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ABSTRACT

Heterogeneous catalysis plays a vital role in the commercial production of
chemicals. However, much is still unknown about the fundamental surface chemistry
involved in catalyst preparation and the surface chemistry of the catalysts themselves. In
the first part of this work, a surface science approach was employed to develop a
fundamental understanding of the surface chemistry of strong electrostatic adsorption
(SEA) of metal precursors on a model carbon support, highly oriented pyrolytic graphite
(HOPG). SEA is a wet impregnation method in which anionic/cationic metal precursors
are adsorbed onto positively/negatively charged functional groups by adjusting the pH of
the solution above or below the point of zero charge of the support. The precursors are
subsequently reduced to generate small, well-dispersed nanoparticles. Our findings show
that hydroxyl groups on the surface of HOPG mediate the adsorption of Pt and Pd
cationic precursors by deprotonating under basic conditions and accumulating a negative
charge. In the case of Pt and Pd anionic precursors, hydroxyl groups did not mediate the
adsorption of the precursors under acidic conditions. Moreover, the adsorption of the Pt
anion was not purely electrostatic and most likely involves a chemical interaction with
the support. The reduction of Pt precursors adsorbed onto HOPG lead to the formation of
dendritic like clusters, indicative of Pt being highly mobile on the surface and having a
weak interaction with the support. The addition of hydroxyl groups did not influence the

nucleation of Pt for either precursor.



In the second part of this work, model surfaces were prepared and characterized
under ultra-high vacuum conditions, enabling excellent control over the surface
composition and morphology of the sample. Re clusters of varying sizes were grown on
HOPG to help distinguish between cluster size effects and chemical interactions between
Re and oxygen on TiO,(110). Our findings suggest there is indeed a strong chemical
interaction that takes place between Re and oxygen on TiO,(110). Lastly, the oxidation
states of Re in PtRe catalysts may play an important role in the aqueous phase reforming
of oxygenated hydrocarbons and the water gas shift reaction. To understand how the
presence of Pt may facilitate the oxidation state of Re, XPS was used to determine the
oxidation states that were present on Re films grown on Pt(111) after exposure to oxygen.
Based on these studies, it was concluded that the presence of Pt does not facilitate the

oxidation of Re films.
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CHAPTER 1

INTRODUCTION



1.1 Heterogeneous catalysis

Catalysis performs an essential role in the global economy, helping to
manufacture 60% of industrially produced chemicals® and contributing between 20-30%

of total GDP in developed countries.” More specifically, heterogeneous catalysts are used

5-10 11,12

to convert hydrocarbons into fertilizers,* fuels,”'® and plastics, all of which have
shaped the development of civilization. Catalysts also assist in cleaning up pollutants
generated by motor vehicles' and coal fired power plants.'* Moreover, there is interest in
developing catalysts for the production of fuels and other chemicals from biomass to
create energy resources and chemical processes that are more sustainable.'”” However,
the development of new catalyst technology is largely based on highly inefficient trial
and error methodology.'®*° To facilitate technological breakthroughs in catalysis, it is

critical to develop a fundamental understanding of the properties that control the

chemistry of heterogeneous catalysts.

Generally, heterogeneous catalysts used in industry are transition metal
nanoparticles dispersed over a high surface area oxide or carbon support.”'-** The
combination of high dispersion and porous support helps to maximize the surface area of
the metal,” often thought of as the catalytically active site, while minimizing cost. In
spite their prolific use in the chemical industry, there is still much about heterogeneous
catalysis that is still not understood on the fundamental level.*":**** While practical for
the mass production of chemicals, the surfaces of industrial catalysts are ill defined and
difficult to control, severely complicating studies that attempt to correlate surface

structure and chemical composition with surface chemistry. To overcome these



constraints, the field of surface science has attempted to answer these questions by

studying model catalysts.
1.2 Surface Science — a model approach to catalysis

One of the primary aims of surface science is to elucidate surface structure-
function relationships in the field of catalysis. The essence of the surface science
approach to catalysis has been to construct and characterize model catalysts, which are
far less complex than their “real world” counterparts.” > ?°. These model catalysts
consist of planar, single crystals of metal or transition metal particles epitaxially grown
on single crystal oxide or carbon surfaces.** By preparing these surfaces under ultra high
vacuum (UHV) conditions, <107 torr, they can be characterized with an array of surface
sensitive techniques in a pristine environment, providing a surface with a well-known
chemical composition, structure and morphology. UHV studies have helped isolate a

number of factors that influence the surface chemistry of catalysts, including the support

27,28 29-31

material,[g] metal-support interactions, metal oxidation states, particle size,32 and
the presence an additional metal.>>** Indeed, the model approach has had great success in
identifying specific surface sites, chemical composition, and surface morphologies that

are responsible for controlling the activity, stability and selectivity of catalysts.
1.3 Motivation

Many bimetallic systems exhibit enhanced catalytic activity, selectivity, and
stability compared to their monometallic counterparts.”* * In general, the superiority of
bimetallic catalysts has been attributed to changes in electronic structure (ligand effect),

unique geometric arrangements of surface atoms (ensemble effects), or each metal



playing a separate role in driving the reaction forward (bifunctional effects). Perhaps the
simplest model approach to studying bimetallic systems is to prepare and characterize
films of one metal grown onto a single crystal of the other metal. Doing so enables one to

isolate the effects that are responsible for the enhanced activity.

Pt based catalysts have shown enhanced activity and stability for aqueous phase
reforming (APR) of alcohols in the presence of rhenium,'” though the exact mechanism
responsible for this enhanced activity is still under dispute. Specifically, Pt/Carbon
catalysts have demonstrated enhanced activity and stability for the aqueous phase
reforming (APR) of alcohols when rhenium was added,'” while PtRe/Titania catalysts
show improved activity towards the water gas shift reaction when compared to its
monometallic counterpart.’® The presence of Re seems to reduce CO poisoning on Pt
sites, however the mechanism by which this takes place is not well understood. The
reduced CO poisoning of Pt has two possible explanations: a ligand effect'® "
decreases the Pt-CO bond strength or ReOy removes CO from Pt via the water gas shift
reaction.” Because Re is oxidized upon exposure to air, it not clear how the presence of
Pt influences the oxidation states of Re.* Using physical vapor deposition to grow metal
clusters and films onto single crystals, particle size and surface morphology can be finely

controlled. Re films were grown on Pt(111) in order to understand PtRe alloy formation

and how the presence of Pt influences the oxidation states Re.

Another approach to studying bimetallic systems that more accurately represent
“real world” catalysts is to grow bimetallic clusters on an oxide or carbon support.
Previous work in our group focused on Pt-Re bimetallic clusters grown on TiO,(110).

However, the growth of Re onto the surface was complicated by metal-support



interactions and particle size effects that could not be deconvoluted. To decouple these
two effects, Re was deposited onto highly oriented pyrolytic graphite (HOPG), which is
know to have weak electronic interactions with metal clusters grown on its surface.*""*
Re clusters were grown in vacuum in order to understand cluster size effects and

determine the extent chemical interaction that Re has with surface oxygen species under

UHYV conditions.

While preparing model catalysts in vacuum enables excellent control over the
surface morphology and surface composition, they do not accurately mirror the synthesis
methods used to create “real world” catalysts. Most industrially relevant catalysts are
prepared using wet chemical impregnation methods. Adapting these methods to the
preparation of catalysts on a model support offers insight into the factors that control
metal nucleation and the surface chemistry of industrially relevant synthesis methods.
Dry impregnation is by far the most common technique used to make industrial catalyst,
but can suffer from difficulties in providing control over particle size.** Alternatively,
strong electrostatic adsorption (SEA) is a simple technique that has demonstrated the
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343 and carbon supports,*®*’ Creating

ability to generate small nanoparticles on oxide
small nanoparticles is of general interest in the field of heterogeneous catalysis given that

small particles maximize the number of metal atoms available as active sites, and, in

some cases, can enhance catalytic activity.

SEA is carried out by contacting a metal precursor solution with the support and
then adjusting the pH above or below the point of zero charge (PZC) of the support in
order to accumulate charge on surface functional groups. Figure 1.1 depicts the operating

principle of SEA. At the point of zero charge (PZC), functional groups on the support



have no charge, but when the pH is raised about the PZC of the support, functional
groups on the surface can become negatively charge, enabling the adsorption of cationic
metal precursors. Conversely, when the pH is decreased below the PZC, a positive charge
accumulates on the surface, enabling the adsorption of an anionic metal precursor. After
adsorption, the metal precursors are reduced using a thermal treatment to generate the
metal nanoparticles. While the principle of electrostatic adsorption is well understood on
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oxide supports, the factors that influence SEA adsorption and nucleation on carbon

supports is still poorly understood.

The use of carbon as a support for metal nanoparticles is of great importance in
the field of catalysis.”’ One of the interesting properties of carbon is that its surface
chemistry can be manipulated through the introduction or removal of oxygen
functionalities using simple acid or heat treatments. These functional groups can alter the
PZC of the surface and act as nucleation sites, which in turn can be used to control the
adsorption of metal precursors and the subsequent nucleation of metal nanoparticles.
Therefore, elucidating how particular functional groups on carbon influence SEA

adsorption and the nucleation of metals is of interest.

In this work, the adsorption of platinum and palladium precursors onto a model
carbon support via the SEA method was studied. Platinum/carbon catalysts are used for
hydrogenation reactions, fuel cells, and more recently in the synthesis of biofuels.'> **
Palladium is widely used in the field of homogenous catalysis for Suzuki coupling
reactions, but has recently been shown to be particularly reactive and stable when Pd

nanoparticles were supported on graphene nanoplatelets.” With a surface science

approach in mind, highly oriented pyrolytic graphite (HOPG) was used as the model



support to study the adsorption and nucleation of transition metal precursors. HOPG is a
well-studied substrate with a known structure that can act as a model carbon support, as
depicted in Figure 1.2. Preparation of HOPG samples involves a relatively simple
procedure of cleaving the surface with Scotch tape, leaving a fresh graphite sheet on top
of the crystal. Finally, the surface of HOPG is free of any oxygen functional groups,
providing a clean substrate that can be systematically functionalized with oxygen groups

to study the impact they have on adsorption and nucleation of metals.



Kads
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Figure 1.1: Strong electrostatic adsorption of Pt precursors
onto an oxide support.

Figure 1.2: Highly oriented pyrolytic graphite (HOPG)
is a carbon single crystal that consists of graphene
sheets stacked on top of one another.'
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CHAPTER 2

INSTRUMENTATION AND TECHNIQUES
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2.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is widespread technique used for
chemical identification and quantification of surfaces. XPS utilizes the photoelectric
effect, the ejection of electrons form a surface when light is shined onto it, to identify
chemicals by measuring the kinetic energy of the ejected electrons. Due to the short mean
free path of electrons through solids, only electrons from the top 0-10 nm of the surface

can be detected, making XPS an inherently surface sensitive technique.

In practice, X-rays of a known wavelength, usually an Al K, or Mg K, source, are
used to eject both valence band and core shell electrons form a sample surface while and
a hemispherical analyzer is used to measure the kinetic energy of the ejected electrons.
Because the energy of the X-ray source is known, the binding energy of the ejected

electrons can be calculated with the following equation:
BE=hv—-KE - @

Where BE is the binding energy of the electron, KE is its kinetic energy, / is Planck’s
constant, v is the frequency of the x-ray source and @ is the work function of the sample.
The electrons from a particular core level appear as peaks in the spectrum at a specific
binding energy (see Figure 2.1), allowing for chemical identification and quantification.
XPS analysis can also extract information about the chemical environment, oxidation

state, alloy formation®® and nanoparticle size,'’ based on binding energy shifts.
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2.2 Low energy ion scattering

Low energy ion scattering is used to detect the atomic composition of the topmost
layer of the surface. Ions, typically He", Ne', or Ar', with energies that range between
500 — 5 kV are sputtered onto the surface. As depicted in Figure 2.2, the incident ion
elastically scatters off the scattering atom on the surface. The kinetic energy of the
incident ion is then measured with a hemispherical analyzer to determine the mass of the
scattering atom, thereby revealing its chemical identity. LEIS is sensitive to the topmost
layer of the surface because ions that penetrate beneath the first layer are neutralized,”

meaning they cannot be detected when using a hemispherical analyzer.
2.3 Scanning probe microscopy

Scanning tunneling microscopy (STM) is used to provide information about the
surface morphology and metal particle size of model catalysts. After being invented in
1982 by Binnig and Rohrer,"' STM has provided an instrumental tool for surface
scientists to study model catalysts.'> The basic operation of an STM in constant current
mode is depicted in Figure 2.3. First, a voltage is applied between the atomically sharp
conductive tip and a conductive surface. The tip is then brought within a few angstroms
of the surface in order to establish a tunneling current between the tip and the sample.
Once the tunneling junction is established, the tip is rastered across the surface while a
piezotube is used to adjust the height of the tip to keep the tunneling current constant.

The height information is then used to create a map of the surface.

While STM is limited to conductive surfaces, it is an incredibly powerful

technique that has a vertical resolution of up to 0.01 A and a lateral resolution of 0.1 A.*
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The high vertical resolution provided by STM is due to the exponential relationship

between the tunneling current and distance give in the equation below:
I e—de

where / is the current, & is associated with the work function, and d is the distance
between the tip and the surface. In practice, the lateral resolution in STM experiments
tends to suffer when imaging particles due tip convolution effects,'? making the height

information more reliable.

Atomic force microscopy (AFM) is another scanning probe technique that was
used to gain insight into surface morphology. Unlike STM, AFM can be used on both
conductive and nonconductive surfaces and is better at imaging rough surfaces. Instead of
measuring a current, the AFM tip is brought into contact with a surface and the force
normal between the tip and the sample is measured. As depicted in Figure 2.4, the force
1s measured using a laser to track the deflections of the tip. These deflections are then

used to calculate the height using the following equation:
FN = _kNAZ

where Fy is the force normal to the surface, ky is the spring constant normal to the sample
surface, and 4z is the change in height. A typical AFM can measure forces in the range of
10 — 10° N.? The lateral resolution is generally determined by the diameter of the tip'®

while the vertical resolution tends to be subnanometer.
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2.4 Transmission Fourier-transform infrared spectroscopy

Transmission Fourier-transform infrared spectroscopy (FTIR) is used to provide
qualitative information about the oxygen functional groups present on high surface area
carbon supports.'* A depiction of an FTIR spectrometer operating in transmission mode
1s shown in Figure 2.5. IR spectroscopy is capable of detecting the vibrational modes of
molecules that absorb infrared light. The vibrational modes of functional groups are
quantized and are capable of absorbing light in the mid-infrared region (4000 — 200 cm™)
at a specific wavelength, enabling for the identification of the functional group. However,
only vibrational modes that undergo a change dipole during the vibration are capable of
adsorbing IR light.” Transmission FTIR samples are prepared by mixing the adsorbing
material with an IR transparent material, usually KBr, enabling high surface area

materials like carbon to be characterized.
2.5 Inductively coupled plasma atomic emission spectroscopy

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was
utilized to measure the concentration of transition metal precursors and determine the
amount of metal adsorbed onto the surface of high surface area materials. ICP-AES
utilizes an argon plasma torch as an excitation source to atomize and induce atomic
emissions for different analytes in a given solution. As the solution enters the flame, the
molecules and elements in the solution are atomized and emit light at specific
wavelengths in the UV-Vis spectrum,’ enabling the identification of a particular element.
The light is emitted as outer-shell electrons transition from high to low energy atomic

orbitals.” The quantification of transition metals in solution is made possible through
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commercially available standard solutions that can be used for calibration. The adsorption
of metal precursors onto the surface of high surface area materials was determined by
measuring the concentration of the metal in solution before and after it was contacted
with the high surface area material."> This methodology assumes that the decrease in
concentration of a particular metal after contact is the result of metal adsorbing onto the

surface of the high surface area material.
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CHAPTER 3

UNDERSTANDING UPTAKE OF PT PRECURSORS DURING STRONG
ELECTROSTATIC ADSORPTION ON SINGLE-CRYSTAL CARBON
SURFACES
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Nature, Topics in Catalysis, “Understanding uptake of Pt precursors during strong
electrostatic adsorption on single-crystal carbon surfaces”, Grant S. Seuser, Ritubarna
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3.1 Introduction

One of the key goals in catalyst synthesis is the preparation of supported metal
clusters with controlled sizes and size distributions. Specifically, the ability to prepare
small, uniformly sized clusters of precious metals that retain their high dispersion during
reaction is a topic of great interest in the catalysis community. Previous work by the
Regalbuto group has demonstrated that highly dispersed metal particles can be deposited
on carbon as well as oxide supports via strong electrostatic adsorption (SEA)."” In this
method, cationic/anionic metal precursors are electrostatically adsorbed onto
negatively/positively charged functional groups whose charges can be controlled by
varying the pH values above or below the point of zero charge (PZC) for the support.
Therefore, the functional groups on the support act as nucleation sites in the SEA process
and determine the value of the PZC for the support. However, very little is known about
the fundamental processes occurring during nucleation of the ionic metal precursors in
SEA and the factors that govern the sizes of the resulting metal clusters formed after
reduction of the ionic precursors.

