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Abstract

Sum Frequency Generation Studies of Hydrogenation Reactions
on Platinum Nanoparticles
By
James Michael Krier
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Gabor A. Somorjai, Chair

Sum Frequency Generation (SFG) vibrational spectroscopy is used to characterize intermediate
species of hydrogenation reactions on the surface of platinum nanoparticle catalysts. In contrast
to other spectroscopy techniques which operate in ultra-high vacuum or probe surface species
after reaction, SFG collects information under normal conditions as the reaction is taking place.
Several systems have been studied previously using SFG on single crystals, notably alkene
hydrogenation on Pt(111). In this thesis, many aspects of SFG experiments on colloidal
nanoparticles are explored for the first time. To address spectral interference by the capping
agent (PVP), three procedures are proposed: UV cleaning, H, induced disordering and
calcination (core-shell nanoparticles). UV cleaning and calcination physically destroy organic

capping while disordering reduces SFG signal through a reversible structural change by PVP.

Disordering is a dynamic and powerful way to perform SFG experiments on colloidal

nanoparticles. Simply adding H; (a reactant) to Pt-PVP reduces signal of PVP by >90%, making



it possible to resolve intermediates. The selection rules of SFG indicate intensity may be reduced
by a decrease in concentration or an increase in disorder. As H; dissociates on Pt, the bond
between PVP and Pt is weakened and PVP is able to rearrange into an unstructured geometry.
Disordering makes size-controlled SFG studies possible for the first time because with PVP left
intact, the nanoparticles are much less likely to aggregate. As evidence that a chemisorbed
reaction intermediate is can be monitored, cyclohexene hydrogenation is performed. When PVP
is disordered and the particles are “solvent-cleaned,” the distinct C-H stretch of adsorbed 1,4-
cyclohexadiene (1,4-CHD) appears at 2765 cm’'. In addition, the mechanism of hydrogenation of
1,3-butadiene (1,3-BD) at 75 °C is characterized using the disordering procedure. For larger Pt-
PVP nanoparticles (4.6-6.7 nm), one major pathway is preferred (2-buten-1-yl). However, using
smaller nanoparticles (0.9-1.8 nm), two major pathways exist (1-buten-4-yl and 2-buten-1-yl)

and coincide with preference for full hydrogenation.

Growth in the aliphatic stretch range following H, dosing shows UV treatment is not able to
produce “naked” nanoparticles. Although outer layers removed quickly, persistent C fragments
remain near the Pt surface. The properties of residual fragments of PVP following UV treatment
are very mystifying. PVP is known to block active sites on Pt and reduce turnover frequency for
ethylene hydrogenation. (After three hours of UV treatment, ethylene hydrogenation increases
tenfold.) However, it is shown that for methanol oxidation, residual fragments become
impermeable and actually reduce the turnover rate. Under oxidation conditions, the regular
capped Pt-PVP nanoparticles are more active than the same particles following PVP removal
with UV treatment. As further evidence of this effect, cyclohexene hydrogenation is performed

with different level of H,. Residual fragments are permeable with H, and the 1,4-CHD



intermediate appears in the SFG spectrum. However, once H; is removed, chemisorbed 1,4-CHD
completely disappears in favor of molecular (physisorbed) cyclohexene (not bonded to Pt). Even
for a strongly bound dehydrogenated intermediate like 1,4-CHD, access to Pt is only possible
with H,. Under varying amounts of UV treatment (PVP removal), the mechanism of cyclohexene
hydrogenation varies widely among 1,4-CHD, 1,3-cyclohexadiene and n-allyl. Removing PVP

does not simply open equivalent sites but shifts the reaction mechanism in this case.

Using Stober encapsulation, a variety of PVP-capped catalysts can be coated in a thin porous
Si0; shell (5-10 nm) and used for in situ characterization. Surrounding the catalyst with SiO;
allows PVP to be thoroughly removed without compromising morphology. It is shown that
alloying Pt with Sn (with SiO; shell) allows a new reaction mechanism of CO oxidation to take
place which is not limited by surface O, concentration (as on pure Pt). In addition, 1,3-BD
hydrogenation on 4 nm Pt@SiO,, Pd@SiO, and Rh@SiO; is studied with SFG. Previous work
shows Pd makes only partially hydrogenated products while Pt makes all products. SFG and
kinetic experiments indicate multiple pathways (1-butene-4-yl, butan-1,3-diyl and 2-buten-1-yl)
are possible on Pt@SiO, while only one (2-buten-1-yl) is favored on Pd@SiO,. This work is the
first SFG reaction selectivity study on core-shell nanoparticles. Using catalysts inside SiO, shells

in dense 2-D films, it may become possible to assess industrial 3-D catalysts at a molecular level.
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Chapter 1: Introduction
The standard of living enjoyed in the industrialized world is thanks in large part to the discovery
of catalysis. With a range of noble metals developed in the laboratory, crude oil and other natural
resources are converted into transportation fuels, pharmaceuticals and a near infinite number of
commodity chemicals.' Crop fertilizer with ammonia from the Haber-Bosch process made food
affordable and is a major contributor to the worldwide population increase in the past century.
Today, two thirds of the GDP in the United States involve a catalyst in one stage of production.
From an economic perspective, focus on catalysts is easy to justify, however, it is not trivial to
explain why chemical reactions occur on metals in the first place. In 1817, Englishman Humphry
Davy conducted the one of the first systematic inquiries in this field. He documented visible
changes on metals in reaction conditions, noting platinum and palladium were effective for the
oxidation of coal gas at high temperatures while silver, iron, zinc and gold were inactive. Since
Davy catalytic processes on many metal compositions, including alloys, have been refined

through mostly empirical methods.

The importance is widely recognized but catalysis is often referred to as “black box” technology.
Good catalysts were identified by guess-and-check because few techniques can legitimately
assess molecular processes on a metal surface. The experimental challenges are enormous: there
are eight orders of magnitude separating surface and bulk phases, making most chemical
characterization methods inapplicable to surface science. However, in the past fifty years,
fundamental techniques have emerged, beginning with Low Energy Electron Diffraction
(LEED). Using LEED, early studies demonstrated that metals restructure when molecules adsorb

_ arevolutionary idea at the time.> More techniques became available like X-ray Photoelectron
ry q Y



Spectroscopy (XPS), Auger, Scanning Tunneling Microscopy (STM), Electron Energy Loss
Spectroscopy (EELS) and Reflection Adsorption Infrared Spectroscopy (RAIRS). These
experiments reveal composition (Auger, XPS), oxidation state (XPS), morphology (STM) and
molecular vibrations of adsorbed hydrocarbons (RAIRS and EELS) from the surface of
heterogeneous catalysts. When used together, they provide a fundamental picture of adsorption
and reaction processes. Nonetheless, a limitation of traditional surface techniques is the
requirement for ultra-high vacuum conditions. In XPS, for example, the ejected photoelectrons
must not undergo inelastic collisions before arriving at a hemispherical analyzer. (Traditional
XPS experiments are performed at <10® Torr.) The requirement for low pressures is a major
hurdle for studying industrial catalysts which operate at ambient or elevated pressures. Because
of the “pressure gap,” catalysis research has been a balancing act between the acquisition of

fundamental information and the simulation of relevant conditions.

The modern era of surface science has seen the development of fundamental characterization
techniques which operate close to atmospheric pressure. For example, Ambient Pressure X-ray
Photoelectron Spectroscopy (AP-XPS) at the Advanced Light Source at Lawrence Berkeley
National Laboratory can run over 1 Torr. In addition, Sum Frequency Generation (SFG)
vibrational spectroscopy with ultrafast lasers was first implemented at Berkeley and can probe
reaction intermediates on metal catalysts under any reaction cell laser pulses can penetrate.
Because SFG signal must originate from a surface, the concentration factors in surrounding bulk
media are irrelevant, so any temperature and pressure regime is theoretically plausible.

Using SFG to study noble metal single crystal catalysts, researchers in the Somorjai group have

studied many surface phenomena. Cremer et al. observed ethylidyne, di-c ethylene and ethyl



species during ethylene hydrogenation on Pt(111).? This work was interpreted and compared
using ultra-high vacuum data. Yang et al. documented interesting effects by simply adding the
hexane to Pt(111) in the presence or absence of H,.* When hexane was flat-lying there were
asymmetric and symmetric CH, and CHj3 vibrations. When hydrogen was evacuated from the
cell, hexane dehydrogenated to benzene. (Because all C-H vibrations are in-plane with the
Pt(111) surface, no SFG signal is generated.) When the hexane chain is standing up (e.g.,
hexylidyne), the spectrum was dominated by a CHs symmetric (very little CH; contribution)
despite that the molecule still has CH, groups. SFG spectra can indicate the presence of organic

species and suggest orientation.

The first SFG investigation into reaction selectivity on Pt(111) was cyclohexene hydrogenation.’
The chemisorbed intermediates of this reaction under most conditions are 1,3-cyclohexadiene
(1,3-CHD), 1,4-cyclohexadiene (1,4-CHD) and m-allyl. The reaction processes of cyclohexene
are well-studied with SFG (more than any other hydrogenation reaction) because the vibrational
signatures of each intermediate are mutually exclusive from one another, making spectral
analysis straightforward. In addition, molecular 1,3-CHD and 1,4-CHD are stable and can be
studied independently with kinetic tests to correlate SFG spectra with catalytic activity. The 1,3-
CHD hydrogenation reaction has a higher turnover frequency and produces less benzene than
1,4-CHD hydrogenation on Pt(111).° In addition, the SFG spectrum for 1,3-CHD shows less
chemisorbed 1,4-CHD. Using this information, it can be inferred that the reduction of 1,4-CHD
peak intensity from the SFG spectra of Pt(111) during cyclohexene hydrogenation results in

higher turnover.



Single crystals provide well-defined surfaces and are treated as model systems for catalysis
studies. However, most noble metal catalysts used in industry are nanoparticles. Metal ions are
loaded into high surface area mesoporous supports (wet impregnation) and reduced at high
temperature to create nanoparticle islands. Because industrial catalysts are not monodispersed,
colloidal synthesis recipes have been developed which create size and shape controlled 0.5-10
nm platinum nanoparticles. The control of size of 0.5-3 nm Pt is particularly important because
below ~2 nm, electronic structure changes and reaction selectivity can shift dramatically.” In one
recent example, the hydrogenation of furfural was shown to depend strongly on nanoparticle
size.® For 1-2 nm Pt-PVP, decarbonylation is preferred and furan is the dominant product.® As
size is increased >3 nm, the activation barrier for C=0 hydrogenation is decreased and furfuryl
alcohol becomes dominant. The focus of this thesis is SFG studies of reaction selectivity on size-
controlled nanoparticle catalysts. Preliminary studies are performed with cyclohexene because
the 1,4-CHD intermediate has a strong signature in a unique wavenumber region and there is so
much existing literature on this reaction and related reactions on Pt(111). Because the 1,4-CHD
peak is highly red-shifted, it provides unambiguous evidence of a chemisorbed molecule on Pt.
Through my time in Berkeley, I have resolved the 1,4-CHD peak (2765 cm™) on three types of

Pt nanoparticle systems: UV cleaned, H, disordered and calcined core-shell nanoparticles.

A major point of contention of SFG experiments on nanoparticle catalysts arises from the
following issue: what should be done with the capping agent? All nanoparticles made in colloidal
synthesis become enveloped with an organic ligand such as polyvinyl pyrrolidone (PVP),
tetradecyltrimethylammonium bromide (TTAB) or oleylamine. The organic ligand stabilizes

small clusters in solution and makes nanosynthesis possible. However, the presence of CH; and



CHj3; groups on the surface of the nanoparticles make SFG experiments challenging. The strong
SFG background in the aliphatic range overlaps with CH, and CHj3 stretches of reaction
intermediates. Therefore, the cap must either be removed or somehow minimized to use SFG to

study reaction selectivity on nanoparticles.

Chapter 3 of this thesis directly addresses the issue of SFG studies on capped Pt-PVP
nanoparticles. UV cleaning (UV-ozone) removes PVP and allows for SFG experiments to be
performed on nanoparticles. However, one drawback of removal is the possibility of aggregation.
It is shown that 4.2 nm Pt-PVP nanoparticles typically remain stable immediately following UV
cleaning but tend to aggregate when exposed to hydrogenation reaction conditions. Instead of
fully removing the capping agent, it is advantageous to disorder PVP by adding hydrogen gas. It
is shown that as hydrogen dissociates on platinum, PVP is restructured into a disordered
geometry which dramatically reduces SFG signal. Because SFG is a coherent laser process,
vibrational modes must have concentration and order. No matter how concentrated PVP is, it can
be diminished in SFG spectra by effective disordering. And because PVP remains around the
nanoparticle, the tendency to aggregate is significantly reduced. Figure 1 shows adsorbed 1,4-
CHD on 4.2 nm Pt-PVP during cyclohexene hydrogenation. Using the disordering procedure, it

is possible for the first time to study reaction selectivity as a function of size on Pt-PVP.

Because cyclohexene and molecular 1,4-CHD produce the same distinct peak (2765 cm™) in
SFG spectra (during reaction and in ultra high vacuum), they were thought to produce the same
adsorbed surface species when introduced to Pt(111).” SFG spectra taken before, during and after
cyclohexene and 1,4-CHD hydrogenation on Pt-PVP show there are “reactive” and “unreactive”

forms of adsorbed 1,4-CHD. Cyclohexene and 1,4-CHD hydrogenation proceed through



mutually exclusive pathways. The 1,4-CHD peak quickly disappears when H; is recirculated
after cyclohexene hydrogenation conditions. In contrast, 1,4-CHD hydrogenation proceeds very
slowly and results in persistent poisoning of the Pt surface. This data is still being analyzed and

should appear in publication shortly.
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Figure 1: SFG spectra of solvent-cleaned 4.2 nm Pt-PVP nanoparticles obtained at 298 K in
different atmospheres: (A) 760 Torr Ar (top) and 200 Torr Hy, 560 Torr Ar (bottom) and (B) 10
Torr C¢Hyo, 200 Torr Hy, 550 Torr Ar (top) and 200 Torr Hy, 560 Torr Ar (bottom). Spectra

shown in (B) are offset for clarity. Unlabeled features are attributed to PVP.

Although UV cleaning can remove most PVP in less than an hour of treatment, that does not
mean “naked” Pt nanoparticles are generated. It is difficult to prepare atomically clean
nanoparticles and the nature of remaining carbon fragments is not well understood. In Chapter 4,
it is shown that residual PVP fragments can have a pronounced impact on catalytic activity. For
ethylene hydrogenation, there is ~10X increase in activity following UV cleaning which is
expected because PVP is thought to block active sites. However, for methanol oxidation, there is
a major decrease in activity following UV cleaning. Residual PVP fragments block Pt under
oxidation conditions. When hydrogen is introduced, the fragments do not bind tightly to Pt and

active sites are liberated. In addition, when no hydrogen is present, adsorption of 1,4-CHD —a



strongly chemisorbed intermediate of cyclohexene hydrogenation — is inhibited in favor of

molecular cyclohexene that is not strongly bound to platinum.

SFG experiments on core-shell nanoparticles were also performed. Using a modified Stober
synthesis method, relatively thin, porous shells of SiO; can be created around almost any metal
nanoparticle surrounded by PVP. Encapsulated Pt nanoparticles can be aggressively calcined like
3-D industrial catalysts, and despite close proximity within the shell, they do not appear to
aggregate (Figure 2). In addition, Pt@SiO; can be used with in similar experimental protocols
used for Pt-PVP for SFG experiments, including Langmuir Blodgett film deposition. Figure 2
shows the 1,4-CHD intermediate on 4 nm Pt@SiO,. As a reaction selectivity study, butadiene
hydrogenation was compared with SFG for 4 nm Pt@SiO,, Pd@SiO, and Rh@SiO,. While Pd
produces almost exclusively partially hydrogenated products (butenes), butane is a significant
product on Pt and Rh. The SFG spectra of reaction intermediates is recorded for Pt@SiO, and
Pd@Si0,, and the selectivity difference produced on Pd@SiO; is attributed to a preference for
the 2-buten-1-yl radical (2B1R) and exclusion of butan-1,3-diyl radical (B13R). The most
intense peak in the Pt@SiO, SFG spectrum is a CH; asymmetric stretch, which cannot be
produced by 2B1R (CHjs stretch only). This data is still being analyzed and should appear in

publication shortly.



Ethylene Hydrogenation
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Figure 2: (A) Pt-PVP@SiO; after 10 min calcination in air at 350 °C. (B) Pt-PVP after 10 min
calcination in air at 350 °C. (C) Ethylene hydrogenation rate before and after calcination
(normalized to the initial rate for clarity). (D) SFG spectra showing Pt-PVP@SiO; in 760 Torr
Ar (0), in 100 Torr H, and 660 Torr Ar (o) and in 100 Torr H, and 660 Torr Ar after calcination
(x). The inset image shows the baseline spectrum (100 Torr H, and 660 Torr Ar after calcination)

followed by 1,4-CHD hydrogenation conditions (2 Torr 1,4-CHD, 100 Torr H, and 660 Torr Ar).

Chapter 5 discusses 1,3-butadiene hydrogenation on 0.8, 1.8, 4.6 and 6.7 nm Pt-PVP
nanoparticles at 75 °C. Four products are produced by this reaction: butane, 1-butene, trans-2-
butene and cis-2-butene. For 0.9 and 1.8 nm Pt-PVP butane is the primary product while 1-
butene is the primary product for 4.6 and 6.7 nm Pt-PVP. SFG spectra for this reaction show
more CHj; stretch intensity for 0.9 and 1.8 nm compared to 4.6 and 6.7 nm. The reaction
intermediates of 1,3-butadiene hydrogenation are previously determined with density functional
theory calculations on Pt(111), so one can postulate that the SFG results indicate an increased

presence of the 1-buten-4-yl radical (1B4R) on 0.9 and 1.8 nm Pt-PVP (Figure 3).
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Figure 3: Preferred 1,3-butadiene reaction pathways on size-controlled Pt-PVP.

Using in situ X-ray photoelectron spectroscopy with colloidally prepared, monodisperse ~2 nm
Pt and PtSn nanoparticle catalysts, it is shown in Chapter 6 that the addition of Sn to Pt provides
a distinctly different reaction mechanism for CO oxidation compared to pure Pt. The kinetic
mechanism of CO oxidation on PtSn catalysts is not limited by O, adsorption as on pure Pt
catalysts. Instead, the PtSn catalyst is highly populated by O on the surface and subsurface
regions of Sn. While pure Pt catalysts displayed a reaction mechanism with an activation barrier
of 133 kJ/mol, the PtSn catalysts displayed a reaction mechanism with an activation barrier of 35
kJ/mol. While chemical signatures of Pt and Sn indicated intermixed metallic components under
reducing conditions, Pt and Sn were found to reversibly separate into isolated domains of Pt and
Sn oxide on the nanoparticle surface under reaction conditions of 100 mTorr CO and 40 mTorr
O, between temperatures of 200-275 °C. The significant differences in activation barriers, zero-
order dependence in O,, and appearance of partially oxidized Sn indicate that enhanced activity
is due to a reaction mechanism that occurs at a Pt/Sn-oxide interface present at the nanoparticle

surface.



In Chapter 7, 2 nm Pt-Fe bimetallic nanoparticles with tunable composition are compared based

on hydrogenation rate. The turnover rates of ethylene and cyclohexene hydrogenation were

increased by incorporation of Fe into Pt nanoparticles. This is relatively unexpected because Pt is

the only active metal for hydrogenation (adding Fe would presumably just reduce active sites).

SFG vibrational spectroscopy indicated that the activity enhancement is achieved by displacing

less active intermediates of the catalyst surface (Figure 4). It appears that Fe changes the

electronic structure or disrupts three and four fold sites of Pt. By blocking three and four fold

sites, strongly adsorbed intermediates which are less active do not form and the catalyst is more

active. In ethylene hydrogenation, ethylidyne is less active than di-c-bonded ethylene.
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Figure 4: SFG vibrational spectroscopy study of ethylene intermediates adsorbed on the surface

of Pt, PtFe and PtFe; nanoparticles under hydrogenation reaction conditions. SFG vibrational

spectra of 2 nm (a) Pt, (b) PtFe, (c) PtFe; and (d) UV-ozone treated PtFe; nanoparticles obtained



at 20 °C under hydrogen and ethylene hydrogenation conditions. The cell was first filled with
100 Torr of Hy and 660 Torr of Ar (black curves). Then the cell was evacuated and filled with 35
Torr of C,Hy4, 100 Torr of H, and 625 Torr of Ar (red curves). Black and blue arrows in (a) and
(b) mark the vibrational frequencies of ethylidyne (~2875 cm™) and di-o-bonded ethylene
(~2910 cm™) adsorbed on the catalyst surface, respectively. The green arrows in (c) mark the
vibrational frequencies of PVP on the nanoparticle surface. (e¢) Schematic illustration of
ethylidyne adsorbed on Pt surface (left), di-o-ethylene adsorbed on PtFe surface (middle), and

weak ethylene interaction with the PtFes surface (right).

A theme among all chapters is maintaining the integrity of nanoparticles during in situ
characterization. Because almost every fundamental technique — SFG, STM, XPS, EXAFS, etc.
— uses 2-D samples, nanoparticles are inherently close together. When exposed to reactions
conditions, nanoparticles may migrate and collide with one another during surface diffusion, and
shape changes and aggregation may occur. In contrast, nanoparticles on industrial 3-D catalysts
may be separated by hundreds of nanometers, making aggregation unlikely. Future efforts will
propose new ways to sustain stability and explore the degree to which dense 2-D samples can

duplicate real-world reactions in 3-D.

The focus of this project was to address how SFG can be performed on nanoparticle catalysts to
monitor hydrogenation reactions. Disordering, UV cleaning and calcination (core-shell) are
effective in removing the cap signal and showing reaction intermediates for a variety of colloidal
nanoparticles. Calcination and UV cleaning remove PVP, while under H, gas, PVP can be

disordered to reduce SFG signal. In light of these SFG procedures, organic capping may be

11



viewed as a nuisance but further research may use the cap to creatively tune catalytic properties.
The key to disordering is the lower adsorption energy of PVP on Pt. As H, dissociates, PVP
becomes “unhinged” from the Pt surface. If a reaction pathway is found to depend on PVP or
some other capping agent, then the reaction may be tuned by the degree of disordering — a
quantity which can be closely monitored with SFG. This approach may provide a new way to
adjust the electronic structure of surface Pt. Because many catalysts operate in the presence of
surface carbonaceous fragments — either there initially or accumulated during reaction — it is

likely that reaction pathways can be adjusted through rearrangements of such fragments.
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Chapter 2: Sum Frequency Generation Vibrational Spectroscopy and Complementary
Characterization Techniques

The primary focus of this thesis is to detect reaction intermediates on nanoparticle catalysts
under ambient conditions. To achieve this, sum frequency generation (SFG) vibrational
spectroscopy was used and in the subsequent sections both the background theory (including
Raman and infrared spectroscopy) and the laboratory protocols of the laser system are discussed
in detail. In contrast to SFG experiments on single crystals, all nanoparticle experiments were
performed on monolayer films with total internal reflection laser geometry. And because no
single technique can answer all relevant questions, complementary experiments were performed,
including transmission electron microscopy (TEM) for imaging, X-ray photoelectron
spectroscopy (XPS) for chemical composition, and gas chromatography (GC) for kinetics. Using
multiple in situ characterization techniques with atomic and molecular-level detail with reaction
statistics, it is possible to understand fundamental factors that affect catalysts operating under

normal conditions.

2.1 Vibrational Spectroscopy with Raman and Infrared

The Raman effect occurs when an inelastic scattering elicits a shift in energy of incident light
(often visible or ultraviolet). When an organic molecule is irradiated with visible light, three
electronic transition events are possible: Stokes, Rayleigh and anti-Stokes scattering (Figure 2.1).
The most likely scattering process is elastic scattering where an electron is excited to a virtual
state and simply decays to the original energy level (Rayleigh). Rayleigh scattering does not
yield chemical information since the same energy photon is generated before and after excitation.

Stokes and anti-Stokes, however, both can be used to determine the change in energy from the
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ground state to the first excited state (AE,). The ratio of Stokes and Anti-Stokes Raman peaks
depends on the initial population of the first excited state and follows a Boltzmann distribution
according to temperature. At high temperatures more molecules are excited and the intensity of

Anti-Stokes peaks increases.

virtual
state

vy

Rayleigh Stokes Anti- IR
Stokes
E=0, E=0,-AE, E=0,+AE, AE,

Figure 2.1: Rayleigh, Stokes, Anti-Stokes and infrared (IR) transitions involved in Raman and

IR vibrational spectroscopy.

When inelastic scattering occurs from a photon onto a molecule an electron changes energy

levels resulting in a shift in dipole moment. The dipole moment with an external oscillating

electric field is linearly proportional to the polarizability of the chemical bond:
U=0okE,cos(2mvt)

As the bond vibrates and changes shape along the normal coordinate q, polarizability also

changes. The polarizability can be expressed as:

o
o =0, +—q,cos(2mvt)
9q

Where qp is the equilibrium position, ay is initial polarizability and v, is the frequency of the

vibration. Rearranging the two previous equations gives:
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The three terms in the expression correspond to Rayleigh, Stokes and Anti-Stokes transitions
discussed previously. In addition, the differential term reveals the major selection rule of Raman
spectroscopy (shown below): polarizability must change during the vibration for a mode to be

Raman active.

Infrared spectroscopy involves a molecule absorbing a photon and being excited from the ground
vibrational level to an excited state with higher energy (i.e., vo=>v;). By measuring absorption at
different wavelengths, the presence of distinct chemical groups can be determined. By definition,

the dipole moment must change with the normal coordinate (q):

ou
%0
[an¢

This selection rule is illustrated in Figure 2.2, which shows two stretching vibrations of ethylene,
symmetric and asymmetric. Only asymmetric stretching is infrared active because of the net

change in dipole during symmetric stretches cancel.
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Figure 2.2: (A) Ethylene CH, symmetric stretch. (B) Ethylene CH, asymmetric stretch. Only the

asymmetric vibration is infrared active.

2.2 Non-Linear Effects of Light and Sum Frequency Generation

When an oscillating electric field from light propagates through a material, a force is applied

which perturbs electrons away from equilibrium locations.' The induced dipole created by the

movement of an electron relates to the applied electric field (E), polarizability (o)) and dipole (p):

U=y, +ok

When considering an ensemble of electrons in a large molecular system, the polarization (P) is

useful for representing the cumulative change in dipole moment in a fixed volume. A Taylor

series expansion of the polarization expression can be expressed as:
P=PY+P?+...=¢,(yE+ P E +--)

M

where g is the vacuum permittivity and y @

and y~ are the first order and second order (linear
and non-linear) susceptibilities, respectively. When the dipole oscillation occurs at the frequency
of the electric field of incident light, the emitted photon matches the incoming photon (due to
linear polarization). Linear behavior can explain the many observed properties of light including
reflection and scattering. However, using high-powered pulsed lasers, non-linear behavior can be
observed as the applied electric field begins to match the force felt by electrons in atoms.

Analysis of the energy shifts resulting from non-linear activity can provide information about the

surface of materials.

16



If we consider two separate photons from an SFG laser system, the second order polarization is

expressed this way:
P? =g,y (E, cos(w,t) + E, cos(w,t))’
where the E; and E, terms reflect the electric field of each incident laser beam. When the

equation is expanded, more terms appear:
) Q2 L 2o 2 2 1 1
P7 =g, 7 (E +E, +E cos2mt+ E; cos2m,t + EEIEZ cos(w, + w, )t + EEIE2 cos(w, — w,)t)

The 2w terms reflect second harmonic generation of identical photons, which for the case of
visible light radiation, is used to probe electronic transitions. Both E* terms are electric fields
which do not depend on wavelength. Sum frequency generation (®;+®,) and difference
frequency generation (®;-m;) involve photons with different energy and these processes can

reveal the vibrational transitions at a surface or interface.

The selection rules and surface sensitivity of SFG vibrational spectroscopy originate from the
second order non-linear susceptibility, x»." In bulk centrosymmetric media, the macroscopic

average of x'? is zero because the upward environment equals the downward 0(,(5,)2 = )(Szx)_y_z .

However, at an interface inversion symmetry is broken and y® # 0 and SFG signal can be

created. Considering resonant (R) and non-resonant (NR) effects, x'? can be expressed as:

(2) (2)

= X

% eiq) + %(RZ) ei@
where each ' term has both a magnitude and phase. For vibrational spectroscopy and chemical
analysis, the resonant contributions are more important than non-resonant contributions. In fact,

there have been efforts to suppress non-resonant features so resonant peaks can be identified
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without interference in SFG vibrational spectra. The origin of non-resonance can be somewhat
ambiguous, however, resonant features directly originate from molecular vibrations:

A

2) _ q
R = .
®,—0,+il

where Ay, O, g, and I are vibrational amplitude, infrared frequency, qth vibrational mode

frequency and damping factor (broadening), respectively. The amplitude is proportional to

infrared and Raman transitions (discussed in earlier sections):

bt

Therefore, vibrations present in SFG spectra must be both Raman and infrared active. The SFG
photon equals the energy of the visible photon plus the infrared photon, which also matches the
energy of an anti-Stokes transition in Raman spectra (Figure 2.3). SFG with tunable infrared
2700-3200 cm™ (used in this thesis), aliphatic and aromatic C-H stretches can be identified at an

interface.

A —

Ovsig

O

Figure 2.3: Schematic of sum frequency generation (SFG) vibrational spectroscopy with visible
and infrared light. First, a vibration is stimulated (vy = v,), followed by an excitation to a virtual
electronic state. When both processes are coupled together, the energy visible and infrared

photons combine to make one SFG photon.
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2.3 Sum Frequency Generation Vibrational Spectroscopy Laser System

All SFG experiments described herein were conducted using 20 ps pulse widths with 532 nm
visible and 2700-3200 cm™ tunable infrared (Figure 2.4). The lasing material itself is a Nd:YAG
(Continuum Leopard D-20). In the oscillator, the picosecond pulse is generated and then dumped
into the amplifier where intensity is increased two orders of magnitude. The oscillator is
responsible for generating a temporally narrow pulse and maintaining stable output into the
amplifier. Several components allow relatively crude electronic excitation from flash lamps to be
finessed into consistent, narrow pulses with high power density. To create SFG, the outgoing
1064 nm pulse (~20 mJ) is passed through a series of non-linear optics, which will be discussed

in detail in subsequent sections.

