupt the scanning of the surface. The tapping mode was developed to resolve this
problem. In tapping mode, the cantilever is driven to oscillation near its resonance frequency with
a constant amplitude through a piezo in the cantilever holder. As the tip gets closer to the sample

surface the interaction between the sample and the tip causes changes in the amplitude of the



oscillation and the feedback loop changes the height and follows the surface to keep the amplitude
constant. In non-contact mode the tip does not touch the sample, while it oscillates at resonance
frequency. Due to the van der Waals forces the resonance frequency of the cantilever decreases.
Again, this decrease in the resonance frequency combined with the feedback loop system keeps
the tip at constant height to the sample surface, and measuring the sample to tip distance at each

point leads to the topographic image of the surface.
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Figure 2. 3. Schematic of an AFM setup with a laser and a cantilever.



2.2.2. AFM images

Figure 2.4 displays the AFM image of PtNi NPs supported on HOPG acquired at room temperature

in tapping mode.

Figure 2. 4. AFM image of PtNi NPs supported on HOPG acquired in tapping mode.

2.3. X-ray Photoelectron spectroscopy (XPS)

2.3.1. Fundamentals

X-ray photoelectron spectroscopy (XPS) is a surface sensitive spectroscopic technique. XPS
spectra are acquired by irradiating the sample with X-rays and measuring the energy and number
of photoelectrons that come out of the surface. Although the penetration depth of X-rays in samples
can be few micrometers, however due to the short inelastic mean free path of electron (~ nm) the

electrons that could escape from the surface are coming from the top 10 nm of the surface.
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Figure 2. 5. Schematic of the XPS process.

XPS can be used to analyze the elemental composition, chemical state and the electronic state of
the surface of materials. Since the energy of the X-ray is known (i.e,Al Ka X-rays 1486.7 eV) and
the energy of the photoelectrons is measured by an electron analyzer, then the electron binding
energy can be found using the following equation:

Ebinding= Ephoton- (Ekinteict®)

Where Ebinding is the binding energy of the electron, Ephoton is 1486.7 €V in our system but it can be
different in different systems and @ is the work function which is an adjustable factor and it
depends on the sample and type of detector.

Due to the unique set of electron energies of each element, XPS can be used to determine the
elemental composition on the surface. Also by considering the sensitivity factor of each element

the relative concentration of the given element can be extracted.
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XPS is also sensitive to the electronic and chemical state of the elements. For example, in most
cases the binding energy of oxidized elements is higher than that of reduce ones. The higher
binding energy is due to higher electronegativity of oxygen that attracts the electrons, leading to a
lower density of electrons around the nucleolus, which increases the binding energy of the

remaining electrons.

2.3.2. Instrumentation

The component of XPS are an X-ray source, a UHV chamber, an electron detector and an energy
analyzer system, and an X-ray monochromator.

The X-rays are produced by electron bombardment of an anode (Al in this case). To have X-ray
with narrower energy width, a quartz monochromator can be used, which leads to X-rays with an
energy resolution in the order of FWHM=0.2 eV. The photoelectrons that escaped from the surface
are collected and directed to the hemispherical electron analyzer by a set of magnetic and
electrostatic lenses. The electrostatic field within the electron analyzer only allows electrons of a
given energy to arrive to the detector. The detector is made of 5 channeltrons that can induce ~108
for each electron that reaches to them. The XPS spectra can be acquired by sweeping the voltage

of the electron analyzer and by sorting the photoelectrons as a function of their energy.
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2.3.3. XPS spectra

Figure 2.6 shows high resolution XPS spectra of the Ti-2p and Pd-3d regions of a sample with Pd
NPs supported on TiO2 (110) acquired at room temperature as-prepared and after annealing in
vacuum at 1100°C.

The data were fitted using CASA XPS sofwere. As can be seen the Ti-2p spectrum has two
components, 2p32 and 2pi2 due to spin-orbit splitting. Since the degeneracy is four for 2ps.2 and
is two for 2pi.2, the ratio of the area under the 2p3» and 2pi2 has been constrained to be 2. The
different chemical state can be seen for the Ti-2p evolved after annealing at 1100°C, and the
presence of the Ti** peak shows the partial reduction of Ti atoms.

The Pd-3d region also has two components, 3ds2 and 3ds.2 due spin-orbit splitting. In addition
because of the presence of Pd, Pd** and Pd** in the sample, the Pd core level region was fitted with
three doublets. In the as prepared sample due to the oxygen plasma treatment, the Pd atoms are all

oxidized, while after annealing at 1100°C only metallic Pd atoms can be observed.
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Figure 2. 6. XPS spectra of (a) Ti-2p and (b) Pd-3d core-level regions of Pd NPs on TiO (110) acquired at room
temperature on the as-prepared sample (O, plasma treated) and after annealing at 1100C in UHV. The Ti-2p region
has been fitted with two doublets corresponding to Ti** (2pap, 457.2 eV) and Ti** (2ps, 458.3 eV). The presence of
Ti** in the sample after the thermal treatment is due to the increase in oxygen vacancies on the surface. The Pd-3d
region of the as prepared sample has been fitted with three doublets corresponding to Pd metallic (3dsy, 335 €V), Pd*
(3dsp, 337 €V), Pd** (3dsp, 339.6 €V). After annealing at 1100°C, just metallic Pd has been observed, which rules out

the formation of a Pd-Ti alloy after annealing in UHV.
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CHAPTER 3: NANOPARTICLE SYNTHESIS METHOD

3.1. Inverse micelle encapsulation

Inverse micelle encapsulation 2! has been used for NP preparation. This method allows a high
degree of control over the NP size, shape, and dispersion on the support, and is suitable for being
scaled up to large substrate areas and material quantities **2. Nanometer-sized cages can be
obtained by dissolving nonpolar-polar PS-P2VP diblock copolymers, [poly(styrene)-block-
poly(2-vinylpyridine)], in a selective nonpolar solvent (toluene). The polar ends of the block
copolymer spontaneously form a cavity with nonpolar ends pointing out into the solvent. Self-
confined mono- and multimetallic NPs are obtained by loading these micelles with metal salts
(such as NiCl2.6H20, CuCl2.2H20, Pd(O2CCH3)2 and H2PtCls), Figure. 3. 1 (a). This approach
allows the self-organized generation of monodispersed NPs with average heights in the range of
0.5 nm to 50 nm. The NP size can be tuned in two ways: i) using polymers with different head
sizes (P2VP), and ii) by changing the metal-salt/polymer core ratio. The distance between the NPs
can be varied by changing the length of the polymer tail (PS) (e.g. 10-200 nm). Hexagonal NP
arrays on a planar substrates can be obtained after substrate dip-coating into the metal salt-micellar

3334 inside a given micellar

solution. The NP shape can be tuned by changing the metal loading
cage as well as by controlling the NP size * and by selecting appropriate substrate orientations.
Subsequently, the encapsulating polymer can be removed by an O2/Hz-plasma etch, Figure. 3.1
(b).

In addition to NP films supported on single crystals, powder catalysts prepared by impregnating

the nanocrystalline metal oxide substrates such as Al2O3 and Ce203 with the micellar solution and

14



subsequently drying the solvent. The organic ligands were then removed by prolonged annealing

treatments at 375°C for 18h in an Oz environment, Figure. 3.1(c).
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Figure 3. 1. Schematic description of inverse micelle encapsulation NP (a) solution (b)schematic description and
AFM image of Pt NPs deposited on TiO; (110) and (c) schematic description and TEM image of Pt NPs supported on

"{—A1203 .
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CHAPTER 4: CORRELATING CATALYTIC METHANOL OXIDATION
WITH THE STRUCTURE AND OXIDATION STATE OF SIZE-
SELECTED Pt NANOPARTICLES

4.1. Introduction

The partial and total catalytic oxidation of methanol are important chemical processes, the former
being employed in the synthesis of industrially-relevant compounds like formaldehyde *% 37 and

methyl formate,3% %

and the latter in the elimination of these toxic chemicals, along with other
volatile organic compounds (VOC), from exhaust gases.***> While partial oxidation reactions are
carried out using coinage metals or various metal oxides,* total oxidation is typically achieved
with platinum and/or palladium, which are able to convert methanol, higher alcohols,
hydrocarbons and carbon monoxide to CO2 with high efficiencies at relatively low temperatures.
Although occurring in a rather different environment, the electrocatalytic oxidation of methanol,
which proceeds over Pt-based catalysts, is also relevant. The rate of this process is a limiting factor
in the performance of direct methanol fuel cells (DMFC), which produce electricity from liquid
fuel without the need for reforming.** 43

Despite having been studied for decades, some controversy exists regarding the mechanisms of
oxidation reactions over platinum, particularly regarding the formation and participation of oxide
phases in the reaction process. On one hand, formation of surface oxides has long been believed
to cause deactivation of Pt catalysts, for example in the oxidation of alcohols to aldehydes and
ketones.***8 On the other hand, chiefly in the context of CO and CH4 oxidation, studies on single
crystal samples and real catalysts have suggested that oxides may form under reaction conditions
which do not hinder the oxidation reaction, but in fact enhance the activity or modify the

53,54

selectivity.**->2 Although the topic remains a matter of debate,>* 3 operando studies of NP samples
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on high-surface-area supports have supported the idea that in some cases surface oxides might
enhance the activity in oxidation reactions.’>>’

One of the primary limitations in the study of supported catalytic materials under realistic reaction
conditions is the complexity of such materials and the resulting difficulty in characterizing them
in detail. An emerging, successful approach to reducing the complexity of such materials, enabling
more detailed characterization, without sacrificing the direct applicability of the results to
commercially relevant chemical processes, is to use NP synthesis techniques that produce catalysts
with well-defined sizes and shapes.®® Taking this approach, we have used reverse micelle NP
synthesis to study methanol oxidation over a Pt/y-Al2O3 catalyst, with particular attention to the
evolution of the structure and oxidation state of Pt under reaction conditions. Based on the
knowledge of the chemical state of the catalyst at work which can be achieved via X-ray absorption

fine-structure spectroscopy (XAFS), the effect of oxidative and reductive pretreatments on the

catalyst’s activity and selectivity will be discussed.

4.2. Experimental methods

The Pt-loaded micelles were synthesized by dissolution of H2PtCle into a solution of polystyrene-
b-poly(2-vinylpyridine) [PS(27700)-b-P2VP(4300)] block copolymer (Polymer Source, Inc.) in
toluene (50 mg/ml). This results in reverse micelles with the Pt salt dissolved in the P2VP core.
The quantity of platinum salt added was chosen to give a Pt:P2VP molar ratio of 0.2. The mixture
was stirred for 2 days to ensure complete dissolution and then filtered. The formation of uniform

micelles was checked by dip-coating a natively-oxidized Si wafer in the micellar solution and
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imaging the wafer via AFM. The solution was then mixed with a commercial nanocrystaline y-
ALO3 powder (Inframat Advanced Materials, ~150 m?/g) to yield a nominal Pt loading of 1%. The
toluene was evaporated under mechanical agitation at 50 °C. The polymer was removed by
calcination in 70% Oz (balanced with He) at 375 °C for 24h. Complete removal of the polymer
was confirmed by checking the C-1s XPS signal, which showed only small intensity attributable
to adventitious carbon accumulated during the brief exposure of the sample to air in the course of
its ex situ transfer to the XPS chamber.'* ®!

AFM measurements were conducted in tapping mode with a Veeco Multimode microscope. XPS
measurements were conducted using a monochromatic Al-Ka x-ray source (1486.6 ¢V) and a
Phoibos electron energy analyzer (SPECS, GmbH). Binding energies were referenced to the Al-
2p photoemission peak of Al2O3 at 74.3 eV. Pt-4f photoemission peaks were not detectable for this
sample due to their coincidence with the Al-2p peaks of the support, so the Pt-4d region was used
instead to characterize the Pt oxidation state. High-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) measurements were conducted after the EXAFS
experiments using a JEOL 2100F TEM/STEM operated at 200 kV. The TEM samples were
prepared by making an ethanol suspension of the Pt/y-Al2O3 powder and placing a few drops of
this liquid onto an ultrathin C-coated TEM grid. The probe size of the STEM mode is about 0.2
nm. The Pt NP diameters were determined by measuring the full width at half maximum of the
HAADF intensity profile across the individual Pt NPs.

Catalytic tests were performed at atmospheric pressure in a vertically-mounted quartz tube
continuous flow reactor with either 50 mg of pure Pt/y-Al203 catalyst or 1 mg Pt/y-Al203 diluted
with 200 mg a-Al203, in both cases supported by a quartz wool plug. The reactant mixture

consisted of 4% Oz and 0.15% methanol by volume, balanced with He. The methanol was
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introduced to the mixture by passing He gas through a bubbler at ambient temperature. Gas
concentrations were varied using mass flow controllers (MKS) and the total flow rate was set to
50 sccm. Prior to catalytic testing, the catalyst was first reduced in H2 (50% in He) at 240 °C for
30 min. To test the influence of the catalyst oxidation state on its catalytic activity, the reduction
step was followed by an oxidation step in O2 (70% in He) at 240 °C for 30 min. The methanol,
carbon dioxide, and methyl formate concentrations were measured with an online mass
spectrometer (Hiden HPR20) sampling the reactor outlet. Conversion versus temperature
measurements were carried out in two different ways. For testing the reactivity of the pure catalyst,
the catalyst temperature was varied manually between 5°C and 100°C by cooling the quartz reactor
cell with isopropanol, passed through a coil wrapped around the reactor tube, and counter-heating
with a heating tape powered by a variable-voltage AC transformer. Measurements were made in
increasing temperature steps and the conversion was allowed to reach a steady state at each
temperature. For testing the reactivity of the diluted catalyst, the temperature was controlled with
a tube furnace and a PID controller (Watlow) and ramped from 30°C to 150°C and then back at a
rate of 10°C/hour while monitoring the reactant and product concentrations continuously.

XAFS spectra were acquired at the Pt-L3 edge in transmission mode at beamline X18B of the
National Synchrotron Light Source (NSLS I), Brookhaven National Laboratory (BNL). Spectra
were recorded from 150 eV below the absorption edge to 1230 eV above the edge (kmax= 18 A™).
The reactor used for the operando X AFS measurements consisted of a Kapton tube into which 25
mg of undiluted catalyst powder was loaded and held in place by quartz wool plugs, forming a
catalyst bed ~10 mm in length. The same space velocity (25 sccm total flow), gas concentrations

and pretreatment conditions were used at BNL and UCF for the reactivity measurements. During
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the XAFS measurements, reactants and products were monitored via an online mass spectrometer
(SRS RGA100).

The Athena and Artemis programs®® were used for normalization, background subtraction, and
fitting of the extended X-ray absorption fine-structure (EXAFS) spectra. Theoretical scattering
amplitudes and phase shifts used in the fits were calculated with the FEFF8 ab initio code® %
using fcc Pt to simulate Pt-Pt scattering paths and Na2Pt(OH)s to simulate Pt-O scattering paths.
To provide absolute energy calibration, the EXAFS spectrum of a Pt foil placed after the sample

was measured simultaneously. Energies given in this work are referenced to the first inflection

point of the Pt foil spectrum defined to be 11564 eV.

4.3. Results

4.3.1. Sample characterization

An AFM image of the Pt-loaded PS-b-P2VP micelles used as the precursor to prepare the y-Al203-
supported NP catalyst is shown in Figure. 4. 1(a). The strong quasi-hexagonal ordering and
uniform interparticle separation (~27 nm) observed for the dip-coated sample indicate the
successful synthesis of monodisperse micelles, consistent with previous reports utilizing this
method.%%7 After impregnating the micelles onto y-Al203 powder and removing the polymer by
heating in oxygen, the XPS spectrum, showing a Pt 4ds. photoemission peak at 316.9 eV [Figure.
4.1(b)], revealed that the sample contained oxidized platinum.68 STEM measurements of the
sample after the operando X AFS experiments revealed small Pt particles with an average diameter
of 0.7 nm, distributed with a standard deviation of 0.2 nm [Figure. 4.1(c,d)]. According to our

previous work,®" © no sintering is expected after our in situ treatments during the XAFS
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measurements which involved annealing treatments in H2 and Oz up to only 240°C and in a mix

of methanol and Oz up to 50°C.6! %
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Figure 4. 1. (a) AFM image of the Pt-loaded PS-b-P2VP micellar precursor used to prepare the Pt/y-Al,O3 catalyst
used in this study. Micelles were dip-coated onto SiO»/Si(111) wafer for imaging; polymer ligands were not removed.
(b) Pt-4d XPS spectrum of the as-prepared (calcined) Pt/y-Al,Os catalyst. Binding energies expected for Pt, PtO and
PtO; are indicated. (c) HAADF-STEM image of the Pt/y-Al,Os catalyst after ligand removal and after operando XAFS

measurements. (d) Particle size distribution extracted from HAADF-STEM measurements.

4.3.2. Catalytic activity

Catalytic activity of the undiluted Pt/y-Al2O3 sample for methanol oxidation was tested at
temperatures between 5°C and 100°C following a reductive and an oxidative pretreatment,
respectively, and the measured conversions are plotted in Figure. 4. 2. Each experiment was

performed twice using untreated catalyst samples and the measurements are plotted together. The
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only products detected were carbon dioxide (COz2) and methyl formate (CHOOCH3), as expected
from the following reaction pathways:

2CH30H+ 302> 2CO2+4H20 4.1)
2CH30H+02 - CHOOCH3+2H20 4.2)
At low temperatures, the total conversion over the pre-oxidized catalyst was significantly higher
than that observed for the reduced catalyst. At 5°C, the lowest temperature at which reactivities
were tested, the oxidized catalyst converted ~80% of the methanol, while the reduced catalyst only
converted ~40%. Product selectivities were also different for the two pretreatments, even after
accounting for the differences in overall conversion. Over the pre-reduced catalyst at 80%
conversion (observed at about 22°C), selectivity to methyl formate was ~40%, while over the
oxidized catalyst at the same total conversion (observed at 5°C), the selectivity to methyl formate
was only ~12%.

To obtain more accurate quantitative measurements of methanol oxidation reaction rates above
room temperature (RT), we carried out similar reactivity measurements using a diluted sample,
consisting of 1 mg Pt/y-Al203 mixed thoroughly with 200 mg of a-Al20s3. In this experiment, the
temperature was ramped linearly from ~30°C to 150°C and back at a rate of 10°C/min. Total
conversions as well as CO2 and methyl formate yields for the pre-reduced and pre-oxidized
catalysts during the upward sweep are shown in Figure. 4.3(a) and 3(b), respectively.
Measurements were constant above 120°C and were excluded from the plots. At low temperatures
(<40°C), the oxidized catalyst was significantly more active than the reduced catalyst; the former
showed ~45% conversion at 35°C, while the latter showed negligible conversion below that
temperature. At higher temperatures the conversions of both were similar, each exceeding 90%

total conversion at ~60°C and showing increased conversion to COz at the expense of methyl
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formate with increasing temperature. Both the pre-oxidized and pre-reduced catalysts showed high
selectivity to methyl formate at low temperature and complete conversion to CO2 above ~100°C,
though the transition point (where conversions to CO2 and methyl formate are equal) occurs at
slightly higher temperature for the reduced catalyst (67°C) compared to the oxidized one (60°C).
Reactivity measurements obtained during the subsequent downward temperature sweep are shown
in Figure. 4.3(c), with those from the oxidized catalyst overlaid on those from the reduced.
Differences in reactivity in this case are almost negligible, indicating that the effect of the
pretreatment is lost following the initial temperature ramp to 150°C. The low-temperature
reactivities measured during the reverse temperature ramps are intermediate between those
obtained for the pre-oxidized and pre-reduced catalysts during the initial upward temperature

ramp, each showing conversion of ~20% at 35°C.

23



1.0
(@)
0.8 -
S 06-
fZ = Total
2 04- Reduced * CO,
8 4 CHOOCH,
0.2 -
0.0 -
d 1 v T v T T T T T 1
0 20 40 60 80 100
Temperature (°C)
104 (b) .
08 "
] % e = Total
S 064 o Oxidized | e CO,
pa 4 CHOOCH,
Z 044
(o]
@)
0.2 -
0.0 -
v ! v 1 v ] v T T T 1
0 20 40 60 80 100

Temperature (°C)

Figure 4. 2. Reactivity of the undiluted Pt/y-Al,Os catalyst for methanol oxidation following (a) reductive (240 °C in
50% Ho for 30 mins.) and (b) oxidative (240 °C in 70% O, for 30 mins.) pretreatments. Conversion refers to the molar
fraction of methanol in the feed converted to a particular product. Plotted points are individual measurements and
solid curves are guides to the eye. Carbon dioxide (CO») and methyl formate (CHOOCHj3) were the only products
detected in significant quantities. All data shown correspond to steady-state reaction conditions at each given

temperature.

24



Conversion

Conversion

Conversion

Reduced
_

50

U — T T " 1
60 70 80 90 100 110 120

Temperature ("C)

Oxidized

50

T — T — T T
60 70 80 90 100 110 120

Temperature ("C)

50

1 L L 1 L 1 L
50 70 80 a0 100

110 120
Temperature (°C)

Figure 4. 3. Reactivity of the diluted Pt/y-Al,O3 catalyst for methanol oxidation. Reactivity following (a) reductive,

and (b) oxidative pretreatments, measured with increasing temperature.