The nucleation and growth of Pt clusters on carbon supports is of particular
interest since Pt on carbon catalysts are used in a variety of chemical processes,™ such as

6,9, 10

hydrogenation reactions, and as catalysts in proton exchange membrane fuel cells.*

12 Furthermore, recent studies by the Gupton group have demonstrated unusual activity
in the Suzuki reaction for precious metal catalysts supported on graphene nanoplatelets
(GNPs)." In this work, single-crystal carbon surfaces (highly oriented pyrolytic graphite,

HOPG) and GNPs with the same well-defined graphitic surface structures are employed

as model supports. Since both supports contain almost no functional groups in their

28



native forms, they provide surfaces on which the role of functional groups can be
systematically studied. The HOPG single-crystal surfaces are nearly atomically clean
after cleaving and can be studied by traditional surface science techniques like X-ray
photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). Complementary
XPS and transmission electron microscopy (TEM) studies can be carried out on the
GNPs, which also have surface areas high enough for the PZC and uptake experiments
typically used to characterize supported metal catalysts.

In the studies reported here, the deposition of Pt clusters by SEA on well-defined
graphitic surfaces was investigated as a function of selective introduction of surface
hydroxyl groups. Adsorption of PtCls> under acidic conditions was found to be
dominated by protonated aromatic ring sites so that Pt uptake was high even in the
absence of surface functional groups, and the addition of protonated hydroxyl groups did
not increase adsorption. In contrast, adsorption of Pt(NH;),*" under basic conditions was
significantly increased by hydroxylation, which provided negatively charged adsorption
sites via the deprotonation of the hydroxyl groups. For the cationic precursor, adsorption
on hydroxylated surfaces resulted in lower cluster densities of metallic Pt clusters after
reduction in H, compared to the untreated surface. For the anionic precursor, smaller
clusters were formed on the hydroxylated surface after precursor reduction.

3.2 Experimental

Highly oriented pyrolytic graphite surfaces were obtained from Nanoscience
Instruments (ZYH grade, 5x5x2mm”), and clean HOPG surfaces were prepared by
cleaving the top layers with adhesive tape. Graphene nanoplatelets were purchased from

Strem Chemical (CAS #06-0222, 2-10 nm thick, ~5 microns wide). Chloroplatinic acid
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(H2[PtClg], 99.9%), tetraammine platinum(II) hydroxide ([Pt(NH3)4](OH)2, 99.999%),
sodium tetrachloroplatinate (Nay[PtCls], 99.9%) and tetraammine platinum(II) chloride
([Pt(NH3)4](Cl)2, 99.99%)were all obtained from Sigma Aldrich. Vendors for the other
powdered supports are given in the supplemental section.

Uptake measurements on the GNPs as a function of pH were conducted at a
surface loading of 500 m”/L. The extent of Pt adsorption was determined from the
difference in Pt concentration in solution before and after adsorption, and Pt
concentrations were measured using a Perkin-Elmer Optima 2000 DV for inductively
coupled plasma (ICP) optical emission spectroscopy. The GNP surface area was taken as
40 m?/g, which is at the high end of the range reported by the manufacturer, given that
this surface area results in maximum uptake values for chloroplatinic acid that are
consistent with those in the literature for adsorption on carbon supports.’

Acid treatment of the HOPG was carried out by placing a drop of 37% HCI (Aldrich)
or 67% HNOs (Aldrich) on the face of the HOPG for 3 hours. After the treatment, the
surface was thoroughly washed with DI water and dried in air. For the GNPs, acid
treatment was carried out by heating at 90 °C in concentrated acid for 3 hours. The
residual counterions from the acid were removed by washing the GNPs in DI water using
a vacuum filter until the pH of the filtrate was the same as untreated DI water (5.5).

SEA on the HOPG surface was carried out by immersing the substrate for 1 hour into
50 mL of the Pt precursor solution. During this time, the solution was vigorously agitated
with a Teflon-coated stir bar. For SEA on the GNPs and other high surface area carbon
supports, the support was exposed to the solution of the Pt precursor and sonicated for 1

hour. H,[PtCls] and [Pt(NH3)4](OH), adsorption were carried out at pHs of 2.5-3 and 11-
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11.5, respectively, which roughly corresponded to the maximum uptake of the GNPs as a
function of pH. The pH for Na,[PtCl4] adsorption was set at 3, based on the maximum in
the uptake vs. pH curve for other anions like PtClg> on the GNPs. For all of the HOPG
samples, a Pt precursor concentration of 100 ppm was used, and concentrations of 300
ppm were used for SEA on the GNPs. For all of the samples studied, the exact pH values
and Pt precursor concentrations, as well as the PZC for the supports, are given in Table
3.1. After adsorption, the GNPs were vacuum filtered and allowed to dry in air at room
temperature for 24-48 hours, and the HOPG substrates were also dried in air at room
temperature. Reduction of the platinum precursors was carried out in a quartz tube at 200
°C in a flowing gas mixture of 10-20% Hj/balance He for 1 hour, unless otherwise
specified.

The PZC of the GNPs was measured using a variation of the pH shift method,
which has been described in detail elsewhere."* Deionized water (DI) with an initial pH
of 3, 6, and 9 was added to a sample of GNPs until incipient wetness, at which point the
final pH was measured with a spear-tipped pH probe. The final pHs over these initial pH
ranges represent the PZC of the support.

XPS experiments were conducted on a Kratos AXIS Ultra DLD instrument
equipped with a monochromatic Al Ka source, charge neutralizer, a hemispherical
analyzer, load lock and catalysis cell.'* All spectra were collected with a charge
neutralizer using a step size of 0.06 eV and pass energy of 40 eV. Samples could be
transferred directly from the XPS chamber to the catalysis cell, where the samples were
exposed to a flow of pure H, (Airgas, UHP 99.999%) at 200 °C for 1 hour in order to

reduce the Pt precursors. The C(1s) binding energy for freshly cleaved HOPG was
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284.4+0.1 eV with the charge neutralizer on and did not shift when the charge neutralizer
was turned off. Similarly, the GNPs also exhibited a C(1s) peak at 284.44+0.1 eV using
the charge neutralizer, and therefore no binding energy correction was applied to either
the HOPG or GNP samples since there was no evidence for peak shifts due to charging.
For all reported XPS ratios, the intensities were corrected by the atomic sensitivity factors
associated with each element.'® For some of the batches of GNPs, there was a shoulder
that appeared around 537.5 eV in the O(1s) region. After the GNPs were washed with DI
water, the intensity of the shoulder decreased almost to zero. This feature is tentatively
assigned to NOs™ contamination since a peak at 1385 cm™ attributed to nitrate'® was also
observed in the transmission IR spectrum. Notably, this same 537.5 eV species is
observed on other carbon surfaces like Darco G60."”

Peak fitting of the XPS data was carried out using CasaXPS software for the
Pt(4f) region and XPSPEAK 4.1 for the O(1s) region. The Pt(4f) peaks had Lorentzian-
asymmetric peak shapes while the O(1s) peaks had Gaussian-Lorentzian peak shapes.
The Pt(4f7,,) and Pt(4fs,) peaks were fixed with peak area ratio of 4:3, respectively, with
identical peak widths and a splitting of 3.3 eV, which is the value reported for Pt and
Pt species.'® ¥

AFM experiments were performed on a Nanoscope I1la using a silicon, n-type tip.
All experiments were conducted in tapping mode with scan rates varying between 1-2
Hz. For each experiment, multiple regions of the HOPG surface were imaged to establish
that the images were representative of the entire surface. Average cluster heights were

based on measurements of 30 clusters for each surface.
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STEM images were collected with an aberration-corrected JOEL 2100F scanning
transmission electron microscope using Z-contrast imaging. Sample preparation involved
ultrasonication of the sample in ethanol, followed by addition of a drop of this suspension
to a copper TEM grid with a thin holey carbon coating. Average cluster diameters for
[Pt(NH3)4](OH), SEA experiments were from measurements of 1,153 clusters on
untreated GNPs, and 1,175 clusters on HCl-treated GNPs using the software program
Particule2, which was obtained from Dr. Catherine Louis at Universite Pierre et Marie
Curie.

Transmission infrared spectroscopy experiments were conducted using a Nexus
470 spectrometer (Thermo Nicolet), which was purged with dry air. The sample pellet
compositions were 0.2-0.5 weight percent carbon powder mixed with optical grade KBr,
which was heated in an oven at 110-120 °C for 12 hours to remove water. Pellets were
pressed at 8000 psi for 5 minutes.

3.3 Results and Discussion
3.3.1 Selective functionalization of graphitic carbon surfaces

Both the HOPG and GNP surfaces were functionalized with hydroxyl groups by
treating the surface with concentrated HCI. The untreated HOPG surface had almost no
surface oxygen, whereas the HCl-treated surface exhibited a single oxygen species with a
binding energy of 532.8 eV, which has been assigned in the literature to OH groups on
HOPG (Figure 3.1a).”" *! Treatment of the HOPG surface with concentrated HNOs also
resulted in exclusively OH groups on the surface, but the O:C ratio was 25% lower
compared with HCI treatment even though HNOjs acid is commonly used to oxidize high

surface area carbon supports.”** The untreated GNPs had a variety of oxygen species on
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the surface, with peaks at 531.0, 532.3, 533.5 and 535.5 eV. The 535.5 eV feature is
probably associated with a contaminant, which was mostly removed from the surface
after washing the GNPs in DI water. The 532.3 eV peak is tentatively assigned to OH
groups even though the binding energy is on the low side, while the 533.5 eV species is
consistent with C-O-C groups.” There is no clear assignment for the species
corresponding to 531.0 eV, but it could be attributed to oxygen at the edges of the
graphene nanoplatelets since these undercoordinated sites should be the most active for
oxidation. After HCI treatment, the main surface species has a binding energy of 533.0
eV and is assigned to hydroxyl groups (Figure 3.1b), but other oxygen species also
remain on the surface. Although the HCl-treated GNPs exhibited approximately the same
O:C ratio as the untreated GNPs, it was difficult to accurately compare the O:C ratios for
the GNPs because different samples had O:C ratios that varied by as much as 25%. PZC
measurements for the GNPs clearly illustrated that there was a change in surface
functional groups after HCI treatment. Specifically the PZC for untreated GNPs was 7-8,
whereas after HCI treatment the PZC decreased to 3, and this decrease in PZC is
characteristic of the addition of oxygen-containing functional groups.® **

For activated carbons such as Darco G60, treatment with HNOj5 results in the
appearance of a peak at 1725 cm™ in the transmission IR spectrum from the C=0 stretch
in carboxylic acid groups (Figure 3.2). However, neither HNO; nor HCl-treated GNPs
exhibited evidence of C=0 functionality from the infrared spectrum (Figure 3.2), and this
is consistent with the addition of OH groups rather than C=0O groups upon acid treatment.
Furthermore, it was difficult to remove all of the nitrate ions from the GNPs even after

extensively washing the GNPs with deionized water, given that the HNOs;-treated GNPs
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exhibited a peak at 1385 cm™ in the transmission IR spectrum attributed to NO;".'®
Therefore, HCl was considered to be a better choice for oxidizing the GNPs even though
the O:C ratio was slightly higher with HNOs.
3.3.2 SEA of chloroplatinic acid

SEA of the anionic PtCl¢> precursor was achieved by exposing the surfaces to
chloroplatinic acid at a pH of 2.5-3. The relative uptakes of Pt on the graphitic carbon
surfaces before and after HCl-treatment were determined from the integrated Pt(4f) XPS
signals (Figure 3.3). For both the HOPG and GNP surfaces, HCl-treatment decreased the
Pt uptake by 46%. On all surfaces, the two Pt species were observed with Pt(4f7,) peaks
around 74.7 eV and 72.3 eV. The high binding energy species is assigned to Pt*" and
represents the main Pt species, whereas the lower binding energy peak is consistent with
Pt*"."° The presence of Pt*" is attributed to reductive Pt*" adsorption, which has been
previously reported in EXAFS studies of chloroplatinic acid on carbon.”” Heating the
precursor in flowing Hj at 200 °C for 1 hour in the in situ XPS cell resulted in complete
reduction to metallic Pt, which had a Pt(4f7,,) binding energy of 71.2 eV. Since the
untreated HOPG surface has almost no oxygen-containing functional groups, there are
few protonated hydroxyl groups that can serve as sites for the electrostatic adsorption of
the Pt anion. One possibility to explain the observed Pt adsorption is that the pi bonds in
the aromatic rings that comprise the graphite surface become protonated under acid
conditions and serve as sites for electrostatic anion adsorption.” * *® Note that almost no
uptake is observed under basic conditions when the aromatic rings are not protonated
(Figure 3.4a). This explanation is consistent with the decreased Pt uptake after the surface

is treated with HCI since the presence of oxygen functional groups have an electron-
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withdrawing effect that inhibits surface protonation.® Thus, the protonated rings appear to
be the dominant electrostatic adsorption site, given that the number of protonated
hydroxyl groups should increase after HCI treatment, but the HClI-treated surface showed
less uptake than the untreated. For the untreated HOPG surfaces, the O(1s) region after
PtCls> adsorption exhibited a peak centered at 531.5 eV with an O:Pt ratio of 1.4. The
oxygen surface species are attributed to residual or dissociated water from the spheres of
hydration associated with the Pt ions in solution, and in general, the oxygen signal
increased with Pt uptake. For the HCI treated surfaces, the O(1s) region was dominated
by the hydroxyls initially present on the surface.

Platinum uptake on the untreated and HCl-treated GNPs as a function of pH were
also measured by ICP (Figure 3.4a). However, the ICP uptake was not in agreement with
the XPS results given that uptake on the HClI-treated surface was greater than on the
untreated. This discrepancy can be explained by partial exfoliation of the GNPs after acid
treatment, which would then increase the apparent uptake by increasing the surface area.
Complete separation of graphitic layers is known to occur after exposure to concentrated
acid*”*® followed by sonication or heating. Partial exfoliation in solution after acid
exposure only would explain why the uptake on the HCl-treated GNPs is greater than the
reported maximum value of 1.6 pmol/m” observed for the same precursor on other carbon
surfaces.’ The Pt deposited on the partially exfoliated layers would be difficult to detect
by XPS because these layers would no longer be exposed after drying.

Pt cluster sizes and size distributions were characterized by AFM on the HOPG
surfaces and STEM on the GNPs after SEA and subsequent reduction of the precursors

(Figure 3.5). The exposure of HOPG to HCl resulted in the formation of raised features
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that were previously observed by Davies and coworkers and attributed to delamination of
the surface layers that are held together by weak van der Waals forces.”” However, the
raised features were no longer observed after the HCl-treated surface was subjected to
reduction conditions. For chloroplatinic acid on untreated HOPG, AFM images showed
clusters with average heights of 4.1+0.6 nm, and these clusters tended to aggregate into

1
3031 a5 well as other

dendritic structures (Figure 3.5a,b). Previous STM studies of Pt,
metals like Pd** and Au’®, on HOPG surfaces have reported similar dendritic aggregates
of three dimensional particles. The branched shapes of the aggregates are attributed to a
combination of long diffusion lengths for the metal atoms on HOPG, which is a surface
that contains very few defects to trap diffusing metal atoms, and irreversible binding of a
diffusing atom when it encounters an existing cluster. Dendritic growth of metals on
single-crystal metal surfaces have also been observed under these conditions.’*> This
type of growth is known as diffusion-limited-aggregation, and simulations demonstrate
that dendritic structures form when either atoms or clusters diffuse on the surface via a
random walk and irreversibly attach to an existing cluster.®***° For the HCl-treated
surface, the lower Pt coverage resulted in less extended aggregates of clusters, but the
continued presence of the dendritic aggregates indicates that the surface hydroxyls do not
inhibit diffusion. The Pt clusters exhibited the same average height (4.1+£0.6 nm) as on
the untreated surface (Figure 3.5¢c,d), which also implies that HCI treatment does not
change the diffusion length for Pt atoms. Due to the weak interaction between the Pt

clusters and the HOPG surface,*®*"

it was difficult to image the smaller aggregates,
especially at the large image sizes, without displacing the clusters with the AFM tip.

Interaction of the AFM tip with clusters caused streaks to appear in the images as the
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clusters were moved on the surface; these streaks can be seen in Figure 3.5d but also
occur to a lesser extent in Figure 3.5b where the aggregates are larger and less likely to be
displaced by the AFM tip.

STEM images for chloroplatinic acid on the GNPs also showed dendritic
structures on untreated GNPs (Figure 3.6). On the HCl-treated GNPs, the main difference
was the lower Pt coverage, which prevented extended dendritic structures from forming,
but diffusion was still high enough for some larger islands to appear. Thus, the nucleation
and growth of Pt clusters via SEA is very similar on single-crystal HOPG surfaces and
the higher surface area GNPs.