Vibrational Kinetics
T e : spectrosco
] s p py |
X art
( oo B :
e on [
ng,.&rﬂi‘o 4 2700-3200 et }
ohotomultipler
( P Tube
532 nm
Difference
( BN Freguency Gas Chromatograph
N 7
e[l @— D
[
A
e ]
ecegyy | p |
< N %5 I \
N j A | 34 . amplifier
< B v | /s 52
20 ps pUIse’ oscillator
1064 nm | -7 "
Nd:YAG

Figure 2.4: Picosecond sum frequency generation (SFG) vibrational spectroscopy system with
gas chromatography. The aliphatic and aromatic C-H stretching range (2700-3200 cm™) is
scanned with SFG as reactions are taking place on nanoparticle catalysts under ambient
conditions. Kinetic data such as reaction rate, reaction selectivity and activation barriers can be

monitored as SFG spectra are collected.
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Light is first generated in the oscillator (Figure 2.5) as flash lamps are run at a 20 Hz repetition
rate. Initially, light is emitted spontaneously in an uncontrolled fashion. However, as the first
photons hit the end mirrors of the cavity and bounce back through the Nd:YAG rod, stimulated
coherent emission — a process critical to all lasers — begins to occur. By having a closed loop for
light to pass back and forth between end mirrors through the laser rod, the beam gradually

amplifies itself into a consistent packet of photons with the same wavelength.

Q-switch dye
GaAs plate
Prism

Nd:YAG rod
and flashlamp

AOM
Pockels cell

oA

Figure 2.5: Oscillator of Continuum Leopard D-20 laser. Two end mirrors enclose several major
components: Q-switch dye cell, acousto-optical modulator (AOM), GaAs plate, prism, Nd:YAG

rod and flashlamp, and Pockels cell (with photodiode trigger perpendicular to beam path).

The heart of the laser is the Nd:YAG rod — a material with Nd** dopants in a yttrium aluminum
garnet (YAGQG) used throughout spectroscopic science. Flash lamps pump ~800 nm light, which
elicit an electronic excitation whose decay results in the well-known 1064 nm output (Figure
2.6). Lasing occurs through a four level transition scheme where an electron travels among
discreet energy levels. Optical excitation with flash lamps to achieve population inversion is the
first step. At the maximum energy level, the electron is not stable, which results in rapid decay to
a quasi-stable state. The lifetime at the quasi-stable state is long enough for light to pass back and
forth through the oscillator many times. Under these conditions, lasing occurs as photon packets

trigger the release of additional photons (E, = E;) during each pass.
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Figure 2.6: Energy level diagram for Nd:YAG electronic transitions. Flash lamps trigger initial
excitation (Eo=>E3) where many possible states exist. From Es, the electron quickly decays to a
quasi-stable state (E,). 1064 nm light is generated when (E;=>E;) and this is followed by a

transition to the ground state (E; 2> Ey).

The journey of photons through the oscillator can be characterized by a pulse train (Figure 2.7).
As the laser operates a photodiode detects traces of scattered light very quickly and the
measurement is displayed using an oscilloscope. If too little laser dye is present in the Q-switch
dye cell, the pulse train will resemble a Gaussian distribution (Figure 2.7(C)). However, as the
appropriate amount of dye is added and other parts of the oscillator are tuned correctly —
including the acousto-optical modulator (AOM), end mirror, threshold level and prism — the
pulse train will appear as shown in Figure 2.7(A). In this case, the pulse train is over thirty
passes long and maintains a stable region in the middle, where the amplifier seed is generated.
The flatness of the middle region indicates that the amount of photons gained from the
Nd**:YAG rod per pass are equal to losses due to absorption into the dye, the GaAs plate and

other optical components.
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Figure 2.7: Oscilloscope screen shots showing pulse train in oscillator as measured by a
photodiode trigger. (A) Full pulse train. (B) Pulse train with Pockels cell engaged (large trailing
peak is pulse in amplifier). (C) Gaussian pulse train observed with low dye level. (D) Integrated

pulse train with AOM turned OFF. (E) Pulse train (not integrated) with AOM turned OFF.

The AOM is a glass medium with a perpendicular piezoelectric transducer (sound speaker). As
light passes through the glass, sound waves constructively and destructively interfere with the
light transforming multiple pulse trains into a single pulse train in the oscillator cavity. Figure
2.7 (D) and (E) show the integrated and non-integrated pulse trains if the AOM is OFF. When
the AOM is ON, (E) becomes (A). The time for light to make a round trip through the oscillator
is 2L / c. The AOM frequency required to create a single pulse train is related to the length of the
oscillator (where cavity mode spacing is Av = ¢ / 2L). The half maximum pulse width (often in
picoseconds or femtoseconds) is:

Al — 2—75
AVv(2N +1)

Therefore, active mode locking allows ultra-short pulse widths to be achieved and occurs when

the AOM operates at Av.

The Pockels cell is responsible for dumping a seed from the oscillator to the amplifier at the right
time. The Pockels cell operates as a fast half-wave plate with voltage control. As potential is

applied to a non-linear crystal, the polarization of the outgoing pulse is rotated so a higher
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percentage is reflected from the prism (into the amplifier) rather than transmitted. Importantly,
Pockels cells can activate/deactivate in a few picoseconds using a photodiode trigger. In the
amplifier, the pulse intensity is increased by two orders of magnitude using the same Nd:YAG

crystal as the oscillator.

Non-linear crystals generate the tunable infrared (2700-3200 cm™) and visible beams (532 nm)
in a series of steps which modify the monochromatic 1064 nm output from the laser. Sum
frequency generation, optical parametric generation and optical parametric amplification
(difference frequency generation) steps are included. When two photon combine into one with
double the energy, sum frequency generation occurs:
0, =0, +0,

In this laser system two 1064 nm photons combine to make one 532 nm photon. When two
photons of equal energy combine (frequency doubling), second harmonic generation — a form of
sum frequency generation — occurs:

W, =2,
In Figure 2.8 (cut out from Figure 2.4) the first frequency doubling crystal (1) is BBO followed
by KTP (2). Importantly, the BBO crystal (1) is responsible for partitioning power between the
optical parametric generation crystals and the visible beam line. If 1064 nm photons do not
combine to make 532 nm, they will pass through the mirror and be completely converted to 532
nm with the thick KTP crystal (2). The 532 nm photons made at (1) feed the optical parametric

generation crystals and directly correlate to the power of the tunable infrared.
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Figure 2.8: Frequency double with non-linear crystals is the first step after the laser. The

orientation of (1) can affect the power of the visible and tunable infrared beams used for SFG.

Adjusting the tilt/yaw of (1) allows the final visible (532 nm) and tunable infrared power to be
tuned to ~150 pJ for each. (Small changes in orientation strongly affect path length and phase
matching conversion.) Therefore, the characteristics of (1) are detrimental to the overall
performance of the SFG system (specifications of the BBO crystal appear in the Appendix of this
chapter). Phase matching occurs when wavevector (k) mismatch is equal to zero:

Ak=k +k,—k,=0
where k; and k; represent two incoming photon’s wavevector and kj is the outgoing photons
wavevector. In addition, the maximum intensity (Is) of the outgoing photons (graphed in Figure

2.9) depends on the effective path length (L) of the material:

| e[ SIn(AKL /2) ’
o (AKL /2)
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Figure 2.9: As the quartz crystal is rotated, the path length of the beam — a function of 6 —

. . . . . 2
changes and the second harmonic conversion varies according to the I3 expression.

Once 532 nm light is created, the next step is optical parametric generation and difference
frequency generation to make the tunable infrared for SFG (Figure 2.10). Optical parametric
generation occurs when 532 nm light is passed through two KTP (KTiOPO,) crystals. One 532
nm photon is converted to two lower energy photons called signal and idler:

widler + wsignal = w532nm

The idler photon is subsequently used to create the tunable infrared while the signal photon is
discarded. 532 nm light passes through the KTP crystals twice and during the second pass, the
idler intensity is amplified considerably. The angular orientation of the KTP crystals determines
the frequency of the signal and idler photons (Figure 2.11). As the angle changes, phase
matching conditions change, making the output tunable. Because both KTP crystals are turned
with motors to the same complementary angle and alignment is equivalent, identical phase

matching conditions of both passes are maintained.
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Figure 2.10: Two KTP crystals perform optical parametric generation (OPG) with 532 nm input.
The idler beam from the OPG is then combined with 1064 nm for difference frequency

generation with a LiNbO3 (LNO) crystal, where the tunable infrared is made for SFG.
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Figure 2.11: Example type II KTP (KTiOPOy) tuning curve from Girardeau-Montaut ef al.’

where one 532 nm photon is split into signal and idler photons of different energy.

With the idler beam supplied by the OPA, difference frequency generation occurs with a LNO

(LiNbO3) crystal:

O = Oyo64m ~ Digrer

As the energy of the idler increases, the wavenumber value of the tunable infrared decreases.

Using the OPA and OPG together, the tunable infrared (2700-3200 cm™) is created.
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SFG experiments are conducted using Langmuir-Blodgett (LB) films on a fused silica prism
(Figure 2.12). There are several advantages to using a prism instead of a simple flat substrate
such as a glass slab. With a prism, it is relatively easy to achieve total internal reflection (TIR)
without losing light intensity to reflection at the first surface. Figure 2.12 illustrates that both the
visible and infrared beams go into the prism at angles nearly perpendicular to the silica face,
resulting in nearly complete transmission based on Fresnel equations. Figure 2.13 shows the SFG
spectra of polystyrene collected on a glass slab and on a prism. Using TIR geometry, which
produces an evanescent wave at the surface of the prism, the SFG signal from the nanoparticle

film is significantly enhanced (Figure 2.14).

tunable infrared
(2680 to 3180 cm™ )

visible . Z .SFG
(532 nm) ]

e e e
_ LB nanoparticle film

PN ~  recirculating JOCT L 7

o gas mixture

]
Figure 2.12: Setup for studying nanoparticle catalysts with SFG under ambient conditions
(schematic on left and lab reactor on right). SFG scans are collected as 2-D nanoparticle films
are exposed to various reaction conditions. Both visible and tunable infrared beams operate with
total internal reflection (TIR) geometry. Temperature is controlled with heating tape and
monitored with a K-type thermocouple touching the center of the prism. The reactor forms a seal

to the prism with a Kalrez o-ring.
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Figure 2.13: SFG spectra of equivalent polystyrene film on a prism (black) and a flat slab (red).

The prism utilizes TIR geometry, which amplifies SFG intensity.”*
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Figure 2.14: Example evanescent wave intensity (I, I,) where 0 > 65.6° (0.) -- total internal
reflection conditions for s and p polarized light. The maximum intensity of the evanescent wave

near the critical angle () is 4-5 times the maximum of incident light.’

Langmuir-Blodgett (LB) monolayer film deposition (Figure 2.15) was used for all SFG
experiments on nanoparticles. First, Pt-PVP nanoparticles (1-10 nm) were dissolved in 50/50
EtOH/CHCI;. This solution is added dropwise to the surface of water and left for 30 min for the

solvent to evaporate. Then the barrier is slowly compressed at 10 mm/min until the surface
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pressure exceeds 25 mN/m. At this point, the film is near maximum compression and the prism
is slowly lifted at 3 mm/min through the surface from the subphase. The resulting monolayer

film on the prism was visible to the naked eye and suitably dense in Pt for SFG reaction studies.
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Figure 2.15: Langmuir-Blodgett (LB) film deposition for SFG experiments. Pt-PVP
nanoparticles are dispersed on the surface of water and compressed near maximum surface

pressure resulting in a dense monolayer. The SFG prism is lifted through the surface after the

film is compressed.

Transmission electron microscopy (TEM) was utilized in several chapters of this thesis to image
nanoparticle catalysts (Figure 2.16). High energy (200 kV) electrons from an electron gun are
focused onto the thin sample, visualized using a fluorescent screen and ultimately captured with
a CCD camera. A TEM image is a two dimensional representation of the transmission
probability, where the contrast varies by the material mass and diffraction patterns. Within the

microscope, several electromagnetic lenses are used to focus the electrons. The condenser lens
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and aperture controls the spot size of the electron beam. The objective and projector lenses

mainly control focus and magnification, respectively.
Electron Gun

]— Condenser Lenses

— mmmmmm  Condenser Aperture

Sample
Objective Lens
I mmmmmm  Objective Aperture
} Intermediate Lenses

Projector Lens

Fluorescent Screen

I CCD Camera
Figure 2.16: Schematic of a transmission electron microscope (TEM) (left) and photograph of a

JOEL 2100 TEM with an energy-dispersive X-ray spectroscopy (EDS) attachment (right).

Besides transmission, several other processes simultaneously occur in a TEM microscope. When
electrons of the beam inelastically collide with the sample, secondary electrons are produced
along with electron-hole pairs, X-ray photons and Auger electrons. The formation of X-rays is
particularly important because their wavelengths can reveal electronic transitions of the sample.
Energy-dispersive X-ray spectroscopy (EDS) is often used within TEM microscopes for
elemental analysis (Figure 2.17). As electrons are ejected from core orbitals, holes are created
and subsequently filled by electrons from higher orbitals. As the energy of the electron changes
during the orbital transition, an X-ray photon is emitted. The energy of the X-ray photon equals
the energy difference between the orbitals. Because each atom has unique orbital spacing, the

wavelength of the X-ray can be used to determine atomic identity. The physics of EDS is
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comparable to XPS except EDS is an electron in, photon out process while XPS is photon in,
electron out. Because X-rays penetrate deeply into matter, information from EDS is not as

surface sensitive as XPS.

Incident

@ oo
Electron
KE,

Figure 2.17: Fundamental process required for energy dispersive X-ray spectroscopy (EDS).
High energy incident electrons cause electrons to be ejected which then leads to X-ray emission.

From the wavelength of the outgoing X-rays, atomic identity can be determined.

X-ray photoelectron spectroscopy (XPS) can reveal the oxidation state and surface composition
of metal catalysts. As illustrated in Figure 2.18, X-rays eject electrons which are subsequently
collected and separated by their kinetic energy. The difference in kinetic energy of electrons
suggests the atom from which they originated. The binding energy of an electron varies
significantly based on the atom and orbital. For example, the binding energy core 1s electrons of
Ga (10,367 eV) is much higher than the binding energy of valence 3d electrons (20 eV). The
binding energy of core s electrons of Si (1,839 eV) is considerably weaker than Ga because of
the effective nuclear charge of Si (14 protons) compared to Ga (31 protons). In addition, as
atoms adopt different oxidation states, the binding energy shifts. For the 4f electrons of Pt, the
binding energy increases 3 eV — from 71 to 74 eV — when Pt’ is oxidized to Pt*". Because

electrons reveal the information in XPS, the technique is inherently surface sensitive. The mean
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free path of electrons of most materials is near 1 nm (depending on the universal curve of
elements), so the effective probing depth of XPS is typically near 1 nm. If electrons travel
beyond this length, they undergo one or more inelastic collisions, lose energy and become
secondary electrons. The background intensity in XPS spectra is due to secondary electrons

which have a random energy distribution and do not provide much chemical information.
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Figure 2.18: Fundamental process for X-ray photoelectron spectroscopy (XPS). X-rays eject
electrons from the core orbitals of atoms. Composition can be determined from the kinetic

energy of the outgoing electrons.

Because electrons cannot travel far in air without collisions, XPS is most commonly used as an
ultra-high vacuum characterization technique. Today, XPS instruments are modified to operate
under ambient conditions to study materials in normal reaction environments. Ambient pressure
XPS (AP-XPS) systems (Figure 2.19) include sophisticated differential pumping stages and
electron-focusing lenses which allow experiments up to 5 Torr in pressure. Other features, such
as the X-ray source and hemispherical electron energy analyzer, are similar to conventional XPS.
AP-XPS experiments discussed in this thesis were performed at the Advanced Light Source at

Lawrence Berkeley National Laboratory.
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Figure 2.19: Ambient pressure X-ray photoelectron spectroscopy (AP-XPS) apparatus. A cone
is used to syphon electrons from the sample into focused differential pumping stages before

being separated by kinetic energy.
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Chapter 3: Sum Frequency Generation Vibrational Spectroscopy of Colloidal Platinum
Nanoparticle Catalysts: Disordering versus Removal of Organic Capping

3.1 Introduction

Sum frequency generation (SFG)"? vibrational spectroscopy is a second-order optical process
that measures the vibrational spectrum of molecules on a surface or an interface. This technique
is a powerful tool for studying heterogeneous catalysis because it enables the observation of
surface intermediates during catalytic reactions. SFG vibrational spectroscopy has been used to
study reactions on both single-crystal catalysts® and 2D films of nanoparticle catalysts.®’
Recent work on nanoparticle catalysts has shown that size and shape control on the nanometer
scale is critical for reaction selectivity.*'? This is a major advance for heterogeneous catalysis
and motivates the present effort to observe reaction intermediates on size- and shape-controlled

nanoparticles under reaction conditions.

A major challenge in the detection of reaction intermediates is the background of molecular
stretches originating from the organic capping layer of colloidal nanoparticles. Nanoparticles
require a layer of organic ligands to stabilize both size and shape. However, the organic capping
layer has two major effects on catalytic reaction studies. First, it blocks active sites on the
nanoparticles reducing catalytic activity. Second, it produces a strong signal in the SFG
spectrum, making the observation of reaction intermediates on the nanoparticles difficult or
impossible. Common capping agents, including poly(vinylpyrrolidone) (PVP),"?
cetyltrimethylammonium bromide (CTAB),'* tetradecyltrimethylammonium bromide (TTAB),"
hexadecylamine (HDA),'® and oleylamine'” produce a signal in the aliphatic range, preventing

the identification of C—H vibrations of reactive catalytic intermediates.
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UV light has been previously used to remove the organic capping agent from nanoparticles.” ' *

This study compares UV cleaning of nanoparticles (often called “UVO” or “UV-ozone”) and a
simpler, yet more effective method, termed solvent cleaning, which removes excess capping
(PVP) from the nanoparticles. It is shown that both UV and solvent cleaning of Pt nanoparticles
enable the observation of reaction intermediates by SFG spectroscopy. However, solvent
cleaning leaves more PVP intact and relies on disordering under hydrogen to reduce its SFG
signal, whereas UV cleaning reduces the signal from PVP by nearly complete removal. It is also
shown that solvent cleaning produces nanoparticles that are stable under reaction conditions,
whereas UV cleaning results in nanoparticle aggregation during reaction. Therefore, solvent
cleaning makes it possible to study size- and shape-dependent nanoparticle selectivity using SFG

vibrational spectroscopy.

Cyclohexene (C¢H o) hydrogenation is a good reaction for SFG analysis because it produces

intermediates with unique and well-documented™ ***

vibrational signatures. Three different
reaction intermediates of cyclohexene hydrogenation exist on Pt that are easily identifiable in the
SFG spectrum: 1,4-cyclohexadiene (1,4-CHD), 1,3-cyclohexadiene (1,3-CHD), and w-allyl. The
spectrum of 1,4-CHD has a single peak at 2765 cm ™', corresponding to a strongly red-shifted
CH,; asymmetric stretch. 1,3-CHD has three CH; stretches at 2830, 2875, and 2900 cm ',
whereas the 7-allyl has a strong CH, asymmetric stretch at 2920 cm ™' and a weak symmetric CH,
stretch at 2840 cm ™. Using cyclohexene hydrogenation on Pt as a model reaction, the catalytic

activity and vibrational spectra of solvent-cleaned Pt nanoparticles were examined under reaction

conditions and compared with those of UV-cleaned Pt nanoparticles.
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3.2 Experimental Methods

3.2.1 Nanoparticle Synthesis. Pt particles of 4.2 nm average size were synthesized using 100
mg chloroplatinic acid hexahydrate (H,Pt(IV)Cls-6H,0, 37.5% metal basis, Sigma-Aldrich), 440
mg PVP (29 K, Sigma-Aldrich), and 20 mL of ethylene glycol (ReagentPlus, Sigma-Aldrich).
The mixture was combined in a 25 mL round-bottomed flask, pumped to remove air, and flushed
with Ar. The flask was then placed in an oil bath at 165 °C for 1 h under Ar flow. Pt
nanoparticles of 3.0 nm average size*® were synthesized using 40 mg ammonium
tetrachloroplatinate(Il) (NH4),Pt(I)Cls), 220 mg PVP (29 K, Sigma-Aldrich), and 20 mL of
ethylene glycol (ReagentPlus, Sigma-Aldrich). The mixture was combined in a 25 mL round-
bottomed flask, pumped to remove air, and flushed with Ar. The flask was then placed in an oil
bath at 165 °C for 30 min under Ar flow. Pt nanoparticles of 1.7 nm average size’’ were
synthesized by combining 250 mg chloroplatinic acid hexahydrate (H,Pt(IV)Cls-6H>0, 37.5%
metal basis, Sigma-Aldrich), 25 mL of ethylene glycol (ReagentPlus, Sigma-Aldrich), and
0.00625 g NaOH under Ar at 433 K for 1 h. After synthesis, the nanoparticles were precipitated
with 1.0 M HCl and then combined with PVP. Nanoparticles of different sizes were separated
from the ethylene glycol synthesis mixture by precipitation with acetone and centrifugation at
4000 rpm for 5 min. Then, the nanoparticles were dissolved by sonication in 20 mL of ethanol,
mixed with 25 mL of hexane, and centrifuged again for precipitation. This process was repeated
three times to remove ethylene glycol and excess chloroplatinic acid from the synthesis.
Hereafter, these nanoparticles will be referred to as fully-capped nanoparticles.

3.2.2 Solvent Cleaning. For the 4.2 and 3.0 nm nanoparticles, solvent cleaning consisted of five
additional cycles of ethanol washing, followed by precipitation in hexane for a total of eight

ethanol washes after synthesis. Following these cycles of ethanol washing, the nanoparticles
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were further washed two times, once in chloroform and once in isopropyl alcohol. Because the
1.7 nm nanoparticles retained less PVP, they did not require as many washing cycles. Therefore,
these nanoparticles were washed only one additional time in ethanol for a total of four ethanol
washes after synthesis. If washed more times, 1.7 nm nanoparticles aggregate in solution.

3.2.3 Langmuir-Blodgett Film Deposition. Nanoparticles were first dissolved in a 50/50
ethanol/chloroform mixture and then deposited onto a water surface.”® For Langmuir-Blodgett
(LB) deposition, a suspension of nanoparticles in the ethanol/chloroform mixture was dispersed
onto a water surface. Sufficient time was allowed for the organic solvent to evaporate, leaving a
2D dispersion of nanoparticles on water. The film was then compressed, and the increase in
surface pressure was monitored. When the desired surface pressure was reached, the SFG prism
was pulled through the water at a rate of 3 mm/min, and a monolayer film of nanoparticles was
deposited onto the prism surface. For SFG experiments, a surface pressure of 20 mN/m was used
for LB films. Film deposition on transmission electron microscopy (TEM) grids was
accomplished by dropping the grid on the compressed LB film for 10 s and then retrieving the
grid with tweezers. For TEM experiments, a surface pressure of § mN/m was used to obtain
nanoparticle films of low density. This provided better visibility of nanoparticle aggregation that
occurred for some samples under reaction conditions. The Nima 611 LB trough with filter paper
as the surface tension probe was used in all film depositions.

3.2.4 UV Cleaning. Two low-pressure mercury lamps (Lights Sources, model number
GPH357T5VH/4P) were used for UV treatment inside a clean aluminum box. Samples were
placed 5 mm below one lamp and exposed to 254 and 185 nm irradiation for a specified time.
3.2.5 Sum Frequency Generation Vibrational Spectroscopy. A mode-locked Nd:YAG dye

laser (Continuum D-20) with 1064 nm fundamental output, 20 Hz repetition rate, and 20 ps pulse
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width was used in all of the experiments described herein. A frequency-doubling crystal was
used to generate a visible (532 nm) beam from the fundamental beam. An optical parametric
generator/amplifier produced tunable infrared in the range 2680—-3180 cm ', corresponding to the
stretching modes of aliphatic and aromatic groups. Visible and infrared beams of 130 pJ power
were spatially and temporally overlapped at the base of the SFG prism at angles of 63 and 48°,
respectively, from the surface normal to achieve total internal reflection (Figure 3.1). All of the
experiments were performed in ppp polarization combination. Polished fused silica equilateral
(60°) prisms (ISP Optics) were used in all experiments. A photomultiplier tube with a gated
boxcar integrator detected SFG photons. Each LB nanoparticle film was probed with SFG under

1 atm of total pressure.

tunable infrared
(2680 to 3180 cm' )

visible __ .SFG
(532nm) .
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-

S

Figure 3.1: Schematic of SFG experiment with LB nanoparticle films deposited on a silica
prism. Gas mixtures (Ar, Ho/Ar, and C¢H;¢/Ho/Ar) are flowed over the sample while SFG spectra

are recorded.
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The SFG signal intensity 7" can be understood in terms of the second-order non-linear

susceptibility constant y
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where )(1(\”3, Xz(a ), Ag, wig, w, and T are non-resonant™ contributions, resonant contributions,

amplitude, infrared frequency, qth mode frequency, and damping factor, respectively. Oscillator
strength A4 reflects the number density Ns, Raman/infrared response ag, and average oscillator
orientation <---> (encompassing both lab coordinates ijk and molecular coordinates /mn). Unlike
the varied forms of linear vibrational spectroscopy, SFG requires a net orientation along the z
axis (perpendicular to the surface), which gives surface selectivity. This indicates that even
concentrated vibrational modes will ultimately cancel if present only in random disordered
directions.

3.6 Transmission Electron Microscopy. TEM images of LB films were obtained with a JEOL
2100 microscope operated at 200 kV. Silicone (SiO) films on copper grids (Electron Microscopy
Sciences) were used as substrates for all TEM images presented here.

3.7 Kinetic Measurements. Turnover rates were measured with a Hewlett-Packard 5890 Series
II gas chromatograph connected to a circulating batch reactor. The Restek Haysep Q 80/100
column was used to measure ethylene hydrogenation rate, and the Alltech AT-1000 column was

used to measure cyclohexene hydrogenation rate.
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3.3 Results and Discussion

3.3.1 Effect of PVP Removal on Detection of Reaction Intermediates on Pt Nanoparticles
The capping agent presents a challenge for SFG studies of colloidal nanoparticle catalysts
because its signal often overlaps with that of the reactive intermediate of interest and also blocks
catalytically active surface sites. In the presence of H,, PVP becomes disordered on fully-capped
nanoparticles, as shown by the significant decrease in background signal intensity (Figure 3.2A).
However, even in the absence of a background signal from the PVP, a signal from the reaction
intermediate (1,4-CHD) cannot be easily observed during cyclohexene hydrogenation (Figure

3.2B) because of site blocking by disordered PVP.
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Figure 3.2: SFG spectra of fully-capped 4.2 nm Pt-PVP nanoparticles obtained at 298 K in
different atmospheres: (A) 760 Torr Ar (top) and 200 Torr Hy, 560 Torr Ar (bottom) and (B) 10
Torr C¢Hyo, 200 Torr Hy, 550 Torr Ar (top) and 200 Torr Hy, 560 Torr Ar (bottom). Spectra

shown in (B) are offset for clarity. Unlabeled features are attributed to PVP.

In the case of solvent-cleaned nanoparticles, a strong signal from PVP is still observed in the

SFG spectrum (Figure 3.3A). This is because solvent cleaning does not remove all PVP; if it did,

then the nanoparticles would aggregate in solution. Similar to fully-capped nanoparticles (Figure
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3.2A), the signal from PVP diminishes in H, due to the disordering effect (Figure 3.3A). To see
the degree of disordering on 4.2 nm Pt-PVP with different H, pressures, see Figure S.3.1. The
major difference between fully-capped and solvent-cleaned nanoparticles can be observed by
comparing the spectra obtained under reaction conditions (Figures 3.2B and 3.3B). Under
cyclohexene hydrogenation conditions, the 1,4-CHD intermediate is clearly visible in the SFG
spectrum of the solvent-cleaned Pt nanoparticles (Figure 3.3B), indicating significant adsorption
on the Pt nanoparticle surface. This finding indicates that although the solvent-cleaned
nanoparticles are lightly capped with PVP, there are sufficient Pt sites available for catalysis and

for observing reaction intermediates with SFG.

[m)
_ A 25T (B)
[2) .ﬂ 1 *
= = <
C c I
; ;2'0 - CeH1o +
= 515 Hz + PVP
5 =
8 S 1.0
> =
B 4 20.5-
[ e Hz + PVP
c o __J & N ) S S =
L | e A———— 11 L . A ————

2700 2800 2900 3000 3100 2700 2800 2900 3000 3100
Wavenumber (cm1) Wavenumber (cm')

Figure 3.3: SFG spectra of solvent-cleaned 4.2 nm Pt-PVP nanoparticles obtained at 298 K in
different atmospheres: (A) 760 Torr Ar (top) and 200 Torr Hy, 560 Torr Ar (bottom) and (B) 10
Torr C¢Hyo, 200 Torr Hy, 550 Torr Ar (top) and 200 Torr Hy, 560 Torr Ar (bottom). Spectra

shown in (B) are offset for clarity. Unlabeled features are attributed to PVP.

Because the peak of 1,4-CHD occurs at a unique wavenumber position compared to other

aliphatic vibrations, it is certain that it arises from a chemisorbed reaction intermediate on the

surface of the Pt nanoparticle and not from PVP. Interestingly, when cyclohexene is introduced
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with H, the remaining PVP peaks are further suppressed from the level observed with only Ho.
This suggests that 1,4-CHD displaces PVP from the Pt surface into a disordered geometry. SFG
spectra were also collected during cyclohexene hydrogenation on 1.7 and 3.0 nm Pt
nanoparticles. The spectra of 1.7 nm and 3.0 nm Pt-PVP (1.7 nm shown in Figure S.3.2A) also
indicate a strong peak corresponding to the 1,4-CHD intermediate. The 1.7 nm Pt nanoparticles
retain less PVP than larger nanoparticles and do not require as much solvent cleaning for
observing surface intermediates (see Section 2.2). In addition, reaction intermediates can be
observed in the same range as PVP peaks. S.3.2B shows the di-o intermediate on 3.0 nm Pt-PVP

during cis-2-butene hydrogenation.

Although the role of solvent cleaning to increase the available Pt surface area through PVP
removal is intuitive, the role of H; to decrease the background signal of PVP is less obvious and
needs further interpretation. H, dramatically reduces the signal from PVP on both fully-capped
and solvent-cleaned nanoparticles (Figures 3.2A and 3.3A). Under an inert atmosphere of Ar gas,
the full signal of PVP capping is strong for both types of nanoparticles. However, adding H,
reduces the signal of PVP to relatively weak peaks located at 2850 (symmetric CH,, chain), 2870
(symmetric CHa, chain), 2930 (asymmetric CH,, chain), and 2980 cm ™' (asymmetric CHa,

ring).”!

SFG selection rules indicate that decreasing concentration or increasing disorder reduce signal.
Although the effect of concentration on the spectral intensity is expected, it is important to
recognize the effect of molecular ordering on the spectral intensity. Because SFG vibrational

spectroscopy is a coherent process, it is not only sensitive to individual molecular susceptibilities
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but also to the net susceptibility of the ensemble of molecular oscillators. Consequently, if
molecules on a surface are highly disordered, then the net ensemble will not produce a strong

SFG signal, even if the concentration is high.