(c) Reactivity following reductive and

oxidative pretreatments, measured with decreasing temperature following the measurements shown in (a) and (b).
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4.3.3. XANES and EXAFS

Operando XAFS measurements were conducted under similar conditions as the catalytic tests
described above. The catalyst was first reduced in hydrogen at 240°C and characterized at 25°C in
H: in the reduced state. After this, the sample was exposed to the reaction mixture (MeOH and Oz)
and measured at 25°C and 50°C under steady-state reaction conditions. After the measurements of
the catalyst following the reduction pre-treatment, the same sample was oxidized in Oz at 240°C
and again exposed to the reaction mixture at 25°C and at 50°C.

Figure 4. 4(a) shows X-ray absorption near-edge (XANES) spectra obtained for the catalyst in the
reduced state, in the oxidized state, and in the MeOH + Oz reaction mixture, all at 25°C, following
the two different pretreatments. Similar data from a Pt foil are also included for reference. Pt-L3
absorption spectra exhibit a prominent peak, referred to as a “white line” (WL), just above the
edge, resulting from electronic transitions from 2p32 to 5d states. The intensity of the WL is
determined primarily by the unoccupied 5d density of states, and thus reflects the average
oxidation state of the platinum atoms. The as-prepared sample, measured following a 24-h
calcination in Oz at 375°C, exhibits an intense WL, most likely indicating that a substantial fraction
of the platinum in the catalyst is in the form of PtO2.7%7> Compared to a metallic platinum foil, the
WL of the reduced nanosized catalyst exhibits a shift to higher energy as well as some broadening,
due to a combination of NP size/shape effects and changes in the electronic structure resulting
from hydrogen chemisorption.”® 7 Exposure of the reduced catalyst to the oxygen-rich reaction
mixture led to an increase in the white line intensity and decrease in the peak energy, indicating
the presence of either chemisorbed oxygen on Pt or PtOx species’?. In the case of the pre-oxidized

sample, exposure to the reaction mixture at 25°C led to a very slight decrease in WL intensity,
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indicating only a very small change in the oxygen content of the Pt NPs. However, the intensity of

the WL of the pre-reduced sample upon exposure to the reaction mixture at 25°C was slightly

lower than that of the sample following oxidation at 240°C.

Although the XANES spectra of the pre-oxidized and pre-reduced catalysts under reaction

conditions at 25°C are rather similar, the difference between them increased upon heating to 50°C,

as shown in Figure. 4. 4(b). In both cases, heating to 50°C led to a decrease in the WL intensity

with no change in peak position,

but the difference in intensity between the 25°C and 50°C data

was significantly larger for the pre-reduced catalyst than for the pre-oxidized catalyst.
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Figure 4. 4. Pt-L3 XANES spectra of a Pt/y-Al,Os catalyst acquired following oxidative and reductive pretreatments

and under methanol oxidation conditions after these pretreatments. (a) Comparison of spectra acquired under reaction

conditions at room temperature beginning in the reduced state (treated in H, at 240°C) and an oxidized state (treated
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in O3 at 240°C), respectively. XANES spectra acquired of the as-prepared (oxidized) catalyst and of a bulk Pt foil are

shown for reference. (b) Comparison of spectra acquired under reaction conditions at different temperatures.

The EXAFS oscillations extracted from the post-edge region of the Pt-L3 absorption coefficient
result from interference effects due to the scattering of emitted photoelectrons by the surrounding
atoms and thus reflect the average local coordination environment of the Pt atoms. Fourier-
transformed EXAFS spectra in Figure. 4. 5. exhibit characteristic peaks at positions corresponding
roughly (neglecting element- and momentum-dependent phase shifts) to the nearest-neighbor
distances in the sample. The EXAFS spectra of the Pt catalyst in the as-prepared, pre-reduced and
pre-oxidized initial states (pre-reaction), as well as in the MeOH + O2 mix at 25°C and at 50°C are
shown in Figure. 4. 5, together with the spectrum of a bulk Pt foil. The spectrum of the pre-reduced
catalyst shows primarily a peak at ~2.6 A (phase uncorrected) corresponding to Pt-Pt nearest-
neighbor scattering, similar to that of the Pt foil, but reduced in intensity due to the small size (and
thus reduced average coordination numbers) and enhanced static atomic disorder of the NPs. The
as-prepared sample (with the highest PtOx content due to its extensive oxidation at 375°C for 24
h), in contrast, shows a dominant peak at ~1.7 A (phase uncorrected) due to Pt-O nearest-neighbor
scattering. The spectrum of the pre-oxidized catalyst (Oz treatment at 240°C for 30 min) and those
of the catalyst obtained under reaction conditions exhibit features corresponding to both Pt-Pt and
oxidic Pt-O scattering [designated as Pt-O(1) in Figure. 4.5], as well as a third feature at an

intermediate scattering distance (~2.1 A phase uncorrected) designated as Pt-O(2).
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Figure 4. 5. Fourier-transformed k>-weighted EXAFS spectra of the Pt/y-Al,Os catalyst after reduction, oxidation and
under MeOH oxidation reaction conditions following the two pretreatments leading to the oxidation and reduction of
the catalysts. Shown also are first-shell fits to the experimental data using a combination of three scattering
components, as described in the text. A Hanning window from 2.5 to 13 A~ with Ak=1 A~ was used to compute the

Fourier transforms. The data are vertically displaced for clarity.

To separate and quantify the overlapping components of the EXAFS spectra, least-squares fitting
was carried out using theoretically-calculated scattering amplitudes and phase shifts generated
using FEFF. The best-fits obtained in this way are plotted together with the experimental data in
Figure. 4. 5. The combination of a Pt-Pt scattering component and two Pt-O scattering components
was found to adequately reproduce the experimental spectra, as suggested by the observations
above. An example of one of the fits, corresponding to the initially-reduced catalyst under
methanol oxidation reaction conditions at 25°C, is shown in Figure. 4. 6, with the contributions of
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the individual scattering components plotted separately in both r-space (Fourier-transformed) and
k-space. From these fits, the following distances (phase-corrected) were obtained: Pt-Pt (2.76 A),

Pt-O(1) (2.0 A), and Pt-O(2) (2.5 A).
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Figure 4. 6. (a) Fourier —transformed (k=2.5-15.5 A1) EXAFS spectrum of the initially-reduced catalyst measured at
25°C in MeOH+O:. The fitted spectrum as well as the magnitudes of the three contributing scattering components
corresponding to metallic Pt, a Pt-O(1) bond at ~2.0 A, and Pt-O(2) at ~2.5 A are also shown. (b) Inverse-Fourier-
transformed (R=1.2-3.2 A) EXAFS spectrum corresponding to that in (a).

Best fit parameters from the analysis of the EXAFS data are given in Table 1 and the Pt-Pt, Pt-
O(1) and Pt-O(2) coordination numbers (CNs) are plotted in Figure. 4. 7. The fitted Pt-Pt CN for

7576 which agrees well

the reduced catalyst of ~7 corresponds to particles of ~1 nm in diameter,
with the mean particle diameter d measured by STEM, provided that the volume-averaging nature
of the XAFS measurement is accounted for by weighting the histogram by 4°. Although the

particles measured by STEM had a mean diameter of 0.7 nm, the greater contribution of larger

particles results in an apparent diameter (volume-weighted) of 0.9 nm. The Pt-O(1) scattering
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component of the EXAFS spectra, with a bond length of 2.0 A, is typical of strong platinum-
oxygen bonds, and its appearance upon exposure of the reduced catalyst to the reaction mixture
and after oxidation treatments, concomitant with a decrease in the Pt-Pt coordination number,
indicates that we do not have chemisorbed oxygen on Pt, but the formation of platinum oxides.
Consistent with the XANES measurements, more extensive oxidation is observed following the
oxygen pre-treatment at 240°C than during exposure of the reduced catalyst to methanol and
oxygen at 25°C, and little change in the oxidation state is observed after exposure of the oxidized
catalyst to the reactant mixture. Determination of the extent of oxidation and of the stoichiometric
ratio of the oxides formed is not straightforward. Since both the XANES and EXAFS spectra give
averaged information for the entire sample, it is difficult to distinguish between a mixture of phases
and a single phase of intermediate stoichiometry. The persistent presence of a metallic Pt-Pt
EXAFS component following oxidative treatments appears to indicate only partial oxidation of
the NPs, yielding a structure with an oxide shell around a metallic core. Nevertheless, we cannot
rule out potential contributions from large grains of Pt in the sample which could be only partially
oxidized, while the smaller NPs might be completely oxidized. Although not detected in STEM
measurements of this sample, even an extremely small number of grains of only modest diameter
(10-20 nm) can potentially make a detectable contribution to the XAFS spectra owing to their
much greater volume.’® We note, however, that due to the very low surface-to-volume ratio of

such large grains, their contribution to the catalytic activity should in any case be negligible.
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Figure 4. 7. Coordination numbers of three different Pt species extracted from first-shell analysis of EXAFS spectra.
The sample was exposed to two different pre-treatments under reductive (left) and oxidative (right) conditions. Spectra

were acquired under the conditions indicated, in order from left to right.

The Pt-O(2) scattering component, modeled as a platinum-oxygen bond with a length of ~2.5 A,
could not be quantified with great accuracy due to its strong overlap with the Pt-Pt and Pt-O(1)
components, but exclusion of this component led to significantly poorer fits to the EXAFS spectra.
The need to include a long Pt-O component in EXAFS spectra of noble metals on various supports
has been noted in several previous studies.’® 77 Koningsberger and Gates observed such a
component in spectra of various catalysts, and assigned it to bonds between platinum atoms and
oxide ions of the Al2O3 support, with the unusual length attributed to the presence of hydrogen at
the interface.*’” 77 A theoretical study investigating hydrogenated platinum clusters on y-Al203
appears to support this, showing also drastic NP shape changes and breakage of Pt-substrate bonds
upon adsorption of high coverages of hydrogen at the NP/support interface.’* However, we
consistently observe this long-bond component more prominently under oxidizing conditions than
in the exclusive presence of hydrogen. We interpret its consistent presence under oxidizing

conditions as a sign of significant contact area between the NPs and the Al.O3 support surface,
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possibly due to a modification of the NP shape (flattening) under reaction conditions. The latter is
in agreement with data from Markusse et al.*’ on C-supported NPs which suggested spherical to
hemispherical (or flattened) shape transformations when reducing environments were replaced by
oxidizing reaction conditions.

In agreement with the XANES measurements, which showed a decrease in WL intensity upon
raising the reactor temperature to 50°C, we observe an increase in the Pt-Pt coordination number
in EXAFS spectra of both the initially-reduced and initially-oxidized catalysts, as would be
expected upon either partial reduction of Pt oxides to Pt metal or upon changing the NP shape from
a 2D to 3D morphology. Such a transformation would also be expected to lead to a decrease in Pt-
O(1) and Pt-O(2) coordination numbers, which is not clearly observed, although the latter changes

may be within the uncertainty of the measurements.

4.4. Discussion

Our experiments reveal that Pt NP/y-Al203 catalysts exhibit a complex behavior in the oxidation
of methanol which is substantially different from that of bulk Pt. Over pure Pt wire catalysts,
McCabe and McCready®' found that methanol oxidation exhibited similar reaction kinetics to CO
oxidation, which is characterized by CO-saturated surfaces and low activity at low temperatures,
versus oxygen-saturated surfaces and high activity at high temperature. It was therefore proposed
that methanol oxidation over Pt proceeds through a strongly-bound intermediate such as CO,
which prevents adsorption of Oz and thus limits the rate at low temperature. This is similar to what

has been observed for electrochemical methanol oxidation over Pt/C catalysts, where poisoning of
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the Pt anode surfaces with CO has been directly observed and found to cause large overpotentials
in the reaction.** However, such poisoning does not seem to occur in our experiments, since

according to Safonova et al.,%

a significant shift and broadening to higher energy of the Pt-L3
white line is expected upon adsorption of CO, which was not observed in our data. In our
experiments, XANES measurements indicate that under reaction conditions at 25°C, the platinum
catalyst is in an oxygen-rich state qualitatively similar to that of the pre-oxidized sample,
regardless of the pretreatment.

In addition, the observation of methyl formate as the main partial oxidation product is consistent
with a different mechanism for MeOH oxidation over highly dispersed Pt NPs/Al203 as compared
to pure Pt.®> 3 In particular, over pure Pt catalysts the main partial oxidation product was
formaldehyde, and was only formed in small yields.3! 3 For Pd/A1>O3 catalysts, methyl formate
has been observed to be the only product over PdO surfaces®®. Methyl formate production could
occur through different reaction paths involving surface formate species (HCHO).%® Our high
selectivity toward CO2 at moderate temperatures suggests that the oxidation of formate species is
faster than the condensations of absorbed methoxide with HCHO, dimerization of HCHO, or
esterification of formic acid (HCOOH) intermediates. 3¢

Furthermore, the oxidation state effect seems to be even complex, and system dependent. For
example, in methanol oxidation reactions over high surface area palladium catalysts (Pd/Al203),
the reverse trend to what we observed was reported, with a higher catalytic activity®® %7 (up to 40
times) and a lower selectivity toward methyl formate3® being detected for the reduced Pd catalysts
as compared to PdO. Moreover, the methanol oxidation turnover frequency was shown to be

significantly lower for smaller Pd NPs®® due to stronger binding of chemisorbed oxygen resulting

in higher O coverages and the blockage of active sites.®® A similar size-dependent binding was
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also reported for the O-Pt system,> 3’ but no poisoning due to chemisorbed oxygen was observed
in our study since both the initially reduced and initially oxidized samples were found to
become/remain oxidized in the presence of the reactants (evident from the decrease in Pt-Pt
coordination number and increase in Pt-O), and the sample with the highest content of oxygen
(pre-oxidized) was also found to be the most active.

Nevertheless, although XANES and EXAFS measurements indicate that in both cases the samples
are oxidized under reaction conditions, our experiments show clearly that the initial oxidation state
of the Pt NPs has a strong effect on the catalysts’ low-temperature reactivity, and that a greater
degree of oxidation leads to larger reaction rates. The results of the EXAFS analysis displayed in
Figure. 4. 7 reveal a higher degree of oxidation (larger contribution of the Pt-O(1) bond) for the
pre-oxidized NPs under reactant exposure at 25°C and 50°C. The latter finding is in accord with

1.47

previous results by Markusse et al.*’ revealing more extensive catalyst oxidation under aqueous

alcohol oxidation reaction conditions after an oxidative catalyst start-up versus a reductive start-
up.

It should be mentioned that in our case the pre-oxidized catalyst cannot be considered a true oxygen
reservoir, since the amount of oxygen stored in the form of Pt oxide is insignificant as compared
to the oxygen consumed during the reaction. Therefore, if any constituents of the catalysts’ lattice
(in this case oxygen) leave the NP surface as part of the reaction products, they should be
subsequently replenished by the oxygen reactant in the gas stream following a Mars-van-Krevelen
process.”® On the other hand, a Langmuir—Hinshelwood (L-H) mechanism in which the reactants
both adsorb on the NP surface and then react has also been observed, mainly on reduced metal
surfaces,’" > but also on some metal oxide surfaces (e.g. RuO2)* % Furthermore, in numerous

previous studies the drastic differences in reactivity observed for oxidized versus reduced catalyst
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have been attributed to the onset of one of the former distinct reaction mechanisms. For instance,
in CO oxidation reactions over Pd catalysts it has been shown that the Langmuir—Hinshelwood
mechanism takes place over reduced Pd surfaces, but with a lower activity as compared to oxidized
surfaces following Mars-van-Krevelen (MvK) processes.’’ > Similar behavior has also been
reported for Pt, showing higher activity for the oxidized catalyst during CO oxidation.** 50 9
Nevertheless, the NP/support interface and oxygen or hydroxyl exchange between the metal NP
phase and the oxide support might also need to be considered.”’”-

In our case, the difference in reactivity between the pre-oxidized and pre-reduced catalysts cannot
be attributed to a distinct reaction mechanism taking place over reduced versus oxidized Pt surfaces
(e.g. MvK vs. LH), since our operando spectroscopic characterization (XANES and EXAFS)
revealed that both catalysts are oxidized under reaction conditions. In contrast, our operando data
indicate that the catalytic activity of the NPs is influenced not only by the presence of oxide
overlayers, but also by their precise structure, chemical composition, and possibly also thickness,
which likely differ due to the difference in temperature during the initial oxygen exposure (240°C
in the case of the pre-oxidized catalyst, 25°C in the case of the pre-reduced catalyst). This is in
line with previous studies showing that the catalytic activities of different PtOx phases vary
substantially. For example, theoretical calculations by Seriani et al.”” showed that while PtO and
PtO2 layers on Pt surfaces are inert towards CO and CH4 oxidation, a Pt304 surface can be highly
active for these reactions. Other studies have shown that Pt oxides with higher oxidation states
such as PtO2 or Pt(OH)3 could act as poisonous species for primary alcohol oxidation (e.g.
methanol), while lower oxidation states such as PtO and Pt(OH) were identified as active

species.!% Unfortunately, EXAFS cannot be used to distinguish the different PtOx phases, since

they are all characterized by a nearly identical Pt-O distance of ~2 A.
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The differences in the XANES peak intensity and position observed between the as-prepared NPs
(PtO2-rich) and those measured under reaction conditions [Figure. 4. 4(a)] can serve as guidance
to distinguish different chemical states of Pt in PtOx compounds. In particular, the XANES spectra
of our catalyst under reaction conditions and after the oxidative pretreatment exhibit white lines
which are significantly less intense than that of the as-prepared sample, measured following a 24-
h calcination at 375°C. The drastic difference in intensity, despite substantial Pt oxide formation
under reaction conditions at 25°C and in oxygen at 240°C, is an indication that the oxides formed
under these conditions consist primarily of Pt in a 2+ oxidation state, while the prolonged higher-
temperature treatment (375°C) likely produces Pt in the 4+ oxidation state. Such self-limiting
oxidation of Pt NPs at low temperatures (and also at low potentials under electrochemical
conditions’?) has been observed in a number of studies to date. Considering that the
thermodynamically favored, well-ordered PtO2 phase has been found to be catalytically inert for a
number of reactions, the existence of partially oxidized species (e.g. PtO) appears to be an
important element in the high oxidation activities observed for certain catalytic reactions.”

Furthermore, XANES data acquired at 50°C on the pre-reduced sample (Figure. 4. 4b) revealed a
significant decrease in the WL intensity, not observed on the pre-oxidized sample, which might be
either assigned to a more facile reduction of PtOx species, or to the loss of chemisorbed oxygen
species. Since no significant changes are observed in the Pt-Pt and Pt-O(1) EXAFS components
upon heating the sample to 50°C, a removal of chemisorbed species (which should have a weaker
overall effect on the EXAFS coordination numbers) appears more likely. Nevertheless, it should
be noted that the measured catalytic activity of such sample is still lower than that of the pre-

oxidized counterpart.
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Recent theoretical and experimental studies of methanol oxidation over Pd catalysts assigned the
most active Pd species to either metallic Pd or a thick and well-ordered PdO structure, with
catalysts containing only one layer of oxide having higher reaction barriers and lower reactivity.'"!
According to our operando spectroscopic data, it is plausible that a better-ordered oxide layer
(likely PtO) might be present in the pre-oxidized sample, while a thinner surface oxide layer might
exist under reactant exposure on the reduced sample. This might be responsible for the initially
higher activity observed for our oxidized sample as compared to the reduced sample.

In summary, our study highlights the importance of the specific chemical structure (Pt
coordination environment and degree of disorder) and thickness of the oxidic species formed on
NPs after different sample pre-treatments as well as directly under operando reaction conditions

for oxidative catalytic reactions.

4.5. Conclusions

We have investigated the chemical state of micelle-synthesized Pt NPs supported on y-Al2O3 under
methanol oxidation reaction conditions. Reactivity measurements following oxidative and
reductive pretreatments show clear differences at low temperature, with an enhanced reactivity of
the oxygen pre-treated NPs. The most highly active NPs are shown by XANES and EXAFS
measurements to consist predominantly of platinum oxides. Similar measurements of the pre-
reduced catalyst show that metallic NPs are also partially oxidized upon exposure to the reactants
at room temperature, but with a different structure than those formed in the oxidative pretreatment
at 240°C, which makes them less active and less stable. Our study supports the notion that platinum

oxides enhance the activity of oxidation catalysts at low temperature, but reveals some subtleties
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regarding the precise nature of the oxides formed which are key for the understanding of the
reactivity trends observed. In particular, our work illustrates the importance of operando studies
in order to gain fundamental insight into structure, chemical state and reactivity correlations of

nanoscale catalysts.
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CHAPTER 5: SHAPE-SELECTION OF THERMODYNAMICALLY
STABILIZED COLLOIDAL Pd AND Pt NANOPARTICLES
CONTROLLED VIA SUPPORT EFFECTS

5.1. Introduction

Oxide supported metal NPs have long been used in chemical sensing and heterogonous catalysis
applications.'"!% The catalytic performance of such systems is affected by a number of
parameters, including their size, shape, chemical state, and support. This study focuses on gaining
insight into NP/support interactions, which directly influence the final structure and stability of the
supported NPs.!951% Some of the aspects that need to be considered include the roughness of the

support, oxidation state, and NP/support lattice mismatch.3> 107- 110-115

113, 116-123 -resolved105’ 108, 109, 112, 123-130

A variety of ensemble-averaging as well as local spatially
experimental techniques have been used to explore the interaction of NPs with supports and the
resulting NP morphology. In particular, scanning tunneling microscopy (STM) has been employed
to solve the structure of NPs synthesized via physical vapor deposition (PVD) 123 131132 for gystems
such as Pd NPs/A1203/NiAl(110)!?7, Fe NPs/MgO(100)'*, Au NPs/HOPG'*, Ni!?#, Co!®, Ag!™®,
Pd'%, Cu'¥, and Ir NPs/SrTiO3(100) (STO)!*’. Fewer studies are however available describing the
shape of thermodynamically stable NPs, such as those prepared via colloidal chemistry methods
and subsequently subjected to high temperature annealing treatments. >

Experimentally resolving the structure of thermodynamically stable faceted NPs provides the
opportunity of analyzing their shape using the Wulff-Kaischew theorem.!? '?” Following this
model, information on important physical parameters affecting the properties of the NPs such as

11, 31-33

the surface energy anisotropy and the NP-support adhesion energy can be extracted.
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Nevertheless, not all faceted NP systems can be analyzed following the above theorem, but only
those that have been exposed to post-preparation thermal treatments providing sufficient energy
to allow the NPs to adopt their thermodynamically-favored structure. For instance, NPs deposited
by PVD at high temperature tend to form large flat islands, a geometry mainly driven by NP growth
kinetics rather than by a thermodynamic energy minimization. The present work investigates the
thermodynamically stable shapes of colloidal Pd and Pt NPs synthesized by inverse micelle
encapsulation.