3.3.3 SEA of tetraammine platinum(Il) hydroxide

For the adsorption of the cationic Pt(NHs),*" precursor, the surfaces were exposed
to [Pt(NH3)4](OH); at a pH of 11-11.5. The Pt(4f) XPS data for the untreated and HCI-
treated HOPG surfaces illustrated that surface hydroxylation increased the Pt uptake by a
factor of 1.6 (Figure 3.7a). Likewise, the uptake of Pt on the HCl-treated GNPs increased
by a factor of 2.3 compared to on the untreated GNPs (Figure 3.7b). The lower Pt
coverage on the untreated surface is attributed to an SEA mechanism in which the
deprotonated hydroxyl groups provide negatively charged sites for the adsorption of the
cationic Pt precursor. Thus, the surfaces hydroxylated by HCI have more nucleation sites
for precursor adsorption and higher uptake is observed. Furthermore, ICP analysis for the
uptake of Pt(NH;)s*" on the untreated GNPs indicated that the amount of Pt adsorbed on
the surface was approximately a factor of five lower than for chloroplatinic acid uptake
(Figure 3.4b). The relatively low concentration of hydroxyl groups on the untreated

GNPs resulted in low uptake of the cationic precursor compared to the anionic precursor,
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which does not require oxygen-containing functional groups for adsorption. The
unexpected presence of Pt'" at 73.0 eV and 75.0 eV on HOPG for the adsorption of the
Pt*" precursor on all surfaces is discussed in the following section.

AFM images for Pt(NH;),>" reduced on untreated HOPG demonstrated that the
number of Pt clusters on the surface was lower than for SEA of PtCls> (Figure 3.8a,b),
and this behavior was consistent with the lower Pt uptake for the cationic precursor. The
average cluster height of 3.1£0.7 nm was smaller than that of PtCls> SEA, and particles
at the step edges were relatively small (2.6+0.3 nm) whereas the particles on the terraces
were significantly larger (3.7£0.5 nm). The majority of particles were situated at the step
edges, as expected given that oxygen functionality is most likely to occur at the
undercoordinated step edge sites. On the HClI-treated surface, Pt clusters after reduction
had greater dispersion with an average height of only 1.3+0.4 nm (Figure 3.8c,d).
Furthermore, a significant number of clusters appeared on the terraces, implying that
HCl-induced hydroxylation of the surface introduces OH groups at terrace sites that serve
as nucleation sites during SEA. The increased dispersion on the HCl-treated surface is
more likely to be from higher nucleation densities rather than reduced diffusion because
diffusion rates still appear to be high for chloroplatinic acid SEA on the HCl-treated
surface. The larger images (Figure 3.8b,d) more clearly showed the propensity for Pt
clusters to be situated at the step edges on untreated HOPG, and the high fraction of Pt
clusters that exist on the terraces for the HCl-treated HOPG. However, the streaks in
Figure 3.8b indicate that it was easy to displace the small clusters with the AFM tip; it
was not possible to collect larger images of this surface due to strong interactions

between the sample and tip. For the Pt(NH3),*" on HCl-treated HOPG, displacement of
P
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clusters by the AFM tip was less of a problem because the Pt clusters existed as larger
aggregates (Figure 3.8d). STEM images for Pt(NHs),>" on GNPs (Figure 3.9)
demonstrated that higher dispersion was achieved on the HCl-treated surfaces; the
average cluster diameters were 2.1£0.7 nm on the untreated GNPs compared to 1.7+0.4
nm on the HCl-treated GNPs. However, the cluster densities were not uniform across the
GNP surfaces, and some of the imaged regions had significantly lower cluster densities.
Histograms for the measured cluster sizes (Figure 3.9, bottom) showed that the size
distribution was significantly broader on the untreated GNPs, and much larger cluster
sizes were observed. For example, the fraction of clusters greater than 2.7 nm was 17%
on the untreated GNPs compared to less than 1% on the HCl-treated GNPs. In addition,
clusters as large as 4.8 nm were observed on the untreated surface, whereas no cluster
larger than 3.0 nm was found on the HCl-treated surface.
3.3.4 Oxidative adsorption of P*’" precursors

When Pt(NH3),*" was adsorbed onto the HOPG surface, ~40% of the Pt was in the +4
oxidation state instead of the expected +2 state (Figure 3.7a). To our knowledge,
oxidative adsorption of metal ions has not been previously reported in the literature, but
there have also been almost no XPS studies of Pt*" ions adsorbed on surfaces. Moreover,
the adsorbed Pt™ species were reduced back to Pt*" when the surfaces were heated in air
at 100-120 °C, which is a treatment typically employed to remove water from high
surface area supports. Therefore, it would be less likely to observe oxidation of Pt* when
the precursors are dried on the surface at elevated temperatures. On the GNPs, a slightly
higher percentage of Pt (~60%) was observed as Pt*" (Figure 3.7b). Adsorption was also

carried out with the anionic Pt*" precursor PtCl,> so that the adsorption could occur in an
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acidic rather than basic environment, and so that SEA could be conducted on other
supports with higher PZCs. Adsorption of PtCL* still occurred on HOPG and GNP
surfaces, and the fraction of Pt'" was approximately 50% in both cases (Figure 3.10a).
For other carbon supports, at least 35% conversion to Pt*" was observed for PtCly* on
Darco G60 and Ketjen black, and at least 20% Pt*" was observed for SEA of Pt(NH;),*"
on Timrex HSAG 300, Darco S51 and Darco KBM (Figure 3.10b). Furthermore,
oxidative adsorption was not limited to carbon surfaces since this behavior was observed
for SEA of PtCl;* on alumina. In addition, the lack of Pt*" oxidation for [Pt(NH;)4]Cl
SEA on silica demonstrated that oxidation did not occur on all supports.

Regarding the species that serves as the oxidizing agent for Pt*", the reduction of
oxygen in O, to H,O has an energetically favorable standard reduction potential of +1.23
V.* Since the oxidation of Pt in PtCls> to PtCl62_ has a potential of -0.68 V,41 the
overall redox reaction should be spontaneous. The only other species available for
reduction are H,O to H;, and CI to Cl,, but both of these are very energetically
unfavorable with reduction potentials of -0.83 V and -1.36 V, respectively.*' Surface
oxygen cannot be responsible for oxidation of Pt on the HOPG since there is almost no
oxygen initially detected on the surface, while HOPG exhibits one of the highest fractions
of Pt*". The following experiment was conducted to explore the role of dissolved O»:
SEA of Pt(NH;)s*" on HOPG was carried out by bubbling O, gas into the solution for one
hour prior to SEA and during SEA. The resulting surface had a Pt** contribution that was
slightly higher (13%) than without bubbling O, gas. This experiment does not provide
conclusive evidence that dissolved O, acts as the oxidizing agent since the initial

concentration of dissolved O, may already be sufficient to promote Pt*" oxidation upon
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adsorption. It is also possible that the Pt*" is oxidized in air after the surface is removed
from solution, but this seems less likely since extended exposure to air for a week did not
increase the fraction of Pt'". Furthermore, precursor oxidation cannot occur in solution
before adsorption because oxidation is not observed for SEA on all surfaces; thus, it
appears that the surface plays a role in catalyzing Pt*" oxidation. Additional experiments
are needed to better understand the oxidation of the Pt*" precursors upon adsorption.

3.4 Conclusions

The nucleation of Pt particles by SEA on well-defined, model carbon surfaces is
significantly influenced by introducing functional groups onto the supports. HOPG and
GNP model surfaces were selectively functionalized with hydroxyl groups by exposing
the supports to concentrated HC. For the anionic precursor PtClg>, sites for electrostatic
adsorption are believed to be the protonated aromatic rings of the carbon support based
on the high uptake on surfaces with no oxygen functional groups. The presence of
hydroxyl groups decreased Pt uptake during SEA because the protonation of the aromatic
rings is inhibited by surface oxygen species. However, there was no evidence for
decreased diffusion of Pt on the hydroxylated HOPG surfaces, given that the Pt particles
sizes were the same as on the untreated surfaces. For the SEA of the cationic precursor
Pt(NH;)4*", the deprotonated hydroxyl groups provided negatively charged sites for the
electrostatic adsorption of the cationic precursor. Consequently, uptake was increased on
the hydroxylated surface, and more highly dispersed clusters were formed due to the
increased number of nucleation sites. Pt*" precursors were found to be oxidized to Pt*"
immediately after SEA on both HOPG and GNPs, as well as alumina and other carbon

supports. The fact that the same behavior was observed on functionalized single-crystal
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surfaces and high surface area GNPs demonstrates that the detailed understanding gained
on the model single-crystal surfaces can be applied to catalytically relevant high surface
area supports.

For Pt clusters on graphitic carbon, the interaction between Pt and the oxygen-
containing functional groups is not strong enough to prevent the high diffusion rates on
the surface that lead to the formation of large clusters. However, for other metals with
stronger metal-oxygen bonds, it should be possible to control the diffusion rates of the
metal atoms by surface functionalization so that higher dispersions may be achieved to
provide a greater number of active sites for catalytic reaction on the supported clusters.
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Figure 3.1:XPS data for O(1s) regions for untreated and HCI
treated: a) HOPG; and b) GNP surfaces.
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Figure 3.2: Transmission infrared spectroscopy data for: a) Darco G60: 1) before
treatment; and i1) after HNOs treatment; and b) GNPs: 1) before treatment; i1) after
HNOs; treatment; and b) GNPs: 1) before treatment; i1) after HNOj3 treatment; and
i11) after HCI treatment. The apparent “noise” in the spectrum of (b, iii) is due to
the unusually high water background for this experiment. Peaks at 1570 cm™ are
assigned to the C=C stretch associated with the aromatic rings.
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Figure 3.3: Pt(4f) XPS data for SEA of H,[PtCl¢] on: a) HOPG;
and b) GNP surfaces before and after treating with HCI.
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Figure 3.4: Uptake of untreated and acid-treated GNPs as a function of
pH for: a) chloroplatinic acid and b) tetraamine platinum (II) hydroxide.
The platinum precursor concentrations were 300 ppm.
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Figure 3.5: AFM images for SEA of H,[PtCl¢] on: a, b) HOPG

reduction in H; at 200 °C on: a, b) HOPG; and ¢, d) HCl-treated
HOPG. Images (a) and (c¢) are 1 um x 1 um, and (b) and (d) are

Spum x 5 pm.
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Figure 3.6: STEM images for SEA of H,[PtClg] after reduction
in H, at 200 °C on : a, b) GNPs; and ¢, d) HCI treated GNPs.

The scale bars are 0.1 pm in (a), 0.05 um in (c¢) and 20 nm in
(b) and (d).
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Figure 3.7: Pt(4f) XPS data for SEA of tetraamine platinum (II)
hydroxide on: a) HOPG; and b) GNP surfaces before and after
treating with HCI.
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Figure 3.8: AFM images of [Pt(NH3)4](OH), SEA after
reduction in H; at 200 °C on: a, b) HOPG; and ¢, d) HCl-treated
HOPG. Image sizes are 1pm x 1um for (a) and (c) and 2 pm x 2
um for (b) and (d).
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Figure 3.9: STEM images for [Pt(NH3)4](OH), SEA after
reduction in H; at 200 °C on: a) untreated GNPs; and b) HCI-
treated GNPs. The scale bars are 20 nm. Histograms of Pt
particles sizes are shown below each image.
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Figure 3.10: Pt(4f) XPS data for: a) Na,[PtCls] SEA on: 1) HOPG:; i1) GNPs;
1i1) Darco G60; and iv) Ketjen black; and b) [Pt(NH3)4](OH), SEA on: 1)
Timrex HSAG 300; 11) Darco S51; and ii1) Darco KBM.

3.5 References

1. Regalbuto, J. R., Strong Electrostatic Adsorption of Metals onto Catalyst
Supports. In Catalyst Preparation: Science and Engineering, Regalbuto, J. R., Ed. Taylor
and Francis: Boca Raton, FL, 2007.

2. Raciti, D.; Kubal, J.; Ma, C.; Barclay, M.; Gonzalez, M.; Chi, M. F.; Greeley,
J.; More, K. L.; Wang, C., Pt;Re alloy nanoparticles as electrocatalysts for the oxygen
reduction reaction. Nano Energy 2016, 20, 202-211.

3. Hao, X.; Barnes, S.; Regalbuto, J. R., A fundamental study of Pt impregnation of
carbon: Adsorption equilibrium and particle synthesis. J. Catal. 2011, 279 (1), 48-65.

4. Cameron, D. S.; Cooper, S.J.; Dodgson, I. L.; Harrison, B.; Jenkins, J. W.,

Carbon as supports for precious metal catalysts. Catal. Today 1990, 7 (10), 113-137.

51



5. Radovic, L. R.; Rodriguez-Reinoso, F., Carbon materials in catalysis. In
Chemistry and Physics of Carbon, Vol 25, Thrower, P. A., Ed. Marcel Dekker: New
York, 1997; Vol. 25, pp 243-358.

6. Rodriguez-Reinoso, F., The role of carbon materials in heterogeneous catalysis.
Carbon 1998, 36 (3), 159-175.

7. Rodriguez-Reinoso, F., In Porosity in Carbons, Patrick, J. W., Ed. Wiley:
Chichester (UK), 1995.

8. Auer, E.; Freund, A.; Pietsch, J.; Tacke, T., Carbons as supports for industrial
precious metal catalysts. Appl. Catal. A 1998, 173 (2), 259-271.

9. Coloma, F.; Sepulveda-Escribano, A.; Fierro, J. L. G.; Rodriguez-Reinoso, F.,
Gas phase hydrogenation of crotonaldehyde over Pt/activated carbon catalysts. Influence
of the oxygen surface groups on the support. Appl. Catal. A 1997, 150 (1), 165-183.

10. Job, N.; Pereira, M. F. R.; Lambert, S.; Cabiac, A.; Delahay, G.; Colomer, J.
F.; Marien, J.; Figueiredo, J. L.; Pirard, J. P., Highly dispersed platinum catalysts
prepared by impregnation of texture-tailored carbon xerogels. J. Catal. 2006, 240 (2),
160-171.

11. Gasteiger, H. A.; Gu, W.; Makharia, R.; Mathias, M. F.; Sompalli, B.,
Handbook of Fuel Cells: Fundamentals, Technology and Applications. Wiley: Chichester
(UK), 2003; Vol. 3.

12. Antolini, E., Carbon supports for low-temperature fuel cell catalysts. Appl. Catal.
B 2009, 88 (1-2), 1-24.

13. Gillilland, S.; Regalbuto, J. R.; Gupton, F., in preparation.

52



14. Duke, A. S.; Dolgopolova, E. A.; Galhenage, R. P.; Ammal, S. C.; Heyden, A.;
Smith, M. D.; Chen, D. A.; Shustova, N. B., Active Sites in Copper-Based Metal
Organic Frameworks: Understanding Substrate Dynamics, Redox Processes, and Valence
Band Structure. J. Phys. Chem. C 2015, 119 (49), 27457-27466.

15. Wagner, C. D.; Riggs, W. M.; Davis, L. E.; Moulder, J. F., Handbook of X-ray
Photoelectron Spectroscopy. Perkin Elmer Corporation: Eden Prairie, MN, 1979.

16. Chalmers, J. M., Mid-infrared Spectroscopy: Anomalies, Artifacts and Common
Errors. In Handbook of Vibrational Spectroscopy, Chalmers, J. M.; Griftiths, P. R., Eds.
John Wiley and Sons Chichester, 2002; Vol. 3, pp 2327-2347.

17.  Banerjee, R. The Oxidation and Decoration Chemistry of Platinum and Palladium
Nanoparticles on Carbon Supports. Ph.D. Thesis, University of South Carolina,
Columbia, SC, 2016.

18. Peuckert, M.; Coenen, F. P.; Bonzel, H. P., XPS study of the electrochemical
surface oxidation of platinum in 1N H»SOj acid electrolyte. Electrochim. Acta 1984, 29
(10), 1305-1314.

19. Battistoni, C.; Giuliani, A. M.; Paparazzo, E.; Tarli, F., Platinum complexes of
the methyl-esters of dithiocarbazic acid and 3-phenyldithiocarbazic acid. J. Chem. Soc.
Dalton Trans. 1984, 7, 1293-1299.

20. Buono, C.; Davies, P. R.; Davies, R. J.; Jones, T.; Kulhavy, J.; Lewis, R.;
Morgan, D. J.; Robinson, N.; Willock, D. J., Spectroscopic and atomic force studies of
the functionalisation of carbon surfaces: new insights into the role of the surface

topography and specific chemical states. Faraday Discuss. 2014, 173, 257-272.

53



21. Burgess, R.; Buono, C.; Davies, P. R.; Davies, R. J.; Legge, T.; Lai, A.;
Lewis, R.; Morgan, D. J.; Robinson, N.; Willock, D. J., The functionalisation of graphite
surfaces with nitric acid: Identification of functional groups and their effects on gold
deposition. J. Catal. 2015, 323, 10-18.

22. van Dam, H. E.; van Bekkum, H., Preparation of Platinum on activated carbon. J.
Catal. 1991, 131 (2), 335-349.