The following two examples emphasize this concept. In a recent study,’ the ordering of mixed
self-assembled monolayers of fluorinated alkyl phosphonic acid and Cs functionalized octadecyl
phosphonic acid was tuned by varying the amounts of each component. For certain mixtures, the
SFG intensity from Cg molecules decreased even as its surface density increased. This effect is
attributed to disordering of the self-assembled monolayer. In another case,’ the observed peaks
from the m-allyl intermediate on Pt(111) increased in intensity by eight-fold when the pressure
was changed from ambient to ultrahigh vacuum. Because the surface concentration did not
increase dramatically in vacuum relative to ambient pressure, the increased ordering strongly
contributed to the signal enhancement. Therefore, it may be concluded that the addition of H,
disorders PVP on Pt, as indicated by the decrease in SFG signal intensity by 90%. This spectral
change is reversible — when the cell is evacuated to vacuum, the full signal of PVP reappears.
Disordering likely arises because of a weakened interaction between PVP and Pt. Several

. - 11,33,34
previous studies 7

report lower adsorption energies of organic molecules on Pt in the
presence of H,. When no H; is present and cyclohexene is introduced, 1,4-CHD does not form
on Pt-PVP (Figure S.3.2). On Pt(111), 1,4-CHD — a dehydrogenated reaction intermediate —
occurs in the presence or absence of H,.” The absence of 1,4-CHD with no H, further indicates

that PVP binds strongly with Pt and can completely block strongly adsorbing species (binding

energy of 1,4-CHD = 1.5 eV).
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UV light of 254 and 185 nm wavelength is known to photodecompose organic materials,
including PVP, through photolysis and ozonolysis mechanisms.”” Accordingly, UV cleaning has
been proposed'® as a viable method for removing PVP from Pt nanoparticles. However, the
effects of UV cleaning on the catalytic behavior of Pt nanoparticles are not fully understood.
Figure 3.4 shows SFG spectra of PVP-capped Pt nanoparticles after 180 min of UV exposure.
The spectrum of the Pt nanoparticles in Ar (Figure 3.4A) shows a significant signal reduction in
the aliphatic range compared to fully-capped and solvent-cleaned nanoparticles under the same
conditions. This is attributed to the photodecomposition of PVP by UV light. Supporting
evidence of PVP removal by UV cleaning was obtained from XPS analysis. It was found that the
C content relative to Pt decreases by at least 90% after 10 min of UV cleaning. However, when
the UV-cleaned nanoparticles are exposed to Hy, the signal in the aliphatic range increases
significantly (Figure 3.4A), suggesting that although UV cleaning removes the majority of PVP,
a C shell remains (“residual PVP”) that subsequently reacts with H,. This observation highlights
the difficulty of preparing atomically clean Pt nanoparticles by UV cleaning. Under Ar, a low
background is achieved after UV cleaning. However, once H; is added, the background of
disordered PVP is considerably lower than the background of UV-cleaned Pt-PVP. Further
studies are in progress to probe the effect of the C shell on Pt catalysis. However, the shell does
not prevent adsorption of cyclohexene — 1,4-CHD, 1,3-CHD, and n-allyl intermediates are

readily observed on the UV-cleaned nanoparticles under reaction conditions (Figure 3.4B).
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Figure 3.4: SFG spectra of UV-cleaned (180 min) 4.2 nm Pt-PVP nanoparticles obtained at 298
K in different atmospheres: (A) 760 Torr Ar (bottom) and 200 Torr H,, 560 Torr Ar (top) and
(B) 10 Torr CsHjo, 200 Torr H,, 550 Torr Ar (top) and 200 Torr H,, 560 Torr Ar (bottom).

Spectra shown in (B) are offset for clarity. Unlabeled features are attributed to PVP.

Figure 3.5A shows SFG spectra of 4.2 nm Pt nanoparticles during cyclohexene hydrogenation at
298 K versus UV cleaning time. The removal of PVP is confirmed by the change in C/Pt atomic
ratio (obtained by XPS) versus UV cleaning time shown in Figure 3.5B. As expected, the signal
from cyclohexene hydrogenation intermediates steadily increases with UV treatment, indicating
increased coverage by reactants. This is most obvious for the 1,4-CHD intermediate (2765 cm™).
Further changes in the SFG spectrum occurred with increasing UV cleaning time. UV treatment
up to 3 min indicated the formation of only 1,4-CHD, which is consistent with the spectrum of
solvent-cleaned nanoparticles (Figure 3.3B). However, longer UV treatment (10 min) produced
an intense new peak at 2900 cm ' with a weak counterpart at 2850 cm ', both assigned to m-allyl.
For UV cleaning times ranging from 30 to 180 min, the n-allyl signal decreases, and new peaks
appear (2810 and 2845 cm '), indicating 1,3-CHD. To observe each of these three intermediates

on the Pt(111) single crystal with a comparable cyclohexene/H; ratio, the temperature must be
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increased from 303 to 483 K.** In this case, all three intermediates are observed at 298 K on 4.2
nm Pt by removing PVP. For the entire data set including Ar, H»/Ar and cyclohexene/H,/Ar for

all UV cleaning times, see Figures S.3.3A and S.3.3B.
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Figure 3.5: (A) SFG spectra of 4.2 nm Pt-PVP nanoparticles obtained at 298 K after UV
cleaning (0 to 180 min) under cyclohexene hydrogenation reaction conditions (10 Torr CsHjo,
200 Torr Hy, 550 Torr Ar). The observed intermediates change from exclusively 1,4-CHD (0-3
min) to 1,4-CHD, 1,3-CHD, and n-allyl (30—180 min). (B) XPS results showing the C/Pt ratio as
a function of UV exposure time. (C,D) TEM images of UV-cleaned 4.2 nm Pt nanoparticles

showing clustering after long treatment (180 min) but no aggregation (scale bar = 10 nm).

46



The morphological stability of 4.2 nm nanoparticles during UV cleaning at 298 K is
demonstrated by TEM images shown in Figure 3.5. Although long UV treatment (180 min)
causes nanoparticle clustering (Figure 3.5C), aggregation does not occur — the nanoparticle size
and shape is similar to that observed after 3 min of UV cleaning (Figure 3.5D). Consequently,
changes in observed intermediates cannot be attributed to nanoparticle size or shape effects.
Interestingly, the 1,3-CHD intermediate is much more active for cyclohexene hydrogenation on
Pt(111) than the 1,4-CHD intermediate.** Therefore, it may be inferred that 180 min of UV
cleaning produces nanoparticles that are more catalytically active than the fully-capped
nanoparticles because the 1,3-CHD intermediate is observed only after extensive UV cleaning.
Kinetic experiments of the present study show that the UV-cleaned catalyst is approximately
three times more active for cyclohexene hydrogenation than the fully-capped catalyst, even after
correcting for the number of Pt active sites (counted with ethylene hydrogenation). These
spectral changes correlate with reaction kinetics and suggest that besides simply blocking
equivalent Pt sites, the capping agent may actively promote or inhibit the formation of certain
reaction intermediates. Considering the capping agent as an active, dynamic support for

nanoparticle catalysis is an intriguing concept that will be investigated in future studies.

3.3.2 Effect of Solvent Cleaning on Size Monodispersity of Pt Nanoparticles During
Reaction

The stability of Pt nanoparticles under reaction conditions after solvent cleaning or UV cleaning
can be assessed in the light of TEM results presented in this section. Figure 3.6 shows TEM
images of fully-capped Pt nanoparticles of three sizes (4.2, 3.0, and 1.7 nm) as LB films before

and after two treatments (60 min of UV cleaning, followed by 60 min under hydrogenation

47



reaction conditions). Although 60 min of UV cleaning caused 4.2 and 3.0 nm nanoparticles to
cluster closely together, these nanoparticles maintained a monodisperse size distribution.
However, exposure to H, at 373 K resulted in melting and loss of size monodispersity. For 3.0
nm nanoparticles, various film compressions were tested (Figure S.3.4). Although lower LB
compressions lessen aggregation, the problem cannot be eliminated. (It should be noted that the
compression in Figure 3.6 is considerably below what is used for SFG experiment). Compared to
larger nanoparticles, 1.7 nm Pt are even less stable and melted after UV cleaning, even before
exposure to elevated temperature. Although the images shown in Figure 3.6 were obtained with
silicone TEM grids, the same phenomena were observed with other supports, including SiO, and

TiO, (see Figure S.3.5).
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Figure 3.6: TEM images (scale bar = 10 nm) showing UV-cleaned and solvent-cleaned Pt-PVP
nanoparticles under reaction conditions. For 4.2 and 3.0 nm nanoparticles, 60 min of UV
treatment resulted in clustering, with neighboring nanoparticles moving closer to each other
while maintaining their size. Under hydrogenation reaction conditions (200 Torr H,, 560 Torr
Ar, 373 K), clustered nanoparticles often melted together to produce much larger particles.
Spherical 1.7 nm nanoparticles aggregated after 60 min of UV treatment. In contrast, under
hydrogenation reaction conditions (200 Torr H,, 560 Torr Ar) solvent-cleaned Pt-PVP

nanoparticles did not exhibit changes up to at least 473 K.
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Figure 3.6 also shows TEM images demonstrating the stability of solvent-cleaned Pt
nanoparticles. These images show solvent-cleaned nanoparticles of 4.2, 3.0, and 1.7 nm sizes
after H, exposure at 473 K (i.e., 100 K higher temperature than that applied to UV-cleaned
nanoparticles). It is clear that solvent-cleaned nanoparticles are very stable because they appear
the same as the untreated LB film. This represents the major advantage of solvent cleaning
compared to UV cleaning. Although UV cleaning is effective in removing PVP, it compromises
nanoparticle stability under reaction conditions, resulting in the loss of size monodispersity.
Alternatively, solvent cleaning produces stable nanoparticle catalysts that allow for nanoscale

size effects of selectivity to be studied by SFG vibrational spectroscopy.

3.3.3 Effect of Solvent and UV Cleaning on Number Density of Pt Active Sites

The role of solvent and UV cleaning on the number of available active sites of Pt nanoparticles
was examined with ethylene hydrogenation experiments performed at 298 K. Ethylene
hydrogenation on Pt is a structure insensitive reaction with a well-characterized turnover
frequency.”® Accordingly, the activity of a catalyst for ethane production from ethylene can be

used to determine the number of active Pt sites on the catalyst.

Figure 3.7 shows the number density of active sites for fully-capped, solvent-cleaned, and UV-
cleaned 4.2 nm Pt-PVP films. Surface coverage of the nanoparticles was controlled by the
surface pressure applied during LB film deposition and should not vary significantly among
samples. For a surface pressure of 20 mN/m, surface coverage by the nanoparticles was found to
be 30-50%. Assuming 4.2 nm spherical nanoparticles with a (111) surface and no poisoning by

the PVP capping agent, this surface coverage implies 2 x 10'° Pt sites per cm’.
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Figure 3.7: Active sites on layers of fully-capped, solvent-cleaned, and UV-cleaned 4.2 nm Pt

nanoparticles with PVP capping agent determined from ethylene hydrogenation.

Fully-capped nanoparticles contain 5 x 10'* active Pt sites per cm’, as determined from ethylene
hydrogenation measurements, representing 20% of the apparent area. UV-cleaned nanoparticle
LB films demonstrate higher densities of active sites by about an order of magnitude. Using
ethylene hydrogenation measurements, the number densities of active sites on solvent- and UV-
cleaned nanoparticle films are estimated to be 1 x 10" and 4 x 10" active sites per cm?,
corresponding to 40 and >100% of the apparent area, respectively. The higher activity of the
UV-cleaned nanoparticles is attributed to a deviation of the actual number of active sites per
nanoparticle from what is expected by assuming a sphere with a perfect (111) surface. However,
this comparison is still insightful and shows that although solvent cleaning increases the
available number of Pt sites by a factor of 2, UV cleaning is much more effective in removing
PVP, increasing the number of available Pt sites by a factor of 10. This may also explain the
instability of UV-cleaned nanoparticles during reaction compared to solvent-cleaned
nanoparticles. It appears that solvent-cleaned nanoparticles are stabilized by a significant amount

of PVP that covers more than half of the nanoparticle surface.
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3.4 Conclusions

Two major challenges of observing catalytic reaction intermediates on ligand-capped
nanoparticles were addressed in this study — interference by the organic capping agent in the
SFG signal and blocking of active sites. Under hydrogenation reaction conditions, the capping
agent (PVP) undergoes disordering on Pt, resulting in negligible SFG signal from PVP in the C—
H stretch range. This is significant because it provides a clean background for probing reaction
intermediates with SFG vibrational spectroscopy. Solvent cleaning removes PVP and increases
the number of Pt active sites. This enhances catalytic activity and allows reaction intermediates
to be observed with SFG. Although a larger increase in catalytic activity can be obtained with
UV cleaning, this method results in aggregation of nanoparticles during reaction at temperatures
as low as 373 K. However, solvent-cleaned nanoparticles demonstrate good stability up to at
least 473 K. Accordingly, solvent cleaning is desirable when probing size and shape effects on
nanoparticle catalysts, because it allows for SFG studies to be carried out without compromising

size monodispersity under reaction conditions.
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Supplement to Chapter 3
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Figure S.3.1: Solvent-cleaned 4.2 nm Pt-PVP exposed to different levels of H, (0-760 Torr) with
Ar fill at 298 K. Signal from PVP is significantly reduced with only 2 Torr H,. As H, pressure is
increased, a relatively flat non-resonant feature begins to grow above 3000 cm™. The non-

resonant contribution depends on wavenumber frequency.

54



1,4-CHD

- (4) Cyclohexene (20 Torr) +
o H, (200 Torr) + Ar

(3) H, (200 Torr) + Ar

Intensity

& 4 96 (2) Cyclohexene (20 Torr) + Ar

go (1) Ar

¢
¢
&
o
T T

T T T
2700 2800 2900 3000 3100
Wavenumber (cm-')

Figure S.3.2A: Sequential SFG experiment (1->4) on 1.7 nm Pt-PVP at 298 K comparable to
Figure 3.3. Without H, no 1,4-CHD peak is observed. Under reaction conditions (4), as expected,

PVP is disordered and a major peak at 2765 cm™ (1,4-CHD) appears, like on 4.2 nm Pt-PVP.
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Figure S.3.2B: SFG spectra of heavily washed 3.0 nm Pt nanoparticles treated to a sequence of
conditions at 298 K: 760 Torr Ar (first column), 200 Torr H, and 560 Torr Ar (second column),
50 Torr cis-2-butene with 200 Torr H, and 510 Torr Ar (third column). Substantial growth is
observed when cis-2-butene is introduced at 2870 cm™ (CHs(s)). The CHs(s) indicates the

presence of the di-o reactive intermediate adsorbed on the surface of Pt.
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Figure S.3.3A: SFG spectra collected at 295 K after UVO treatments (0 to 180 sec). Each LB
film was treated with UVO, then exposed to 760 Torr Ar (left column), then 200 Torr H, and 560
Torr Ar (middle column) and finally, 10 Torr cyclohexene, 200 Torr H, and 550 Torr Ar (right
column). In the right column the only evidence of a cyclohexene hydrogenation intermediate is

1,4-CHD. All other features are attributed to residual PVP.
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Figure S.3.3B: SFG spectra collected at 295 K after UVO treatments (10 to 180 min). Each LB
film was treated with UVO, then exposed to 760 Torr Ar (left column), 200 Torr H, and 560
Torr Ar (middle column) and finally, 10 Torr cyclohexene, 200 Torr H, and 550 Torr Ar (right
column). All features in the right column are attributed to cyclohexene hydrogenation
intermediates: 1,4-CHD, 1,3-CHD and the n-allyl. For (v), (viii) and (xi), the growth is due to the
hydrogenation of residual C fragments under H, atmosphere. A peak at 2950 cm™ (possibly
CHs(a,p)) is observed in (i) and (ii) originating from residual PVP not removed by UV cleaning.
Both (i) and (ii) also show a significant non-resonant background. Because of the change in peak
shape from (i) to (ii) centered at 2950 cm™, it is clear the addition of H, changes the phase of the

CHj3(a,p) resonant peak or the non-resonant background by ~90°. Comparing the H, spectra in
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Figures S.3.1A and S.3.1B, it is clear that the lowest background occurs when more PVP is
present (disordering effect). When almost all PVP is removed (30-180 min), the hydrogenation
of residual fragments produce a significant background which may interfere with the
identification of reaction intermediates. Nonetheless, the features of the background (reversibly)

disappear under cyclohexene hydrogenation conditions (vi, ix, Xii).

Untreatd L FiI = 60 min U — 60 min Hz at 373 K

Figure S.3.4: TEM images comparing two different LB film compressions of the same 3.0 nm
Pt-PVP nanoparticles. Aggregation is more pronounced at high compression, however, is
apparent even when the film is diffuse because Pt nanoparticles can move on the substrate. Even

for diffuse films, aggregation is a problem.
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Figure S.3.5: SEM images showing aggregation at different UVO treatment times (0-180 min)
following furfural hydrogenation reaction conditions at 120 °C. PVP removal with UV treatment
results in the loss of morphological stability of Pt nanoparticles under reaction conditions. These
results indicate the loss of PVP, not effects from the substrate (TiO, or Si0O,), is primarily

responsible for aggregation.
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Chapter 4: The Role of an Organic Cap in Nanoparticle Catalysis: Reversible
Restructuring of Carbonaceous Material Controls Catalytic Activity of Platinum
Nanoparticles for Ethylene Hydrogenation and Methanol Oxidation

4.1 Introduction

Traditional methods for catalyst preparation (i.e., incipient wetness and ion exchange) use the
reduction of a metal salt inside of a mesoporous oxide.'” The result is a high surface area catalyst
consisting of metal particles with a broad distribution of sizes and morphologies. This type of
polydisperse heterogeneous catalyst masks the structure sensitivity inherent in heterogeneous
catalysis”  because with this method it is not possible to select nanoparticles of a single size or
shape. Recent advances in nanoscience have shown that colloidal synthetic methods can produce

7-11

monodisperse nanoparticles with well-defined sizes and shapes.”” " This advance marked a new

era in heterogeneous catalysis where monodisperse nanoparticles serve as model catalysts' >
and these catalysts have shown that size and shape control the catalytic activity and selectivity

1521
for many reactions.

These results indicate that colloidal nanoscience is an important tool for
the development of new highly selective catalysts necessary to minimize the environmental

impact and improve the economic efficiency of numerous commercial chemical processes.

In colloidal synthetic methods, nanoparticles are necessarily encapsulated in anorganic polymer
or surfactant. This organic coating lowers the surface energy of the nanoparticle to prevent
aggregation of the particles;'' the cap may also help to control the size and shape of the
nanoparticles.” This gives rise to an important question regarding the effect of the organic cap
on the catalytic properties of the nanoparticles. It is traditionally thought that the cap acts as a
site blocking agent and lowers the metal surface area available for catalytic reaction.” In this

light, it has been assumed that colloidal preparation methods are impractical for commercial
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catalytic applications because the presence of the capping agent decreases the apparent metal
dispersion. However, this is an incomplete assumption based on a model that considers the cap
as a passive coating rather than a dynamic shell that can adjust under reaction conditions.

It has been observed in the case of Pt—dendrimer complexes that the dendrimer structure, which
is highly sensitive to gas/liquid conditions, controls access to the Pt surface.** Although the
dendrimer blocks the Pt surface in air, it adopts an open structure in water that allows ready
access of gasses to the Pt surface. Despite the importance of this effect for nanoparticle catalysis,
little effort has been made to directly probe the role of a nanoparticle cap to mediate surface
adsorption and catalytic activity. In this work we find that Pt nanoparticles capped with either
poly(vinylpyrrolidone) (PVP) or oleic acid (OA) are active for both ethylene hydrogenation and
methanol oxidation showing that the organic coating does not prevent nanoparticle catalysis.
When the organic coating is removed either by UV light or thermal oxidation, the activity for
ethylene hydrogenation increases while the activity for methanol oxidation decreases to almost
zero. This surprising result shows that the capped nanoparticles are more active for methanol

oxidation than their cleaned analogues.

Because of the high surface energy of metals, it is not possible to maintain a clean metal surface,
even under conditions of ultra-high vacuum. With this in mind, it is clear that even catalysts
prepared by traditional methods also become “capped” with undefined surface species as these
catalysts quickly become contaminated in ambient conditions or during reaction.> Accordingly,
the capping agent on colloidal nanoparticles represents a well-controlled passivation layer which,
as shown here, does not prevent catalysis under reaction conditions. The concept of using an

organic coating to increase catalytic activity of a nanoparticle is reminiscent of homogeneous
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catalysis where ligands are used to tune the activity and selectivity of single metal ions,** and

several examples have already shown that similar effects are also possible on metal clusters.””*®

The present work investigates the role of PVP to mediate the catalytic properties of encapsulated
Pt nanoparticles. We probe the molecular structure of the PVP cap by sum frequency generations
(SFG) vibrational spectroscopy. Ethylene hydrogenation and methanol oxidation then serve as
model reactions to probe the catalytic activity in reducing and oxidizing conditions, respectively.
Spectral results show that the PVP cap has a strong SFG signal in O, atmosphere but disorders in
H, atmosphere. However, kinetic measurements for ethylene hydrogenation and methanol
oxidation show that this capping layer still allows catalysis regardless of the gas conditions.
When the PVP is removed by photodecomposition using UV light, carbonaceous fragments
remain on the surface that reversibly restructure in H; and O». In O, atmosphere, these
carbonaceous fragments form a tightly closed shell around the nanoparticles that blocks catalytic
activity, but this shell opens in H,. As a result, following UV cleaning the nanoparticles are
highly active for ethylene hydrogenation but not for methanol oxidation. Kinetic experiments on
thermally-cleaned PVP- and OA-capped nanoparticles show similar results indicating that these
findings apply to multiple capping agents and cleaning methods. This work highlights the
dominant role of an organic coating to mediate nanoparticle catalysis and provides methanol
oxidation as one example where capped nanoparticles are dramatically better catalysts than their

cleaned analogues.
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4.2 Experimental

4.2.1 Nanoparticle Synthesis. The Pt nanoparticles were synthesized from chloroplatinic acid
hexahydrate and PVP in a 1:4 mass ratio. In a small beaker, 110 mg of chloroplatinic acid was
dissolved in 10 mL ethylene glycol. In a separate beaker, 440 mg of PVP was dissolved in 10 mL
of ethylene glycol. Once in solution, the two mixtures were combined into a 50 mL two-neck
round bottom flask. The solution was purged under vacuum for 15 min. The vessel was then
heated to 438 K for 1 h with vigorous mixing under a flow of argon. The resulting nanoparticles
were precipitated with acetone and washed three times with ethanol and hexanes. The
nanoparticles were then suspended in chloroform. Transmission electron microscopy (TEM)

showed that the particles were 4.6 £ 2.8 nm.

To investigate the effect of different capping agents and cleaning methods on reaction kinetics,
Pt nanoparticles were synthesized using an alternate method where the capping agent is added
after synthesis. This allowed us to add different capping agents to identical nanoparticle aliquots
to isolate the cap as the sole variable between two nanoparticle samples.> In a small beaker,

350 mg of chloroplatinic acid was dissolved in 17.5 mL ethylene glycol. In a separate beaker,
350 mg of NaOH was dissolved in 17.5 mL ethylene glycol. Once in solution, the two mixtures
were combined in a 50 mL two-neck flask. The solution was purged under vacuum for 15 min.
The vessel was then heated to 433 K for 3 h with vigorous mixing under a flow of argon.
Aliquots (2 mL) of the resulting nanoparticles were precipitated with 2 M HCIl, and then re-
dispersed in 2 mL ethanol containing 10 mg of either PVP or OA. TEM showed that the particles

were 1.7 £ 0.8 nm.
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4.2.2 Langmuir—Blodgett Deposition. Formation of 2D films of monodisperse nanoparticles to
serve as model catalysts is routinely achieved by Langmuir—Blodgett deposition. This technique
has been described previously in detail.'>* In short, a suspension of nanoparticles in chloroform
is dispersed onto a water surface (18 MQ). Time is given for the chloroform to evaporate,
leaving a 2D dispersion of nanoparticles. The film is then compressed with a mobile barrier, and
the surface pressure is monitored as a function of decreasing surface area. The surface pressure
corresponds to the density of nanoparticles on the water. When the desired surface pressure is
reached, a substrate is pulled out from under the surface of the water, and the film of
nanoparticles is deposited onto the substrate. The final density of nanoparticles on the substrate
can be controlled by controlling the surface pressure during deposition. A surface pressure of

14 mN/m was used for these studies, and films were deposited using a Nima 611 LB trough.

Filter paper served as the surface tension probe.

The substrate used to support the nanoparticles was a TiO; thin film (50 nm) deposited on a
Si(100) wafer with a thermally grown SiO, layer (500 nm). The TiO, thin film was deposited on
the Si0,/Si wafer by electron beam evaporation from an oxide source without any substrate
heating. Following deposition, the TiO, thin film was annealed at 773 K in O, to increase
crystallinity and ensure a fully oxidized stoichiometry. Analogous samples were prepared for
sum frequency generation spectroscopic studies. For these samples, an optically transparent
substrate was needed. A sapphire window rather than a Si wafer served as the substrate. A TiO,
thin film (50 nm) was deposited on the sapphire window by electron beam evaporation, again
followed by annealing at 773 K in O,. The LB technique was then used to deposit a monolayer
of the Pt nanoparticles onto the TiO; thin films. Electron microscopy showed that the area

coverage for Pt on the substrate following LB was 30-50 %. In some cases, TiO, used as a Pt

64



support plays an active role in the catalytic chemistry. However, the conclusions reported here
are not substrate dependent, and kinetic results have been obtained for identical nanoparticles

supported on SiO; substrates, and no significant differences were observed.

LB deposition is challenging for OA-capped Pt nanoparticles owing to the high hydrophobicity
of the OA. Consequently, for investigating the role of different capping agents, films of the

1.7 nm PVP- and OA-capped nanoparticles were drop cast on a TiO, substrate.

4.2.3 Cap Removal. Immediately prior to reaction, the samples were exposed to UV light in air
to remove the PVP capping layer. Two low-pressure mercury (Hg) lamps (Lights Sources Inc.,
GPH357T5VH/4P) were used as the UV source; the lamps emit at 184 and 254 nm. The two
lamps were aligned parallel to each other 2.5 cm apart in a clean Al box. The sample sat 1.2 cm
below the lamps. By varying the time of UV exposure, it was possible to control the amount of
PVP removed from the Pt nanoparticles. This cleaning is the combined effect of direct
photodecomposition of the PVP and oxidation of the PVP by ozone produced from the 184 nm

Hg line.*

X-ray photoelectron spectroscopy (XPS) was used to observe the removal of PVP from the Pt
nanoparticles after UV cleaning. Spectra were obtained using a Physical Electronics system (PHI
5400 ESCA/XPS) with an Al anode source. The analyzer was positioned at 50° relative to
sample normal. The C 1s, N 1s, and Pt 4f peak areas were normalized by the appropriate
sensitivity factors to obtain the surface C:Pt and N:Pt atomic fractions as a function of UV
exposure time. Measurements showed that 90% of the C was removed from the Pt following 3 h

UV exposure.
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Thermal cleaning in air was used as an alternative to UV cleaning for drop cast samples. For
thermal cleaning, the samples were placed in a tube furnace and heated to a desired temperature
for 16 h. The PVP- and OA-capped samples were treated at 473 and 573 K, respectively to

remove the two capping agents that show different thermal stabilities.

4.2.4 Sum Frequency Generation Vibrational Spectroscopy. Sum frequency generation (SFQG)
is a second order, nonlinear process that probes the y  tensor. Because 3 ? is zero for
centrosymmetric media, SFG is only sensitive to a break in inversion symmetry which usually
occurs at a surface or interface.”’ Consequently, SFG is useful for obtaining vibrational spectra
of surfaces. In this study, SFG is used to obtain the vibrational spectrum of the nanoparticle

capping layer in H, and O, atmospheres.

For SFG experiments, an active/passive mode-locked Nd:YAG laser (Leopard D-20, Continuum)
produces 20 ps pulses at a 20 Hz repetition rate. The fundamental output at 1,064 nm was passed
through an optical parametric generator/amplifier to generate a tunable infrared (IR) beam
(2,700-3,600 cm ') and a second harmonic visible (VIS) beam (532 nm). The IR (100 pJ) and
VIS (100 wJ) beams were spatially and temporally overlapped on the surface of a sapphire
window containing the Pt nanoparticles. The VIS and IR beams were incident on the sample at
40° and 50° degrees, respectively, relative to surface normal. The generated SFG signal was then
collected and sent to a photomultiplier tube. A gated integrator was used to enhance the signal-
to-noise. To collect a spectrum, the IR beam was scanned across the spectral range of interest.

All experiments were performed in the ppp polarization combination.

The beams were directed onto the sample using a sapphire prism as shown in Figure 4.1(A). A

solution of deuterated polystyrene (ds) in deuterated decalin (d;g) served as an index matching
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liquid between the prism and substrate that did not interfere with transmission of the IR beam at
the C—H stretch frequency. The catalyst surface was pressed into thermal contact with an
aluminum heating block to heat the catalyst to the desired temperature. A recess in the heating
block allowed for the flow of gasses across the catalyst surface. A metal bellows circulation
pump provided gas mixing. A gas tight seal was made between the sapphire window and the

heating block using a Kalrez O-ring.

IR 532 nm SFG

N\ y
Sapphire Window

| JniLm Oxid |
]/ Platinum

Figure 4.1: Diagram showing how a sapphire prism directed the VIS and IR beams onto the

S

catalyst surface for SFG vibrational spectroscopy. The catalyst was prepared on the back side of

a sapphire window and consisted of a thin film of TiO; acting as a support for Pt nanoparticles.

4.2.5 Kinetic Measurements. A stainless steel batch mode reactor was used to determine the
reaction rates for ethylene hydrogenation and methanol oxidation on the Pt nanoparticle catalysts
before and after UV cleaning. The catalyst temperature was controlled with a boron nitride
substrate heater. A metal bellows circulation pump provided gas mixing. For ethylene
hydrogenation, gas pressures were 10 Torr ethylene, 100 Torr H,, and 650 Torr He, and the
catalyst temperature was 298 K. For methanol oxidation, gas pressures were 10 Torr methanol,
50 Torr O,, and 700 Torr He, and the catalyst temperature was 333 K. The methanol was purified
by freeze-pump-thawing cycles. Each catalyst was tested for 2 h, and reaction products were

monitored as a function of time using a gas chromatograph with a thermal conductivity detector.
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Rates for ethylene hydrogenation and methanol oxidation were measured on each catalyst before

and after cleaning.