In addition to the role of the NP size on the stabilization of certain NP shapes,® strong metal
support interactions (SMSI) ! 122138139 Jeading to perturbations in the electronic properties of

NPs,!!! or their complete encapsulation by ultrathin support coatings,!'!!: 122 139

are expected to
influence the surface energy, and consequently the NP structure. Moreover, the NP/support lattice
mismatch could be the driving force for the alteration of the NP morphology as compared to the
most thermodynamically stable shape of a similarly-sized but unsupported cluster.!* Nevertheless,
only in certain cases, where the NP interfacial facet has the same 2D crystalline lattice structure
than the support, the definition of lattice mismatch becomes straightforward.

This work presents a STM investigation of the thermodynamically stable shapes of micelle-
synthesized Pd and Pt NPs supported on TiO2(110). A new computational method to study the
effect of interfacial mismatch in the case of NP/support systems of dissimilar lattice structure is
introduced. Based on the latter approach, the shape selection observed via STM for Pd NPs on
Ti02(110) is explained by considering the best overlap between the interfacial Pd and TiO2 lattices.
While for the Pt NPs shape-selection was only obtained within a certain NP size range, the vast

majority of the Pd NPs supported on TiO2 were found to adopt an octahedron shape, regardless of

their size. Our study highlights that a combination of colloidal chemistry approaches and the

41



selection of an advantageous NP support can be used to obtain thermodynamically stable NP

shapes over a broad range of NP sizes.

5.2. Experimental methods

Size selected Pd NPs were prepared using inverse micelle encapsulation.'*® Pd(II) acetate was
dissolved in a poly(styrene-b-2vinyl pyridine) [PS(48500)-P2VP(70000)] micellar solution by
stirring for two days. A palladium/P2VP molecular ratio of 0.2 was used. The NP size was
determined by the molecular weight of the diblock copolymer P2VP head as well as by the
Pd/P2VP ratio. The length of the polymer PS group determined the interparticle spacing. A
monolayer of uniformly spaced size-controlled metal NPs was obtained by dip-coating a
TiO2(110) substrate into the micellar solution. The Pt NPs were synthesized using an identical
procedure but with a H2PtCle metal precursor. In this case, a PS(27700)-P2VP(4300) polymer with
a metal/P2VP ratio of 0.6 was used.

Prior to the ex situ NP deposition, the TiO2(110) substrate was cleaned in ultrahigh vacuum (UHV)
by cycles of Ar* sputtering (1keV and 10 mbar) and annealing at 1000°C. An O»-plasma
treatment (15 min at 0.4 bar) was used to remove the encapsulating ligands. Subsequently, the Pd
samples were stepwise annealed in UHV in 100°C intervals for 20 min from 300°C to 900°C, one
of the samples was annealed for 300 min at 900°C and the second sample annealed for 10 min in
50°C intervals from 900°C to 1100°C and 20 min at 1100°C. The same thermal treatment as the
second sample was conducted on the Pt sample. The above thermal treatment was required to allow

the NPs to reach their thermodynamically favored shape. In addition, it served to partially reduce
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the TiO2 substrate (which was exposed to air and Oz-plasma treatments) and to increase its
conductivity for the STM measurements.

The characterization of the initial sample morphology was done via atomic force microscopy
(AFM) using a Veeco multimode microscope (Digital Instruments, Nanoscope Illa) operated in
tapping mode. All STM images were acquired at room temperature using an Aarhus 150 HT STM
microscope (SPECS GmbH) with tunneling current of It =0.1 nA and Us=1.25 V sample bias. An
electrochemically-etched tungsten tip was used for the STM measurements. Before each STM

session, the tip was cleaned in situ via Ar* sputtering (3keV and 10~ mbar).

5.3. Results and Discussion

5.3.1. NP morphology

Figure 5. 1(a) displays an AFM image of the as-prepared micellar Pd NP supported on
Si02/Si(111). An STM image of the Pd NPs supported on TiO2(110) acquired at 25°C after ligand
removal and annealing at 900°C for 300 min is displayed in Figure. 5. 1(b). A (2x1) reconstruction
of the TiO2(110) substrate is evident in Figure. 5.1(b) based on the atomic row spacing of ~13 A.
Despite the ex siru NP synthesis and initial O2-plasma treatment resulting in a destruction of the
ordered TiO2 surface upon NP deposition and ligand removal, the micellar Pd NPs were found
preferentially at step edges of TiO2(110) after annealing in UHV. The latter might be due to the
mobility of the NPs and their preferential stabilization at step edge sites, as well as to their ability

to stabilize certain TiO2 step edges, in particular, TiO2(110)-[ 110].'4!
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Figure 5. 1. (a) 3x3 um AFM image and (b) 50x50 nm STM image of micellar Pd NPs supported on SiO2/Si(111)
and TiO2(110), respectively, acquired at 25°C. The image in (a) corresponds to the as-prepared NPs before ligand
removal and that in (b) was acquired after polymer removal and subsequent annealing at 900°C for 5 hours. (c)
100100 nm STM image of Pd NPs acquired at 25°C after polymer removal and annealing in UHV at 1100°C for 20

min.
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Additional sample annealing at 1100°C for 20 min, Figure. 5.1(c), lead to a widening of the
initially narrow NP size distribution due to NP coarsening. Moreover, NP faceting (re-shaping)
and the formation of NP shapes with 3-fold symmetry is observed after annealing at this
temperature. The majority of the NPs were found to have a (111) facet at the interface with the
TiO2 support. This finding is in agreement with observations made for PVD-grown Pd NPs on
graphite and Al203.!% 127 132142 At 1100°C, all Pd NPs appear with their edges parallel to the
TiO2(110)-[001] direction, which is a direct indication of an epitaxial relation between Pd(111)
and the TiO2(110) surface.'??

In order to rule out the encapsulation, Pd-Ti alloy formation, and the loss of Pd during the
annealing treatment, (XPS) measurements were acquired. XPS spectra of the (a) O-1s, (b) Ti-2p
and (c) Pd-3d core level regions of a Pd NP/TiO2(110) sample acquired after two different
treatments are shown in Figure 5. 2. The O-1s peak was observed at 529.6 eV. The Ti-2p region
was fitted by two doublets corresponding to Ti** (2p3n2, 457.2 eV) and Ti** (2p3p, 458.3 eV).48-
50 The formation of Ti** species was observed as a result of oxygen vacancies enhancement after
thermal treatment. The Pd-3d region was fitted by three doublets corresponding to Pd metallic
(3ds, 335 eV), Pd** (3dsp, 337.1 eV), and Pd* (3dse, 339.6 eV). Moreover, after annealing at
1100 °C, only metallic Pd was detected on our samples, ruling out the formation of Pd-Ti alloys
after our pre-treatment in atomic oxygen and subsequent annealing in UHV. Also, no loss of Pd
was detected via XPS, which is in agreement with the NP volume (Pd coverage) calculations

extracted from our STM data up to our maximum annealing temperature.
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Figure 5. 2. XPS spectra from the (a) O-1s, (b) Ti-2p and (c) Pd-3d core level regions of Pd/TiO; (110) sample acquired

at 25°C as prepared and after annealing in UHV at 1100 °C.

It is known that tip convolution effects could result in a serious overestimation of a NP’s lateral
dimension, and volume. However, since the highest points of the NPs are not affected by artifacts
from the STM tip apex, they can be used to reconstruct the exact shape of the NP and to reliably
obtain additional geometrical parameters such as the area of each facet, the NP volume, the total
number of atoms in the NP, as well as the area of the NP-support interface. Here, similar facet
orientations [e.g. (111), (111), (111), etc.] are considered to have the same surface energy (y).
Figure 5. 3(d-f) shows the model shapes reconstructed based on the STM data in Figure 5. 3(a-c).
Nearly all Pd NPs resolved in this study have a truncated octahedron shape with a (111) interfacial
facet (87 out of 90 NPs), similar to those shown in Figure 5. 3(a-c). All the Pd NPs observed in
this study have two edges parallel to the TiO2 rows, which is an indication of theirepitaxial relation

with the support.
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Figure 5. 3. STM images of Pd NPs supported on TiO»(110) acquired at 25°C after annealing at 1100°C for 20 min
(a-c). Tunneling current I;=0.1 nA and sample bias Us;=1.25 V. Schematic models of the NPs (side and top views)

shown in (d-f) are reconstructed based on STM images on the left.

The few NPs observed with atypical shape are featured in Figure 5. 4. Figure 5. 4 displays the only

three palladium NPs observed among 90 Pd NP shapes resolved on TiO2(110) with atypical shape.
In figure 5. 4(a), the top facet was found to be tilted by 20° about the TiO2(110)-[1,—1,+/2/3] axis,

indicating that the interfacial facet is (211). The model shape as well as the cross section profile
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and facet directions are depicted in figure 5. 4(d). A 16° tilted top facet about the TiO2 (110)-[001]
axis is observed for the NP shown in figure 5. 4(b), with an (122) interfacial facet. The
corresponding cross section profile and model shape are included in figure 5. 4(e). The last atypical
shape has (100) top and bottom facets. The corresponding model shape with assigned facet

orientations is shown in figure 5. 4(f).
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Figure 5. 4. STM images of tilted micellar Pd NPs acquired at 25°C after annealing at 1100°C with (a) (211) interfacial
facet and (b) (122) interfacial facet. There corresponding line profiles and model shapes are depicted in (d,e). (c) NP

with (100) interfacial and top facets.
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Our findings for colloidal Pd NPs are in clear contrast with those obtained for Pt NPs also
supported on TiO2(110), which were found to appear in three different shape categories after
similar treatments®, as shown in Figure 5. 5. The interfacial facets of the Pt NPs are Pt(111) in
Figure. 5.5(a), Pt(100) in Figure. 5.5(b), and Pt(110) in Figure. 5.5(c). The fact that for similarly
synthesized Pt NPs three different interfacial orientations are observed, while mainly one for the
Pd NPs is somewhat surprising, since all NP types were found to have an epitaxial relationship
with the TiO2 support. Moreover, the small difference in the lattice parameter of both systems (Pt:
3.92 A, Pd: 3.89 A) makes it difficult to explain such distinct behavior based on lattice mismatch
with TiO2( (a= 2.96 A in [001] and b=6.5 A in [110] directions, v=90° lattice parameters). Since
the initial shape of the synthesized micellar NPs is spherical, there is no doubt that the final faceted
shapes observed by STM are the result of energy minimization. However, it seems that the higher
melting temperature of Pt as compared to Pd (1768°C for Pt vs. 1555 °C for Pd) as well as the
shorter annealing times in the case of the Pt NP study plays an important role. In other words, it
appears to be more difficult for Pt NPs to achieve the global energy minimum, and the higher
melting point may only allow the NPs to achieve metastable morphologies associated with local
energy minima, while for the Pd NPs such energy minimization may be achieved within the

temperature and time range of the present experiments.
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Figure 5. 5 STM images of Pt NPs acquired at 25°C after annealing at 1100°C for 20 min with (a) (111), (b) (100) and

(c) (110) interfacial facets. Schematics of the NP shapes are also shown in (d-f).

5.3.2. Epitaxial relationship

In general it is not straight forward to define the epitaxial relationship between the metal NPs and
the oxide support when the two surfaces have entirely different structures. For instance, in this
study the TiO2(110) surface has a rectangular lattice (a= 2.96 A in [001] and b=6.5 A in [110]
directions, y=90°), while the Pt(111) and Pd(111) surfaces, which are the most common interfacial

facets obtained here, have equilateral triangular lattice (a=b=2.77 A for Pt and 2.75 A for Pd,
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v=60°). However, in spite of the entirely different surface lattices, the epitaxial relationship
between the Pt and Pd NPs and the TiOz support is clearly evident in our experimental data from
the perfect alignment of the NP edges or symmetry axes with TiO2 atomic rows.

Here, we introduce a new approach to study the mismatch effect in cases of dissimilar lattice
structure as is the case for our Pt and Pd NPs on TiO2(110). A MATLAB code was written to
construct 2D atomic models of the NP interfacial facet and the TiO2(110) support. By distorting
the metal lattice in all possible ways, the best configuration to accommodate the support lattice
could be determined. The overall NP-support binding energy is defined based on the energy of Pt-
Ti or Pd-Ti bonds following Lennard-Jones atomic interaction. Different Pd and Pt surface
orientations were considered, including, (111), (110), (100), (211) and (221). The interfacial metal
surface was modified by changing its in-plane rotation angle (60), the expansion/compression of
the metal lattice in the TiO2[001] and TiO2[110] directions (&x, &y, respectively), a metal lattice
shift in x and y directions, as well as the distance between the metal and TiO:z surfaces (h). It is
worth mentioning that the rutile structure has the highest stability among all TiO2 phases and
therefore no TiO2 phase transformation is expected to occur. In addition, the relaxation of TiO2

interfacial atoms in presence of the NPs was neglected. !4 144
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Figure 5. 6. Schematic of the (111) Pd interfacial facet on the TiO, substrate: (a) initial structure and (b) structure
obtained after maximizing the adhesion between the Pd(111) and TiO»(110) atomic lattices via the
contraction/expansion of the Pd lattice and other optimizations. The Pd atoms with lighter color are those having

weaker bonds with the underlying TiO; lattice, and vice versa.

Figure 5. 6 displays an example of the Pd(111)/TiO2(110) interface. In the initial structure depicted
in Figure. 5. 6(a), most of the atoms have weak bonds with the substrate lattice (light color).
However, after optimizing the Pd lattice structure (expansion/contraction, rotational orientation,
etc.) in Figure. 5. 6(b), Pd atoms are observed with a stronger bonds with the substrate (darker
color). Figure 5. 7 (panels a and b) shows the changes in the NP/support adhesion as a function of
the rotation orientation and shift in X and Y direction for the (111) interfacial facet. For the (111)
interfacial facet, the optimum rotational angles of the Pd lattice with respect to TiO2 (110) were
found to be 0°, 60°, 120°, etc., leading to two edges of the Pd NPs being parallel to the TiO2 (110)-

[001] direction. This is in excellent agreement with our STM experimental observation.
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Figure 5. 7. Pd/TiO,(110) adhesion energy as a function of the (a) rotational orientation and (b) the shift in X and Y

Following the above simple calculations, Figure 5. 8 shows the normalized adhesion energy of Pd
NPs with the TiO2(110) support for different Pd interfacial facets. All the adhesion energies for
different Pd facets are normalized by that of the Pd(111)/ TiO2(110) interface. The highest
adhesion energy is observed for the Pd(111) interfacial facet, which was the predominantly
observed interface in our experiments belonging to hexagonal top Pd NPs. In addition, for the

(111) interfacial facet, the optimum rotation angle of the Pd lattice with respect to TiO2(110) was
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found to be 0°, 60°, 120°, etc., leading to two edges of the Pd NPs being parallel to the TiO2 (110)-
[001] direction. This is in excellent agreement with our STM experimental observation.

The same calculation on Pt NPs also resulted in the highest adhesion energy for the (111)
interfacial facet, which confirms that the interaction with the support alone cannot be the reason
behind the different shapes obtained for the Pt NPs. Instead, considering the higher melting
temperature of Pt as compared to Pd (1768 °C vs. 1555 °C) it is likely that the maximum annealing
temperature used in our experiments was not high enough to allow the Pt NPs to reach their most

stable shapes, but only one of the closest structures having a local energy minimum.
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Figure 5. 8. (a) Normalized Pd/TiO»(110) adhesion energy and (b) contraction/expansion of the Pd lattice for different

Pd interfacial planes. The solid lines are only guides for the eye.
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5.4. Conclusion

We have achieved shape-selection for Pd NPs supported on TiO2(110), irrespective of their size,
via the combination of colloidal NP synthesis and a post-preparation thermal treatment, resulting
in NP faceting and an epitaxial relationship with the support.

Our study demonstrates that the most thermodynamically stable shape of Pd NPs supported on
TiO2(110) is a truncated octahedron with Pd(111) top and interfacial facets, which could be
achieved by annealing the micelle-synthesized Pd NPs at 1100°C and subsequent cooling to 25°C.
Furthermore, the alignment of the NP edges with the TiO2 (110)-[001] direction was observed, and
considered as evidence for the achievement of an epitaxial relation with the support for the ex situ
prepared NPs. Moreover, the epitaxial orientation and the preferred Pd(111) interfacial facet was
explained based on the maximization of its adhesion with the TiO2 (110) lattice. By comparing
similarly synthesized colloidal Pt and Pd NPs, our study reveals the importance of the melting
temperature of the metal as well as NP-support interactions in determining the preferred NP shape

and orientation.
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CHAPTER 6: SIZE-DEPENDENT ADHESION ENERGY OF SHAPE-
SELECTED Pd AND Pt NANOPARTICLES

6.1. Introduction

Late transition metal nanoparticles (NPs) supported on oxides are widely used in heterogeneous
catalysis applications. One of the factors influencing the catalytic efficiency of NP catalysts is their
interaction with the support. The NP support may affect the stability and sintering rate of the NPs,
their geometric and electronic structure, as well as their chemical state.! 60 129 145151 Eyrthermore,
for metal NP/oxide support systems composed of metals with high surface energy (e.g., Pt, Pd, Ni,
Fe) and reducible oxide substrates with low surface energy (e.g., CeO2, TiO2, SrTiOs3), strong
metal/support interactions are expected, which could change the chemical activity of the NPs by
modifying their electronic structure or via encapsulation of the active sites within the NP surface
by support atoms, 02 111,122,123, 152157
Although various spectroscopic and imaging methods have been used to study NP-support
interactions, open questions regarding related modifications of the NPs electronic structure, the
stability of certain NP shapes on different support materials and support orientations, as well as
the size dependency of NP/support interactions still remain, !0 108, 109 116-119, 121-130, 154, 158 Gjpce
NP-support interactions may affect the morphology of the NPs, an experimental analysis of
structurally well-defined supported NPs could be helpful in understanding these interactions. STM
can be used to resolve the shape and atomic structure of such NPs, as well as to study NP/support
105, 127-129, 133-135,

interactions, as demonstrated in multiple examples for oxide-supported metal NPs,

137.159-161 jncluding Pt and Pd NPs on TiOp.!12% 144, 162, 163
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By directly resolving the shape of faceted NPs via STM and by using the Wulff- Kaischew
theorem, information on surface energy anisotropy as well as the NP-support adhesion energy can
be extracted.!!? 130132 The adhesion energy of physical vapor deposited (PVD) Pd NPs on Al>O3,'?’
Ni!? and Pd!% on SrTiO3(100), and Pt NPs on Fe3O4 (111) single crystals and films'?® has been
determined following the former approach. However, in the previous examples, the average aspect
ratios of all NPs in a given non-homogeneous sample were considered. Nevertheless, it has also
been demonstrated that the strain induced by the lattice mismatch of two dissimilar materials and

its relaxation mechanism depend on the NP size,'®* 16>

and therefore, a size- and shape-dependent
adhesion energy should be considered.

Since the Wulff- Kaischew theorem is built on the assumption that the NP structure has reached
its minimum energy, not all faceted NP systems may be analyzed following this theory, but only
those systems where the most thermodynamically stable NP shapes were achieved. The latter
corresponds to systems where post-preparation thermal treatments were applied, and where
thermodynamic energy minimization is guaranteed. This is in contrast with NP shapes that are
achieved based on NP growth kinetics, as it is favored in PVD-grown NPs or in other kinetically
shape-selective synthesis methods.!66-168

Furthermore, in many chemical reactions such as the oxidation of styrene, 2-butanol, 2-propanol,
and formic acid, as well as the hydrogenation of 2-methyl-3-buten-2-ol, the reactivity and
selectivity was found to depend on the structure of the NPs, which could be optimized by having
a particular facet orientation on the surface.? !> 13-16°174 In some of the mentioned studies the NPs
were thermodynamically stable,'> 17> however, most of the up to date shape-controlled NPs have

13, 169-171, 175-177

been grown kinetically, which makes the stability of such catalysts under reaction

conditions doubtful.!”> 78 On the other hand, since the NP structure also depends on its interaction

57



with the support, understanding such interaction could be useful in designing a stable NP structure
optimized for a particular chemical reaction or reaction pathway.

In this study, the shape of thermodynamically-stable ligand-free colloidal Pt and Pd NPs supported
on TiO2 (110) was resolved by STM, and the Wulff- Kaischew theorem was used to determine
NP/support adhesion energies as a function of the NP size. Furthermore, since the relative ratio of
different facet orientation areas on the surface was observed to be size- dependent, a new method

is suggested to design NPs with desired ratio of exposed facet areas.