23. Vickerman, J. C., Surface Analysis: The Principal Techniques. John Wiley and
Sons: New York, 1997.

24. Hao, X.; Quach, L.; Korah, J.; Spieker, W. A.; Regalbuto, J. R., The control of
platinum impregnation by PZC alteration of oxides and carbon. J. Mol. Catal. A 2004,
219 (1), 97-107.

25. Hao, X. On the science of catalyst preparation: platinum impregnation over
carbon. Ph.D. Thesis, University of Illinois, Chicago, 2004.

26. Leon, C.; Solar, J. M.; Calemma, V.; Radovic, L. R., Evidence for the
protonation of basal plane sites on carbon. Carbon 1992, 30 (5), 797-811.

27. Yu, A. P.; Ramesh, P.; Itkis, M. E.; Bekyarova, E.; Haddon, R. C., Graphite
nanoplatelet-epoxy composite thermal interface materials. J. Phys. Chem. C 2007, 111
(21), 7565-7569.

28. Ramesh, P.; Sampath, S., Electrochemical characterization of binderless,
recompressed exfoliated graphite electrodes: Electron-transfer kinetics and diffusion

characteristics. Anal. Chem. 2003, 75 (24), 6949-6957.

54



29. Bouleghlimat, E.; Davies, P. R.; Davies, R. J.; Howarth, R.; Kulhavy, J.;
Morgan, D. J., The effect of acid treatment on the surface chemistry and topography of
graphite. Carbon 2013, 61, 124-133.

30. Kalinkin, A. V.; Sorokin, A. M.; Smirnov, M. Y.; Bukhtiyarov, V. 1., Size effect
in the oxidation of platinum nanoparticles on graphite with nitrogen dioxide: An XPS and
STM study. Kinet. Catal. 2014, 55 (3), 354-360.

31. Howells, A. R.; Hung, L.; Chottiner, G. S.; Scherson, D. A., Effects of substrate
defect density and annealing temperature on the nature of Pt clusters vapor deposited on
the basal plane of highly oriented pyrolytic graphite. Solid State lonics 2002, 150 (1-2),
53-62.

32. Yuan, Z.; Hanf, M. C.; Stephan, R.; Dulot, F.; Denys, E.; Florentin, A.;
Harbich, W.; Wetzel, P., Growth of palladium nanoparticles on nanostructured highly
ordered pyrolytic graphite. Surf. Interface Anal. 2015, 47 (1), 82-86.

33. Blum, B.; Salvarezza, R. C.; Arvia, A. J., Vapor-deposited gold film formation
on highly oriented pyrolitic graphite. A transition from pseudo-two-dimensional branched
island growth to continuous film formation. J. Vac. Sci. Technol. B 1999, 17 (6), 2431-
2438.

34. Hwang, R. Q.; Bartelt, M. C., Scanning-Tunneling Microscopy Studies of Metal
On Metal Epitaxy. Chemical Reviews 1997, 97 (#4), 1063-1082.

35. Hwang, R. Q.; Schroder, J.; Gunther, C.; Behm, R. J., Fractal Growth of 2-
Dimensional Islands : Au On Ru(0001). Phys. Rev. Lett. 1991, 67 (#23), 3279-3282.

36. Peuckert, M.; Bonzel, H. P., Characterization of oxidized platinum surfaces by X-

ray photoelectron spectroscopy. Surf. Sci. 1984, 145 (1), 239-259.

55



37. Legare, P.; Hilaire, L.; Maire, G., Interaction of polycrystalline platinum and a
platinum silicon alloy with oxygen - an XPS study. Surf. Sci. 1984, 141 (2-3), 604-616.
38.  Witten, T. A.; Sander, L. M., Diffusion-limited aggregation, a kinetic critical
phenomenon. Phys. Rev. Lett. 1981, 47 (19), 1400-1403.

39.  Meakin, P.; Witten, T. A., Growing interface in diffusion-limited aggregation.
Phys. Rev. A 1983, 28 (5), 2985-2989.

40. Galhenage, R. P.; Xie, K.; Diao, W.; Tengco, J. M. M.; Seuser, G. S.; Monnier,
J. R.; Chen, D. A., Platinum-ruthenium bimetallic clusters on graphite: a comparison of
vapor deposition and electroless deposition methods. Phys. Chem. Chem. Phys. 2015, 17
(42), 28354-28363.

41. Weast, R. C., CRC Handbook of Chemistry and Physics. 70th ed.; CRC Press,

Inc.: Boca Raton, FL, 1989-1990.

56



CHAPTER 4

COMPARING STRONG ELECTROSTATIC ADSORPTION OF PT AND
PD PRECURSORS ON GRAPHITIC SUPPORTS
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4.1 Introduction

Synthesizing small, well-dispersed transition metal particles over high surface
area supports is a topic of interest in the field of catalysis. Small particles use the metal in
the most efficient way possible, since nearly all the metal atoms reside at the surface of
the nanoparticle, and in some cases can actually enhance the activity of the catalysts."
Strong electrostatic adsorption (SEA) is a simple wet impregnation method that can
generate small, well-dispersed metal nanoparticles over both oxide and carbon supports.
Anionic/cationic metal precursors are adsorbed onto functional groups that accumulate a
positive/negative charge by varying the pH below or above the point of zero charge
(PZC) of the support. The SEA process has been well modeled by the revised physical
adsorption (RPA) model on a variety of oxide supports.”* On oxide supports, the surface
oxygen functional groups on supports like alumina are modeled as being amphoteric and
can therefore accumulate either a positive or negative charge. The ability of the oxygen
groups to accumulate charge depends on the pK, values associated with protonating or
deprotonating that oxygen group.””

[MOH}1<S [MOH] + [H*]

Kaz

[MOH] < [MO~]+ [H*]

In contrast to oxide supports, carbon supports can have a variety of functional
groups on the surface. For example, graphitic carbon surfaces consist of aromatic rings,
while oxygenated carbon supports like graphene oxide have a wide range of oxygen
functionalities on the surface, such as alcohols, carboxylic acids, and ketones.® The
functional groups that are present on the surface of carbon dictate the adsorption of metal

precursors onto the surface. Anionic Pt precursors adsorb readily onto carbon supports
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that have little to no oxygen content, such as graphitic surfaces’ and carbon supports with
a high PZC.® It has been proposed the adsorption of anionic Pt precursors on high PZC
carbon supports is mediated by the protonation of aromatic rings on the surface.*'? The
aromatic ring is not amphoteric, and is therefore only capable of accumulating a positive
charge, consistent with the minimal amount of cationic adsorption on these surfaces. On
the other hand, carbon supports that contain a variety of oxygen functional groups, like
graphene oxide, tend to have a low PZC and are better at adsorbing cations than anions."
In fact, when oxygen functional groups are added to a high PZC carbon support with an
acid treatment, the PZC of the carbon decreases, suppressing the adsorption of Pt anions
and increasing the adsorption of Pt cations. '* These general trends suggest that the pK,
of these oxygen functional groups is low enough for deprotonation to occur under basic
conditions, but not low enough to become protonated under acidic conditions. However,
the pK, values of oxygen function groups on high surface area carbon supports cannot be
experimentally determined due to difficulties in obtaining reliable qualitative and
quantitative information about the surface functional groups.'>™” Therefore, much is still
unknown about the functional groups that mediate SEA on carbon supports.

To gain more insight into the SEA process onto carbon supports, Pt and Pd
precursors were chosen for study. Pt based catalysts have a wide variety of applications,
including hydrogenation reaction,”® naphtha reforming,*' and catalytic converters.”
Recently, it was found that Pd based catalysts synthesized using SEA on graphene
nanoplatelets were highly active for Suzuki coupling."

In this study, three different graphitic supports were chosen to study the SEA

mechanism of Pd and Pt precursors. HOPG is a model single crystal carbon surface with
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a graphitic structure that is essentially free of any oxygen functional groups on the
surface. Additionally, HOPG can be selectively functionalized with hydroxyl groups,
enabling us to understand the role that hydroxyl groups play in mediating SEA. Graphene
nanoplatelets (GNPs) from Strem chemical were used as a high surface area (40
m?/gram) analog to HOPG. Lastly, graphene nanoplatelets (GN-Alfa) obtained through
Alfa Aesar (500 m*/gram) were chosen for study due to the ability to tune the surface
oxygen content using a combination of reduction and acid treatments.

For the cationic precursors, it was found that the adsorption of both Pt and Pd was
mediated by the presence of oxygen functional groups on the surface. In the case of
HOPQG, increasing the concentration of hydroxyl groups on the surface increased the
adsorption of the cationic precursors. These results suggest that under basic conditions,
hydroxyl groups on the surface on HOPG become deprotonated and act as adsorption
sites for cationic precursors. For the GN-Alfa support, cationic adsorption increased with
increasing surface oxygen content, which included a variety of oxygen functionalities on
the surface such as hydroxyl groups and carboxylic acids. However, Pt and Pd anions
appear to adsorb onto the surface of HOPG via a different mechanism. Based on XPS
results, we suggest that the adsorption of Pt anions is partially mediated by a chemical
reaction with the graphitic surface.

4.2 Experimental

Highly oriented pyrolytic graphite crystals were purchased from Nanoscience
Instruments (ZYH grade, 5x5x2 mm®). A clean HOPG surface was generated by
exfoliating both sides of the HOPG crystal with adhesive tape. Low surface area

graphene nanoplatelets, referred to as GNP, were obtained from Strem Chemical (CAS
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#06-0222, 2-10 nm thick, ~5 microns wide). High surface area graphene nanoplatelets,
referred to as GN-Alfa, were obtained through Alfa Aesar (CAS #7782-42-5).
Chloroplatinic acid (H,[PtCls], 99.9%), tetraamine platinum(II) hydroxide
([Pt(NH3)4(OH),],99.99%), palladium(II) chloride (PdCl, ,99.9%), sodium
tetrachloropalladate(IT) (Na,[PdCly], 99.99%) tetraamine palladium(II) chloride
([PA(NH3)4]Cly, 99.99%) were all obtained from Sigma Aldrich. PdCI, was dissolved into
deionized water at a 1:5.6 molar ratio with HCI in order to stabilize the salt in solution
and form the [PdC14]* precursor.23 26

All uptake experiments with the GNPs and GN-Alfa supports were conducted as a
function of pH with a surface loading of 500 m*/L, unless stated otherwise. The
adsorption of Pt and Pd precursors onto the surface was determined from the difference in
metal concentration before and after adsorption. The metal concentrations were measured
using a Perkin-Elmer Optima 2000 DV for inductively coupled plasma (ICP) optical
emission spectroscopy. The GNP surface area was taken to be 40 m*/gram, as reported by
the manufacturer. The surface area of all the GN-Alfa supports used in these studies was
assumed to be 500 m*/gram, as reported by the manufacturer.

Acid treatment of the HOPG was conducted by placing a drop of 37% HCI
(Aldrich) on the face of the HOPG crystal for 3 hours. After the treatment, the surface
was washed using deionized (DI) water to remove residual HCI and Cl ion from the
surface and dried in air. Acid treatments of the GNPs and GN-Alfa support were
administered by heating the support in 37% HCI or 67% HNOs3 (Aldrich) at 90 °C for 3

hours. After the acid treatment, the GNPs or GN-Alfa supports were vacuum filtered and
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then washed with DI water until the pH of the filtrate was the same as the untreated DI
water (5.5). The GNPs were washed with copious amounts of DI water prior to use.

To remove oxygen from the GN-Alfa supports were reduced in 20% H, balance
He at 500 °C for 2 hours, unless otherwise specified. Temperature programmed reduction
experiments were conducted in a custom TPX system connected to an Inficon
Transpector 2 Mass Spectrometer that has been described previously.”” The reduction
was carried out using a 5 °C/min ramp rate in 10% H, balance Ar at a flow rate of 20
cc/min.

Strong electrostatic adsorption on HOPG was conducted by immersing the crystal
into a 50 mL of a Pt or Pd precursor solution for 1 hour while stirring the solution with a
Teflon-coated stir bar. For SEA experiments on the GNPs and GN-Alfa supports, the
support was contacted with the Pt or Pd precursor and shaken for 1 hour in a high-density
polyethylene container using an automated shaker. The adsorption of PdCI, and
[Pd(NH3)4]Cl, on the GNPs and GN-Alfa supports were carried out at a pH between 2-
2.2 and 11-11.1 respectively. The pH of the solutions containing PdCl, or Na;[PdCly]
salts were adjusted using HCl or NH4OH. NaOH was not used due to precipitation of the
Pd salts. The pH of the [Pd(NH3)4]Cl; solution was adjusted with HCI, NH,OH and/or
NaOH. The pH of the Pt precursor solutions was adjusted with HCl and NaOH. The
GNPs and GN-Alfa supports were allowed to dry at room temperature in air for 24-48
hours.

The PZC of the GNPs and GN-Alfa support were measured using a variation of

the pH shift method.* Deionized water with an initial pH of 3, 6, and 9 was added to a
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sample of GNPs or GN-Alfa until incipient wetness at which point the final pH was
measured with a spear-tipped pH probe. The final pHs are the PZC of the support.

X-ray photoelectron spectroscopy (XPS) experiments were conducted in a Kratos
AXIS Ultra DLD instrument equipped with a monochromatic Al Ka source, charge
neutralizer, a hemisphereical analyzer, load lock and catalysis cell. All spectra were
collected with a charge neutralizer using a step size of 0.06 eV and a pass energy of 40

eV. The metal/C(1s) XPS ratios were calculated using the following equation:

Ay /ASFy
Aq/ASF,

where Ay and Ac are the integrated areas of the metal (Pt(4f) or Pd(3d)) and C(1s)
regions respectively and ASFy and ASF¢ are the atomic sensitivity factors of the metal
and C(1s) regions respectively.”® To determine the integrated area, a linear background
subtraction was applied to each spectrum prior to integration. All XPS peak fits of the
Pd(3d) region were carried out using CasaXPS using a Shirley background and a
Lorentzian-asymmetric peak shape. The peak splitting between Pd(3d7,,) and Pd(3ds,)
was fixed at 5.25 eV, ?® the area ratio between was set to 3:2 and peak widths were set
equal to one another.

Transmission infrared spectroscopy experiments were conducted using a Nexus
470 spectrometer (Thermo Nicolet) that was purged with dry air. The sample pellet
compositions were kept between 0.1-0.02 weight percent carbon powder mixed with
optical grade KBr to ensure that the pellets remained transparent. The KBr was kept in an
oven at 110-120 °C for 12 hours to remove water prior to use. Pellets were pressed with

8000 psi for 5 minutes.
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4.3 Results and Discussion
4.3.1 HOPG

The HOPG surface was functionalized with hydroxyl groups using an HCI
treatment. The untreated HOPG surface has virtually no oxygen functionality while the
HCI treated HOPG has a significant, single oxygen peak centered at 532.8 eV (Figure
4.1). In previous work, it was established that this oxygen peak corresponds to hydroxyl
groups that form on the surface,” consistent with other studies in the literature.”

Strong electrostatic adsorption experiments on HOPG using the cationic Pt and Pd
precursors, [Pt(NH3)4]*" and [Pd(NH3)4]*", were conducted at a pH of 11. The Pt/C and
Pd/C ratios calculated from a series of XPS experiments are shown on the right side of
Figure 4.2. In the case of both Pt and Pd, the addition of hydroxyl groups to the surface of
HOPG lead to an increase in cationic adsorption by a factor of 1.8 for both precursors.
These results suggest that cationic adsorption is mediated by hydroxyl groups on the
surface of HOPG, which deprotonate under basic conditions enabling them to act as
nucleation sites. Moreover, the increase in cationic adsorption upon the addition of
oxygen functionality to the surface is consistent with a general trend for SEA conducted
on high surface area carbon supports: treating the carbon support with acid increases the
oxygen content on the surface and decreases its point of zero charge (PZC), which in turn
leads to an increase in cationic adsorption.* '* While the pK, values of the oxygen
functional groups on the surface are not known, theoretical calculations predicted the pK,
of carboxylic acid groups attached to graphene fall in the range between 3.16-3.44,"
which is slightly more acidic than benzoic acid.*® These results suggest that the pK,

values for model organic molecules can be a useful guide for determining the likelihood
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that an oxygen group will protonate or deprotonate in a given pH range. While the pK, of
hydroxyl groups on HOPG is unknown, organic molecules like phenol have a pK, of
around 10,*° therefore it seems reasonable for hydroxyl groups on HOPG would be
deprotonated at a pH of 11.

SEA experiments on HOPG for the anionic Pt and Pd precursors, [PtCls]* and
[PACL]*, were conducted at a pH of 2.5 and 2.1, respectively. In the case of [PtCls]*, the
HCI treatment decreased the Pt/C ratio by 54%, (left hand graph in Figure 4.2).
Comparatively, the Pd signal of the [PdCl4]* precursor did not decrease after HOPG was
treated with HCL. The same trend was also observed when [PdCl;]* was adsorbed at a pH
of 3. Furthermore, the metal/C ratio of [PdCl4]* adsorbed onto the untreated HOPG was
18-19 times smaller than that of [PtCls]*". We previously attributed the SEA mechanism
for Pt anions on the surface of HOPG to the adsorption of protons to delocalized pi
electrons on the surface of HOPG,’ which accumulate a positive charge on the surface
capable of adsorbing Pt anions. Hydroxylating the surface disrupts the pi bonding
network on the surface of HOPG, in turn leading to a decrease in anionic Pt adsorption.
The fact that hydroxyl groups were not the principal mediator of Pt anion adsorption is
consistent with protonated cationic hydroxyl groups having negative pK, values,*
meaning that they would be difficult to protonate. If the interaction between Pt and Pd
anions with the surface of HOPG was purely electrostatic, then the same trend in
adsorption should have been observed for both species.