4.3 Results and Discussion

Figure 4.2(A) shows the SFG spectra of PVP-capped Pt nanoparticles in sequential gas
environments. As the gas environment is initially cycled between H; and O,, the SFG signal is
higher in O, and decreases in H, corresponding to a structural reconfiguration of PVP on the Pt,
and this effect has been discussed previously.’* In summary, because of selection rules, SFG is
sensitive not only to the individual molecular susceptibilities, but also to the net susceptibility of
the entire ensemble of molecules at an interface. This net susceptibility depends strongly on the
relative orientation of molecules at the interface. It is usually assumed that systems showing
greater SFG signal intensity have a more highly ordered interface than those showing weaker
intensity because a net disorder leads to canceling out of signal from individual molecular
oscillators. Accordingly, we assign the loss of signal intensity going from O, to H, atmosphere
as Hx-induced disordering of the PVP. However, after the first H»/O, cycle, the PVP settles into a
relatively stable configuration on the Pt, and minimal restructuring occurs as the gas environment

continues to change between reducing and oxidizing conditions.
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Figure 4.2: SFG spectra of the PVP-capped Pt nanoparticles before UV cleaning (A) and after
UV cleaning for 10 min (B and C). Spectra were obtained in 100 Torr of H, or O, in a
background of Ar at 60 °C. A boxcar average over 5 data points improved signal-to-noise. In (A)
and (C) the spectra are arbitrarily offset for clarity and were obtained sequentially from bottom
to top. (B) Shows the raw spectra with no offset of UV-cleaned nanoparticles first in H, then in
O,. The spectrum obtained in H, shows a much higher nonresonant intensity with resonant
features appearing as dips in the high background. This is a result of the phase mismatch
between the resonant and nonresonant contributions of the spectrum. By subtracting the raw
spectra from a baseline obtained in Ar, the negative features are inverted to appear positive for
clarity (shown in (C)). Analysis of the resonant features in these spectra shows that before UV
cleaning the PVP has a conformation that does not significantly change depending on the gas
environment. However, following UV cleaning, carbonaceous fragments are found on the

surface that are dynamic and reversibly restructure in H, and O».
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This is in strong contrast to spectra shown on identical nanoparticles following UV cleaning to
remove PVP from the Pt surface. Figure 4.2(B) shows the raw spectra of UV-cleaned
nanoparticles first in H, then in O,. The spectrum obtained in H, shows a much higher
nonresonant intensity with resonant features appearing as negative peaks against the high
background. This effect, which is common in SFG, is a result of the phase mismatch between the
resonant and nonresonant contributions of the spectrum. By subtracting the raw spectra from a
baseline obtained in Ar, the negative features are inverted to appear positive for clarity (see
Figure 4.2(C)). The enhanced nonresonant signal of the UV-cleaned catalyst is a result of H
spillover from the Pt resulting in a reduced TiO, support, and the effect is completely reversible
in O,. In the PVP-capped sample, the nonresonant contribution to the spectrum is low even in H,

because the PVP blocks H spillover to the TiO,.

Figure 4.2(C) shows that after UV cleaning as the atmosphere is cycled between H, and O,
carbonaceous fragments are present on the Pt surface, and these fragments reversibly restructure,
adopting a structure that is strongly SFG active in Hy, and a structure which is almost entirely
SFG inactive in O,. It may be tempting to conclude that O, reacts with the remaining cap on the
Pt surface to catalyze its complete removal. However, this is not the case as can be seen by the
reversible appearance of the molecular vibrations when H; is re-introduced to the system. This
change occurs reversibly over multiple cycles with no sign of signal decrease over time that

would suggest eventual removal of the carbonaceous fragments.

It is also evident that the vibrational modes observed following UV cleaning are not the same as

those observed from the intact PVP cap. Initially the vibrational modes observed on PVP-capped
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Pt (see Figure 4.2(A)) match closely the assignments previously reported by infrared and Raman
for PVP—Pt complexes.’” Following UV cleaning, the peaks observed are attributable to CH, and
CH; symmetric stretching modes outside of a 5-membered ring. It is also important to note that
XPS measurements indicate that the surface C has decreased more than 85 % compared to the
fully-capped nanoparticles following UV cleaning. It is not definitive whether the carbonaceous
fragments observed by SFG after cleaning are photodecomposition products of PVP, or if they
represent contamination of the UV-cleaned Pt surface, which would be unavoidable in ambient.
However, it is clear that additional UV cleaning does little to remove these species.

Figure 4.3 shows the catalytic activity of the Pt nanoparticles for ethylene hydrogenation and for
methanol oxidation before and after UV cleaning. We selected these two reactions because they
operate at low temperature (i.e., 298 and 333 K, respectively) and allowed us to observe the
effects of the cap structure on the catalytic activity of the nanoparticles in H, and O,
atmospheres. The PVP-capped Pt nanoparticles are active for both reactions as shown in Figures
4.3(A) and 4.3(B). However, following UV cleaning, the activity of the nanoparticles for
ethylene hydrogenation and methanol oxidation diverge. Figures 4.3(C) and 4.3(D) show that
following UV cleaning, the rate of ethylene hydrogenation increases by a factor of 10 while the
rate of methanol oxidation decreases by a factor of 3. This represents a 30-fold divergence on the
effect of UV cleaning for these two reactions. We note that formaldehyde is also formed at

~30 % selectivity during methanol oxidation. Formaldehyde production is not shown in

Figure 4.3 because it follows the same trend as CO».

71



W

A Ethylene Hydrogenation Methanol Oxidation

600 600

500 4 500

400 400 -
300 4 300

200 4 200

CO, Produced (mTorr)

100 ™ 100

Ethane Produced (mTorr)

PVP Capped Nanoparticles

op— . & - & o
0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 60 70 80

Time (min) Time (min)

(9]
o

600 600

500 4 500 -

400 400

300 o 300

3x decrease by UV cleaning

100 4

—_— OM

0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 60 70 80
Time (min) Time (min)

10x increase by UV cleaning
200 A

CO, Produced (mTorr)

100 A

UV Cleaned Nanoparticles
Ethane Produced (mTorr)

Figure 4.3: Formation of reaction products as a function of time on the Pt nanoparticles for
ethylene hydrogenation and methanol oxidation before UV cleaning (A, B) and after UV
cleaning for 10 min (C, D). These results show that UV cleaning has a diverging effect on the
rates of ethylene hydrogenation which increases by a factor of 10 and methanol oxidation which
decreases by a factor of 3. Only CO, production is shown for methanol oxidation. However,

formaldehyde was also produced as a minor product before and after UV cleaning.

Figure 4.4 shows the activity of the catalyst following UV cleaning where the catalyst is cycled
several times between ethylene hydrogenation and methanol oxidation. The rates are normalized
to the initial rate for each reaction prior to UV cleaning. It can be seen that the rates for both
ethylene hydrogenation and methanol oxidation are reversibly affected by the removal of the
PVP cap. It is clear from previous studies that the thermal stability of the nanoparticles decreases

following cap removal, so the UV-cleaned nanoparticles agglomerate during reaction.*
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Nanoparticle agglomeration results in a loss of Pt surface sites which would lead to a decrease in
catalyst activity. However, the ethylene hydrogenation kinetics show that the removal of PVP
more than compensates for nanoparticle agglomeration resulting in a tenfold net increase in the
reaction rate. Consequently, the loss of activity for methanol oxidation following UV cleaning

cannot simply be a result of nanoparticle agglomeration which would not be reversible between

reactions.
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Figure 4.4: The reaction rates for ethylene hydrogenation and methanol oxidation on a single
catalyst following UV cleaning for 10 min. The reaction rates are normalized to the initial rate
for each reaction before UV cleaning. The results show that the diverging effect of UV cleaning
on the two reactions is reversible and appears to correlate with the restructuring of carbonaceous

fragments on the Pt surface observed by SFG.

In the case of ethylene hydrogenation, the increase in catalyst activity after cleaning is easily
understood based on the increased number of Pt sites available following PVP removal. In the
case of methanol oxidation, it is surprising that cap removal would have a negative effect on the

catalytic activity. It appears that the structure of the carbonaceous fragments observed on the Pt
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following UV cleaning controls the catalytic properties of the uncapped nanoparticles. We
suggest that these carbonaceous fragments which do little to prevent access to the Pt in H;

atmosphere, collapse to a tightly closed shell around the Pt in O, atmosphere.

To confirm this model in which carbonaceous fragments form a porous coating around the Pt in
H, but collapse to a tightly closed shell in O, we used cyclohexene to probe the accessibility of
reactants to the Pt surface. Cyclohexene forms a 1,4-cyclohexadiene surface intermediate on Pt.**
This is a dehydrogenation product of the cyclohexene and forms even in the absence of H,. The
1,4-cyclohexadiene species has a distinct molecular vibration at 2,760 cm ' which is spectrally
well resolved from any resonant modes of the capping agent. Consequently, cyclohexene
represents a suitable probe molecule. To avoid changes in the nonresonant background with
changing H, pressure, this experiment was performed using Pt nanoparticles supported directly
on an SiO; prism. Figure 4.5 shows the results of this experiment. When cyclohexene is
introduced in the gas phase to UV-cleaned Pt nanoparticles, no 1,4-cyclohexadiene is observed
in the SFG spectrum. Only weak features at 2,840 and 2,910 cm ™' appear which we attribute to
physisorbed cyclohexene. However, as the H, pressure is increased from 0 to 200 Torr, a strong
feature at 2,760 cm ' grows in corresponding to 1,4-cyclohexadiene. Because this feature forms
on an atomically clean Pt single crystal surface even in the absence of H, (ref. 34) we conclude
that for the UV-cleaned nanoparticles H; is needed to open the carbonaceous shell and allow

cyclohexene to access the Pt. It is important to note that in this experiment the nanoparticles

were pre-reduced with Ha, so that the oxidation state of Pt is not changing during the experiment.
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Figure 4.5: SFG spectra of 10 Torr cyclohexene in increasing H» pressure on Pt nanoparticles
after UV cleaning for 60 min. In this experiment, the nanoparticles are supported directly on a
SiO; prism. Cyclohexene dehydrogenates on Pt to form a 1,4-cyclohexadiene surface
intermediate that is characterized by a strong feature in the SFG spectrum at 2,760 cm ™', This
feature is known to form on an atomically clean Pt surface even in the absence of H. In this
case, the feature is initially absent from the spectrum, but grows in with increasing H» pressure.
This indicates that H; is needed to open the carbonaceous shell on the UV-cleaned Pt

nanoparticles and allow cyclohexene to access the Pt.

Figure 4.6(A) shows the effect of UV cleaning time on the activity of the Pt nanoparticles for
ethylene hydrogenation and methanol oxidation. The activity for each reaction is normalized to
the initial activity of the PVP-capped nanoparticles before UV cleaning. For ethylene
hydrogenation the rate increases with increased cleaning time, while for methanol oxidation the

rate decreases with increased cleaning time. Following 3 h there is a 200-fold divergence of the
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rates for these two reactions. This suggests that with increased cleaning, the carbonaceous shell
on the Pt nanoparticles becomes tighter and tighter in O,; however, it can continue to open in H,
allowing access to the Pt. In fact, the ethylene hydrogenation rate after UV cleaning is slightly
greater than expected based on the geometric surface area of the Pt as determined by TEM. This
suggests that the carbonaceous fragments have almost no site blocking effect in Hy.

Figure 4.6(B) shows the corresponding C and N surface concentrations as a function of UV
cleaning time measured by XPS. After 30 min, the concentration of N is below the limit of
detection by XPS. The C concentration also levels off after 30 min to a steady value representing
only 10 % of the initial C. Again it is impossible to distinguish if this C is a decomposition

product of the PVP or if it is contamination of the cleaned Pt surface.
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Figure 4.6: (A) Reaction rates as a function of UV cleaning time for ethylene hydrogenation and
methanol oxidation. The reaction rates are normalized to the initial rate for each reaction before

UV cleaning. The results show that the rates of the two reactions continue to diverge with
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increased cleaning time, eventually showing a 200-fold difference in activity. (B) C:Pt and N:Pt
atomic fractions measured by XPS as a function of UV cleaning time. The N concentration on
the surface drops below the limit of detection after 30 min of UV cleaning. The C concentration
on the surface also levels off at a value representing only 10 % of the initial C from the PVP

capping layer.

To determine if the formation of this carbonaceous shell is a general phenomenon, we
synthesized Pt nanoparticles using an alternate method where the capping agent is added after
synthesis. This allowed us to add different capping agents to identical nanoparticle aliquots to
isolate the cap as the sole variable between two nanoparticle samples. For this experiment, PVP
and OA were used as capping agents in two separate aliquots, and the activity of these catalysts
were monitored for ethylene hydrogenation and methanol oxidation before and after cleaning. In
this case, thermal oxidation in a tube furnace was used for cap removal rather than UV cleaning.
The OA-capped nanoparticles were cleaned at 473 K, and the PVP-capped nanoparticles were
cleaned at 573 K. This temperature for PVP removal is consistent with previous work on the
thermal degradation of Pt—PVP complexes.” Following cleaning the PVP- and OA-capped
nanoparticles showed a 100-fold and 30-fold increased activity for ethylene hydrogenation,

respectively.

Figure 4.7 shows the effect of cap removal on the activity for methanol oxidation. In this figure,
the methanol oxidation rate for each catalyst is represented as a turnover frequency normalized to
the number of Pt active sites determined by ethylene hydrogenation.® Consequently, each bar

shows the methanol oxidation rate relative to the ethylene hydrogenation rate on the same
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catalyst. Data is shown for all three types of nanoparticles studied (i.e., UV-cleaned Pt—PVP,
thermally-cleaned Pt—PVP, and thermally-cleaned Pt-OA). Noting that this graph is on a log-
scale, the Pt activity for methanol oxidation is shown to decrease for each catalyst by a factor of
between 50 and 250 following cap removal. Because these values are normalized to the catalyst
activity for ethylene hydrogenation, this cannot be the result of nanoparticle agglomeration. It
seems clear that for methanol oxidation, the capped nanoparticles are dramatically more active
than their cleaned analogues, and this finding applies to multiple capping agents and cleaning

methods.
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Figure 4.7: Methanol oxidation turnover frequency (TOF) for Pt nanoparticle catalysts before
and after cap removal. TOF is given as the number of methanol molecules converted per Pt site
per s. The number of platinum sites was determined from the measured rate of ethylene
hydrogenation using a known TOF. Consequently, each bar shows the methanol oxidation rate
relative to the ethylene hydrogenation rate on the same catalyst. Data is shown for all three types

of nanoparticles studied (i.e., UV-cleaned Pt-PVP, thermally-cleaned Pt-PVP, and thermally-
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cleaned Pt-OA). Noting that this graph is on a log-scale, the Pt activity for methanol oxidation is

shown to decrease for each catalyst by a factor of between 50 and 250 following cap removal.

4.4 Conclusions

We studied the catalytic activity of PVP- and OA-capped Pt nanoparticles for ethylene
hydrogenation and methanol oxidation before and after cap removal. We find that the capped
nanoparticles are active for both reactions showing that the organic coating does not prevent
nanoparticle catalysis. However, the cleaned nanoparticles are only active for ethylene
hydrogenation. The rate of ethylene hydrogenation is substantially higher on the cleaned
particles relative to the capped particles, but the rate of methanol oxidation decreases to nearly

zero following cap removal either by UV light or by thermal oxidation.

SFG shows that, following cleaning treatments, carbonaceous fragments are still present on the
nanoparticles. These carbonaceous fragments are dynamic and reversibly restructure in
alternating H, and O, atmospheres. It appears that a carbonaceous shell forms on the uncapped Pt
nanoparticles that is tightly closed in O, but becomes permeable in H,. Using cyclohexene as a
probe molecule, we show that following UV cleaning, reactant molecules can only access the Pt

when H; is present to open the carbonaceous shell.

These results demonstrate the important role of an organic cap to mediate the catalytic properties
of nanoparticles. We find that the presence of an organic cap does not prevent catalysis. In fact,
for methanol oxidation the capped nanoparticles are more than 10 times more active than their
cleaned analogues. Accordingly, the capping agent on colloidal nanoparticles represents a well-
controlled passivation layer which does not prevent catalysis under reaction conditions. That this

coating may improve catalytic performance for certain reactions argues that the capping agent is
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a dynamic component of the active catalyst which consists of both a metal nanoparticle and an

organic coating.
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Chapter 5: Structure Sensitivity in Pt Nanoparticle Catalysts for Hydrogenation of 1,3-
Butadiene: In Situ Study of Reaction Intermediates Using SFG Vibrational Spectroscopy

5.1 Introduction

Catalysts that promote selective hydrogenation of unsaturated hydrocarbons to mono-olefins,
while inhibiting full hydrogenation, are important to the chemical industry. Active hydrogenation
catalysts like Pt, however, convert 1,3-butadiene (1,3-BD, a prototype diene) into four primary
products: three partial hydrogenation products (1-butene, trans-2-butene, and cis-2-butene) and
one full hydrogenation product (n-butane). Partial hydrogenation products are produced at 65—
90% with the remainder being n-butane.'™* Experimental studies using metallic single crystals,"*
% metal particles supported on metal oxides,” ¢ and DFT-based theoretical approaches’” have
been used to understand the factors that control the product distribution. One interpretation of the
behavior is ascribed to the different adsorption energies of 1,3-BD and the butenes.” In this case,
butenes readsorb and participate in secondary reactions to form n-butane. An alternative
interpretation that is based on theoretical work suggests that a metallocycle reaction intermediate
is responsible for this behavior.® The DFT results suggest that the full hydrogenation product
observed on Pt can be attributed to a particular C4Hg metallocycle intermediate, which is
relatively stable and evolves into n-butane. The activation barrier for the formation of the
metallocycle intermediate on Pt was comparable to the activation barriers that lead to the
formation of the butene products. Thus, n-butane is believed to form simultaneously with the
butenes. The results presented in this paper show that Pt nanoparticles catalyze the formation of
n-butane and the partial hydrogenation products simultaneously through parallel pathways that

initiate with different radical intermediates.
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Studies using single crystals have shown that the crystal face affects adsorbate stability and
transition state geometries on the surface.'® For example, different distributions of benzene and
cyclohexane are produced from cyclohexene hydrogenation at constant temperature on Pt(100)
and Pt(111) surfaces because of the differences in stability of 1,3-cyclohexadiene and 1,4-
cyclohexadiene reaction intermediates.'' Product distribution is also affected by the size of metal
nanoparticle catalysts, which produce different geometric and electronic effects.” '*'® Geometric
effects include the distribution of kinks, steps, and terrace sites exposed on the catalyst surface,
whereas electronic effects include variations in the d-band center and width and the electronic
screening effects that the adsorbate experiences as the ratio of surface atoms to bulk atoms
approaches one. Studies using colloidally prepared Pt metal nanoparticles have demonstrated that
the product distribution can vary significantly in the 1-10 nm size range where the electronic and

geometric factors play a role (e.g., refs 17—19).

The objective of this study was to examine the size effect of Pt nanoparticle catalysts on the
product distribution during hydrogenation of 1,3-BD. We show that monodisperse ensembles of
polyhedral Pt nanoparticle catalysts with 0.9 and 1.8 nm average diameter exhibit changes in
selectivity for n-butane and 1-butene as compared to Pt nanoparticles of 4.6 or 6.7 nm average
diameter. Molecular-level studies were performed with the system under reaction conditions with
in situ sum frequency generation (SFG) vibrational spectroscopy, which exclusively probes
adsorbed intermediates. We perform SFG on nanoparticle catalysts with ligand capping agents

intact so that sintering is avoided and the particle size is maintained.
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5.2 Experimental Section

Materials. Hexachloroplatinic acid (H,PtCls-6H,0, 99%), poly(vinylpyrrolidone) (PVP, MW =
29 000 amu), ethylene glycol (reagent grade), HC1 (2 M), 1,3-butadiene (99%), and NaOH
(99.9%) were manufactured by Sigma-Aldrich. Hydrogen (5.0 UHP), helium (5.0 UHP), and Ar
(5.0 UHP) were purchased from Praxair. Polished silicon (100) wafers were purchased from

Addison Engineering.

Nanoparticle Synthesis. Polyhedral platinum nanoparticles of average diameter in the range of
0.9—7 nm were prepared using polyol methods described in the literature,'” with PVP capping
ligands to prevent aggregation. Details of the syntheses are given in the Supporting Information.
The nanoparticles were separated from the postsynthesis colloidal suspension by precipitation
with acetone and centrifugation at 4000 rpm (VWR, Clinical 50) for 5 min. Further washing with
ethanol and hexane was performed up to seven times to remove residual molecular fragments
from the particle surface. The nanoparticles were stored in ethanol under refrigeration until their

use in kinetic and spectroscopic studies.

Langmuir—Blodgett Film Deposition. For both kinetic and spectroscopic studies, the
nanoparticles were supported on a silica surface because it is an inert, low acidity surface that
guarantees negligible activity. The use of a two-dimensional support differs from common
catalytic studies that use high surface area materials (e.g., silica, alumina, or carbon) as catalyst
supports. We cannot use the high surface area three-dimensional supports because SFG
spectroscopy requires that incoming and outgoing photons are in direct line-of-sight with

molecules adsorbed on the surface of the catalyst and photodetector, respectively. Pt
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nanoparticles were deposited onto a silicon wafer (Si(100)) that was prepared with 5000 A thick
thermal oxide layer (kinetic studies) or a fused silica prism (spectroscopic studies) using a
Langmuir—Blodgett (LB) trough (Kibron, MTX). Before nanoparticle deposition, the silica
surfaces were exposed to strong oxidizers (e.g., piranha or NoChromix) to remove organic
residues and make them hydrophilic (oxidizers hydroxylate the silica). Nanoparticles were
dispersed in chloroform and deposited onto an ultrapure water subphase (18.2 MQ-cm).
Following the evaporation of chloroform and equilibration of particles (30—-60 min), the two-
dimensional layer of particles was compressed at a rate of 10 mm/min to create a close-packed
monolayer. When the monolayer of particles was compressed to a surface pressure in the range
of 30-35 mN/m, the substrates were withdrawn at a rate of 2 mm/min while at constant pressure.

Surface tension was monitored using a Wilhelmy probe made of a Ptlr wire.

Materials Characterization. Nanoparticle morphology and size were examined using a
transmission electron microscope (TEM, JEOL 200CX) operated at 120 kV. The images shown
in Figure 5.1 demonstrate the morphology and size of nanoparticles with an average diameter of
0.94 +0.26, 1.80 + 0.34,4.63 + 1.12, and 6.67 = 1.20 nm. The monodispersity of the
nanoparticles is demonstrated by the nanoparticle size distributions shown in Figure 5.1e, which

were obtained with >300 particles using ImageJ software.
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Figure 5.1: Transmission electron microscopy images of polyhedral Pt nanoparticles. Panels a,
b, ¢, and d show nanoparticles with an average diameter and standard deviation of 0.94 + 0.26,
1.80 +£0.34,4.63 + 1.12, and 6.67 &+ 1.20 nm, respectively. Panel e shows particle size
distributions for the four particle sizes. The 20 nm scale bar in panel d reflects the scale for all

images.

Kinetic Measurements. Hydrogenation reactions were performed in a 1 L stainless steel
chamber equipped with a capacitance manometer pressure gauge (MKS Baratron), a metal
bellows recirculating pump (Senior Aerospace MB-21), a turbomolecular pump (Pfeiffer), and a
mechanical rotary pump. Conflat flanges with Cu gaskets were used to seal the reaction chamber.
The temperature of the sample was maintained by resistively heating a boronitride ceramic plate
(Momentive) and monitored using a type K thermocouple. The conversion of 1,3-butadiene to 1-
butene, cis-2-butene, trans-2-butene, and n-butane was monitored using a gas chromatograph
(Shimadzu GC-17A, Agilent Plot Alumina “S” capillary column (0.2 mm x 30 m)) equipped

with a flame ionization detector. Prior to each reaction, the chamber was evacuated using the
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turbomolecular pump. The gate valve to the pumps was closed prior to introducing the reactant
species. Selectivities were calculated by comparing the rate of accumulation for each species at a
conversion of 1,3-BD of <10%. Blank experiments in the absence of Pt nanoparticles indicated

negligible background activity.

Sum Frequency Generation Vibrational Spectroscopy. Details regarding the theory of SFG

20-22
can be found elsewhere.

Briefly, SFG vibrational spectroscopy relies on a nonlinear optical
phenomenon that occurs when two pulsed laser beams—with visible and infrared frequencies—
overlap. The selection rules for SFG activity maintain that the excited molecular resonance is in
an asymmetric environment (i.e., an interface), and the molecules have a net polar orientation.
The first requirement indicates that the SFG process can only occur in a medium without
centrosymmetry (i.e., an interface). Thus, neither the Pt nanoparticle bulk nor the gas phase
mixture will yield spectroscopic signatures and only the z-component of molecules at an
interface will produce a SFG signal. The second requirement indicates that no photon emission is
detected from species arranged in an equal number of opposite orientations on a surface or from

a completely disordered surface structure.*” Therefore, the SFG intensity is a function of both the

concentration of interfacial species and their orientation.

SFG vibrational spectroscopy was performed with a mode-locked Nd:YAG dye laser
(Continuum D-20) with 1064 nm fundamental output, 20 Hz repetition rate, and 20 ps pulse
width. A frequency-doubling crystal was used to generate a visible (532 nm) beam from the
fundamental beam. An optical parametric generator/amplifier produced tunable infrared in the

2680-3180 cm™' range, corresponding to the stretching modes of aliphatic and aromatic groups.

87



Visible and infrared beams of 130 pJ power were spatially and temporally overlapped at the base
of a polished fused silica equilateral (60°) prism (ISP Optics) at angles of 63° and 48°,
respectively, from the surface normal to achieve total internal reflection. All of the experiments
were performed in ppp polarization combination. SFG photons were detected by a

photomultiplier tube with a gated boxcar integrator.

In situ SFG spectroscopy experiments were performed by mounting the optical prism onto a
batch reactor as described previously.” Nanoparticles directly deposited onto the prism using the
LB trough were simultaneously exposed to the gas phase mixture and the visible and IR
evanescent waves, which were produced by total internal reflection. We ensured a closed
environment by sealing the prism/reactor interface with a Kalrez O-ring. The reaction
temperature and gas pressures were identical to the kinetic studies with the exception that the

inert gas was Ar instead of He.

Quantitative analysis of the relative peak intensities in SFG spectroscopy requires an
understanding of the IR and Raman transitions of the molecules on the surface and the
interferences between the nonresonant and resonant contributions. The SFG intensity, Isrg, can

be described by

2
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(1)

where I,is and I are the intensities of the incident visible and infrared photons, respectively, and

Xz(sz) and @nr are the magnitude and phase change (relative to the incident beam) of the

nonresonant susceptibility, respectively. The term in eq 1 with the summation equals the
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resonant susceptibility ( )(1(22)) corresponding to the vth vibrational mode; A,, ®y, dy, and I'y_; are
the magnitude, frequency, phase change, and the relaxation time of the vibrationally excited state
involved in vibrational resonance, respectively.”” For analysis of the SFG spectra as a function of

nanoparticle size, the SFG spectra were decomposed according to eq 1, and the quantity used for

2
A2

the evaluation of the intensity, I, is given by
dog = —

L=/, L, @)

as performed in a previous study.** Because the net intensity of the SFG spectra varies on

A

14

a)v - a)IR + va

different nanoparticles, we normalize by the sum of all measured intensities (I, = I, Y; L)

when comparing spectra from Pt nanoparticles of different sizes.

Curve fitting was performed with Matlab using a constrained sequential quadratic programming
optimization algorithm (fmincon)® in conjunction with a multistart framework to find the global
minimum (globalsearch).”® Prior to performing the fitting routine, Isrg was normalized by a
factor equal to the average over the IR intensities entering the prism and leaving the prism (as a
function of wir). During the fitting routine, the phase terms, @xr and 6y, were constrained to

values between —n and m, while the remaining terms in eq 1 were constrained to positive values.

Detecting Reaction Intermediates in the Presence of PVP Capping via H,-Induced
Disordering. Catalysts prepared by colloidal synthesis techniques use organic ligand molecules
to “cap” the nanoparticles. The capping agent prevents agglomeration during synthesis and under
reaction conditions when the nanoparticles are exposed to high temperatures.”” Separating the

signal of the reaction intermediates from the signal of the capping agent can be challenging.
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However, we recently demonstrated that for PVP-capped Pt nanoparticles the presence of gas-
phase H, disorders PVP and reduces its signal intensity.”® An example of SFG spectra
demonstrating this behavior is shown in Figure S.5.1 (Supporting Information). With the SFG
signal from PVP significantly reduced, the signal from the reaction intermediates during 1,3-BD

hydrogenation was detected without interference from the capping material.

5.3 Results

Hydrogenation of 1,3-butadiene (1,3-BD) was performed on ensembles of Pt nanoparticle
catalysts with average diameters equal to 0.94, 1.80, 4.63, and 6.67 nm. The reaction was
performed at a constant temperature of 75 °C using a reactant gas mixture composed of 10 Torr
of 1,3-BD, 100 Torr of H, and 650 Torr of inert gas (He and Ar for kinetic and spectroscopic
studies, respectively). Reaction intermediates were measured under reaction conditions using
SFG spectroscopy. We correlate the kinetic and spectroscopic results with the theoretical results
obtained by Sautet and co-workers.”” Following is a brief description of their predicted reaction

intermediates.

Predicted Reaction Intermediates of 1,3-Butadiene Hydrogenation. Hydrogenation of 1,3-
BD (C4Hp) is a chemical reaction that includes the formation of a C4H7, C4Hs, C4Hy, and C4H ;o
species through the stepwise addition of H atoms (Figure 5.2). According to DFT-based
computational studies of Sautet and co-workers, ™ there are six stable reaction intermediates for
1,3-BD on Pt(111). The most stable chemisorbed structure of 1,3-BD on Pt is a tetra-c binding
geometry. Addition of the first H atom to a terminal carbon (C; or Cy4) of a tetra-c intermediate

produces the 2-buten-1-yl radical (2B1R) and H-addition to an internal carbon (C; or Cs)

90



produces the 1-buten-4-yl radical (1B4R). The nomenclature used here follows the [UPAC
conventions for gas-phase radicals as practiced by Valcarcel et al.:® the first number accounts for
the position of the “remaining” double bond, and the second number(s) accounts for the position
of the radical C atom(s). The intermediates discussed here are not actually radicals but are
strongly bound closed-shell complexes; the terminology is used only for classification purposes.
The 1B4R has three 6-bonds at the C;, C,, and C,4 atoms. The 2B1R is a methylallyl that has one

o-bond with Pt at the C; atom and one nt-bond with a Pt atom shared across the C, and C; atoms.