6.2. Experimental Methods

The inverse micelle encapsulation method has been used to prepare size-selected Pt and Pd NPs."
60 Chloroplatinic acid (H2PtCle) and Pd(II) acetate (CsHsO4Pd) were dissolved in [PS(27700)-
P2VP(4300)] and [PS(48500)-P2VP(70000)] micellar solutions, with metal/P2VP molecular
ratios of 0.6 and 0.2, respectively. A monolayer of NPs was obtained by dip-coating TiO2(110)
substrates in the metal-loaded micellar solution. Before dip-coating, the TiO2(110) single crystal
was cleaned in ultrahigh vacuum (UHV) via cycles of Ar* sputtering (1keV and 10® mbar) and
annealing at 1000°C. An in situ oxygen plasma treatment (400 mbar for 15 min) was used to
remove the encapsulating ligands and XPS measurements were acquired to confirm complete
polymer removal. In order to obtain thermodynamically stable NP shapes as well as to increase
the conductivity of the substrate for STM measurements (by increasing the density of oxygen
vacancies in TiO), the samples were stepwise annealed in UHV in 100°C interval from 300°C to

900°C and in 50°C intervals from 900°C to 1100°C.
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The sample morphology (size, shape and substrate dispersion) was resolved via STM. STM images
were acquired at room temperature (RT) using an Aarhus 150 HT STM microscope (SPECS
GmbH) with an electrochemically-etched tungsten tip. The STM measurements were done in situ
after the annealing treatments. Before each scanning session, the tip was cleaned in UHV via Ar*
sputtering (10 mbar and 3 keV). The tunneling current (I)) was set to 0.1 nA and the sample bias

(Us)to 1.25 V.

6.3. Results and Discusssion

Figure 6. 1(a) shows an STM image of Pd NPs acquired at 25°C after ligand removal and
subsequent annealing in UHV at 900°C for 5 hours. A total Pd coverage of approximately 1
monolayer was estimated from the STM images. The relatively narrow NP height distribution (3.2
+ 0.7 nm) observed after such high temperature treatment reveals the high stability of the NPs
against sintering. Further sample annealing at 1100°C for 20 min, Figure. 6. 1(b), leads to the
formation of truncated octahedron NPs, with a characteristic hexagonal footprint and (111)
interfacial facets. At this temperature, NP sintering and the consequent widening of the NP height
distribution is observed (3.9 + 0.9 nm), but a much wider NP diameter distribution, as can be seen
in (b) and the line profiles included in (c). Nevertheless, after the former treatment, the NP shape

observed for the majority of the Pd NPs is similar, regardless of their size.
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Figure 6. 1(a,b) STM images of micellar Pd NPs supported on TiO»(110) acquired at 25°C after polymer removal and
subsequent in situ (UHV) annealing at (a) 900°C for 5 hours, and (b) 1100°C for 20 min. (c) Representative line

profiles of the NPs marked in (b).

STM data from similarly prepared Pt NPs acquired at 25°C after annealing at 1100°C are included
in Figure. 6. 2. A relatively narrow NP height distribution (2.9 + 0.6 nm) was observed after such
high temperature treatment. NP height histograms of a Pd sample obtained after annealing at 900°C

and 1100°C and of a Pt NP sample after annealing at 1100°C are also shown in Figure. 6. 3.

Figure 6. 2. 100x100 nm STM image of micellar Pt NPs supported on TiO, (110).
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Figure 6. 3. Particle height distribution of Pd NPs supported on TiO»(110) after annealing at (a) 900°C for 5 hours ,
and (b) after annealing at 1100°C for 20 min. (c) particle height Histogram of Pt NPs supported on TiO»(110) acquired

after annealing at 1100°C for 20 min.

61



Figure 6. 4. shows high resolution STM images of individual Pd (a,b) and Pt (e,f) NPs. The lengths
of the edges of the top facet and the NP height measured by STM have been used as input in a
MATLAB code to obtain the reconstructed model shape. In STM the lateral dimensions of a NP
are overestimated due to tip convolution effects, Figure 6.5. For deconvolution of the tip effect,
our approach was to determine the NP shape based on the data obtained from the top most point
of the NPs, which includes the NP height, and the lengths of the sides of the top facet (L1 and L),
Figure 6.4(a). All possible configurations were explored through a MATLAB code, assuming that
the NP height equals hi11+hinc in Figure. 6. 6, and assuming the same surface energy for similar
facet orientations [(111),(111),(111),etc.]. Following this method, our analysis lead to a unique
NP model that matches the height and the lengths of the top facet of each NP.

Interestingly, all NPs have one edge aligned with the TiO2(100)-[001] orientation. Although in
contrast with the case of Pd, three different shape categories were observed for the Pt NPs, in this
study we have used only truncated octahedron Pt shapes for direct comparison with the Pd NPs,
which were found to only display the latter mentioned shape.®

The Wulff-Kaischew theorem describes the shape of supported NPs, stating that for any facet
orientation (klm) at the free surface, the ratio of the surface energy (yxim) to the distance of that
facet from the NP center (hkim) is constant: yxim/hkim= C, Figure. 6. 6. For our Pt and Pd NPs, the
only featured facet orientations are (100) and (111), which have the lowest surface energies. After

obtaining the reconstructed model shape for all NPs from STM measurement, the average surface

energy ratio Y100 — 1100 oy iracted for all Pd NPs by using the Wulff- Kaischew theorem was 1.12

Y111 hina

+0.07, which is in good agreement with theoretical results (1.13) by Methfessel et al.!” The same

calculation for the Pt NPs/TiO2(110)* lead to an average yioo/y111 of 1.2 + 0.1, which is slightly
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higher than that of the Pd NPs, but in agreement with the theoretical value of 1.2 described by

Iddir et al.'®

Figure 6. 4. STM images of Pd (a,b) and Pt (e,f) NPs supported on TiO»(110) acquired in situ at 25°C after annealing

at 1100°C for 20 min. Schematic models of the Pd (c,d) and Pt NPs (g,h) are also shown (top views).
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Figure 6. 5. Schematic illustrating tip convolution effects in STM.

Figure 6. 6. Schematic model of a supported truncated octahedron NP with a (111) facet interfacial plane.

The Pt/TiO2 and Pd/TiO: systems are however known to show strong metal-support interactions
(SMSI) that could lead to NP encapsulation by the support,'?* 12> 139 and a modification of the

surface energy ratio (yioo/y111). Nevertheless, due to the good agreement between our measured
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surface energy ratios and the theoretically predicted values, combined with additional
compositional information extracted from XPS measurements (Figure. 6. 7), we can conclude that
the possibility of encapsulation is unlikely under our experimental conditions. This might be due
to the following reasons: (i) the oxygen plasma pre-treatment conducted on our NPs, leading to
NP oxidation, might contribute to the minimization of the encapsulation, at least within the 600°C-
850°C temperature range, before PtOx and PdOx species on the NPs are fully reduced;> !°7- 180-184
(i1) the oxidized state of the TiO2 surface after the Oz2-plasma treatment might hinder/slow down
the encapsulation. For instance, Fu et al. 11 did not observe encapsulation of Pd NPs on non-
reduced TiOz, while it was evident on a reduced support surface. Because of our oxidative sample
pre-treatment before annealing, following Fu’s findings, low or no drastic encapsulation is

expected and therefore won’t be considered in the following discussion.!!!

(a) T Ti-2p (b) Pd-3d
Pd”™
: Pd”
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= c
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Figure 6. 7. XPS spectra of the (a) Ti-2p and (b) Pd-3d core level region of Pd NP/TiO»(110) acquired at 25°C on the
as-prepared sample (O»-plasma treated) and the same sample after annealing at 1100°C in UHV. The Ti-2p region has

been fitted with two doublets corresponding to Ti** (2psp, 457.2 €V) and Ti** (2p3p, 458.3 €V). The presence of Ti**
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in the sample after the thermal treatment is due to the increase in oxygen vacancies on the surface. The Pd-3d region
has been fitted by three doublets corresponding to Pd metallic (3ds,, 335 eV), Pd** (3dsp, 337 eV) and Pd** (3dsp,
339.6 eV). After annealing at 1100°C, just metallic Pd has been observed, which rules out the formation of Pd-Ti after

annealing in UHV.

6.3.1. NP-support adhesion energy

The Wulff- Kaischew theorem describes the most thermodynamically stable shape for supported

NPs:

E _ g — Py, (61)
7 hkt My

, where hnk is the distance of the (hkl) top facet, and hint is the distance of the interfacial facet from
the center of the NP, Figure. 6. 6.

The adhesion energy, Eadn, is defined as the energy per unit area needed to detach the NP from the
support. The adhesion energy was calculated for all individual NPs based on their geometry
obtained using a MATLAB code and using the theoretical surface energies of yi11(Pd) = 1.64
J/m2,'7 and yii(Pt) = 1.58 J/m%.!%® For our Pt and Pd NPs supported on TiO2(110), a linear
decrease in the adhesion energy was obtained with increasing NP height, Figure. 6. 8(a). A similar
trend has been reported for wet-impregnated Pd NPs (2-20 nm) on MgO nanocrystalline powders.
To understand this trend we need to have in mind that there are two possibilities for the NP to
accommodate the mismatch with the underlying support: (i) exact registry with the support at the
interface that results in NP lattice distortion due to mismatch, and (ii) interfacial lattice

dislocations. In the former case the lattice distortion propagates and dissipates through the NP bulk
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but in the latter case the interfacial dislocations might become favorable in spite of their large
energy penalty due to the associated decreased lattice strain in upper layers.

To gain additional knowledge on these phenomena we can consider the ratio of elastic energy to
dislocation energy. The elastic energy (Ee) is the energy associated with the elastic strain ()
induced by the substrate parallel to the NP/support interface. For a NP grown on a mismatched

support, equation (2) describes the ratio of the elastic energy, E: to the dislocation energy, Ea:

. o [e(2)dz
E=dn(v) 1+ )t (6.2)
E, G, blin(, )+ 1]

,where G and Gs are the metal and substrate shear modulus, respectively, h and R are the NP height
and lateral size of the NP, b is the Burgers vector, and v is the Poisson ratio of the metal.'®> In
contrast to the case of thin films, the strain in the NP lattice might also be released laterally, and
might vary as a function of the distance from the support, z (eq. 2).'3¢

For small NPs (small h), lattice distortions that propagate throughout the entire NP height have a
lower energy than interfacial dislocations.!'* %7 However, since the lattice distortion energy
increases with increasing NP size, the Ez/Ed ratio in eq. (2) increases with NP height and therefore,
there will be an onset size for which adding lattice dislocations at the NP-support interface would
lower the total energy. Since each dislocation lowers the strain in all upper layers, larger NPs
would minimize their energy by having a larger number of dislocations at the NP-support interface
(e.g. smaller Burgers vector, b). In addition, a larger number of dislocations at the interface
translates into a lower adhesion energy with the support. Consequently, a larger NP with a larger

number of dislocations is expected to have lower adhesion energy.
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Another finding of our study is the fact that Pt NPs have lower adhesion energy than Pd NPs with
a similar size, Figure. 6. 8(a). One of the parameters that should be considered in this respect is the

145. 188 Ag Campbell and co-workers demonstrated,'*® the oxide

metal oxide formation energy.
formation energy reflects the strength of the bond that a metal atom can make to oxygen on the
support, which in many cases correlates to the NP-support adhesion energy. However, in our study,
the higher oxide formation energy of Pt as compared to Pd suggests a higher adhesion energy for
Pt, in contrast to our experimental observations.

However, from eq. (2), the prefactor (1+G/Gs) shows that as the NP shear modulus G increases,
the E«/Eq ratio also increases. Such higher energy cost for lattice distortion as compared to lattice
dislocation favors the formation of the dislocation at the interface, and also leads to a larger number
of dislocations and consequently lower adhesion energy for similarly sized NPs. The higher shear
modulus of Pt (61 GPa) as compared to Pd (44 GPa) leads to a higher number of dislocations. The
latter explains the lower adhesion energy of Pt NPs as compared to Pd NPs. Therefore, it appears

that in our case the lattice misfit, and not the oxide formation energy, is the dominant factor

affecting the adhesion of the NPs to the support.
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Figure 6. 8. (a) NP-support adhesion energy as a function of the NP height obtained from the Wulff- Kaischew theorem
based on STM data. The insets in (a) display the shapes of the NPs experimentally observed. (b) Ratio of (100) to

(111) facet areas for Pd and Pt NPs extracted from STM data. The black and red lines are guides for the eye.

145,189,190 are not in contrast

It is worth mentioning that the experimental data reported previously,
with our data, since they compared much smaller Pt NPs (1-5 nm) with bigger Pd NPs (10-15 nm)
supported on MgO. As discussed earlier, since a lower adhesion energy is expected for bigger NPs,
large Pd NPs may in fact show lower adhesion energy as compared to Pt NPs. In addition,
considering the distinct mismatch values and the chemical composition of different supports, a
direct comparison cannot be made for NPs deposited on different supports. '8 19

Figure 6. 8(b) displays the ratio of the facet areas (Aioo/A111) and its increase with increasing NP
height. This behavior could be understood by noticing Figure. 6. 8(a) inset, illustrating that NPs
with smaller heights are flatter as a result of a higher adhesion energy and therefore, they are

characterized by smaller (100) side facets'®?

and a smaller Aioo/A111 surface ratio as compared to
larger 3D NPs. This observation provides us with the ability to design NPs with a particular facet

area ratio by adjusting their size, which is desirable for the optimization of structure sensitive

catalytic processes.!> 17 At the same time, control might also be achieved on the relative content
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of perimeter atoms at the NP/support interface, which is another key parameter affecting catalytic

reactions since such atoms are in a number of cases the most chemically active sites.!?!1%4

6.4. Conclusion

The present study provides insight into key parameters that need to be considered in the design of
stable nanoscale catalysts with higher tolerance against sintering and structure change, namely, the
combination of NP support and NP size.

Nanoparticle-support interactions were investigated using shape-controlled thermodynamically
stable Pd and Pt NPs prepared via inverse micelle encapsulation and supported on TiO2 (110) as
model systems. The adhesion energy of the NPs to the support was obtained by using reconstructed
models of the NPs extracted from STM data. The importance of the NP size in determining the
NP-support adhesion energy and thermal stability of the NPs was highlighted. In particular, for Pd
(2.5-5 nm) and Pt (1.5-3.5 nm) NPs, the NP/support adhesion energy was found to decrease with
increasing NP height, which was explained by a larger number of dislocations at the interface for
the larger NPs.

Differences were observed between the Pt and Pd NP systems, namely, for a given NP shape, Pt
NPs displayed lower adhesion energy than Pd NPs, which was attributed to the higher elastic
energy of Pt leading to a lower transition size from the lattice distortion to the interface dislocation
regimes with increasing NP size.

Overall, our study features a path for tuning the NP morphology by taking advantage of the size

dependency of NP-support interactions.
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CHAPTER 7: SHAPE-SELECTED BIMETALLIC NANOPARTICLE
ELECTROCATALYSTS: EVOLUTION OF THEIR ATOMIC-SCALE
STRUCTURE, CHEMICAL COMPOSITION, AND ELECTROCHEMICAL
REACTIVITY UNDER VARIOUS CHEMICAL ENVIRONMENTS

7.1. Introduction

Metal alloy particles of nanometer dimensions typically show different surface catalytic
reactivity as compared to their bulk alloy form. Since the surface-to-volume ratio increases with
decreasing nanoparticle (NP) size, characteristics such as the surface atomic composition and
geometrical distribution, alongside with their imperfections (defects), become increasingly
relevant at controlling the catalytic behavior of individual metal NPs. This is the origin of size-
and shape-dependent reactivities of metal NP catalysts'®>"'%8, While the exploration of NP size

effects in catalysis has a long history!?°-2%4

, our understanding of the role of the NP shape in
heterogeneous catalysis and electrocatalysis is still in its infancy'? 2%212, New wet-chemical
colloidal synthesis methods have significantly improved our ability to control the size and shape
of metal and oxide NPs?% 21213, 214,

Other than the particles’ geometry, the surface atomic composition of alloy NPs largely affects
their catalytic behavior. Although the surface composition is initially determined by molecular
processes taking place during the NP synthesis, it is a dynamic parameter. In fact, the surface
composition of small NPs is highly sensitive to external stimuli, such as temperature or surface
active components in gas- or liquid-phase environments during heterogeneous catalytic and
electrocatalytic processes, respectively. In gas-phase thermal catalysis as well as electrochemical

214, 215

catalysis, surface adsorption and reaction can induce surface restructuring or selective

surface segregation of an alloy component?!226 Owing to the presence of the segregated
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component, partially segregated surfaces may display bifunctional catalytic enhancement effects
resulting in a new and unexpected catalytic behavior compared to the original surface. Along these
lines, the catalytic activity of bimetallic surfaces could be turned on and off by suitable consecutive
exposure to segregation-inducing environments.

227-236

Several previous experimental and theoretical studies have investigated temperature- and

adsorbate-driven 237-240

segregation process in Pt-Ni systems, including the effect of such
segregation in their catalytic reactivity®?” 2?% 241243 In general, segregation phenomena in
bimetallic systems can be understood based on the surface energies and atomic radius of the two
metals, with the element having a larger atomic radius and a lower surface energy segregating
towards the free surface. In the case of platinum and nickel, although platinum has a slightly higher
surface energy than Ni (2.475 J/m? vs. 2.45 J/m?)***, due to the much larger atomic radius of Pt
(1.39 A) as compared to Ni (1.24 A), the segregation of platinum toward the surface is expected,

227-239

as it was reported for annealing studies in vacuum and in Hz environments®*. However, for

230,239, 245 404 theoretical?2” 232 234 239, 242 avidence

this material system there is experimental®*-
that Pt segregation would only result in the formation of the so called “Pt skin” or “sandwich
structure”, and not in a phase-separated core-shell structure. The Pt skin refers to a configuration
in which the outermost layer is Pt-rich, while the second layer is Ni- rich. Remarkably, although
adsorbates could change the segregation properties of the Pt-Ni system, the segregation
phenomena appear to be limited to the top-most surface layers. For example, while some

240 others showed the

calculations did not predict any segregation due to chemisorbed oxygen
formation of a Ni skin with the outermost layer enriched by Ni and the second layer by Pt.*° In

contrast, in cases where oxides might be readily formed, this behavior might be drastically

modified, since oxygen might then not only be present at the surface or top-most subsurface region,
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but also in the bulk of the NPs. In particular, the formation of nickel oxide could contribute to the
segregation of Ni to the NP surface, as discussed for various nickel alloys.**’

In this contribution we investigate the evolution of the structure, composition, and catalytic
reactivity of shape-selected octahedral Pt-Ni bimetallic NPs in response to various thermal, gas-
phase, and electrochemical environments. We follow the changes of the near-surface composition
of the PtNi(111) facets after exposure to oxygen and hydrogen gas environments using XPS and
contrast those to surface compositional transformations during electrochemical potential cycling
pretreatments in alkaline and acidic environments. Acidic electrochemical environments dissolve
Ni species from the surface leaving behind a Pt enriched interface. Oxygen and hydroxide
(alkaline) environments promote the surface segregation of Ni(Il) oxide species, which, owing to
their oxophilicity and resulting affinity to water activation, show a significant promotion of the
electrochemical CO oxidation and the electrocatalytic hydrogen evolution. A bifunctional

synergetic effect between surface Pt atoms adjacent to Ni oxide domains is proposed.

7.2. Experimental

7.2.1. Catalyst synthesis

Commercial Vulcan XC 72R supported Pt NPs with a 15 % loading by weight with a BET value
of 151 m%*/g and mean size of about 5 nm was used as benchmark and standard catalyst>*62*8 for
CO electrooxidation and hydrogen evolution. The catalyst was employed as received from the

group of Prof. Strasser at the Technical University Of Berlin.
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The same group synthesized the same group of spherical PtNi NPs. For this purpose 0.3 mmol of
Ni(ac)2/4H20, 0.4 mmol of 1,2-tetradecandiol, 0.6 mL of oleic acid, and 0.6 mL of oleylamine
were added into 40 mL of dioctylether in a three-neck flask. The solution temperature was then
increased to 200 °C in an oil bath during 40 min. Subsequently, 0.3 mmol Pt(acac)2 dissolved in 2
mL dichlorobenzene was injected into the reaction flask via a syringe. This solution was held at
200 °C for 1 h and then cooled down to room temperature (RT). After that, ethanol was added to
precipitate the NPs, which were then collected after centrifugation (8000 rpm, 10 min). The NPs
were further washed in ethanol and then redispersed in hexane. The latter solution was then mixed
with Vulcan XC carbon by a ultrasonic treatment. To remove the residual surfactants, the obtained
catalysts were heated at 180 °C in air for 1 h and further annealed at 400 °C in H2 (4 vol% in Ar)

for 4 h. [See Ref. 2* for further details]

To synthesize octahedral PtNi NPs, 4 mM Pt(acac)2 and 10 mM Ni(acac)2 were mixed together in
100 mL DMF under ultrasonic treatment. The resulting homogeneous solution was transferred to
a glass-lined stainless-steel autoclave and heated from RT to 120°C within 10 min. The
temperature was held during 42 h. Before washing the particles, the carbon support was added to
the solution under ultrasonic treatment. Finally, the oct-PtN1/C was washed with ethanol/water
several times. [See Ref. 2*° for further details]

For the XPS study, three identical PtNi samples containing octahedral NPs were prepared in
the TU Berlin using the same NP solution. The NPs were drop-coated on atomically clean pyrolytic
graphite (HOPG) substrates after sonicating the original NP solution for 10 minutes and

subsequently annealed in Oz, H2 and vacuum.