Another possibility is that there is a chemical component to the adsorption of
[PtCls]* to the surface of HOPG. Previous work by our group demonstrated that when

[PtCls]* is adsorbed onto HOPG, Pt exists in both the Pt*" and Pt*" oxidation state.’” The
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presence of Pt*" demonstrates that Pt'” becomes reduced when contacted with HOPG. On
the other hand, both [PdC14]* or [Pd(NH3)4]*" remain in the Pd*" oxidation state when
adsorbed onto HOPG (Figure 4.3a-b), suggesting a lack of chemical interaction with the
surface. The reduction of [PtCls]* on high surface area carbon supports has also been
reported in the literature.® *' Hoa et al. suggested that the reduction of [PtCls]*” occurs
slowly, as evidenced by unpublished EXAFS results.® The reduction of [PtCls]* on
HOPG suggests that the interaction between the two is not purely electrostatic, but has a
chemical component as well.

To test if there was an electrostatic component to the adsorption of the Pt and Pd
anions, [PdC14]* and [PtClg]* were adsorbed onto HOPG as a function of pH (Figure
4.4). The Pt/C ratio decreases with increasing pH, consistent with the Pt adsorption
having an electrostatic component. For [PACL,]* adsorption, both PdCl, and Na,[PdCl4]
salts were used. For both Pd salts, there was little to no adsorption of Pd under acidic
conditions. Under basic conditions, there was still Pd present on the surface. Similar
experiments were conducted with the [Pd(NH;)4]*" solutions under both basic and acidic
conditions. Surprisingly, there was significantly more adsorption of the [Pd(NH;3)4]*"
under acidic conditions than [PdC1]*".

These unexpected results of Pd adsorption on HOPG can be explained by stability
issues with both the [PdCl4]* and [Pd(NH3)4]2+ precursors, which are not a problem for
the Pt precursors.’”** For [PdCl4]*, the use of NH4OH to increase the pH of the [PdCL]*
solution can cause the chlorine ligands of [PACL4]* to exchange with ammonia to form
[PA(NH;)4]*".> In fact, the adsorption observed under basic conditions is from

[PA(NH;)4]* rather than [PdCl4]2', given that the formation of Pd(NH3),*" can be
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observed when [PdCl4]* solution changes from yellow to clear as NH4OH is added, as
shown in Figure 4.5. Similarly, the addition of HCI to [Pd(NH;)4]*" changes the color of
the solution from clear to yellow, indicating the formation of the [PdCL4]* species.
Separate ICP experiments were conducted to measure the concentration of both Pt and Pd
precursors as a function of pH (Figure 4.6). The concentration of all the Pt and Pd
precursors are relatively stable across the entire pH range with the exception of
[PA(NH;)4]*", which has a sharp decrease in concentration under acidic conditions. These
results suggest that Pd precipitates out of the [Pd(NHs)4]*" solution as HCl is added to it;
therefore the increase Pd/C ratio on HOPG when it was contacted with the [Pd(NH3)4]*"
solution under acidic conditions is attributed to the precipitation of Pd. Due to the
instability of both Pd precursors, it was not possible to test the electrostatic nature of Pd
adsorption onto HOPG as a function of pH.
4.3.2 GNP

The SEA of Pt and Pd was also studied using GNPs, a high surface area analog of
HOPG. In addition to being able to determine the amount of metal deposited using XPS,
the adsorption of metals could also be measured by a typical uptake experiment, which
enables the adsorption of metals onto the GNPs to be tracked as a function of pH. In our
previous work, the GNPs were found to have low oxygen content, as indicated by a
O(1s)/C(1s) ratio of 0.022 and a PZC of ~8. Treating the GNPs with HCI increased the
number of hydroxyl groups on the surface, but only led to a slight increase in oxygen that
was too small to be reliably quantified by XPS.’

The uptake of [PdCL4]* and [Pd(NH3)4]*" onto the GNPs are shown in Figure 4.7.

In the case of the [Pd(NH;)4]*" uptake, there was almost no adsorption of Pd on the
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washed or HCI treated GNPs. For the [PdC14]* uptake, the HCI treatment did not
decrease the uptake of Pd. The uptake maxima for [PdC14]* on the washed GNPs
appeared at 0.5 pmol/m?, a third of the amount of [PtCl]* that adsorbed onto the GNPs
(Figure 4.8). These results are similar to what was observed with HOPG, which showed
significantly more [PtCl]* adsorption than [PdCl4]* adsorption under acidic conditions.
Furthermore, the adsorption maximum occurred at a pH of 2, the “natural” pH of the
[PAC14]* solution, i.e. no additional acid or base was added to the solution prior to
contact with the support. The position of the maximum uptake on the washed GNPs are
in line with previous observation that have made for [PdCl4]*” on other carbon supports,**
2% and was also true for the GN-Alfa support (see section 4.3.3.2). On the other hand, the
maximum uptake for HCI treated GNPs occurred at a pH of around 1. These results are
surprising in light of the fact that the ionic strength of the solution at a pH of 1 should
suppress the adsorption of [PdCL4]*. A possible explanation for the increase in adsorption
is the partial exfoliation of the GNPs after the acid treatment,” which would increase the
surface area onto which the Pd precursor could adsorb.

XPS experiments were conducted on washed and HCI treated GNPs that were
exposed to [PAC14]* pH of 2.1 or [Pd(NH;)4]*" at a pH of 11, (Figure 4.8). The XPS of
[PACI4]* (Figure 4.8a) showed that there was an order of magnitude less Pd adsorbed
onto the GNPs as compared with [PtCls]*,” in agreement with the uptake results that
demonstrated less adsorption of the Pd anion than the Pt anion (Figure 4.9). According to
the XPS results, a comparable amount of [PAC1,]* was adsorbed onto the washed GNPs
as compared with the HCl treated GNPs, in agreement with the uptake data collected at

around a pH of 2. These results mirror what was observed on HOPG: significantly less
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adsorption of [PACL,]* compared to [PtCls]* regardless of whether the surface was
treated with HCL. For the cationic adsorption (Figure 4.8b), essentially no [Pd(NH;)4]*
adsorbed onto the washed or HCI treated GNPs, in agreement with the uptake
experiments. There is arguably a very small Pd signal on the HCI treated, but it is barely
above the noise. The lack of adsorption of [Pd(NHs)4]*" onto the GNPs suggests that
there is not a sufficient number of oxygen groups on the surface to mediate cationic
adsorption. Overall, the trend of there being little adsorption of both cation and anionic
Pd precursors is consistent with what was observed on HOPG.
4.3.3 GN-Alfa
4.3.3.1 Adding and removing oxygen functionalities from GN-Alfa

To better address the nature of Pd and Pt ion adsorption, we have conducted a
series of SEA experiments on a graphene nanoplatelet support (GN-Alfa) and attempted
to selectively remove and add oxygen functional groups in order to adjust the point of
zero charge (PZC) and the O(1s)/C(1s) ratio (oxygen content) of the support. Table 4.1
provides a list of all the treatments that were used along with the measured oxygen
content and PZC of the support. Variable amounts of oxygen were removed from the
GN-Alfa support by annealing the support in 20% H, at a temperature that varied from
350 — 500 °C for 2 hours. Heating to 350 °C decreased the oxygen content by 31%;
further reduction up to 500 °C decreased the oxygen content by 85%, removing
essentially all the oxygen from the surface. The reduction at 500 °C increased the PZC of
the GN-Alfa support from 4.0 to 10.5. A temperature programmed reduction (TPR)
experiment was performed to confirm that the GN-Alfa support did not undergo

methanation during the reduction treatment (Figure 4.10), which could cause structural
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changes to the material. The major desorption products were carbon monoxide and
carbon dioxide, consistent with the removal of oxygen groups from the surface.**
Methanation did occur, but not until above 550 °C, well above the reduction temperature
of 500 °C. An additional TPR experiment confirmed that no methanation occurred when
the GN-Alfa sample was reduced at 500 °C for 2 hours. Thus, we were successfully able
to remove oxygen functionalities and increase the PZC of the GN-Alfa support using a
simple reduction treatment in Hy.

To add oxygen functionality to the surface, the GN-alfa support was heated to 90
°C in HCI or HNO:;. Treating the GN-Alfa in HCI only increased the O(1s)/C(1s) ratio by
only 13%, indicating that the HCI treatment added relatively little oxygen to the surface.
Reduction of the GN-Alfa support at 500 °C followed by an HCI treatment almost
doubled the oxygen content. However, there was still less than a third as much oxygen on
the surface as compared to the as received GN-Alfa support, demonstrating again that the
HCI treatment was not very effective at adding oxygen functionality to the surface. No
new oxygen functionality features appeared in the FTIR spectra after any of the HCI
treatments (Figure 4.11). Treating the GN-Alfa support in nitric acid more than doubled
the oxygen content and decreased the PZC from 4.0 to 1.2. Furthermore, FTIR
experiments on the nitric acid treated samples (Figure 4.11) revealed that the nitric acid
treatment added carboxylic acid groups to the surface, as indicated by the absorption peak
at 1725 cm™ .** In an attempt to selectively functionalize the GN-Alfa support with
HNO:s, the GN-Alfa support was first reduced to remove all the oxygen from the surface
and then subjected to the HNO; treatment. Subsequent FTIR experiments confirmed that

carboxylic acid groups were added to the surface; however the O(1s) peak shape
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remained rather broad (Figure 4.12), which is indicative of more than one oxygen surface
species. Thus, the HNOs treatment of reduced GN-Alfa was not able to populate the
surface with exclusively carboxylic acid groups.
4.3.3.2 Pt and Pd uptake on GN-Alfa

As received, nitric acid treated and GN-Alfas reduced at 500 °C were used to
compare the adsorption of Pt and Pd precursors. The uptake experiments with the anionic
precursors were carried out with a surface loading of 500 m?*/L, while the surface loading
for cationic uptakes were carried out at 1000 m?/L. As shown in Figure 4.13, both
[PtCls]* and [Pt(NH3)4]*" follow the expected adsorption trends predicted by the revised
physical adsorption (RPA) model.® Namely, as the PZC of the GN-Alfa support
increased, the adsorption of the anionic Pt precursors increased while the adsorption of
the cation decreased. It has previously been speculated that oxygen groups on carbon can
protonate to generate a cationic oxygen species that act as a nucleation site for anionic
precursors. However, the HNOjs treated GN-Alfa support, which contained the most
oxygen functionalities, adsorbed no [PtCls]*". The lack of adsorption is consistent with
the fact that most protonated oxygen functional groups attached to an aromatic ring, such
as carboxylic acids or alcohols, have a negative pK,, making them difficult to protonate.*
On the other hand, the broad adsorption of [Pt(NH;3)4]*" must be due to acidic oxygen
functional groups that can deprotonate under acidic conditions. There are only two
oxygen functional groups that are capable of being deprotonated and holding a negative
charge, alcohols and carboxylic acid groups. Given that the pK, values of molecules like

phenol and benzoic acid are 10.02 and 4.21 respectively,’” it is most likely that
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carboxylic acid groups mediate the adsorption of cationic precursors under acidic
conditions.

In the case of Pd, the adsorption did not follow the expected trends predicted by
the RPA model due in part to the instability of the Pd precursors in solution. Under basic
conditions, the adsorption of [Pd(NH3)4]*" onto the various GN-Alfa supports follows the
expected trends predicted by the RPA model. These same trends were also observed
when the surface loading of the GN-Alfa support was kept at 500 m*/L (Figure 4.14a). At
a pH<S5, there was some unexpected adsorption of Pd onto the as received and reduced
GN-Alfa support due to the formation of [PdCl4]*" and precipitation of an unknown Pd
species. Precipitation was deduced by a decrease in Pd concentration as the pH of the
[PA(NH;)4]*" solution decreased below 5 (see Figure 4.5).

For [PdCL4]* uptake, the maximum uptake on the as received and the reduced GN-
Alfa supports was narrower than that of [PtClg]* (Figure 4.14b). Furthermore, the
maximum uptake occurred at a pH = 2, the same peak maximum that was observed with
the GNPs. The decrease in adsorption above a pH of 2 suggests that the addition of
NH,OH reduces the concentration of [PdC14]* species available to absorb onto the
surface.” This hypothesis is further supported by the adsorption trend of [PdC14]* on the
nitric acid treated GN-Alfa (low PZC) support, which increases above a pH of 2. In fact,
the [PdCl4]* uptake on the nitric acid treated GN-Alfa mirrors the uptake of
[PA(NH3)4]*", consistent with the formation of the cationic Pd species. Surprisingly, the
as received and reduced GN-Alfa supports adsorbed the same amount of [PdCl4]*.
Moreover, the calculated uptake of [PdCL4]* is 2-3 times higher than what was observed

on the GNPs. These results may point to the GN-Alfa support having additional sites
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capable of accumulating charge or Pd precursors chemically react with the GN-Alfa
support.

To correlate the Pd uptake to the amount of Pd deposited onto the surface of the GN-
Alfa supports with varying levels of oxygen content, a separate set of uptake and XPS
experiments were conducted. The GN-Alfa supports that were used received the
following treatments, listed in order of increasing oxygen content: reduced at 500 °C,
reduced at 500 °C followed by an HCI treatment, as received, reduced at 500 °C followed
by an HNOs treatment, and treated in HNOs. The O(1s)/(Cl1s) ratio (oxygen content) of
the GN-Alfa supports was measured prior to adsorption of any Pd precursors, but after
the reduction or acid treatments. [PdC14]* adsorption was conducted at a pH of 2.1 on
each GN-Alfa support, while [Pd(NH;)4]*" adsorption was conducted at a pH of 11. The
results can be found in Figure 4.15.

For the [Pd(NHs)4]*", the Pd(3d)/C(1s) ratio directly correlated with the uptake data,
which both increased with increasing surface oxygen content. There was more than a five
fold increase in [Pd(NHs)4]*" adsorbed onto the GN-Alfa support with the most oxygen
content as compared with that which has the least oxygen. Also, the adsorbed
[PA(NH;)4]*" species were found to reside in the Pd*" oxidation state (Figure 4.16b).
These findings are in line with the adsorption trends observed for all the [Pd(NH3)4]*"
uptake experiments conducted on the GN-Alfa supports and the adsorption trend of
cationic precursors on HOPG, which are all mediated by oxygen functional groups.

In the case of [PdC14]* (Figure 4.15a), the uptake decreases with increasing oxygen
content, while the Pd(3d)/C(1s) ratio first decreases and then flattens out. In both cases,

the addition of oxygen groups to the surface did not lead to an increase in [PdCl]*
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adsorption. For the [Pd(NH;)4]*" (Figure 4.15b), the Pd(3d)/C(1s) ratio directly correlated
with the uptake data, which both increased with increasing surface oxygen content. There
was more than a five fold increase in [Pd(NH3)4]*" adsorbed onto the GN-Alfa support
with the most oxygen content as compared with that which has the least oxygen. These
findings are in line with the adsorption trends observed for all the [Pd(NH3)4]*" uptake
experiments conducted on the GN-Alfa supports and the adsorption trend of cationic
precursors on HOPG, which are all mediated by oxygen functional groups.

The discrepancy between the [PdCL4]* uptake and the XPS results maybe due to the
assumption that the surface area of all the supports was 500 m?/L, as reported by the
manufacturer. BET experiments yielded a surface area of around 250 m?/gram for the
nitric acid treated GN-Alfa, half of the surface area measured for the reduced and as
received GN-Alfa supports. By overestimating the surface area, the [PdCl4]* uptake for
the nitric acid treated GN-Alfa support was underestimated. In addition, a closer
examination of the XPS results (Figure 4.16a) reveal that that [PdCl4]*” was partially
reduced to Pd’, a phenomena that has been noted by others as well.'*** The adsorbed
[PA(NH;)4]*" species were found to reside in the Pd*" oxidation state (Figure 4.16b) and
were not reduced to Pd’. The mechanism by which the reduction of [PACL4]* occurs is
still unknown. No such reduction was observed on HOPG or the GNPs, and therefore the
reduction appears to be unique to the GN-Alfa support.

4.4 Conclusions
SEA adsorption of Pt and Pd cationic precursors is mediated by oxygen functional
groups on the graphitic supports. On HOPG, increasing the concentration of hydroxyl

groups increased the adsorption of both cationic precursors. For the GNPs, hydroxylating
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the surface increased the amount of [Pt(NH;)4]*" that adsorbed to the surface, but there
was almost no adsorption of [Pd(NH;)4]*". The lack of [Pd(NH3)4]*" adsorption on the
surface was attributed to the support not having sufficient oxygen functional groups on
the surface. Lastly, for the GN-Alfa supports, functionalizing the surface with hydroxyl
and carboxylic acid groups increased the adsorption of both cation precursors. In the case
of [PA(NH;)4]*", there was a direct correlation between the amount of Pd adsorbed and
the surface oxygen content of the GN-Alfa, demonstrating that these oxygen
functionalities act as nucleation sites for the cationic precursor.