1,3-BD

H H
Molecule-surface H Pz C,H
binding sites WH 48
® =Radical H _H l
===double bond —
Ry HA
i =C-Pt bond s / H C4H7

B14R B13R (B24R) 1-butene 2-butene
Rl HY

Figure 5.2: Schematic of reaction pathways for 1,3-butadiene (1,3-BD) hydrogenation, DFT-
predicted stable intermediates during hydrogenation, and observed products. Addition of the first
H atom leads to 1-buten-4-yl radical (1B4R) or 2-buten-1-yl radical (2B1R); addition of a second
H atom leads to butan-1,4-diyl radical (B14R), butan-1,3-diyl radical (B13R) or butan-2,4-diyl
(B24R) intermediates, or 1-butene (1B) and 2-butene (2B) products. The nomenclature
corresponds to [UPAC gas-phase radicals, in which an “R” designates a radical. Carbon radicals
and double bonds that are highlighted in red designate their locations in the gas phase, which
correspond to the locations of C—Pt bonds that are shown by dotted lines. The reaction

intermediates shown are based on the DFT predictions of Valcarcel et al.®
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For each C¢H7 species, there are three possibilities to add a second H atom. H-addition to 1B4R
at the C; atom produces a butan-2,4-diyl radical (B24R), the C, atom produces a butan-1,4-diyl
radical (B14R), and the C4 atom produces 1-butene. H-addition to 2B1R at the C; atom produces
2-butene, the C, atom produces a butan-1,3-diyl radical (B13R), and the C; atom produces 1-
butene. The B13R and B24R are equivalent species even though they are obtained through
different pathways. Only the B14R or B13R (or B24R) species can directly lead to n-butane from
1,3-BD via addition of two additional H atoms. The stable gas-phase products include three C4Hg

species (1-butene, cis-2-butene, and trans-2-butene) and one C4H ) species (n-butane).

Role of Nanoparticle Size for 1,3-Butadiene Hydrogenation. Figure 5.3 shows the number of
molecules of 1,3-BD converted over the Pt catalysts and the number of produced molecules of n-
butane, 1-butene, trans-2-butene, and cis-2-butene produced versus total 1,3-BD conversion for
different nanoparticle sizes. All four species were produced, and no C—C coupling or C—C
scission products were observed regardless of nanoparticle size. The formation rates of n-butane
and 1-butene are nearly equal at low conversion for both 0.9 and 1.8 nm Pt nanoparticles;
however, the larger size nanoparticles (4.6 and 6.7 nm) exhibit the preferential formation of 1-
butene. When 1,3-BD reaches 75% conversion, the concentration of 1-butene in the batch reactor
stops increasing and then decreases due to a secondary reaction to n-butane for all size
nanoparticles. This behavior indicates that in the presence of excess 1,3-BD the 1-butene or 2-
butene does not competitively readsorb. In all cases, trans-2-butene and cis-2-butene are minor

products and are formed at a rate that is independent of 1,3-BD concentration.
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Figure 5.3: Number of molecules versus percent conversion for (+) 1,3-butadiene hydrogenation
(T=175°C, 10 Torr of 1,3-BD, 100 Torr of H,, 650 Torr of He) over ensembles of Pt
nanoparticles with average diameters of (a) 0.9, (b) 1.8, (¢) 4.6, and (d) 6.7 nm. The products
include 1-butene, n-butane, trans-2-butene, and cis-2-butene. Black lines indicate the linear

regions that are used to calculate the selectivity.

Product selectivity to the four products was calculated using the ratio of formation rates at
conversion below 10% (black lines in Figure 5.3). Figure 5.4 shows the product selectivity
distributions with ensembles of Pt nanoparticle catalysts of different sizes. The dashed lines are
used to indicate trends. Pt nanoparticle catalysts with an average diameter of 6.7 nm yielded 80%
butenes (partial hydrogenation) and 20% n-butane (full hydrogenation). The distribution of
butenes was also split 80:20 for 1-butene versus 2-butene with trans- and cis-2-butene

contributing 15% and 5% to the total. The product distribution observed for the 6.7 nm particles
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was similar to that observed on bulk Pt single crystals ((111) and (100)) and foils in the
temperature range 25—125 °C.>* In these former studies, the butenes were produced with 60—
87% selectivity and a distribution of 1-butene and 2-butenes in ratios of 70—-80% and 30-20%,
respectively. Pt nanoparticle catalysts with an average particle diameter of 4.6 nm yield a partial
to full hydrogenation product ratio that remains similar to the 6.7 nm particles (80:20). Pt
nanoparticles with an average particle size of 1.8 and 0.9 nm yield a partial to full hydrogenation
product ratio of 40:60 and 47:53, respectively. This corresponds to a net decrease of 30% for the
butenes from 6.7 to 0.9 nm nanoparticle ensembles. As the particle size decreases, the ratio of 2-
butene gives a slight preference to trans-2-butene, yet the change is insignificant. Thus, the

increase in n-butane production with decreasing nanoparticle size occurred at the expense of 1-

butene.
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Figure 5.4: Product selectivity for 1-butene, n-butane, trans-2-butene, and cis-2-butene from the

conversion of 1,3 butadiene (1,3-BD) hydrogenation (T = 75 °C with 10 Torr of 1,3-BD, 100

Torr of Hy, and 650 Torr of He) as a function of nanoparticle size.

The similar selectivity of the 6.7 nm particles with those of the bulk measurements suggests that

the capping agent (PVP) does not play a role in the catalytic process. To further confirm the
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negligible role of PVP, we performed UV-treatment of the nanoparticles under ambient

atmosphere for 1 h. This treatment has been shown to effectively degrade PVP.>2®

The product
distribution of the treated particles to n-butane, 1-butene, trans-2-butene, and cis-2-butene was
23%, 58%, 11%, and 6%, respectively. The similar selectivity between the treated and untreated

6.7 nm nanoparticles (only the latter are shown in 5.4) confirms that PVP ligands do not

participate in the catalytic reaction.

Kinetic results for the hydrogenation of 1,3-BD on Pt nanoparticles confirm that the product
selectivity is indeed structure sensitive, that is, nanoparticle size dependent. The general trend
was an increased selectivity to full hydrogenation products as the size of nanoparticle ensembles
decreased, accompanied by a slight increase in trans-2-butene production. The kinetic selectivity
trend suggests that there is an inherent difference in the reaction pathways for 1,3-BD
hydrogenation on Pt nanoparticles of various sizes. To elucidate the observed selectivity
differences, we use in situ SFG vibrational spectroscopy to monitor the stable reaction

intermediates with different size nanoparticles.

In Situ Detection of the Reaction Intermediates in 1,3-Butadiene Hydrogenation by SFG
Vibrational Spectroscopy. SFG vibrational spectroscopy is a surface specific technique that
exclusively probes molecules at interfaces. The interface specificity provides a means to probe
the most stable, or long-lived, intermediate(s) adsorbed on a catalyst’s surface under reaction
conditions without interference from gas phase molecules. We used in situ SFG during 1,3-BD
hydrogenation at a constant temperature of 75 °C and a reactant gas mixture composed of 10

Torr of 1,3-BD, 100 Torr of H,, and 650 Torr of Ar. To determine whether the changes in
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reaction selectivity on Pt nanoparticle catalysts correspond to alternate reaction pathways, we
measured the aliphatic region of the vibrational spectrum to probe the methyl, methylene,
methylidyne, and vinylic groups of stable reaction intermediates. The aliphatic region of the
vibrational spectrum for linear hydrocarbons is complicated by the variety of conformers and
reaction pathways that exist due to the rotational degrees of freedom accompanying the C—C
bond. Moreover, all unsaturated and partially saturated intermediates present on the Pt surface
during 1,3-BD hydrogenation comprise methyl, methylene, methylidyne, or vinylic groups.
Therefore, an understanding of the possible reaction intermediates, associated reaction pathways,
and the vibrational resonances that are expected from those intermediates is essential to the
interpretation of the SFG results. In addition, correctly assessing the in situ SFG results requires
an understanding that intermediates with the longest lifetime dominate the SFG signal regardless
of whether they are spectator species or reactive intermediates. To determine whether the SFG
signal arises from spectator or reactive species, the SFG signal was collected upon exposing the
surface to the reaction mixture followed by evacuation of the reaction chamber and
reintroduction of H,. If the signal rapidly returned to the baseline spectra observed initially, the
in situ SFG signal was attributed to reactive species.

29,30 31
*”" propylene,

Previous SFG studies regarding the adsorption structures of ethylene,
isobutene,” n-hexane, 2-methylpentane, 3-methylpentane, and 1-hexene on Pt(111)*' and
Pt(100),>> methylfuran and dimethylfuran on Pt nanoparticles,” reflection—absorption infrared

spectroscopy (RAIRS) studies on a series of n-alkanes (n = 3—-10),>* *°

and in particular C,4
hydrocarbons®® provide a reference for band assignments of the aliphatic vibrations. SFG and

RAIRS are complementary because both techniques follow the metal surface selection rule that
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requires the transition dipole vector of a vibrational mode to have components normal to the
surface to be active. Note that SFG also requires that a vibrational mode induces a change in the
polarizability of a molecule (Raman-active), and therefore, RAIRS and SFG are not identical.
Depending on the particular adsorbate configuration, methyl, methylene, and methylidyne
groups will have unique SFG-active vibrational resonances. Methyl or methylene groups that are
oriented away from the surface exhibit modes similar to the condensed phase stretches:
symmetric methylene (CH,(s)) and methyl (CHs(s)) bands appear at about 2850 and 2875 cm ';
asymmetric methylene (CH(a)) and methyl (CH3(a)) bands appear at about 2935 and 2970 cm ';
symmetric and asymmetric vinylic methylene bands (=CHa(s) and =CHy(a)) appear at about
2990 and 3085 cm ', respectively; and the tertiary methylidyne C—H band appears at 2910 cm .
When methylene or methyl groups are in the proximity of a metal surface (e.g., flat-lying
adsorbate), their vibrational modes are perturbed as a consequence of charge transfer from the
metal surface. The perturbation results in a red-shift and a band broadening from the condensed
phase values.”® Furthermore, the H-metal surface interaction is believed to force the vibrational
modes of the atoms pointing toward the surface (down) and pointing away from the surface (up)
to decouple. On Pt(111), perturbed (p) methylene bands, with H pointing toward (CH,(p,down))
and away (CHa(p,up)) from the surface appear at about 2670-2700 and 2900 cm ', respectively;
perturbed methyl bands with H down (CH3(p,down)) and pointing up (CHs(p,up)) appear at

about 28002820 and 2930-2945 cm ', respectively.**

The in situ SFG vibrational spectra of the stable reaction intermediates present during 1,3-BD
hydrogenation are shown in Figure 5.5. Blue circles and dashed red lines are the average and

standard deviation over nine SFG spectra, while solid black lines represent the best-fit model
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spectra. Comparison of the SFG spectra shown in Figure 5.5 suggests that the stable
intermediates on the 0.9 and 1.8 nm particles (designated as small) are similar under reaction
conditions, whereas, the spectra of the 4.6 and 6.7 nm particles (designated as large) are similar
but differ from those of the small particles. The small particles exhibit at least four visually
apparent bands, whereas the large particles exhibit only one. The overall shape of the SFG
spectra is dependent, in part, on the magnitude of each band and their phase relations. Unlike
Raman and infrared vibrational spectroscopies, the magnitude of a peak is not linearly correlated
with the concentration of the vibrationally active species. The nonlinear interaction between the
resonant susceptibilities of each band, as well as with the nonresonant susceptibility, can give
rise to constructive and destructive interference, which can augment and diminish bands. These
factors can make the experimental SFG spectrum visually deceptive. We address the
contributions of each band to the SFG spectra using eq 1 as a model and by optimizing over the

set of parameters to provide an accurate description of the surface chemistry.
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Figure 5.5: In situ SFG vibrational spectra of reaction intermediates produced on 0.9, 1.8, 4.6,
and 6.7 nm Pt nanoparticle catalysts during 1,3-BD hydrogenation (T = 75 °C with 10 Torr of
1,3-BD, 100 Torr of H,, and 650 Torr of Ar). Blue dots and red dashed lines represent averages
and standard deviations of nine SFG spectra, respectively, while black lines represent optimized
model SFG spectra using eq 1. Assignments of vibrational bands are based on model spectra
(more than one mode is assigned in the case of resonances with similar peak locations). CHx(s)
and CHy(a) modes appear at 2846 and 2939 cm, while CHs(s) and CHsz(a) modes appear at 2874
and 2979 cm ', respectively. Perturbed modes (p), reflecting C—H: - -Pt interactions appear for
methyl and methylene groups. Perturbation causes a decoupling of the H atoms near the surface
(down) and the H atoms pointing away from the surface (up). CHz(p,up) and CH,(p,down)
appear at 2939 and 2769 cm™', while CH3(p,up) and CH3(p,down) appear at 2939 and 2800 cm ',
respectively. Vibrational resonances below 2850 and above 2940 cm ' are not visually apparent

but are required to fit the spectra. In particular, an out-of-phase CHs(a) mode is required to fit the
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wavenumber region above 2940 cm . Best-fit parameters for each model are given in Table

S.5.1 (Supporting Information).

SFG Vibrational Spectra of 1,3-Butadiene Reaction Intermediates Observed on 0.9 and 1.8
nm Pt Nanoparticle Catalysts. The top two SFG spectra in Figure 5.5 correspond to the stable
reaction intermediates of 1,3-BD hydrogenation over ensembles of small (0.9 and 1.8 nm) Pt
nanoparticles. The vibrational band with the largest visually apparent magnitude at 2874 cm ™' is
assigned to a CHjs(s) stretch. This band indicates that one or more of the stable reaction
intermediates is bound in a standing-up, or partially standing, geometry. For example, butylidyne
adsorbs with one C—Pt bond in a completely standing-up geometry, whereas 1-butene adsorbs in
a partially standing geometry with di-c bonds on the C; and C, atoms and the Cs—C4 bond
normal to the surface.’® The other band with a clearly defined peak at 2939 cm™ can be assigned
to either a CHj(a) on a C; (or C3) internal atom or a CHs(p,up) resonance on a C; (or Cy4)

. 21,34, 36
terminal atom.” ™

The CHj(a) resonance originates from a C, or Cs atom of a flat-lying
intermediate such as a metallocycle, which is formed after a C atom detaches from the Pt surface
following B-hydrogenation. We do not assign the CH»(a) resonance to the C; atom of an
adsorbed 1-butene because this methylene is equatorial, and the transition dipole vector is
expected to have a negligible z-component. Internal methylene groups oriented in a standing
geometry are also unlikely because one tenet of SFG activity is that the susceptibility tensor
vanishes if C—H groups are arranged centrosymmetrically. This occurs, for example, when
internal CH, groups of a hydrocarbon chain are arranged in an all-trans conformation, which is

the stable conformation of a standing chain.** Given these reasons, the CH,(a) originates from

either the 1B4R, B14R, or B13R metallocycle intermediates.
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The CHj(p,up) stretch is also indicative of a semiflat-lying adsorbate that has a terminal methyl
group.”® In these configurations, the terminal methyl has H-stretches with parallel and
perpendicular vector components with respect to the surface. An adsorbate with a di-o binding
geometry, in which the C,—C; atoms are attached to Pt (i.e., adsorbed 2-butene), or a m-allyl
binding geometry that has a C;—Pt 6-bond and C,—Cs—Pt n-bond, will exhibit this resonance.
These configurations are representative of the B13R and 2B1R adsorbed intermediates,
respectively. Because each scenario is possible, we assign the band at 2939 cm™ to a
combination of CHj(a) and CHj(p,up) modes. We did not include two unique feature
designations because there was insufficient spectral resolution to accurately assign peak

locations with confidence.

Two other bands are visually apparent in the SFG spectra of the catalysts with 0.9 and 1.8 nm Pt
nanoparticle catalysts. The shoulder at 2846 cm ' at wavenumbers below the CHj(s) is assigned
to a CHx(s) stretching mode. This resonance originates from an interior methylene (C; or Cs)
group of a flat-lying intermediate, as described for the CHj(a) stretch. The presence of the
CHa(s) mode, in contrast to a perturbed mode, suggests that at least one stable reaction
intermediate has H atoms oriented away from the surface. The feature located between the
CHis(s) and CH,(a)/CH;s(p,up) at 2906 cm ™' can be assigned to three possible modes or a
combination thereof: a Fermi resonance (FR) that arises from the first overtone of the C—H bend
of a methylene group and a fundamental methylene stretching mode (CH»(FR)), a perturbed
methylene stretch for the atom pointing away from the surface (CHa(p,up)), or a tertiary C—H

21,34

stretching mode. We discount the possible influence of a tertiary C—H stretch because this
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stretch is likely equatorial. The negligible SFG activity of the tertiary C—H was demonstrated by
Cremer et al., who compared the SFG vibrational signature of propylene and partially deuterated
propylene (CD;CHCH,) adsorbed on Pt(111).>! No peaks above 2900 cm ™' were observed using
the deuterated species. However, both CH»(FR) and CH,(p,up) modes were identified in the

RAIRS and SFG spectra of linear alkanes adsorbed on Pt(111).%"3*%7

The four bands at 2846, 2874, 2906, and 2939 cm™' constitute the primary, visually identifiable,
spectral features of the SFG spectra for the ensembles of small nanoparticle catalysts. These are
the primary bands used to correlate the observed reaction intermediates with nanoparticle size.
Each band and their assigned origins are summarized in Table 5.1. The optimized best-fit Ay, ®y,
dy, and I'y parameters, for each of these bands, are shown in Table S.5.1 (Supporting
Information). With only these four modes, we were unable to develop a model that yielded a
satisfactory fit to the experimental SFG spectra. The primary discrepancy between the model—

using only these four bands—and the experimental data was the representation of the leading and
tailing regions from 2700-2850 and 2940-3100 cm . The line shape of )(1(53 is comparable to a

Lorenztian.”> A Lorentzian profile features leading and tailing edges that exhibit convex shapes,
whereas the SFG spectral profiles shown for the ensembles of small nanoparticle catalysts do
not. This suggests that the experimental data must have contributing resonant or nonresonant
terms that exhibit constructive or destructive interference in the leading and tailing regions.
Because the conclusions from this study are not based on these additional features, their
presentation is given in the Supporting Information. In summary, we predict additional features

at 2680, 2769, 2800, and 2979 cm" (the feature at 2680 cm—1 is not shown in Figure 5.5). We
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assign the two features at 2680 and 2769 cm ™' to CHa(p,down) modes and the features at 2800

and 2979 cm ' to CHs(p,down) and CHj(a) modes, respectively.

location (cm™") band assignment location (cm™) band assignment
2680 CH,(p,down)>"333#3¢ 2874 CHy(s) 112124282936
2769 CHZ(PIdown)21,33,S4,36 2906 CHZ (FR)/CHz(p,uP)Zl'S4'37
2800 CH3(P,dOWn)21’33'34'36 2939 CHz(a)/CH3(p,up)21’34'36
2846 CH,(s) 11,21,24,28,29-36 2979 CH,(a) 11,21,24,28,29—36

Table 5.1: Summary of band wssignments for the in situ SFG performed in the presence of 10

Torr of 1,3-Butadiene, 100 Torr of H,, and 650 Torr of Ar at 75 °C.

SFG Vibrational Spectra of 1,3-Butadiene Reaction Intermediates Observed on 4.6 and 6.7
nm Pt Nanoparticle Catalysts. The bottom two SFG spectra in Figure 5.5 correspond to the
stable intermediates of 1,3-BD hydrogenation on the ensembles of large (4.6 and 6.7 nm) Pt
nanoparticle catalysts. These spectra exhibit a single dominant feature at 2878 cm ' (shifted 4
cm—1 in comparison to the spectra for the small nanoparticle catalysts). We assign this feature to
a CHj(s) as specified with the small particles. However, unlike the SFG spectra for the small
particles, there are no other well-resolved features in the spectra. While shoulders at 2910, 2939,
and 2979 cm™' are present in the spectrum for the 6.7 nm particles, the spectra for the 4.6 nm
particles appears as a single broad profile. A broad spectrum can be attributed to inhomogeneous
broadening that is a consequence of many local environments of the adsorbate, temperature-
induced broadening, and similar resonances that come from different adsorbed intermediates."
33 However, if we use a single feature to model the SFG spectra shown for the 4.6 and 6.7 nm
particles, the full width half-maximum (2I'y) approximately equals 120 cm™, or a value of T’y =
60 cm'. Fundamental vibrations and perturbed modes have values in the ranges 1020 and 25—

21,24

40 cm ', respectively. Therefore, a single CHj3(s) feature is physically unreasonable. To fit

the SFG spectra for the 4.6 and 6.7 nm Pt nanoparticle catalysts, we constrained @, + 10 cm ™'
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from the optimal values of the 1.8 nm SFG spectra and allowed A,, d,, and Iy to vary with the

same bounds used previously. The best-fit model spectra for the 4.6 and 6.7 nm Pt nanoparticles
comprise the same features as the best-fit model spectra for the 0.9 and 1.8 nm Pt nanoparticles.
On the basis of the models, we predict that the next most influential features in the SFG spectra
after the dominant feature at 2878 cm™" are located at 2906 and 2979 cm ', corresponding to the

CH»(FR)/CHax(p,up) and CHj3(a) resonances, respectively.

5.4 Discussion

The combination of kinetic selectivity measurements and in situ vibrational spectroscopy
provides a unique perspective into the reaction pathways of 1,3-BD hydrogenation on
monodisperse ensembles of Pt nanoparticle catalysts. Because of the nature of the SFG selection
rules, the vibrational resonances that we observed are entirely due to the intermediates on the
surface. The vibrational resonances can directly be correlated to the reactive intermediates and
not spectrator species. We confirmed this by evacuating the reaction chamber and changing the
reactor gas mixture to Ho/Ar immediately following the in sifu measurement. The SFG signal
completely reversed to the baseline measurement prior to performing the 1,3-BD hydrogenation
reaction (not shown). We also confirmed that the SFG signal under reaction conditions was not
related to the 1,3-BD-induced reordering of the PVP by exposing the catalysts to deuterated 1,3-
BD and D; (not shown). After confirming that D, disorders the PVP in the same manner as Hy,
deuterated 1,3-BD exposed to the Pt nanoparticle catalysts showed negligible change in SFG
signal. This is expected because methyl and methylene stretches of deuterated species are red-

shifted to the range of 1900-2200 cm .
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Clear trends emerge from the kinetic selectivity and spectroscopy results. The ensembles of
small nanoparticle catalysts produce more n-butane and trans-2-butene at the expense of total
butenes and cis-2-butene, respectively, and the SFG signal originating from CH, resonances
dramatically increases while the CH; resonances decrease. Figure 5.6 shows the correspondence
between the methyl (CH3) and methylene (CH) vibrational bands and the likely adsorbed
intermediates. Three of the proposed intermediates (1B4R, BI13R, and B14R) will exhibit SFG-
active CH; resonances, while four of the proposed intermediates (2B1R, B13R, 1-butene, and 2-
butene) will exhibit SFG-active CHj3 resonances. SFG-active CHj3 resonances can also arise from
a butan-2-yl or butan-1-yl species (a butan-2-yl is produced by H-addition to the C; atom of 1-
butene, 2-butene, or B13R; a butan-1-yl radical is produced by H-addition to the C, atom of 1-
butene or B13R); both of these intermediates are bound by a single o-bond and are not expected

to have a long lifetime on the surface of Pt in the presence of 1,3-BD.

CHg(p,down): 2800 cm’™
CHs(s): 2874 cm””
CHs(p,up): 2939 cm""
CHg(a): 2979 cm™’

HN € CH,(p,down): 2769 cm""
1B4R CHy(s): 2846 cm™

y H ACH:(p,up): 2906 cm?

H/I X \\H . i
Hz=] e CH,(a): 2939 cm
J777777777777777

Figure 5.6: Six reaction intermediates produce SFG active methylene (red H) and methyl (blue
H) vibrational stretches. Intermediates are designated using the [UPAC nomenclature with an
“R” indicating a radical: 2-buten-1-yl (2B1R), butan-1,3-diyl (B13R), 1-butene (1B), and 2-
butene (2B) produce bands associated with methyl resonances; B13R, 1-buten-4-yl (1B4R), and
butan-1,4-diyl (B14R) produce bands associated with methylene resonances. The C—Pt bonds are
located at the radical (¢) and double bonded carbons. The methyl and methylene vibrations are

designated with an s, a, p, up and down for symmetric, asymmetric, perturbed, away from the
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surface, and toward the surface, respectively. Note that n-butane can only originate from the

B13R, 1B4R, or B14R intermediates (i.e., species with CH; vibrations).

The changes in the normalized SFG intensity (/,, eq 2) of CH,(a)/CH;3(p,up) and CHs(s)
resonances at 2939 and 2874 cm ', respectively, versus Pt nanoparticle size are shown in Figure
5.7a. The SFG spectra on the 0.9 and 1.8 nm nanoparticles exhibit a large proportion of signal
originating from the CH(a)/CHj3(p,up) vibrational bands. The 4.3 and 6.7 nm particles; however,
have little signal originating from the CH(a)/CH3(p,up) band. SFG intensities for the remaining
resonances are given in Table S.5.2 (Supporting Information). The reduced integral area of the
CHj(s) feature in Figure 5.7a for the small nanoparticles, despite the feature’s apparent peak
height in the SFG spectra, can be rationalized by the increased integral area of the two features
located on either side of the CHs(s) feature. SFG intensity is not simply a superposition of areas;
instead, constructive interference of bands magnifies the combination of features by additional
nonlinear terms. In contrast, the CH,(a)/CHs(p,up) feature is on the edge of the spectral profile.
Note that /, is a function of orientation/order and concentration. Therefore, we cannot directly
correlate these vibrational signatures to a quantitative assessment of the reaction intermediates.
This qualitative assessment can, however, correlate the likely reaction intermediates and reaction

pathways with nanoparticle size.
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Figure 5.7: Normalized SFG intensity (/,, eq 2) for the CH,(a)/CH3(p,up) (o) and CHs(s) (o)
vibrational modes as a function of nanoparticle size. /, is a function of orientation/order and
concentration. Small nanoparticles have an increased contribution to the SFG signal from the
CHaz(a)/CHj(p,up) modes, whereas large particles are dominated by the CH3(s) mode. The
proposed initial reaction pathways for the 0.9 and 1.8 nm Pt nanoparticles (above dotted line)
and 4.6 and 6.7 nm Pt nanoparticles (below dotted line) are shown below. The methylene and
methyl groups that exhibit SFG signal are highlighted in red and blue. The small nanoparticles
exhibit methylene (CH>) stretches that indicate the presence of the 1B4R intermediate. This

pathway leads to n-butane. The pathway starting with 2B1R leads predominately to butenes.

In view of Figure 5.7a and the DFT predictions’ discussed previously, we infer from the
magnitude of the CHj(s) band that 1,3-BD hydrogenation on the large particles favors the 2B1R

pathway. Even though the activation barrier from 1,3-BD to 2B1R and 1,3-BD to 1B4R was
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proposed to be nearly equal, 2BIR is more thermodynamically stable on Pt(111) by 17 kJ/mol.®
Moreover, the reaction pathway through the n-bonded intermediate is considered to be orders of
magnitude more rapid than on the di-c bonded counterpart during ethylene and propylene

14.29.31 and H-addition to a terminal carbon was shown to be three times more

hydrogenation
favorable than an internal carbon.’® Therefore, we attribute the CHs(s) mode at 2874 cm ™' to the
2BIR intermediate. The 2B1R intermediate will also produce a CHs(a) mode and perturbed
variations (as discussed in the Supporting Information) but will not yield any CH; activity. We
assign the CH, resonance activity at 2846, 2906, and 2939 cm ' (determined via the model) to
the 1B4R and/or B13R intermediate(s). Both of these intermediates are along the pathway to n-
butane. From a thermodynamic perspective of the adsorbates on a Pt(111) surface, the active
CH, modes could be attributed to the 1B4R intermediate, which is predicted to be 6 kJ/mol more
stable than the B13R;® however, from a kinetic perspective, the second hydrogenation step from
the 2B1R to B13R is more favorable than the pathway from 1B4R to B13R. Thus, the n-butane
formed on the large particles (and Pt bulk surfaces) corresponds to the pathway through the
B13R intermediate. The low CH, band intensity observed on the large particles correlates with
the low selectivity to n-butane. The low intensity may also suggest that the B13R intermediate
does not have a long lifetime on the surface. In contrast to the large nanoparticles, we cannot use
the Pt(111)-based DFT energetics to argue plausible reaction intermediates for the small

nanoparticle catalysts. However, we rationalize the 30% increase in n-butane selectivity based on

the same set of reaction intermediates.

The increase in CH, resonances (i.e., bands at 2846, 2906, and 2939 cm ') confirms that the

ensembles of small nanoparticle catalysts provide favorable pathways to n-butane. The decline in
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the production of 1-butene is not due to further hydrogenation of 1-butene on the surface, since
the reaction was performed under excess 1,3-BD, as discussed previously. Instead, plausible
explanations arise from changes in the potential energy pathways on the surface, which comprise
of a destabilized 2B1R intermediate, a stabilized 1B4R intermediate, a stabilized B13R
intermediate, a destabilized transition state between the 1B4R and B13R intermediates, or a
destabilized transition state between the 2B1R and B13R intermediates (cf. 5. 1). The decrease in
CHjs vibrational bands (Figure 5.7a) and the fact that selectivity toward 2-butenes changes only
slightly indicates that the change is not due to a destabilized 2BIR intermediate. A decreased
surface lifetime of the 2B1R species at the expense of a stabilized B13R intermediate (change in
quasi-equilibrium) would not necessarily change the concentration of CH3 vibrational modes but
simply provide additional CH, modes, which is not consistent with trends shown in Figure 5.7a.
It is well-known that small nanoparticles exhibit an increase in edge/step and corner sites at the

: 10, 39
expense of terrace sites.