74



A catalyst ink was prepared at the TU Berlin by mixing the as-prepared catalyst powder in 5
ml of an aqueous and Isopropanol solution containing 5 wt% Nafion and ultrasonicated for 15 min.
A 10 pl aliquot was dispensed onto the rotating disk electrode (RDE) resulting in a Pt loading of
about 7ug/cm? for s-PtNi/C, 8 ug/cm? for oct-PtNi/C, and 9 ug/cm? for Pt/C, respectively. Finally,

the as-prepared RDE catalyst film was dried at 50 °C for 15 min.

7.2.2. Catalyst characterization

Transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX)
measurements and electron energy loss spectrometry (EELS) experiment were performed at the
TU Berlin. For the EELS line profile measurements, both Ni-L2.3 and Pt-Ma s edges spectra were
collected across individual NPs. The relative intensities of the Ni-L23 and Pt-Mas edges were
normalized with respect to their elemental scattering cross sections so that the intensity ratio can
be related to the atomic ratio along the electron beam.

The morphology and dispersion of the PtNi NPs supported on HOPG was monitored via AFM.
On these samples, thermal treatments in different environments were conducted in a high pressure
(HP) cell (SPECS GmbH) that allows annealing up to 800°C and pressures up to 20 bar. The HP
cell was evacuated after each thermal treatment and the samples were directly transferred to the
attached UHV system without exposure to air. XPS data were acquired in situ in a UHV chamber
equipped with a monochromatic x-ray source (Al-ka, 1486.6 ¢V, 350 W) and an hemispherical

electron analyzer (Phoibos 100, SPECS GmbH). For the XPS study, three identical PtNi samples
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containing octahedral NPs were annealed in 1 bar Oz, 1 bar H2, and vacuum environments within
the HP cell for 20 min. The temperature ramp was set to 1°C/sec. All XPS spectra were measured
at RT. The high resolution XPS data were acquired using a pass energy, Epass, of 18 eV. The XPS
spectra were analyzed using the CASA XPS software.?>® All spectra were aligned using the C-1s
peak from the graphite support at 284.3 eV as reference. The Ni/Pt atomic ratios were obtained
from the area under the Ni-2p and Pt-4f peaks after normalization by the corresponding atomic
sensitivity factors of 26.08 and 14.99, respectively.>°

All electrochemical measurements were carried by the collaborator group of the TU Berlin in
a conventional three electrode cell, employing a Pt gauze as counter electrode and a commercial
reversible hydrogen electrode (RHE). All potentials here are referenced to this reference electrode.
Pt/C, s-PtNi/C and oct-PtNi/C catalysts were cycled between 0.06 and 0.6 Vrue at 100mV/s in
deaereated 0.1 M KOH alkaline or 0.1 M HCIOs acidic solutions. Catalysts that underwent 1 and
20 cycles in alkaline are denoted as “1-alkaline” and “20-alkaline”, respectively. s-PtNi/C and oct-
PtN1/C catalysts that were cycled 100 times in 0.1 M HClO4 under otherwise identical conditions
were denoted “100-acid”, see Ref 2%,

The electrochemically pretreated Pt/C, s-PtN1/C and oct-PtNi/C catalysts were also tested for

their electrooxidation (stripping) of adsorbed CO at saturation coverage 2%

After the electrochemical pretreatments at the TU Berlin, the RDE was transferred into an
electrochemical cell containing a Hz-saturated 0.1 M KOH (pH 13) solution. In each experiment,
the electrode was immersed in the solution at +0.05 V. Then, the HER polarization curves were

recorded between -0.2 V and +0.05 V versus RHE at the scan rate of ImV/s. The HER activities

were normalized to the catalytically active real surface area (ECSA), which was evaluated by the
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CO stripping. All electrochemical measurements discussed here were carried out by our

collaborator within Prof. Strasser group at the TU Berlin.

7.3. Results and Discussion

7.3.1. Structural and morphological characterization (TEM, AFM)

As described in the experimental section, octahedral Pt-Ni bimetallic NPs with a bulk Pt:Ni
ratio of 1:1 were prepared be the Strasser group (TU Berlin) using wet-chemical methods
(solvothermal process at elevated pressures),”! with DMF serving as solvent, surfactant and
reducing agent?® 232, The spherical NPs were prepared using an ambient pressure hot-injection

253

technique™-” at 200°C involving a high-boiling point solvent, surfactants and reducing agents as

separate components >4,

Figure 7.1 (a,b) shows TEM and HAADF STEM micrographs of as-prepared unsupported
octahedral PtNi (oct-PtNi) NPs. The particles exhibited a narrow size distribution with a mean
diameter of about 9 nm. EELS data®® suggested that the main axes, the edges, and vertices of the
octahedra are enriched in Pt (see bright contrast corner in Figure. 7. 1(b)), while the facet centers
are enriched in Ni, with Ni oxide likely being in the top-most layer. Figure 7.1(c,d) shows TEM
HAADF STEM images of the unsupported and carbon-supported spherical PtNi (s-PtNi) NPs.
Particle sizes were narrowly distributed around a mean of about 6 nm. EELS intensity line scans
for Pt and Ni, Figure. 7. 1(d) acquired for selected individual NPs showed that the catalyst
consisted of a single face-centered-cubic bimetallic alloy phase with a fairly homogeneous

distribution of Pt and Ni atoms at the atomic scale. Pt to Ni intensity ratios across an individual

NP are close to 1, which is consistent with the PtNi bulk composition. The particle center appears
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to be slightly enriched in Ni, indicating the formation of Ni-rich alloy seeds during the reduction

process.

Normalized Intensity

L L L
5
Distance / nm

Figure 7. 1. (a) HAADF STEM image of oct-PtNi NPs; (b) HAADF STEM image of a single octahedral PtNi NP(c)
HAADF-TEM image of an individual PtNi NP, (d) STEM EELS line scan (along the arrow in the inset) of a single

PtNi NP showing the spatial distribution of Ni and Pt.[Images taken from Ref >*°]

Figure 7. 2 shows an AFM image of the as prepared PtsoNiso/HOPG sample. The average NP
height obtained is 3.7 £ 0.8 nm. The atomic steps of the HOPG surface can be observed, and NP

decoration of step edges is evident.
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Figure 7. 2. AFM image of an as-prepared PtNi NP sample acquired at RT.

7.3.2. Evolution of surface composition under chemically reactive gas and liquid
environments

Gas-phase pretreatments

Figure 7. 3 shows XPS data from the Pt-4f and Ni-2p core level regions of one of the as-
prepared samples together with spectra acquired on identical samples after in situ thermal
treatments at 300°C for 40 minutes in different environments, namely in UHV, in 1 bar of Oz, and
in 1 bar of H2. Higher annealing temperatures were avoided due to concerns regarding possible
NP shape transformations. However, Monte Carlo simulations of PtNi NPs annealed in vacuum at
330°C demonstrated no drastic change in the shape of octahedral NPs.?*

The Pt-4f spectra in Figure. 7. 3(a) were fitted with three doublets (4f72 and 4{5/2) corresponding
to Pt’, Pt?* and Pt* with binding energies in agreement with those previously reported.’ The Ni-
2p core level region was fitted with two doublets corresponding to Ni and Ni** (2p32 and 2p112)

and third one accounting for satellite peaks.?>> 2%
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Figure 7. 3. XPS spectra from the (a) Pt-4f and (b) Ni-2p core level regions of PtNi NPs supported on HOPG acquired

at RT before (as prepared) and after annealing in vacuum and in 1 bar of O, and H; at 300°C for 40 min.

The content of the different Pt and Ni species as well as the Ni/Pt ratio after the different
treatments is shown in Figure. 7. 4. The as prepared samples contain metallic and oxidic Pt species
(PtO and PtO2), while the Ni is mainly in the form of NiO. Upon annealing in vacuum or hydrogen,
the partial reduction of both PtOx and NiOx species is evident from the increase in the content of
the respective metallic components, Figure. 7. 3 and 7. 4. While Pt is completely reduced in H2 at
300°C, a relatively large NiO content is still observed, as expected due to the higher affinity of
nickel for oxygen as compared to platinum. Nevertheless, the most significant effect was observed
upon annealing in oxygen, with not only the total oxidation of Ni, but also a drastic increase in the

intensity of the Ni signal. On the other hand, for the Pt component, only an increase in the Pt
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content is detected, with metallic Pt species being still present. These results suggest that under
those conditions, a Pt-rich NP core might be protected by a NiO shell.

Figure 7. 4(c) shows the Ni/Pt ratio for the as prepared sample as well as that obtained after
annealing in different environments. The Ni/Pt ratio increases in all cases after the thermal
treatments, with the (Ni/Pt)o2 >(Ni/Pt)vacuum >(Ni/Pt)m2. As it was mentioned in the introduction,
the Pt segregation induced by annealing in vacuum or H2 environments would be hard to detect
using XPS since it only affects the composition of the outermost layers of the NPs. The increase
observed here is most likely due to initial presence of the oxide. To the best of our knowledge
there is no theoretical study predicting the segregation behavior of Pt and Ni in the presence of
such oxide species. However, our XPS measurements revealed that as long as the Ni oxide is
present in the NPs, a shell of NiO and a core of Pt will form upon heating, regardless of the
chemical environment. Interestingly, the final content of Ni at the NP surface appears to be
proportional to the extent of the oxidation of the Ni component after a given treatment. This can
be seen by comparing the Ni** contributions in Figure. 7. 4(b) and the Ni/Pt ratios in Figure. 7.
4(c) after the different treatments. For both parameters, the lowest content is observed after the
thermal treatment in Hz, followed by the vacuum annealing, and the maximum after O2 exposure

at the same temperature (300°C).
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Figure 7. 4. Relative content of (a) Pt and (b) Ni species extracted from the XPS measurements. (c) Ni/Pt atomic ratio

obtained for the as prepared sample and analogous fresh samples after the indicated sample treatments.

As was mentioned in the introduction, the formation of nickel oxide could contribute to the
segregation of Ni to the NP surface. By reducing the NiO via annealing in vacuum or hydrogen
environments, Ni can diffuse back into the Pt core and form a uniform Pt-Ni alloy. The onset

temperature for Ni diffusion into Pt(111) single crystals and alloy formation has been
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experimentally reported to vary between 180°C- 380°C, depending on the Ni coverage (0.8-
3ML).%® Figure 7.5 displays a model of the distribution of Pt, Ni, PtOx and NiOx on the octahedral

NPs after the different in situ thermal treatments.

(a) N\ (c)
As prepared ‘2 PN H, or Vacuum
300°C

Figure 7. 5. Model describing the segregation phenomena observed via XPS for the octahedral PtNi NPs after

annealing at 300°C in different gaseous environments.

Electrochemical potential cycling pretreatments

Having explored the surface redox and segregation phenomena of oct-PtNi NPs in gas-phase
chemical environments, our collaborator, the Strasser group at the TU Berlin performed a similar
study in electrochemical environments and tested the effect of the changes in the surface structure
and composition on the catalytic reactivity. To achieve that, they subjected samples containing
carbon-supported octahedral (oct-PtNi), and spherical (s-PtNi), alloy NPs to three different
potential cycling protocols, two in alkaline (0.1 m KOH) and one in acidic (0.1 m HClOx)
electrochemical environments. They chose a potential range from +0.05 to +0.6 V/RHE for each
cycle such that the evolution of the surface composition would not be influenced by the formation

of Pt oxides, while Ni and NiO surface species could form, segregate, or dissolve. The cycling
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pretreatments included: i) a single cycle in an alkaline solution representing a standard
measurement close to the pristine state of the catalyst surface (1-alkaline), ii) 20 potential cycles
in an alkaline solution, because this treatment yielded a stable cyclic voltammogram (not shown)
and showed a maximum in catalytic HER performance (see below), and iii) 100 potential cycles
in an acidic electrolyte, after which the cyclic voltammogram was stable with time and resembles
in shape that of a pure Pt surface, indicating the complete loss of Ni or NiO from the top layer.
The effect of the pretreatments in the three electrochemical environments on the morphology
and chemical composition of the oct-PtNi NPs was reported in Ref 4.
The TEM data from the TU Berlin evidenced that 20 cycles in the alkaline solution did not have a
significant effect on the morphology or Z-contrast, except perhaps a slightly darkened contrast
near the bottom vertex of the image. Darkened regions can be explained by reduced specimen
thickness or enrichment in the lighter element at comparable thickness. Since the alkaline
environment precludes the dissolution of either Pt or Ni, an enrichment in Ni or Ni oxides is a
likely explanation. Clearly increased Z-contrast between the bright central octahedral edges and
the opposite facets and vertex regions was also observed. Since acidic conditions are known to
dissolve Ni and Ni hydroxide surface species, a thinning of the specimen by selective metal
dissolution appears as a likely explanation for the changes in the Z-contrast. Also, along the <100>
direction, the enhanced Z-contrast between the central octahedral frame and the (111) facet region
is consistent with a reduced thickness of the facet region. To support the latter conclusion our
collaborators in Berlin performed additional STEM and high resolution TEM studies on acid-
leached oct-PtNi.?* High resolution TEM images confirmed that the acid-cycled octahedra
suffered from selective surface dissolution of Ni and Ni hydroxide species near the facet centers,

resulting in a concave facet morphology.

84



In order to gain further insight into the surface and near-surface composition of the
electrochemically-treated samples, our collaborator measured the octahedral and spherical PtNi
NPs supported on flat adhesive graphite tabs after 1 and 20 cycles in the alkaline solution, and
after 100 cycles in the acid solution via ex situ XPS. Figure 7. 6 shows Pt-4f and Ni-2p XPS data
of oct-PtNi and s-PtNi1 NPs after the different electrochemical treatments. After one cycle from
0.05 V to 0.6 V and back to 0.05 V in an alkaline electrolyte, platinum is reduced to the metallic
state, while Ni is partially oxidized in the s-PtNi NPs and completely oxidized in the oct-PtNi NPs,
Figure. 7. 7 (a),(b). The initial Ni/Pt ratios in the electrochemical environment were significantly
higher than those under UHV gas-phase conditions, suggesting the formation of a thick Ni-rich
surface layer in the liquid environment. Additional potential cycling in the alkaline solution (20
and 100 cycles) lead to a slight decrease in the Ni/Pt ratio, signalizing a Pt-richer surface/near
surface NP region, Figure. 7. 7(c). According to their Pourbaix behavior, Ni hydroxides cannot
chemically dissolve under pH = 13 conditions. Thus, the Ni/Pt decrease observed either originated
from an electrochemical surface segregation of Pt species, or else, from a partial surface Ni
hydroxides reduction at the low electrode potential limit (0.05 V) and subsequent Ni inward
diffusion and Pt-Ni alloy formation inside the NP core. The appearance of a small Pt*>* component
in the XPS data of the octahedral NPs might correlate with the facile electrochemical oxidation of
low-coordinated surface Pt atoms near the corners and edges of the octahedral NP surface. It should
also be noted that these samples were all measured after transfer in air to the UHV XPS system,
and therefore, it cannot be ruled out that a fraction of the oxidic Pt and Ni species observed at the
NP surface could originate from the air exposure. Nevertheless, as mentioned before, PtOx species
were not observed on the 1-alkaline oct-PtNi NP sample. Similar observations were made for the

spherical PtNi NPs after identical treatments in the alkaline solution, Figure. 7. 7. However, a

85



larger decrease in the Ni content at the NP surface was obtained for s-PtNi as compared to oct-
PtNi after the first 20 cycles in the alkaline solution. Whether that is exclusively attributable to a
shape effect or whether a size effect is co-involved remains speculative given our data. Subsurface
Ni atoms may prefer to move away from the surface and alloy within the NP core during cycling;
or else, Pt may be more mobile due to its lower average surface coordination and hence preferably
surface segregate. Also, in contrast to the octahedral NPs, the dominant Pt component in the
spherical NPs remained metallic Pt.

After 20 and 100 voltammetry cycles in the acidic solution, a strong decrease in the Ni/Pt ratio
is observed, Figure. 7. 7(c). In light of the TEM measurements, such observation can be attributed
to the selective surface Ni dissolution in the acid electrolytes. Interestingly, in this case platinum
appears to be partially oxidized (Pt**), while nickel is partially reduced, Figure. 7. 7(a),(b). Here,
the partial oxidation of Pt might be again related to the low Pt coordination or due to the removal

of the protective Ni shell into the electrolyte during the acidic potential cycling.
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Figure 7. 6. XPS spectra from the (a) Pt-4f and (b) Ni-2p core level regions of octahedral and spherical PtNi NPs
supported on a high surface area carbon black acquired after different voltammetry cycles in alkaline and acid

solutions.
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7.3.3. Electrocatalytic activity

Hydrogen evolution in alkaline conditions

The electrocatalytic reduction of water to molecular hydrogen (hydrogen evolution reaction,
HER) in an alkaline electrolyte was chosen by our collaborator (Strasser group, TU Berlin) as a
model reaction to test the impact of acid and alkaline surface pretreatments. This reaction is of
great importance for neutral and alkaline water splitting for chemical energy storage applications.
While alkaline water electrolysis is generally preferred based on catalyst cost, an efficient HER
catalysts for alkaline media is missing. Pt is the best know HER electrocatalysts in acidic
conditions, however, it displays severe overpotentials (efficiency losses) in alkaline solutions.
Figure 7. 8 (a) presents the cyclic voltammetric behavior of the “1-alkaline” pretreated Pt/C, oct-
PtNi/C, and s-PtNi/C catalysts in an alkaline base electrolyte over a wide potential range from 0.05
to 1.0 V in order to show the Hupa as well as the water activation / PtOH formation regions. The
pure Pt NPs show sharper Hupd as well as PtOH features (0.3 V and 0.8 V), while the alloy NPs
exhibit much broader potential waves in either region. In agreement with earlier studies on PtNi*’,
the alloy NPs exhibit a reduced Hupd charge due to the reduced interaction of atomic hydrogen with
Ni-containing surface and subsurface layers. The onset of water activation occurs fairly early,
namely at around +0.5 V for both catalysts. No obvious difference can be detected between the
spherical and the octahedral NPs. Figure 7. 8(b) presents the hydrogen evolution reactivity in the
alkaline electrolyte (blue, green, red) of Pt/C after the acid and alkaline pretreatments, and
compares those with the activity of the hydrogen evolution on Pt in acidic electrolytes. The

cathodic shift of the alkaline HER curves evidences that Pt is a much better electrocatalyst in acid

than in alkaline solutions. The HER reactivity of Pt in alkaline solutions appears largely
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independent of the surface pretreatment, Figure. 7. 8(b). In contrast to Pt, PtNi/C NPs showed a
significantly improved HER behavior, approaching that of pure Pt in acidic conditions. We assume
that the presence of Ni in the NPs is responsible for the general increase in the HER activity of the
alloys. The pretreatments were found to induce noticeable differences in the HER activity. The
“100-acid”-pretreated sample catalyzes the HER less efficiently as compared to the “20-alkaline”
sample. The redistribution of surface Pt and Ni hydroxide species coupled with the emergence of
lower, more favorable surface Ni/Pt ratios for HER could explain the additional activity gain of
the “20-alkaline” catalyst. On the other hand, acid cycling associated with a strong depletion in Ni
hydroxide on the NP surface could be responsible for the observed decrease in HER activity. As
the data of spherical s-PtNi/C NPs in Figure. 7. 8(d) illustrate, the influence of the NP shape on

the catalytic HER activity is relatively small.
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Figure 7. 8. (a) Cyclic voltammetry of spherical Pt/C, oct-PtNi/C, and s-PtNi/C NPs in 0.1 M KOH, (b) — (d)
electrocatalytic HER activity in an alkaline 0.1 M KOH electrolyte (pH 13) of (b) Pt/C, (c) oct-PtNi/C, and (d) s-
PtNi/C after pretreatments in alkaline and acid solutions.[Measurements carried out by the Strasser group at the TU

Berlin and included in our joint publication, Ref 2*%]

7.3.4. Bifunctional electrocatalysts through environment-induced segregation

The HER catalysis served as model systems to demonstrate the drastic effect that pretreatments
in electrochemical environments can have on surface structure and composition as well as on
catalytic activity. Figure 7. 9 illustrates our hypotheses, based on the TEM, XPS and reactivity
results, as to the surface chemical transformation during the electrochemical measurements. After
synthesis, the (111) surfaces of oct-PtNi/C NPs consisted of a mix of Pt surface atoms and surface

Ni(OH)2. After an initial alkaline pretreatment cycle (“1-alkaline”) the surface formed a thick Ni
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hydroxide-rich layer, while the low electrode potentials reduced surface Pt oxides to metallic Pt.
Ni was likely present in its a-Ni hydroxide phase (green balls), which is the most stable Ni surface
compound in the electrode potential range considered®® 2>, Previous studies have shown that
potential cycling can heal defects, and help remove low-coordinated adatoms analogous to thermal

annealing in the gas phase’®

. Along these lines, the present cycling in alkaline caused surface
compositional changes and geometric rearrangements in the surface to attain the energetically most
favorable state of the alloy surface. The existence of hydroxide anions in the electrolyte generally
favors the presence of Ni oxides in the top layer, [“20-alkaline” in Figure 7. 9]. However, XPS
also evidenced that potential cycling reduced the surface Ni/Pt ratio. This could be due to either Pt
surface segregation because of the Ni reduction, or to Ni inward diffusion and alloy formation in
the NP core driven by the heat of alloying of Pt and Ni.