The anionic adsorption of Pt on HOPG and the GNPs is not purely electrostatic
and includes a chemical component as well. Significantly less [PdCL4]* adsorbed onto the
surface of HOPG and the GNPs as compared to [PtCls]*. Furthermore, XPS showed that
Pt*" in [PtCls]* was partially reduced to the 2+ oxidation state while Pd*" in [PdCL4]* was
not reduced, indicating that adsorption of [PtCls]* is in part due to a chemical interaction
with the graphitic support. Uptake experiments conducted on HOPG, GNPs, and the GN-
Alfa supports all indicate that the adsorption of [PtCls]* is at least partly electrostatic,
since its adsorption depends on the pH of the solution and the oxygen content of the
support. 2-3 times more [PdC14]* was adsorbed onto the GN-Alfa support as compared to
the GNPs, but the reason for this discrepancy is still not understood. Additionally,
[PACL,]* was shown to reduce to the metallic state on the GN-Alfa support, but the

mechanism by which this occurs remains unknown.
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Table 4.1: PZC and O(1s)/C(1s) ratios of GN-Alfa supports
that underwent a different acid and reduction treatments.

Treatment PZC O/C Ratio

HNO3 1.2 0.0718

500 °C 2 hrs 20% hydrogen + HNOs; | 2.1 0.0525
HCI 2.8 0.0371

As Received 4.0 0.0328

350 °C 2 hrs 20% hydrogen 4.5 0.0225

500 °C 2 hrs 20% hydrogen + HCI 6.4 0.0099
425 °C 2 hrs 20% hydrogen 7.3 0.0171

500 °C 2 hrs 20% hydrogen 10.5 0.0049
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Figure 4.1: O(1s) region of untreated and
HCI treated HOPG and their respective
O(1s)/C(1s) ratios.

77



pH=25 Freshly Cleaved
HCI Treated

6 -
4

2 . pH=2.1 .
0 el | 0.0 —

0.5 —
N T | T 1
[PtClg)* [PdCI, > [Pt(NH,),]>*  [Pd(NH,),J**

Metal/C(1s) Ratio (x102)

Metal/C(1s) Ratio (x102)

Figure 4.2: Comparison of Metal/C(1s) ratios of anionic (left) and cationic (right) Pt
and Pd precursors. Anionic uptake experiments were conducted between a pH of 2-2.5
while the cationic uptake experiments were all conducted at a pH of 11.
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Figure 4.3: XPS of the Pd(3d) region for a) [PdCl4]* adsorbed onto
untreated and HCI treated HOPG at a pH of 2.1 and b) [Pd(NH3)4]*"
adsorbed onto HCI treated and untreated HOPG at a pH of 11.
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Figure 4.4: Comparison of Pd(3d)/C(1s) ratios of anionic and cationic Pt (right) and
Pd (left) precursors on HOPG as a function of pH.
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Figure 4.5: 200 ppm PdCl, and 200 ppm [Pd(NH3)]Cl,
solutions as a function of pH. As NH4OH is added to the
PdCl; solution, the color the changes from yellow to clear,
indicating the formation of the [Pd(NH3)4]*" species. As
HCl is added to the [Pd(NH3)]Cl; solution, the solution
changes from clear to yellow, indicating the formation of
the [PdCL4]* species.
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function of pH.
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Figure 4.7: Uptake of Pd precursors onto the washed and HCI treated GNP

supports using the a) [PdC14]* and b) [Pd(NH3)4]*" precursors.
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Figure 4.8: XPS of the Pd(3d) region for a) [PdCl4]*" adsorbed onto the washed and
HCl treated GNPs at a pH of 2 and b) [Pd(NH;)4]*" adsorbed at a pH of 11.
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Figure 4.11: IR spectra of GN-Alfa support that underwent different acid and
reduction treatments: a) treated with HNOj3, treated with HCI, as received and b) as
received, reduced at 500 °C, reduced at 500 °C followed by an HCI treatment, reduced
at 500 °C followed by an HNOj treatment.
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normalized with respect to the C(1s) signal of each sample. All
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Figure 4.13: Uptake of a) [PtCls]*, b) [Pt(NH;3)4]*", ¢) [PAC14]*
and d) [Pd(NH3)4]*" precursors on GN-Alfa supports of various
PZCs. The green, blue and red traces corresponds to GN-Alfas
prepared with a PZC = 10.5 (reduced 500 °C 2 hrs), 4.0 (as
received), and 1.2 respectively (nitric acid treated). The uptakes of
a) and c) were carried out at a surface loading of 500 m?/gram
while b) and d) were carried at a surface loading of 1000 m*/gram.
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Figure 4.14: Uptake plots of a) [Pd(NH;)4]*" and b) [PdCL]* adsorbed onto
GN-Alfa supports exposed to a variety of acid and reduction treatments at a
surface loading of 500 m?/gram.
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precursors. Uptake experiments were conducted at a pH of ~2.1 and 11
respectively.
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Figure 4.16: XPS of the Pd(3d) region for a) [PdC14]* and b) [Pd(NH;)4]*" on a
series of GN-Alfa supports with varying levels of surface oxygen content. Uptake
experiments were conducted at a pH of ~2.1 and 11 respectively.
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CHAPTER 5

NUCLEATION OF RE CLUSTERS ON HOPG: DISTIGUISHING
BETWEEN CLUSTER SIZE EFFECTS AND OXYGEN
COORDINATION
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5.1 Introduction

The addition of Re to Pt based catalysts enhances the activity and stability of
catalysts for a variety of chemical reactions. Significant attention has been given to
PtRe/Alumina catalysts due to its use by the oil industry in naphtha reforming.' More
recently, PtRe/Carbon catalysts have been shown to be quite active in aqueous phase
reforming (APR) of polyols®®, while PtRe/titania catalysts are superior to Pt based
catalysts for low temperature water gas shift (WGS) reaction.”® A variety of explanations
have been proposed for the enhanced activity of PtRe catalysts: weakened interaction
between carbonaceous species and Pt due to changes in its electronic structure,* ReOy
species participating in WGS reaction,”” and reduced sintering.” However, confirming
these explanations through experiment has been hindered by difficulties in controlling the
chemical composition of these complex, high surface area materials used in industrial

applications.

To better understand the origin of the superiority of PtRe catalysts compared to
their monometallic counterparts, the WGS reaction was studied using well characterized
PtRe systems prepared on a TiO,(110) single crystal surface.'® Doing so required that the
nucleation monometallic Re and Pt clusters on TiO,(110) to be studied systematically.
These studies suggested that Re interacts strongly with the titania support, as
demonstrated by low diffusion length and reduction of titania.'' The former is consistent
with decreased diffusion length with increased affinity towards oxygen,'” while the later
suggests that Re strongly interacts with surface oxygen on titania, possibly becoming
oxidized. Re has a relatively low heat of formation for Re oxide and lies on the border of

transition metals that are oxidized when deposited onto titania at room temperature,
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which includes Re, Ru, and Co."” Ru does not oxidize on titania,'® while Co is slightly
oxidized, as evidence by the reduction of titania after Co deposition.'> '* Therefore, it is

not obvious that Re should in fact become oxidized when deposited onto titania.

In principle, one should be able to identify the oxidation state of Re by examining
binding energy position of the Re(4172) peak; however the interpretation of XPS results
for Re deposited on titania is not trivial. Figure 2.1 depicts XPS of the Re(4f) region at
different coverages and the corresponding binding energies for the Re (4f;,,) peak. Ata
coverage of 0.11 monolayer (ML), the Re(4f7,,) binding energy position shifted to 41.3
eV, +1.0eV from metallic Re, 40.3 eV, '*'*. The binding energy of Re decreases with
increasing coverage, ultimately converging to the binding energy of metallic Re at 3.44
ML. One interpretation of this data is that at low coverages, most Re atoms are in direct
contact with the titania interface, resulting in Re coordinating with surface oxygen and
possibly becoming oxidized; at higher coverages, less Re is in direct contact with the
titania surface, causing the binding energy of Re to shift to its metallic state. However, an
alternative explanation is that the binding energy shift at low Re coverages is in fact a

1618 that occur due to small clusters on the surface, which were found to

cluster size effect
be one atomic layer high on the 0.11 ML Re TiO»(110) surface.'' Small metal clusters are
less effective at screening holes generated by ejected electrons, increasing the apparent
binding energy of atoms in the cluster by lowering the energy of the final state. A
positive shift in binding energy at low coverages has been reported for other metals
deposited on titania, such as gold,"? silver,”* and platinum.'' In these cases, the shift was

attributed to a cluster size effect because none of these metals are expected to oxidize on

titania.
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To distinguish between a cluster size effect and Re oxidation on titania, Re
clusters of various sizes were grown on HOPG. HOPG was chosen because it is known

2124 and lack of oxygen functionalities.*

for its weak interaction with metals
Furthermore, defects can be systematically introduced to the surface through sputtering,
enabling the cluster size of Re to be controlled as a function of defect sites®** while the
coverage is kept constant. A positive binding energy shift was indeed observed as a
function of Re particle size. However, there was also a binding energy shift that occurred
when Re was deposited onto an HOPG sample that did not have all of the oxygen
removed from the surface. Therefore, the binding energy shifts of Re deposited onto

titania at low coverages cannot be fully attributed to a cluster size effect, and must also be

due to a strong chemical interaction between titania and Re.
5.2 Experimental

All experiments were conducted in an ultrahigh vacuum (UHV) chamber that has
previously been described.” The base pressure of the chamber is less than 1x10™'° torr
and contains a variable-temperature STM (Omicron VT-25) and a hemispherical
analyzer (Omicron EA125) for X-ray photoelectron spectroscopy and low energy ion
scattering experiments. It also contains a sputter gun used for cleaning and sputtering

surfaces with Argon ions (Omicron ISE 10).

HOPG was purchased from SPI, having the dimensions of 10 mm x 10 mm x 1
mm. The sample was mounted onto an Omicron tantalum sample plate using tantalum
foil straps and heated via electron bombardment using a tungsten filament located behind

the sample. Before each experiment, a clean HOPG surface was prepared by exfoliating
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the surface with tape. To generate defect sites in the surface of the HOPG, the surface
was sputtered with Ar” at 500 eV using a current of 0.1 pA and an argon pressure of
3x107 torr for 30 seconds to 20 minutes. The surface was then annealed to 950 K for 12
minutes to remove surface oxygen species and Ar imbedded in the surface. Unless
otherwise stated, the 950 K heat treatment was applied to every HOPG surface prior to
Re deposition. In one cases, HOPG was annealed to 400 K for 3 minutes to remove
residual contaminants, perhaps water, that may remain on the surface prior to Re

deposition. This surface will be referred to as HOPG-O.

Re was deposited onto the surface from a Re rod (ESPI, 2 mm diameter, 99.99%)
using a commercial Oxford Applied Research (EGCO04) electron beam evaporator. The
metal flux was monitored using a quartz crystal microbalance (QCM, Inficon XTM-2).
One monolayer of Re is defined as the packing density of Re(0001), 1.52 x 10"
atoms/cm”. Re was deposited at a rate of 0.05 ML/min. STM experiments were
conducting in constant current mode using a voltage of 2.3 V and a current of 0.1 nA.
XPS experiments were conducted using an Al Ka source with a dwell time of 0.2 s and a
step size of 0.02 eV. Cluster heights were measured using an in-house program on an
image area of 100 nm x 100 nm for the surfaces that were sputtered for less than 5
minutes, and 50 nm x 50 nm for surfaces sputtered for 5 minutes or longer. Reported
cluster densities were all counted by hand. Cluster diameters were not measured since

. . . 1
accurate values cannot be achieved due to tip convolusion effects.'®

To locate the Re(4f7,) peak maxima, residual Re deposited onto the tantalum
straps had to be taken into consideration. To account for the residual Re signal, all Re(4f)

data was processed by subtracting Re signal before deposition from the Re signal after
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deposition. The subtracted Re(4f) spectra was then used to determine the location of the

Re(4f7,) peak maxima.
5.3 Results and Discussion

Re nucleation occurred on both with basal plane and step edges of HOPG with a
relatively broad size distribution, indicating that Re is highly mobile on the surface. Re
nucleation on the HOPG support can be found in Figure 5.2a for 0.25 ML and 5.3a for
0.125 ML Re. For 0.25 ML Re on HOPG, the cluster size distribution was broad, with an
average height of 10.7+3.8 A and a cluster density of 1.33 x10'* cm™. Decreasing the Re
coverage to 0.125 ML slightly decreased the average cluster height (9.8+3.8 A) and
cluster density (0.96 x10'? cm™), but the cluster size distribution was essentially the
same. The broad cluster size distribution is expected for metals with high surface
mobility, and is consistent with the weak interaction that transition metals have with
HOPG.* As an example, investigations of the monometallic growth of Pt and Ru on
HOPG showed that these metals are highly mobile.”® However, the cluster density of Pt
and Ru were an order of magnitude lower than that of Re for similar coverages,
suggesting that Re has a stronger interaction with HOPG than Pt or Ru. These
observations are consistent with DFT results examining the mobility of transition metal

atoms on graphene.*>*®

Sputtering the surface of HOPG resulted in a decrease in average cluster size, an
increase in the cluster density by up to an order of magnitude, and a narrowing of the
cluster height distribution. STM images of 0.22-0.25 ML Re clusters on HOPG after

sputtering for variable periods of time can be found in Figure 5.2a-d, images of the 0.11-
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0.125 ML coverages can be found in Figure 5.3a-d, and the overall cluster density and
cluster height trends are displayed in Figure 5.4. Sputtering for 30 seconds results in only
a slight increase in cluster density and decrease in cluster size relative to the unsputtered
surface, but overall the cluster height distribution remained the same. Sputtering for 5-10
minutes decreased the average cluster height to the smallest values of 4.6+1.4 A,
increased the cluster density by an order of magnitude, and produced clusters with a
narrow height distribution. The same trend in particle height, height distribution, and
cluster density were observed when 0.11-0.125 ML Re was deposited onto HOPG. For
the 0.11-0.125 ML Re surfaces, it was found that the smallest Re clusters (4.6 £1.4 A)
were grown after sputtering the surface for 10 minutes, while sputtering for 20 minutes
did not decrease the average particle height. Therefore, unlike TiO,(110), it was not

possible to grow approximately single layer high Re clusters, (2.23 A),*” on HOPG.'"*®

Lastly, Re was deposited onto an HOPG surface that contained oxygen
functionalities on its surface, HOPG-O, opening up the possibility for Re to interact with
oxygen functionalities on the surface. Oxygen functionalities were retained on the surface
by annealing HOPG to 400 K for 3 minutes prior to Re deposition. As demonstrated in
the XPS spectra of O(1s) in Figure 5.5a, the HOPG-O surface has more than double the
amount of oxygen on the surface than does HOPG annealed to 950 K. However, the
native oxide on the Ta straps used to mount the HOPG crystal may also be contributing to
the oxygen signal. Separate experiments in which an X-ray source with a focused beam
was used to examine HOPG, the oxygen to carbon ratio that was an order of magnitude
lower than reported here.*” Regardless, more oxygen functionalities are present on the

HOPG-O surface compared to the surface annealed to 950 K. The average cluster height

97



and distribution of Re on HOPG-O was 10.0+4.5 A, similar to the oxygen free HOPG
surface with the same coverage, and there was also a slight increase in cluster density up
to 2.34x10"* cm™. These results indicate that the presence of oxygen functionalities did
not affect the mobility of Re. However, separate experiments conducted in our laboratory
suggested that the mobility of both Pt and Pd were decreased when deposited onto an
HOPG surface that was hydroxylated with an HCl acid treatment. Therefore, it appears
that the HOPG-O surface did not contain enough hydroxyl groups/oxygen functionalities

to have a significant impact on the mobility of Re.

When 0.11-0.25 ML of Re clusters were grown on an HOPG surface sputtered for
5 minutes or longer, the average Re cluster size decreased while the Re(4f7,) peak
binding energy shifted by 0.2-0.3 eV with respect to the unsputtered surface. The
Re(4172) binding energy position as a function of sputter time and cluster size can be
found in Figure 5.6 and 5.7 respectively; a full summary of all the Re/HOPG and
Re/Ti0,(110) surfaces is located in Table 5.1. The binding energy shift maybe indicative
of a strong interaction between Re and HOPG, but this possibility was ruled out because
oxygen free HOPG tends to interact weakly with transition metals in general.*'** Thus,
the positive binding energy shift that occurs with decreasing Re cluster size on HOPG
was attributed to a cluster size effect.'®"® Interestingly, the one exception to the shift in
binding energy as a function of cluster size occurred when Re was deposited onto HOPG-
O. In this case, the binding energy increased by 0.4 eV with respect to the 0.25 ML Re on
oxygen free HOPG even though the average Re cluster size for the oxygen free and

HOPG-O surfaces were similar. Therefore the binding energy shift for Re/HOPG-O
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cannot be attributed to a cluster size effect, and must instead be due to Re interacting

strongly with oxygen functionalities on the surface of HOPG.