Reduced atomic coordination results in an improved molecule—
particle chemical interaction via shifts in the d-band center toward the Fermi level, which
increases the number of empty antibonding states. Moreover, a higher d-band center makes the

. . i . 13,16,40,41
surface more reactive by lowering the transition state energies. ™ ™

The presence of low-
coordination sites will alter the stability of metallocycle binding geometries (like 1B4R and
B13R) and transition states by reducing strain of the geometric configuration that would not be

stable on a terrace.>” *

This would suggest that the presence of low-coordination sites promotes
the pathway proceeding via H-insertion at the internal carbon, which leads to the metallocycle

1B4R. Thus, we believe that the observed CH, signal originates from the 1B4R species.
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5.5 Conclusion

Understanding how to control the reaction pathways that lead to different product distributions is
critical to rational design of heterogeneous catalysts. We have shown using colloidally
synthesized monodisperse nanoparticle distributions that the size of Pt nanoparticle catalysts
impacts the product distribution in 1,3-butadiene hydrogenation. Two parallel reaction pathways
lead to the full and partial hydrogenation products and the nanoparticle size impacts the kinetic
preference toward each pathway. Ensembles of Pt nanoparticle catalysts of 0.9 and 1.8 nm
promote a 30 and 20% increase in the full hydrogenation (n-butane) of 1,3-butadiene,
respectively, in comparison to 4.6 and 6.7 nm Pt catalysts. Formation of n-butane occurs at the
expense of 1-butene rather than 2-butene products. /n situ SFG vibrational spectroscopy was
used to monitor the adsorbed reaction intermediates on Pt nanoparticles with the capping ligand
intact, under working conditions identical to those of the kinetic experiments. The results
indicate that the 0.9 and 1.8 nm Pt catalysts provide adsorption sites (e.g., low coordination sites)
that facilitate H-insertion at an internal carbon (1B4R), in addition to H-insertion at the terminal
carbon (2B1R), whereas the 4.6 and 6.7 nm Pt catalysts favor H-insertion at the terminal carbon
as observed on Pt bulk materials.
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Supplement to Chapter 5
Experimental Information
0.9 nm Pt nanoparticle synthesis

The 0.9 nm particles were prepared by heating 5 mL of a 0.5 M solution of NaOH (0.1 g) at 160
°C n a 50 mL round bottom flask until dissolved. A solution of 80 mg of H,PtCls-6H,O (1.95 %
10~ mols) in 5 mL of ethylene glycol was added to the flask. The flask was sealed with septa
and the residual air atmosphere was evacuated by three cycles of vacuum pumping followed by
an Ar purge. The synthesis was conducted at 160 °C with vigorous stirring for 2 hrs. After the
colloid returned to room temperature, 2 mL of 2 M HCI was added with stirring until the solution
was neutralized. The particles were precipitated in a centrifuge (VWR Clinical 50, 4000 rpm) for
10 min. After adding 0.1 g of PVP and 40 mL of acetone, the PVP-capped particles were
centrifuged and redispersed in 20 mL ethanol. The nanoparticles are stable in the ethylene glycol

reaction solution for many months.
1.8 nm Pt nanoparticle synthesis

The 1.8 nm particles were prepared by combining 10 mL of ethylene glycol, 100 mg of
H,PtCls-6H,0 (1.9 x 10—4 mols) and 5 mL of'a 0.5 M NaOH solution (0.1 g) in a 25 mL three-
neck round bottom flask. The flask was sealed with septa and the residual air atmosphere was
evacuated by three cycles of vacuum pumping followed by an Ar purge. The synthesis was
conducted at 160 °C with vigorous stirring in Ar flow for 3 hrs. After the colloid returned to
room temperature, 20.3 mg of PVP (0.18 mols) was added followed by vigorous stirring for 20

min. Finally, 100 mL of acetone was added to the solution and the particles were precipitated by
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centrifugation (VWR Clinical 50, 4000 rpm) for ~10 min.
4.6 nm Pt nanoparticle synthesis

The 4.6 nm particles were prepared by combining 20 mL of ethylene glycol, 100 mg of
H,PtCls-6H,0 (1.9 x 10~* mols) and 440 mg of PVP (4 x 10~ mols) in a 50 mL three-neck
round bottom flask. The flask was sealed with septa and the residual air atmosphere was
evacuated by three cycles of vacuum pumping followed by an Ar purge. The synthesis was
conducted at 165 °C with vigorous stirring in Ar flow for 25 min. Continuing the reaction for
longer times does not change the size of the particles. When the solution returned to room
temperature, 100 mL of acetone was added to the solution and the particles were precipitated by
centrifugation (VWR Clinical 50, 4000 rpm) for ~10 min. The particles (black precipitate) were

then redispersed in ethanol.
7 nm Pt nanoparticle synthesis

The 7 nm particles were prepared by heating 2.5 mL of ethylene glycol in a three neck round-
bottom flask equipped with a reflux condenser at 200 °C. Sequential additions of ~0.2 mL of a
0.062 M solution of H,PtClg-6H,O (1.9 x 10~* mols) in ethylene glycol and 0.375 mL of a 0.33
M solution of PVP in ethylene glycol were added alternately every 30 s over the course of 16
min using syringes (total 97 mg of H,PtCle-6 H,O and 222.3 mg of PVP). The solution was
allowed to ripen for an additional 10 min. When the solution returned to room temperature, 100
mL of acetone was added to the solution and the particles were precipitated by centrifugation
(VWR Clinical 50, 4000 rpm) for ~10 min. The particles (black precipitate) were then

redispersed in ethanol.
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Nanoparticle washing

Nanoparticles were subjected to ‘cleaning’ steps following synthesis. The cleaning procedure
comprised of repeated precipitation, dispersion, and sonication. Particles were precipitated by the
addition of hexane at a hexane to ethanol volume ratio of 5:1 and centrifugation for 5 min. The
black precipitate was redispersed in ethanol under sonication. Sonication was continued for at

least 5 min following redispersion. This procedure was repeated seven times.

PL-PVP T=75°C
3.5[10 Torr1,3-BD / § 1
100 Torr H,

.0f560 Torr Ar_g#

Pt-P

1.5[100 Torr H, -
660 Torr Ar QQO
1.0p -

PLPVP f N
0.5{760 Tor Ar_ oo |

2700 2800 2900 3000 3100
Wavenumber (cm™ )

Figure S.5.1: SFG spectra of an ensemble of 2 nm Pt nanoparticles capped with PVP exposed to
different atmospheres at 75 °C. The three spectra correspond to Pt nanoparticles exposed to 760
Torr of Ar (black), 100 Torr H, and 660 Torr Ar (red), and 10 Torr 1,3-butadiene (1,3-BD), 100

Torr H,, and 550 Torr Ar (blue).
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Table S.5.1: Fitting Parameters for SFG spectra shown in Figure 5.

Peak Average nanoparticle diameter (nm)
0.9 1.8 4.6 6.7
Non-resonant | ¥g 0.36 0.54 0.33 0.22
contribution P 243 2.07 2.82 2.42
A 4.47 5.06 5.00 5.00
CHy(p.down) 1) 2680.07 | 2680.00 | 2680.50 | 2680.50
r 27.66 27.04 24.98 24.98
0 0.70 0.01 0.55 0.55
A 0.52 1.38 2.06 2.06
CHa(p,down) ) 2769.41 | 2768.86 | 2771.14 | 2771.14
r 18.31 16.89 22.20 22.20
o 240 3.25 2.59 2.59
A 0.65 2.27 1.03 1.03
CHy(p,down) 1) 2800.19 | 2802.59 | 2803.38 | 2803.38
r 19.97 19.78 19.72 19.72
o 3.53 2.50 2.17 2.17
A 3.24 4.17 2.85 2.85
1) 2846.50 | 2845.18 | 2850.73 | 2850.73
CHa(s)
r 17.10 18.24 20.00 20.00
o 4.15 3.78 3.59 3.59
A 4.95 9.60 10.60 16.45
1) 2873.97 | 2873.78 | 2878.98 | 2882.17
CHs(s)
r 12.07 18.52 18.74 19.00
o 4.85 3.61 5.01 4.07
A 2.35 1.59 2.88 8.26
CH,(FR)/CH,(p.up) 1) 2906.45 | 2909.98 | 2910.00 | 2910.00
r 12.95 12.15 18.40 19.00
0 5.46 4.72 5.36 3.65
A 18.19 20.22 2.54 3.61
CHa(a)/CHs(p,up) ) 2939.85 | 2946.69 | 2949.63 | 2939.56
r 14.80 12.84 19.00 16.99
0 0.92 0.71 0.31 2.85
A 7.09 7.47 3.82 1.53
CH(a) 1) 2979.39 | 2981.53 | 2983.71 | 2971.67
r 21.00 21.00 20.28 11.46
o 5.20 5.58 6.24 2.78
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Table S.5.2: Normalized Intensities for SFG bands from the spectra shown in Figure 5.

OIS
Peak Average nanoparticle diameter (nm)
0.9 1.8 4.6 6.7

CHy(p.down) 0.025| 0.005| 0031| 0005
CHy(p.down) 0.001 | 0.001| 0010| 0003
CH;(p,down) 0.001 0.003 0.002 0.001
CHy(s) 0.022 0.017 0.029 0.011
CHjs(s) 0.071 0.115 0.791 0.796
CHy(FRY/CHy(p.up) | 0.015 | 0.004 | 0.036| 0.147
CHy(a)/CHs(pup) | 0.782| 0.799 | 0.025| 0.028
CHj;(a) 0.084 0.056 0.075 0.009

Discussion of peak fitting for features in SFG spectra at 2680, 2769, 2800, and 2979 cm’

In the tailing region above 2950 cm ™' of the SFG spectra shown in Figure 5.5, a shoulder extends
from the CH,(a)/CHs(p,up) feature with a distinct kink followed by a baseline that increases in
intensity as the wavenumber increases. Even though the positive slope at high wavenumbers can
be attributed to a contribution from the non-resonant background, we presume that the shoulder
originates from a unique vibrational band. To represent these spectral features in the SFG model,
we included a resonance feature located at 2979 cm™' that is out of phase with the
CHa(a)/CH;(p,up) feature. The feature at 2979 cm™' can be assigned to two possible modes: a

CHj3(a) mode that is oriented away from the surface or a perturbed symmetric stretch of a vinylic
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methylene group (=CHa(s,p)) that is bound to the Pt surface. The latter is less likely because the
C-H stretches would be equatorial, and therefore, have a very weak SFG signal.' > The CHs(a)
mode is expected for di-c (1-butene, 2-butene, B13R) or n-allyl (2B1R) binding geometries with
a methyl group that has perpendicular vector components with respect to the surface. The
location of this CHs(a) mode is about 20 cm ™" higher than typically observed; however, this
assignment is consistent with the asymmetric methyl stretch of reaction intermediates observed

during in situ SFG spectroscopy of methylfuran and dimethylfuran hydrogenation on Pt.>

To accurately model the concave shape of the leading edge of the SFG spectra at wavenumbers
below 2850 cm ™, we included three additional features located at 2680, 2769 and 2800 cm .
Vibrational resonances in this low wavenumber region have been reported in a number of
adsorbate-metal systems for ‘softened’ modes that exhibit large red-shifts.*’ We attribute the
bands at 2680 and 2769 cm ' to CH,(p,down) resonances of different absorbed intermediates and
the band at 2800 cm ™' to a CHs(p,down) resonance. Two CHa(p,down) resonances were also
reported by Manner et al.” The center of the band at 2680 cm ™ is outside of the experimental
range and is not shown in Figure 5.2; however, the tailing region of this feature extending above
2700 cm™' contributes to the spectra. While these band assignments may be ambiguous because
the spectral region (2700-2830 cm™") is not well-defined, the locations of the peaks are

consistent with adsorbed linear hydrocarbons on Pt(111) observed with RAIRS.’
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Chapter 6: CO Oxidation on PtSn Nanoparticle Catalysts Occurs at the Interface of Pt and
Sn-oxide Domains Formed Under Reaction Conditions
6.1 Introduction
CO poisons Pt surfaces and prevents formation of CO, by inhibiting O, adsorption. While pure
Sn becomes readily oxidized in the presence of O, and does not react with CO, the rate of CO
oxidation can be improved by incorporating Sn into Pt catalysts [1-6]. The barrier to
understanding the mechanism of CO oxidation on PtSn, and even pure Pt catalysts, is knowledge
of the structure and chemical environment of the surface and the nature of the catalytic active
phase. The key in determining the true active phase of the catalyst is monitoring the atomic- and
molecular-level details of surface atoms and reactants on the surface of the catalyst as the
reaction proceeds. Nanoparticle catalysts can undergo significant structural and compositional
changes that depend on the temperature and gas atmosphere during pre-treatment, reaction, and
post-treatment [7-9]. Often, pre-natal and post-mortem spectroscopic characterization studies are
used to understand the nature of the catalytic active phase. This approach often leads to diverse
conclusions because the catalyst surface changes with different treatments and when samples are
transferred from reactor to characterization tool. In order to make definitive conclusions about
the catalyst’s active phase using spectroscopic tools the catalyst must be studied under reaction

conditions.

Catalysts that are used industrially and commonly for laboratory kinetic reaction studies present
challenges for atomic-level spectroscopic investigations because the porous supports attenuate
signal and the active catalyst is polydisperse in size and composition. In order to observe changes

of catalyst surfaces under reaction conditions, nanoparticle catalysts should not be embedded
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deep within pores of the support material. An effective method that allows for both reaction
studies and spectroscopic observation under reaction conditions is deposition of colloidally-
prepared nanoparticles onto two-dimensional supports like Si wafers [10, 11]. Understanding
how structure and composition of catalysts correlate with catalytic activity and selectivity
requires ensembles of nanoparticles that have monodisperse size, shape, and composition
distributions. Achieving monodispersity in size and composition is challenging when creating
nanoparticles with incipient impregnation methods used in industry (i.e., reducing the metal
precursors directly onto a mesoporous or microporous supports like silica or alumina) due to
uncontrolled mixing of the precursors at the liquid-solid interface, or from sequential reduction
of multiple elements. However, an alternative synthesis approach that provides control over

nanoparticle size and composition is inorganic colloidal synthesis [12, 13].

In this work, we use Ambient Pressure X-ray Photoelectron Spectroscopy (APXPS) [14, 15] to
monitor the chemical composition and electronic environment of well-defined, colloidally-
prepared PtSn nanoparticle catalysts under various gas atmospheres. PtSn catalysts exhibit
dynamic segregation with an intermixed Pt-Sn phase under reducing conditions and separated
metallic Pt and oxidic Sn domains under CO oxidation reaction atmospheres. By intentionally
poisoning the Pt surface sites with CO, we show that the enhanced activity displayed by PtSn
catalysts is due to the presence of Sn, which allows for O, adsorption and dissociation and a
Pt/Sn-oxide interface where SnO is reduced by CO. An alternative and more facile reaction
mechanism at the interface is confirmed by measurements of the effective activation barriers and

reaction rate dependencies with respect to O, and CO.
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6.2 Experimental methods and materials

6.2.1 Materials. Hexachloroplatinic acid (H,PtCls-6H,0, 99%), tin chloride (SnCl,, 98%), tin(II)
acetate (Sn(C,H30,),, 99%), poly(vinylpyrrolidone) (PVP, MW = 29,000/55,000 amu), ethylene
glycol (reagent grade), hydrochloric acid (HCI, 2 M), sodium hydroxide (NaOH, 99.9 %),
sodium borohydride (NaBH4, 99.9 %), acetone (99 %), tetraorthosilicate (99.9%), and
ammonium hydroxide (99.9%) were manufactured by Sigma Aldrich. 1,5-pentanediol (95%),
ethanol (100 %), and hexane (99.9 %) were manufactured by Fluka, KOPTEC, and BDH,
respectively. Oxygen (5.0 UHP), carbon monoxide (5.0 UHP), and helium were purchased from
Praxair. Polished Si(100) wafers were purchased from Addison Engineering. To minimize Fe or
Ni carbonyls in the reactant gases, CO was stored in an Al cylinder and was passed through Cu

tubing heated to 300 "C immediately before the reactor inlet.

6.2.2 Nanoparticle synthesis. Pt, PtSn, and Sn nanoparticles were prepared using inorganic
colloidal methods as described previously with a PVP capping ligand [10, 16, 17]. The syntheses
can be conducted using different initial amounts of precursors as long as the relative ratios
remain constant. Polyhedral platinum nanoparticles of 2 nm average diameter were prepared by
mixing 10 mL of ethylene glycol, 100 mg of H,PtCls-6H,0 (1.9 x 10~* mol) and 5 mL of a 0.5
M NaOH solution (0.1 g) in a 25 mL three-neck round bottom flask. The flask was sealed with
septa and the residual air atmosphere was evacuated by three cycles of vacuum pumping
followed by an Ar purge. The synthesis was conducted at 160 “C with vigorous stirring in Ar
flow for 2 h. After the colloid returned to room temperature, 20.3 mg of PVP (0.18 mol) was
added followed by vigorous stirring for 20 min. Finally, 100 mL of acetone was added to the

solution and the particles were precipitated by centrifugation at 4000 rpm (VWR Clinical 50) for
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~10 min. Further washing with ethanol and hexane was performed three times to remove residual
molecular fragments from the particle surface. These nanoparticles, as well as the PtSn and Sn
nanopoarticles were stored in ethanol under refrigeration before their use in kinetic and

spectroscopic studies.

Polyhedral PtSn nanoparticles of 2.2 nm average diameter were prepared by mixing 10 mL of
ethylene glycol, 28 mg of H,PtCls:6H,0 (7 x 107> mol), 13 mg of SnCl, (7 x 10” mol), and 111
mg of PVP (1 x 10” mol) in a 25 mL three-neck round bottom flask. The synthesis was
conducted at 160 °C with vigorous stirring in Ar flow for 2 h. After the colloid returned to room
temperature, 40 mL of acetone was added to the solution and the particles were precipitated by

centrifugation and washed with the same procedure used for the Pt nanoparticles.

To synthesize polyhedral Sn nanoparticles of 6 nm average diameter, 0.14 g of Sn(OAc), (6x10™*
mol) and 1.7 g of PVP (1.5 x 10 mol) were loaded into a 100 mL three-neck round bottom flask
in a glove box. After adding 20 mL of dried 1,5-pentanediol into the precursor solution, the flask
was evacuated by vacuum pumping followed by an Ar purge and heating to 100 °C with
vigorous stirring. A reducing agent, which was prepared by dissolving 0.23 g of NaBH, in 60
mL of dried 1,5-pentanediol, was quickly injected into the precursor solution and the reaction
was maintained at 100 °C for 15 min. After cooling to room temperature, acetone was added to
the solution and the nanoparticle solids were precipitated by centrifugation and washed with the

same procedure used for the Pt nanoparticles.
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Preparation of silica encapsulated Pt and PtSn nanoparticles for reaction studies. For the reaction
studies, the Pt and PtSn nanoparticle catalysts were encapsulated in a porous silica shell to
eliminate sintering during the long-term high-temperature experiments [18]. The nanoparticles
were encapsulated in a SiO, shell using a modified sonication-assisted Stober method with PVP
as a pore structuring agent [19, 20]. To prepare the shell surrounding the nanoparticles, a 50 pL
aliquot of the as-prepared colloid was mixed by sonication (Branson, 3510) with 15 mL of
ethanol in a 20 mL scintillation vial. While the mixture remained in the sonication bath, 2 = 1 pL
of TEOS was added (the total amount varied depending on the concentration of the nanoparticle
solution). Following ~ 30 s of continued sonication, 2.25 mL of NH3;OH was added drop wise
over a period of 5 min. The solution was left in the sonication bath for 2 h. The ~21 mL solution
of core-shell nanoparticles was washed with 21 mL of a 50:50 mixture of acetone and hexane

and was precipitated by centrifugation for 10 min.

6.2.3 Catalyst sample preparation (Langmuir-Blodgett film deposition). For kinetic and
spectroscopic studies, nanoparticles were supported on two-dimensional surfaces. The use of a
two-dimensional support differs from common catalytic studies that use high surface area
materials (e.g. silica, alumina, or carbon) as catalyst supports. Surface-sensitive X-ray
spectroscopy only probes the particles at the exterior of the high surface area three-dimensional
supports. For kinetic studies, SiO, encapsulated Pt or PtSn nanoparticles were deposited onto a
Si(100) wafer using a Langmuir-Blodgett trough (Kibron, MTX). For spectroscopic studies, the
Pt or PtSn nanoparticles were supported on Au-coated Si wafers. Both supports exhibited
negligible activity for CO oxidation. Before the Langmuir-Blodgett deposition, the Si surfaces

were exposed to strong oxidizers (e.g., piranha or NoChromix) to remove organic residues and
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make them hydrophilic (oxidizers hydroxylate the silica). Nanoparticles were dispersed in a
50:50 chloroform:ethanol mixture and deposited onto an ultrapure water subphase (18.2
MQ-cm). Following the evaporation of the solvent and equilibration of particles (30 — 60 min),
the two-dimensional layer of particles was compressed at a rate of 5 mm/min to create a close-
packed monolayer. When the monolayer of particles was compressed to a surface pressure in the
range of 30-35 mN/m, the substrates were withdrawn at a rate of 2 mm/min while maintaining a
constant pressure. Surface tension was monitored using Wilhelmy probe made of a Ptlr wire.
Following deposition, the core-shell nanoparticles supported on the wafers were calcined in a
tube furnace (Lindberg Blue M) at 350 °C in ambient conditions to remove the PVP capping
agent and create pores in the silica shell [18]. The samples were stored in ambient atmosphere

before use.

6.2.4 Morphological characterization. Nanoparticle morphology and size were examined using
a Transmission Electron Microscopy (TEM, JEOL 2100) operated at 200 kV. The nanoparticle
size was measured using ImagelJ v. 1.45s software (NIH). Particle size distributions were
obtained with > 300 particles. Nanoparticles were reclaimed from the silica wafers after heat
treatments and reactions by rinsing the Si wafer surface in ethanol and collecting the rinsing
agent. The dissolved nanoparticles were then precipitated by centrifugation, redispersed in

ethanol, and dropcast onto TEM grids for imaging.

Pt and PtSn catalysts had an average diameter of 2.1 + 0.4 and 2.2 + 0.4 nm, respectively. For the
CO oxidation reaction studies, the catalysts were encapsulated within inorganic porous silica

shells to provide sintering resistance during long-term high temperature studies. We did not
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encapsulate the catalysts for the spectroscopic studies, which were performed over relatively
shorter periods of time. The encapsulation is important to maintain catalyst morphology when
catalysts are supported on two-dimensional, flat, supports like Si (or silica) wafers. The nature of
the smooth support coupled with the size-dependent melting point depression of nanometer size
metals [21, 22] increases the rate of agglomeration. However, catalysts that are coated with
porous silica shells have thermal stability up to 700 °C [18]. We were able to obtain porous shells
that encapsulate multiple nanoparticles as shown in the Supplementary Information Figure S.6.1.
The encapsulated nanoparticles shown demonstrate the particle morphology and size
(monodispersity of the nanoparticles is displayed by nanoparticle size distributions shown in the
insets). Negligible changes in nanoparticle morphology were observed after multiple
treatment/reaction cycles at temperatures up to 350 °C. PtSn catalysts that were reclaimed after
many cycles of treatment and reaction cycles are shown in Figure S.6.1. The average particle size

of a sample of PtSn cores after performing reaction studies was 2.3 + 0.5 nm.

6.2.5 Chemical Characterization. Chemical characterization of the catalysts was performed
using lab-based and synchrotron-based XPS systems and Energy Dispersive Spectroscopy
(EDS). Lab-based PHI 5400 XPS system was used under ultra-high vacuum conditions with an
Al anode operated at 350 W. Samples were maintained at room temperature and 5 x 10™ Torr
vacuum during characterization. The synchrotron-based APXPS system at beamline 9.3.2 at the
Advanced Light Source was operated under ultrahigh vacuum (1 x 10® Torr), 100 mTorr H,
reducing conditions, and a reaction gas mixture of 100 mTorr CO and 40 mTorr O,. The sample
was heated to temperatures between 100 and 375 °C using a resistive heating element positioned

in contact with the sample [23]. To maintain similar penetration depths for Pt and Sn, we kept
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the kinetic energy constant for the Sn and Pt signals using photon energies of 320 and 740 eV,

respectively (unless otherwise noted).

Curve fitting of the Sn 3ds),, Pt 4f, and O 1s XPS spectra was performed using CasaXPS v.2.3.15
software. The binding energies in the spectra were calibrated using the Au 4f7), feature at a
binding energy of 84 eV [24]. The intensity of the Sn 3ds.,, Pt 4f, and O 1s spectra were
normalized by the Au 4f;, peak intensity at the constant photon energy to account for signal
attenuation due to X-ray absorption by ambient gases. During fitting, the position and full width
at half maximum (FWHM) of the Sn 3ds),, Pt 4f and O 1s features were held constant across
different gas environments with a unique FWHM value for each chemical state (c.f. Table

6.1); only the area was unconstrained. The Pt 4f orbitals were described by two features for each
hybrid state. We used a constant spin-orbit splitting value of 3.3 eV and a branching ratio of
0.75 for 5/2:7/2 states. The Sn 3ds), spectral features were fit using an asymmetric Lorentzian
distribution (LA(1.1, 1.7, 35)) and the Pt 4f and O 1s spectral features were fit using a sum of
Gaussian and Lorentzian distributions (SGL(35)) as performed by Jugnet et al.[4]. The spectra
were fit using a Shirley background. Relative sensitivity factors of 5.575, 4.725, and 0.71 were

used for the Pt 4f, Sn 3ds),, and O 1s spectra [25].

EDS measurements of ensembles of atoms were performed with an electron source operated at

120 kV on a Cu TEM grid (EDAX Si(L1) detector, Ametek, Inc).
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Table 6.1: Peak assignments and full width half maximum for Sn 3ds;,, Pt 4f, and O 1s X-ray

photoelectron spectroscopy features.

Sn 3d 52 Location (¢V) FWHM Pt 4f  Location (¢V) FWHM O 1s Location (¢V) FWHM
Sn’ 485.2 0.8 pt’ 70.8-71.1 0.9 SnOx 5304 1.4
Sn(Pt) 485.7 0.9 Pt(Sn) 71.4 0.9
sn*" 486.4 0.9 Pt-CO/O 72.5 1.6
sn*’ 487.3 13

6.2.6 Kinetic measurements. CO oxidation was performed in a 1 L stainless steel chamber that
was sealed with Conflat flanges and Cu or Viton gaskets. A mechanical rotary pump was used to
remove ambient gases before introducing the reactant gases. The pressure of the reactant gases
was monitored with a capacitance manometer pressure gauge (MKS Baratron). A metal bellows
recirculating pump (Senior Aerospace MB-21) was used to mix the gases within the chamber to
eliminate mass transfer issues. A pervasive problem encountered with studies of CO oxidation is
the local exotherms caused by the -284 kJ/mol thermodynamic energy difference between CO
and COx. The effects of temperature drift were minimized using a water-cooled heating manifold
in conjunction with the resistively-heated boronitride plate (Momentive) to support and heat the
catalyst sample. In addition, gas-phase dilution of the reactant gases with He provided efficient
conductive heat transfer away from the sample. The temperature of the sample was monitored
using a type-K thermocouple. The conversion of CO to CO, was monitored using a
differentially-pumped quadrupole mass spectrometer (QMS, Stanford Research Systems, RGA
200) with a turbomolecular pump to maintain vacuum pressures (Pfeiffer, TMU-260). The
reaction chamber was connected to the QMS via a 10 um ID by 1 m length silica capillary
(Restek), which yielded a pressure of 2 x 10 Torr in the QMS chamber with 760 Torr gas
pressure in the reactor. Activity measurements were performed under differential conditions, in

which conversion was < 10%.
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6.3 Results
6.3.1 CO oxidation reaction studies with Pt and PtSn nanoparticle catalysts
The kinetic behaviors for CO oxidation on Pt and PtSn nanoparticle catalysts were studied by

measuring the net effective activation barrier (AE,; ) and O, and CO reaction orders. In the

presence of gaseous CO at temperatures < 300 °C, Pt surfaces (and modified Pt surfaces) are
highly populated by chemisorbed CO. High CO occupancy inhibits dissociative adsorption of O,
at Pt sites [6, 26-28]. To determine the effects of Sn in the PtSn catalyst, we chose to
intentionally poison the Pt active sites using CO-rich reaction conditions (100 Torr CO and 40
Torr O,). With a high population of CO adsorbed on the surface, we correlate any changes

observed in the reaction mechanisms (determined from AE,,and O, reaction orders) to the

presence of Sn alone.

6.3.2 Effective activation barriers for CO oxidation
To compare the CO oxidation activity on the Pt and PtSn catalysts we use measurements of

AE,; rather than turnover frequencies (TOF). We do not provide TOF values because we have

not identified an appropriate method to count active sites on the PtSn catalysts, which we show

to be different than on pure Pt catalysts. To determine AE,, values on Pt and PtSn catalysts, the

rates of CO; formation () were measured as a function of temperature in the range of 200 to 300
°C and a gas mixture of 100 Torr CO, 40 Torr O,, and 630 Torr He. Arrhenius plots (In(7) versus
T™) for the Pt (red) and PtSn (blue) nanoparticle catalysts are shown in Figure 6.1(a). A straight
line indicates that mass-transfer limitations are negligible. The difference in slopes indicates

different AE,; values for the Pt and PtSn catalysts and different reaction mechanisms. The
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steeper slope observed with the Pt catalysts corresponds to an AE,; = 133 + 25 kJ/mol. This
value is in general agreement with the AE, . values previously reported for vapor-deposited Pt
catalysts on SiO, supports (110 kJ/mol) [29], nanoparticle catalysts encapsulated in SiO, (115

kJ/mol),[18] and Pt single crystals (140 kJ/mol) [30]. In comparison, PtSn catalysts promote the

CO oxidation reaction with an AEeﬁ pisn = 39.7 £ 4 kJ/mol. This value is consistent with

AE

o7 prsn Observed from thermal induced desorption on a Pt3Sn(111)-(2x2) single crystal (30.4

kJ/mol) [2] and ~3.8 nm Pt;Sn nanoparticle catalysts supported on Al,O3 (31 kJ/mol) [31]. The
difference in activation barriers correlates with the increased activity observed previously with

PtSn catalysts [1, 2, 6, 32-35].
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Figure 6.1: (a) Arrhenius plot for CO; formation on 2 nm Pt (red) and 2 nm PtSn (blue)
nanoparticle catalysts. The reaction rates were determined between 200 and 300 °C. (b) Plot of

the In(CO; formation rate) versus In(Po,) yields the reaction order in O for 2 nm Pt (red) and 2

nm PtSn (blue) catalysts.

6.3.3 Kinetic reaction orders for O, and CO for CO; production
The kinetic reaction orders for CO and O, with respect to the rate of CO, formation were
determined at 260 “C. The kinetic reaction order for O; on the Pt (n0,,pt) and PtSn (70,,ptsn)
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catalysts were obtained in 100 Torr CO, partial pressures of O, (Po,) in the range of 20 < Py,
<100 Torr, and 660 Torr of He. During these experiments the total pressure increased above 1
atm; however, we found that the reaction is zero-order in total pressure, which is in agreement
with Berlowitz et al.[36]. The values of no, p and 1o, pisa Were determined from the slopes given
by a In(r)-In(Po,) relationship as shown in Figure 6.1(b) for the Pt (red) and PtSn (blue) catalysts.
The relative rates for each catalyst shown in the figure are dependent on the number of catalytic
active sites. Since, the number of active sites was not measured as discussed above, the rates
should not be compared directly. The Pt catalysts exhibit a no,p = 1.06 + 0.18, which is
consistent with previous reports [29, 31, 36-38]. A first-order dependence in O, is consistent
with a reaction mechanism that is controlled by O, adsorption before dissociation or molecular
O adsorption. Dissociation is not the rate-limiting step because two sites are required and 7o,

would be equal to 0.5.