Cycling pretreatment in acid environments selectively leached a significant portion of the
surface Ni hydroxide species from the surface and subsurface region of the octahedral catalysts®®!,
resulting in an essentially Ni-free surface enclosing a subsurface PtNi alloy core (core-shell
structural arrangement). When tested in acid conditions, the subsurface Ni of the acid-leached PtNi
NPs caused only a slight CO oxidation activity enhancement as evidenced by the 130 mV shift of
the major oxidation peak. When tested in alkaline solutions, however, (“alkaline CO/HER
electrolysis” in Figure. 7. 9) the hydroxide anions appeared to have caused a partial re-segregation
of Ni species to the surface, evidenced by the emergence of the Ni-related CO oxidation peak
around 0.5 V (marked “Ni”). The renewed presence of Ni surface species in the alkaline tested
“100-acid” NPs was responsible for the activity enhancement in HER relative to pure Pt NPs.

Owing to their Ni hydroxide-rich surface, the alkaline-pretreated NPs showed a catalytic HER

activity approaching that of pure Pt in acidic conditions. Interestingly, the effect of the NP shape
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on surface chemistry and electrocatalysis was smaller than anticipated, and appeared negligible as
compared to the drastic compositional segregation effects.

The HER is probably the most intensely studied reaction in electrochemistry?®> 263, Its
mechanism in alkaline solution is treated as a combination of the Volmer reaction step (4)

involving the dissociation of water to form a weakly adsorbed reactive Had intermediate, followed

by either the Tafel recombination (5) or the Heyrovsky step (6) according to:

2HO+*+2¢ 2> 2Haa+2 OH (7.1)
2Hua 2> Ho+2 % (7.2)
Haa+ e + H2O > H2 + OH + * (7.3)

The initial formation of the active adsorbed hydrogen (7.1) from a water molecule is generally
considered a slow reaction step, making the activation of water a critical process to enhance the
HER catalysis in alkaline solutions. The HER in acidic solutions, in contrast, involves the initial
discharge of hydronium ions, which proceeds much faster associated with high HER activity. The
oxophilicity and affinity to water adsorption of Ni-hydroxides has been well established in the
past?>7- 264267 Baged on that, we attribute the increased catalytic HER activity of the segregated
PtNi alloy NPs, in particular, of the alkaline-pretreated NPs, to the improved water dissociation at
N1 hydroxide patches (clusters) on the NP surface as compared to Pt surface atoms (see inset B in
Figure. 7. 9). Pt surface atoms adjacent to the Ni hydroxide accommodate the discharged reactive
atomic hydrogen (Had) and subsequently catalyze reactions (7.2) and/or (7.3). Combined, the Pt/
Ni(OH)2 system represents a bifunctional electrocatalyst with considerably enhanced HER

activity. Furthermore, the study of the “100 acid” PtNi/C NPs demonstrated that efficient
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bifunctional Ni hydroxide cluster formation can originate from subsurface Ni species, and thus

does not need to be carried out by deposition or coating of Ni clusters®’.
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Figure 7. 9. Electrochemical surface dissolution/segregation processes in various electrochemical environments. CO

oxidation and HER are enhanced due to bifunctional effects at Pt atoms adjacent to oxophilic Ni(OH)y islands.

7.4. Conclusions

Gas-phase chemical and liquid electrochemical environments can induce significant
compositional and structural changes in solid alloy surfaces, especially those in the nm-size
regime. Chemical and electrochemical environments form distinctly different types of interfaces
to solids. For example, due to the absence or presence of an electrified double layer and mobile
ions, distinctly different molecular interactions with surfaces are possible. However, our study
demonstrates that gas-solid and liquid-solid interfaces also display commonalities, indicating

certain unifying basic physico-chemical concepts.
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Under various gaseous environments, octahedral PtNi NPs showed Ni/Pt ratios > 1 and
followed the trend: (Ni/Pt)oz >(Ni/Pt)vacuum >(Ni/Pt)m2. Furthermore, the latter trend directly
correlates with the relative Ni** content in our samples. Interestingly, the initial presence of NiOx
species on the as-prepared samples played a pivotal role in the atomic segregation observed before
the onset temperature for drastic NiOx reduction (i.e., below 300°C). In particular, when a large
content of NiOx species was present on the as-prepared samples, preferential Ni segregation to the
NP surface was observed, even in reducing environments.

In analogy to the oxygen gas-phase pretreatments, electrochemical hydroxide anions stabilized
thick Ni hydroxide-rich surfaces during the initial potential cycle. Subsequent cycles established a
surface with more balanced Pt:Ni hydroxide ratios with novel synergetic properties. Acidic
electrochemical environments caused the selective removal of surface Ni species, a reactive
pathway generally less common in gas-phase environments. The alkaline pretreated catalyst NPs
showed significantly increased CO electrooxidation and electrocatalytic hydrogen evolution
activity for which the water activation ability of surface-segregated Ni hydroxides is held
responsible. Coupled with the formation of suitable adjacent Pt surface atomic ensembles, the Ni
hydroxide islands represents the self-organized formation of efficient bifunctional catalysts.

We expect that similar electrochemical segregation phenomena could occur in other Pt
bimetallic alloy NPs or surface reactions, especially where surface active electrolytes or reactants
are involved. As an example, during the electrocatalytic reduction of molecular oxygen, the
catalyst surface may transform under operando conditions and change its catalytic properties due

to emerging synergistic bi- or multifunctionalities.
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CHAPTER 8: LONG RANGE SEGREGATION PHENOMENA IN SHAPE-
SELECTED BIMETALLIC NANOPARTICLES: CHEMICAL STATE
EFFECTS

8.1. Introduction

Bimetallic catalysts have numerous advantages as compared to their monometallic counterparts,
such as enhanced activity, selectivity, and durability.?®® For instance, when combined with

secondary metals (M) such as Ni, Fe, Cu, Co or Ti, increased activities have been observed for Pt-

269-272 ) 20,
2

based catalysts in oxygenate reforming reactions, the oxygen reduction reaction (ORR
252,273-276 hydrogenation reactions,?’”- 2’8 CO oxidation,??* 27280 and CH4 reforming.'® 28! In all of
these applications, the manipulation of the geometrical and electronic properties of the resulting
alloy, in particular, the Pt-Pt bond length (strain effects) and the position of the d-band center are
considered to play a key role in the unusual properties displayed by the bimetallic systems.

A variety of methods have been employed for the synthesis of bimetallic nanoparticle (NP)
catalysts, with special focus dedicated to improving their activity and stability under reaction
conditions in different gaseous or liquid (electrochemical) environments,!67 246 252, 276, 282-285
Changes in their structure and surface composition, leaching and dissolution of a given element,
as well as coarsening are the main factors responsible for the loss in the activity of these
catalysts.?%62%8 Decreased NP mobility and sintering has been achieved for Pt-based catalysts
through alloying with Co, Fe and Ni.28287-28% Although dissolution of Pt-based catalysts in acidic
environments is commonly described as a negative characteristic leading to a decrease in

290, 291

activity, in certain cases it was reported to result in improved catalytic performance via the

increase of the surface roughness.?6!: 292293
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Overall agreement exists on the importance of the structure of the bimetallic alloys. Segregation
phenomena or alloy formation processes in bimetallic systems are determined by the interplay
between the surface energy of each element, their atomic radius, and the chemical ordering energy
[difference in energy between structures with (i) a periodic appearance of the two elements in the
lattice and (ii) the completely disordered analog with randomly positioned elements].?** In general,
a higher ordering energy is expected to hinder segregation processes.”’* Based on the phase
diagram of bulk PtNi alloys, PtosNio.s has a chemically disordered FCC structure above its order-
disorder transition temperature, TcBYk = 900 K, and a chemically ordered Lio phase below that
temperature.?®> However, for nanoparticles TcN* might differ from TcB"* depending on the NP size
and shape.?** The degree of chemical ordering of an alloyed NP is expected to drastically affect its
segregation behavior. For instance, while in a chemically disordered system, the segregation
process is a smooth function of the NP stoichiometry (Pt/Ni ratio), in an ordered system the
segregation behavior could vary significantly with only slight changes in the stoichiometry, e.g.
for PtosoNioso, versus PtosiNio4o and Pto4oNiosi.>** In addition, while a chemically-ordered
structure may be thermodynamically favorable for an equiatomic composition at room
temperature, depending on the NP growth kinetics, the chemical structure of bimetallic NPs could
be initially disordered and remain disordered until it is treated at high temperature.??¢2%® Usually,
the presence of oxidized species or inhomogeneities in the initial elemental distribution of NPs
leads to chemically disordered systems. Also, the phase diagram, the order-disorder transition
temperature, and the atomic segregation behavior of clean bimetallic NPs is likely distinct from
that of the corresponding oxidized or adsorbate-covered NPs.23* 2%

Sandwich structures with thin Pt overlayers deposited on 3d-metal surfaces [Pt-3d-Pt(111)] have

been proven to be more effective catalysts than pure Pt for low-temperature hydrogenation
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reactions,?’’> 278, 300

while for oxygenate reforming processes, 3d-metal overlayers on Pt surfaces
[3d-Pt-Pt(111)] displayed the greatest activity. 3°" 3%2In the realm of electrocatalysis, a (111)
oriented Pt3Ni surface, thermally segregated into a Pt skin structure was found to be the most active
structure for the electrocatalytic reduction of molecular oxygen to water.”’”® In contrast, the
electrocatalytic oxidation of CO or small organic molecules is most efficiently catalyzed by Pt-Ru
and Pt-Sn alloys.?

More importantly, the structure of the catalysts might change depending on the reaction conditions,
making in situ and operando studies crucial for the understanding of structure-reactivity
correlations in material systems prone to segregation. For example, by annealing a 3d metal-Pt-
Pt(111) structure in vacuum, Pt was found to surface segregate, turning this material from an
effective oxygenate reforming into a hydrogenation catalyst.*! 3% On the other hand, 3d-metal-
Pt-Pt structures were the most stable in oxygen environments. Surface segregation of Pt was
observed experimentally for PtRu NPs in a Hz environment*® and theoretically predicted for Pt-
M (Ni, Re, Mo) NPs.234 306 Annealing PtCo NPs treated in acid solutions also lead to Pt surface
segregation and the formation of sandwich-Pt structures. 27>

The current study focuses on the in situ evolution of the structure and surface composition of
shape-selected octahedral Pt-Ni NPs under different chemical environments (O2, H2, vacuum).
This material system is of interest due to its use in a broad range of industrial catalysis applications.
Owing to the exclusive exposure of (111)-oriented facets, it has been thought as an ideal
electrocatalysts for the electroreduction of oxygen.2% 178.243.249.274.303 Eyen though among all 3d-

metals Ni has the highest energy barrier for segregation,>"’

the presence of adsorbates can
drastically promote Ni surface segregation. DFT calculations showed low potential for Ni surface

segregation in H, S, Se or C environments due to their weak surface/subsurface bonding, while
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adsorbates such as O or N were found to promote segregation.’® Reversible changes in the
structure of (5-20 nm) Pt-Ni NPs prepared via deposition-precipitation were recently reported,
with Ni-surface enrichment in oxygen and Pt-richer surfaces in Hz after annealing at 300°C. 3%

Our work describes the morphological stability and atomic segregation phenomena in size- and
shape-selected octahedral Pt-Ni NPs supported on HOPG, with emphasis on the influence of pre-
existing oxides on the segregation trends observed. The NP shape was resolved by TEM. In situ
XPS and ex situ AFM were used to monitor the effect of diverse gaseous environments on the
structure and surface composition of PtosNios alloy NPs. To demonstrate the effect of surface
composition on catalytic reactivity, correlations were established for the electrocatalytic CO
oxidation reaction on the three different pre-treatments in vacuum, hydrogen, and oxygen at 300-
350°C. The results from catalytic CO stripping measurements were found to be fully consistent

with the XPS-derived Ni surface segregation and PtNi alloying trends in the three environments.

8.2. Experimental

Octahedral Pt-Ni bimetallic NPs with a Pt:Ni ratio of 1:1 were prepared using wet-chemical

methods (a solvothermal process at elevated pressure),!

with Dimethylformamide (DMF) serving
as solvent, surfactant, and reducing agent.?* !7® 252 The as-prepared solution was five-fold diluted
with isopropanol and drop-coated on HOPG substrates after 10 min of sonication. The dilution

allowed a better dispersion and lack of agglomeration of the as-prepared NPs on the HOPG

supports.

99



Transmission electron microscopy (TEM) images were obtained by a FEI TECNAI G2 20 S-
TWIN transmission electron microscope with LaB6—cathode. The microscopy work was carried
out with an accelerating voltage of 200 kV.

Thermal treatments in different environments were conducted in a high pressure (HP) reaction cell
(SPECS GmbH). The HP cell was evacuated after each treatment and the samples transferred to
the attached UHV system without exposure to air. The XPS measurements were acquired in situ
using a monochromatic x-ray source (Al-ka, 1486.6 eV) operating at 350 W and a hemispherical
electron analyzer. For the XPS study, three identical PtosNios NP samples were isochronally
annealed in 1 bar Oz, 1 bar H2, and vacuum environments for 20 min at temperatures ranging from
RT to 650°C. All XPS spectra were measured at RT after the respective heating cycles. The high
resolution XPS data were acquired using a pass energy, Epass, of 18 eV. The XPS spectra were
analyzed using the CASA XPS software®°. All spectra were aligned using the C-1s peak from the
graphite support at 284.3 eV as reference.

In order to extract information about the changes in the sample morphology, size, and dispersion
of the Pto.sNio.s NPs under the different environments, three identical PtosNio.s NP samples were
in situ annealed in 1 bar Oz, 1 bar H2, and UHV as described above. Subsequently, AFM
measurements were acquired ex sifu at room temperature in tapping mode.

Thermally-treated PtosNios NPs supported on HOPG were characterized with respect to their
electrocatalytic oxidation of adsorbed CO monolayers during anodic potential scans (“CO
stripping”) in alkaline 0.1M KOH electrolytes. All electrochemical measurements in this thesis
were carried out by the Strasser group at the TU Berlin This procedure has been routinely carried
out to assess the CO oxidation activity of electrocatalysts or to determine the real surface area of

a Pt electrocatalyst.’!9312 After bubbling the electrolyte with Ar at room temperature for 15 min to
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remove all traces of dissolved air, CO was bubbled for 15 min at an applied electrode potential of
0.05 V/RHE at which a stable saturated monolayer of adsorbed CO forms at the surface of the
catalyst. Subsequently, under continued potential control at 0.05 V/RHE, dissolved CO was
removed by bubbling Ar gas for another 15 min, such that only the adsorbed CO layer remained
in the electrochemical system. Finally, the electrode potential was scanned at 50 mV/s from +0.05
to +1.0 V/RHE to record the CO electrooxidation. One additional potential cycle was conducted
in order to record the value of the hydrogen underpotential deposition (Hupd) charge and to establish

the electrochemical baseline of the Pto.sNio.s NP catalyst.

8.3. Results and Discussion

Figure 8. 1 shows a TEM image of ~9 nm PtosNio.s NPs in an as-prepared sample. The PtNi NPs

show a narrow size distribution and a consistent octahedron shape.

Figure 8. 1. High resolution TEM of octahedral PtNi NPs supported on commercial carbon (Vulcan XC-72).
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Figure 8.2 displays ex situ AFM images of three identically prepared fresh octahedral PtNi
NP/HOPG samples (a-c) together with images acquired RT after annealing at 150°C (d-f) and
250°C (g-1). The first column displays pictures acquired after annealing in vacuum, the second
column after Hz, and the third column after O.. Initially (fresh samples) the NPs are homogenously
dispersed over the entire support surface. Annealing in vacuum leads to a progressive decrease of
the average NP size without significant sintering, although a less homogenous coverage of the
support surface by the NPs is observed. In contrast, identical treatments in H2 and O2 lead to
enhanced NP mobility, and the preferential decoration of HOPG steps already at 150°C. Under
oxygen, a lower density of NPs on HOPG terraces is observed at all temperatures as compared to
hydrogen, suggesting enhanced atomic (Ostwald ripening) and/or NP (diffusion-coalescence)
mobility. In addition, agglomeration of NPs is observed on certain support regions after the
treatment in Oz, with other areas showing large uncoated voids. According to Ref. *!3, in the case
of pure Ni NPs, preferential bonding to oxidized and defect sites on HOPG was observed, which
might explain the inhomogeneous NP dispersion on the support. Enhanced NP mobility was also
seen under H2 as compared to vacuum. Such facile movement is assigned to a weak binding of the
Pto.sNio.s NPs to the HOPG support. Following related literature,?'43!7 a very distinct behavior, e.g.
lower atomic/NP mobility, might have been observed if these NPs would have been supported on

an oxide substrate,3'% 31

where at low temperature and under oxidizing conditions a stronger
oxidized metal NP/support is formed. On the weakly binding graphite, the exposure to either Hz

or O2 seems to contribute to the de-stabilization of the NPs.
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Figure 8. 2. AFM images of octahedral PtNi NPs supported on HOPG acquired at ex situ (air) at RT after the treatments

indicated. Scale bars in all images are 400 nm.

XPS spectra from the Pt-4f (a-c) and Ni-2p (d-f) core level regions are shown in Figure. 8. 3 after
annealing treatments in vacuum (a,d), 1 bar of Hz (b,e) and 1 bar of Oz (c,f). In agreement with
literature references,”” 3!8:31% the Pt-4f XPS data were fitted with three doublets corresponding to
metallic Pt (4f72, 71.2 eV), Pt** (4f72, 72.4 eV), and Pt** (4f72, 73.7 eV). The Ni-2p region was

also fitted with three double peaks assigned to metallic Ni (2p3s2, 852.5 eV), Ni** (2p3/2,855- 856.2
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eV), and satellite features corresponding to the NiOx species (861, 878.2 eV).2> 320 321 The

evolution of the oxidation state of the PtNi NPs is shown in Figure. 8. 4.
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Figure 8.3. XPS spectra from the (a-c) Pt-4f and (d-f) Ni-2p core level regions of PtNi NPs supported on HOPG
acquired at RT as prepared (fresh) and after annealing in vacuum and in 1 bar of O, and H, for 20 min at the indicated

temperatures.

The ex situ prepared Pto.sNio.s NPs were initially composed of a significant fraction of Ni** species

(NiO or NiOH, ~80-95 %), with Pt also partially oxidized [40-50 % Pt** and Pt** in the form of
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PtO/PtO: or Pt(OH)2x],%*% 32 Figure. 8. 4. Annealing in hydrogen up to 460°C only lead to the
partial reduction of the Ni** species (~45 %), with significant Pt reduction above 270°C, but a
small PtOx component still observed at 460°C. A faster reduction of the PtOx species in the 200-
460°C temperature range was detected during the annealing in H2> as compared to vacuum.
Annealing in oxygen resulted in a progressive increase in the Ni** content, with partial
decomposition of the Pt®* species up to 270°C, and the complete loss of the Pt signal at 460°C,

Figure. 8. 3(c).
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Figure 8. 4. Relative content of (a-c) Pt and (d-f) Ni species extracted from the analysis of XPS data acquired after

annealing in vacuum (a,d), 1 bar of H, (b,e) and 1 bar of O, (c,f).
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The Ni/Pt atomic ratio after the thermal treatment under the different gaseous atmospheres is

e 7

shown in Figure. 8. 5.
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Figure 8. 5. (a) Ni/Pt atomic ratios extracted from XPS measurements acquired at RT after annealing in O, (1 bar),
H, (1 bar), and vacuum at the indicated temperatures. (b) Ni/Pt ratio after NP annealing at 450°C in O, and H»

environments at low pressure (5x10°® mbar), showing the reversibility of the segregation/alloying process.
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In the absence of adsorbates, due to the larger atomic radius of Pt and despite of its slightly higher
surface energy (2.475 J/m?) as compared to Ni (2.45 J/m?),3?* Pt segregation to the NP surface is
expected.??* 24 Although it has been shown that the size, shape, and stoichiometry of the NPs

234, 325

affect their segregation behavior, consensus exists regarding the formation of Pt-rich

overlayers on (111) and (100) surfaces in cases where segregation takes place.??* 294 326. 327
However, such segregation is limited only to the first few atomic layers at the surface, commonly
resulting in the formation of a Pt skin or sandwich structure, in which the first atomic layer is Pt-
rich and the second layer is Ni-rich. Such structure might be achieved through a short-range atomic
exchange near the surface, with Pt atoms in the second layer switching places with their
neighboring Ni atoms at the surface. However, the small changes in the Pt and Ni signals brought
about by the formation of the Pt skin might not be detectable with common laboratory XPS systems
(1486.6 eV X-rays in this case). This is due to the small contribution of the top-most surface layers
considering the photoelectron inelastic mean free paths involved (~1.8 nm for Pt photoelectrons
and ~1 nm for Ni). Here we should highlight that such short-range segregation should not be
confused with the long-range segregation that would result in phase-separation or core-shell

198, 261. 328 Tn most cases, long-range segregation

structure formation reported for other systems.
phenomena occur for systems in which the two metals have a different crystalline structure, such
as Pt-Ru with fcc and hep structures, respectively, or Fe-Au with bee and fcc structures, which is
not the case for Pt-Ni (both fcc).

In the present study, an increase in the Ni/Pt ratio was observed for our samples in vacuum and in
H: at low temperature (<270°C in vacuum and <200°C in Hz, remaining subsequently stable up to

460°C in Hz). This trend is assigned to the initial chemical state of the ex sifu prepared NPs, which

was characterized by the presence of oxygen at surface/subsurface regions. Due to the much higher
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affinity of Ni for oxygen as compared to Pt (NiOx formation energy of -2.54 eV per O versus PtO,
PtO: formation energies of -0.41 eV and -0.63 eV per 0),** Ni surface segregation is observed
under reducing atmospheres until significant oxygen removal (oxide decomposition) is achieved,
which was found to occur here above 270°C in vacuum and above 200°C in Ho.