A similar trend in binding energy shift as a function of cluster size was observed
for Re clusters on TiO»(110) as well. However, the binding energy shift for Re/Ti0,(110)
occurs at a much steeper rate than it did for Re/HOPG (see Figure 5.7), thus the binding
energy shift that occurs on Re/ TiO,(110) cannot be explained by a cluster size effect
alone. An alternative explanation is that the shift is due, in part, to a strong chemical
interaction between Re and TiO,(110). The XPS experiment conducted on the Re/HOPG-
O surface demonstrated that Re strongly interacts with oxygen functional groups.
Therefore, it is expected that Re should interact strongly with surface oxygen on
Ti02(110) as well. The binding energy shift that occurs on TiO,(110) is due to a
combination of a cluster size effect and strong chemical interaction between Re and
Ti0,(110). These conclusions are consistent with Re being an oxophilic metal that

interacts strongly with the titania surface.'" '

5.4 Conclusions

Introducing defect sites onto the surface of HOPG with Argon sputtering enabled
the size of Re clusters to be systematically controlled. Re clusters grown on the
unsputtered HOPG had a broad cluster height distribution, but the cluster size distribution
narrowed and decreased in height when Re was deposited onto a surface sputtered for 5
minutes or longer. The Re clusters grown on the sputtered HOPG surfaces showed
positive binding energy shift for their respective Re(4f7,) peak, which was attributed to a

cluster size effect. However, after depositing Re onto an HOPG surface with oxygen
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functional groups on the surface, the binding energy of Re increased in spite of the fact
that the cluster height was essentially the same as it was on the oxygen free HOPG
surface. These results indicate that Re strongly interacts with oxygen groups on the
surface. Comparing the Re binding energy shift that occurred as a function of cluster size
for HOPG and TiO,(110) revealed that the shift was much more pronounce on the
T10,(110). These results show that the binding energy shift that occurs for Re on
Ti0,(110) cannot solely be attributed to a cluster size effect, but must also be due to Re

interacting strongly with oxygen groups on the surface of TiO,(110).
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Table 5.1: Summary of the average Re cluster height, cluster density and corresponding
Re(417,) peak position for Re deposited onto HOPG or TiO»(110).

Avg. Height Cluster density Re(4f7))

Surface A) (10" cm?) (eV)
0.25 ML Re, HOPG 10.743.8 1.33 40.6
0.22 ML Re, HOPG-O 10.0+£4.5 2.34 41.0
0.22 ML Re, sputtered 30 sec 8.7£3.7 3.34 40.6
0.22 ML Re, sputtered 5 min 6.4+1.7 11.18 40.9
0.22 ML Re, sputtered 10 min 4.6+1.4 12.31 40.9
0.125 ML Re, HOPG 9.843.8 0.96 40.6
0.11 ML Re, sputtered 5 min 5.7%1.7 11.17 40.8
0.125 ML Re, sputtered 10 min 4.7+1.4 13.89 40.8
0.11 ML Re, sputtered 20 min 4.6+1.4 15.08 40.8
0.11 ML Re, TiO(110) 2.9+1.1 31.44 41.3
0.22 ML Re, TiO,(110) 3.2+1.1 28.16 41.1
0.43 ML Re, TiO(110) 4.0+1.3 25.76 41.0
1.7 ML Re, TiO»(110) 4.7 +£1.0 15.49 40.6
6 41.5
2 Re(4f, ) " — °
— 57 —sam 3
D4 M % 41.0
4 — 1.00 ML 0
) =]
; 3 = 0.43 ML %
g 5 = 0.22 ML % 405 -
= — oML < Metallic Re
- - o
S e E e B EL A R 400, T | | |
52 48 44 40 36 0 1 2 3 4
Binding Energy (eV) Re Coverage (ML)

Figure 5.1: (a) Re(4f) region of for different monolayer coverages of Re deposited
Ti(110) (b) Re(4f7,2) binding energy position as a function of coverage. The binding
energy of metallic Re is represented by the dashed line at 40.3 eV.
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Figure 5.2: 0.25-0.22 ML of Re deposited onto HOPG that was sputtered for (a) 0
seconds, (b) 30 seconds, (c) 5 minutes and (d) 10 minutes. The histogram below each
image corresponds to the Re cluster height distribution of that surface. All STM
images are 100 nm x 100 nm.
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Figure 5.3: 0.11 — 0.125 ML of Re deposited onto HOPG that was sputter for (a) 0
seconds, (b) 5 minutes, (¢) 10 minutes and (d) 20 minutes. The histograms below each
image corresponds to the Re cluster height distribution for each image. All STM
images are 100 nm x 100 nm.
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Figure 5.6: Left panel, binding energy position of Re for the 0.22-0.25 ML Re
coverages as a function of sputtering time on HOPG and TiO,(110). HOPG-O
refers to the surface that was only annealed to 400 K prior to the deposition of
Re. Right panel, binding energy position of Re for the 0.11-0.125 ML Re
coverages on HOPG and TiO,(110).
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CHAPTER 6

GROWTH AND OXIDATION OF RE FILMS ON PT(111)
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6.1 Introduction

Pt-Re catalysts have been used commercially for naphtha reforming since it was
patented by Chevron in the 1960s."* The superior activity and stability of bimetallic
catalysts compared to their monometallic counterparts is typically attributed to changes in
electronic structure, unique surface structures, or bifunctional sites.”” More recently, Pt-
Re catalysts have displayed superior catalytic activity towards the low temperature water-
gas shift (LT-WGS) reaction®” and the aqueous phase reforming (APR) of oxygenated
hydrocarbons.'®"® In both cases, the enhanced activity and stability is believed to be
driven in part by the removal of CO and other carbonaceous species form the surface,'” >
however the mechanism by which this occurs is not fully understood. One hypothesis is
that the presence of Re changes the electronic structure of Pt, reducing the adsorption
strength of CO and preventing the catalysts from becoming poisoned.'® *** Pt and Re
are known to form an alloy, and so the two metals are expected to have a strong chemical

3-2% Another hypothesis is that the ReOy species, which is believed to be

interaction.
present under reaction conditions, participates in the WGS reaction by oxidizing CO
bound to Pt sites.”® " Moreover, it has been proposed that ReOy provides acid sites on
the surface that facilitates C-O bond cleavage reactions in APR of oxygenated
hydrocarbons.'™ ' '>1° Because of the role that metallic Re and ReOy may play in the
chemistry of Pt-Re catalysts, it is critical to develop an understanding of the oxidation
states of Re that are present during the reaction.

The presence of Pt can have a profound influence on the oxidation state of Re. For

example, Re reduces at a lower temperature in the presence of Pt, most likely via the

spillover of hydrogen from Pt onto Re.'"***’ The reduction temperature has also been
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shown to play an important role in the formation of Pt-Re alloy particles.” *°

Interestingly, there is at least one report that suggests the presence of Pt facilitates the
oxidation of Re on a carbon support exposed to steam at 225 °C. '° However, these
experiments were conducted on a traditional high surface area catalysts with an ill
defined surface, making it difficult to come to a definitive conclusion about the results. In
post-reaction XPS experiments conducted in our own lab, the presence of Pt in a model
Pt-Re catalyst prepared on TiO»(110) used for methanol oxidation at 100 °C increased the
amount of Re in its higher oxidation states (+4, +6 and +7).%* However, it was not
possible to decouple the role that Pt and the titania support, which interacts strongly with
Re,” may have on the oxidation state of Re.

To determine if Pt facilitates the oxidation of Re, Re films of varying thicknesses
and chemical composition were prepared on a Pt(111) single crystal and then exposed to
high pressures of O, at room temperature. By varying the thickness of the films, it was
possible to test if direct contact between the Re film and Pt crystal increased the amount
of Re that was oxidized. Pt-Re alloy surfaces were prepared by annealing the Re films to
test how the alloy formation affects the oxidation state of Re. It was found that only Re at
the surface of the films was oxidized upon exposure to O,. Furthermore, the formation of
a Pt-Re alloy surface suppresses the oxidation of Re due to the surface being Pt rich.
Lastly, we found no correlation between the extent of Re oxidation and the thickness of
the Re films; therefore direct contact of Re with Pt does not appear to facilitate the

oxidation of Re.
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6.2 Experimental

All experiments were carried out in an ultrahigh vacuum (UHV) chamber that has
been described previously.’® The base pressure of the chamber is less than 1x10™'° torr
and is equipped with a variable-temperature STM (Omicron, VT-25), a hemispherical
analyzer (Omicron, EA125), a dual Al/Mg anode x-ray source for X-ray photoelectron
spectroscopy (Omicron, DAR 400) and low energy ion scattering optics (Omicron,
Spec3). The chamber also contains a sputter gun used for cleaning single crystals with

Argon ions (Omicron ISE 10).

A Pt(111) single crystal (99.999%, Princeton Scientific Corp., 8 mm diameter, 2
mm thickness) was used for all the experiments. The configuration of the mounted
Pt(111) crystal has been described in more detail elsewhere."” Briefly, the crystal was
mounted onto a standard Omicron Ta plate with a window cut into the back and was held
in place by two Ta wires that were spot welded to the plate. The Pt(111) crystal was
heated through electron bombardment from a tungsten filament with a sample bias of
+600 V. The Pt(111) crystal was cleaned by sputtering with 1 kV Ar" ions for 20
minutes, followed by annealing to 1000 K for 3 minutes. The temperature of the crystal
was monitored using a Heitronics CT 18 pyrometer. The cleanliness of the surface was

established using XPS, LEIS and STM.

Re was deposited between room temperature and 500 K from a 2 mm diameter Re
rod (EPSI, 99.99%) using an Oxford Applied Research (EGC04) electron beam
evaporator. The Re flux was monitored using a quartz crystal microbalance (QCM,
Inficon XTM-2). One monolayer of Re is defined as the packing density of Re(0001),

1.52 x 10"° atoms/cm®. Re was deposited onto the surface of Pt(111) at a rate of 0.02—

114



0.05 ML/min. STM experiments were conducted in constant current mode using bias
between +0.35-2.0 V and a tunneling current of 4 nA. The STM tips were prepared by
electrochemically etching 0.38 mm the tungsten wire in with a NaOH solution and were
later subjected to Ar' sputtering.

XPS experiments were conducted with 0.02 eV resolution and pass energy of 50
eV. “Regular” angle XPS experiments were done at 26° off-normal, while the grazing
angle experiments were conducted at a 72° off-normal. Low energy ion scattering
experiments were conducted using 600 eV He" ions. Previous work demonstrated that the
ion bombardment did minimal damage to the Re films."” All peak fitting of the Re(4f)
spectra were performed with XPSPeak software using a Shirley background and a
Gaussian-Lorenztian peak shape with an asymmetry factor. The peak separation between
the Re(4f7,) and Re(4fs,) was set to 2.45 £0.1 eV and the area ratio between the two
peaks was set to 4:3.

Oxidation treatments were conducted by transferring the prepared sample out of
the main chamber into a load lock. The load lock was filled with 250 torr of ultra high
pure oxygen gas (Matheson Gas, 99.98%) for two hours. After oxygen exposure, the load
lock was pumped down overnight, at which time the sample was then transferred back
into the chamber for post-oxidation XPS.

6.3 Results and Discussion
6.3.1 Growing Re films on Pt(111)

Figure 6.1 shows a series of STM images of Re films deposited onto Pt(111) at

coverages of 0.4, 1.0, and 1.9 ML. At 0.4 ML (Figure 6.1a), the surface is predominantly

covered with Re islands measuring between 2.2-2.8 A high, corresponding to the height
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of one atomic layer of Re.** A small fraction of islands have a height greater than 4 A,
indicating that a second layer of Re begins to grow before the first layer is complete;
overall the images are consistent with Re growing in an approximately layer-by-layer

. 1
fashion.”* 3

At 1.0 ML, the Re islands have begun to form a film that covers the majority
of the Pt(111) surface, but there is significant Re island growth on the still incomplete
first layer of Re. At 1.9 ML, the Re film has become contiguous and no longer appears to
be growing in an approximately layer-by-layer mode, contrary to previous report that Re
grows in a layer-by-layer mode up to 3 ML.>' As more Re is deposited onto the surface,
the film becomes more disordered. The significant growth of Re islands on the first layer
of the Re film is attributed to the high step-down diffusion barrier associated with atoms
descending down steps on the surface when depositing Re at room temperature.*>’

To grow smoother, atomically flat Re films, Re was deposited onto Pt(111) at
higher temperatures. The STM images in Figure 6.2a-b compare a 1.0 ML Re film grown
at room temperature (Figure 6.2a) and another grown at 500 K (Figure 6.2b). Both
surfaces contained a significant number of Re islands occupying the second layer of the
film, but there were fewer islands on the Re film deposited at 500 K, indicating that a
more uniform film was grown. When Re was deposition at 600 K (Figure 6.2c), the Re
islands had a more regular shape and no longer appeared to be growing in a layer-by-
layer mode. The shape of the Re islands were similar to Re films that were annealed to
800 K, when significant alloy formation occurs."® From these images, it was concluded
that deposition at 600 K led to significant Pt-Re alloy formation. Annealing the Re film

grown at 500 K to 600 K for 10 minutes after film deposition led to even fewer second

layer Re islands appearing on the surface. Upon annealing the film, perimeter Re atoms
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detach from existing islands and reattach to larger islands or descend down the step-edge
to join the first Re layer.**®

To ensure that the Re films were not alloying upon annealing to 600 K after metal
deposition, a series of low energy ion scattering (LEIS) and XPS experiments were
conducted on annealed Re films to gain insight into the chemical composition of the
surface. Pt-Re alloy formation of Re films on Pt(111) is known to lead to the diffusion of

Pt to the surface,24’ 31

therefore monitoring the chemical composition of the surface can
provide insight into whether or not an alloy was formed. Figure 6.3 tracks the LEIS
signal of a 0.9 ML Re film deposited onto Pt(111) that was annealed to 500 K, 600 K,
and 700 K for 1 minute. It was not possible to resolve the Pt and Re contributions to the
signal, meaning that attaining quantitative information about the chemical composition of
the top-most layer of the surface was not possible. However, previous work from our
group showed that LEIS was 1.9 times more sensitive to a Pt foil as compared to a Re
foil, enabling qualitative information to be extracted about the chemical composition of
the surface.”” Depositing 0.9 ML of Re onto the surface of Pt(111) decreased the LEIS
signal by 60%, which was attributed to the top-most surface layer being composed
primarily of Re. Annealing the Re film to 500 K and 600 K for 1 minute increased the
LEIS signal slightly, while annealing to 700 K increased the signal to 70% of that
observed for Pt(111). The sharp increase in signal after annealing to 700 K was attributed
to Pt atoms diffusing to the surface and the formation of a Pt-Re surface alloy.'®****

These results suggest that annealing the Re films to 600 K does not lead to the formation

of an alloy.
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Grazing angle XPS experiments were performed to monitor the position of the
Pt(4f) and Re(4f) binding energy positions as the Re film was grown and then
subsequently annealed to 600 K, as shown in Figure 6.4. Upon deposition of 0.8 ML Re
onto Pt(111) at 500 K, the binding energy position of Pt(4f7,) shifted by +0.5 eV to ~71.1
eV. The binding energy shift is too large to be consistent with the surface core level shift
of Pt, which is should be +0.4 eV.***° The binding energy position of Re(4f;,) was 40.7

40, 41

eV, higher than the position of pure metallic Re at 40.3 eV, which has no substantial

o 41,42
surface core level shift.”

The positive shifts in binding energy for both Pt and Re is
attributed to a strong chemical interaction between the two metals, consistent with
previous observations for Re films grown on Pt(111) at room temperature.'® Annealing to
600 K for 5 minutes increased the intensity of the Re(4f) and Pt(4f) signals by 15 and 18
percent respectively, while the binding energy positions of both metals remained
unchanged. Because Re is known to diffuse into the surface upon alloy formation,'®* **
* the increase in Re(4f) signal is not consistent with alloy formation, but is consistent
with the Re film becoming more atomically flat. Annealing to 600 K for an additional 5
minutes led to a less than 5% increase in intensity of both metals and no change in the
binding energy positions. Similar to the LEIS experiments, these findings suggest that no
significant alloying occurs when annealing Re films to 600 K.

Using these annealing procedures, two Re films were grown on Pt(111) that
consisted of approximately 1 (0.8 ML) and 2 (1.8 ML) monolayers of Re, as shown in
Figure 6.5. Both Re films were deposited onto Pt(111) at 500 K and then annealed to 600

K for 10 minutes. Re coverages of 0.8 and 1.8 ML were chosen to reduce the number of

second and third layer Re islands that appeared on each respective surface. The 0.8 ML
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Re (Figure 6.5a) surface has noticeably less second layer Re islands as compared to its
1.0 ML Re counterpart (Figure 6.2b); however the first layer of Re almost completely
covers the Pt(111) surface. For the 1.8 ML Re coverage film (Figure 6.5b), the first layer
of Re is no longer visible, and only the second and third layer of Re islands can be seen.
The second layer of Re covers significantly less of the surface than the first layer of the
0.8 ML Re film; however the film is still approximately 2 ML thick. The 0.8 and 1.8 ML
Re films were used to test how Pt influences the oxidation of Re, the results of which will
be discussed in section 6.3.3.