On the PtSn nanoparticle catalysts we observed a variation in no, pisa as a function of Po,. When
Po, <40 Torr, no,pisn = 1.04 £ 0.08; which is consistent with the behavior observed with the Pt
catalysts. When Po, > 40 Torr, 1o, psa transitions to a value of zero. The reaction exhibits zero-
order dependence in O, with increasing Po,. We also observed a discontinuous increase in the
rate at Po, = 70 Torr as the pressure was increased. This repeatable phenomenon may be related

to a change in the surface structure of the catalyst; however, we did not pursue further
investigations. The transition from first- to zero-order dependence suggests that the rate-limiting
step is not O, adsorption, but instead a chemical process that occurs on the catalyst since
adsorption processes are rarely zero-order. The behavior can occur when the concentration of a

given species starts low and becomes sufficiently large that it remains unchanged as the reaction
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proceeds. Thus, in contrast to the pure Pt catalysts that are rate-limited by O, adsorption when it
is poisoned by CO, the zero-order dependence on the PtSn catalyst is consistent with a reaction
mechanism that is not inhibited by CO. In other words, Sn is a likely active center for O,
adsorption and dissociation. A system consisting of Pt catalysts deposited onto a SnO, support

was also found to have zero-order dependence in O, [39].

The kinetic reaction order for CO on Pt (n¢opt) and PtSn (ncopisn) catalysts were also obtained
(c.f. Figure S.6.2, Supporting information). Both catalysts exhibited nearly identical behaviors,
which confirm that CO is interacting primarily with Pt active sites and Sn does not alter CO

adsorption significantly.

Chemical states and composition of 2 nm PtSn nanoparticles under reaction conditions

To determine the chemical states and composition of the PtSn catalyst surface during reducing
pre- and post-treatments and the active state on the catalyst surface during CO oxidation we used
in situ APXPS studies. The structure and surface composition of a catalyst often changes when
exposed to different gas atmospheres during pre- and post-treatments and reaction conditions [7-
9,40, 41]. A mutable catalyst surface can positively affect a reaction by providing a new and
more facile reaction pathway or negatively affect a reaction by forming a core-shell structure that
encapsulates one element in a binary nanoparticle. In some catalytic systems, surface structures
existing after pre-treatment procedures degrade under reaction conditions [42]. In other cases, the
phase of a catalyst that provides superior catalytic activity forms only under reaction conditions.
In this work, we found that the active phase of 2 nm PtSn nanoparticle catalysts was formed

under reaction conditions. When exposed to a fully reducing atmosphere, the surface exhibited a
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Pt-Sn intermixed phase. However, during reaction conditions, the surface was comprised of
metallic Pt and Sn-oxide domains that shared an interface at the surface of the nanoparticle.

The chemical states of Pt and Sn in the PtSn nanoparticle catalysts supported on a Si wafer were
monitored during heat treatment in vacuum, pre-treatment reduction in H,, CO and O, reaction
conditions, and post-treatment reduction in H,. The chemical environment of the Sn in the PtSn
nanoparticle catalysts was determined by monitoring photoemission of Sn 3ds/, core-level
electrons using a photon energy, 4v = 740 eV, which provides a kinetic energy for the
photoelectrons of ~250 eV and an inelastic mean free path of 7 A in a pure Sn environment [43].
The chemical environment of Pt was identified by monitoring photoemission of Pt 4f core-level
electrons using v =320 eV (to match the kinetic energy and probing depth used for the Sn). We
also measured the chemical environment of O by monitoring photoemission of O 1s core-level

electrons using v = 740 eV.

Following a heat-treatment to 356 °C in vacuum and a reducing pre-treatment at 370 °C in 100
mTorr of Hy, the 2 nm PtSn nanoparticle surface was comprised of both Pt and Sn atoms. The Sn
3ds, (variations of blue) and Pt 4f doublet spectra (variations of green) measured during the
reducing pre-treatment are shown in Figure 6.2(a). The near surface composition of Pt and Sn in
the PtSn nanoparticles determined from these spectra was 54 % Pt and 46 % Sn. These values are

in agreement with the EDS results.
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Figure 6.2: In situ Sn 3ds), (variations of blue) and Pt 4f (variations of green) ambient pressure
X-ray photoelectron spectra for 2 nm PtSn nanoparticle catalysts during (a) pre-treatment
reduction in 100 mTorr H; at 370 °C, (b) reaction conditions with 100 mTorr CO and 40 mTorr
0O, at 200 °C, (c) reaction conditions with 100 mTorr CO and 40 mTorr O, at 275 °C, and (d)
post-treatment in 100 mTorr H, at 360 “C. The Sn 3ds; spectra are deconvoluted into peaks
assigned to metallic Sn (Sn’), Sn in a Pt environment (Sn™), Sn*", and a Sn*" oxide state at
485.2, 485.8, 486.4 and 487.3 eV, respectively. The Pt 4f spectra are deconvoluted into peaks
assigned to metallic Pt (Pt°), Pt in a Sn environment (Pt®"), and a feature that possibly includes
Pt bound to chemisorbed CO, O, and Pt-carbonyl from the capping agent (Pt-CO/O) at 70.8,
71.4, and 72.5 eV. The spectra indicate that PtSn catalysts segregate into Sn*" and Pt” domains

under reaction conditions from an intermixed Pt and Sn domain under H, reducing conditions.
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The Sn core-level spectrum under reducing pre-treatment conditions (Figure 6.2(a)) exhibits
three distinct chemical states. The spectrum is deconvoluted into features assigned to metallic Sn
(Sno), Sn in a Pt environment (Sn(Pt)), and a Sn*" oxide state at 485.2, 485.8, and 487.3 eV,
respectively. The peak locations and FWHM of all core-level features described herein are
presented in Table 6.1. The two metallic features reside within the previously reported range of
binding energies of 484.7 — 485.8 ¢V [1, 4, 44-47]. The positive core-level shift of the Sn™”
feature with respect to the location of Sn’ is consistent with electron exchange between the Pt
and Sn atoms in an alloy environment [1, 5, 45, 48]. Regions of alloyed Sn with Pt and isolated
domains of the elements are possible with colloidally-synthesized binary metal nanoparticles,
which grow inhomogeneously due to different redox potentials of the elements and the
statistically random nature of atomic attachment to the metal seed during the growth stage [49].
The Sn*" core-level shift exceeds previous reports for bulk SnO, by 0.6 eV [1, 50]. The binding
energy shift is likely a property of the nanoparticle’s dimensions [24, 51, 52]. A Sn*" state, which
has a photoemission feature at 486.4 eV, is not present under these reducing conditions.
However, prior to pretreatment, the PtSn nanoparticles exhibited Sn°, Sn®, Sn** and Sn**
chemical states. XPS spectra of the Sn 3ds/, core-level electrons over the course of an hour and
temperatures of 200 — 370 °C in vacuum — prior to exposure to the H, atmosphere — and the
progression of the Sn’, Sn(Pt), Sn*’, and Sn*" states during the treatment are shown in Figure S.6.4
and S.6.5 in the Supporting Information, respectively. As the PtSn nanoparticles were heated in
vacuum to 356 °C, the concentration of oxide features diminished at the benefit of the Sn” and
Sn® components. While Sn** remained following treatment, the Sn*" was completely reduced.
The Pt 417, orbital spectra is deconvoluted into two features for each hybrid state: Pt in a Sn

environment (Pt®") located at 71.4 eV, which complements the Sn*" feature and a relatively
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broad feature at 72.5 eV that possibly includes Pt bound to chemisorbed CO, O, and Pt-carbonyl
from the polyvinylpyrrolidone (PVP) capping agent (Pt-CO/O) [4, 26]. A shift of the Pt core-
level electrons in X-ray absorption studies (i.e., whiteline position) has also been observed in the
presence of Sn for Pt,Sn alloy nanoparticle catalysts [53]. The combination feature at 72.5 eV
does not include Pt oxides, which exhibit a Pty core-level feature that appears above 73 eV [6,
26, 53, 54]. Matching Pt 4fs/, hybrid orbital features are shown with a spacing of 3.3 eV above

the Pt 417, orbital.

The chemical states of O during reducing and reaction environments are shown by
photoemission of O 1s core-level electrons in the XPS spectra in Figure S.6.6 of the Supporting
Information. The O 1s spectrum shows no indication of O in Sn-oxide during reducing pre-

treatments.

As a reference for the different chemical states of Pt, Sn, and O, we characterized nanoparticles
of pure Pt, pure Sn, and PtSn ex-sifu under vacuum conditions using a lab-based XPS system. A
comparison of the Pt 4f, Sn 3ds/; and Ols spectra for the three nanoparticles after a reduction
treatment at 350 °C in 1 atm of H; and transfer through ambient conditions to the analysis

chamber are shown in Figure S.6.2 of the Supporting Information.

The active phase of the PtSn catalysts under a reaction atmosphere of 100 mTorr CO and 40
mTorr O; at 200 °C is shown in Figure 6.2(b). The gas phase ratio used in the APXPS studies
matches the gas ratio used in the kinetic studies with excess CO to poison the Pt sites. Two

changes occurred in the Sn and Pt XPS spectra with respect to the chemical states during
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reducing atmospheres: (1) a Sn** feature located at 486.4 eV appeared at the expense of Sn™"

and Sn” and (2) a feature at 70.8 eV corresponding to Pt” that is not near Sn atoms increased at
the expense of Pt®" and Pt-CO/O. The Pt° feature is located 0.6 ¢V lower than the Pt(Sn) feature
and is consistent with the binding energy of bulk metallic Pt [26]. Continuing with a gaseous
atmosphere of 100 mTorr CO and 40 mTorr O, at a higher temperature of 275 °C, the proportion

®Y and

of Sn*" and Pt’ increased further. The formation of Sn>* and Pt” at the expense of the Sn
Pt®" intermixed domain indicates atomic segregation in the CO:0, reaction environment to form
an active phase composed of Sn-oxide and metallic Pt islands. The O 1s spectrum shown in the

Supporting Information also exhibits an XPS feature that is consistent with oxidized Sn (Figure

S.6.6).

The formation of separate Pt’ and Sn-oxide domains was found to be reversible. The Sn 3ds, and
Pt 4f spectra during post-treatment in 100 mTorr H; at 360 °C is shown in Figure 6.2(d). Again,
the dominant features in the Sn 3ds, spectra comprise Sn’, Sn(Pt), and Sn*", while the dominant
features in the Pt 4f spectra comprise Pt®" and Pt-CO/O. Comparison of the Sn 3ds/, and Pt 4f
spectra during pre-treatment and post-treatment indicates that re-reducing the catalyst following
the reaction prompted the Pt and Sn atoms to return to the physically-mixed, metallic state that
was measured prior to performing the reaction. A minority amount of Sn** remained on the
surface during the post-treatment reduction; however, the trends observed of the course of the
post-treatment suggest that the Sn*" will diminish completely. The XPS spectra over the course
of the post-treatment and the progression of the Sn°’, Sn®™, Sn**, and Sn*" states are shown in

Figure S.6.7 and S.6.8 of the Supporting Information, respectively.
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The progression of Sn”, Sn™, and Sn** and Pt’ and Pt®” from pre-treatment, reaction, and post-
treatment conditions is shown in Figure 6.3(a) and (b) for the Sn and Pt species, respectively.
Neither Sn*" nor Pt-CO/O compositions are shown in the figures because the chemical states
exhibit negligible change when switching atmospheres. The two panels display a correlation
between the Sn(Pt), Sn’, and Pt®" states and a correlation between the Sn*" and Pt’ states. That is,
the concentration of the intermixed domains decreases under reaction conditions and metallic Pt
and Sn-oxide domains increase. Under reaction conditions at 275 °C, the concentration of Sn*"

reached ~82% with negligible Sn’ while the Sn® state endured. The presence of the intermixed

features indicates the existence of an interface between the Pt and Sn. The presence of the Pt®"
also indicates that an interface is present. The reemergence of Pt® and Sn™" states during post-
treatment also suggests that there is an interface present between two domains. Sn*” and Pt®"

likely originate from Sn*" that is reduced at the interface with Pt; whereas, Sn” is formed from

the Sn>" atoms that are located in the interior of the domains or in the subsurface/bulk of the

nanoparticle.
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Figure 6.3: Progression of the different chemical environments of (a) Sn and (b) Pt in the 2 nm
PtSn nanoparticle catalysts when transitioning from pre-treatment, reaction, and post-treatment

conditions. The trends for Sn’, Sn(Pt), Sn*", Pt” and Pt(Sn) correspond to features in the ambient
p
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pressure X-ray photoelectron spectra in Figure 6.2. Under H, reducing conditions, Sn’, Sn(Pt),
and Pt(Sn) are the dominant chemical states. During CO oxidation, the dominant chemical states
are Sn*" and Pt”. The dynamic behavior suggests that the elements migrate to form

distinguishable domains and the reaction occurs at a Pt/Sn-oxide interface.

Following the first pre-treatment, Sn*" was observed with a composition of ~15% relative to all
Sn species regardless of the gas atmosphere and temperature. The fact that Sn*" does not
increase in content (not shown) suggests that nanoparticles remain as in a single composite
matrix rather than separate into isolated nanoparticles as was shown by Uemera et al.[53]. While
the seemingly obvious location of the active Sn phase is located at the catalyst surface, there
have been suggestions that Sn* (i.e., SnO) is located in the subsurface, while Sn*" (i.e., SnO,
populates the surface) [1]. This is consistent with SnO; phases having a lower surface free
energy than the partially and fully reduced components [55]. To assess the location of the
different Sn phases, we adjusted the kinetic energy of the synchrotron radiation to vary the
probing depth. Figure 6.4 shows the Sn 3ds/, spectra following the post-treatment in H, with Av =
560 and 740 eV. The kinetic energy gives an effective probing depth of 4 versus 7 A for Sn
atoms in a pure Sn environment. Comparison of the intensities of the Sn*" and Sn*" in the two
spectra indicates that the top surface layer is predominately composed of Sn** even after

reduction treatment and the subsurface contains the Sn**, Sn” and Sn®” phases.
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Figure 6.4: In situ Sn 3ds;, ambient pressure X-ray photoelectron spectra of PtSn nanoparticle
catalysts during the post-reduction treatment at different photon kinetic energies. (a) The top
surface layer is probed exclusively with a photon energy of 560 eV, whereas (b) the surface and
subsurface are probed with a photon energy of 740 eV. The spectra indicate that the top surface

layer is dominated by a Sn*" state and the subsurface atomic layers are composed of Sn” and

Sn'®! states, which are likely converted to Sn*" under reaction conditions

6.4 Discussion

The catalytic benefits of Sn when added to Pt catalysts for CO oxidation have been described by
changes in the binding of CO and O to the catalyst surface. Both spectroscopic measurements
and theoretical predications on Pt3Sn(111) alloy single crystal surfaces have indicated that Sn
shifts the d-band of Pt away from the Fermi level, and thus reduces the adsorption strength of CO
on Pt (i.e., electronic ligand effects) [5, 48, 56]. Reducing the binding strength of CO promotes
desorption at lower temperatures and allows for O, adsorption; that is, the alloy reduces the
effects of CO inhibition over the net oxidation rate. PtSn hollow adsorption sites on Pt;Sn(111)
alloy single crystal surfaces were also proposed to be influential in the reaction. The hollow sites

were proposed to have a lower activation barrier for O, adsorption and dissociation in the

139



presence of CO (i.e., ensemble effects) [4]. Enhanced CO oxidation at the interface between Pt
(with adsorbed CO) and Sn (with adsorbed O) has also been proposed using Pt supported on Sn-
oxide and inverse catalysts of Sn-oxides supported on Pt single crystals [1, 3, 39, 57, 58]. Our
results using real PtSn nanoparticle catalysts also indicate that a reaction at a metal/metal-oxide

interface is responsible for the high activity.

The spectroscopic results presented herein confirm that Pt and Sn are mobile within the
nanoparticle and diffuse to form separate domains on the nanoparticle surface. The facile
formation of isolated and intermixed domains suggests that Pt and Sn do not completely phase
separate to form isolated nanoparticles. This behavior, which yields SnO,, has been shown to
occur under oxidizing conditions at temperatures above 350 “C [53]. As we determined when
measuring the reference spectra, pure Sn is not readily reduced back to the lower oxidation states
of Sn. Therefore, the reversible nature suggests that the atoms remain together intact within a
single nanoparticle composite. Under reducing conditions, the Pt and Sn atoms diffuse together
to form a mixed phase, which was identified by the positive core-level shift in the XPS spectra.
During CO oxidation, the spectroscopic signatures of intermixed Sn and Pt atoms disappeared at
the expense of metallic Pt and oxidic Sn. In this picture, adsorbed CO resides on Pt domains,
while O resides on or in the bulk of Sn domains. An illustration of the physical changes at the
surface of 2 nm PtSn nanoparticle catalysts is shown in Figure 6.5 with gray and orange atoms
representing the Pt and Sn*", respectively, in (a) reducing and (b) reaction conditions. The

illustration does not distinguish between different oxidation states of Sn.
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Atomic restructuring of 2 nm PtSn nanoparticle

(b)
@Pt
oSnx+

H, «—Atmosphere—> CO:0,
Intermixed Pt and Sn Isolated domains
Reducing conditions Reaction conditions

Figure 6.5: Illustration of the segregation behavior between (a) intermixed Pt and Sn domains
(reducing conditions) and (b) Pt and Sn-oxide domains (reaction conditions) for a 2 nm PtSn
nanoparticle. Pt and Sn atoms are grey and orange, respectively. The illustration does not

distinguish between different chemical states of Pt and Sn.

The kinetic results corroborate the concept of different CO and O adsorption sites. In contrast to
the first-order dependence observed for O, on the Pt catalysts, a zero-order dependence in O,
was observed for the PtSn catalyst. Pure Sn single crystals readily dissociate O at room
temperature to form chemisorbed surface Sn oxide with negligible activation barrier [59, 60]. O
also diffuses into the subsurface and bulk of Sn with low activation barriers (< 30 kJ/mol) [45,
59-61]. Thus, the zero-order dependence in O, for CO, formation on the PtSn nanoparticle
catalyst is related to the high concentration of O adsorbed on/within the Sn domains of the

nanoparticle.

The active Sn-oxide phase or the Sn species being reduced remain under debate. Some reports
argue that SnO, is the active state of the catalyst given the high concentration of the Sn*"

oxidation state observed during ex-situ studies [3, 33]. We have also shown that the topmost
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surface is composed of predominately Sn*" species during the post-treatment reduction treatment.
Others have argued that SnO is the active phase, including a recent study on a Pt3Sn(111) single
crystal that monitored the surface chemistry using APXPS [1, 4]. The predominance of Sn**
observed under reaction conditions in our study confirms that Sn*" must be the active phase of
Sn on PtSn nanoparticle catalysts. Under reaction conditions, the dominant Sn*" species was
accompanied by a small amount of Sn*" (~15%) that remained relatively constant at the two
temperatures and with the post-treatment reduction. By varying the penetration depth of the
synchrotron radiation, we determined that Sn*" was located on the top surface layer and the
subsurface/near-surface region and Pt/Sn interface was composed of the remaining three Sn

phases, which were converted completely to Sn** under reaction conditions.

Our results suggest a distinct reaction mechanism for CO oxidation occurs at the Pt/Sn interface
on the PtSn catalysts as illustrated in Figure 6.6. In the depiction, a Pt-Sn interface is already
formed. CO adsorbs only on the Pt domains and hinders O occupation; and thus, O adsorbs only
on Sn domains. When the catalyst is exposed to reducing atmospheres (e.g., CO) the Sn domains
have metallic Sn located in the subsurface/bulk with a Sn** topmost layer (Figure 6.6(a)). When
the catalyst is exposed to CO and O, (Figure 6.6(b)), O, dissociates on the surface of the Sn
domains and transports into the bulk of the domain to form Sn*" chemical states (e.g., SnO) [45].
Formation of subsurface and bulk Sn-oxides has been shown previously on PtSn alloy and Sn
single crystal surfaces [45, 59, 60]. The likely mechanism for CO oxidation involves a redox
shuttle at the interface of Pt and Sn with concerted renewal of O (Figure 6.6(c) and (d)). There
are two possible Sn redox couples: Sn*"-Sn** or Sn**-Sn’. Previous reports have shown that CO

will not reduce SnO; [1, 6, 53, 56, 62] or a surface composed of 1 ML of SnO, deposited onto a
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Pt(111) single crystal [1]. Moreover, our observation that SnO, will not completely reduce under
a H, environment, even though H; has much higher reduction potential than CO. This indicates
that a Sn**-Sn*" redox couple is unlikely. Rather, CO reduces SnO (Sn>"-Sn” redox couple) that
is located at the Pt/Sn interface with concerted renewal of O from a Sn>” subsurface reservoir

(Figure 6.6(d)).

CO oxidation on 2 nm
PtSn nanoparticle catalysts
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Figure 6.6: Proposed mechanistic scheme for CO oxidation on 2 nm PtSn nanoparticles. Pt and

()

(d)

Replenish CO
and O

CO o

Sn domains form an interface that exists at the nanoparticle surface under reaction conditions.
CO is adsorbed only on Pt domains (a). The Sn domain is covered by a Sn*" layer. When O, is
added to the gas mixture, Sn’/Sn(Pt) in the subsurface converts to Sn*" (b). CO, is formed at the
interface of Sn-oxide and Pt domains whereby CO from Pt reduces a Sn*"-Sn” redox couple (c)

and the Sn site is replenished by O from the subsurface reservoir (d).

143



6.5 Conclusions

PtSn catalysts provide an alternative and more facile reaction pathway for CO oxidation in
comparison to pure Pt catalysts. We show that the kinetic mechanism of CO oxidation on PtSn
catalysts is not limited by O, adsorption as observed on pure Pt catalysts. Instead, the PtSn
catalyst is highly populated by O on the surface and subsurface regions of Sn. Ambient-pressure
X-ray photoelectron spectroscopy measurements of monodisperse PtSn nanoparticle catalysts
showed that Pt and Sn atoms are mobile. The PtSn nanoparticles transform from intermixed Pt
and Sn domains to metallic Pt and oxidic Sn domains during CO oxidation. While pure Pt
catalysts displayed a reaction mechanism with an activation barrier of 133 kJ/mol, the PtSn
catalysts displayed a reaction mechanism with an activation barrier of 35 kJ/mol. By
intentionally poisoning the Pt sites with CO, we revealed that the low activation barrier was due
to a redox reaction (Sn*"-Sn” redox couple) that occurred at the interface of Pt and Sn-oxide
domains. We determined that the dominant chemical species of Sn was the partially oxidized
Sn*" rather than the fully oxidized Sn*". However, by adjusting the kinetic energy of the
synchrotron radiation, we showed that the surface of the Sn domains is covered by a layer of
Sn*". The high mobility of Pt and Sn in the nanoparticles and the reversibility of the chemical
state with changing atmospheres make this catalytic system difficult to study using ex-situ
methods. The key to understanding the active phase of a catalyst is measuring the atomic level

properties under reaction conditions.
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Supplement to Chapter 6

Morphology of Pt and PtSn nanoparticles

Pt and PtSn nanoparticles that were encapsulated in a porous SiO; shell were imaged using a

transmission electron microscope prior to treatment. Images shown in Figure S.6.1(a) and (b)

indicate the Pt and PtSn nanoparticles (black dots), respectively. The alloy nanoparticles cannot

be differentiated from pure Pt nanoparticles using this technique. The inset shows the particle

size histograms for the particles measured, which indicates a ~2 nm average particle size for both

Pt and PtSn catalysts. The SiO, shell inhibits sintering of the PtSn nanoparticles (also for Pt, but

not shown). An image of the PtSn nanoparticles that were reclaimed after calcination and

reaction procedures is shown with a histogram in Figure S.6.1(c).
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Figure S.6.1: Colloidally prepared Pt nanoparticles. The nanoparticles shown are encapsulated

in a porous silica shell to inhibit nanoparticle sintering during heat treatments. (b) Colloidally

prepared PtSn nanoparticles encapsulated in silica. (c) PtSn nanoparticles after treatment and

reaction studies. The nanoparticle morphology is maintained. Histogram insets show the average

and deviation of the particle size in nanometers.
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Reaction order in CO for CO; formation

The rate of CO, formation versus Pco is shown in Figure S.6.2 for the Pt (red) and PtSn (blue)
catalysts. At Pco <40 Torr, the nco pt and nco pisn determined from the slope of a In-In plot is ~8.
Apparent reaction orders > 8§ are often related to mass transfer limitations in the gas phase [1]. In
this experiment, the Pt and PtSn catalysts are initially covered with O. When CO molecules
approach the O-covered Pt surface, the reaction proceeds rapidly and leaves a near surface gas
boundary layer that is starved of CO. In addition, when CO, is formed two sites become
available for further CO adsorption. This autocatalytic behavior has also been observed to
provide reaction orders that are much greater (and lower) than expected for an elementary
reaction step.[2] When Pco > 40 Torr, the reaction rate reaches a maximum and further increase
in Pco causes 7 to decline because CO blocks Pt sites. At this Pco, the O adsorbed on the surface
was likely displaced by CO. For the Pt catalysts, we determined a ncopi = -3.5 in the pressure
range 40 < Pco < 65 Torr and a nco pt = -1 in the pressure range of 65 < Pco < 100 Torr. A
reaction order < -2 was suggested for autocatalytic reactions and growth and mutual inhibition
processes [2]. A negative first-order behavior in CO is in agreement with previous reports, which
point to CO inhibition of O, adsorption and CO, formation [3-7]. The PtSn catalysts exhibit a
ncopisn = -1.5 in the pressure range of 40 < Pco < 100 Torr. This value suggests a complex
reaction network involving CO, but there is an overall inhibition effect. We expect that the Pt
surface is still active for O, adsorption and CO continues to inhibit O, adsorption in the same

manner as predicted on the pure Pt catalysts.
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Figure S.6.2: Plot of the In(CO, formation rate) vs In(Pco) gives reaction order in CO for Pt and

PtSn catalysts.

In vacuo X-ray photoelectron spectroscopy of pure Sn and Pt nanoparticles as reference to
PtSn

The different chemical states of Pt, Sn, and O were characterized for pure Pt, pure Sn, and PtSn
nanoparticles ex-situ under vacuum conditions using a lab-based XPS system. A comparison of
the Pt 4f, Sn 3ds,; and Ols spectra for the three nanoparticles after a reduction treatment at 350
°Cin 1 atm of H; and transfer through ambient conditions to the analysis chamber are shown in

Figure S.6.3.

For each nanoparticle system, both oxygen and carbon were observed on the surface; however,
since the carbon signal was similar across the nanoparticles, we do not display the spectra. The
Pt 4f doublet (variations of green), Sn 3ds), (variations of blue), and O 1s (variations of magenta)
core-level photoemission spectra taken in vacuo at room temperature are shown in Figure S.6.3.

The spectra are organized horizontally by nanoparticle type with Pt ((a) Pt 4f and (b) Ols), PtSn
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((c) Pt 4f, (d) Sn 3ds/; and (e) Ols), and Sn (Sn 3ds., (f) and Ols (g)) nanoparticles. All
nanoparticle samples were treated ex situ in H, for 20 minutes at 325 °C in a tube furnace. The
XPS spectra were obtained using an Al Ko X-ray source with a photon energy, hv = 1486.6 eV.
The binding energies were calibrated using the Au 417, feature (from the substrate) at a binding

energy of 84 eV [8].

Pure Pt nanoparticles

The XPS spectra in Figures S.6.3(a) and (b) display the chemical states of Pt and O, respectively,
on the Pt nanoparticles. The Pt 4f orbitals are described by two features (for each hybrid state).
For all datasets, we used a constant spin-orbit splitting value of 3.3 eV, a branching ratio of 0.75
for 5/2:7/2 states, and a unique full width at half maximum (FWHM) value for each chemical
state. The dominant core-level feature in the Pt 4f spectra is located at 70.8 eV and is assigned to
metallic Pt (Pt°).[9] The peak locations and FWHM of all core-level features described herein are
presented in Table 1. The other feature in the Pt 4f spectra is located at 72.5 eV. We assign this
relatively broad feature to a combination of states including Pt bound to chemisorbed CO, O, and
Pt-carbonyl from the polyvinylpyrrolidone (PVP) capping agent (Pt-CO/O).[9, 10] The feature
does not include Pt oxides, which exhibit a Pt;,; core-level feature that appears above 73 eV [5, 9,

11, 12].

The O 1s orbitals are described by two features at 531.4 and 532.8 eV. The origin of these peaks

is uncertain and we do not attempt to make definitive assignments. Nonetheless, they may be

related to the carbonyl group of the PVP capping agent.
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Pure Sn nanoparticles

The XPS spectra in Figures S.6.3(f) and (g) display the chemical states of Sn and O, respectively,
in the Sn nanoparticles. The Sn 3ds, orbital is described by two oxidic states (Sn*"and Sn*") and
a metallic state (Sn”). The major feature in the spectrum at 487.3 eV corresponds to a Sn*" oxide
state. The Sn*" feature is located 0.9 eV below the Sn*" feature, which is in general agreement
with previous reports [10, 13-17]. The small feature at 485.2 eV is assigned to metallic Sn (Sn”)
and resides within the previously reported range of binding energies of 484.7 — 485.8 eV [10, 13-
17]. While this feature is small in the reference sample, it becomes significant after higher
temperature reduction treatments. The locations of these features are shifted to higher energies
than reported previously for bulk Sn oxides [14, 18]. The shift is likely a property of the
nanoparticle’s dimensions [8, 19, 20]. The composition of the nanoparticles comprises 75 %

Sn0,, 22% SnO, and 4% Sn’.

The O Is signal from the Sn surface required an additional feature compared to the Pt
nanoparticles. Features appear at 530.1 eV, 531.7eV, and 533.0 eV. We assign the feature at
530.1 eV to O in a SnOy environment, which is consistent to previous reports [10, 13-17]. The

other two features likely have similar origins as the features observed on Pt.

Comparison to the PtSn nanoparticles

The XPS spectra in Figures S.6.3(¢c), (d), and (e) display the chemical states of Pt, Sn, and O,
respectively, on the PtSn nanoparticles. The Pt, Sn, and O spectra each have features that were
observed on the reference samples that reflect Sn’, Sn-oxides, metallic Pt, and Pt-CO/O;

however, a new feature appears in each spectrum that is shifted to higher binding energies with
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respect to the metallic component. We assign the feature at 71.4 eV and 485.8 eV to Pt and Sn
atoms that are in an alloy environment (Pt®" and Sn'™, respectively). A core-level shift of Pt and

Sn is consistent with the proposed electron exchange between the Pt and Sn atoms in an alloy

environment.