In vacuum, a change in the Ni/Pt ratio is observed, with a drastic decrease above 270°C. The same
phenomenon is not seen under hydrogen until 460°C, with the Ni/Pt ratio continuously increasing
up to 200°C, and then remaining nearly constant from 200-460°C, until a drop in the Ni/Pt ratio is
finally observed at 550°C. The strong reduction of the Ni/Pt ratio observed at high temperature is
assigned to the interdiffusion of reduced Pt and Ni species and the formation of a homogenous
PtNi alloy.

The Ni surface segregation taking place when oxygen is present on the NP surface is considered
to proceed via the replacement of Pt atoms in surface PtOx species by Ni. Such trend explains our
experimental results showing different temperature regimes for the changeover from Ni surface
segregation to Pt-Ni interdiffusion in different environments (i.e. vacuum versus H2), primarily
depending on the temperature required for the full removal of PtOx species, and secondarily by the
continuous depletion of O from Ni-rich NP regions. The reduction of the PtOx species at low
temperature was found to stop the Ni outward segregation and at high temperature, the reduction
of Ni oxide species results in Pt-Ni intermixing through alloy formation. The former arguments
explain why the Ni/Pt ratio does not increase as much in H2 as in vacuum due to the earlier
reduction of the PtOx species in Hz, which hinders the segregation of Ni. The later illustrates the
lack of change of the Ni/Pt ratio between 200-460°C in Ha, since the more drastic Ni reduction,

favoring the alloy formation, occurs at higher temperature (= 500°C).
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When the samples are annealed in oxygen, the progressive segregation of Ni to the NP surface and
the concomitant formation of NiO species was detected, with a drastic increase in the Ni/Pt ratio
above 350°C, and the complete disappearance of the Pt signal in XPS at 460°C, Figure. 8. 3(a).
The loss of the Pt signal could be attributed to (i) its inward segregation (towards the NP core),
with the Pt XPS signal being suppressed by the presence of the overlaying Ni shell, or (ii) the loss
of Pt in the form of volatile PtO2 compounds. In order to corroborate the likelihood of the first
scenario, the inelastic mean free path (IMFP) of Pt-4f photoelectrons in Ni (~1.9 nm) should be
compared to the thickness of the NiO shell. For PtosNio.s NPs of our initial size, the IMFP is not
expected to be much smaller than the NiOx shell thickness, and therefore, no substantial damping
of the Pt XPS signal should have been observed, provided that no significant sintering takes place
during the annealing treatment in oxygen at 460°C, as observed via AFM. The second scenario,
namely, that involving the loss of Pt is more likely. Nevertheless, such possibility should also be
cautiously considered, since the NiO shell formed under these conditions might serve to protect
the Pt at the NP core. However, it is plausible that the Pt atoms have enough mobility at high
temperature to reach the NP surface and desorb as PtO: after coming into contact with oxygen.
The latter effect might explain the counterintuitive increase in the content of Pt’ species with
increasing temperature in oxygen, Figure. 8. 4(c), due to PtOx removal from the NP surface.

Figure 8. 5(b) shows data obtained under Oz, Hz, and again Oz at 450°C at a pressure of 5x10°
mbar, revealing that the segregation-alloying process is reversible. However, the slight decrease
in the Ni/Pt ratio observed after the second annealing cycle hints towards a similar Pt loss in O2 as

described above for a higher Oz pressure treatment (1 bar) through its volatilization as PtOo.
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Figure 8. 6 schematically illustrates the atomic segregation trends extracted from our in situ XPS
data. Figure 8. 6(a) shows the as prepared sample with a PtNi alloy in the core and Pt/Ni oxide
species near the surface due to the exposure of the NPs to air after preparation. As was shown in

our previous study,*°

the corners and edges of the NP are Pt-rich, while the facets are Ni-rich.
This is a result of kinetic phenomena taking place during the NP synthesis. Annealing in vacuum
up to ~300°C results in Ni atoms exchanging their positions with Pt atoms in oxide species (mainly
at and near the NP surface), leading to the formation of a Ni oxide shell and a Pt rich core. Both,
Ni and Pt species get partially reduced within this temperature range, Figure. 8. 6(b). Annealing in
vacuum at higher temperatures (e.g 500°C), results in the reduction of Ni and the consequent
interdiffusion of Pt and Ni atoms, leading to the formation of a uniform PtNi alloy, Figure. 8. 6(c).
The shape of the NPs is not expected to remain stable at these high temperatures and therefore, the
NPs are shown here with a truncated octahedron shape. In the case of the annealing in hydrogen,
the reduction of Pt oxides occurs much earlier and therefore, the Ni-Pt exchange is not as extensive
as when the samples are annealed in vacuum, Figure. 8. 6(d), as indicated by the lack of significant
change in the Ni/Pt ratio within the 200-400°C temperature range. At high temperature, the alloy
formation in Hz is similar to that observed in vacuum, with the exception of a more extensive Ni®*
and Pt®* reduction, Figure. 8. 6(e). Annealing in oxygen brings the Ni out towards the NP surface,
resulting in a completely oxidized NiO shell, in contrast to the cases of annealing in vacuum and
Ha, Figure. 8. 6(f). At last, annealing in O at high temperature (460°C) was found to result in the
partial or total loss of Pt via the formation of volatile PtO2, with the NPs mainly composed of NiO
species, Figure. 8. 6(g). It should also be considered that our octahedral PtNi NPs are kinetically
formed, and thus they do not represent the most thermodynamically stable shape. Therefore, at
moderate temperatures (e.g. 500°C in the schematic of Figure. 8. 6), the loss of the octahedral
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shape is expected. Although cubo-octahedral PtNi NPs were shown to have a slightly lower energy
(0.003 eV per atom) than NPs with octahedral shape®*, any conclusion on what shape should be
experimentally observed should be considered with caution. Due to the presence of adsorbates or
surface/subsurface oxides under common experimental conditions, the reconstruction on (100)
facets, which is the main reason for the cuboctahedron shape to be the more thermodynamically
favorable, is expected to be lifted.?** Additionally, it should be noted that none of the NPs in our
study are completely reduced even after treatment at the highest temperature shown (460°C), and
therefore, any prediction of their shape should include their oxidation state as well. Thus, the final
shape of a NP may vary after treatment in different environments depending on its oxidation state

as well as on adsorbate-induced modifications of its surface energy.
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Vacuum

As prepared

Figure 8. 6. Schematic models describing the segregation of Pt and Ni atoms in octahedral PtosNigps NPs (a) as-
prepared, and after annealing from 25°C to 500°C in the following environments: (b,c) vacuum (10"'° mbar), (d,e) H,

(1 bar), (f,g) O (1 bar).

The surface composition of a catalyst generally affects its catalytic reactivity. To demonstrate this
for thermally treated PtosNio.s octahedral NPs, the electrocatalytic CO oxidation reaction was
chosen. Catalyzed by the surface of the shaped Pt-Ni NPs, the electrochemical CO oxidation
reaction involves the activation of water to surface OH followed by its reaction with adsorbed CO
to COz. The reaction process proceeds according to:

H20 + * 2 OHaa + H" +¢ (8.1)

COuad+OHaa 2> CO2+ H + e +2 % (8.2)
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, where * denotes an active surface site for water activation. Earlier CO stripping studies on PtNi
NPs showed that there exist two types of water activation sites?*: (i) surface Ni oxide sites that
act as highly active water activation promoter sites, shifting the CO stripping peak towards a more
cathodic electrode potentials between 0.3 — 0.6 V/ RHE. (This potential range is shaded in Figure.
8. 7). (i1) Pt surface sites which may as well serve as water activation sites, however, these sites
promote such process at more anodic potentials, and as a result of this, they yield anodic CO
stripping charge in the potential range of 0.6 — 1.0 V/RHE, Figure 8. 7.

CO electrooxidation (CO stripping) was carried out using a single anodic voltammetric potential
sweep between 0.05 V and 1.0 V/ RHE, Figure. 8. 7. The first CO stripping cycle (red in Figure.
8.7) was followed by a second baseline voltammetric cycle (black in Figure. 8. 7). The total charge
of the difference between the black and red voltammograms corresponds to the amount of electro-
oxdized (and typically to the amount of initially adsorbed) surface CO. The recorded instantaneous
Faradaic currents correspond to the CO oxidation reaction rate, while the CO oxidation peak
potentials bear (often non trivial) relationships to CO and water chemisorption. Figure 8. 7 displays
the CO stripping voltammetry of one of the (a) vacuum-treated (350°C), a (c) hydrogen- treated
(300°C), and (c) an oxygen-treated (350°C) PtosNio.s NP catalyst sample. It is evident that the peak
profiles of the three differently-treated samples show characteristic differences. It is plausible that,
given the otherwise identical experimental conditions, the observed differences in the CO
oxidation profiles are linked to their different surface compositions after the distinct thermal pre-
treatments underwent before the electrochemical measurements. To corroborate this hypothesis,
we recall the earlier findings mentioned above regarding the CO stripping potentials and the
presence of Ni oxide surface species.?*® CO oxidation charges, Q, were analyzed for the potential

region associated with the presence of surface Ni oxides. The vacuum-annealed sample showed a
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Q value of 100 nC, while the Hz-treated and O»-treated samples showed charges of 88 uC and 160
nC, respectively. These values clearly suggest that the oxygen-treated NPs oxidize CO to a large
extent under the promotion of surface Ni oxide species. The Ha-treated NPs, in contrast, appears
to show the least Ni oxide promotion, associated with the most metallic surface Pt character, while
the vacuum-treated NPs show an intermediate behavior. These conclusions are fully
commensurate with the surface compositional discussion above based on XPS results and offer a

consistent composition-activity relationship.

114



0.08. (a) Vacuum

0.06 -

0.04 4 /

0.02 -

i/mA

0.00 4

-0.02 -
20.04 1 — CO stripping
«— » —CV

0.08 (b) H,
0.06-

0.04 /

0.02 4
0.00

i/ mA

-0.02 -
-0.04 - — CO stripping

«—> —CV

|
T T Y T ¥ T T T

0.084{(c) O
0.06 - /
0.04

0.02 4

i/ mA

0.00 -

-0.02 4
-0.04 — CO stripping

«—» —CV

00 02 04 06 08 10
E / RHE

Figure 8. 7. CO monolayer stripping voltammetry of octahedral Pty sNigs NPs after treatments under reactive gases
and ultrahigh vacuum. The first stripping cycle in shown in red, the second baseline voltammetric cycle in black, and
scan directions are indicated by arrows. (a) 350°C in vacuum, (b) 300°C in H», and (c), 350°C in O,. Conditions: CO
adsorption at 0.06 V/ RHE, 50 mV/s, 0.1M KOH. The shaded potential range (0.3 — 0.58 V/RHE) indicates where CO
stripping occurs by NiO-promoted water activation (eq. 8.1 and Ref.>*’)[Data acquired by Strasser group at TU berlin

1.
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8.4. Conclusion

Size- and shape-selected octahedral NPs supported on HOPG have used as model system to study
atomic segregation phenomena in PtosNios NP catalyst under different gaseous environments (1
bar Hz, 1 bar O2 and vacuum). Because of the presence of oxygen species on the ex situ-prepared
fresh samples and the high oxygen affinity of Ni, Ni segregation to the NP surface was observed
in all environments at low temperature (T<200-270°C). Such result is explained in terms of a place
exchange replacement process of Pt in surface PtOx species by Ni. In vacuum, Ni surface
segregation continued up to 270°C, above which the segregation of Pt to the NP surface was
observed. In Hz, Ni segregation (an increase in the Ni/Pt ratio) ceased as early as 200°C, possibly
attributable to the earlier reduction of surface oxide species under Hz exposure. Subsequently, the
Ni/Pt ratio remains nearly constant in H2 between 200-460°C, above which Pt-surface enrichment
was detected. It is reasonable to assume that the formation of the stable PtNi alloy is responsible
for the compositional plateau. Thermal treatments in oxygen lead to a drastic Ni surface
segregation and the formation of NiO species. Under such environment, a NP configuration with
a thick NiO shell and a small PtNi alloy core was inferred, with Pt being lost as PtO2 at/above
460°C.

CO electrooxidation was used as a model reaction to demonstrate how the surface composition
affects the catalytic reactivity of the shaped Pt Ni NPs after pre-treatment in different gaseous
atmospheres within the 300-350°C temperature range. Being a sensitive diagnostic tool for Ni

oxide surface species, CO stripping voltammetry confirmed the predominant presence of Ni oxides
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in the Oz-treated NPs, a largely Pt metallic character of the H»-treated NPs, and the intermediate
state of the vacuum-annealed NPs.

Our study highlights the importance of the initial chemical state of the NPs, in particular, the
presence of oxygen, on the subsequent NP structural and chemical stability and atomic segregation
trends. Furthermore, it illustrates how different adsorbates, commonly present in catalyst break-in
pre-treatments under operando conditions, can affect the composition of their surface and near-

surface regions, and therefore, also their reactivity.
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CHAPTER 9: CARBON MONOXIDE-INDUCED STABILITY AND
ATOMIC SEGREGATION PHENOMENA IN SHAPE-SELECTED
OCTAHEDRAL PtNi NANOPARTICLES

9.1. Introduction

Bimetallic NP catalysts have been extensively investigated in the past,*!*33 due to the many
advantages they could offer as compared to their monometallic counterparts. Different factors such
as synergetic effects between elements, a change in the electronic structure, and strain effects have
been held responsible for their high efficiency and tunable catalytic performance.?8% 334.336.337 Ty
of the most widely used metals in gaseous and liquid phase catalytic reactions are Pt and Ni. In
addition, a bimetallic combination of such metals as an alloy or core-shell structure has also been
shown to display superior catalytic performance for reactions such as ethanol reforming,?”°

methane and methanol reforming with CO and CO,, 28 281,338, 339

oxygen reduction reactions
(ORR),2%- 252,276,334, 340 CO oxidation,?* 24> 341345 and methanol electro-oxidation.33”> 346 347

The spatial atomic distribution in bimetallic catalysts plays a pivotal role in their electronic
properties, in particular, in the shift of the d-band center, which is known to affect the binding
energy of reactants to the NP surface.?*% 34834 Therefore, understanding the structure and chemical
composition of bimetallic NPs is of outmost importance for the rational design of highly efficient
bimetallic catalysts. For example, Gauthier et al. observed higher binding energy of CO on Pt
atoms in the PtCo(111) system by increasing the number of nearest neighbor Co atoms, and
explained this behavior through a shift in the d-band center towards the Fermi level.>>* Such shift
was also held responsible for the higher activity of Ni-Pt-Pt(111) as compared to Pt-Ni-Pt(111) for
the reforming of oxygenates.* !> In contrast, for hydrogenation reactions, a d-band center further

away from the Fermi level was reported to lead to higher hydrogenation activity.?>*3¢
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Strain effects are also important in understanding the behavior of bimetallic catalysts. For example,
lower binding energy of oxygen to Ptshey)Ni(core) as compared to Pt(111) was shown and assigned
to the compression of the Pt lattice in the former structure. Nevertheless, by increasing the Ni
concentration on the NP surface, an increase in the binding energy of Oz has been reported.**’ In
contrast, in the same PtNi bimetallic system, the binding energy of CO was reported to first
decrease with increasing Ni concentration, but was found to increase again for very large Ni
surface contents upon segregation.>>%: 35

Although the initial atomic distribution of the different metallic components in bimetallic
nanocatalysts is of importance, structural changes during catalyst operation conditions are key to
understanding the catalyst reactivity. The surface energy, atomic size, chemical ordering energy,
composition, size of the NPs, and the adsorption enthalpy of adsorbates are all key factors affecting
the segregation and structure of nanoscale catalysts, 216226 249, 294, 339,343,350, 360-368 The present work
addresses the role of adsorbates such as CO on the structural and chemical stability of shape-
selected octahedral PtNi NPs at different temperatures.

Carbon monoxide is one of most commonly used and produced molecules in catalytic reactions.
Therefore, understanding CO-induced structural changes in nanoscale catalysts is valuable for
designing catalysts with higher stability, yield, and selectivity. Mayrhofer et al. have reported CO-
induced segregation of Pt atoms to the surface of PtxCoy alloys through both, gas-phase annealing
and electrochemical CO potential cycling in CO saturated electrolyte, and explained this behavior
based on the higher adsorption enthalpy of CO on Pt as compared to Co.?!® Tenny et al. observed
Pt segregation to the surface of bimetallic PtAu NPs upon CO exposure at room temperature.>®

The surface composition of Ni/Cu(100) was studied during the hydrogenation of CO2, and Cu

segregation to the surface was observed. However, by adding CO to the reactant stream, such
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segregation was hindered due to the higher binding energy of CO to Ni as compared to Cu.?!8:3%:

361 A dissimilar trend was observed in the case of Co/Cu(100) because of the lower binding energy
of CO to Co as compared to Ni.?!333% 370 Additionally, Ni surface segregation in NixCui-x alloys
in the presence of CO and O: was predicted theoretically.’®! An increase in the surface
concentration of Ru was theoretically predicted after exposing Pt/Ru(0001) samples to 1 bar of
CO.%* Surface segregation of Pd and Cu in AuPd(100) single crystals and CuPt near-surface alloys
was observed in the presence of CO.3" 371372 [nterestingly, a negative segregation energy for Ni
atoms dissolved in Pt was predicted in the presence of CO, which leads to a preference of Ni to
stay in the interior of bimetallic NiPt NPs %!

Because of the importance of the PtNi system as a bimetallic catalyst and CO as a reactant, we
present here an investigation of the stability and atomic segregation phenomena in size- and shape-
controlled PtNi NPs supported on HOPG supports in the presence of CO. The ex situ NP
preparation method and initially oxidized nature of the as-prepared NPs make this study of
relevance for industrial applications. Since the segregation phenomena also depend on the crystal

orientation, 373 374

in order to reduce the complexity of the multiple parameters simultaneously
affecting segregation phenomena at the nanoscale, we have prepared octahedral NPs with just
(111) facets.

The NP surface composition and their coarsening behavior were examined using XPS and AFM.

The shape of the as-prepared NPs was resolved using TEM.
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9.2. Experimental

Octahedral PtosNios bimetallic NPs were prepared at the TU Berlin (Strasser group) via a
solvothermal process at elevated pressure, with dimethylformamide (DMF) serving as solvent,
surfactant, and reducing agent.?>> 330 375 The as-prepared NP solution was 5-fold diluted with
isopropanol and drop-coated on HOPG substrates after 10 min of sonication.

In order to extract information about the chemical state and surface composition of the NPs, XPS
measurements were acquired using a monochromatic X-ray source (Al Ka, 1486.6 eV) operating
at 350 W and a hemispherical electron analyzer. Three initially identical PtsoNiso samples were
prepared. One of the samples (S1) was stepwise annealed in vacuum (~1x107'" mbar) from 25°C
to 700°C for 20 min at each temperature in 100°C intervals. A second sample (S2), was exposed
to 1 bar CO for 10 min at room temperature (prior to each annealing step), and subsequently
stepwise annealed in vacuum under the same conditions as S1. For sample S2, after annealing in
vacuum at a given temperature, XPS spectra were taken before (S2-Before) and after CO dosing
at 25°C (S2). Sample exposure to CO was conducted in a high pressure (HP) reaction cell (SPECS
GmbH). For the third sample (S3), after annealing in 1-bar CO in a HP reaction cell, XPS spectra
were taken. After each exposure, the HP cell was evacuated to ~1x10® mbar and the sample
transferred in situ directly to the XPS analysis chamber without exposure to air. All XPS spectra
were aligned using the graphite C-1s peak at 284.3 eV as a reference.

TEM images were obtained with a FEI TECNAI G2 20 S-TWIN TEM operating at an accelerating
voltage of 200 kV. To investigate NP mobility and coarsening after different thermal and chemical
treatments, AFM images were acquired ex situ at RT in tapping mode. The AFM study was

conducted on three identical PtsoNiso samples. Two of them were treated as described before for
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the XPS study (S1 and S2) with 50°C temperature increment, and a third sample (S3) was annealed
in 1 bar of CO from 50°C to 200°C in 50°C intervals. A summary of the different treatments is

shown in Figure 9. 1.

AFM Study

| sample (s1) |——{ AFm |—] xps

[ sample (52) |t;| ArM —] xps |—| co exposure|——| XPS

UHV anneal |+

sample (53) |——{ AFM | xps
1-bar CO anneal

Figure 9. 1. Overview of the different treatments underwent by the Pty sNigps NPs.

9.3. Results and Discussion

Figure 9. 2 shows a TEM image of our octahedral PtsoNiso NPs. The NPs are ~9.0 £ 1.1 nm in

diameter and have a narrow size distribution.>”>
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Figure 9. 2. TEM image of octahedral Pty sNigs NPs.

Ex situ AFM images of three initially identical PtsoNiso NP samples acquired at 25°C are displayed
in Figure 9.2. Images (a-d) correspond to sample S1 and were acquired after annealing in vacuum
for 20 min at the indicated temperatures. Images (e-h) were obtained from sample S2 after in situ
exposure to 1 bar of CO at 25°C followed by sample annealing during 20 min in vacuum at the
indicated temperatures, and (i-1) after annealing in 1 bar of CO for 10 min at the given
temperatures. In the as prepared samples the NPs are homogenously dispersed over the entire
substrate surface. In all samples, the decoration of the HOPG step edges by the NPs at moderate

temperature indicates their high mobility on the support surface.
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Figure 9. 3. AFM images of octahedral Pty sNigs NPs supported on HOPG acquired ex sifu (air) at 25 °C after annealing
in UHV (top row), after dosing 1 bar of CO at 25°C and subsequent annealing in UHV (middle row), and after

annealing in 1 bar of CO (bottom row). All images display a 1x1 um sample region.