6.3.2 Pt-Re Alloy formation

STM images in Figure 6.6 depict a clean Pt(111) surface and a 1.9 ML Re film
that was annealed to 1000 K for 5 minutes. Figure 6.6a shows that Pt(111) surface is an
atomically flat surface with steps. The annealed 1.9 ML Re/Pt(111) surface has much
fewer islands than Re films grown at room temperature®® and has irregularly shaped
steps. These results indicate that the Re islands have diffused into the surface of Pt(111)
surface after annealing.

The surface composition of a 1.9 ML Re film on Pt(111) undergoing alloy
formation by annealing to 1000 K for 5 minutes was monitored using XPS, as shown in
Figure 6.7. XPS measurements were taken at 26°, “regular” angle, and 72° off-normal,
grazing angle, which is more surface sensitive. Using the Seah-Dench equation, the
sampling depth of the “regular” and grazing angle XPS measurements were estimated to
be 5 nm (20 monolayers) and 1.5 nm (7 monolayers) respectively.*’ Depositing 1.9 ML
Re onto the surface of Pt(111) decreased the Pt(4f) intensity of the “regular” and grazing

angle XPS signals by 24 and 51 percent respectively. The more dramatic decrease in the
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Pt(4f) intensity in the grazing angle experiment is consistent with the top most layers of
the surface being composed of a Re film. After annealing to 1000 K, the “regular” and
grazing angle Pt(4f) intensity increased by 14 and 66 percent respectively, while the
“regular” and grazing angle Re(4f) intensities decreased by 12 and 41 percent
respectively. These results are consistent with Re diffusing into the bulk and the surface
becoming more Pt rich upon annealing, a phenomenon that has been noted by others

studying Pt-Re alloys.” > 4> 44

Previous LEIS experiments conducted in our group
showed that upon annealing to 1000 K, the top-most layer of Re/Pt(111) surface
consisted of virtually all Pt."” Diffusion of Pt to the surface in Pt-Re alloys is consistent
with Pt having a lower surface free energy than Re, 2.5 J/m” and 3.6 J/m” respectively,*
meaning that a Pt surface should be more thermodynamically stable than a Re surface.
The position of the Pt(4f7,) peak in the grazing angle XPS spectra shifts from
70.7 eV on the pristine Pt(111) surface to 71.1 eV, which was attributed to a combination
of an electronic interaction between the two metals and a surface-core level shift (SCLS).
The SCLS occurs when adsorbates or adatoms are deposited onto the surface of a metal,
causing the surface atoms to become bulk like.****" Interestingly, the Pt(4f) peak
position shifted from 71.1 eV to 70.9 eV after annealing to 1000 K, but this shift was not
observed in the less surface sensitive “regular” angle XPS spectra. The shift to lower
binding energy is attributed to the diffusion of Pt to the surface, meaning that there is no

longer a positive shift associated with the SCLS.** After alloy formation, the Pt(4f;,)

peak remains above 70.7 eV due to the electronic interaction with Re.
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6.3.3 Oxidation of Pt, Pt-Re alloy and Re films

Grazing angle XPS was used to characterize the adsorption of oxygen onto
Pt(111), the 1.9 ML Pt-Re alloy, and the 0.8 and 1.8 ML Re films after exposure to 250
torr O, for 2 hours at room temperature. The post-oxidation XPS results of the Pt(4f) and
Re(4f) regions for Pt(111) and the Pt-Re alloy surface are shown in Figure 6.8. For the
Pt-Re alloy surface, Re remained in the metallic state. The XPS spectra of the Pt(4f)
region indicates that Pt was not oxidized by the oxygen treatment. The Pt(4f7,,) of the
Pt(111) surface shifted from 70.7 to 70.9 eV after being exposed to O,, which was
attributed to the surface core level shift.***’ For the Pt-Re alloy surface, there was a
small shift in the Re(4172) peak from 40.4 to 40.6 eV, but this shift is too small to be
attributed to a change in oxidation state. The lack of Re oxidation in the Pt-Re alloy is
attributed to the top-most layer of the surface being covered predominantly by Pt, which
prevents subsurface Re from being oxidized. However, Re does not stay subsurface in Pt-
Re alloys at higher temperatures in an oxidizing environment. In ambient pressure (AP)-
XPS studies conducted by Duke et al., it was reported that Re remained in the metallic
state up to a temperature of 450 K in 500 mtorr of O,, but was oxidized at 500 K."
Similarly, Tysoe et al. exposed a Pt-Re alloy surface to 700 torr oxygen at 475 K, which
lead to extensive oxidation of Re.*

The O(1s) spectra of the oxidized Pt-Re surfaces are shown in Figure 6.9. The
intensities of the O(1s) of the Pt(111) an Pt-Re alloy surface after O, exposure are within
2 percent of one another, indicating that the same amount of oxygen was adsorbed on
both surfaces. The O(1s) on both surfaces is assigned to atomic oxygen.'”*”* The

intensity of the O(1s) signal of the 0.8 and 1.8 ML Re films is a factor of 2 times greater
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than that seen the Pt(111) or Pt-Re alloy surface. The larger oxygen content on the Re
films is consistent with Re being a more oxophilic metal than Pt. The O(1s) signal
intensities of the 0.8 and 1.8 ML Re are within 6% of one another, meaning that about the
same amount of oxygen adsorbed onto each film. The binding energy position of the
O(1s) peak on Pt(111), the 1.9 ML Re/Pt(111) alloy, and the Re films were 531.1, 530.7
and 530.3 eV respectively. The peak position of the Pt(111) is about +1 eV higher than

: 49, 50
previous reports,*”:

an inconsistency that has still not been fully explained. The 530.3
eV peak position for the Re film is close to previously reported values of dissociated O,
on Re(0001)*" and on Re films deposited on Pt(111) in AP-XPS experiments.'® There
appears to be a correlation between the binding energy of the O(1s) peak and the
presence of Re.

Figure 6.10 shows the Re(4f) signals before and after exposure of the 0.8 and 1.8
ML Re films were exposed to 250 torr O, at room temperature, demonstrating extensive
oxidation of Re. The binding energy positions of the Re(4f7,) peak fits appearing at 40.7,
41.1,43.0-43.2, and 44.6-44.7 eV were assigned to Re”, Re””, Re™ and Re ™ respectively.
The +0.8 binding energy shift of the 41.1 eV peak with respect to metallic Re (40.3 eV) is
slightly too high to be attributed to a Re species coordinated with oxygen, for which
binding energy shifts of +0.3-0.7 eV have been reported.**' Therefore, the 41.1 eV peak
was assigned to Re*", corresponding to a ReO phase.*™** The peak at 43.0-43.2 was
assigned to Re*", in agreement with reported values that range between 42.5-43.3. %3254
The binding energy is on the high end of the range, but the binding energy is too low to

be assigned to Re’”, which has been reported between 43.7-44.1 eV."”*° Finally, the peak

at 44.6-44.7 eV was assigned to Re®", which has been reported in the binding energy
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range between 44.8-45.4 ¢V.** %> Although the binding energy falls in the low range of
previously reported values for Re®, the binding energy is too low to be assigned to Re’"
(46.5 — 47 eV),”>* % and is too high be assigned to Re’*. Furthermore, there are few
reports of Re’",'”"%* most likely due to its instability, making it unlikely that such a
species was formed during the experiment.

As more Re is deposited onto the surface, the fraction of Re in the Re” and Re*
oxidation states increases. The percentage Re”and Re”” on the surface increased from 57
to 78% on the 0.8 and 1.8 ML Re surfaces respectively. The percentage increased further
to 85% on a 2.6 ML Re film, and the same trend was also observed for Re films grown
on TiO,(110) (Table 6.1). These results are consistent with only the Re at the surface of
the films being oxidized by O,, while the subsurface Re atoms remain in the metallic
state.

The distribution of Re species in the higher oxidation states, Re*” and Re®", was
used to determine if Re being in contact with Pt influenced the oxidation state of Re.
When compared to the 0.8 ML Re surface, there was 11% less Re in the higher oxidation
states (4+ and 6+) on the 1.8 ML Re film based on the integrated areas derived from the
Re(4f) peak fits. However, there was 20% more Re in the higher oxidation states on a 2.6
ML Re film (Table 6.1). Oxidation experiments on a number of Re films showed mixed
results, as shown in Table 6.1. There maybe a correlation between the oxidation states
present on the surface and the number of edge sites on the surface, but we were unable to
draw a definitive correlation. Therefore, there is no clear trend indicating that direct

contact between Pt and Re influences the oxidation of Re. The discrepancy between our
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results and previously observed enhanced oxidation of Re maybe related to a combination
of Re interacting with both Pt and the support.
6.4 Conclusions

When Re films were alloyed with Pt(111), Re did not oxidized after exposure to
O, because most of the Re was subsurface. A similar amount of oxygen adsorbed on the
Pt-Re alloy, consistent with the surface of the alloy being Pt rich. Significantly more
oxygen adsorbed onto the Re films deposited onto Pt(111), which was expected since Re
is more oxophilic than Pt. Furthermore, the surface of the Re films were oxidized while
the subsurface Re remained in the metallic phase. There was no clear correlation between
the thickness of the Re film and the extent of oxidation, meaning that direct contact
between Pt and Re does not enhance the oxidation of Re. These results suggest that the
previously observed enhanced oxidation of Re for Pt-Re clusters on TiO,(110) is not
solely due to the presence of Pt.
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Table 6.1: The integrated area and total fraction associated with each Re oxidation state determined by XPS for Re

films on TiO,(110) and Pt(111) exposed to 250 torr of O, at room temperature.

TiO,(110) + 0.4 ML Re
room temperature

0 (0)

6114 (0.314)

6663 (0.343)

6665 (0.343)

TiO,(110) + 1.0 ML Re
room temperature

28802 (0.520)

8992 (0.162)

3516 (0.064)

14086 (0.254)

TiO,(110) + 2.0 ML Re
room temperature

78879 (0.664)

14345 (0.121)

7355 (0.062)

18198 (0.153)

TiO,(110) + 4.0 ML Re
room temperature

132227 (0.730)

28038 (0.155)

0 (0)

20778 (0.115)

Pt(111) + 0.8 ML Re 500 K
+ 600 K 10 min

15015 (0.348)

9421 (0.218)

6026 (0.139)

12757 (0.295)

Pt(111) + 1.8 ML Re 500 K
+ 600 K 10 min

39105 (0.535)

17987 (0.246)

4690 (0.064)

11261 (0.155)

Pt(111) + 2.6 ML Re 500 K
+ 600 K 10 min

92266 (0.621)

33341 (0.224)

7603 (0.051)

15357 (0.104)

Pt(111) + 1.0 ML Re 500 K

+ 600 K 10 min 19555 (0.399) 10103 (0.206) 4168 (0.085) 15237 (0.310)
Pt(111) + 1.0 ML Re room
temperature 14449 (0.317) 9685 (0.212) 5664 (0.124) 15816 (0.347)




Figure 6.1: Re films grown on Pt(111) surface at coverages of a) 0.4 ML, b) 0.9 ML
and c) 1.9 ML. All STM images are 100 nm x 100 nm.

Figure 6.2: STM images of 1.0 ML Re films grown on
Pt(111) at a) room temperature, b) 500 K and c) a 0.8 ML
Re film at 600 K. The image shown in d) is the same
surface as c¢) after annealing 600 K for 10 minutes. Both
STM images are 100 nm x 100 nm.
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Figure 6.3: Low energy ion scattering (LEIS) data of 0.9 ML Re
film deposited on Pt(111) followed by annealing to 500, 600,
and 700 K for 1 minutes each.
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Figure 6.4: XPS of the a) Pt(4f) and b) Re(4f) regions of 0.8 ML Re
deposited at 500 K. The gold traces corresponds to the 0.8 ML Re film
after deposition; the maroon traces was taken after annealing the film to
600 K for 5 minutes; and blue traces corresponds to the surface after
annealing for an addition 5 minutes at 600 K.
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Figure 6.5: STM images of a) 0.8 ML Re film deposited at
500 K followed by annealing to 600 K for 10 minutes and b)
addition 1.0 ML Re deposited onto the surface at 500 K
followed by annealing to 600 K for 10 minutes. Both STM
images are 100 nm x 100 nm.

Figure 6.6: STM images of a) clean Pt(111) surface and b)
Pt(111) + 1.9 ML Re annealed to 1000 K for 5 minutes.
Both STM images are 100 nm x 100 nm.
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Figure 6.7: XPS done at a 26° off-normal for the a) Pt(4f) and b) Re(4f)
regions following the formation of Pt-Re alloy formation process on
Pt(111). Grazing angle XPS done at a 72° off-normal for the c) Pt(4f) and
d) Re(4f) regions. The red traces correspond to the pristine Pt(111) surface,
the blue traces are the 1.9 ML Re surface, and the green traces represent the
1.9 ML Re surface annealed to 1000 K for 5 minutes.
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Figure 6.8: XPS of a) Re(4f) and b) Pt(4f) region of a Pt(111) and a 1.9 ML
Re/Pt(111) surface annealed to 1000 K before, purple and red traces
respectively, and after exposure to 250 torr O,, yellow-orange and blue

traces respectively. All XPS measurements were conducted at 72° off-

normal.
O(15s)
40 —
_ 1.8 ML Re
g
x 30 —
Py
@ 0.8 ML Re
2 20 1
£
gg 1.9 ML Re +
O 104 1000.K
Pt(111)
0 —

1T 1t 1 1
536 534 532 530 528 526
Binding Energy (eV)

Figure 6.9: XPS of the O(1s) region of Pt(111),
1.9 ML Re film annealed to 1000 K for 5 minutes,
0.8 ML Re film, and 1.8 ML Re exposed to 250
torr of O, for 2 hours.
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Figure 6.10: XPS of Re(4f) pre and post exposure to 250 torr O, for 2 hours for the
a) 0.8 ML Re and b) 1.8 ML Re films deposited on Pt(111).
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APPENDIX A
SUPPLEMENTAL TABLE FOR CHAPTER 3
Vendors for the carbon and metal oxide supports used for experiments in Figure
3.10, Figure 3.2 and Table A.1 are as follows: Darco G60 (Cabot Corporation), Ketjen
Black EC300 (AkzoNobel), Timrex HSAG 300 (Imerys Graphite and Carbon), Darco
S51 (Cabot Corporation), and Darco KBM (Cabot Corporation). Vendors for the oxide
supports were: Aerosil 300 hydrophilic fumed silica (Evonik Industries) and

Puralox/Catalox g-alumina SBa200 (Sasol).
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Table A.1: Experimental details for SEA studies on carbon supports.

Precursor Support PZC pH Concentration | Experiment | Associated
(initial) (ppm) Figure
H,[PtClg] HOPG -—- 2.5° 100 XPS 3.3a
H,[PtClg] GNPs 7-8 3 300 XPS 3.3b
H,[PtClg] HOPG -—- 2.5° 100 AFM 3.5
H,[PtClg] GNPs 7-8 3 300 STEM 3.6
[Pt(NH3)4](OH), | HOPG -—-- 11 100 XPS 3.7a
[Pt(NH3)4](OH), | GNPs 7-8 11.5° 300 XPS 3.7b
[Pt(NH3)4](OH), | HOPG -—-- 11 100 AFM 3.8
[Pt(NH3)4](OH), | GNPs 7-8 11 300 STEM 3.9
Na,[PtCly] HOPG -—-- 2.2 100 XPS 3.10a, i
Na,[PtCly] GNPs 7-8 3 300 XPS 3.10a, ii
Na,[PtCly] Darco G60 8.5 3 300 XPS 3.10a, iii
Na,[PtCly] Ketjen black 9.4 3 200 XPS 3.10a, iv
[Pt(NH3)4](OH), | Timrex HSG300 | 4.5 11 300 XPS 3.10b, i
[Pt(NH3)4](OH), | Darco S51 4.7 11 300 XPS 8b, ii
[Pt(NH3)4](OH), | Darco KBM 2.8 11 300 XPS 8b, iii
[Pt(NH3)4](Cl), | Silica 4.1° 11 300 XPS None
Na,[PtCly] g-Alumina 8.3¢ 3 200 XPS None




Although the absolute uptakes of Hy[PtCls] on HOPG may depend on pH (2.5 vs. 3), the
uptake trends as a function of pH are the same on the untreated and HCl-treated GNP

surfaces (Figure 3.4a).

®Based on the uptake vs. pH curve for [Pt(NH;)s](OH), on GNPs, the uptakes are nearly

identical at pHs of 11 and 11.5 (Figure 3.4b).

‘Initial and final pHs during SEA were the same except on silica and alumina, where the

final values were 8.7 and 4.2, respectively.
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