Nanoparticle 5317 hv = 1486 eV
Type A SnO «
533.0
)
(9) Pt-cO/0 | Pt
Sn 725 4} 71

Intensity (a.u.)

536 534 532 530 528 489 487 485 483 78 76 74 72 70
Binding Energy (eV)

Figure S.6.3: Ex situ X-ray photoelectron spectra of Pt 4f, Sn 3ds/,, and O 1s orbitals for
colloidally-prepared Pt (bottom), Sn (top), and PtSn (middle) nanoparticles after a 20 min at 240
°C in H,. The spectra were obtained in vacuo with a photon energy of 1486 eV. The spectra are
deconvoluted into features with unique chemical shifts that represent different chemical
environments. The PtSn nanoparticles have similar chemical states as found in the pure reference
nanoparticles with the exception of a feature that is shifted to higher binding energy in the Sn

and Pt spectra that corresponds to an alloy phase.
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In situ ambient pressure X-ray photoelectron spectroscopy showing the evolution of the Sn
chemical states during pre-treatment

The chemical environment of the Sn in the PtSn nanoparticle catalysts was evaluated by
monitoring photoemission of Sn 3ds/, core-level electrons using APXPS. The spectra were
measured using a photon energy, #v = 740 eV, which provides a kinetic energy of photoelectrons
of ~250 eV and an inelastic mean free path (IMFP) of 7 A in a pure Sn environment [21].

The chemical environment of Sn in the PtSn catalysts during heat treatment in vacuo from 200 to
356 °C followed by exposure to 100 mTorr of H, at 370 °C is shown in XPS spectra in Figure
S.6.4(a)-(e) These spectra reflect the PtSn catalysts during the first heat treatment after
deposition of nanoparticles from the colloid onto the Au-coated Si wafer substrate. The binding
energies were calibrated using photoemission from the Au 4f7, core-level with a binding energy
of 84 eV[8]. In addition, the intensity of the spectra was normalized by the Au 4f7), intensity at
the constant photon energy to account for signal attenuation due to X-ray absorption by ambient
gases. During fitting, the position and FWHM of the Sn 3ds,, features were held constant across

different gas environments; only the area was unconstrained.

The progression of the chemical states as the PtSn nanoparticles were heated in vacuum to 356
°C is shown in Figure S.6.5. During pre-treatment, the concentration of oxide features
diminished at the benefit of the metallic components (Sn’ and Sn(Pt)). At a temperature of 356 °C,
the Sn*" feature became small, while the Sn*" contributed 11% of the overall Sn signal. When the
nanoparticles were exposed to 100 mTorr H, at 370 °C, the concentration of Sn*" became

negligible. The fluctuations in the different components of Sn indicate the reducibility of Sn
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atoms in the nanoparticles. In contrast, pure Sn nanoparticles exhibited predominantly Sn*" and

Sn*" following reducing treatments (c.f. Figure S.6.3).

Sn 3d 5/ . hv=740eV
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Figure S.6.4: Evolution of the in situ Sn 3ds; ambient pressure X-ray photoelectron spectra for
the PtSn nanoparticle catalysts during heating pretreatment conditions in vacuum at (a) 200 °C,
(b) 270 °C, (¢) 330 °C, and (d) 356 °C, and (e) in 100 mTorr H, at 370 °C. The Sn spectra
exhibits four contributions that are determined by unique chemical shifts: Sn** (487.3 eV), Sn**
(486.4 ¢V), Sn in a Pt environment (Sn*”, 485.8 ¢V), and Sn” (485.3 eV). The percentage of

each Sn chemical state over the pre-treatment course is shown in Figure S.6.5.
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Figure S.6.5: Progression of the different Sn chemical environments in the PtSn nanoparticle
catalysts during pretreatment under vacuum and H, atmospheres measured using ambient
pressure X-ray photoelectron spectroscopy. Each trend line corresponds to a feature in the XPS

spectra in Figure S.6.4. The as-prepared 2 nm PtSn catalyst comprised Sn*"and Sn** oxides that

were reduced during heat treatment.
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In situ ambient pressure X-ray photoelectron spectra for O on the PtSn nanoparticle

catalysts

Intensity (a.u.)

DEST A . .
540 535 530
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Figure S.6.6: In situ O 1s ambient pressure X-ray photoelectron spectra for O on the PtSn

nanoparticle catalysts during heating (a) 100 mTorr Hy at 370 °C, (b) 100 mTorr CO at 200 °C,

(c) 100 mTorr CO and 40 mTorr O, at 200 °C.
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In situ ambient pressure X-ray photoelectron spectroscopy showing the evolution of the Sn
chemical states during post-treatment reducing conditions

The APXPS spectra during post-reaction reducing treatments during exposure of 100 mTorr of
H; at 360 °C is shown in Figure S.6.7(b)-(g) over the course of an hour. In comparison, the
chemical states of Sn during reaction conditions are shown in Figure S.6.7(a). When switching to
reducing conditions, the decrease in Sn>" content prompted an increase in all three other states of
Sn. The transformation from Sn*" to Sn” and Sn™ occurred over the entire hour long time

period. The progression of the different chemical states of Sn is shown in Figure S.6.8.
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Figure S.6.7: Evolution of the in situ Sn 3ds; ambient pressure X-ray photoelectron spectra for
the PtSn nanoparticle catalysts during (a) CO oxidation reaction conditions at 275 °C, and (b)-(g)

reducing post-treatment conditions at 360 °C over the course of 1 h. The percentage of each Sn

chemical state over the post-treatment course is shown in Figure S.6.8.
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Figure S.6.8: Trends of the different Sn chemical environments in the 2nm PtSn nanoparticle
catalysts following CO oxidation reaction at 275 °C. At time equal to zero, the sample was
exposed to 100 mTorr H, at 360 °C. Each trend line corresponds to a feature in the APXPS
spectra in Figure S.6.7. Under reaction atmospheres, the catalyst surface was comprised of Sn*",
Sn*’, and Sn®™. During the post-treatment reduction, Sn>" was readily reduced and the content of

Sn® and Sn increased.
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Chapter 7: Promotion of Hydrogenation of Organic Molecules by Incorporating Iron into
Platinum Nanoparticle Catalysts: Displacement of Less Active Reaction Intermediates

7.1 Introduction

Platinum and its alloys have long been used as catalysts in the chemical industry.'” Although
nano-sized Pt particles loaded on various types of supports have been used in heterogeneous
catalysis for many decades, it was not until the synthetic capability to control size, shape and
composition of nanoparticles was developed that the correlation between structural properties
and chemical properties of Pt-based nanoparticles was carefully examined."*” Many interesting
effects in chemical catalysis posed by the size, shape and composition of Pt-based nanoparticles
have been observed, which is essential towards understanding the structure-property relationship
in model catalyst systems as well as advancing further optimization of catalytic activity and

selectivity for challenging reactions. *''

Pt-Fe bimetallic nanoparticles are promising materials for catalysis, data-storage, permanent-
magnet and biomedical applications.'> Incorporation of Fe into the structure of Pt nanoparticles

: . . 1316
could enhance the catalytic performance for certain reactions.

For example, Pt-Fe bimetallic
nanoparticles have been observed to be better catalysts than Pt nanoparticles for both the
methanol oxidation reaction and the oxygen reduction reaction in direct methanol fuel cells.” It
has also been reported that Pt-Fe bimetallic nanoparticles exhibited considerably higher activity
and more desirable selectivity than Pt nanoparticles in catalysis of reactions such as selective CO

14-16

oxidation in hydrogen and cinnamaldehyde hydrogenation. Understanding of such

enhancement in catalytic performance requires synthetic control of the size, shape and
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composition of the bimetallic nanoparticles as well as characterizations of chemical states on the

catalyst surface under reaction conditions.

We developed a synthesis strategy that could readily produce 2 nm Pt-Fe bimetallic
nanoparticles with tunable compositions by reduction of platinum (II) acetylacetonate and iron
(IT) acetylacetonate in ethylene glycol solution in the presence of polyvinylpyrrolidone (PVP).
The obtained 2 nm Pt-Fe nanoparticles were tested for catalysis of ethylene hydrogenation
reaction. It was observed that the activity was highly dependent on the composition of the
nanoparticles. In particular, the PtFe nanoparticles showed ~3 times higher activity at 25 °C and
considerably lower activation energy than the Pt nanoparticles with a similar size. Sum
frequency generation (SFG) vibrational spectroscopy under reaction conditions suggested less
adsorption of ethylidyne (a relatively inactive reaction intermediate compared to di-c-ethylene)
and more of di-c-ethylene on the PtFe nanoparticle surface than on the Pt surface. Negligible
ethylene intermediate adsorption on the PtFes; nanoparticle surface was observed. The promotion
of ethylene hydrogenation on PtFe was thus believed to be due to Fe incorporation into Pt which
decreased the surface concentration of less active intermediates. Similarly, the turnover rate of
cyclohexene hydrogenation was increased on the PtFe nanoparticles than the Pt. Ambient-
pressure X-ray photoelectron spectroscopy (AP-XPS) study of the PtFe nanoparticles revealed
that while the Pt atoms remained largely metallic, the oxidation states of the Fe atoms were

responsive to the gas atmosphere as well as the probing depth.
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7.2 Experimental

To synthesize the Pt-Fe bimetallic nanoparticles, a total amount of ~0.2 mmol of platinum (II)
acetylacetonate and iron (II) acetylacetonate with various designed ratios (9:1, 3:1, 1:1, and 1:3)
were dissolved in 5 mL of ethylene glycol together with 55 mg of PVP (M, = 55,000). The
solution was then heated to 200 °C in an oil bath and held at that temperature for 5 min under
Argon atmosphere. Cooled to room temperature, the resulting nanoparticles were precipitated
with 45 mL of acetone and re-dispersed in 10 mL of ethanol. The nanoparticles were repeatedly
washed by precipitating with hexane, centrifuging, and re-dispersing in ethanol before use. In
control experiments, either platinum (II) acetylacetonate or iron (II) acetylacetonate was used as

the sole precursor, while the other conditions were kept unchanged.

To synthesize the 2 nm Pt nanoparticles, 100 mg of NaOH was dissolved in 5 ml of ethylene
glycol and the solution was added to another 5 mL of ethylene glycol solution containing 80 mg
of HoPtClg xH,O (~0.2 mmol). The mixture was heated to 160 °C in an oil bath and held at that
temperature for 2 hr under Argon atmosphere. The resulting nanoparticles were precipitated with
2 mL of 2 M HCI solution and re-dispersed in ethanol with 100 mg of PVP (M,, = 55,000). The
nanoparticles were repeatedly washed by precipitating with hexane, centrifuging, and re-

dispersing in ethanol before use.

The catalyst samples for ethylene hydrogenation reaction were prepared by depositing
Langmuir-Blodgett (LB) monolayer films of the nanoparticles on 500 nm thermally grown SiO,
on top of Si chips. The SiO, substrates were pre-treated in Piranha solution for at least 30 min to

make the surface hydrophilic. Nanoparticles were dispersed in chloroform prior to LB film

165



deposition. The nanoparticle chloroform suspension was then deposited on to a water surface and
at least 30 min was allowed for the organic solvent to evaporate. The film was then compressed,
and the increase in surface pressure was monitored. When the desired surface pressure between
20 and 30 N/m was reached, the SiO, substrate was pulled up through the water at a rate of 1.5
mm/min, and a monolayer film of nanoparticles was deposited onto the substrate. A SiO-coated
Cu TEM grid was dropped on the compressed film and retrieved in about 10 seconds to prepare
the sample that was imaged to estimate the nanoparticle density of the LB film. For some types
of nanoparticles that were not well dispersed in pure chloroform, a mixed solvent of ethanol and

chloroform was used.

The catalysts for cyclohexene hydrogenation reactions were prepared by drop-casting ethanol
dispersions of nanoparticles on Si chips. Number of active sites for each catalyst was estimated

from ethylene hydrogenation reactions with known turnover frequency listed in Figure 7.2.

The reactions were carried out in a batch reactor equipped with a boron nitride substrate heater
and a metal bellows recirculation pump for gas mixing. For ethylene hydrogenation reaction, the
reactor was filled in sequence with 100 Torr of hydrogen, 10 Torr of ethylene and 660 Torr of
helium at a certain temperature. For cyclohexene hydrogenation reaction, the reactor was filled
with 10 Torr of cyclohexene, 200 Torr of hydrogenation and 560 Torr of helium at 20 °C. Total
conversion was kept below 10% in order to assess the initial reaction rates. The products were
detected by a gas chromatography with a thermal conductivity detector (ethylene hydrogenation)

or a flame ionization detector (cyclohexene hydrogenation).

166



XPS samples were prepared by depositing LB films of the nanoparticles onto Si substrates. AP-
XPS experiments were performed on Scienta 4000 HiPP workstation at Beamline 9.3.2 at
Advanced Light Source in Lawrence Berkeley National Laboratory. Pt 4f and Fe 3p core level
spectra were acquired with X-ray energies of 370, 490, and 750 eV to monitor the atomic
fractions and the oxidation state distributions of the two elements. At certain excitation energy,
the probing depths for Pt and Fe were approximately the same, because the Pt 4f and Fe 3p
photoelectrons had similar kinetic energies as the Pt 4f and 3p electrons had similar binding
energies. All series of XPS spectra were quantitatively analyzed by deconvoluting Voigt-type

line-shapes, preceded by subtracting the Shirley-type background.

Samples for SFG vibrational spectroscopy were prepared by depositing LB films of
nanoparticles onto polished fused silica equilateral (60°) prisms (ISP Optics). A mode-locked
Nd:YAG dye laser (Continuum D-20) with 1064 nm output, 20 Hz repetition, and 20 ps pulse
width was used for all SFG experiments. A frequency-doubling crystal (BBO) was used to
generate a visible beam (532 nm) from the fundamental 1064 nm beam. An optical parametric
generator and optical parametric amplifier produced tunable infrared (2740—-3090 cm™). Visible
and infrared beams of 150 pJ power were overlapped at the base of the prism at angles of 63 and
48°, respectively, to achieve total internal reflection. Experiments were performed in the ppp
polarization combination. A photomultiplier tube with a gated boxcar integrator detected SFG

photons. Samples were probed under a total pressure of 1 atm.
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7.3 Results and Discussion

In the synthesis, we utilized ethylene glycol as the solvent and reducing agent, and PVP was used
as a capping agent. When platinum (II) acetylacetonate was used as the sole precursor, Pt
nanoparticles with an average size of ~6 nm were obtained (Figure 7.1a). Interestingly, addition
of the other precursor iron (II) acetylacetonate into the system posed a size-reducing effect on the
produced nanoparticles. ~3 nm nanoparticles (Figure 7.1b) were produced with a precursor ratio
of 9:1 (Pt/Fe). Further decreasing the Pt/Fe ratio in the precursors gave ~2 nm Pt-Fe bimetallic
nanoparticles with various compositions (Figure 7.1c, 7.1e and 7.1g). If iron (II) acetylacetonate
was used as the sole precursor, only aggregates of tiny Fe particles were obtained (Figure S.7.1).
Control experiments indicated that iron (II) acetylacetonate decomposed at a lower temperature
than platinum (II) acetylacetonate in ethylene glycol. It was thus suggested that the Fe precursor
was first reduced and then the generated Fe seeds promoted the reduction of the Pt precursor
through a galvanic replacement reaction which eventually formed the Pt-Fe bimetallic

nanoparticles.
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Figure 7.1: TEM images of Pt and Pt-Fe bimetallic nanoparticles with various compositions

synthesized by changing the ratio of Pt and Fe precursors.

Our method afforded Pt-Fe nanoparticles with tunable composition and narrow size distribution.
Transmission electron microscopy (TEM) images of the Pt;Fe, PtFe and PtFe; nanoparticles are
shown in Figure 7.1c-h. The average sizes of the three types of Pt-Fe nanoparticles were all

about 2 nm, which provided a suitable system to study the composition dependence of the Pt-Fe
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bimetallic nanoparticles in catalysis. High resolution TEM imaging (Figure 7.1d, 7.1f and 7.1h)
revealed the lattice fringes of the nanoparticles, indicating the nanoparticles were in a disordered
face-centered cubic structure (the Pt and Fe atoms were in random atomic arrangement).
According to previous studies, high temperature annealing was needed to obtain intermetallic Pt-
Fe alloy with an ordered face-centered tetragonal structure.'>'” None of the as-prepared Pt-Fe

nanoparticles were found to be ferromagnetic.

Compositions of the bimetallic nanoparticles were analyzed by energy dispersive spectroscopy
(EDS) equipped on the TEM (Figure S.7.2). While the Fe atomic fractions measured by EDS
came slightly lower than designed for all types of the bimetallic nanoparticles (Table S.7.1), they

in general correlated well with the Pt/Fe ratios of the precursors used in the synthesis.

The 2 nm Pt-Fe bimetallic nanoparticles were compared with 2 nm Pt nanoparticles as catalysts
for ethylene hydrogenation. The catalysts were prepared by depositing LB films of the

. . 18,19
nanoparticles on SiO, substrates.

The reactions took place in a batch reactor filled in
sequence with 100 Torr of hydrogen, 10 Torr of ethylene and 660 Torr of helium at 25 °C."
Turnover frequency (TOF) was calculated based on the number of active sites derived from the
surface coverage of the nanoparticles, assuming the atomic density of the spherical nanoparticle

surface was the same as that of a Pt (111) surface.'” Activation energy was obtained by running

the reactions at temperatures of 25, 40, and 55 °C.

TOF and activation energy obtained for the nanoparticles are shown in Figure 7.2. A TOF of

~9.5 s was observed for the Pt nanoparticles. This was comparable to previous results of
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ethylene hydrogenation reactions catalyzed by Pt nanoparticles under similar conditions, slightly

102021 The difference was likely due

lower compared to that for a single-crystal Pt (111) surface.
to the assumption of a (111) surface for the nanoparticles and deactivation by PVP capping. The
activation energy was calculated to be ~42 kJ/mol, which was consistent with previous
studies.'®® The Pt;Fe nanoparticles showed an increased TOF of ~12.8 s and a decreased
activation energy of ~31 kJ/mol compared to the Pt nanoparticles. Further increase in catalytic
activity was achieved by lowering the Pt/Fe ratio in the bimetallic nanoparticles. The PtFe
nanoparticles exhibited a TOF of ~28.9 s™', ~3 times higher than that of the Pt nanoparticles. The
activation energy was ~23 kJ/mol, which was about 50% lower than that observed for the Pt

nanoparticles. With an even lower Pt/Fe ratio, the PtFe; nanoparticles showed lower TOF (~3.6

s”') than that of the Pt nanoparticles. The activation energy was measured to be ~33 kJ/mol.
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Figure 7.2: TOF and activation energy measured for ethylene hydrogenation reactions on 2 nm
Pt and Pt-Fe nanoparticle catalysts. Turnover frequency was measured in a batch reactor with 10
Torr of CyHa, 100 Torr of Hy and 660 Torr of He at 25 °C. Activation energy was calculated

from reaction rates at 25, 40 and 55 °C.
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SFG vibrational spectroscopy was employed to investigate ethylene hydrogenation intermediates
adsorbed on the surface of the 2 nm Pt, PtFe and PtFe; nanoparticles, in order to elucidate the
composition effect of the Pt-Fe bimetallic nanoparticles in ethylene hydrogenation catalysis from
a molecular-level perspective. The Pt nanoparticles showed a low SFG background in H,
atmosphere (Figure 7.3a black curve), owing to the disordering of PVP by H,. Under the
ethylene hydrogenation reaction condition of 35 Torr of ethylene and 100 Torr of hydrogen at
20 °C, SFG vibrational peak signals at ~2875 and ~2910 cm™ were detected (Figure 7.3a red
curve), corresponding to C-H stretching modes of ethylidyne and di-c-bonded ethylene on the

catalyst surface.”>*

The PtFe nanoparticles also showed a low background in H, (Figure 7.3b
black curve). Under reaction conditions (ethylene plus hydrogen), a lower-intensity ethylidyne
peak and a higher-intensity di-c-bonded ethylene peak were observed for the PtFe nanoparticles
compared to those for the Pt nanoparticles (Figure 7.3b red curve). This indicated a lower density
of ethylidyne and a higher density of di-c-bonded ethylene adsorbed on the PtFe nanoparticle
surface than on the Pt surface. This could explain the higher catalytic activity of the PtFe
nanoparticles compared to Pt since ethylidyne has been identified as a less active intermediate in

ethylene hydrogenation (Figure 7.3¢).”**
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Figure 7.3: SFG vibrational spectroscopy study of ethylene intermediates adsorbed on the
surface of Pt, PtFe and PtFe; nanoparticles under hydrogenation reaction conditions. (a-d) SFG
vibrational spectra of 2 nm (a) Pt, (b) PtFe, (c) PtFe; and (d) UV-ozone treated PtFe;
nanoparticles obtained at 20 °C under hydrogen and ethylene hydrogenation conditions. The cell
was first filled with 100 Torr of H, and 660 Torr of Ar (black curves). Then the cell was
evacuated and filled with 35 Torr of C,H4, 100 Torr of H, and 625 Torr of Ar (red curves). Black
and blue arrows in (a) and (b) mark the vibrational frequencies of ethylidyne (~2875 cm™) and

di-c-bonded ethylene (~2910 cm™) adsorbed on the catalyst surface, respectively. The green

arrows in (c) mark the vibrational frequencies of PVP on the nanoparticle surface. (e) Schematic



illustration of ethylidyne adsorbed on Pt surface (left), di-c-ethylene adsorbed on PtFe surface

(middle), and weak ethylene interaction with the PtFes surface (right).

Unlike the Pt and PtFe nanoparticles, the PtFes; nanoparticles showed a high background in Ho,
with the SFG peaks corresponding to the vibrational features of PVP (Figure 7.3c black curve).
This was probably due to the Fe-rich surface that was in contrast to the Pt-rich surface on which
the PVP became disordered when exposed to H,."” Switching to the ethylene hydrogenation
reaction condition had no evident effect on the SFG vibrational spectrum (Figure 7.3c red curve),
which could suggest weak interactions between ethylene species and the PtFe; nanoparticle
surface. However, the large SFG background from PVP made it difficult to tell slight spectral
changes induced by ethylene. For this reason, we thus treated the PtFes; nanoparticles with UV-
ozone to remove PVP. The SFG background signal in H, was significantly reduced after UV-
ozone treatment (Figure 7.3d black curve), indicating extensive PVP removal. The cleaned
nanoparticles were then probed by SFG vibrational spectroscopy under ethylene hydrogenation
reaction conditions, and again, no ethylene intermediates were observed (Figure 7.3d red curve).
It was therefore confirmed that ethylene did not produce observable reaction intermediates on the

PtFes; (Figure 7.3¢), which was consistent with the low reaction rate.

In order to assess the dynamic distributions and oxidation states of the two constituent elements
in the Pt-Fe bimetallic nanoparticles under reaction conditions, we performed AP-XPS
measurements for the 2 nm PtFe nanoparticles in different gas atmospheres at 25 °C with various

incident X-ray photon energies allowing for probing the nanoparticles at different depth levels.**
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%7 Pt 4f and Fe 3p core level spectra were recorded with incident photon energy at 370, 490 and

750 eV, corresponding to approximate probing depth of 0.7, 0.9 and 1.2 nm respectively.*®

Deconvolution of the Pt4f and Fe 3p XPS spectra could give the oxidation state distribution of Pt
and Fe.”* We found the Fe atoms on the surface were more oxidized than those in the bulk of
the nanoparticles. At the probing depth of ~0.7 nm from the surface, ~52% of Fe was metallic,
~10% was Fe (II), and ~38% was in 3+ oxidation state (Figure 7.4a). At larger probing depth of
~0.9 and ~1.2 nm, the percentage of Fe (0) increased to ~55% and ~65% at the expense of the
decrease of Fe (III) to ~33% and ~23% respectively (Figure 7.4a). The percentage of Fe (II)
showed a weak increase trend over the increased probing depth (Figure 7.4a) as Fe (II) was
generally considered reductive under ambient conditions. Such changes in the oxidation states of
Fe were accompanied with evident changes in the shape of the Fe 3p peaks (Figure S.7.3b, d and
f). In contrast, Pt remained largely metallic over the probed depth range (Figure 7.4b) and the

shape of the Pt 4f peaks did not change with incident X-ray energy (Figure S.7.3a, ¢ and e).
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Figure 7.4: Probing depth and gas atmosphere dependent oxidation state distributions of Pt and
Fe in 2 nm PtFe nanoparticles as probed by AP-XPS. Probing depth dependent oxidation states
were probed by XPS in vacuum with incident X-ray photon energies of 370, 490 and 750 eV
(corresponding to approximate probing depths of 0.7, 0.9 and 1.2 nm) at 25°C. Gas atmosphere
dependent oxidation states were probed by XPS in H, + C,H4 (100 + 10 mTorr) and O, (100
mTorr) environment at 25°C with incident X-ray photon energy of 370 eV (~0.7 nm probing
depth). (a) Atomic fractions of Fe species with different oxidation states in the PtFe
nanoparticles vs. incident X-ray photon energy and probing depth. (b) Atomic fractions of Pt
species with different oxidation states in the PtFe nanoparticles vs. incident X-ray photon energy

and probing depth. (c) Atomic fractions of Fe species with different oxidation states at the
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surface of the PtFe nanoparticles under various atmospheres. (d) Atomic fractions of Pt species

with different oxidation states at the surface of the PtFe nanoparticles under various atmospheres.

The surface chemical states of the PtFe nanoparticles were further studied in different gas
environments including hydrogen-ethylene mixture and oxygen. Low incident X-ray photon
energy (370 eV) allowed for probing the few layers (~0.7 nm) of atoms on nanoparticle surface.
Oxidation states of the surface Fe atoms responded to the gas environments (Figure 7.4c),
resulting in changes in the shape of the Fe 3p XPS spectra (Figure S.7.4b, d and f), although the
surface Pt atoms remained largely metallic (Figure 7.4d) and the shape of the Pt 4f peaks did not
change with gas environment (Figure S.7.4a, ¢ and e). In vacuum, the surface Fe atoms
comprised of ~52% of Fe (0), ~10% of Fe (II) and ~38% of Fe (III) (Figure 7.4c). Upon
introduction of 100 mTorr of hydrogen and 10 mTorr of ethylene into the system, Fe (0) and Fe
(IT) increased to ~64% and ~19% respectively and Fe (III) decreased to ~17% (Figure 7.4c). The
reduction of Fe could be due to the spillover of hydrogen atoms from the co-existing Pt atoms.**
3% After the hydrogen and ethylene were replaced by 100 mTorr of oxygen, Fe (0) and Fe (II)
were partially oxidized to Fe (III), with the oxidation state distribution of Fe recovered to that in

vacuum (Figure 7.4c¢).

Despite the significant changes in Fe oxidation states, no strong dependence of Pt/Fe ratio on
XPS probing depth was observed (Figure S.7.5), which was different from some other bimetallic
nanoparticle systems where the elemental composition varied through the probed depth

range.”** Response of the surface composition to the gas environment was also weak (Figure
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S.7.5), possibly for the reason that the temperature was not high enough for surface segregation

to take place.”**

The 2 nm Pt and Pt-Fe bimetallic nanoparticles were also tested for catalysis of cyclohexene
hydrogenation reaction at 20 °C, where cyclohexane was the only product.’” Compared to the Pt
nanoparticles, the Pt-Fe nanoparticles exhibited higher activity (Figure 7.5). Similar to the
ethylene hydrogenation case, the PtFe nanoparticles were the most active catalyst for
cyclohexene hydrogenation among all the Pt and Pt-Fe bimetallic nanoparticles. The TOF was
~8 times faster on the PtFe catalyst than on the Pt catalyst (Figure 7.5). The activity enhancement
of Fe incorporation into Pt nanoparticle catalysts was likely realized by decreasing the
concentration of relatively inactive intermediates such as 1,4-cyclohexadiene while increasing
the concentration of relatively active intermediates such as di-o-cyclohexene and 1,3-

cyclohexadiene on the catalyst surface.”®’
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Figure 7.5: TOF measured for cyclohexene hydrogenation reaction over Pt and Pt-Fe
nanoparticle catalysts. Reactions were carried out in a batch reactor filled with 10 Torr of

cyclohexene, 200 Torr of H, and 560 Torr of He at 20 °C.
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7.4 Conclusions

We investigated the influence of composition of 2 nm Pt-Fe bimetallic nanoparticles with

tunable compositions on their catalytic performance of hydrogenation of organic molecules. The

turnover rates of ethylene and cyclohexene hydrogenation were considerably increased by

incorporation iron into platinum nanoparticle catalysts. SFG vibrational spectroscopy indicated

that the activity enhancement was realized by displacing less active intermediates on the catalyst

surface. AP-XPS was employed to study the dynamic composition and oxidation states of the

most active 2 nm PtFe nanoparticle catalyst under reaction conditions. This work provides new

insight into understanding the structure-property relationship for Pt-based bimetallic nanoparticle

catalysts.
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Chapter 7 Supplement

Figure S.7.1: TEM image of the product resulted from synthesis using iron (II) acetylacetonate

as the only metal precursor.
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Figure S.7.2: A typical EDS spectrum of the PtFe nanoparticles. The Al and Cu signals were

due to the TEM sample holder and the grid.
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Pt Fe Pt;Fe PtFe PtFe;

(2nm) (2nm) (2nm) (2nm)
Fe% 14-21 23-29 35-49 67-75

Table S.7.1: Atomic concentration of Fe in various Pt-Fe bimetallic nanoparticles measured by

EDS.
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Figure S.7.3: Pt 4f (a, c, ) and Fe 3p (b, d, f) XPS spectra of 2 nm PtFe nanoparticles measured
in vacuum at 25°C with incident photon energy of 370 eV (a, b), 490 eV (c, d) and 750 eV (e, 1).

The approximate probing depths were 0.7, 0.9 and 1.2 nm at X-ray energies of 370, 490 and 750
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eV respectively. The spectra were deconvoluted to reveal the oxidation state distributions of Pt
and Fe in the PtFe nanoparticles. While Pt remained mostly metallic over the three probing

depths, significantly more Fe was found in reduced form with increasing probing depth.
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Figure S.7.4: Pt 4f (a, c, ) and Fe 3p (b, d, f) XPS spectra of 2 nm PtFe nanoparticles measured
in various gas environment at 25°C with incident photon energy of 370 eV (probing depth ~0.7

nm). The spectra were deconvoluted to reveal the oxidation state distributions of Pt and Fe in the
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PtFe nanoparticles under various conditions. While Pt remained mostly metallic over the three
probing environments, significantly more Fe was found in reduced form in the H, + C,Ha

atmosphere than in vacuum or O».
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Figure S.7.5: Atomic fractions of Fe measured by XPS with various incident photon energies

under various gas atmospheres for the 2 nm PtFe nanoparticles.
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