The average NP size as a function of temperature is shown in Figure 9.4. A minimum of ~ 150
NPs has been considered for each data point. In order to better compare the evolution of the size
of the CO-exposed and vacuum-treated samples, the NP sizes are normalized by the initial (as-
prepared) average size. The progressive decrease in the NP height of ~15% observed after CO
dosing and subsequent annealing in vacuum (S2) could be explained by the reduction of the
initially oxidized NPs and removal of oxygen from the NPs structure, which is corroborated by the
XPS data shown in the next section. In contrast, vacuum annealing without any CO pre-exposure
(ST) lead to a slight decrease (~15 %) in NP height at moderate temperature (<200 °C), while
significant coarsening (~45% increase in height) was seen after annealing above 250°C. On the

other hand, when the NPs were annealed in 1 bar of CO (S3), drastic coarsening (over twenty times
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the initial size) was found to take place even at moderate temperature (150°C-200°C). The high
coarsening rate of the NPs in S3 may be explained based on the formation of Ni(CO)4 species,
their diffusion on the graphite surface, and subsequent decomposition. In particular, Shen et al
showed a high Ni carbonyl decomposition rate at temperatures above 130°C.7® 377 Although nickel
carbonyl formation might take place even at RT, the presence of NiOx species on the NPs in S2 at
temperatures below 100°C is expected to hinder such process and therefore, contrary to the case

of sample S3, no low-temperature coarsening is expected for S2, which was only pre-exposed to

CO at 25°C.
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Figure 9. 4 Normalized height of PtosNigps NPs after a thermal treatment in vacuum (squares, S1), after 1 bar CO

dosing at 25°C followed by annealing in vacuum (circles, S2), and after annealing in 1 bar of CO (triangles, S3).

XPS spectra of Pt-4f (a-c) and Ni-2p (d-f) core level regions of samples S1, S2 and S3 are shown
in Figure 9.5. As described above, two initially identical samples were prepared. Sample S1 was
annealed in vacuum in the absence of any gas dosing and XPS spectra were acquired after each

annealing step, Figure 9.5(a,d) (S1). Sample S2 was first annealed in vacuum and subsequently
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exposed to 1 bar CO at room temperature 4(b,e) (S2) after each annealing step. Sample S3 was
annealed in the presence of 1-bar CO, and XPS spectra were acquired after each annealing step,
Figure 9.5(c,f) (S3). The Pt-4f core-level region was deconvoluted by three doublets corresponding
to metallic Pt (4f72, 71.1 eV), Pt** (4f72, 71.8 eV), and Pt** (4f712, 73.4 eV).313: 319378 The Ni-2p
region was also fitted with two doublets assigned to metallic Ni (2p312, 852.2 eV), Ni** (2p312, 856.3
eV), and satellite Ni features (861-863.5 eV).>”°3! The Ni-2p region of sample S3 was also fitted
with an additional doublet corresponding to Ni(CO)x species (Ni-2p32, 854 eV).>3? It is worth
mentioning that a binding energy increase of only ~0.2 eV is expected for Pt and Ni upon formation
of the Ni-Pt alloy,**® which is close to the limit of our experimental resolution for these kind of NP
samples, where even in the metallic state for monometallic systems, positive binding energy shifts
are observed due to initial and final state effects.

The phase content of the different metallic and oxidic Pt and Ni species extracted from the XPS
spectra in Figure. 9.5 is displayed in Figure 9.6. The Ni atoms in the fresh samples are mostly
oxidized (~98%), with Pt also partially oxidized (~40-50%). Annealing up to 700°C in UHV
results in the partial reduction of Ni** (~50-55%) for samples S1 and S2. With increasing annealing
temperature, a decrease in the PtO2 and parallel increase in the PtO signal is observed, indicating
the stepwise decomposition of the oxidized Pt species. Annealing in 1-bar CO also resulted in the
partial reduction of the NPs, with ~10-15% PtOx and ~30% NiOx remaining at 700°C.
Furthermore, the formation of nickel carbonyl species was also observed between 300°C and
500°C. It is worth mentioning that the reduction rate of PtOx and NiOx was not significantly
affected by room temperature CO exposure. However, annealing in 1-bar CO (S3) led to a stronger
decrease in the content of Ni** species, with ~30% at 700°C for S3 and ~50 % for S1 (vacuum

annealed) at 700°C.
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Figure 9. 5. XPS spectra from the (a-c) Pt-4f and (d-f) Ni-2p core level regions of Pty sNigs NPs supported on HOPG
acquired at 25°C as prepared (fresh) and after annealing in UHV (S1-Vacuum) (a,d), and after exposure to 1 bar CO
at 25°C before each annealing treatment and subsequent annealing in UHV (b,e) (S2-CO dosed) and after annealing

in 1-bar CO (c,f) (S3- CO Annealed).
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Figure 9. 6. Relative content of Pt (a,b) and Ni (c,d) species extracted from the analysis of XPS data acquired after
annealing in UHV (S1-Vacuum) (a,d), and after exposure to 1 bar CO at room temperature and subsequent annealing

in UHV (S2-CO dosed) (b,e) and after annealing in 1-bar CO (c,f) (S3- CO annealed).

In order to gain insight into atomic segregation phenomena, the Ni/Pt ratio was obtained from the
XPS data, Figure 9.7. Two competitive causes are responsible for the atomic segregation trends
observed: (i) the higher binding energy of CO to Pt as compared to Ni and larger size of the Pt
atoms leading to Pt surface segregation, (i1) the larger oxygen affinity of Ni as compared to Pt
(oxygen is initially present in the ex situ as prepared samples due to air exposure after preparation).
An increase in the Ni to Pt atomic ratio was obtained for both, the vacuum annealed sample (S1)
and the CO pre-exposed sample (S2) up to 300°C for S2, 400°C for S3, and 500°C for S1.34* This
phenomenon may be explained based on the initial presence of PtOx species on the surface of the

as prepared NPs and consequent surface segregation of Ni atoms and Pt-Ni exchange as a result of
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the higher oxygen affinity for Ni as compared to Pt. Between 300°C and 500°C, however, the Ni
to Pt ratio in sample S2 did not change significantly, while it continued to increase when no CO
had been dosed before annealing (S1). This is in agreement with earlier theoretical calculations
predicting a negative heat of segregation for Ni atoms dissolved in Pt in the presence of CO. The
latter favors that Ni stays subsurface, closer to the NP core. In other words, because of the higher
chemisorption bond energy of CO on Pt (134 kJ/mol) as compared to Ni (126 kJ/mol), Ni
segregation to the NP surface becomes thermodynamically unfavorable.*®! The lower coarsening
rate observed for the CO pre-exposed sample (S2) as compared to the vacuum-annealed sample
(S1), could be explained based on the distinct initial (pre-UHV annealing) atomic arrangement of
Pt and Ni induced by the CO chemisorption. As was shown, the initial CO exposure leads to Pt
segregation to the NP surface, which appears to contribute to the NP stabilization against low-
temperature coarsening in vacuum. On the other hand, the drastic coarsening observed in sample
S3 after annealing in 1-bar of CO is likely related to the formation of Ni-carbonyl species upon
moderate temperature annealing. Such volatile species are likely highly mobile on the graphite
surface and might contribute to the increase in the NP size via adsorbate-driven coarsening. It is
plausible that Ni(CO)x species transfer from small to larger NPs, giving rise to coarsened NPs with
Ni-rich overlayers.’®

Further annealing at higher temperature (T>500 °C) causes the reduction of Ni species and back
diffusion of Pt atoms and formation of a PtNi alloy. Since the desorption temperature of CO from
Ni is less than 500°C, no difference between the CO-pre exposed and vacuum-annealed samples
is expected at higher temperature (T>500°C).3** It should be noted that the observation of a larger
Pt concentration on the surface of the CO-pre-exposed NPs at all temperatures might explain the

higher stability of the CO-exposed sample (S2) as compared to the vacuum-annealed sample (S1)
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observed via AFM. Since Pt has a higher melting temperature than Ni, the larger concentration of
Pt on the surface might help to decrease the coarsening process. The contrary would be the case of
S3(annealed in 1 bar of CO), where the higher content of Ni species on the NP surface, in
particular, of Ni-carbonyl species, appears to favor low temperature coarsening.

In fact, a very drastic increase in the Ni/Pt ratio was observed below 400°C for the sample annealed
in CO (S3), Figure. 9.7. Such trend is explained based on the higher affinity of Ni for oxygen,
leading to Ni surface segregation as long as oxide species are available on the NPs surface, but
also based on the decrease in the Pt signal expected due to the NP coarsening observed via AFM.
Since Pt is in the NP core and Ni on the surface, a thicker Ni overlayer present on the coarsened
NPs due to the inter-particle migration of Ni-carbonyl species and redeposition on the larger NPs
is expected to lead to an apparent decrease of the Pt signal and increase of the Ni/Pt ratio. The Pt
signal is later on at least partially recovered upon annealing at and above 500°C, indicating a
reversible Pt surface segregation and the formation of a Pt-Ni alloy. It is worth mentioning that
maximum Ni/Pt ratio was reached at 400°C for S3, while it happened at 500°C for S2, this
difference could be explained based on higher reduction rate of PtOx and NiOx species on sample
S3, since Ni surface segregation is expected to stop when oxygen is not available at the NP surface.
The insets in Figure 9.7 display the atomic distribution of Pt, Ni and O within the NPs in their as-
prepared state, as well as after annealing in vacuum at 500°C before (S1) and after exposure to 1
bar of CO at 25°C (S2) and after annealing in 1-bar CO (S3). Based on an earlier TEM study330,
the as-prepared was found to contain Pt-rich edges and corners while the facets and NP core are
Ni-rich. In addition, because of the ex-situ preparation method, the NP is mostly oxidized. After
annealing in vacuum at 500°C (S1) a higher concentration of Ni atoms is observed at the NP

surface as a result of their atomic exchange with Pt oxide species on the surface. Furthermore,
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annealing at 500°C in UHV lead to the partial reduction of the NPs. In contrast, when the NP are
pre-exposed to CO at 25°C before each annealing step up to 500°C (S2), a higher concentration of
Pt on the NP surface is detected as a result of stronger bonding energy of CO to Pt as compared to
Ni. It should be noted that the octahedron shape of our NP is a result of the kinetic preparation
procedure and it is not the most stable shape. Therefore a change in the NP shape towards a
spherical shape is expected at moderate temperature. Such shape change (octahedral to spherical)
is already indicated in the model of S3, the sample annealed in 1 bar of CO, where significant
coarsening was observed already at temperatures as low as 200°C (Figure. 9.3). Moreover, the
presence of a Ni-rich overlayer (Ni-carbonyl) and Pt-rich core extracted from the analysis of our

XPS data is also illustrated in the model.
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Figure 9. 7. Normalized Ni to Pt atomic ratios extracted from XPS measurements of Pty sNios NPs in samples S1, S2
and S3 displayed after different annealing treatments and acquired at 25°C. The insets show models describing the

segregation of Pt and Ni atoms in these NPs in their as-prepared state, and after annealing from 25°C to 500°C in

131



vacuum (S1), after pre-exposure to CO at 25°C and annealing at 500°C in vacuum (S2), and after annealing at 400°C
in 1 bar of CO. The data point labeled as a star corresponds to S2 before CO exposure at 25°C and the rest of the data
points labeled as circles for S2 were acquired after pre-exposure to CO at 25°C and subsequent annealing at the

temperatures indicated.

9.4. Conclusion

In this study, the effect of CO pre-exposure on thermally-induced atomic segregation trends and
consequent effect on the stability of PtNi NPs was explored. Size- and shape-controlled Pto.sNio.s
NPs supported on HOPG were used to investigate atomic segregation phenomenon in the presence
of carbon monoxide. For samples annealed in vacuum, an enhanced stability against particle
coarsening was observed if the samples were pre-exposed to CO at 25°C before each thermal
treatment in vacuum (S2). This could be attributed to the higher concentration of Pt atoms on the
NP surface due to Pt surface segregation as was evidenced by XPS measurements. In contrast,
when the samples were annealed in CO, drastic coarsening was detected at moderate temperatures
(<250 °C). In all cases, significant NP mobility and the decoration of step edges of the HOPG
support was seen.

Complex and distinctly different segregation patterns were observed for samples annealed in
vacuum in the absence and presence of a CO-pretreatment at 25°C. At moderate annealing
temperatures in vacuum (<300 °C), the segregation of Ni atoms to the NP surface was observed
for all, the pristine (S1), the CO-pre-exposed (S2), and 1-bar CO annealed (S3) samples. This
segregation trend is explained by the presence of oxygen species on the NP surface of the as
prepared samples and the higher affinity of Ni to oxygen. Between 300°C and 500°C, Ni surface

segregation continued to occur for the pristine vacuum-annealed sample (S1), while it ceased for
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the 25°C CO-exposed sample (S2). This is likely assigned to the negative heat of segregation of
Ni dissolved in Pt and the preference of Ni to stay subsurface in the presence of CO. A drastic
increase in the Ni/Pt ratio was observed when the sample was annealed at 400°C in the presence
of 1-bar CO. This is explained based on a combination of the formation of a thick Ni-rich overlayer
via the migration of volatile Ni(CO)x species from small to larger NPs as well as due to NP
coarsening leading to a suppression of the Pt signal within the core of the larger NPs. After
annealing at 500°C, strong interdiffusion, and Pt-Ni alloy formation are detected for all samples
via the strong decrease in the Ni to Pt ratio measured.

Since the composition of the NP surface plays a pivotal role in the stability and reactivity of
bimetallic nanoparticles, our findings are expected to be valuable for the optimization of the

performance of nanocatalysts for reactions involving a CO environment.
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CHAPTER 10: SUMMARY

In summary, this dissertation describes results that are of crucial importance in order to gain
fundamental understanding on the parameters affecting catalytic activity and selectivity. Such
knowledge is expected to be beneficial for the design of the next generation of nanocatalysts. Two
synthesis methods have been used for the fabrication of NPs, namely inverse micelle encapsulation
for single metal NPs and the surfactant-free solvothermal synthesis of PtNi bimetallic NPs. A
number of experimental techniques including AFM, XPS, STM, TEM and XAFS were used to
obtain the information about the morphology, composition and chemical state of the supported
NPs.

The effect of the oxidation state of Pt NPs supported on y-Al203 on their reactivity and
selectivity toward methanol partial and total oxidation was investigated. Reactivity tests revealed
higher activity and lower onset reaction temperature for the pre-oxidized catalysts as compared to
the pre-reduced catalysts. XANES and EXAFS measurements show that in both, pre-reduced and
pre-oxidized catalysts, the catalysts are substantially oxidized under reaction conditions at 25 °C
and become only partially reduced when the temperature is raised to 50 °C.

STM data were used to obtain information about the thermodynamically stable shapes of Pt
and Pd NPs supported on TiO2(110). The majority of Pd NPs was found to adopt a truncated
octahedron shape with a (111) interfacial facet after annealing in UHV at 1100 °C, while Pt NPs
were found to adopt three type of shapes. The alignment of the NP’s edges with the TiO2 (110)-
[001] atomic rows provide evidence for the epitaxial relation of the NPs with the support. The NP-

support adhesion energy was calculated based on the STM data for Pt and Pd NPs. The adhesion
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energy was found to decrease with increasing NP height. Furthermore Pt NPs were found to have
lower adhesion energy as compared to Pd NPs.

The evolution of the surface composition and the structure of shape-selected octahedron PtNi
NPs was investigated under gaseous and electrochemical environments. In a gaseous environment
the NPs were exposed to 1-bar of O2, H2 and CO. Regardless of the specific gaseous atmosphere,
annealing in the gaseous environment at low temperature (T<200 °C) lead to the segregation of Ni
atoms to the surface due to the presence of oxygen species in the ex situ prepared as prepared
samples. In vacuum, Ni segregation continues up to 270 °C, while in Hz the Ni segregation ceases
as early as 200 °C. The difference between H2 and vacuum is attributed to the earlier reduction of
surface oxides under H2 exposure. Annealing at temperatures higher than 460°C leads to the
formation of a PtNi alloy and a decrease in the Ni to Pt ratio on the surface. The thermal treatment
in oxygen lead to the continuous segregation of Ni atoms to the surface and the formation of thick
NiO shell with a small PtNi alloy at the core of the NP.

AFM was used to study the stability and morphology of PtNi NPs in vacuum and under 1 bar
of CO. Exposing the sample to 1 bar CO at room temperature leads to the higher resistance of the
NPs against sintering under vacuum annealing, while annealing under 1 bar CO lead to a
significant coarsening which is most likely due to formation of Ni(CO)4 and their enhanced
mobility on the TiO2 support surface. XPS measurements revealed Ni surface segregation upon
annealing in vacuum at low temperature (T<300 °C). Interestingly, between 300 °C to 500 °C for
the sample pre-exposed to CO the Ni segregation to the surface is hindered due to the higher
bonding energy of CO to Pt as compared to Ni. Annealing in 1-bar CO resulted in Ni surface
segregation up to 400 °C until oxygen species were available on the surface while above 500 °C,

the diffusion of Pt atoms to the surface and formation of Ni-Pt alloy is observed.
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The evolution of the structure and composition of similar octahedral PtNi NPs under acidic
and alkalotic electrolyte was investigated using TEM and HAADF-STEM. Electrochemical
cycling in acidic electrolytes leads to the dissolution of Ni species from the NP surface, leading to
a Pt-skeleton structure with a thick Pt shell and Pt-Ni core. On the other hand, electrochemical
cycling under active oxygenates leads to a Nickel oxide surface.

In conclusion, this thesis describes how fundamental understanding on structure, chemical
state, composition and reactivity correlations can be established based on a synergistic

combination of state-of-the-art synthesis methods and experimental techniques.
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CHAPTER 11: OUTLOOK AND CHALLENGES

The results from this dissertation may open some new areas of research where further
additional experimental and theoretical challenges will need to be solved. One such challenge is
to develop synthesis methods to have better control of the size and shape of NPs. Also further
development of in situ and operando techniques is needed for the better understanding of the
structural and chemical evolution of nanocatalysts under reaction conditions. In terms of
theoretical calculations, due to the complexity of nanocatalyst systems, theoretical studies will
need to be further expanded from those constrained to systems that might not be good models for
industrial applications to more realistic ones. This can be implemented by modelling larger clusters
and by meaningfully incorporating the support and its own complexity, as for example vacancy
defects, or hydroxylation commonly present in real world catalytic applications.

As was shown in this thesis, for certain applications, oxidized surfaces and not metallic ones
might be more active for a given catalytic process and therefore, another current challenge is the
controlled synthesis of well-defined oxides in thin films and NPs and the precise characterization
of their structure, stability and chemical state evolution in situ and under operando reaction
conditions. Further theoretical investigation is needed to understand the kinetic of the reaction on
the oxidized NPs and thin films and also to find which oxide structure and oxidation state would
display the highest activity for a particular reaction. The way that lattice oxygen or other oxygen
species on the surface would contribute to the reactions (i.e. in Mars-van-Krevelen processes) is
another challenge that needs to be addressed.

To better understand NP/support interactions, synthesizing stable and well defined size- and

shape-selected NPs will be needed in order to isolate the effect of support from other parameters.
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Experimentally, further advancement is needed in developing in situ and operando techniques for
investigating and quantifying the support effect and its evolution under harsh reaction conditions.
For example, bulk averaging techniques could be complemented by local measurements to
understand spatial variations in the sample morphology, NP structure and composition, giving a
complete picture of the active catalyst. Critical will be to develop techniques that can specifically
probe the cluster-support interface underneath a particle to gain further insight into phenomena
such as strain and charge transfer effects, or to resolve bonds between the NP atoms and support
atoms and distinguish these from NP-adsorbate bonds. Also, monitoring the evolution of the
structure of the support-nanoparticle interface such as the creation of oxygen vacancies, the
crystalline structure of the interface and possible formation of interfacial alloys are other
challenges that will need new or more sensitive operando and in situ techniques to be resolved.

In terms of theory, advancements in computational methods are needed to model larger,
complex, and disordered systems. Currently, computational cost might constrain studies to smaller
cluster sizes and thin slab support models of only a few atomic layers, which may not be
representative of the active catalyst. In addition, when periodic boundary conditions are used in ab
inito methods to model clusters, interactions with other supercells must also be considered.
Developing higher throughput theoretical techniques with the ability to consider the support as a
bulk system, or to include realistic defect concentrations in the support, as well as allowing the
investigation of larger cluster/support systems is a necessity which, in combination with
experimental techniques, can provide insight to the most active sites of catalysts.

In the case of multi-metallic nanocatalyst, understanding the mechanism of segregation
phenomena under reaction condition is another challenge that will require further future attention.

Furthermore, the interaction of the support with multi-metallic alloyed nanoparticles also requires
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additional attention due to their extended industrial applications. The support and its interaction
with the different metals may play an important role in alloying or segregation within these NPs,
particularly in different reactive environmental conditions. Beyond the creation of compositionally
and structurally well-defined nanostructures, these support-enhanced active sites must be
accurately resolved. In terms of theory, predicting the mechanism of reactions on bimetallic
nanocatalysts and the interaction of molecules with multi-metallic nanoparticles is another
challenge. Also the ability to simulate the evolution of the nanocatalyst and the segregation
phenomena at high temperature and under gaseous or liquid environment is another necessity to
be addressed.

Finally, I hope that this thesis could be used to stimulate further experimental and theoretical
studies, which should go hand in hand in order to be able to gain a complete picture of the
mechanisms underlying the unusual activity and selectivity of nanoparticle catalysts as well as in

order to be able to ultimately design the new generation of active nanocatalysts.
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